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ABSTRACT

We analytically solved the average electron energy balance

equation of a homogenuous strongly ionized plasma heated by

a microwave field. The exact variation of the average

normalized electron energy e· with time is calculated for

different field frequency wand different field amplitude

E. For each case, theo
for e to reach 98 % of its

exactly. It was found that

heating time 't h necessar.y

steady state value e is foundss
there is an increase in the valu e

of both e and 't wi th the increase of Ess h 0
decrease of w .

and the
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Transient Heating Of A HomogenuousStrongly 221

with the ions.

One value of the three steady state average

normalized electron energies, i = 1,2,3

One value of the three heating times, i= 1,2,31:
hi

Norma lized time

Normalized field

Variable = 1 +

t
co

amplitude

C2)t

E lE
o P

INTRODUCTION

The problem of heating a strongly ionized homogenuous plasma

by a microwave field is important because of its applica

tions in the fields of high-power air-borne communication

systems and fusion research. The particular case in which

the field frequency ~ is much greater than the equilibrium

electrons with ions \I co
Ginzburg and Gurevich [1] and El

relation between the steady

electron energy e and thess
was found to be no longer one to one

w «\I the
co'

the averagevalue. ofstate

collision frequen~y of

has been considered by

Khamy [2]. When

field amplitude E
'- 0

[3]. In a recent work [4], we considered the general case in

which '" is not to be compared with \I ~We investigatedco' '
the effect of .Ul and E on the number N of steady stateo
values of the average electron energy. In this work" for the

case in which ltl < \I we found a necessary and sufficient. co
condition for N to be equal to one and a necessary but not

sufficient condition for N to be equal to 3. In a subsequent

paper [5] we calculated the steady state values of the
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average electron energyefor different values of wandss E
.Wefoundthateincreases with theincrease of0

ss
E

anddecreaseswiththeincrease of w •Also wefound0 that
thecasesin which N= 3occursforlowvaluesof lJJand

good agreem~nt. In

~omparison

cases considered by

E
o
particular

showed

of the values of e with those of thess
other investigators [1], [2]

this paper we present the

analytical ex~t solutiqn of the electron energy balance

equation. This solution gives the exact variation of the

average electron energy a with time. We identified the

heating time T h of tl1eplasma by the microwave to be

the time necessary for eto reach 98 % of its steady state

value e . The transient response of e e e andss ) ss

-rh are calculated for different values of wand Eo. The

discussion of the stability of the plasma during the heating

process as well as the stability of the steady state values

are left for future investlgation.

Basic Equations

The nOn linear autonomous total differential equation

representing the electron energy balance equation of a

homogenuous strongly ionized plasma heated by a microwave

field was fOund to be [2], [4] given by

de [C2 e 4_( r 2+c2) e 3+ 8 - 1 ]
Cl)

d-r

where
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T
, .=6'V t,

C
w

e
=

T v-coco 0

(l+c2) t
E

r
0

11 ,11=--
EP

223

T,

time

T are the average electron temperatures at time t and ato
t = 0 respectively, 6 is the mean fraction of electron

energy lost in a collision with the ions (for an elastic

collision (j - 2m where m~ m. are the electron and ionm. 1
maBs(~ respectively), and E is the Ginzburg's plasma

p

field given by

where e is the electron charge

Equation (1) can be written in the form

d't
3/2( 3 B)x x +

(2)

where

eA1 +
r2
B

1
x

, Cl,
c2

The

solutionofe<;uation(2)thatsatisfiestheinitial

condi tion e =1

when't =0isfOundto havetheform

2 3/2 t 4
• = 3(l-x )+2cCl-x)+ I

i=l
c. G.1 1 ln

( v'i7 +v';) (./-;i - 1)---------------------

(v'X: -v''X) ( lx.+1)1 1
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where X., i = 1,2,3,4 are the four zeros of the algebraicth ~.
4 degree function represented by the numerator of

equation (2) which has the form

4 3
= x - Ax + Bx - B (4)

and Ci ' i=1,2,3,4 are constants whose values are given by

where J f; i,

3
A X.+ B~

J =1,2,3,4 and

4

C = LC.
i=l ~

(5 )

