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Pseudowaves, known as burst-ion signals, which are different from plasma normal modes, exist frequently in ion—
wave excitation experiments when launching the waves by applying a pulsed voltage to a negatively biased grid. In previous
experiments, only one kind of the pseudowave was observed. In this paper, we report the observation and identification
of double pseudowaves in an ion—beam—plasma system. These pseudowaves originate from two ion groups: the burst of
the beam ions and the burst of the background ions. It was observed that the burst of the background ions was in the case
of high ion beam energy, while the burst of the beam ions was in the case of low ion beam energy. By observing the
dependence of the signal velocities on the characteristics of the excitation voltage, these pseudowaves can be identified. It
was also observed that the burst ion signal originating from the background ions can interact with slow beam mode and that
originating from the beam ions can interact with fast beam mode.
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1. Introduction

Beam—plasma systems are paradigms exhibiting kinetic
instabilities, which have important applications in many
fields.[!?! The waves and instabilities in such systems are of
great interest to researchers in basic plasma physics and space
plasmas. In an ion-beam—plasma system, the plasma nor-
mal (electrostatic) modes include a fast and a slow ion—-beam
mode and a background ion-acoustic mode.>=! The instabil-
ities and nonlinear evolutions of the normal modes (solitons
and shocks, etc.) in the ion—beam—plasma systems have been

6191 Tn the sys-

widely investigated during the past decades.!
tems containing low-energy ion beams, the beam—plasma in-
stabilities occur in a range of the beam Mach number (usually
below 2-3)[191 and the instabilities are due to the wave—wave
coupling between the slow beam mode and the ion—acoustic
mode.

In ion—acoustic wave excitation experiments without ion
beams, when the waves were launched by applying a pulsed
voltage to an excitation grid, a kind of pseudowave signal
was often observed to coexist with the excited ion—acoustic
wave.[?Y This signal looks like a wave signal propagating with
its own velocity (usually faster than the ion—acoustic wave),
but is not the normal mode of the plasma because it does not
satisfy the dispersion relation, and thus was termed “pseu-
dowave”. The pseudowave signal appears only when launch-
ing the ion—acoustic wave with the partially transparent exci-
tation grid (not nontransparent plate) and was attributed to the
ions bursting out of the sheaths of the excitation grid when
the sheath potential was rapidly raised because of the appli-
cation of the excitation voltage.l?'=23 It was also known as
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the burst-ion signal consisting of a pulsed ion beam released
from the sheaths of the grid.[?->3] The signal velocity of the
pseudowave (or burst-ions) depends sensitively on the charac-
teristics of the excitation voltage (boundary condition), 224l
which is totally different from the normal mode whose veloc-
ity is determined by the dispersion relation. By controlling the
excitation voltage, the burst-ion velocity can be adjusted close
to the velocity of the ion—acoustic wave. Thus, it is possible
to observe the wave—particle interaction process. For instance,
the coupling between the burst-ions and the ion—acoustic wave
can result in the amplification of the latter and the formation

24-26] However, the

of the ion—acoustic solitons and shocks.!
observation of the pseudowaves were not reported in previous
wave-excitation experiments conducted in ion—beam—plasma
systems.

Recently, in the wave-excitation experiment conducted in
an ion—beam—plasma system, a kind of burst-ion signal was
observed and identified to coexist with the plasma normal
modes both in downstream!?”! and in upstream!?3! directions.
These burst-ions signals only represent one kind of the pseu-
dowaves that are produced from the background plasma.

In the present paper, we report the co-excitation of two
kinds of the pseudowave signals moving in the downstream
(along the beam) direction. These signals originate from two
different ion groups: the beam and the background ions. It will
be shown that the pseudowave signal arising from the back-
ground ions appear in the case of high beam energy while that
arising from the beam ions appear in the case of low beam
energy. In addition, the interactions between the pseudowave
signals and the ion—beam modes have been observed.
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2. Experimental setup

The experiment was performed in a double plasma device
1000-mm long and 500 mm in diameter sketched in Fig. 1.
The plasma was generated by hot-cathode discharge in the
source chamber only and diffused (streamed) into the target
chamber. The discharge voltage and current were kept at 30 V
and 0.9 A, respectively. In the middle of the device, two ad-
jacent separation grids SG1 and SG2 (60% transparency and
10-mm gap) were used to create the ion—beam—plasma system
in the target chamber with controllable beam energy. A re-
tarding field energy analyzer (RFEA) located 100 mm away
from the SG2 was used to measure the ion velocity distribu-
tion function in the target chamber. The details can be found
in Refs. [29] and [30]. The base pressure of the vacuum ves-
sel was p =4 x 107* Pa and the argon gas working pressure
was kept at p = 2.3 x 1072 Pa. The source chamber wall and
the SG1 were grounded. Different from the experiments in
Refs. [27] and [28], here the bias on the target chamber wall
was kept at —40 V and the bias on the SG2, Vsg, was varied
to control the beam energy so that larger range of the beam
energy (1.4 eV-21 eV) can be achieved.

to pump

|<——500 mm ——|

|<— $500 mm —>|

= magnets 40 V
Vsaa ;

Fig. 1. Sketch of the experimental setup. A: anode, F: hot filaments; SG:
separation grid; CP: cylindrical probe; PP: planar probe; EG: excitation grid;
RFEA: retarding field energy analyzer.

