PHYSICAL REVIEW E 68, 036404 (2003

Excitation of ion-wave wakefield by the resonant absorption of a short pulsed microwave
with plasma

Md. Kamal-Al-Hassan, Mikhail Starodubtsev, Hiroaki Ito, Noboru Yugami, and Yasushi Nishida
Department of Energy and Environmental Science, Graduate School of Engineering, Utsunomiya University, 7-1-2 Yoto, Utsunomiya,
Tochigi 321-8585, Japan
(Received 17 February 2003; published 29 September)2003

Unmagnetized, inhomogeneous laboratory plasma irradiated by a high poweE%(47rnekTe~5.0
% 10~ 2) short pulsed microwave with pulse length of the order of ion-plasma petineE @7/ wy) 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 amplitudi®/n,~40%) and propagates with a velocity of the order of
10° 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.
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I. INTRODUCTION The main difficulty when exciting an ion wakefield is to

produce sharp ion bunch shape with a proper falloff time.

An interesting topic in modern plasma physics is plasmgOne of the possible ways to meet this requirement is to expel
based accelerators and plasma wakefield phenomena. Singeickly the plasma electrons out from a small plasma region
the first proposal by Tajima and Dawsph], many success- leaving behind a bare ion column. Resulting ambipolar elec-
ful phenomena have been demonstrated in this area. Sontiéc field can accelerate plasma ions producing a short ener-
new accelerator schemgz-4] have been proposed and suc- getic ion bunch. In the present experiment we have produced

cessfully demonstrated in proof-of-principles experimentsan ion bunch with sharp falloff time by the above method
Plasma waves in the plasma wakefield acceleré@/FA)  using the resonant absorption process to expel plasma elec-
are driven by one or more electron bunches. In the plasm#ons from the resonant plasma layer. Indeed, a nonuniform
wakefield accelerator concepts—8], plasma waves wake- uUnmagnetized plasma has been irradiated by a short micro-

field are excited by relativistic electron bunches, in which thevave pulse with its duration shorter than the ion oscillation

electron beam should be terminated in a time shorter than tHReMod (7pi =27/ wy,j). The key to excite strong wakefield is
plasma wave period a(gel). When the beam density ap- that the microwave pulse width should be of the order of ion

proaches one-half the plasma density, the excited eIectro?tSC'.lIat'on period {o=2m/wp;). The physical aspects are
plasma wave approaches the nonrelativistic wave-breaking raightforward. The ponderomotive force created at th?
limit to give the electric fieldE— . mde. Jones and Kein- sonant area pushes out the electrons from that area, leaving
; ) e . _behind bare ions. These ions are accelerated as an energetic
|gs[_9] descnbed.the possibility to excite ion waves by usiNdjon hunch by the ambipolar force. Typical ion energy in a
an ion bunch with proper falloff time. Using an ion with nch has been measured to be about 58 eV, which is more
massM may increase the limiting electric field for fixeehe  than 100 times greater than the thermal ion. This suprather-
by the ratio of the ion mass to the electron misn. Ithas  mal high energy ion bunch acts as the driving bunch to excite
been shown that the optimal falloff time-(,;) of the driving  ion wakefield in the present experiment. The typical ion-
beam depends on the plasma frequency as= Tra - HOW-  plasma periodr,;~95 ns is estimated by using the resonant
ever, in the case of ion movement, the ambipolar field limitsdensity parametern,=1x 10 cm™3) at the critical layer

the maximum field strength to be smaller than the case oiih the argon plasma-microwave interactions. The wakefield
electron bunch wakefield. Nishidgt al. [10] have success- excited by the incident microwave of pulse width 85-90 ns
fully excited the wake field in the ion-wave regime with a is described in the experimental results. The maximum am-
variety of shapes of ion bunches injected into a plasma in thelitude of the wakefield is observed abairt/n,=40%.

