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Excitation of ion-wave wakefield by the resonant absorption of a short pulsed microwave
with plasma
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Unmagnetized, inhomogeneous laboratory plasma irradiated by a high power (h5E0
2/4pnekTe'5.0

31022) short pulsed microwave with pulse length of the order of ion-plasma period (tpi&2p/vpi) is studied.
Large density perturbation traveling through the underdense plasma with a velocity much greater than the ion
sound speed produced by the resonant absorption of the microwave pulse has been observed. In the beginning
the density perturbation has large amplitude (dn/n0'40%) and propagates with a velocity of the order of
106 cm/s. But later its amplitude as well as the velocity decrease rapidly, and finally the velocity arrives with
twice the ion sound speed. The oscillating incident electromagnetic waves enhance highly localized electric
field by the resonant absorption process and develop time-averaged force field which pushes plasma electrons
from the resonant layer. As the electrons are accelerated to be ejected, they pull plasma ions as a bunch with
them by means of self-consistent Coulomb force. This suprathermal ion bunch can excite an ion-wave wake-
field.

DOI: 10.1103/PhysRevE.68.036404 PACS number~s!: 52.35.Mw, 52.35.Fp, 52.40.Db, 52.90.1z
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I. INTRODUCTION

An interesting topic in modern plasma physics is plas
based accelerators and plasma wakefield phenomena. S
the first proposal by Tajima and Dawson@1#, many success
ful phenomena have been demonstrated in this area. S
new accelerator schemes@2–4# have been proposed and su
cessfully demonstrated in proof-of-principles experimen
Plasma waves in the plasma wakefield accelerator~PWFA!
are driven by one or more electron bunches. In the plas
wakefield accelerator concepts@5–8#, plasma waves wake
field are excited by relativistic electron bunches, in which
electron beam should be terminated in a time shorter than
plasma wave period (vpe

21). When the beam density ap
proaches one-half the plasma density, the excited elec
plasma wave approaches the nonrelativistic wave-brea
limit to give the electric fieldE→vpemc/e. Jones and Kein-
igs @9# described the possibility to excite ion waves by usi
an ion bunch with proper falloff time. Using an ion wit
massM may increase the limiting electric field for fixedvpe
by the ratio of the ion mass to the electron massM /m. It has
been shown that the optimal falloff time (t f all) of the driving
beam depends on the plasma frequency asvpe5t f all

21 . How-
ever, in the case of ion movement, the ambipolar field lim
the maximum field strength to be smaller than the case
electron bunch wakefield. Nishidaet al. @10# have success
fully excited the wake field in the ion-wave regime with
variety of shapes of ion bunches injected into a plasma in
double plasma machine. The experimental results show
a ramp-shaped ion bunch with a sharp falloff time can ex
a large amplitude wakefield withdn/n0'17%. The ampli-
tude of the wakefield decreases with an increase of fal
time constant of the incident ion bunch, along with the o
cillation of amplitude. Experiment by Aosseyet al. @11# has
demonstrated plasma wakefield excitation in both a posi
ion-electron plasma and a positive ion-negative ion-elect
plasma system.
1063-651X/2003/68~3!/036404~8!/$20.00 68 0364
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The main difficulty when exciting an ion wakefield is t
produce sharp ion bunch shape with a proper falloff tim
One of the possible ways to meet this requirement is to ex
quickly the plasma electrons out from a small plasma reg
leaving behind a bare ion column. Resulting ambipolar el
tric field can accelerate plasma ions producing a short e
getic ion bunch. In the present experiment we have produ
an ion bunch with sharp falloff time by the above meth
using the resonant absorption process to expel plasma
trons from the resonant plasma layer. Indeed, a nonunif
unmagnetized plasma has been irradiated by a short m
wave pulse with its duration shorter than the ion oscillati
period (tpi52p/vpi). The key to excite strong wakefield i
that the microwave pulse width should be of the order of
oscillation period (tpi52p/vpi). The physical aspects ar
straightforward. The ponderomotive force created at
resonant area pushes out the electrons from that area, lea
behind bare ions. These ions are accelerated as an ene
ion bunch by the ambipolar force. Typical ion energy in
bunch has been measured to be about 58 eV, which is m
than 100 times greater than the thermal ion. This suprat
mal high energy ion bunch acts as the driving bunch to ex
ion wakefield in the present experiment. The typical io
plasma periodtpi'95 ns is estimated by using the resona
density parameter (nc5131011 cm23) at the critical layer
in the argon plasma-microwave interactions. The wakefi
excited by the incident microwave of pulse width 85–90
is described in the experimental results. The maximum a
plitude of the wakefield is observed aboutdn/n0540%.