A cylindrical probe (CP) was used to diagnose the plasma
parameters in the source chamber, and a planar probe (PP, 10-
mm diameter) was used both to diagnose the plasma parame-
ters and to detect the wave signals in the target chamber. Typ-
ical electron density and temperature in the experimental re-
gion were ne ~ 5 X 107 cm™3 and 7, ~ 1.2 eV when the bias
on SG2 was Vsgp = —30 V.

The beam energy was determined either from the RFEA
data or by the difference between the plasma potentials in the
source and experimental regions. Figure 2 shows the varia-
tions of the ion—beam energy, &,, and the density ratio of the
beam to total ions, o, estimated from the RFEA data, with re-
spect to Vsga. When Vo is in the range of —42 V to —28 V,
the beam energy increases monotonically with Vsgo, and o is
about 0.7 and changes only slightly.
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Fig. 2. The ion-beam energy, &,, and the density ratio between the
beam and the total ions, a, versus Vsga.

3. Lauching of the waves

The waves were launched by applying a ramp voltage to
a negatively-biased excitation grid (EG, 80 mm in diameter,
65% transparency) located at 200 mm from the SG2. The volt-
age on the EG is

Vi = =52+ Vjptanh(r/7) , ey

where V;,; and 7 are the peak-to-peak amplitude and rise time
of the ramp signal, which are the two controlling parameters

Ep =

20.0 eV
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8.3 eV
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Received wave signals
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Fig. 3. Evolutions of the wave signals with respect to the ion—beam
energy &, received at 123 mm from the excitation grid in the case of
Vpp =16V and 7 = 3.59 ps. DCS: directly coupled signal; F: fast beam
mode; S: slow beam mode; IA: ion—acoustic mode; C: coupled signal;
I: instability; P1 and P2: first and second pseudowave signals.
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of the excitation voltage. The excited wave signals were de-
tected by measuring the perturbations in the electron density
(approximately equal to the ion density perturbation because
of the quasi-neutrality) with the planar probe and were moni-

tored on a digital oscilloscope.
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Fig. 4. Upper parts: trajectories of the received signals with respect to the
distance from the excitation grid. Lower parts: time-of-flight graph for the
received signals (peak time versus distance). Left column: &, =21.2 eV.
Right column: &, = 2.8 eV. The dashed lines indicate the trajectories of the
signal peaks. V,,p =20 V and 7 =4.31 ps.

s,127:28] here we

Different from the previous observation
observed two kinds of pseudowaves, depending on the beam
energy. Figure 3 shows the evolutions of the received signals,
detected at 123 mm from the EG (the signals are well sep-
arated at this distance), with respect to the beam energy for
a given excitation voltage with 7 = 3.59 us and V,, = 16 V.
In the case of high beam energy (&, = 20 eV), the three nor-
mal modes (to be identified later) were observed, i.e., the fast
beam mode (F), the slow beam mode (S), and the background
ion—acoustic mode (IA). In addition, a pseudowave signal P1
appears between the F and S signals, which is the burst ion
signal originating from the background ions. As &, decreases,
the signals F and S move rightwards (i.e., their velocities de-
crease), but the signal A moves little, so that the signal S
approaches to the signal IA and at &, ~ 12.5 eV these two
signals merge into a coupled signal C. Further decrease of &,

results in the slow down and decay of the signal C, and when
&, ~ 6.5 eV the coupled signal evolves into an instability (not
obvious). When g, is below 3.4 eV, the second pseudowave
signal P2 emerges in front of the signal F. The signal P2 was
not observed previously and is resulted from the burst ions that
originate from the ion beam.

Figure 4 shows the trajectories of the received signals
with respect to the distance from the excitation grid for the
cases of two different beam energies. The signal propaga-
tion velocity can be obtained using the time-of-flight (TOF)
method from these trajectories. In the case of high beam en-
ergy when &, =21.2 eV, the four propagating signals, i.e., sig-
nal F, P1, S, and IA, with different velocities (shown in the
TOF graph in the lower parts of Fig. 4) can be easily seen. In
the case of low beam energy when &, = 2.8 eV, only two prop-
agating signals, i.e., signal P2 and F, with different velocities

can be obviously observed.

