PLASMA ELECTRONICS

PLASMA DYNAMICS IN THE VICINITY OF THE LOCAL PLASMA
RESONANCE POINT EXCITED BY PUMPING ELECTRIC FIELD OR
MODULATED ELECTRON BEAM
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Excitation of the HF electric field in the local plasma resonance region (LPRR) of inhomogeneous plasma by
pumping electric field or modulated electron beam results to appearance of the ponderomotive force that presses plasma
out of this region. Density cavity is formed in the LPRR due to this field. Further dynamics in this region depends on
the plasma properties. For plasma with hot electrons ion-acoustic pulses run away from the cavity. At the local density
maximum the new peak of electric field is excited. It results to the formation of new density cavity, etc. For isothermal

plasma the density jump is formed.
PACS: 52.35.Fp; 52.35.Hr; 52.35.Mw; 52.65.Rr

1. INTRODUCTION

Excitation of the HF electric field in the local plasma
resonance region (LPRR) of inhomogeneous plasma results
to appearance of the ponderomotive force that presses plas-
ma out of this region. This problem is of interest both for
the problem of strong electromagnetic waves interaction
with inhomogeneous plasma (when oscillations in LPRR
are excited by electric field of the wave, see, e.g., [1-3]) and
for plasma electronics (when the similar oscillations are ex-
cited by the modulated electron beam, see, e.g., [4-6]).

Analytic solution of this problem can be obtained for
the case of small amplitudes of electric field, when the in-
fluence of the plasma density perturbation upon the electric
field excitation can be neglected [4]. For this case the densi-
ty perturbation has a shape of density cavities with the
depth proportional to the local intensity of electric field. Es-
tablishing of this perturbation is accompanied by excitation
of two ion-acoustic waves moving away from LPRR. But
this solution is evidently unstable (Fig.1).

Fig. 1. Space-time dependance of the plasma density
perturbation for the weak nonlinear regime: (4T&j,)*/(m
WksT,)=3007, 3T./mvi=0.01, V/w=0.02, /=10

Numerical solution of Zakharov equations’ set that de-
scribes the electric field excitation by the given pumping
field or by the given current of modulated electron beam
and synchronous deformation of the plasma density profile
by this field, is valid only for the initial period of time [5]

(Fig.2).
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Fig. 2. Space-time dependance of the plasma density
perturbation for (41€j,)"/(maksT,)=3007, other
parameters are the same as on Fig.1. The beam moves
into plasma

The clear picture of evolution of the inhomogeneous
plasma in the vicinity of the local plasma resonance
point can be obtained using simulation via PIC method
[7]. The results of such simulation for excitation of
LPRR by the pumping electric field and by modulated
electron beam are presented in this article.

2. SIMULATION METHOD AND PARAME-
TERS

Simulation of the modulated electron beam interac-
tion with inhomogeneous plasma was carried out via
particle-in-cell method using the modified package
PDP1 [7-8]. In this package plasma layer is located be-
tween two conductive electrodes. The plasma treated
was fully ionized. Initial plasma density profile was lin-
ear. Density modulated electron beam (modulation
depth is 100%) moved from left electrode to right one.
The beam current and velocity vy as well as the charac-
teristic inhomogeneity length L were selected so that the
charge density profile in LPRR did not differ strongly
from the sinusoidal shape (Fig.3). These results confirm
the validity of the given current approximation [4-5] for
some range of parameters. For all the cases treated elec-
tron density in the beam was small relatively to the
background plasma.

