Seventh Conference of Nuclear Sciences & Applications
6-10 February 2000. Cairo, Egypt

PP-6

REB-Instability with Magneto-Active Inhomogeneous
Warm Plasma
EG0100067

Kh. H. El-Shorbagy
Plasma Physics and Nuclear Fusion Dept.
Nuclear Research Centre
Atomic Energy Authority
Cairo - Egypt.

ABSTRACT
The beam-plasma heating due to a relativistic electron beam (REB)
under the effect of an external static magnetic field is investigated. It is
considered that a longitudinal 1-D oscillations exist in the plasma, which is
irihomogeneous and bounded in the direction of the beam propagation . It
is found that the variation in the plasma density has a profound effect on
the spatial beam-plasma instability. Besides, the external static magnetic
field and warmness of plasma electron leads to more power absorption
from the electron beam, and consequently an auxiliary plasma heating.
INTRODUCTION
REB has many applications in areas like material studies, compact torus formation,
generation of x - ray and microwave, ion acceleration, etc.... where it is desirable to have
energy source supplied over a long duration of time.
As a potential application, use of a REB to heat magnetically confined plasma to a high
temperature has attached a lot of attention, both theoretically (e.g., [1-3]) and experimentally
(e.g., [4-6]). When a REB propagates through a plasma, its kinetic energy is transferred into
plasma thermal energy, thereby heating the plasma [1].
Different from previous works on beam-plasma instability [7-12], we study the effect
of both plasma inhomogeneity and the thermal electron motion on the quenching of the beam plasma instability. Investigation of beam - plasma interaction present a great interest for
development of effective methods via plasma stability, amplification and generation of
electromagnetic waves, acceleration of charged particles in plasma, high frequency heating of
plasma and so on [13-14].
Many authors studied the problem of nonrelativistic electron beam interaction with
unmagnetized plasma, where this interaction takes the form of an amplification of waves by
beam (e.g., [7,9,11,12,15]). It is shown that due to the resonance rise of the wave field with
plasma dielectric permeability is reduced to zero, and the power absorbed by the plasma is
finite and independent of the value of the dissipation. In this case the beam not only amplifies
the waves in plasma, but also provides an effective absorption of these waves by the plasma
(plasma heating).
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In the present work we study the influence of the variable plasma density and plasma
thermal motion under the effect of the external static magnetic field directed along z-direction,
{H^, = H0e2) (under the condition of the smallness of phase velocity of waves compared to
the beam velocity) on the quenching of the beam - plasma instability. A semi - infinite beam plasma system (x > 0), in which the unperturbed plasma density no(x) is an arbitrary function
of x [n0 (x) - NQ (1 - x) ; No is constant] is considered. It is assumed that ions are sleeping,
plasma electrons have a finite temperature, and that the relativistic electron beam is cold and
homogeneous.
FUNDAMENTAL WAVES
The equation of motion and the continuity equation for a relativistic electron beam,
which travels along the magnetic field, are: -

-3

• \

o

s^.

o /

'b

>

_ i . +V.(tft*;) = O ;

~ "ob

+

(*)

*\b

^=«0A+«16

(2)

Where; in = m0 y~l ,y-(\-V2/
C 2 )" 2 is the relativistic factor of the beam electrons, and Vlb is
the component of beam velocity in the z-direction.
The equation of motion, and the continuity equation for inhomogeneous plasma
electrons in the oscillating electric field and a static magnetic field Hext perpendicular to the
plasma density gradient are given by: -
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In equations (1-4), Vob, nob are the unperturbed velocity and density of the beam while
nop, nxp are the unperturbed and perturbed density of the plasma respectively. P is the plasma
pressure and v is the collision frequency of plasma electrons with other plasma particles. All
other terms have their usual meaning.
d
„ d
In the case of weak nonlinearly (|no6| « nyb , \Vlb\« Vob) then we have y
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From (l)-(4), we can derive the following expressions for the perturbed densities: x
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W h e r e , VT = J — - i s the electron t h e r m a l velocity a n d co = ((co + iv)2 - co2 ) x n
Vm

, co = ^—2me

is the electron cyclotron frequency.
Using Poisson's equation
dE
— = -4 ne (nip+nib),
(7)
dx
In commination with (5) and (6) in (7), the following second order differential equation, which
describes the electric field due to beam-plasma interaction, is obtained:
(8)
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The term C^{Te) in the right hand side of equation (8) represent the effect due to
electrons warmness. An equation similar to (8) has been obtained in the past by many authors
[7-12], however the thermal effect Cx{Te), which is of importance for analysis of plasma
instability and heating, is neglected. Different from previous works [7-12]; the wave number
K(X) contains the effect of the external static magnetic field and relativistic electron beam
through 5 and
The solution of equation (8) in the region x < 0 gives the following spatially growing
modes (upstream):