This paper is organized as follows. The experimen
setup is described in Sec. II, results are presented in Sec
and Sec. IV discusses the results in the view of differ
theoretical aspects. Finally, the results of the paper are c
cluded in Sec. V.

II. EXPERIMENTAL ARRANGEMENTS

A schematic drawing of the experimental arrangement
shown in Fig. 1~a!. A cylindrical, unmagnetized, nonuniform
©2003 The American Physical Society04-1
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KAMAL-AL-HASSAN et al. PHYSICAL REVIEW E 68, 036404 ~2003!
argon plasma is produced in a stainless steel chamber 10
in length and 60 cm in diameter. The outside surface of
vacuum chamber is covered with line cusp arrangements
improved plasma confinement, made from permanent m
nets having surface magnetic field strength of 4 kG. Plas
is produced by the pulsed discharge with applied voltage~60
V! between tungsten filament arranged as a cathode~heating
current up to 95 A! and grounding chamber wall as ano
with discharge duration 2 msec and repetition rate 10
The vacuum chamber is initially evacuated to a pressurp
'2.531026 Torr and after filling argon gas, chamber pre
sure is adjusted top'6.531024 Torr. A p-polarized micro-
wave pulse with frequencyf 5v/2p52.86 GHz ~corre-
sponding critical plasma densitync5131011 cm23 for
resonance absorption! and maximum power 11 kW is
launched into the plasma from a rectangular horn ante
located at the lower plasma density side. The horn ante
has a metallic lens in order to minimize diverging outp
radiation angle for creatingp-polarized microwave. The in
teraction area is located near or around the central axis o
chamber. To prevent the maximum reflection of the launc
electromagnetic wave from the chamber walls, we have
glass wool inside the chamber walls in order to absorb
electromagnetic wave. The width of the microwave pulse
maintained from 80 ns to 250 ns with the full width at ha
maximum with a repetition rate of 10 Hz, and with typic
falloff time (t f all) ranging from 85 ns to 200 ns, wheret f all
is the time difference between 10% and 90% of the ma
mum value of the microwave power. Plasma density as w
as fluctuating wave forms are diagnosed by two disc sha

FIG. 1. Schematic drawing of~a! the experimental arrangemen
and ~b! the microwave resonator probe.
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~1 mm diameter! Langmuir probes, one facing towards th
resonant region and the other facing opposite to the reso
region. A microwave resonator probe@12# is also used to
measure plasma density. The schematic drawing of the
crowave resonator probe is shown in Fig. 1~b!. A U-shaped
quarter wavelength resonator probe is coupled by two lo
antennas in this device. A cylindrical needle antenna wit
tip 2 mm in length and 0.25 mm in diameter is used
measure the spatial distribution of microwave field inside
plasma. A small Faraday cup of 23 mm in length and 10 m
in diameter is used to detect the energetic ion flux, flow
down the lower density region from the resonant layer.
three electrodes of this energy analyzer~two grids and one
collector! are covered with a copper cup to shield them fro
microwave and other noises. All diagnostic tools are mo
able in the axialz direction and rotatable in the radialr
direction by a low power DC motor system.