Simulation for the case of pumping electric field was
carried out for the similar model, but instead of electron
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beam the RF voltage was applied between the electrodes.
The electric induction of the pumping field satisfied the
condition D=4/, so the electric field magnitudes in
plasma were equal for both methods of excitation.
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Fig. 3. Density profile of the electron beam (a — beam
moved into the dense plasma, b — beam moved into the
low-dense plasma

Simulation was carried out for various parameters. The
typical values are given below: plasma density n=(1...3)O
10%m? (f,e=(0.74...2.20) 10°Hz), length of the simulation
region 1=2m (characteristic length of inhomogeneity
L=1.5m), plasma electrons’ temperature T.=22eV; plasma
ions’ temperature Ti=0.1eV (for non-isothermal plasma),
beam velocity ve=700"m/s (vo/vie=35, vo/c=0.23). beam
modulation frequency f=1.100°Hz (critical density n.~=1.50
10"m™), beam current magnitude j,=3A/m’. Ions' mass cor-
responds to hydrogen.

3. INITIAL STAGE OF THE BEAM-PLASMA
INTERACTION

Electric field increase in the LPRR takes place at the
initial stage after the beam injection or pumping started.
The space-time distributions of the field are similar for both
cases (Fig. 4, a-b). It is accompanied by intensive oscilla-
tions of electron concentration (Fig. 4, c-d). At the same
time Langmuir wave moving from LPRR against the plas-
ma concentration gradient was excited according to the pre-
diction of the linear theory [4, 9-10]. For the same moments
acceleration of electrons in the LPRR was detected [11]
similarly to [1].

Deformation of the ion concentration profile was ob-
served in the LPRR later (Fig. 5, a-b). Firstly the short-wave
perturbation (in the scale of the LPRR width) appeares, and
then the cavity is formed in the same region. Deformation of
the ion density profile interrupts the Langmuir waves’ excita-
tion (compare Fig. 4, c-d and Fig. 5, a-b).

Local maximum was often formed in the bottom of den-
sity cavity. Its position corresponded to maximum of the
HF electric field intensity (ponderomotive force caused by
this field is directly proportional to its intensity gradient).
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Fig.4. Space-time distribution of the electric field (a, b)
and electron density perturbation (c, d) for inhomoge-
neous plasma excitation by the modulated electron
beam moving into plasma (a, c) and by pumping elec-
tric field (b, d). Non-isothermal plasma is treated



Density gradient of the cavity side from the dense plasma
was larger due to the similar character of spatial distribution
of the electric field intensity.
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Fig. 5. Space-time distribution of the ion density
perturbation for inhomogeneous plasma excitation by the
modulated electron beam moving into plasma (a) and by
pumping electric field (b)

Analytic estimations show that plasma density profile
deformation can be treated as slow process relatively to
electric field excitation in plasma with the given density
profile. Consequently, electric field slaved adiabatically to
variation of the plasma density profile caused by this field.

Further dynamics of plasma in LPRR differs strongly
for plasma with hot electrons and isothermic plasma. This
effect is connected with the strong damping of ion-acoustic
waves in isothermic plasma and weak damping of these
waves in plasma with hot electrons.

4. LATE STAGE OF INTERACTION FOR
PLASMA WITH HOT ELECTRONS

In plasma with hot electrons (7.>>T;) the ion-acoustic
type perturbations propagated to both sides from the cavity
[5] (see Fig. 6, a, compare with Fig. 1).

The new peaks of electric field appeared on the local
maximums of the subcritical plasma resulting to new
cavities formation. This process is demonstrated on
Fig. 3, b where space-time distribution of the electric
field absolute value is presented. Line 1 corresponds to
the boundary between subcritical and supercritical plas-
ma. Position of the electric field maximums coincide
with the region of plasma density in the range (0.93...
1.00)n. (black spots). Excitation of strong electric fields
on the local maximums of subcritical plasma (for n.-
Nnax<<n.) was also demonstrated by computer simula-
tion for the modeling profiles of plasma density.
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Fig. 6. Space-time distributions of ion density
perturbation (a) and electric field magnitude
superposed with the regions of plasma density (0.93+
1.00)n. (b) in plasma with hot electrons. Local plasma
resonance point in unperturbed plasma is shown by
arrow

