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Detailed examination is given to circumstances surrounding the excitation and detection of spatially
propagating ion-acoustic disturbances in a plasma. For relatively weak damping, a theory is presented
to show the major influence on spatial signal evolution engendered by source coupling details, by
source geometry, and by three-dimensional ion trajectories. In particular, near-zone and far-zone
regions are identified for a disk source. Fresnel interference can dominate the near zone (within which
many experiments are performed), so that serious questions can be raised as to the interpretation of
observed decays. For relatively strong decays, the transition to the ballistic, three-dimensional, free-
streaming solution is presented. Experiments are presented to illustrate some features of the theory,
including measurements of Landau damping with 0.04 < k:/k, < 0.2 for 0.6 < w/wp; < 1.4. Observed
Fresnel interference patterns are compared with theory.

I. INTRODUCTION

Amongst the several active areas of study of
linearized waves in equilibrium plasmas, considerable
recent attention has been devoted to ion-acoustic
waves. The last few years have seen activity in both
theory and experiment and interplay between the
two is now underway. Early measurements concen-
trated on tests of the predicted phase velocity of the
waves, particularly for bounded plasma.' More re-
cently, measurements of wave decay have been
reported” together with interpretations in terms of
Landau damping. A thoery applicable to experi-
ments on spatial decay has been developed by
Gould,’ who solved for the spatial evolution of an
ion-acoustic wave propagating in space away from a
transparent oscillating dipole exciting grid. Gould’s
theory was based on a modeling of the conditions
under which the @ machine experiments of Wong,
Motley, and D’Angelo* had previously been carried
out. In his analysis of this experiment, Gould pointed
out that the earlier dispersion-relation theory of
Fried and Gould,” valid for the time-dependent
decay problem, was suspect for the steady-state
problem. Later experiments by Wong® showed dis-
crepancies with Gould’s theory, and Wong sug-
gested that the contribution of the source electrons
assumed in the theory may not have corresponded
to the experimental conditions. Since Wong’s meas-
ured decay was weaker than that calculated by
Gould, it is difficult to see how electron collisions
(neglected in the theory) could explain the dis-
crepancy, a postulate advanced by Wong. It was
suggested by Wong, however, that the details of the
interaction at the wave source could well influence
the observed decay.

Further experiments on  machines include those
of Sato ef al.” who extended the frequency range to
above the ion plasma frequency, and Andersen et al.®

who were able to increase the electron-to-ion tem-
perature ratio from 1 to 3 and thus observed de-
creased damping.

In de discharges, numerous experiments have been
carried out by Alexeff and co-workers.® They found
good agreement befween experiment and the ele-
mentary theoretical value of the phase velocity
(kT./M,)"”*, and observed remarkable decreases in
signal amplitude upon introduction of a minority
concentration of light ions, whose thermal velocity
was comparable to the phase velocity. Although
Alexeff et al. observed strong signal decrease as the
frequency exceeded 0.7w,,, careful damping measure-
ments were not quoted. Sessler'® reported a wave
response for w > w,;, as well as for w < w,;, but
with damping which was not a particularly dramatic
function of w/w,;, & contrast to the usual theory.
Differences between the observations and Gould’s
theoretical model have been discussed by Sessler
and Pearson."

In a general critique of the effects of the phase-
mixed electron-ballistic contribution to a spatially
decaying response, we'’ concluded that observed
damping rates with ratios of imaginary-to-real wave-
number k,/k, not much less than 0.4 were subject
to an interpretation which did not depend at all
upon the collective plasma feature. While the thrust
of the arguments in Ref. 12 was directed at the
high-frequency response of a plasma (w >~ w,,), we
suggested there that similar considerations applied
at low frequencies (0 < w,;). We shall demonstrate
this point rigorously later in the present paper.
The criterion mentioned above would then exclude
the @ machine measurements with 7, = 7T'; from
unequivocal interpretation.

The main object of the present paper is to point
out effects which can enter measurements of signal
decay under conditions typical of some laboratory
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616 HIRSHFIELD,
studies. These effects depend upon the details of the
coupling between the source (say a grid, or grids)
and the plasma, upon the finite geometry of the
source, and upon the three-dimensional motions of
the plasma particles. The combined result of these
several effects is a predicted decay response which
is not exponential and not necessarily monotone.
However if the damping is not too weak, a pre-
scription is given for fitting a simple exponential to
the observed decay, with results in fair agreement
with the one-dimensional theory.

The points raised here suggest that a careful
examination is needed of the interpretation given
to nonlinear observations such as nonlinear Landau
damping™ or ion-wave echoes,’* if it should turn
out that conditions for excitation of linear dis-
turbances are not clear in these studies. These latter
observations have been both carried out using @
machines with strong magnetic fields, and the
present paper only considers magnetic field free
plasma. It might be expected, however, that the
three-dimensional effects to be discussed would still
be important for the ions unless the ion gyroradius
r, were much smaller than the source dimension;
and that the source coupling details would be ill-
understood unless the ion gyroradius were less
than the electron Debye length, and thus ion tra-
jectories near grid elements would be calculable.
For cesium ions at 2500°K, r, >~ 540/B cm, where B
is the magnetic field strength in gauss. Thus the
first constraint requires B 2 5 kG for a 1 ¢m source
disk. The second condition requires B 2 54 kG for
a plasma density of 10° em™.