III. EXPERIMENTAL RESULTS

When a shortp-polarized microwave pulse with a fre
quency v is irradiated in an inhomogeneous plasma, t
resonance absorption occurs at the critical layer wherev
5vpe . Figure 2 shows the spatial density profiles inside
plasma chamber in the absence of incident microwaves
nonuniform plasma density of the order of 1010–1011 cm23

is observed. The density gradient scale length in the axia~z!
direction atr'5 cm and radial~r! direction atz'32 cm are
observed asLz'68 cm andLr'52 cm, respectively, where
r 50 is the point on the chamber axis andz50 is the point
on the face of horn antenna, and plasma density increase
z. Electron temperatureTe'3 eV and ion temperatureTi
'0.5 eV are observed to be approximately identic
throughout the main part of the plasma volume, where
experiments are performed. After irradiating the microwa
pulse with the plasma, a typical example of the microwa
field in the resonant plasma obtained by a needle ante
coupled to a crystal detector is shown in Fig. 3~a!. Figure
3~a! displays an axial profile of the microwave field atr
.5 cm. One can observe the resonantly excited field
aboutz.32 cm, which is the position where the plasma de
sity becomes critical one ('131011 cm23). It is seen that
the microwave radiation vanishes beyondz.32 cm over

FIG. 2. Spatial density profiles inside the plasma chamber in
absence of incident microwaves. Each line is separated by 2
from neighboring lines.
4-2
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EXCITATION OF ION-WAVE WAKEFIELD BY THE . . . PHYSICAL REVIEW E 68, 036404 ~2003!
which the plasma becomes overdense. The peak az
'25 cm is expected to be the peak which occurs near
reflection layer of the incident EM wave, where plasma d
sity should be satisfied asne.nccos2u. In the regionz
,25 cm the standing wave pattern~for example, the peaks a
z'18 and 1 cm) is observed, but it differs from the we
known Airy function due to complicated geometry of th
present experimental system. Indeed, the observed stan
wave pattern is formed as a result of multiple wave refl
tions from the cutoff~reflection! plasma layer as well as th
walls of the vacuum chamber. Figure 3~b! shows axial pro-
files of the resonantly excited peaks at different radial po
tions ~from r 50 to r 5117.5 cm). If we consider the pro
files from r 5217.5 cm tor 5117.5 cm, one can observe
typical two-dimensional parabolic profile of the resona
layer in the chamber. Figure 3~c! displays the amplitude pro
file of the resonant electric field at differentr positions inside
the chamber. Note that the maximal resonant field inten
occurs atr .5 cm and it decreases near the axis of
plasma column as well as forr .5 cm. From Figs. 3~a! and
3~c! one can conclude that the maximum resonant field
tensity is observed atz.32 cm andr .5 cm. Using the
above experimental results one can obtain the angle of i
dence by using the following equation@13# ~which is also
discussed in Sec. IV!:

2 cos2u511
zl

Lz
6F S 12

zl

Lz
D 2

2S r

Lz
D 2G1/2

, ~1!

wherezl is the microwave launching point inside the cha
ber. There are two roots of cosu in Eq. ~1!. With measured
values zl51 cm, Lz568 cm, r 55 cm, one obtainsu
52.12° considering the plus sign andu582.7° for minus

FIG. 3. ~a! Axial profile of the microwave electric field inside
the plasma atr .5 cm, ~b! axial profiles of the resonantly excite
electric fields inside the plasma forr 50 to r 5117.5 cm, and~c!
amplitude profile of the resonant electric field intensity at differe
radial positions.
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sign. Out of these two roots, one can accept reasonable v
u52.12°. From the above measurements, we can conc
that our process to locate maximum resonant point is rea
able.