double plasma machine. The experimental results show that This paper is organized as follows. The experimental
a ramp-shaped ion bunch with a sharp falloff time can excité€tup is described in Sec. I, results are presented in Sec. I,
a large amplitude wakefield wittn/ny~17%. The ampli- and Sec. IV discusses the results in the view of different

tude of the wakefield decreases with an increase of falloffn€oretical aspects. Finally, the results of the paper are con-

time constant of the incident ion bunch, along with the os-cluded in Sec. V.

cillation of amplitude. Experiment by Aossey al. [11] has
demonstrated plasma wakefield excitation in both a positive
ion-electron plasma and a positive ion-negative ion-electron A schematic drawing of the experimental arrangements is
plasma system. shown in Fig. 1a). A cylindrical, unmagnetized, nonuniform,

Il. EXPERIMENTAL ARRANGEMENTS
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Horn Antenna FIG. 2. Spatial density profiles inside the plasma chamber in the
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(1 mm diameter Langmuir probes, one facing towards the
resonant region and the other facing opposite to the resonant
region. A microwave resonator prolé?2] is also used to
measure plasma density. The schematic drawing of the mi-
crowave resonator probe is shown in Figb)l A U-shaped
quarter wavelength resonator probe is coupled by two loop
antennas in this device. A cylindrical needle antenna with a
tip 2 mm in length and 0.25 mm in diameter is used to
measure the spatial distribution of microwave field inside the
plasma. A small Faraday cup of 23 mm in length and 10 mm
in diameter is used to detect the energetic ion flux, flowing
down the lower density region from the resonant layer. All
three electrodes of this energy analyzevo grids and one
argon plasma is produced in a stainless steel chamber 100 c#allectoy are covered with a copper cup to shield them from
in length and 60 cm in diameter. The outside surface of thénicrowave and other noises. All diagnostic tools are mov-
vacuum chamber is covered with line cusp arrangements faible in the axialz direction and rotatable in the radial
improved plasma confinement, made from permanent magdirection by a low power DC motor system.

nets having surface magnetic field strength of 4 kG. Plasma

is prOdUCEd by the pulsed diSCharge with applled VOl(@b IIl. EXPERIMENTAL RESULTS

V) between tungsten filament arranged as a catliloelating

current up to 95 A and grounding chamber wall as anode When a shortp-polarized microwave pulse with a fre-
with discharge duration 2 msec and repetition rate 10 Hzguency o is irradiated in an inhomogeneous plasma, the
The vacuum chamber is initially evacuated to a presgure resonance absorption occurs at the critical layer where
~2.5x 10 © Torr and after filling argon gas, chamber pres- = wp. Figure 2 shows the spatial density profiles inside the
sure is adjusted tp~6.5x 10 * Torr. A p-polarized micro- plasma chamber in the absence of incident microwaves. A
wave pulse with frequencyf = w/27=2.86 GHz (corre- nonuniform plasma density of the order of4010' cm3
sponding critical plasma densitp,=1x 10" cm 2 for  is observed. The density gradient scale length in the #xjal
resonance absorptipnand maximum power 11 kW is direction atr~5 cm and radialr) direction atz~32 cm are
launched into the plasma from a rectangular horn antenngbserved a& ,~68 cm andL,~52 cm, respectively, where
located at the lower plasma density side. The horn antenniz=0 is the point on the chamber axis amne 0 is the point
has a metallic lens in order to minimize diverging outputon the face of horn antenna, and plasma density increases as
radiation angle for creating-polarized microwave. The in- z Electron temperaturd.~3 eV and ion temperaturg;
teraction area is located near or around the central axis of the0.5 eV are observed to be approximately identical
chamber. To prevent the maximum reflection of the launchedhroughout the main part of the plasma volume, where the
electromagnetic wave from the chamber walls, we have pugxperiments are performed. After irradiating the microwave
glass wool inside the chamber walls in order to absorb theulse with the plasma, a typical example of the microwave
electromagnetic wave. The width of the microwave pulse idield in the resonant plasma obtained by a needle antenna
maintained from 80 ns to 250 ns with the full width at half coupled to a crystal detector is shown in Figa)3 Figure
maximum with a repetition rate of 10 Hz, and with typical 3(a) displays an axial profile of the microwave field at
falloff time (7¢,,) ranging from 85 ns to 200 ns, whergy, =5 cm. One can observe the resonantly excited field at
is the time difference between 10% and 90% of the maxi-aboutz=32 cm, which is the position where the plasma den-
mum value of the microwave power. Plasma density as welity becomes critical one~1x 10 cm™3). It is seen that

