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The nonlinear wave structures of large amplitude ion-acoustic waves are investigated in a
plasma with an electron beam, by the pseudopotential method. The region of the
existence of ion-acoustic waves is examined, showing that the conrdition of the existence
sensitively depends on the parameters such as the electron beam temperature, beam
density, the ion temperature and the clectrostatic potential. It turns out that the region of
the existence spreads as the beam temperature increases but the effect of the electron beam
velocity is relatively small. New findings of large amplitude ion-acoustic waves in a
plasma with an electron beam, are predicted.
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I. INTRODUCTION

Nonlinear waves may play important roles in rarefied space plasmas in
the Earth’s auroral zone'~™?, the physics of solar atmosphere® and other
astrophysical plasmas® ®, There has been an increasing interest in inter-
preting the low frequency nonlinear Langmuir soliton in space
observations™’ 2, Observations convince us of the fact that stat-
iorary nonlinear ion-acoustic waves may be excited when an electron
beam is injected into a plasma® '°, In the actual situations, an
electron beam component is frequently observed in the region where the
ion-acousiic waves exist. On the other hand, it is known that high-speed
electrons have an influence on the excitation of various kinds of non-
linear waves in the interplanetary space and the Earth’s magnetosphere
t1-1*,  The ion-acoustic solitons have been reported‘® in the plasma with
drifting electrons. However, not many theoretical works on these topics
have been done in a plasma with an electron beam.

In this article, we make an attempt to theoretically investigate
the possibility of the existence of the large amplitude ion-acoustic waves
under the influence of a relativistic electron beam in a plasma consisting
of warm ions and hot isothermal electrons. We also demonstrate the region
of the existence of the large amplitude ion-acoustic waves and study the
dependence of the region of the existence on the parameters such as the
electron beam temperature, the beam demsity, and so on.

The layout of this article is as follows. In Sec.II, we present the
basic equations for a plasma with an electron beam and derive the
pseudopotential for large amplitude ion-acoustic waves. In Sec.IlI, we
define the condition of the existence of large amplitude ion-acoustic
waves and 1llustrate the dependency of the region of the existence on the
several parameters. The last section is devoted to the concluding

discussion.




II. BASIC EQUATIONS AND FORMULATION

We assume a plasma consisting of warm ions and hot isothermal electroms
traversed by a warm electron beam, and consider one dimensional
propagation. We adopt the fluid equations for the ions and Dbeam
electrons.

The continuity equation and the equation of motion for ions are

described by,
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where we express the pressure term in eq.(2) by the thermodynamic equation
of state. Here, 0 =T./T. and a =70/ 720, where T.(T.),
nol(7zve) are the ion (electron) temperature, the unperturbed background
electron{electron beam)density, respectively.

We have the following two equaticns for the beam electrons,
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We assume an isothermal equation of state for the beam electrons, because
of the existence of the finite beam electron temperature. In eq. (4),
g=me/mi, v=7TvT., where m., m,, T, denote the electron mass,

the ion mass and the beam electron temperature, respectively.



The electron density follows the Boltzmann distribution,

7 .=exp(¢ ). ()

The Poisson's equation is given by

= 71 e +nb—n . (6)

The variables #n., 2., 2, v., » and ¢ refer to the electron density,
the beam electron density, the ion density, the beam electron velocity,
the icn velocity and the electrostatic potential, respectively. The
velocities are normalized by the ion sound speed v.:=(k T./2.)* ?%; the
time ¢ and the distance =x by the 1ion plasma frequency w,, '=
(eom./nnce?)t/? and the electron Debye length Ap =
(eok Te/moe?)' % ; the densities by the background electron density
720 , the potential by k T./ e, where e 1is the charge of the electron.
In order to solve egs.(1)-(6), we introduce the variable &€= x — M¢,
which is the moving frame with the velocity M. Then the basic equations

(1)-(4) and (8) become,
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Integrating egs. (7) and (8) and using the boundary conditions,
¢ —0, n — 1l+a, n, —a, pv—=0, v, = v at £ —co,
we obtain
I+
< . (12)
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Integrating egs. (9) and (10) and using the same boundary conditions, we

get an equation,
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after the brief calculation.

