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Immersion of a fine-mesh grid (or set of parallel grids) into a plasma is widely used to stimulate
ion-acoustic waves. The grid structure is usually biased so as to reflect electrons and transmit ions. The
effect upon the ions due to applied rf fields in the grid region is to provide some combination of velocity
and density modulation. The associated applied electric field perturbations will possess a combination
of odd and even spatially symmetric parts, about the plane of symmetry of the grid system. The
steady-state solution of the governing differential equation in the ion-acoustic limit is shown to
depend critically upon this source symmetry, and to reduce to the usual solution only for the case
of odd symmetry. Experiments designed to test these symmetry predictions have been carried out
using an apparatus described previously, except that a four-grid transmitter has been substituted
for the three-grid one. The outer two grids are grounded and the inner two grids can be driven either
in phase (odd E-field symmetry), or 180° out of phase (even E-field symmetry). For odd symmetry, the
observed spatial disturbance is similar to that reported previously with clear evidence of Fresnel
interference. For even symmetry, wavelike signals are not observed near the grids, indicating a strong
decrease in coupling between the free-streaming source ions and an ion-acoustic wave.

I. INTRODUCTION
This paper is part of a series devoted to examina-~

planar source gives rise to a spatial decay even in the
absence of mutual interaction between the particles.

tion of the excitation of linearized low-frequency
electrostatic disturbances in uniform plasmas with-
out static magnetic fields. Particular emphasis has
been on the difficulties in interpretation of the spatial
decay observed experimentally when a steady-state
signal is launched in plasma by driving an immersed
electrode from an external generator. Thus, one
calculation' has shown that the free-streaming drifts
of ions or electrons which have been perturbed by a

The heavy damping limit for an ion-acoustic wave
is dominated by this ballistic contribution. The
ballistic contribution was first evaluated by Landau
in the half-space electron plasma wave problem,’
but not clearly identified as such. A rough criterion
was given by us that observed decays should have an
imaginary-to-real wavenumber ratio k./k, some-
what less than 0.4 in order for collective effects to be
clearly dominant in the decay.
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In a second work,® it was pointed out that, in the
near field of a wave transducer (where most experi-
ments are performed), Fresnel interference effects
can dominate the spatial decays. Therefore, even
when collective effects dominate, direct inference of
the Landau damping decrement from the observa~
tion may be very difficult.

The present work examines the effect of source
symmetry on the generation of ion-acoustic signals.
It is pointed out that for a negatively biased source
with no net charge, the only boundary condition at
the source plane commensurate with the nearly
vanishing current in an ion-acoustic wave is that of
an odd symmetry source electric field. Supporting
experiments are also described.

A number of other authors have recently given
attention to the problem of grid excitation of ion-
acoustic waves. For example, Doucet and Gresillon*
have shown that the effective phase velocity of a
linear grid-excited disturbance in a single-ended
Q machine varies as the cube root of the frequency,
as predicted theoretically for the free-streaming
signal.' Quang® has applied kinetic considerations to
try to distinguish theoretically between linear and
nonlinear free-streaming behavior. Andersen ef al.’
have studied the transmission, reflection, and free
streaming of ions modulated at a grid in a single-
ended @ machine. Ikezi ef al.” have studied grid
excitation of spatial ion-wave echoes. Joyce et al.’?
have discussed the dispersion of an ion-wave packet,
stimulated by a gridded transmitter in a spherical
discharge tube.

Most of the above work overlooks the feature that
a grid® system biased so as to turn around the bulk
of a given charged species by means of the electro-
static sheaths established is formally akin to a half-
space problem with a boundary condition. As we
shall see this introduces certain critical features not
present in the familiar infinite plasma where the
driver is assumed not to influence the zero-order
trajectories which are infinite straight lines. We
have previously shown'’ that the electric field
E(r, w) in the plasma half-space adjacent to the grid,
driven externally at radian frequency w, cannot be
expressed as the inverse Fourier transform

w0 - (L) ]

cexp filler — o IEl ) pws)

with Eo(k, w) as the source field, and D(k, w)
the usual snfinite plasma dielectric function.’’ The
half-space problem was solved for the electron
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plasma wave case by Landau in a form similar to
Eq. (1), but this was only possible because of his
judicious choice of the source field E, (i.e., that with
odd symmetry). Landau’s solution does not carry
over to the case of arbitrary source symmetry,
since all kernels in the resulting integral equation
are not of the difference variety.