Figure 4 shows typical oscillogram measured in the u
derdense plasma near the resonant layer. It should be m
tioned that the time reference point att50 corresponds to
the turning off of the microwave pulse throughout the pap
Density perturbations are measured by a disc Langm
probe facing towards the resonant region and biased at
electron saturation current. We can easily distinguish t
different phenomena observed in the bottom trace of Fig
the higher frequency low amplitude oscillations and low
frequency high amplitude gross density perturbation. T
former fluctuation may be due to the sheath instability a
the lower frequency plasma density perturbation may co
from wakefield effect. Let us first discuss the process of
sheath instability. This effect appears as high frequency
cillations in the electron saturation current with their chara
teristic frequencies about a few MHz. The instability occu
when a disc Langmuir probe is irradiated by accelerated i
produced during the resonant absorption. To illustrate
characteristics of this higher frequency oscillations we ha
measured plasma density perturbations by the microw
resonator probe and compared the results with Langm
probe measurement as they are shown in Fig. 5. The vac
resonance frequency of the microwave resonator isf 0
54.88 GHz and its quality factorQ'170. A quarter wave-
length filter rejects a large amplitude pick-up through t
pump microwave atf pump52.86 GHz. The probe is tuned t
the slope of the resonance characteristics, thus the chan
of the resonance frequency caused by the density pertu
tions would be proportional to the plasma density variatio
In Figure 5 top traces show the density perturbation m
sured by the Langmuir probe and bottom traces the den
perturbation measured by the microwave resonator pro
One can clearly notice the differences between the two
sults: the Langmuir probe signals show the existence of h
frequency oscillations while the resonator probe measu
ments do not show them. Far from the resonance regionz

t

FIG. 4. The top trace represents the incident microwave pu
measured by needle antenna and the bottom trace represen
density perturbation measured by Langmuir probe as a functio
time.
4-3
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KAMAL-AL-HASSAN et al. PHYSICAL REVIEW E 68, 036404 ~2003!
526 cm shown in Fig. 5! when the sheath instability disap
pears, the density perturbations measured by both the L
muir probe and the resonator probe are very similar. T
effect has not been observed at the ion saturation curren
well as when the disc Langmuir probe is facing opposite
the resonant region~i.e., when accelerated ions do not inte
act with the probe surface!. The instability occurs only when
the probe is biased positively with respect to the plasma.
observed phenomena taken by both the Langmuir probe
resonator probe tell us that the higher frequency oscillati
in the electron saturation current are not due to the pla
density fluctuations but are related to the sheath instab
The observed higher frequency oscillations of the elect
saturation current take place when an energetic ion b
component comes into the sheath area of the biased prob
does not represent the macro plasma density perturbatio
is an instability created by high energy suprathermal ion fl
which is shot out by the nonlinear ponderomotive force
veloped in the resonant plasma region. We wish to sugge
simple physical model of the observed instability. Conside
positively biased~at U0) probe immersed in the plasma wit
an ion beam (eUb-beam energy!. If U0.Ub , the beam will
reflect back inside the electron-reach sheath. Near the re
tion point its density increases manifold and, as a con
quence, the total negative space charge of the sheath di
ishes. As a result, an overshoot of the electron satura
current occurs due to the fact that the plasma ions do
evacuate instantaneously~recall thatvb@cs from the present
experimental data, wherevb and cs are the beam velocity
and the ion sound speed, respectively!. The duration of the
overshoot corresponds to the time (ts'r s /cs'0.12ms)
taken by the plasma ions to move with the ion sound sp
(cs'2.53105 cm/s) across the sheath region (r s'5lD
'0.3 mm). Before plasma ions can move, the positive pr
potential strongly penetrates into the plasma and in turn
fluences the ion beam. While the beam front has propag

FIG. 5. The measurements of the density perturbation in ab
four graphs measured in differentz positions by the Langmuir probe
is shown in top trace and by the resonator probe is shown in bo
trace as a function of time.
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toward the probe through potential-free plasma, the sub
quent part of the beam propagates into sheath through a
celerating potential. Hence, the ion beam disruption occ
due to the time-of-flight effect and beam density inside
sheath decreases leading the sheath back to its initial un
turbed state.