Experiments are presented in this paper which
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demonstrate some of the points evident in the
analysis. When the collisional damping is large (at a
pressure of 4 mTorr in argon), the value of k; is
obtained by assuming simple exponential decay.
Theoretical motivation for such a procedure is
presented. At lower background pressures the
Fresnel-like interference is more pronounced, and is
compared in detail with theory.

This paper is organized with the experimental
configuration chosen to demonstrate the interactions
discussed in Sec. II; this then hopefully motivates
the theoretical exposition of See. III; the experi-
mental results are discussed in Sec. IV.

II. EXPERIMENTAL SET-UP

The physical requirements for a steady-state
plasma in which to study ion-acoustic wave propaga-
tion and deecay include: low background gas pressure
(< 10 mTorr) to minimize ion-atom collisions; low
electron and ion densities (< 10" em™) to minimize
electron—ion and ion-ion collisions, and to provide
a large Debye length; significant ratio 7./ T;(> 3)
80 as to avoid strong wave damping due to the ions;
reasonable spatial homogeneity (< 59%) over the
plasma volume (~ 100 em®) in which the waves
propagate; and low noise fluctuation (< 19, rms
ion saturation current to a small Langmuir probe)
80 as to allow detection of weak signals, and so as to
avoid overestimates of damping due to time averag-
ing of phase-varying signals (when lock-in detection
is used).

These requirements were met by employing the
discharge-tube configuration shown in Fig. 1. The
Pyrex discharge bottle itself is roughly cylindrical,
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Fiq. 2. Langmuir probe curve., Probe current vs voltage.

with diameter 20 cm and length 33 cm. Copper straps
1 em wide encircle the bottle at symmetrical posi-
tions 13 cm apart. These straps are connected via
sliding taps to the coil in a tank circuit of a 10 W
90 MHz oscillator. The data to be presented were
all taken with argon as the filling gas at a pressure of
3-4 mTorr. A movable cylindrical Langmuir probe
(diameter 7.5 X 107 cm, length 0.5 cm) was used
to measure electron density and temperature, and a
typical probe characteristic is shown in Fig. 2. The
inferred electron temperature is 0.80 eV. All data to
be presented are for an electron density of 5 X 10°
em™®, corresponding to an ion plasma frequency of
740 KHz.

Under these conditions, the Debye shielding length
Ap is 3 X 107? em. This large Debye length made it
possible to construct a wave transducer whose in-
fluence upon the particle trajectories was approxi-
mately calculable. Three or four fine mesh circular
grids of diameter 4.5 em were positioned parallel to
one another at an intergrid spacing of 7.5 X 10~° cm,
about two Debye lengths.'® The grid mesh spacing
was 2.5 X 107% cm, less than one Debye length.
The two outer grids were connected together and,
with the supporting structure, provided the de
reference potential for the plasma. The inner grid
was connected to the external rf generator by co-
axial transmission line. The plasma potential was
about 6 V positive with respect to ground, so that
plasma electrons were virtually all turned around
in a retarding sheath external to the structure. Ions,
on the other hand, were accelerated in this sheath
and traveled through the grid structure nearly
parallel to the axis. Approximately 509, of the
incident ions were transmitted through the structure,
due to the fractional transmission of each grid. The
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ion space charge in the intergrid spaces perturbed
the constant vacuum electric field by a negligible
amount.*®

This three-grid transducer was positioned axially
in the discharge tube, and served as the wave trans-
mitter. The wave receiver was constructed as a
grid-shielded ion collector. The grid (at ground po-
tential) reflected electrons, while the ions were ac-
celerated to the collector. The receiver diameter
was 0.205 em, and could be moved axially in the
discharge over an excursion of 5 cm. As long as the
distance between transmitter and receiver exceeded
0.5 ¢cm, motion of the receiver did not significantly
alter the plasma properties.

III. THEORY

The ingredients of a theory applicable to the
experimental configuration described above should
include proper source specifications and boundary
conditions in a thorough three-dimensional kinetic
description. While a one-dimensional fluid model for
ion-acoustic wave excitation has recently been
published,'” and while the one-dimensional kinetic
description of Gould® has received wide attention,
we believe that the models chosen for analysis by
these authors are too restrictive for most experi-
ments.

For the present theory, we shall assume that the
charged particle dynamics are governed by a colli-
sionless Boltzmann equation for each species, elec-
trons and singly charged ions. (Collisions will be
included through a simple relaxation model further
along.) The electric field is assumed to be curl free
and is broken into three parts: E,(r, t), the rf field
applied within the grids (and zero elsewhere); E(r, f),
the rf self-consistent field; and E,(r), the dc bias
of the grids. As has been discussed above only ions
experience the applied field E,, since in the intergrid
region electrons are imagined to be excluded by the
static bias E4(r). The equations are linearized so
that the particle velocity distribution functions con-
tain a small perturbed part f, (v, r, ¢) relative to the
unperturbed part F,(v), where subscript o desig-
nates the species.