As in our previous work on this subject,*"'® the
underlying philosophy is to call into question the
oversimplified interpretation oftimes attached to
observed signals in wave propagation experiments,
both linear and nonlinear, where all of the elements
required for application of the theory developed for
infinite unbounded one-dimensional plasmas may
not be fulfilled.

II. THEORY

In an earlier version of this work,' a one-di-
mensional theory was developed fromfcol]isionless
Boltzmann equations, as applied to both ions and
electrons. The source plane symmetry entered
through kinetic boundary conditions on the trans-
mitted ions, and on the specularly reflected electrons.
The analysis was valid for arbitrary values of the
phase velocity u of the wave compared with either
the electron (v,) or ion (v;) thermal velocity. How-
ever, detailed considerations were supplied only in
the ion-acoustic limit (v; K u K v,).

The present work is limited, at the outset, to the
ion-acoustic regime since fluid motions are used.
This approximation has been carefully discussed
previously.'? This paper extends our previous results
to three dimensions, however, and therefore also
embodies the phenomenon of Fresnel interference
from finite sources.

When u < v, and the electron. velocity distribution
is Maxwellian, the electron density is given by

_ ed(r, t))N ( gﬁ_)
n—Noexp((kTa) _—N°1+kT, ,

where ¢(r, {) = ¢(r)exp(int) is the ion-acoustic
wave potential, and 7T, is the electron temperature.
The ions, on the other hand, behave as a cold charged
fluid, when w >> v,. Thus, the perturbed ion density**
is given by N, = —eN,V’¢/Mo". If we designate
the rf charge density'® associated with the grid,
and any region of the plasma adjacent to the grid
where linearized theory fails, by S(r)exp(iwt) then
Poisson’s equation tells us that

V(@) = 4me(n, — N,) — 428@)

- (4;0—?_‘1@%@) + (%{)qus(r) - wS@; @
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F1a. 1. Experimental arrangement.

or
V() + k') = 4n8'(x), ®3)

where «* = k2 (w?; /0w’ — 1) with k2= 4wnye’/kT,,and
ws; = 4mnee’ /M, and where 8'(r) = (w2,/0’ — 1) 7' S(r).
The solution of Eq. (3) for a localized source in an
infinite medium that satisfies an outgoing wave con-
dition is

o) = — [ aor 22EB gy

where B = |r — r'|. Fresnel interference enters since
the phase of the integrand varies as r’ moves over the
source.

Suppose S'(r') is effectively a thin disk centered
on the plane z = 0, of thickness 6."* Then, since
RP=(z—2)+ y—y) + @ — 2)° we can write

exp (ikR)
R
a 2% 29 ) exp (ikR,)
=1 —p L ? 0 2% 9 ., . . )EXp ki)
(1 > + 2 92 6 3° R, ?

where B2 = 2° 4+ (y — 4")® + (x — 2’)% The above
series converges when |2’(1 + «*R2)*/R,| < 1
which is, in fact, in the range of interest, since
Ro(l + &R)™'? > z >» 2 < 6. Thus, a good
approximation to Eq. (4) is

o) = — f ' f &y’ f_ 2 &' (')

We can see directly that, for a source function
S'(r") which is odd in 2/, the plasma response is lower
by a factor of at least 8/R,, as compared with a
source of the same strength even in 2’. The present
result follows either when 8'(r’) falls off in 2’ with a
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scale length § << R,, or when xR, >> 1, so that the
rapid oscillations of the exp (ikR,) factor reduce the
magnitude of the integral.