4. Identification of the waves

The plasma normal modes can be identified by observing
the fact that the signal velocities are independent of the char-
acteristics (i.e., Vpp and 7) of the ramp excitation voltage but
depend on the beam energy. Their velocities are determined by
the wave dispersion relations. The pseudowaves or burst-ion
signals, on the other hand, can be identified from the property
that the signal velocities depend sensitively on V;, and 7.[27-28]

In order to confirm that the signal P1 and P2 are the burst-
ion signals, but the signal F, S, and IA are the plasma normal
modes, we present in Fig. 5 the signal velocities versus 7 and
Vpp in the cases of high beam energy &, = 21 eV ((a) and (b))
and low beam energy & = 3.2 eV ((c) and (d)), respectively.
The results show that, the velocities of the F, S, and IA signals
do not vary with 7 and V,,;,, indicating that they are the plasma
normal modes, whereas the velocities of the P1 and P2 signals
decrease with the increase of 7 and increase with the increase
of Vpp. Thus, the properties of the P1 and P2 signals are in
agreement with the characteristics of the burst ions.[?%26:27]

To further identify the signals, we plot the signal veloci-
ties versus the ion—beam energy in Fig. 6 for the given Vj,, and
7. It is shown that the velocities of the signal F and S increase
with the increase of g&,, indicating that they are fast and slow
beam modes. The velocities of the signals IA, C, and I change
very little, indicating that they are ion—acoustic modes. The
velocity of the signal P2 increases with g&,, indicating that it
originates from the beam ions. The variation of the velocity of
the signal P1 is not obvious, indicating that it is related to the

background ions.
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Fig. 5. Signal velocities versus: (a) and (c), T when Vj,, =20V and &, =20 eV (Vsg2 = —28 V); and (b) and (d), V;,p when 7 =4.31 us

and &, =3.2eV (Vsgo = —40 V).
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Fig. 6. (color online) Signal velocities versus the beam energy. 7 =4.31 ps
and Vpp, =20 V.

To qualitatively explain the observed phenomena, we use
the simplest model to determine the phase velocities (same as
the group or signal velocities in this case) of the plasma nor-
mal modes in the ion—beam-plasma system. In the plasma
containing a monoenergetic ion beam, the normal modes prop-
agating in the downstream (along the beam) direction are well
know to be the fast and slow beam modes and the ion—acoustic
mode.>! The phase velocities for the fast and slow ion—beam
modes are!?’]

VE,S ~ v+ o2, ()
and that for the ion—acoustic wave is/27]
via ~ (1—a)" e, 3)

where v, is the ion—-beam velocity, « is the ratio between the
(T/ mi)l/ 2is
the ion—acoustic speed, and m; is the ion mass. It shows that vp

ion—beam density and the total ion density, c;

and vg are roughly proportional to vy, while vy is roughly inde-
pendent of vy,. This is in qualitative agreement with the experi-
mental observations. Here, the fast and slow waves can also be
regarded as the ion acoustic waves riding on the stationary ion
beam launched at the separation grids of the double-plasma
device.

The burst ions are those originating in the sheath regions
of the excitation grid and accelerated by the rapidly raised
sheath potential because of the application of the ramp exci-
tation voltage. Without the application of the ramp voltage
to the EG, the beam ions together with the background ions
in the upstream side of the EG will stream into the upstream
sheath, transit through, and exit out of the downstream sheath
of the EG, with the energy the same as the incident energy be-
cause of the energy conservation. With the application of the
ramp voltage to the EG, the sheath potentials will be rapidly
raised because the sheaths do not have sufficient time to re-
lax. The ions originally in the sheath regions will be rapidly
accelerated because of the energy conservation. These ions
will burst out of the sheath region with an energy increase.,
i.e., they behave as a pulsed ion beam. In the downstream di-
rection, these burst ions consist two groups: the beam and the
background, since the original ions moving from the upstream
to the downstream direction in the sheath regions contain these
two components. This case is opposed to the case for the burst-
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ions in the upstream direction where there is only background
group!?®! (i.e., no burst ions originating from the beam ions
moving from the downstream to the upstream direction, since
the ion beam only move from the upstream to the downstream
direction). The average velocity of the burst ions can be ap-

proximated by?%!

2eVy, 1 \'/?
~ M2 PP 4
VBI ~ Cs ( + T. fpi‘l«'> ) “4)

where M is the ion Mach number in the bulk plasma, e is

the ion charge, and f; is the ion plasma frequency. For the
signal P1 due to the burst of the background ions, M = 0,
and for the signal P2 due to the burst of the beam ions,
M = vy /c, = (28, /T.)"/?, respectively.