as fluctuating wave forms are diagnosed by two disc shapetthe microwave radiation vanishes beyome32 cm over

(b)  Resonator Probe

FIG. 1. Schematic drawing @¢#&) the experimental arrangements
and (b) the microwave resonator probe.
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FIG. 4. The top trace represents the incident microwave pulse
measured by needle antenna and the bottom trace represents the

density perturbation measured by Langmuir probe as a function of
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. i . e sign. Out of these two roots, one can accept reasonable value
FIG. 3. (a) Axial profile of the microwave electric field inside 9=212° F the ab ¢ lud
the plasma at=5 cm, (b) axial profiles of the resonantly excited | - From the above measurements, we can conclude
electric fields inside the plasma for0 tor = +17.5 cm, andc) that our process to locate maximum resonant point is reason-
amplitude profile of the resonant electric field intensity at differentable; . . .
radial positions. Figure 4 shows typical oscillogram measured in the un-
derdense plasma near the resonant layer. It should be men-

which the plasma becomes overdense. The pealke at tioned t_hat the time re_ference point st 0 corresponds to
~25 cm is expected to be the peak which occurs near ththe turning off of the microwave pulse througho_ut the paper.
reflection layer of the incident EM wave, where plasma den- ensity perturbatlons are measured .by a d|sg Langmuir
sity should be satisfied as,~n,co26 'In the regionz probe facing tovyards the resonant region anq plasgd at the
<25 cm the standing wave Satte(crfnr exémple the peaks at e!ectron saturation current. We can easily dlstlngwsh_ two
~18 and 1 cm) is observed, but it differs ,from the well- dlffergnt phenomena observed in the bot_tom trace of Fig. 4:
i 1 an f ion d ’ i d £ th the higher frequency low amplitude oscillations and lower
nown Airy u'nctlonl ue to C?n:jp |c§teh gel;)metrydo t g.frequency high amplitude gross density perturbation. The
\F/)vr;\?srga?t)éere]r:;ngrtr?qe(sjyzger;.rer;uieof, :nSIti%I:ev:/\;E\}/e S;tea;lnes_?@rmer fluctuation may be due to the sheath instability and
tions from the cutoff(reflection plasma layer as well as the the lower frequency plasma density perturbation may come

walls of the vacuum chamber. FigurébB shows axial pro- from wa}kefielq_eﬁect_. Let us first discuss the process of the
files of the resonantl excited. gk ¢ diff i d'pl .sheath instability. This effect appears as high frequency os-
. y peaks at diterent radial POSl;ations in the electron saturation current with their charac-

tions (from r=0 tor=+17.5 cm). If we consider the pro- o ;e frequencies about a few MHz. The instability occurs

f|Ie§ fromr = N 17.5.cm tor=+ 17.‘5 cm, one can observe a when a disc Langmuir probe is irradiated by accelerated ions
typlca_l two-d|men3|ona_l parabo_hc profile of th_e resonantproduced during the resonant absorption. To illustrate the
Igyer in the chamber. F|g_ure_((3 dlspl_ays the ar_n_plltuqle Pro- " characteristics of this higher frequency oscillations we have
file of the resonant electric field at differenpositions inside

. . . . measured plasma density perturbations by the microwave
the chamber. Note that the maximal resonant field intensit P y P y