Therefore, for electrons and ions we have the
kinetic equations

g_t fe(va r, t) + V'er(v; t) - % Edc<r) 'Vf;(v, r, t)

- fn— EE, §)-V,F,(v,1) =0; (1)
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%ifi(v’ I, t) + V'Vf;(V, T, t) + % Edc(r)'vfi(v’ r, t)

+ 37 (B, ) + B, )]-V.F.,1) = 0; ()

and for the perturbed charge density p(r, ) we have
Poisson’s equation

o, 0 = = V-EG, )

= [ @l 0 - Lo 0l @)

In order to solve Eqs. (1)~(3), we must justify the
replacement of the nonuniform plasma near the
source by a physically equivalent uniform plasma.
Both the grid separations and the de sheath scale
lengths are of the order of the electron Debye length,
which is short compared with other lengths of
interest. (For the ion-acoustic wavelength and the
distance traveled by an electron in a period, this is
certainly true. For the distance traveled by an ion
in a period, this is only marginally true and con-
tributes one of the uncertainties in this and similar
work.) We approximate the true situation, and scale
the grid separation to zero, allowing all electrons to
be reflected by a plane barrier (sheath) of zero
thickness. The ions are taken to pass through this
barrier in zero time but to receive in impulse due
to the field E,, which, of course, depends upon the
time spent in the intergrid region.

In the characteristic integration of FEgs. (1) and
(2), therefore, the unperturbed trajectories of the
ions are taken as straight lines which may pass
through the grid region. The unperturbed trajec-
tories of the electrons are straight except when they
are broken at the grid, corresponding to specular

i@/ M)Eok, )+ [ [dvV,F./(w — k-V)]
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reflection. In general such considerations hold with-~
out special symmetry of E,. Because not all kernals
of the equation are of the difference form, integral
equations thus obtained are not amenable to solu-
tion by Fourier transforms. However, in the special
case where E;, and E, are antisymmetric in 2
(the coordinate normal to the plane of the grids),
E will ikewise be antisymmetric, and the electrons
which are reflected by the grids may be considered
to have passed through them, meaning that all
trajectories may be taken as straight lines. The
contribution to the charge density when the fields
are antisymmetric can be shown' to be the same
in the two cases. The net result is that the integral
equation describing the field may then be solved by
Fourier transformation in space.'® These were key
considerations in the choice of transmitting grid
described in the previous section.

For any function g(r) the space transformed
funetion is introduced via a Fourier transform

gk) = f d’r g(r) exp (+ik-1)
so that
_ 1 T s e
00) = oy | & 90 exp (~iken).
We also introduce a Laplace transform

glw) = f dt g(t) exp (—iwl), Imw < 0,

+o—if

1 .
g(t) = o f dw glw) exp (+iwt).
T J——if
Then, carrying out the transforms on Eqgs. (1)-(3),

the steady-state solution for the perturbed charge
density is

— p1(k&, @)

ok, w) =

where the denominator D(k, w) is the plasma di-
electric function, which depends only upon the
modulus of k for isotropic distributions F,(v) and
F.(v), and where p,,(k, @) is the free-streaming ion
perturbation. The transform of the perturbed po-
tential may also be obtained as ¢(k, w) =4mp(k, w)/k’.

We will first solve for p;,(k, w), the numerator in
Eq. (4), which is the Fourier-Laplace transform of
the ion free-streaming charge density. If ions passed
through the source grids into a plasma-free half-
space, and if the ion density were low enough so

1 — @ne?/k*M) [ d% (k-V.F./(@ — k-v)] — (4xe*/k’m) [ d° [k-V.F./(@ — k-v)] = Dk, w) ’

(4)

that mutual Coulomb encounters were of minor im-
portance, p;,(k, w) would be the transform of the
charge density in the half-space. For the actual
problem at hand, where the source ions stream into
a neutralizing plasma with collective Coulomb forces,
pr.(K, w)/D(k, w) is the transformed charge density,
where the D™'(k, ) brings in the plasma response
(i.e., electron shielding, wavelike response, ete.).
For the three-grid transducer, under conditions
discussed above where electrons are excluded and
where the ion shielding length is large compared

Downloaded 14 Jan 2010 to 128.59.150.6. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



SPATIALLY DECAYING ION-ACOUSTIC WAVES

with the intergrid spacing, the source electric field
is well approximated by its vacuum value. We shall
first deal with the intergrid potential: ¢o(z, r) =
1 — |2|/L) cos wifor0 < r < a, —L < 2z < L;and
¢o(z, ) = 0 elsewhere; 2z and r are the axial and radial
coordinates of a eylindrical system centered at the
(circular) grid. Thus,
¢o(kK) = 81r¢., (k L)J (k. a) coswt  (5)
L (kzk l) +

and Eq,(k) = —ike¢,(k), since V xE,(r) = 0. We
therefore find, if we neglect the change in velocity of
the ions as they pass through the de sheaths,

8 in kL
ol o) =~ E, 1 sin : (& )L(kw)
3, k'VvFi(v)
'fde—k-v ! ©)

where E, = ¢o/L. The velocity integral in Eq. (6)
is the same as that appearing in D(k, w). [See Eq.
(4).] For a Maxwellian ion distribution it is, in fact,
N(@2v2)7'Z'(w/kv;), where N is the ion density, v, is
the ion thermal speed, and where Z’({) is the deriva-
tive of the plasma dispersion function.”® Later, we
shall find it convenient to write this integral as
proportional to [D,(k, w) — D(k, w)], where D, (k, w)
is Dk, ») with M — =, ie., the “electron” dis-
persion funetion. Thus, the ion-acoustic disturbance
in front of the source grid is

2

] k
o1, w) = #an f d* exp (—ik-r) i

w (PhooPE5E )

or

& s .
&(r, w) = -2 anfdk exp (—k-r) k.