El(x,t) = Ei(a>)exp(ikx-i cot) ,

(Imkt < 0)

Where, &, = {col Vob) + K[,K1 is given by relation (10) in region x <0.
The most important mode is the one for which | Im AT, (CO) | is a maximum. Providing
that the discontinuity at x = 0 has no influence on the solution in the region x<0, the
following solutions of equation (8) in the regions x < 0 and x > 0 can be derived as:

F. = AeiK'x+R(x)
1

;

x<0

1

(10)
iK x

F2 = A2e * + A,e-

iKlX

+ R(x)

; x >0

Where both Im/c, and ImA:2 are negative, and R(x) is a new addition due to the thermal
motion of electrons;
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1. Outer Electrode
2. Inner Electrode
3. gas feeding
4. Coaxial Cables
5. Insulator .
6. Gas inlet .
2~
7. Expansion Chamber —
8. Vacuum Measuring
Connection .
9. Pumping Connection

Fig (1) Cross section of coaxial electrodes.

t(us)
Fig (2a) Axial plasma current sheath position versus position

-0.1
Fig ( 2 b ) Axial plasma current sheath velocity versus
time

-0.15
Fig(2c) Axial plasma current sheath acceleration versus
time
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It is the power consumed to accelerate the mass, which has been swept up into the plasma current
shea Ui,
P6= P7= 0.5m Z3
(8)
P6 is the power, which produces directed kinetic energy for the plasma current sheath, and
P? is the power, which produces internal energy in the plasma sheath,
2

2

P 8 = I 2 R = R I s i n cot
(9)
It represents, the Joule heating
The axial position, Z, velocity, Z, and acceleration, Z are calculated theoretically, as function
of time and they are plotted as shown in Fig (2a), Fig (2b), and Fig (2c) respectively. These figures
indicate that, tlie plasma current sheath, reaches the coaxial electrodes muzzle at 14.5 us, with axial
velocity of 1.52 cm/us and acceleration of 0.0876xl012 cm/s2 respectively.
The time variation of the power flow, pi, P2, p3, p^, ps, p<s, P7 and p8 are plotted as shown in
Figs (3a, 3b, 3c, 3d, 3e, 3f, 3g) respectively.
Table (1) shows the relation between the peak value of the power consumed and the
corresponding values of time, for pi, P2, P3, p<i, ps, pe, Pi and pg
Table (1)
Power flow
P,

Peak value (watt)
5.277x10*
-261.4x10"
148x10'
4.9x10'
-182.26x10'
195x10'
195x10'
1.1x10*

P2
P3
P4

P5
P6
P7
Ps

Time (jus)
4
14
8.5
6
14.5
10
10
8.5

Fig (4) shows the calculated values of time variation of the total power Pt flowing from tlie
capacitor bank. This figure demonstrates tliat, the peak value of Pt=6xl08watt at t=4 us
Fig (5) shows the measured values of time variation of total power =IV, where I and V are tlie
discliarge current and voltage respectively. This figure shows that, the peak value of P=3.5xl08watt at
t=7us.
The total electrical energy flow to the coaxial accelerator is evaluated numerically as the
integral J

pdt.

Fig.(6) and Fig.(7) show, the time variation of the calculated and the measured values of the
total energy flow, Et respectively. These figures clear that, the peak value of Et (measured) = 3.54xl02 J
at t=7.5us and the peak value of Et (calculated) =5.92xlO2 J at t =5.5us .

Conclusion
The power and the energy flow from a condenser bank to a coaxial plasma accelerator are
theoretically studied, under the assumption of a snow plough model action and they are experimentally
measured from the analysis of the simultaneous discharge current and voltage waveforms.The
calculated value of the total power, r^ (max) is classified into pi=88.33% of pt,p2=0.586%ofp t ,
p3=0.7%of p t , p4=0.081% of p t , p5=0.0582% of p,, p6=p7=0.68% of p, and pg=8.37% of p,.
In fact, pi depends on the discharge current, the pressure of filling gas, the dimensions of the coaxial
electrodes, the external inductance and the resistance. Then, the values of these parameters must be
modified, to produce a more useful uniform condition, for optimum operation .
A comparison of the experimental results of the total power and the energy flow, with those
predicated by the theoretical calculations, indicates that, the measured values are smaller than
predicated, (Ms may be due to, a dissipation of energy in the stray impedence of the circuit, a
dissipation of energy in heat conduction wall, dissipation of wave radiation energy losses, the gas is
may be not completely snow ploughed by the sheath and wall interaction.
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The constants of integration A{ {i = 1 - 3) are determined under the boundary
dF
conditions that both F and
are continuous at x = 0, hence,
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Using the definition (9) the electric field E2 (x) is derived in terms of El (0) as:
F