The physical origin of the poor coupling for S'(r")
odd in # emerges when one considers the consti-
tuents of the rf plasma current density J(r) ac-
companying an ion-acoustic wave. For an electro-
static disturbance, the electric field is given by
E(r) = 4rJ(r)/i», and must join smoothly to the
source field, whose divergenceis S(r). Finite S(z = 0)
(odd electric field symmetry) implies J(z = 0) = 0;
vanishing S(z = 0) (even electric field symmetry)
implies J(z = 0) = 0. However, an ion-acoustic
wave is characterized by nearly perfect local charge
equality (adiabatic electron gas assumption), so that
J@) =~ 0 everywhere, with electron current J,(r)
very nearly equal and opposite to ion current J,(r).
Near the negatively biased grid J, = 0, since elec-
trons are excluded altogether, so that J; must also
be zero. Ergo, the source electric field must vanish
(odd E field symmetry) in order to couple signifi-
cantly to an ion-acoustic-wave.

Out of the ion-acoustic regime (v; K u K v,), the
solution would still be of the form of Eq. (4), i.e.,

o) = —f dr' G, 1, T')SQ")

with a Green’s function different from exp (:«xR)/R
which is invariant under the transformation z — —z,
2’ — —2'. As long as the restrictions listed above as
to the ordering of 8, «™', and R, were maintained,
one would expect the same symmetry considerations
to apply.

It is to be noted, then, that the dipole excitation
taken as the source in a caleulation of this problem
by Gould," albeit well out of the ion-acoustic regime,
might be expected a priori to yield weak coupling
(as he found) since the dipole source has “bad”
symmetry.

III. EXPERIMENT

The experiments to be described were carried out
using the apparatus shown in Fig. 1, which has been
previously described,® except for modifications to
the transmitting electrode, which will be discussed.
An rf generated steady-state plasma (free of de
magnetic fields) was produced in low-pressure argon
with the following characteristics:

n,>~n; =5 X 10° em™?, wpi/2m = 740 kHz,
T, =080eV,\, =3 X 107 cm, Poryos = 3 mTorr.

In earlier experiments, the wave transducer was
constructed of three parallel grids. This eonfiguration
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200 kHz

odd E, ,Vp =0.25 volt

even E, ,Vp = 1.5 volt

Received lon Current

Transmitter - Receiver Seperation

Fiec. 2. Received ion current vs transmitter separation.
f = 200 kHz. Upper trace is for odd symmetry source electric
field, bottom trace for even. Two runs are superimposed.

only permitted source fields E, with odd symmetry.
In the present work, a four-grid system was used.
The grids were 4.5 cm in diameter and were posi-
tioned parallel to one another with an intergrid
spacing of 7.5 X 107% em. The grid mesh size was
2.5 X.107% em. Due to ion acceleration in ~ 6 V
sheaths surrounding the entire grid structure, the
shielding length in the intergrid space was about
0.3 em. This made it possible to neglect space-charge
shielding in the transducer. The two outer grids
were grounded, and the two inner ones could be
driven in-phase (odd E, field symmetry) or 180°
out-of-phase (even F,-field symmetry). The receiving
electrode consisted of an ion current collector
shielded by a grounded grid, which reflected elec-
trons, again in a ~ 6 V negative sheath. The re-
ceiver could be moved axially in the discharge over
an excursion of 5 ¢m, beginning about 1 em in frong
of the transmitter. Raw data are shown in Figs. 2, 3,
and 4 for three different generator frequencies. For
odd-symmetric E, fields, all cases show wavelike
behavior with wavelength within 5% of the ion-
acoustic value 27 (kT'./M;)"*w™". The wave decays
show clear evidence of Fresnel interference since
these measurements were taken in the near zone of
the disk-shaped transducer. The waves are more
heavily damped as the driving frequency approaches
the ion plasma frequency.