(g )

Let us consider the limits of strong and weak
damping separately in performing the transform
inversion in Egs. (7) and (8). First, for strong
damping when & < w,; and T, ~ T, (conditions
typical for ion-acoustic studies in @ machine
plasmas), the quantity (D, — D)/D is of order unity
and varies gently with k. The unity in this ratio
gives back po(r, ) and ¢,(r, w), the charge and
potential at the grids, while the D,/D gives the
plasma response. Since D,/D (shown plotted versus
real values of kv./w for T, = T; and & = w,,/10
in Fig. 3) does not vary appreciably with %, one

®
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Fig. 3. Plot of [ De|/|D| vs kvi/w for T, = T;and & = wpi/10.
One notes that |D,|/|D| is a smoothly varying function of
kv;/w having 8 maximum of about 1.3 and a minimum of
about 0.5. Thus, the ion current to a negatively biased
detector is essentially the free-streaming value.

does not expect the resulting plasma disturbance
to vary much from the free-streaming behavior.
This is best shown explicitly by considering the ion
current j,(k, w), the transform of which quantity
is actually detected in many experiments. From
Eqgs. (2) and (4), and using the longitudinal prop-
erty of the disturbance, i.e., k xE = 0, we find we

can write
where
irolk, @) = f PO O (:)_Vka(v)

is the free-streaming ion current. The first unity in
Eq. (9) comes from E, (the applied field), the second
factor from E (the self-consistent field) which pro-
vides the plasma response. For equal electron and
ion temperatures, where (D, — D)/D is much less
than one (see Fig. 3), one sees directly that the
transform of the ion current is very nearly all free
streaming.

For the source model considered by Gould,® where
the oscillating dipole sheet perturbed both electrons
and ions, the D,(k, «) in Eq. (9) is replaced by.
unity. Now, since |D(k, w)| > 1 for T, >~ T,
lji:(&, w)| < lir(k, w)|]. The spatial variation of
ji(r, w) is very nearly free streaming, however, since
D(k, w) shows very little structure along the real k
axis (for T, = T.). The large reduction in amplitude
from the free-streaming value comes about because
of the poor matching to an ion-acoustic wave of a
source with even spatial E-field symmetry which
drives electrons out of phase with ions.
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Fia. 4. Plot of Im(D./D) vs kv:/w for various values of
w/wpi. For w/wp, < 1, Im(D./D) is sharply peaked about
kwi/w = 1 where k. is the dominant root of Re[D(k, «)] = 0.
For w/wpi > 1 the sharp peak disappears and one sees the
appearance of a second weak bump at low kv;/w. (T, = 32T
for these examples.)

For weak damping, T, > T; and o < w,,
D,(k, w)/D(k, ) is a sharply peaked function of k.
This is shown in Fig. 4 for T./T: = 32 and for
several values of w/w,;. We exploit this sharply
peaked nature to derive the self-consistent electric
field in the plasma given by (see Appendix A)

anL2|: De(kn> ilk
2r  L(D/dk), 1 °

Ez(T) 2, w) = -

[ s T 0 e [ — 2L, 0)
where k, is the (complex) value of &k for which
Dk, w) = 0.

First, we consider the solution on the z axis,
where r = 0. The integral in Eq. (12) can then be
evaluated in closed form,* yielding

2 2

Bl = 0,2,0) = 220 gz e
—1ko(& *)L? 1 . .
where the approximate form Dk, w) = 1 —
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(}:/w?) + (1/k°A}) has been used in evaluating
aD/ok.

Equation (11) predicts a potential pattern similar
to that found in acoustics and optics. The signal at a
field point 2 is the result of phase interference from
elementary signals propagating along rays con-
necting each point on the source with the field
point z. Within the “near zone,” given by 0 < 2z <
Re koa®/w, strong Fresnel interference is in evidence;
while in the “far zone” z Z Re koa’/, the potential
is a monotone decaying function of z. The asymp-
totic behavior for z >3> a is

a2 2

E.r=0,2) ~ exp (—ikOZ)<@2~a— + ga + )
For typical experimental conditions in this and in
other work, one finds most measurements to be
made in the near zone.

Numerical examples of the ion-acoustic dis-
turbances as a function of z are shown in Figs.
5(a), (b), and (c). In these examples we have plotted
the 2 component of the electric field [Eq. (11)] or
current j for r = 0, since in the experiment a shielded
biased electrode collects ion current which is pro-
portional to F,.. Results at fixed frequency for
several damping lengths (due to collisions) are
shown in Fig. 5(a), while results for fixed damping
length at several frequencies are shown in Fig. 5(b).
In Fig. 5(c) we have plotted Re E, (or Re j,) for
three different values of w/w,; at a fixed value of k,.
Damping is included in the nondispersive regime by
permitting k, to have a small imaginary part &k, —
Re k(1 -+ iv./w) where v, is the ion-atom ecolli-
sion frequency, assuming a weakly ionized gas,
taken to be argon for the examples. From the nu-
merical examples two features of the field pattern
become evident: The Fresnel interference becomes
more pronounced as z increases, and as the frequency
increases; and the number of Fresnel zones in-
creases with frequency. Comparing Figs. 5(b) and (¢)
we see that the inclusion of the phase information
[see Fig. 5(c)] de-emphasizes the interference pat-
tern. The two dashed lines in Fig. 5(a) are the simple
exponential decays for the one-dimensional case for
values of k, ~ 1.076 em™" and 0.269 em™'. The
three-dimensional solution oscillates about the one-
dimensional decay. In fact, for the case of stronger
damping, k; can be estimated with reasonable accu-
racy by force fitting the decay to a straight line.
This procedure was followed in analyzing the data in
the following section.