Using egs. {6}, (12) and (13}, the Poisson's equation {11) reduces to
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where V(¢ )} denotes the pseudopotential. Integration of eq. (14) gives



the F nergy Law,
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From eq. (14), the pseudopotential V(¢ ) becomes
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The oscillatory solution of the large amplitude nonlinear ion-acoustic
waves exists when the following two conditions are satisfied:

(i) The potential V(¢ ) has the maximum value if &2 V(¢ )/déd? <0

at ¢ =0. This condition derives the inequality,
. 1+«
M > 3o+ (17)
where we assumed 1> (/v )(vo—M)E, Although the subsonic and super-

sonic ilon-acoustic waves can exist in the plasma under consideration,
we are now interested only in the supersonic wave. It should be noted

that V(¢ ) is real, when
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The region of the existence of ¢ is characterized by these conditions.
(ii) Nonlinear ion-acoustic waves exist only when V(¢u) =0, where
the maximum potential ¢ is determined by @ w=(v/2) [I-(u/v)I(ve—M)*].

This implies that the inequality
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holds, where we use the approximation 1> (z/v)(w,—M)%  We show the
maximum Mach number as a function of « in Fig.l, where »=0.2 and

g =0. 4, The maximum Mach number and, correspondingly, the maximum
amplitude of the ion-acoustic wave significartly depends on the parameters
@, v and ©.

A complete analytical investigation of the ion-acoustic solitons in
an electron bean plasma is possible for small amplitude wave limit( @ <1 ).
The specific results can be obtained by expanding V(¢) in powers of
¢ and keeping up to the third-order terms ¢ °. Accordingly, equation

(16) takes the form
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Then, integrating (15), we obtain a soliton solution
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It should be noted that the ion-acoustic soliton exists in the limiting
case with ¢ (1.
We next consider the region of the existence of the large amplitude

ion-acoustic waves in the plasma with an electron bean.

III, THE REGION OF THE EXISTENCE OF LARGE AMPLITUDE ION-ACOUSTIC WAVES

We show a bird's eye view of -V(9) in Fig.2, in the case of v =0.2,
vo=1.25, M=1.3, o=0.4 and #=1/18386. Figure 3 illustrates the
dependence of the pseudopotential -V(¢) on the potential ¢ when
the ratio of the concentration of the electron beam density to the back
ground electron density is fixed to be a=0.104, in the case of v =0.2,
In Fig.4, we show a bird’s eye view of the pseudopotential when v =0.4,
v=1.25, M=1.3, 0=0.4 and p=1/1836. The pseudopotential -V (¢)
versus potential ¢ in this case is also illustrated in Fig.5 for
o =10.55.

From Figs.2 and 3, in the case of v,=1,25, M=1.3, ¢=0.4 and
£=1/1836, we can understand the following by the numerical calculation:
(1)In the range of «>>0.280, the pseudopotential is always positive. In

this case, the potential well is not formed.

(2)If 0.086< ¢ <0.280, the pseudopotential forms the potential well.

In the well, Iarge amplitude ion-acoustic waves can propagate. As an

example of this case, we illustrate the pseudopotential in Fig.3




when o« =0.104. The potential well becomes deep as « decreases.
(3)In the range of 0.086> a, the pseudopotential is always negative.
In this case, the well is not formed.
We also understand that the similar properties are described from
Figs.4 and 5.

In Fig.B8, we illustrate the region of the existence of large
amplitude ion-acoustic waves depending on the ratio « of concentration
of the electron beam density to the background electron demsity and the
ratio v of the electron beam temperature to free electron temperature,
in the case of v,=1.25, M=1.8, o=0.4 and n=1/1836. Large
amplitude ion-acoustic waves propagate in the region bounded by the two
curves but do not exist in other regions, In addition, we show the
region of the existence of large amplitude ion waves in ¢ -« plane in
Fig.7-(a), (b) and (¢) for v=0.2, 0.3 and 0.4, respectively. Large
amplitude ion-acoustic waves exist in the lower region of the curves.

It turns out that large amplitude nonlinear icn-acoustic waves can

exist under proper conditions mentioned above.

Iv. CONCLUDING DISCUSSIOK

The nonlinear wave structures of large amplitude ion-acoustic waves
are studied in a plasma with an electron beam, We present the region
of the existence of the large amplitude ion-acoustic waves on the basis
of the fluid equations for an electron beam-plasma system.