For even-symmetric F, fields, a completely differ-
ent situation prevails. First of all, however, a word
is needed on the relative perturbation engendered
by the two grid system. We have assumed that the
grid fields provide velocity modulation to the ions
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450 kHz

odd E, .Vp = 0.44 volt
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Transmitter - Receiver Seperation

Fia. 3. Same as Fig. 2, except f = 450 kHaz.

Received lon Current

even B, V= 1.7 volfs

e

as they drift through the grids (nearly normal to
the grids on account of the high sheath accelera-
tions). The perturbed part of the ion velocity dis-
tribution funetion at the source (assuming the axial
source dimension to be small compared with any
other length in the problem) is obtained by inte-
grating the collisionless Boltzmann equation along
unperturbed (straight-line) orbits. For the cases of
odd and even symmetry, respectively, one finds

_ B, 9F,
[0 >0,tz2~0 ==~
t—(1/29) t+(31/20)
(f dt’ sin wt’ — dt’ sin wt’)
t—(31/29) t+(1/29)
(odd E, field), (6)
CE 3F t—(1/29) )
@ >0tz>~0 =—°-—‘<f dt’ sin wt’
f ( ’o ) m o t—(31/20)
t+(1/20) t+(31/2v)
-2 dt’ sin wt’ 4 dt’ sin wt'>
t—(1/20) t+(l/2v)
(even E, field). (7)
550 kHz
odd E,,V,=0.44volt
‘:.2; even Eo,vp= 1.7volts
& e
/;;\\\;b ,ﬁ/,:,

Transmitter - Receiver Seperation

F1a. 4. Same as Fig. 2, except f = 550 kHz.
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For the odd E, case, we have taken the ﬁeld to be
By for —31/2 < 2 < —1/2, —E, forl/2 <2< 3l/2,
and zero elsewhere; for the even E, case, it is E,
for —-3l/2 <z < —1/2, —2E, for —1/2 < z < /2,
and E, for I/2 < z < 3l/2. The ratio of Eq. (6) to
Eq. (7) is 2v/wl, where v is the unperturbed ion
velocity between the grids (corresponding to ~ 6 ¢V
in these experiments), and where [ is the spacing
between adjacent grids. For the three cases shown
in Figs. 2, 3, and 4, the ratios 2v/wl are 12, 5.5,
and 4.5. With the applied rf voltages shown, the
actual perturbation ratios were 3.1, 1.4, and 1.15,
respectively. Were excitation field symmetry not a
crucial point in the physics of ion-acoustic wave
generation, the second trace in each of the figures
would presumably have been identical to the first,
except smaller by the factors 3.1, 1.4, and 1.15.

Evident in the three traces with even symmetric £,
is a wavelike signal some distance away from the
excitation grid. One possible explanation for this
signal could be that it is a true ion-acoustic wave
driven by free-streaming ions which have been per-
turbed at the source, but compensated for by elec-
trons on skew trajectories which have bypassed the
source and thus are not hindered by a boundary
condition at z = 0, which is inconsistent with an
ion-acoustic wave. Such an effect would not have
been predicted by one-dimensional theory.

IV. DISCUSSION

Evidence has been presented to support the
theoretical prediction that ion-acoustic wave genera~
tion depends critically on the spatial symmetry of
the source fields. Ton-acoustic waves only couple to
source electric fields which vanish at the source
(odd E, field symmetry), in the limit o < w,;
with T, > T,. The opposite symmetry should only
provide a ballistic signal due to free-streaming
source ions, although this has not been clearly
identified in the present experiments since the
smallest receiver—transmitter separation available
was 1 cm.

Grid excitation in higher density plasmas, where
density modulation can also be introduced by the
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grid system, will produce a source field with some
linear combination of even and odd symmetry.
Pure density modulation corresponds to even E,
field symmetry and should, therefore, not produce
an ion acoustic wave.

Study of signal decays from excitations whose
spatial symmetry properties are unknown could
thus lead to errors of interpretation.
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