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Theory .of the High Energy Tail of the 

El~ctron Energy Distribution in a 

Plasma Source* 

John R. Cary 

November 1977 

ABSTRACT 

We present a calculation of the high energy tail of the electron energy 

distribution in a plasma source. We find good agreement between experiment 

• and our calculation, which includes only collisional effects. This 

contrasts with the notion that collective effects are needed to explain 

Langmuir probe characteristics observed in plasma source experiments. 

*Work performed under the auspices of the United States Department of Energy. 
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I. Introduction 

The free electrons in a plasma source interact with each other, 

with the ions, and with the neutral gas atoms through collisions and 

through long range forces. 1In this paper we isolate those interactions 

which are most important in determining the electron energy distribution. 

Using only the most important interactions, we calculate the electron 

energy distribution in the high energy region, and from it we calculate 

a Langmuir probe characteristic. Upon comparing our results to experiment, 

we find excellent agreement. 

Experimental work has given some indications of what the electron 

energy distribution is like. Langmuir 1 worked out the theory of probe 

measurements to determine the electron energy distribution. Applying 

his theory to his experiments he found that his probe measurements fit 

well with the hypothesis that the electr<;m distribution is a super

position of two Maxwellian·distributions. 2 Since then, probe measure-

ments from other experiments 3 ' 4 have also been found to agree with this 

"two temperature" hypothesis. Because of the good agreement with experi-

ment, it has often been assumed that the electron .distribution is a 

superposition of two Maxwellians. 4 • 5 

Of course, a two temperature distribution is not thermal, but it is 

near thermal compared to what one might expect: monoenergetic distri-

butions at the primary energy. This leads to a paradox, dubbed Langmuir's 

paradox in ref. 6. It is found 2 that the electron-electron collision 

frequency is too low to cause any significant thermalization in the 

high energy tail of the energy distribution. We will discuss this 

point in more detail in a later section. 
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Since collisional processes are not sufficiently thermalizing, var

ious collective processes have been proposed as thermalization mechan-

isms. Tonks and Langmuir 8 proposed plasma oscillations as the needed 

mechanism. However, the potential oscillations which they observed 

were not large enough to cause true thermalization, but only a slight 

spreading of the primary electron energy. Gabor, Ash and Dracott, 6 

who gave the paradox its name, proposed sheath oscillations as the 

resolution of the paradox. To date, none of the collective mechanisms 

has been shown conclusively to be sufficiently thermalizing. 7 

In this paper, we reexamine the notion that collisional processes 

are not able to describe the existing experimental data. We neglect 

collective effects altogether, and we use a collisional theory to de-

termine the electron energy distribution. As expected, we do find a 

highly nonthermal distribution. Nevertheless, the probe characteristic 

from this nonthermal distribution is in excellent agreement with exper

mental probe characteristics that have been thought to be caused by 

near thermal distributions. 

The organization of this paper is as follows. In the following 

section we give a physical description of the source·, and we derive 

the equation which determines the electron energy distribution in the 

high energy region. We obtain this equation by keeping only the most 

important collision effects. In section III we show how to obtain an 

exact solution of our integral equation. 

th.eory and experiment. , 

In section IV we compare 

, 

.. 
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II. Theory 

The plasma sources we consider have four basic elements. First 

there is the neutral gas background, which in steady state must be 

maintained by a constant influx. Then there are the electron emitting 

filaments. The electrons emitted bythese filaments (the primary elec

trons) ionize the gas, forming a plasma, the third component. Finally 

there are the walls (one of which is an anode) wh i.ch provide the loss 

mechanism for the plasma. 

In operating the source, the arc voltage, (the potential drop from 

filaments to anode) is chosen. Assuming a good plasma is formed, the 

potential throughout the source is nearly uniform, and it is usually 

nearly equal to the anode potential. The primary electrons fall through 

a sheath surrounding the filaments into the central source region, and 

hence have kinetic energy given by e times the arc voltage upon reach

ing the plasma. 