We investigate the conditions of the existence for the stationary
supersonic ion-accustic waves, by analyzing the structure of pseudo-
potential. Typical results are illustrated in Figs.1-7. The results
are briefly summarized as follows:

(1)The conditions of the existence of large amplitude ion-acoustic

__g_



waves sensitively depend on the electron beam density, the tempera-—
ture of electron beams and also the ratio of the bulk ion temperature
to the electron temperature,

(2)The effect of the concentration of the electron beam density reduces
the propagation speed of the ion-acoustic waves.

(3)The allowable range of the concentration of the electron density
becomes wider as the beam temperature decreases.

(4)The allowable range of the electrostatic potential becomes wider
as the beam temperature increases.

(6)The effect of the velocity of the electron beam is small, compared
with the effects of the electron beam temperature, the beam density
and the ion temperature.

(6)The region in (¢ -« ) plane where large amplitude ion-acoustic waves

exist, spreads as the beam temperature increases.

The present investigation predicts new findings on large amplitude
nonlinear ion-acoustic waves in a plasma with an electron beam. In
actual situations, large amplitude ion-acoustic wave events associated
with electron beams are frequently observed in interplanetary space!-®- .
Hence, referring to the present studies, we can understand the
properties of large amplitude ion-acoustic waves in space plasmas where
the electron beam exists. Although we have not referred to any specific
observation, the present theory is applicable to analyzing large amplitude
ion-acoustic waves, such as shock and solitary waves, associated with

electron beams which may occur in space and laboratory plasmas.
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Figure captions

Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

The maximum Mach number depending on the concentration of the

electron beam density «, in the case of 0-0.4 and v =0.2.

Bird’s eye view of the pseudepotential under the conditions of

vo=1.25, M=1.3, o=0.4, v=0.2 and n=1/1836.

A pseudopotential curve of large amplitude ion waves for

v5=1.25, M=1.3, 0¢=0.4, v=0.2 and a=0.104,

Bird’s eye view of the pseudopotential under the conditions of

vo=1.25, M=1,8, ¢=0.4, v=0.4 and p=1/18386.

A pseudopotential curve of large amplitude ion waves for ».=1,25,

M=1.8, #=0,4, v=0.4 and «a=0,55,

The region of the existence of large amplitude ion-acoustic waves

depending on the concentration of the electron beam density a and
the electron beam temperature v, in the case of w,=1.25, M=1.3,
o=0,4 and £=1/1836. Large amplitude ion-acoustic waves can

exist in the region bounded by the two curves.

The ¢ -« plane where ion-acoustic waves exist, in the case of

(a) vo=1.25, M=1.3, 0=0.4 and v=0,2; (b)w,=1.25, M=L.3,
6=0.4 and v=0.3: (¢c)v.=1.25, M=1.3, 0=0.4 and v=0.4, Large
amplitude ion-acoustic waves can exist in the lower region of the

curve.



1.6

.

0.6

0.

8

Fig.1




Fig.2




-0.0008

-0.001

-0.0601L5

-0.002

c

0.02 0.04 0.06 0.08

0

.1






-Hg)

0.005

-0.005

-0.01

-C.015¢}

-0.02¢




Fig.6

4.0




0.

2 -

1

1.

2.

0

Fig.7



NIFS-334

NIFS-335

NIFS-336

NIFS-337

NIFS-338

NIFS-339

NIFS-340

NIFS-341

NIFS-342

NIFS-343

NIFS-344

NIFS-345

Recent Issues of NIFS Series

K. Nagasaki, A. Isayama and A. Ejiri
Application of Grating Polarizer to 106.4GHz ECH System on
Heliotron-E; Jan. 1895

H. Takamaru, T. Sato, R. Horiuchi, K. Watanabe and Complexity Simulation
Group,

A Self-Consistent Open Boundary Model for Particle Simulation in
Plasmas; Feb. 1995

B.B. Kadomitsev,
Quantum Telegragh : is it possible?; Feb. 1995

B.B.Kadomisev,
Ball Lightning as Self-Organization Phenomenon, Feb. 1995

Y. Takeiri, A. Ando, O. Kaneko, Y. Cka, K. Tsumori, R. Akiyama, E. Asano, T.
Kawamoto, M. Tanaka and T. Kuroda,

High-Energy Acceleration of an Intense Negative Ion Beam; Feb. 1995

K. Tei, T. Morisaki, S. Sakakibara, S. Ohdachi, T.Minami, S. Morita,
H. Yamada, K. Tanaka, K. |da, S. Okamura, A. Ejiri, H. Iguchi,