For the special case of equal size receiving and
transmitting disks, the average value of j.(r, 2, w)
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over the receiving disk is, from Eq. (10), propor-
tional to

f dk, J3(ka) exp [0 — k272
0

This function has been evaluated numerically and is
plotted in Fig. 6 for Im k, = O and for Im &k, =

'°-°E T T T T T
- w/upi= 0.27 ;J
- 200 kHz ]
u
\\\\ t mTorr _
~~~~~ j =0.269 cm'
[ Ko} ol
il F
ol =
L 4 mTorr
B k; = 1.076 cn’ \3
- \,
N,
\
0.0 I I L L
“o or 14 21 28 35 42 49
Z (cm)
(a)
—T T T T T
kj=0.807 cm’
M~ 3 mTorr -—
w/wpi = 0.27
— (200 kHz) =
w/wpi =041
. . (300 kHz} T
i{z)
n .
w/ug; = 061 J
B (450 kHz)
! ! FE i 1
O 07 14 21 28 35 42 49
Z (cm)
(c)

621

0.042 em™, the value associated with the principle
Landau pole in a collisionless plasma with 7,=16T';
and w = 0.27w,;. While the interference pattern is
well-nigh obliterated, the monotone decay of such
functions is not well approximated by Im %, unless
this value be greater than about 0.5 em™, corre-

sponding to strong collisional damping.

10.0 T T T T T T

W

3

o

3
LIl

1

1

w/wpi= 0.27

poraagal

L

Q.

I Il ! ! J !
0.0t
o] 07 14 2.1 28 35 4.2 49

Fia. 5. (a) A theoretical semilog plot of |j(z, 7, = 0)] vs 2.
w/wps 18 fixed at 0.27 while Im % (corresponding to collisional
damping) is varied. The accelerating dc sheath surrounding
the transducer is neglected. (b) Same as Fig. 5(a) except for
Im & fixed at 0.538 em™! (corresponding to collisional damping
at an argon background pressure of 2 mTorr). w/wp: is varied.
_(c)IS:;n(lie as Fig. 5(b) except that the phase information is
included.
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F1a. 6. The top two traces are theoretical plots of j,(z, 7 =0)
vs 2z with w/wpi = 0.27 for Imk = 0 and Im £ = 0.042 cm™.
The latter value of Im % corresponds to Landau damping
when T, = 16 T The lower traces are theoretical plots of
js(z, r) averaged over a receiver having the same diameter
as the transmitter, Notice the Fresnel-like interference

attern in the near field is no longer present. For the case of
m k = 0 the decay is only geometrical. The evidence of
“geometrical damping”’ is also clear when Im k = 0.042
when one compares the one-dimensional result with the
three-dimensional result.

To demonstrate the great sensitivity of the ion-
acoustic field to the source specifications, we have
repeated the derivation of Eq. (10) for the (some-
what more realistic) case of large ion acceleration in
the de sheath on the plasma side of the grid structure.
Such sheaths have the effect of imparting a velocity
9o to the ions, essentially normal to the grid plane,
of magnitude much larger than the ion thermal
speed. This simplification assumes the sheath thick-
ness to be large compared with the spacing between
grid wires (or, for a plasma in magnetic field, for the
ion gyroradius to be small compared with the sheath
size) so that the sheath acceleration is the same for
all ions and is in the z direction. The theoretical
approach must be modified so as to allow for large
spatial changes in the static equilibrium ion distri-
bution function in the region of the sheaths and
grids. The complete derivation is given in Appendix
B. The result is

80,2, 0) = 2o 2o g (2 Dell)

i f " dky Jo(k,a)o(l,r) exp [—iz( — B, (12)

The integral in Eq. (12) is identical to that in
Eq. (10). Hence, E, or J, is proportional to the
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partial derivative with respeet to z of Eq. (12). The
noteworthy difference between the inclusion of the de
sheaths and no sheaths is that the Fresnel-like inter-
ference is not as pronounced in the former case.

What is clear from the examples given is that, in
the weak damping limit, monotone decaying signals
are only found in the far field (i.e., z > 12.5 em
for A = 0.7 em and @ = 2.25 ¢m). In the near field,
the complicated interference pattern is a sensitive
function of source details. These features would tend
to make inference of an accurate damping length
from experimental data quite difficult. For strong
damping, single-particle free-streaming motion of
noninteracting particles is the dominant response.
For small z the ballistic ions dominate whereas for
large z the free-streaming electrons give the major
plasma response. However, unlike Gould’s model,
the present boundary conditions do not allow per-
turbations of the electrons. Hence, the ion contri-
bution dominates for a larger range of 2 for our
chosen boundary conditions. This point is clarified
in Appendix A. This fact should help to simplify
interpretation of some nonlinear experiments, since
complicated plasma shielding effects may, in fact,
not enter.

IV. EXPERIMENTAL RESULTS

As discussed in Sec. IT all data presented in this
paper were taken under the following conditions:

ni~n, =5X 10°em™®, w,;/27r = 740 kHz,
T,

=0.80eV, A, =3 X 107 ¢m,
Darson = 3—4 mTorr.

The three-grid or four-grid transmitting electrode