Consequently, in the late stages the ion concentra-
tion profile in plasma with hot electrons was strongly
indented in the wide region around LPRR due to the
short ion-acoustic pulses. These pulses were excited ir-
regularly near the local plasma resonance point in sub-
critical plasma. The time dependence of electric field in
some points of subcritical plasma looks like transition to
chaos via intermittence.
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Our results somewhat differ from those obtained in [1]
via numerical solution of the modeling equations. On one
hand, in that solution cavitons were formed every time in
LPRR and then moved to the low-dense plasma. On the other
hand, on some stage of caviton evolution its collapse took
place. This collapse was accompanied by the sharp growth of
electric field in the region, where cavity became deep and
narrow. These features were not observed in our simulation
(including the case when oscillations in LPRR were excited
by the pumping electric field similarly to [1]).

5. LATE STAGE OF INTERACTION FOR
ISOTHERMAL PLASMA

In the isothermal plasma (7.=7;) due to the strong
damping of ion-acoustic waves the cavity is gradually
transformed into the diffused jump of plasma density at the
late stage (see Fig. 7 a, c). Position of electric field peak ap-
proximately coincides with the position of this jump (com-
pare Fig. 7 a, b). The density jump moves inside the dense
plasma, its velocity is of order of ion thermal velocity. Pa-
rameters of concentration jump correspond to analytic esti-
mations based on the theory similar to [3].

6. PRELIMINARILY RESULTS OF 2D SIMULA-
TION

Now we have started simulation of this problem for 2D
plane geometry using electrostatic PIC code for plane ge-
ometry [12]. The simulation volume is bounded by two par-
allel planes x=const and y=const. In the present version of
the package ions are fixed.

The plasma density varies linearly along x axis, so that
plasma is homogeneous in the y direction. The electron
beam moves along x direction. Its width in y direction is
small relatively to the width of plasma layer.

Fig. 8 presents the spatial distribution of the plasma
electrons' distribution for several consecutive moments of
time in the steady-state regime. Langmuir waves are excited
by the beam in LPRR. They propagate to the region of sub-
critical plasma. The fronts of waves in xy plane have quasi-
circular shape because the part of local plasma resonance
layer excited by the beam can be treated as the point source
of waves.

7. CONCLUSIONS

1. Results of 1D simulation show that dynamics of plas-
ma in the LPRR for excitation by the modulated electron
beam and by the pumping electric field are similar.

2. Non-linear deformation of the plasma density profile
in LPRR caused by the strong RF electric field interrupts
the Langmuir waves excitation an acceleration of the plas-
ma electrons. Due to this effect transitional radiation of the
modulated electron beams from LPRR (see, e.g., [13]) can
be significant only during the time intervals less then char-
acteristic time of the plasma profile deformation.

3. Plasma dynamics in the LPRR excited by the external
source depends strongly on the plasma properties. In plas-
ma with hot electrons quasi-periodic sequence of cavities is
formed. Formation of the cavities results to the excitation of
ion-acoustic pulses. In the isothermal plasma the density
jump is formed.

4. Preliminary results of 2D simulation for thin beam
show that on the linear stage of the process the point were
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the beam crosses the plasma resonance layer plays the
role of the Langmuir waves' source.
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Fig. 7. Space-time distributions of ion density
perturbation (a) and electric field magnitude (b) and spa-
tial distribution of ion density for t=3 lis (c); j.=1 A/m’
Anel, 101 m3




Fig. 8. Spatial distribution of electron density perturba- 8. 1.0.Anisimov, D.V.Sasyuk, T.V.Siversky. Modi-

tion for 2D model with the thin electron beam fied package PDP1 for beam-plasma systems’ sim-
ulation // Dynamical System Modelling and
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JAHAMMUKA IVIA3MbI B OKPECTHOCTH TOYKH JIOKAJIBHOT'O IIVIASMEHHOI'O PE3OHAHCA,
BO3BYXJAEMOMU JIEKTPUYECKHNUM ITIOJIEM HAKAYKHN WJIN MOAYJIUPOBAHHBIM 3JIEKTPOH-
HBIM ITYYKOM