K. Nishimura, K. Matsuoka, A. Ando, J. Xu, |. Yamada, K. Narihara,
R. Akiyama, H. Idei, S. Kubo, T. Ozaki, C. Takahashi, K. Tsumori,
H-Mode Study in CHS; Feb. 1995

T. Okada and H. Tazawa,
Filamentation Instability in a Light Ion Beam-plasma Sysiem with
External Magnetic Field; Feb. 1995

T. Watanbe, G. Gnudi,

A New Algorithm for Differential-Algebraic Equations Based on HIDM,
Feb. 13, 1295

Y. Nejoh,
New Stationary Solutions of the Nonlinear Drift Wave Equation;
Feb. 1995

A. Ejiri, 8. Sakakibara and K. Kawahata,
Signal Based Mixing Analysis for the Magnetohydrodynamic Mode
Reconstruction from Homodyne Microwave Reflectomerry, Mar.. 1995

B.B.Kadomtsev, K. ltoh, S.-I. itoh
Fast Change in Core Transport after L-H Transition; Mar. 1995

W.X. Wang, M. Okamoto, N. Nakajima and S. Murakami,
An Accurate Nonlinear Monte Cario Collision Operator, Mar. 1995



NIFS-346

NIFS-347

NIFS-348

NiFS-349

NIFS-350

NIFS-351

NIFS-352

NIFS-353

NIFS-354

NIFS-355

NIFS-356

NiFS-357

S. Sasaki, S. Takamura, S. Masuzaki, S. Watanabe, T. Kato, K. Kadota,
Helium I Line Intensity Ratios in a Plasma for the Diagnostics of Fusion
Edge Plasmas; Mar. 1995

M. Osakabe,
Measurement of Neutron Energy on D-T Fusion Plasma Experiments;
Apr. 1995

M. Sita Janaki, M.R. Gupta and Brahmananda Dasgupta,
Adiabatic Electron Acceleration in a Cnoidal Wave; Apr. 1995

J. Xu, K. Ida and J. Fujita,
A Note for Pirch Angle Measurement of Magnetic Field in a Toroidal
Plasma Using Motional Stark Effect; Apr. 1995

J. Uramoto,
Characteristics for Metal Plate Penetration of a Low Energy Negative
Muonlike or Pionlike Particle Beam: Apr. 1995

J. Uramoto,
An Estimation of Life Time for A Low Energy Negative Pionlike Particle
Beam: Apr. 1995

A. Taniikse,
Energy Loss Mechanism of a Gold lIon Beam on a Tandem Acceleration
System: May 1995

A. Nishizawa, Y. Hamada, Y. Kawasumi and H. Iguchi,
Increase of Lifetime of Thallium Zeolite lon Source for Single-Ended
Accelerator: May 1995

S. Murakami, N. Nakajima, S. Ckamura and M. Okamoto,

Orbital Aspects of Reachable 3 Value in NBI Heated
Heliotron/Torsatrons; May 1995

H. Sugama and W. Herton,
Neoclassical and Anomalous Transport in Axisymmetric Toroidal Plasmas
with Electrostatic Turbulence; May 1995

N. Ohyabu
A New Boundary Control Scheme for Simultaneous Achievement
of H-mode and Radiative Cooling (SHC Boundary}; May 1995

Y. Hamada, K.N. Sato, H. Sakakita, A. Nishizawa, Y. Kawasumi, R. Liang,
K. Kawahata, A. Ejiri, K. Toi, K. Narihara, K. Sato, T. Seki, H. Iguchi,
A. Fujisawa, K. Adachi, S. Hidekuma, S. Hirckura, X. 1da, M. Kojima,

J. Koong, R. Kumazawa. H. Kuramoto, T. Minami,. M. Sasao, T. Tsuzuki,
J.Xu, I. Yamada, and T. Watari,




NIFS-358

NIFS-359

NIFS-360

NIFS-361

NIFS-362

NIFS-363

NIFS-364

NIFS-365

NIFS-3686

NIFS-367

NIFS-368

NIFS-369

Large Potential Change Induced by Pellet Injection in JIPP T-1IU
Tokamak Plasmas; May 1995