Resonant absorption process and expulsion of plasma
ticles out of the resonant region cause large-amplitude d
sity perturbations shown in Fig. 4, which has been found
propagate down the plasma density gradient as a nonli
ion-wave. Here we will discuss physical origin and dynam
of these density perturbations. It has been observed that i
reduce the microwave pulse width~which also reduces the
fall time t f all) to 85 ns, which is almost the same or ev
less than the ion oscillation periodtpi52p/vpi'95 ns, the
instability part reduces considerably, while the amplitude
the density perturbation increases, such as shown in Fig
Figure 6~a! displays the typical examples of the density pe
turbations as a function of time. The top trace shows the c
with the microwave pulse width at 85 ns, middle trace at 1
ns, and bottom trace at 180 ns. One can see that the incr
of the pulse width increases the sheath instability but
creases the amplitude of density perturbations as mentio
above. Figure 6~b! shows the variation of the amplitude o
the density perturbations as a function of the incident mic
wave pulse width. One can see that the decrease of mi
wave pulse width~which decreases along witht f all) in-
creases the density perturbations.

Now we are interested in showing the view of affect
plasma density after irradiating the microwave pulse into
plasma. Figure 7 shows the spatial profiles of perturbed d
sity along the axialz direction at r .5 cm. A Langmuir
probe is scanned through the axialz direction biased to the
electron saturation current. Measurements have been
formed with the help of a boxcar averager. The microwa
pulse width is adjusted at 90 ns and the gate for observ
the signals is placed at the timet50213 ms, wheret50 is
taken to be the time when the microwave pulse is turned
One can observe a large density cavity at the resonance
gion nearz.32 cm, after which pronounced plasma dens
perturbations are propagating down the density gradient.
us present now the physical mechanism of exciting th
large density perturbations. Due to the fundamental phy
of the microwave-plasma interaction, the nonlinear ponde
motive force appearing at the resonant region can sweep
plasma electrons with a very high energy creating elect
density dip, but leaving a bare ion column at the resona
layer. As a result this bare ion column in the resonant la
ideally can create a positive potential, which is also obser
in our experiment as shown in Fig. 8. This figure shows
density cavity observed at the resonant region~bottom trace!,
corresponding positive space-potential~top trace!, and sche-
matic line of the density~middle trace! in the absence of
microwave pulse. Whenever electrons are shot out from
resonant region by the ponderomotive force, a self-consis
ambipolar force pulls the ions producing an ion bunch@14–
17#, which travels through the underdense plasma colu
This ion bunch acts as the driver to excite an ion wave-wa
These phenomena are the main topic of this paper. In

e

m
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FIG. 6. ~a! Temporal evolution of density perturbations (dn) with incident microwave pulse width of 85 ns, 150 ns, and 180 ns.~b!
Amplitude variation of density perturbations (dn/n0[ peak to peak value! as a function of the incident microwave pulse width.
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present experiment the energy distribution of the ion bu
has been observed by a Faraday cup using first grid at
floating potential and second grid as an electron repeller.
first grid is used at the floating potential in order to rep
back ground low energy plasma particles. The second gr
biased toword the negative voltage more than 150 volts u
the electron flux vanishes from the collector signal. To a
lyze the ion energy spectrum, the positive retarding poten
has been applied to the collector of the Faraday cup. Typ
oscillogram of the energetic ion flux produced by the re
nant absorption process is shown in Fig. 9~b!, where one can
see an ion bunch propagating down the density gradient.
ergy distribution of the ion bunch is represented in Fig. 9~a!.
One can observe the maximal energy of a bunch of ion
about 58 eV. The top trace in Fig. 9~b! represents the inciden
microwave pulse, middle trace the excited wave form, a
bottom trace a suprathermal ion bunch coming out from
resonant region.