The nature of the zeros of function (4) was discussed by

El-Khoga and Negm [4]. These zeros satisfy one of the

following two cases; x1,x2 are complex conjugate zeros

x3 +ve real zero, x4 negative real zero or or Xl ' x2

x3 are all positivereal zeros and x4 is a negative real

zero. For the fiirst case N=l, 8ss = x3 and -r h can be

calculated 'from equation (3) by substituting 0.98 x3 for

x. For the second case we have 3 steady state values

of e namely 81, 82 and 83 which are equal to x1,x2 and)[')

respectively. Hence there are three corresponding heating

timesLhl' Lh2 and Th3' These heating times can be obtained

from equation (3) by substituting 0.98 Xl' 0.98 x2 and 0.98 x3
~or X respectively.
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RESULTS

225

When C 0.01, it was found by El-Khoga and Negro[5J that

for If' =0.1 xl'Xz ,x3 and x4 are 1 . 015 d, 9. 90112. ,
100 and -9.9517 respectively. It has been found by Gurevich

[3J that Xz is unstable and x3 is unacessible. Also

since xl. ~ 1 hence no appreciable heating has happened.

e

2600

Fig.{\) Variation of e with -z:; for tow values of Z when c:O.Ol
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I
103

Z = 2

Z :1.6

1

10

10~

Fig_ (2) Variation of e with z: for diffNenl values of Z when c =0·1

When is unchanged and n increased to 0.2, f (x) has theo
zeros 1.03102, 4.451003, 400.9101 and -5.442, hence we

deduce the same results as before. When n is increased to

0.4, the four zeros of f (x) are 1.44995 + 0.274374 i,o
1601.1561, '-2.8960 hence there is one steady state average

normalized energy e which is equal to 1601.1561 for

which T h =1.705 x 1~~. The variation ofe withT-for this

case is shown in Fig.(l) A similar behaviour occurs when

~ is increased to 0.5, this is also shown in Fig. (1). Both

't h increases with the increase of n Le. with
increase

increased the

field amplitude E. When C iso
variation of 8 with 1; for different

theof

0.1,to

andss
the
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Transient Heating Of A Homogenuous Strongly 227

values ofn are shown in Fig. (2). It is obvious that both

8: and
'h decreases with

theincrease of CLevd ththe
ss increase

ofthefieldfrequencyto.Theseresultsare

affirmed

bytheresultspresentedin Fig.(3)&Fig.(4).
In

tables(l)to(7)we present accUTat~valuesofthe

results presented in Figs (1) to (4). Thus, it is

theoretically possible to raise the electron energy to high

levels by increasing the ,field ampli tude and decreasing the

field fr~quency; however the time needed for such a heating

process will be comparatively long. By increasing C to

values 1, 8ssand 'h are decreased and the results obtained

agree with those previously obtained by El-lhamy [2].

9

100
2 =1.6

1

I 10

Fig. (3) Variation of 9 with l: for difhrl'nt valUl'5 of Z when c=0.2
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Table 1: Variation of rornalized average electron energy