discussed above provided sufficient shielding of any
direct-coupled signal to allow interferometric meas-
urements to be made, as shown schematically in
Fig. 1. Raw data are shown in Figs. 7 and 8. Figure 7
shows the response for 10 different values of w/w,
ranging from 0.27 to 2.30 and collected ion current is
plotted in relative units as a function of electrode
separation. In Fig. 8 the data were taken at a lower
background pressure.

Careful perusal of the data shown in Fig. 7 re-
veals several general features: (a) The signals have
a well-defined periodicity for w/w,; < 0.812; (b) the
aperiodicity for w/w,; > 0.812 would appear to re-
sult from mixing of at least two spatially periodic
disturbances, both strongly decaying; (¢) the signal
modulus is not, in general, a monotone decaying
function of receiver position, for w/w,; < 1; in fact,
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the data shows a region where signal magnitude increases with increasing receiver position, and (d)

signal propagation for w/w,; > 1 is extremely weak,

with an attenuation length of the order of one spatial

phase cycle.

[y . / \ i The well-defined spatial periodicity at lower fre-
i ' quencies permits approximate determination of
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Fig. 8. Interferometer measurements of received ion
Fig. 7. Interferometer measurements of received ion current current vs z at a background pressure of 3 mTorr. Natice
vs z at a background pressure of 4 mTorr. a more pronounced Fresnel-like interference pattern.
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F1a. 9. Plot showing experimental points and theoretical
curves of phase velocity versus w/wpi. AS w/wpi — 0, the
phase velocity approaches the ion-acoustic value [k(7, +

3T;)/ Mz,

effective phase velocity. Figure 9 shows these de-
terminations. Within experimental error, little, if
any, dispersion is observable. Solid curves in Fig. 9
show the phase velocity w/Re k predicted for the
one-dimensional collisionless theory, i.e., from the
principal root of D(w, k) = 0, for T', = 0.80 eV.
Since the ion temperature T; was not measured in
these experiments, it is not possible to discuss the
comparison between experiment and theory in de-
tail. It may not be too surprising that the 209,
theoretical dispersion for T'; equal to twice room
temperature (0.05 eV) was not identified experi-
mentally in view of the expected departures from
plane wave propagation discussed above.

In Sec. III we showed that if k; > 1.076 cm™, its
value could be determined to a fair degree of accu-
racy if we assumed that the one-dimensional results
were applicable. This value of k; corresponds ap-
proximately to the collisional damping in argon at a
background pressure of 4 mTorr. Hence, the data
shown in Fig. 7 were fitted to a simple exponential
decay. The resulting inferred values of k; are shown
in Fig. 10 as a function of normalized frequency
w/wy:. For w/w,, < 0.5, the decrease in k,/k, is be-
cause of ion—atom collisions »;,,. In fact, k; =
vio/(wk,) if lon—atom collisions are the only decay
mechanism. This is shown by the solid curve in
Fig. 10. Also shown by solid lines are the Landau
damping for three different values of T',. The dashed
lines are the algebraic sum of the Landau and colli-
sional damping. For w/w,; > 0.7, Landau damping
is no longer negligible. In fact at w = 1.35, w,;, the
decay is almost completely due to Landau damping.
The results in Fig. 10 suggest that T’; lies between
1/40 eV (room temperature) and 1/20 eV.

The data presented in Fig. 8, taken at a lower
background pressure (3 mTorr), show a more pro-
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nounced Fresnel-like interference. The interference
pattern has two dominant features: it becomes more
pronounced with inereasing distance from the source
and with increasing w; the number of I'resnel zones
increases with frequency. These general features are
consistent with the theory derived in Sec. III. In
fact, in Fig. 11 the modulus of the current inferred
from the data is compared to the theoretical result
(including sheaths). In the numerical calculations of
|7.(2)|, k. is taken to be 0.807 em ™" which is attributed
to collisional damping at a background pressure of
3 mTorr. The experimental and theoretical rates of
decay compare favorably. In fact, for frequencies
of 300, 350, and 450 kHz the experimental points are
in very close agreement with the corresponding
theoretical curves. This is remarkable considering
that the Fresnel pattern is very sensitive to a pre-
cise knowledge of the ion-acoustic wavelength, which
is dependent on (T,)"* (known to within 109)) as
measured by the Langmuir probe. The great sensi-
tivity of the Fresnel pattern to wavelength is ap-
parent if one compares the theoretical curves of 300
and 350 kHz in Fig. 11. The vertical error bars are a