While this suprathermal ion bunch travels down the u
derdense plasma column, it excites an ion wakefield
shown in Fig. 10. The wave forms are obtained by a La
muir probe placed at different axialz positions with a fixed

FIG. 7. Spatial profiles of plasma densityne after irradiating the
microwave pulse inside the plasma with pulse width 90 ns.
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radial positionr .5 cm. The pulse width of the incident mi
crowave is set at 85 ns. The physical concepts of exciting
wave by a driving bunch will be explained in the discussio
~given in Sec. IV!. The wave phase velocity (vph'1.8
3106 cm/s) near the resonance layer is very close to
velocity of the ion bunch, which is measured by the ene
analyzer near the resonance region. It is observed that
wave velocity as well as its amplitude damp rapidly in t
vicinity of the resonant layer as shown in Fig. 11. Aft
damping process has been achieved, the wave velocityvph
'5.63105 cm/s) is found to be approximately twice the io
acoustic velocity (cs52.53105 cm/s). Figures 11~a! and
11~b! show good matching between the variation of the wa
phase velocity and the variation of its amplitude. In the e
periment on the ion acoustic solitons, velocity of the solito
depends on its amplitude asv}(dn/n0) @18#. One can notice
that the present results show a similar process of depend
of the velocity on its amplitude.

IV. DISCUSSIONS

This section reviews our results and describes various
pects of the resonant absorption and wakefield excitation

FIG. 8. Density cavity observed at resonant region~bottom
trace!, corresponding positive space-potential~top trace!, and sche-
matic line of density~middle trace! in the absence of microwave
pulse.
4-5
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FIG. 9. ~a! Ion energy resolu-
tion by a Faraday cup.~b! Incident
microwave pulse~top trace!, den-
sity perturbation ~middle trace!,
and suprathermal ion flux~bottom
trace!.
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an ion bunch ejected from the resonant absorption la
When ap-polarized electromagnetic wave withk0Lz@1 and
amplitudeE0 is incident on a plasma slab with a linear de
sity profile ne(z)5n0@11(z/Lz)# at an angleu, then the
localized electrostatic field developed in the resonant laye
given by Ed5E0f(t)/(2pk0Lz)

1/2, where f(t) is called
Ginzburg function andt5(k0Lz)

1/3sin u. In Sec. III, for cal-
culating the angle of incidenceu Eq. ~1! is derived by the
following method. For the linear density profile and an in
dence angleu, the ray trajectories are assumed to be pa
bolic. The component of the group velocity in the radial~r!
direction is constant. For a given microwave launch poinzl
and the reflection~turning! point zT5Lzcos2u, the radial de-
flection is proportional to the transit timetc from the pointzl
to the pointzT . Thus one can calculatetc by the termtc

5*zl

zTdz/(cA12vp
2/v2), which gives

tcc5E
zl

Lzcos2uF12
z

Lz
2sin2uG21/2

dz⇒tcc

52LzS cos2u2
zl

Lz
D 1/2

. ~2!

Substitutingr 5tcc sinu, we have

r 2

~2Lzsinu!2
5cos2u2

zl

Lz
, ~3!

which gives the solution expressed by Eq.~1! in Sec. III.
The nonlinear electrostatic field develops in the reson

region even for the modest nonlinear factorh
5E0

2/4pnekTe'1024 with a condition Ed /E0*1. In the
present experiment the parameterh'5.031022 is used,
which can create a high intensity nonlinear electrostatic fi
and develop a nonlinear ponderomotive force in the reson
plasma. This nonlinear ponderomotive force can sweep
electrons with a very high energy, creating electron den
dip, but leaving a bare ion column at the resonance la
These facts are described in Sec. III with Figs. 7 and
Whenever electrons are shot out from the resonant regio
the ponderomotive force, a self-consistent ambipolar fo
can also pull out the ions from the resonant region as a bu
and can accelerate it through the underdense plasma col
which was experimentally demonstrated by Wong and S
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zel @15#. This bunch of ions can act as the driving bunch
excite an ion wave-wake behind it. In order to obtain lar
electric fields behind the driving bunch, in PWFA concept
is necessary to cut the beam off within a time shorter tha
plasma period@9#. The key result of the present experime
is that the pulse width of the incident microwave should
chosen astpi&2p/vpi , so that it can produce very sma
and sharpt f all . Note that in the experiment we have us
t f all&tpi . Further reduction of the microwave pulse wid
leads to linear increase of the excited ion-wave amplitu
The dependence of the wave amplitude on the microw
pulse width has been shown in Fig. 6. In the experiment h
energy ion bunch (.58 eV) is detected as shown in Fig. 9~a!
and the excited wave form has been represented in Fig
and 10.