X . Yesonator probe and compared the results with Langmuir
occurs atr=5 cm and it decreases near the axis of the

| | Il as for5 F Fi q probe measurement as they are shown in Fig. 5. The vacuum
plasma column as well as fot>> ¢m. From Figs. @ and - resonance frequency of the microwave resonatorfjs
3(c) one can conclude that the maximum resonant field in_ 4 g5 5H, and its quality facto@~170. A quarter wave-
above experimental resits one qan obtain the angie of inclonGth fitr refects @ large ampliude pick-up through the

X . . s poump microwave af =2.86 GHz. The probe is tuned to
dence by using the following equatigii3] (which is also pump microwav pump z P >

i din S i the slope of the resonance characteristics, thus the changing
iscussed in Sec. I of the resonance frequency caused by the density perturba-
tions would be proportional to the plasma density variation.
a 7\ re In Figure 5 top traces show the density perturbation mea-
2co0=1+—=||1—-—| —|—| | , (1) g p _ y p :
L, L, L, sured by the Langmuir probe and bottom traces the density

perturbation measured by the microwave resonator probe.
wherez, is the microwave launching point inside the cham-One can clearly notice the differences between the two re-
ber. There are two roots of césn Eq. (1). With measured sults: the Langmuir probe signals show the existence of high
values z=1 cm, L,=68 cm, r=5 cm, one obtains# frequency oscillations while the resonator probe measure-
=2.12° considering the plus sign amd=82.7° for minus ments do not show them. Far from the resonance region (
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toward the probe through potential-free plasma, the subse-
z=30.5 cm quent part of the beam propagates into sheath through a de-
celerating potential. Hence, the ion beam disruption occurs
due to the time-of-flight effect and beam density inside the
sheath decreases leading the sheath back to its initial unper-
M turbed state.

Resonant absorption process and expulsion of plasma par-

o s Timleo(us)ls 20 0 3 Timleo(ps)ls 20 ticles out of the resonant region cause large-amplitude den-

sity perturbations shown in Fig. 4, which has been found to
2 propagate down the plasma density gradient as a nonlinear
W

ion-wave. Here we will discuss physical origin and dynamics
20

z=31cm

on (arb. units)
&n (arb. units)

of these density perturbations. It has been observed that if we

reduce the microwave pulse widtiwhich also reduces the
fall time 7¢,)) to 85 ns, which is almost the same or even
less than the ion oscillation periagh; =2/ wp~95 ns, the