Based on Eq. (4), the properties of the pseudowaves
can be qualitatively understood. For the signal P1, vp; ~
(2eVpp/mifpi7)!/2, which increases with Vj, and decreases
with 7 but is independent of the ion—beam energy. This is
in qualitative agreement with the experimental observations.
For the signal P2, vpy ~ (28, /m; + 2V /mifyiT)!/2. At high
beam energies, the second term is less important than the first
one, so that the velocity of the signal P2 is close to that of the
signal F, thus, the two signals overlap and are hard to be dis-
tinguished. At low beam energies, the second term becomes
important so that the the signal P2 is faster than the signal F,
resulting in the separation of these signals. Furthermore, the
velocity of the P2 increases with the increase of the ion—beam
energy and the V},, but decreases with the increase of 7, which
is in qualitative agreement with the results in Figs. 5 and 6.

5. Pseudowave—-normal-mode interactions

Both the equation (4) and the results in Fig. 5 shows that
the signal velocities of the pseudowaves increases with the in-
crease of V,p and the decrease of 7. Since the pseudowaves
are recognized as the pulsed beam of burst ions, it is possible
to observe the wave—particle interactions between the normal
modes and the burst ions when the burst-ion velocities are ad-
justed to be close to the normal mode velocities. Here, the
most direct observation is to adjust the burst-ion velocities via
the adjustment of the ramp voltage rise time 7.

At a high beam energy & = 21 eV, the interactions be-
tween the signals P1 and the S and IA can be observed. For a
fixed Vpp, = 10V, the variations of the signals and their peak
values with respect to 7 are shown in Fig. 7. At small value
of T =4.31 us, the signals are well separated. As 7 increases,
the velocity of the signal P1 decreases and approaches to that
of the signal S, causing the enhancement of the signal S due to
the effect of the inverse Landau damping. Further increase of
T results in further decrease of the P1 velocity to a value be-
tween that of the signal S and IA (it is not easy to observe the
signal P1 when it lies between the signal S and IA), causing

the weakening of the signal S due to the effect of the Landau
damping but the enhancement of the signal IA due to the effect
of the inverse Landau damping, as is obvious from the signal
peak value variations shown in Fig. 7(b). Thus, the successive
interactions of the signal P1 with the signal S and IA have been

observed.
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Fig. 7. (color online) (a) The dependence of the signals received at 140 mm
from the excitation grid with respect to T when V,, = 10V, Vsgo = —28 V,
and &, = 20 eV. (b) The peak value of the signals versus 7.

At a low beam energy &, = 3.2 eV, the interactions be-
tween the signals P2 and F can be observed. The results
are shown in Fig. 8. For a fixed value of V;,, = 12 V, when
T = 2.69 us, the signal P2 appears in front of (faster than) the
signal F. With the increase of 7, the velocity of the signal P2
decreases and approaches to that of the signal F, leading to
significant enhancement of the signal F due to the effect of the
inverse Landau damping.

>

g a F _ 80 R

8 ] ( ) p T/HS = (b) *

Dond e L

8 -3 60t * *

& T * =

7 = * fast wave

o <

% >

2 =4 40r pseudowave P2

i &

[}

_E e0® o °® °

§ . . . . . . 20¢ . . . . .

10 30 50 70 2 3 4 5 6 7 8

t/us T/us

Fig. 8. (color online) (a) The dependence of the signals received at 140 mm
from the excitation grid with respect to T when V,p =12V, Vsgo = —40 V,
and & = 3.2 eV. (b) The peak value of the signals versus 7.

6. Summary

In summary, the two kinds of the pseudowaves and the
three normal modes propagating in the downstream direction
of the beam have been co-excited in the ion—-beam—plasma
system. The observed two kinds of the pseudowaves are the
burst-ion signals with different originality: one from the back-
ground and the other from the beam ions. The burst-ion signal
of the background-ion originality appears in the high beam en-
ergy case while that of the beam—ion originality appears in the
low beam energy case. The burst-ion signals can be identified
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by their velocity dependence on the excitation characteristics.
The normal mode signals of the system can be identified be-
cause their velocities are independent of the excitation charac-
teristics but determined by the dispersion relation. From the
dependence of the signal velocities on the beam energy, the
fast and the slow beam modes as well as the background ion—
acoustic mode can be identified.

Utilizing the properties that the burst-ion velocities can be
controlled by the rise time and peak-to-peak amplitude of the
applied ramp voltage, the wave—particle interactions between
the burst ions and the plasma normal modes can be observed.
In the high beam-energy case, the successive interaction be-
tween the burst-ion signal originating from the background
ions and the slow beam signal and the ion—acoustic signal has
been inferred. In the high beam-energy case, the interaction
between the burst-ion signal originating from the beam ions
and the fast beam signal has been observed.
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