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Fia. 10. Plot showing k:/k, vs w/wpi. The points are inferred
from data such as in Fig. 7. The collisional damping curve
corresponds to an argon background pressure of 4 mTorr.
The dashed curves are the algebraic sum of the collisional
damping and Landau damping for various values of T
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F1a. 11. A semilog plot showing [j(z, » = 0}| vs 2. The solid
lines are theoretical curves of the received current density
versus z. The experxmental points are inferred from the data
shown in Fig. 8. k; = 0.807 em™! corresponds to collisional
damping at a pressure of 3 mTorr.

result of noise. As the wave decays by an order of
magnitude, these error bars will be 0.1 of the indi-
cated size for the far left experimental points. The
horizontal error bars are due to lack of knowledge of
the precise distance between the receiver and source.
In spite of the complications introduced by the
source and three-dimensional motion of the particles
we have essentially verified the linear dispersion
relation for ion-acoustic waves. Landau damping has
been observed as w — w,; and the theoretically pre-
dicted cutoff at w,; has been verified. Three-dimen-
sional effects, i.e., Fresnel-like interference has been
clearly identified.
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APPENDIX A. DERIVATION OF EQ. (10) AND THE
ELECTRON BALLISTIC CONTRIBUTION

The spatial response of the plasma is given by

1 @ 2n
46,2,0) = G fo e, &, fo d0 exp (ik,r cos 6)

[ b, oxp GRas0, . @D
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Using Eq. (8) in Sec. IIT, Eq. (AI) becomes

o,2,0) = 2200 [ a, f dk. i-sin” (’“ L)J )

-Jo(kir)@b(f 'w‘;) ) exp (—ik.2).

Now k* = k? + k* and kdk = k.dk, taking k, fixed
in performing the k, integral. Making the above

substitutions and replacing sin® (k,L/2) by (k?L*/4),
Eq. (A2) can be written as

(A2)

80,2, 0) = 5 fo dk, f_w &b = g
e k’ . 2 2\1/2
) 28 ) ey it — ki)

(A3)

The functions D,(k, w) and D{k, w) have branch
cuts along the real % axis. Hence, we split the inte-
gration into positive k and negative k. Let D, be
defined such that the contour in the » plane runs
above the singularity and D, such that the contour
runs below the singularity. If we neglect contribu-
tions that decay in a Debye length, Eq. (A3) reduces

to
Eua 7 o L’ ]
¢, z, w) = _2‘71_—]0‘ dk, /0‘ dk (k2 — ki)l/2
Sy (kpa)Jo(kyr) exp [—iz(k® — k1))
. Del(k’ OJ) _ Dez(ky w)>.
<D1<k, @) Dulk, @) (44

Let us consider the portion of the intergrand
represented by [(D.,/D,) — (D../D.,)] more closely.
We find for a Maxwellian velocity distribution

pfe - 52) = {1+ e ()
1 2 ]
2
o [ ()] ome a2 (2)

I s (1)
The factors

m [(w)./k*%) 2" (w/kv;)]
and
Im [(el,/k*3)Z (w/kv,)]

together with the exponent exp [—iz(&” — k2)/?] give
rise to saddle points k,; and %,,, respectively;

k —_ <—'> ! <_> exp ( __)
' wl v.,' 6
(206> / (w) < : )
wX 1), 6
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where we neglect the small effect of &, in the saddle
point calculation. We may deform the contour
running along the real k axis into the lower half-
plane so as to run through the saddle points k,;
and k,,. The contributions from these saddle points
correspond to ion and electron ballistic contributions,
respectively. The ion ballistic contribution arises be-
cause of ions that stream through the source electric
field and the electric fields excited by the wave and
source ballistic ions. The electron ballistic com-
ponent arises because of electrons that stream
through the electric field created by the wave and
source ballistic ions. The dominant pole of D, lies
in the lower half-plane whereas D, has a pole in the
upper half-plane. In the weak damping limit w < w,;
and T; < T, we will pick up a contribution from
the pole due to D,. This will be the dominant re-
sponse, and Eq. (A4) reduces to Eq. (10) in Sec. III.

In the heavy damping limit, when w > w,; or
T, ~ T, the dominant pole of D, recedes from the
real axis. When k;/k, for this pole is about (3)'/*
or greater, the contribution from the saddle points
k., and k,; will be the dominant contribution. Hence
in this limit, the ballistic contribution dominates.

Returning to the weak damping limit, because of
the relatively long scale length of the electron bal-
listic contribution, we will expect it to dominate at
large distances from the source. For simplicity, we
will estimate this distance for a one-dimensional
problem. When o << w,; and T; < T, the electric
field associated with the ion-acoustic wave is given by
E,.(z)

E..(x) ~ —iE,L’k} exp (tk,x). (A5)

The electron ballistic contribution is given by'®
Ef“(.’l))

2
E;.(2) &~ —i2v2 B L* Z—— @

pe vd

oxp [% (=) s - 1)]- (46)

€

Taking the ratios (A4) and (A5) we find

E, (x)

In a weakly ionized plasma at a background of 24
mTorr k,/k, is slightly less than 0.1. Under these
conditions the electron free-streaming contribution