H.A. Anucumos, A.U. Kenvnuk, T.E. /lumowenko, T.B. Cusepckuii, C.B. Copoka, /.M. Benukaney

Bo30yk/1eHre BRICOKOYACTOTHOTO 3JIEKTPUYECKOTO I0JIsl B 00JIaCTH JIOKAJIBHOTO T1a3MeHHoro pesonanca (OJIITP)
HEOJHOPOIHOHN IIa3Mbl IEKTPUUYECKUM IOJEM HAKAYKU MM MOJYJIMPOBAHHBIM 3JEKTPOHHBIM ITy4YKOM NPHUBOAUT K
TIOSIBJICHUIO TIOHJIEPOMOTOPHOM CHUIBI, BRIAABJIMBAOIIEH TUTa3My K3 3Toi obnactu. [loxa metictBuem atoro noms B OJITTP
(dhopMmHupyeTcs sIMKa TIOTHOCTH. [locmeayrorias THHaMUKa B 3TO 00JacTH 3aBUCUT OT CBOMCTB IIa3Mbl. J{Jist mia3mel ¢
TOPSIYUMH IIEKTPOHAMU HOHHO-aKyCTHUYECKHE MMITYIIECHI pa30eraroTcs OT SMKHU IDIOTHOCTH. Ha okamsHOM MaKcHMY-
Me KOHIICHTPAIu! BO30YKIaeTCs HOBBIH BCIUIECK JICKTPHUIECKOTO TIOJS, IPUBOIAMINI K (POPMUPOBAHUIO HOBOM SIMKH
IUIOTHOCTH, | T.1. B m30TepMudeckoii miasme GopMUpPYyeETCs CKauOK IUIOTHOCTH.

JANHAMIKA IIJIASMH B OKOJII TOYKH JIOKAJIBHOT O IIJTA3MOBOI'O PE3OHAHCY,
IO 3BYIKYETHCA EJIEKTPUYHUM ITOJIEM HAKAYYBAHHSA ABO MOJ1YJIBOBAHUM
EJIEKTPOHHUM ITYYKOM

L.O. Anuicimos, O.1. Kenvnuk, T.€. Jlimowenxo, T.B. Cieepcokuii, C.B. Copoka, /.M. Benuxaneys

30ymKEeHHS BHUCOKOYACTOTHOTO EIIEKTPUYHOTO TIONSA B 00JacTi JIOKANBHOTO InTa3MoBoro pe3oHancy (OJIIIP)
HEOIHOPIIHOT UIa3MHU SNIEKTPUYHUM MOJIEM HaKadyBaHHS a00 MOIYJIbOBAHHM CJICKTPOHHHM IyYKOM IIPUBOAUTE JI0
TIOSIBU TIOH/IEPOMOTOPHOT CHIIH, SIKa BUTHCKAE TUIa3My 3 11i€i obuacti. Ilix giero uporo nois B OJIIIP dopmyeTses siMka
ryctuau. llomambmra nuHaMika B Iiff oOmacTi 3aleXuTh BiJ BiIacTUBOCTEH Iua3Mu. Js IutasmMu 3 rapsiuuMu
€JIEKTPOHAMHU 10HHO-aKYCTHYHI IMITYJIbCH PO30IratoThCst Bil SMKU IycTHHH. Ha jokanbHOMY MakCHMMyMi KOHLIEHTpALil
30y/DKY€ThCSl HOBUH CIJIECK €JIEKTPUYHOrO IOJS, IO MPUBOIUTH 10 (OpMyBaHHS HOBOI SIMKM TYCTHHH, 1 T.A. B
i30TepMiuHii m1a3mi GOpMy€eThCS CTPHOOK T'yCTHHH.
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