0

10 15 20 instability part reduces considerably, while the amplitude of
Time (us) the density perturbation increases, such as shown in Fig. 6.
. L Figure Ga) displays the typical examples of the density per-
foufl;?éSﬁsTr:Earzﬁisglirr?rcrj]i?rgtrsa?;(:ts]ﬁi:ﬁ:i;ﬁﬁ:g:ﬁnﬂ&? I;rl;(J"’;)beo\“fu'rbati0ns as a function of time. The top trace shows the case
. : : . with the microwave pulse width at 85 ns, middle trace at 150
is shown in top trace and by the resonator probe is shown in bottom .
trace as a function of time. ns, and bottom_tracg at 180 ns. One can see tha_t _the increase
of the pulse width increases the sheath instability but de-
creases the amplitude of density perturbations as mentioned
=26 cm shown in Fig. bwhen the sheath instability disap- above. Figure ) shows the variation of the amplitude of
pears, the density perturbations measured by both the Langhe density perturbations as a function of the incident micro-
muir probe and the resonator probe are very similar. Thisvave pulse width. One can see that the decrease of micro-
effect has not been observed at the ion saturation current @gave pulse width(which decreases along withy,,) in-
well as when the disc Langmuir probe is facing opposite tocreases the density perturbations.
the resonant regiofi.e., when accelerated ions do not inter-  Now we are interested in showing the view of affected
act with the probe surfageThe instability occurs only when plasma density after irradiating the microwave pulse into the
the probe is biased positively with respect to the plasma. Thplasma. Figure 7 shows the spatial profiles of perturbed den-
observed phenomena taken by both the Langmuir probe angity along the axialz direction atr=5 cm. A Langmuir
resonator probe tell us that the higher frequency oscillationprobe is scanned through the axiaflirection biased to the
in the electron saturation current are not due to the plasmealectron saturation current. Measurements have been per-
density fluctuations but are related to the sheath instabilityformed with the help of a boxcar averager. The microwave
The observed higher frequency oscillations of the electrorpulse width is adjusted at 90 ns and the gate for observing
saturation current take place when an energetic ion beamhe signals is placed at the tinhe0— 13 us, wheret=0 is
component comes into the sheath area of the biased probe.tiken to be the time when the microwave pulse is turned off.
does not represent the macro plasma density perturbation. @ine can observe a large density cavity at the resonance re-
is an instability created by high energy suprathermal ion fluxgion nearz=32 cm, after which pronounced plasma density
which is shot out by the nonlinear ponderomotive force deperturbations are propagating down the density gradient. Let
veloped in the resonant plasma region. We wish to suggest@ present now the physical mechanism of exciting these
simple physical model of the observed instability. Consider garge density perturbations. Due to the fundamental physics
positively biasedat Uy) probe immersed in the plasma with of the microwave-plasma interaction, the nonlinear pondero-
an ion beam ¢ U,-beam energy If Uy>U,,, the beam will  motive force appearing at the resonant region can sweep out
reflect back inside the electron-reach sheath. Near the reflegtasma electrons with a very high energy creating electron
tion point its density increases manifold and, as a consedensity dip, but leaving a bare ion column at the resonance
quence, the total negative space charge of the sheath dimifayer. As a result this bare ion column in the resonant layer
ishes. As a result, an overshoot of the electron saturatioftleally can create a positive potential, which is also observed
current occurs due to the fact that the plasma ions do ndh our experiment as shown in Fig. 8. This figure shows the
evacuate instantaneoughgcall thatv,> ¢ from the present  density cavity observed at the resonant redlmsttom trace,
experimental data, where, and cs are the beam velocity corresponding positive space-potenti@lp trace, and sche-
and the ion sound speed, respectiyelfhe duration of the matic line of the densitymiddle tracg in the absence of
overshoot corresponds to the timeg=€r. /cs~0.12 us) microwave pulse. Whenever electrons are shot out from the
taken by the plasma ions to move with the ion sound speegesonant region by the ponderomotive force, a self-consistent
(cs~2.5X10° cm/s) across the sheath regiomg#5\p ambipolar force pulls the ions producing an ion buhth—
~0.3 mm). Before plasma ions can move, the positive probd 7], which travels through the underdense plasma column.
potential strongly penetrates into the plasma and in turn inThis ion bunch acts as the driver to excite an ion wave-wake.
fluences the ion beam. While the beam front has propagatethese phenomena are the main topic of this paper. In the

&n (arb. units)
én (arb. units)

o

5 10 15
Time (pus)
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FIG. 6. (a) Temporal evolution of density perturbationsn) with incident microwave pulse width of 85 ns, 150 ns, and 180(Is.
Amplitude variation of density perturbationgr{/n,= peak to peak valyeas a function of the incident microwave pulse width.

present experiment the energy distribution of the ion bunchadial positionr =5 cm. The pulse width of the incident mi-
has been observed by a Faraday cup using first grid at thérowave is set at 85 ns. The physical concepts of exciting ion
floating potential and second grid as an electron repeller. Thevave by a driving bunch will be explained in the discussions
first grid is used at the floating potential in order to repel(given in Sec. IV. The wave phase velocityvf,~1.8
back ground low energy plasma particles. The second grid ix 10° cm/s) near the resonance layer is very close to the
biased toword the negative voltage more than 150 volts untiVelocity of the ion bunch, which is measured by the energy
the electron flux vanishes from the collector signal. To anaanalyzer near the resonance region. It is observed that the
lyze the ion energy spectrum, the positive retarding potentialvave velocity as well as its amplitude damp rapidly in the
has been applied to the collector of the Faraday cup. Typicalicinity of the resonant layer as shown in Fig. 11. After
oscillogram of the energetic ion flux produced by the reso-damping process has been achieved, the wave velagily (
nant absorption process is shown in Figb)9where one can ~5.6X10° cm/s) is found to be approximately twice the ion
see an ion bunch propagating down the density gradient. ERRCOUStic velocity ¢;=2.5x10° cmis). Figures 1) and
ergy distribution of the ion bunch is represented in Fig)9 11(0) show good matching between the variation of the wave
One can observe the maximal energy of a bunch of ions ighase velocity and the variation of its amplitude. In the ex-
about 58 eV. The top trace in Fig(t9 represents the incident periment on the ion acoustic solitons, velocity of the solitons