M. lda and T. Yabe,
Implicit CIP (Cubic-Interpolated Propagation) Method in One
Dimension; May 1995

A. Kageyama, T. Sato and The Complexity Simulation Group,
Computer Has Solved A Historical Puzzle: Generation of Earth's Dipole
Field; June 1995

K. Itoh, S.-1. Itoh, M. Yagi and A. Fukuyama,
Dynamic Structure in Self-Sustained Turbulence; June 1995

K. Kamada, H. Kinoshita and H. Takahashi,
Anomalous Heat Evolution of Deuteron Implanted Al on Electron
Bombardment; June 1995

V.D. Pustovitov,

Suppression of Pfirsch-schliiter Current by Vertical Magnetic Field in
Stellarators: June 1995

A. Ida, H. Sanuki and J. Todoroki
An Extended K-dV Equation for Nonlinear Magnetosonic Wave in a
Multi-Ion Plasma; June 1995

H. Sugama and W. Horton
Entropy Production and Onsager Symmetry in Neoclassical Transport
Processes of Toroidal Plasmas; July 1995

K. ltoh, S.-1. ltoh, A. Fukuyama and M. Yagi,

On the Minimum Circulating Power of Steady State Tokamaks; July
1995

K. Itoh and Sanae-l. Hoh,
The Role of Electric Field in Confinement; July 1995

F. Xiacand T. Yabe,

A Rational Function Based Scheme for Solving Advection Equation; July
1995

Y. Takeiri, O. Kaneko, Y. Oka, K. Tsumori, E. Asano, R. Akiyama,
T. Kawamoto and T. Kuroda,

Multi-Beamlet Focusing of Intense Negative lon Beams by Aperture
Displacement Technique; Aug. 1995

A. Ando, Y. Takeiri, O. Kaneko, Y. Oka, K. Tsumori, E. Asano, T. Kawamoto,
R. Akiyama and T. Kuroda,

Experiments of an Intense H- lon Beam Acceleration; Aug. 1995



NiFS-370

NIFS-371

NIFS-372

NIFS-373

NIFS-374

NIFS-375

NIFS-376

NIFS-377

NIFS-378

NIFS-379

NIFS-380

NIFS-381

M. Sasao, A. Taniike, . Nomura, M. Wada, H. Yamacka and M. Sato,
Development of Diagnostic Beams for Alpha Particle Measurement on
ITER; Aug. 1995

S. Yamaguchi, J. Yamamoto and O. Motojima;

A New Cable -in conduit Conductor Magnet with Insulated Strands; Sep.
1995

H. Miura,
Enstrophy Generation in a Shock-Dominated Turbulence; Sep. 1995

M. Natsir, A. Sagara, K. Tsuzuki, B. Tsuchiya, Y. Hasegawa, O. Motojima,
Control of Discharge Conditions to Reduce Hvdrogen Content in Low Z
Films Produced with DC Glow; Sep. 1995

K. Tsuzuki, M. Natsir, N. Inoue, A. Sagara, N. Noda, O. Motojima, T.
Mochizuki, 1. Fujita, T. Hino and T. Yamashina,
Behavior of Hydrogen Atoms in Boron Films during H, and He Glow

Discharge and Thermal Desorption; Sep. 1995

U. Stroth, M. Murakami, R.A. Dory, H. Yamada, S. Okamura, F. Sano and T.
Obiki,

Energy Confinement Scaling from the International Stellarator Database;
Sep. 1995

S. Bazdenkov, T. Sato, K. Watanabe and The Complexity Simulation Group,

Multi-Scale Semi-ldeal Magnetohydrodynamics of a Tokamak Plasma;,
Sep. 1995

J. Uramoto,
Extraction of Negative Pionlike Particles from a H2 or D2 Gas
Discharge Plasma in Magnetic Field; Sep. 1995

K. Akaishi,
Theoretical Consideration for the Outgassing Characteristics of an
Unbaked Vacuum System; Oct. 1995

H. Shimazu, 8. Machida and M. Tanaka,
Macro-Particle Simulation of Collisionless Parallel Shocks; Oct. 1995

N. Kondo and Y. Kondoh,
Eigenfunction Spectrum Analysis for Self-organization in Dissipative
Solitons; Oct. 1995

Y. Kondoh, M. Yoshizawa, A. Nakano and T. Yabe,
Self-organization of Two-dimensional Incompressible Viscous Flow
in a Friction-free Box; Oct. 1995