with rornalized tine 't

whenC = 0.01 ani T1= 0.4

8

't8 't8't

69.06%

0.029309144.104111.%9240.173220.788

288.208

373.866336.243578.432400.289%4.758

448'.324

1300.7496.3581736.94560.4052461.9

608.439

3128.99656.973917.42704.514843.47

752.543

5926800.5787186.83848.6138652.02

8%.647

10352.4%4.68212325.5992.71714616.9

104075

17283.81088.7920398.41136.8224054.3

184.86

28375.11232.8933531.11280.9239762.9

1328.96

47429.51376.9957100.11425.0369759.5

1473.06

87348.71521.11146261569.13170474

Table 2: As table 1, but for C = 0.01 ani 11

= 0.5

8

T8 T8T

75.0374

0.5%412150.07535.6294225.112117.16

300.15

258.37375.187472.368450.225772.61

5252.262

1173.2600.31689.37700.3492585.89

775.387

3438.6850.4244468.5925.4625699.14

1000.5

7157.191075.548872.621150.5710880.6

1225.61

13221.71300.65159441300.6515%4

1375.63

19104.11450.7222770.51525.762Xl26.8

1600.8

31972.21675.8437748.61750.8744511.2

1825.91

5283.8l<ro.9561%3.61975.9973367.3

2051.02

87304.62126.061047212201.1127200

2276.14

1577072276.141577072351.17202<n>

2426.21

2840482451.22332<n>
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Table 3: As table 1, but for C = 0.1 ani 1") = 0.4

8 't8 't8't

1.0098

0.0018121.51470.0844852.01960.158145

2.5245

0.246143.02940.3732543.53430.557891

4.2075

0.9160784.71241.282965.21751.74637

5.7222

2.3180+6.22713.011416.7323.84154

7.2369

4.825637.91016.41258.4157.83977

8.9199

9.502429.424811.43529.929713.6802

10.4346

16.289410.739519.32711.444422.875

11.9493

27.038912.454231.959112.959137.8279

13.464

44.918213.968953636114.473864.6267

14.9787

79.005215.483798.969815.9885129.91

16.9934

193.215

Table 4: As table 1, but for C=O.l ani ani 1")= 0.8

8

't8 't8't
7.87406

0.064449.842570.84526211.81112.01159

13.7796

3.6176715.74815.7248617.71668.40101
"-

19.6851 11.721821.653715.771223.622220.64448

25.5907

26.449527.559233.307729.527741.3618

31.4962

50.774733.464761.728735.433374.4f52.7

37.4018

94.722540.0265112.78441.995133.795

43.9635

158.30945.932187.03647.9005220.91

49.869

261.19851.8376309.66953.8061368.919

55.7746

442.96857.7431538.55159.7116668.286

61.680

860.50863.64861205.6264.30481413.42
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Table 5: As table 1, but for C = 0.2 am 11 = 0.8

8

T8 T8T

3.3370)

0.0261128 3.863970.2271754.390880.511687

4.91778

0.8868715.44691.3625.971591.94r08

6.4985

2.658177.02543.507487.55234.51334

8.07921

5.6%338.60)117.080389.133028.69379

9.65593

10.570210.186812.750210.713715.2835

11.24<X>

18.2315li.767521.671612.2%525.7033

12.8214

30.457613.348336.111613.875242.913 7

14.4021

51.227314.92561.61615.455975.0237

15.9828

93.218816.5097120.17317.0366168.556

17.2122

197.686

Table 6: As table 1, but for C = 0.2 am 11 = 1.6

8 T8 T8T

4.05328
0.0084926.079920.30)2078.10)560.880746

10.1332

1.7851712.15983.0771914.18654.81825

16.2131

7.0749018.23989.9197820.2664-13.4327

2.293

17.702524.319722.829126.346328.9244

28.373

36.117330.39%44.J55832.424654.4105

34.4529

65.882436.479579.2138.506294.6778

40.5328

112.63342.5594133.50144.5861157.816

46.6127

186.25648.6394219.71250.666259.372

52.6926

30).88154.7193364.6156.7459436.159

58.7725

527.38460.7992648.80262.8258822.398

64.8525

n08.566.2036
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Table 7: Variation of am h with C arrlss

C ss h

0.01 0.41W1.156 170474

0.01

0.52501.2485 3329<X>

0.1

0.21.05 1.14058

0.1

0.416.83 193.215

0.1

0.526.1106 357.933

0.1

0.865.61715 1413.42.

0.1

1.2146.4353 4714.25

0.1

1.6259.5585 1127.5

0.1

2~.99939 21690.8

0.2

0.57.0705 59.0279

0.2

0.817.5635 197.686

0.2

1.238.4235 633.719

0.2

1.667.55465 1476.86
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