microwave pulse, middle trace the excited wave form, anijepends on its amplitude as:(4n/n) [18]. One can notice
bottom trace a suprathermal ion bunch coming out from th hat the present re_sults Sh.OW a similar process of dependence
resonant region. of the velocity on its amplitude.

While this suprathermal ion bunch travels down the un-
derdense plasma column, it excites an ion wakefield as
shown in Fig. 10. The wave forms are obtained by a Lang- This section reviews our results and describes various as-
muir probe placed at different axialpositions with a fixed pects of the resonant absorption and wakefield excitation by

IV. DISCUSSIONS

6.0 — T T 1 T T 1.4
BI:e —A— Spaice poteintial —
=13 ps . 55} 1|~ Plasmadensity [{1.3 g
= : : : H o
= — B
O 2 50l Ji2 e
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Axial Distance z (cm) FIG. 8. Density cavity observed at resonant regitottom

trace, corresponding positive space-potentialp trace, and sche-
FIG. 7. Spatial profiles of plasma density after irradiating the  matic line of density(middle trace in the absence of microwave
microwave pulse inside the plasma with pulse width 90 ns. pulse.
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an ion bunch ejected from the resonant absorption layerel [15]. This bunch of ions can act as the driving bunch to

When ap-polarized electromagnetic wave wikigL ,>1 and

excite an ion wave-wake behind it. In order to obtain large

amplitudeE, is incident on a plasma slab with a linear den- electric fields behind the driving bunch, in PWFA concept, it

sity profile ng(z)=ng[1+(z/L,)] at an angle#, then the

is necessary to cut the beam off within a time shorter than a

localized electrostatic field developed in the resonant layer iplasma period9]. The key result of the present experiment

given by Eq=Eq¢(7)/(27kol,) Y% where ¢(7) is called
Ginzburg function and= (koL,)*3sin 6. In Sec. lI, for cal-
culating the angle of incidencé Eq. (1) is derived by the

is that the pulse width of the incident microwave should be
chosen asrp =27/ wp;, SO that it can produce very small
and sharpr;,, . Note that in the experiment we have used

following method. For the linear density profile and an inci- 74 =< 7p,; . Further reduction of the microwave pulse width
dence angled, the ray trajectories are assumed to be paraleads to linear increase of the excited ion-wave amplitude.

bolic. The component of the group velocity in the radial
direction is constant. For a given microwave launch pajnt
and the reflectioriturning point zr=L,cog 6, the radial de-
flection is proportional to the transit time from the pointz
to the pointzy. Thus one can calculate, by the termr,

=f§rdz/(c\/l—w2p/w2), which gives

L,cod0
T.C=
7

z —-1/2
1———sin20} dz=r7C
L,

Z 1/2
=2L,| cog6— —) . 2)
L,
Substitutingr = 7.c sin 6, we have
r? z
— :co§6——', (3
(2L,sinh) L,

which gives the solution expressed by Ef). in Sec. Ill.