will begin to dominate for wz/v, = 1 or z =
(M /m)(\/2x). Hence, when w/w,;<<1 and T./T.<1
the ion-acoustic wave dominates for several tens of
wavelengths.
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The experiment was performed under conditions
such that the multiple grid transducer was floating.
The plasma floating potential is given by**

KT,. M

d’f ~ ] ln m *
This potential allows the high-energy electrons to
pass through the multigrid transducer. The per-

turbed distribution function for these high-energy
electrons is given by

_eBo 9F,
m v

t L+t/v
(f dt’ sin wt’ — f dt’ sin wt')@(v — ),
t—~L/v L

fe(v > vy, thNO) =

where 6 is the unit step function, and », =
(2e¢p,/m)"%;

4eB, OF,

fle > 0) = m,w o0

o) sin? @ _”E).
6y —v,) sin % cosw(t ;

The perturbed current density is given by

Jraelz > 0) = —e f flz > Qwdv

OF, in? (ﬁé) ex [i (t - g):l
v 2 S v
FI——E

vr
exp \ ——
w vﬂ), vV,

2 2 1/2
e Bl (ﬁ)
27!' w /21)]1),, M

_ &E, f°°
= oIl Re . dvv
For wz/v, < 1
2w, BwL?

jfss(x > 0) ~

Now the plasma shielding of this current is given by
1/D ~ —&"/w?,. Comparing this contribution to the
free-streaming electron contribution arising from
electrons moving in the source ballistic ion field and
ion-acoustic wave field we find it is larger by roughly
a factor (M/m)"*. However, this contribution will
also be unimportant for the present experiment.
(If our grids were transparent to both electrons and
ions, the electron contribution would be larger than
E,,, by a factor of M/m.)

The reduction of an electron signal, which might
completely mask the ion-acoustic behavior at a
moderate distance from the source, is encouraging
from the point of view of an experimenter attempting
to stimulate the ion-acoustic response. Since an
immersed grid is almost always strongly biased so
as to exclude electrons (and thus not draw current
from a plasma), it would seem that any interpreta-
tion® depending upon a large free-streaming electron
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component would necessarily have to include some
explanation as to how statically excluded electrons
are modulated near a source grid.”

APPENDIX B. FREE STREAMING CHARGE PER-
TURBATION FROM NEGATIVELY BIASED GRIDS*

For strong negative bias on the perturbing grid
structure, positive ions receive large dec axial ac-
celeration in the sheaths surrounding the grids, and
thus move through the intergrid space with uniform
axial velocity. At exit, the sheath decelerates the
ions as they re-enter the plasma.

We first solve, by trajectory integration, for the
ion velocity distribution at the source. Here, the
self-consistent electric field ean be neglected. Thus,

fid,z =0,v, 1)
dt’ exp (—iwl)E,(t', ")V F:(v, ', 1),
M f_m ®1)

where the ion trajectory is from far behind the grid,
through the accelerating sheath, through the alter-
nating intergrid field E,(r, t) and through the de-
celerating sheath. We note that V,F.(v, 1, t) =
Mv 9F.(v)/d¢ where e is the energy, and that
dF (v)/de is a constant of the motion to lowest order
in a perturbation expansion. Thus,

f:r,z=0,v,10

t

= %ﬁﬁ@ f@ dt’ exp (—wt)v -E ', t'). B2)
But ev-E, is the power delivered from the fields to
an ion, i.e., —e d¢,(r’, t')/dt/, since in the intergrid
space v/ = v, is in the z direction and thus parallel
to E,. For the grid fields given by ¢.(r, 2)

do(r)(1 — |2|/L), where ¢o(r) = ¢ for 0 < r < a, —
L < z < L; and ¢o(r) = 0, otherwise, we then have

e, 2 0,v, ) = ¢ 250

0 . L/ve
<f dt’ exp (—iwt") — f di’ exp (—iwt’)) ;
~L/vo 0
fitr,z2~0,v,1)
ide aF (v)

_ (eé)
T ow v,

o7 )

bolr ) (B3)

This distribution free-streams along straight-line
trajectories into the half-space z > 0. Thus,

f.tr, 2, t,v) = f:(r, 0, t, V)H[a —(r—v >:|H(z),

where H(¢) = 1for £ > 0Oand H(¢§) = Ofor £ < 0.
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The Fourier transformed function is

f:(k) = f:‘(r7 0, ¢, V)

f &’ exp {—i[k-r - w(t - j—)]}H
-2 oo

We change variables, with r — v(z/v,) =

|t'| = p. Thus,
fk) = f.(r, 0, t, V) f d’r' exp [——sz-(rL’ + v:ﬂ)]
- vi:):lH(a2
or

19 = 16,0, 9 [ de [ dop [ do

r' and

-exp (—ik.z) exp [iw(t — p)H)

~exp (—ik.p cos ¢) exp (zz(kyv —; ko, — w))
2ra

= f,(r, 0, ¢, v) 5— T Jl(kla)—(k‘“v—*—),

(B4)

so that

o) = ¢ [ & 1.7,

_ 8rd’E, a vo . < )f
="M k. Ji (k. a) : sin® %
(B5)

since v, OF;(v)/de = —&,-V,F;(v), and with
E, = ¢¢/L. The velocity integral is

3eva(v)
fd kv — " 4re

3 €, VF(U)
v kv —w

2 k, [D k, w) — D(k, w)];

and the ion-acoustic charge perturbation follows as

o) = (;—ﬂ_)a f d’k exp (ik-r) %(%ck)—)-

We evaluate this integral as before, treating D™*(k)
as a sharply peaked function of & (for weak damp-
ing). Suppressing the contribution differing from
zero only in the intergrid space, one finds the results
given in Eq. (13).
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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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