The mechanism of excitation of an ion-wave wakefield
the supersonic ion bunch is described as follows. Whe
high energy ion bunch travels through the underdense pla
column, it can generate density perturbations. Defining
Fourier transform in space and Laplace transform in time
the following equations:

g~k!5E
2`

1`E
2`

1`

dzdyexp@ i ~kzz1kyy!#g~z,y!,

FIG. 10. Temporal evolution of the ion waves excited by s
prathermal ion bunch taken at different underdensez positions at
r .5 cm. In the measurements the incident microwave is irradia
with a pulse width 85 ns.
4-6
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FIG. 11. ~a! Temporal evolu-
tion of wave phase velocity.~b!
Temporal evolution of wave am
plitude.
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f ~v!5E
0

dt exp~2 ivt ! f ~ t !, ~4!

one can calculate the perturbed density generated by an
bunch by the equation described as@17#

ñ~z,y,t !5
1

~2p!3E dkzE dkyE dvñ~kz ,ky ,v!

3exp@2 i ~kzz1kyy!#exp~ ivt !. ~5!

Let us locate the ion bunch arisen near the resonance re
asz'0 andy'0 at t50 and then propagation alongz axis
with the velocityv can be represented by

dnext~z2vt,y!. ~6!

The density perturbation induced in the plasma by the
posed external perturbationdnext(z2vt,y) can be written by
the equation

]2ñ

]z2
2

1

v2

]2ñ

]t2
5

]2

]z2
dnext~z,y,t !. ~7!

This density perturbation can create space potential and
trap electrostatic wave and propagate along with the
bunch.

To describe the wakefield excitation process due to
induced density perturbation propagating through the u
form plasma alongz direction, let us consider Poisson
equation for the electric fieldE as ]E/]z54pr. Using
double Fourier transform with the variable of spatialz and
time t as

f ~k,v![E
2`

1`

dzE
2`

1`

dt exp@2 i ~kz2vt !# f ~z,t !, ~8!

one can find the wakefield expressed as@9#

E~k,v!5
24p i

k
@rp~k,v!1rb~k,v!#, ~9!

where rp is induced plasma charge density andrb is the
charge density of the driving beam. Again using double F
rier transform charge density of the driving beam can
expressed as@9#
03640
ion

ion

-

an
n

e
i-

-
e

rb~k,v!52pd~v2kv !E
2`

dyeikyrb~y!, ~10!

whered function selects the waves whose phase velocitie
equal to the beam velocity. In the experiment, it is observ
that near the resonant layer the phase velocity of the wav
nearly equal to the velocity of the ion bunch. However, t
wave phase velocity as well as its amplitude damp rapidly
the vicinity of the resonant region as shown in Fig. 11. Sin
our plasma is inhomogeneous, the driving beam may de
when it propagates from overdense to underdense direc
This geometrical diffusion of driving beam may cause t
wave damping, resulting in the reduction of the wave amp
tude as well as the velocity. Some other physical phenom
such as nonlinear Landau damping and trapping of particl
the wave potential-well may be another reason of this ra
damping.

V. CONCLUSIONS

We have excited the wakefield in the ion-wave regime
an ion bunch created by the resonant absorption process
laboratory plasma. The resonant absorption is establishe
a high power short microwave pulse whose duration is of
order of tpi&2p/vpi , incident obliquely in an inhomoge
neous plasma. High energy ion bunch upto 58 eV has b
detected. The excited wake propagates through the un
dense plasma column with an initial high velocity 1
3106 cm/s (.7cs) and slows down to a velocity 5.6
3105 cm/s which is approximately twice the ion acous
velocity. Another physical process of sheath instability h
been observed near the resonant region and the model o
instability is described.
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