The nonlinear electrostatic field develops in the resonant

region even for the modest nonlinear factow
=E2/4mnkT,~10"* with a conditionE4/Eq=1. In the
present experiment the parametgr=5.0x10 2 is used,

The dependence of the wave amplitude on the microwave
pulse width has been shown in Fig. 6. In the experiment high
energy ion bunch+£58 eV) is detected as shown in Figad

and the excited wave form has been represented in Figs. 4
and 10.

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

ot [ [ dzdyexitkz+ky lazy),

z=315cm

z=31cm
—~
‘2 z=30.5cm
g z=30cm
,.d z=29.5cm
:E; - z=29cm
~ z=28.5cm
08 z=28cm

which can create a high intensity nonlinear electrostatic field
and develop a nonlinear ponderomotive force in the resonan
plasma. This nonlinear ponderomotive force can sweep out
electrons with a very high energy, creating electron density
dip, but leaving a bare ion column at the resonance layer.
These facts are described in Sec. Il with Figs. 7 and 8.
Whenever electrons are shot out from the resonant region by

Time (us)

z=27.5cm
z=27cm
z=26.5cm

4 z=26cm

z=25.5cm
z=25cm
z=24.5cm
z=24 cm

the ponderomotive force, a self-consistent ambipolar force FiG. 10. Temporal evolution of the ion waves excited by su-
can also pull out the ions from the resonant region as a bunchrathermal ion bunch taken at different underdengmsitions at
and can accelerate it through the underdense plasma column:5 cm. In the measurements the incident microwave is irradiated
which was experimentally demonstrated by Wong and Stenwith a pulse width 85 ns.
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one can calculate the perturbed density generated by an ion

bunch by the equation described[a3] whereé function selects the waves whose phase velocities is

1 equal to the beam velocity. In the experiment, it is observed
~ _ ~ that near the resonant layer the phase velocity of the wave is
nzyt= (277)3f dsz dkyf denckz,ky,©) nearly equal to the velocity of the ion bunch. However, the

wave phase velocity as well as its amplitude damp rapidly in
xex —i(kz+kyy)lexpliot). (5)  the vicinity of the resonant region as shown in Fig. 11. Since
, , _our plasma is inhomogeneous, the driving beam may defuse
Let us locate the ion bunch arisen near the resonance regiQphen it propagates from overdense to underdense direction.
asz~0 andy~0 att=0 and then propagation alompxis  This geometrical diffusion of driving beam may cause the
with the velocityv can be represented by wave damping, resulting in the reduction of the wave ampli-
SNo(Z—vtLy) ©) tude as well as the velocity. Some other phys_ical phenqmena
ex o such as nonlinear Landau damping and trapping of particle in
The density perturbation induced in the plasma by the imthe wave potential-well may be another reason of this rapid
posed external perturbatiain, (z—vt,y) can be written by ~ damping.
the equation

on 1én ¢ (2D - V. CONCLUSIONS
— —— ——=— N (Z,Y1). , o ' .
02 2o o2l ety We have excited the wakefield in the ion-wave regime by

an ion bunch created by the resonant absorption process in a
This density perturbation can create space potential and cdaboratory plasma. The resonant absorption is established by
trap electrostatic wave and propagate along with the iom high power short microwave pulse whose duration is of the
bunch. order of 7,;<2m/w,;, incident obliquely in an inhomoge-

To describe the wakefield excitation process due to th@eous plasma. High energy ion bunch upto 58 eV has been
induced density perturbation propagating through the unidetected. The excited wake propagates through the under-
form plasma alongz direction, let us consider Poisson’s dense plasma column with an initial high velocity 1.8
equation for the electric fielE as JE/dz=4mp. Using x 1P cm/s (=7cs) and slows down to a velocity 5.6
double Fourier transform with the variable of spattahnd ~ x 10° cm/s which is approximately twice the ion acoustic
timet as velocity. Another physical process of sheath instability has

been observed near the resonant region and the model of the

+ oo + o . .y . .
f(k,w)Ef dzf dtexd —i(kz— wt)]f(z,t), (8) instability is described.

one can find the wakefield expressed @ ACKNOWLEDGMENTS
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