(11)

H
^ yields a power of the form:

E2(xf =
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R(X)\
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R(X){(E;(0)K'2/2K])[(K2

The 3rd and 4th terms on the right hand side of equation (12) are due to the mixing
(spatial beats) between the growing and decaying modes in the region x > 0 , while the last
three terms are due taking into consideration the thermal motion of electrons. It is clear that the
electric field power given by (12) is strongly affected by both mixing, static magnetic field,
relativistic electron beam and thermal effect, (i.e., the power of electric field at VT ^ 0,H0 * 0
and y < 1 is greater than the power in the case of VT =0,H0 = 0 a n ^ Y = 1 )• Mixing produce
a noticeable effect on E2(x)\ under the conditions K{ * K2 ; R e / c 2 | » Im/c2|, which are
necessary in order for the trigonometric terms in (12) to vary rapidly, compared with the
exponential growth terms. The (*) represent the conjugate values. These conditions are not
necessary for the thermal effect.
From (12), we get:

E2(0)f =

(13)

K2

Hence the electric field is discontinuous at x = 0.
Let's now analyze the solution (11) for a realistic plasma model, i. e., an
inhomogeneous plasma with a finite gradient in n0 (x). For this we assume:
o>\{x) = co\{x)[\ + e{xlL)] ; (L>x>0;s>-\)
(14)
Corresponding to a constant density gradient in the transition region. It can be shown that the
linear approximation is valid in this case provided that
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l»js|(co b /co P e ) 2 (cop e /v)(V ob /co Pe L)
Which indeed requires that L * 0.

(15)

In order to prove that expression (11) is essentially correct, a solution of wave equation
(8) requires the use of density profile (14), which yields the equation
^

(16)

Where;
Vob

coo)

Lo)O)coRb

Solution of (16) is:
2i 4

F()

z)

; 0<x<L

(17)

4
Where, z = 2<ff1/2 Ib and Jx(z);Nx{z)

are the Bessel function of the first and second kind,

respectively, and C2(Te) = ( - ^ - ) 2 C,{Te).
Bohmer, et al. [7] result is in agreement with that obtains solution (17), except the
presence of a new term C2(Te) on right hand side and static magnetic field Ho and relativistic
effect y, which strongly proportional to the electron thermal velocity VTt.
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Equation (18) can be re-written as
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The case of interest is when e is not too small and (LIX) is not very large [large rapid changes
in no(x)] which is the opposite extreme from the WKB situation. From the definition
following (15) where A- = VQbla)Pt it is noted that max( vla>p\e) >|<£| and
|b| « s(cope /©b)(X,/L). Therefore, if {LI X) is not too large, and s is not too small, then b is
large and ||| will be fairly small. Consequently, z is small in this case and Bessel function in
(18) may be expanded for small argument. When this is done, one finally obtains the
approximate result
2

+b

C2{Te)ev°>

(19)

K

X

Where x>L.
This equation is in agreement with that obtained by Sahyouni et al. [12] but in
case of vanishing magnetic field (i.e., H o = 0) and nonrelativistic electron beam (i.e.,
y = 1). Since the power of electric field in this case is greater than the power in the
case of vanishing magnetic field an auxiliary plasma heating may be obtained. The
result (19) may be compared with result (11) for the simple discontinuous model. It
can be see that provided b is large and (16) is satisfied (L not too large and not too
small), the result (11) is a good approximation to equation (19).

CONCLUSIONS
Existence of an external static magnetic field and plasma warmness leads to wave
amplification and accordingly to plasma heating in beam-plasma system (solutions (11) and
(19)). From (12), we could conclude that power absorbed from the beam into plasma is
strongly affected by both mixing and plasma warmness. The variation in the plasma density
does have a profound effect on the spatial beam-plasma instability. This effect indicates that
the resulting drop in intensity of electric field is a sensitive function of the plasma
discontinuity. It also growing modes, only if the plasma density decreases.
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