In high power sources,· the walls are left electrically floating. 

Their potential is determined by the condition of zero current. The 

ion current is determined by the ionization rate. The walls charge 

negative until the electron current is reduced enough to just balance 

the ion current. 

The processes governing the electron distribution are: input by 

filaments, collisions with neutrals, collisions among electrons, and 

loss to the walls. In terms of number balance, there is gain from the 

filaments and ionization collisions, and loss to the walls. In terms 

of energy per particle, it increases due to filament emission, and 

decreases due to ionization and to wall loss' since the higher energy 
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electrons escape faster. The electron-electron collisions drive the 

distribution towards thermal. 

We describe the electron energy distribution by the function h(£) 

defined by 

h (£) 1 
v I 

3 3 1 2 d x d v f (x,v) fJ (--mv - t:), 
2 

where Vis the volume, and f is the single particle distribution. Through-

out this work we neglect the anisotropy and inhomogeneity of electron 

distribution. 

The equation which determines h, 

expresses the balance of the processes mentioned above. The first term, 

hf, is the filament emission term, which gives the rate per unit energy 

at which primary electrons are emitted. The second term C
0 

(h) is the 

electron-neutral collision operator. It contains electron production 

by ionization, and also electron energy loss due to ionization and 

excitation collisions. The third term is the electron-electron colli-

sion operator; it contains energy exchange among the electrons due to 

collisions. The last term, h , gives the loss rate of electrons to the w 

walls. To further discuss ( 2), we need to know each of the terms in 

more detail. 

To write down the first term, hf, we need to know the energy and 

rate at which electrons are emitted by the filaments. We denote the 

,. 

(1) 

(2) 

·'· 

• 
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emission rate per unit energy per unit volume by the function E( e:). 

The filament term is then: 

E (e:) 

The function E(e:) wili vary from experiment to experiment, so we cannot 

specify it further at this point. However, we do know a few things 

about E(e:). 

One thing we know about E(e:) is that it has a high energy cutoff. 

The negative end of a filament is biased at the potential <Pp. Conse

quently, no electrons are injected with energies greater than e:pgiven 

by 

We call e: the primary energy. Of course, this is actually an approxi
p 

mation. In thermionic emission electrons are emitted with a spread in 

energies. However, this spread is much smaller than the spread due to 

the voltage drop along the filaments, and so we neglect it. 

Another fact known about E(e:) is that its integral must give the 

total injection rate per unit volume: 

00 

J E(£)dc 

0 

The total injection rate Npis related to the arc current by 

eNP = 1
0

, where 1
0 

is the arc current. 

The next term we discuss is the wall loss term hw. We consider 

loss to a wall at potenti<}l e: 1 • We orient the wall in the x, y plane. 

(3) 

( 5) 
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To find the total loss L for a distribution f, we ndd up the flux of 

those electrons with enough energy to escape. 

L 

r2;l -CO 

dv 
X 

-co 

f(x, y, z=O, v)v 
'V z 

To find the loss per unit energy, assuming isotropy and homogeneity, we 

simply find the total loss for a monoenergetic distribution in velocity 

space of density h(r:) dr. This distribution is given by 

f 
2 h(c) dEm b(e: - l/2mv) 

4nv 

Inserting this into (6) gives 

We have ~eplaced 

1 2 o ( E - -z-mv ) 
h(E:)dE-----

4n v 
v z 

dxdy by the wall area a 1• 

The integral ia velocity space in (8) is easily done by using polar 

coordinates. Cancelling dE on by sides of (8) and doing the integral 

we obtain 

. 
h (E) 

w 

The Heavyside step function 9(t:-E1 ) accounts for the fact that only 

electrons whose energies are greater than the wall energy can escape. 

This is the form of the wall loss term for one wall. To include 

the possibility of having several walls at various potenti?-ls E 1 , ••• , EN 

and of various areas a 1 ,: •• , aN, we generalize (9) to give the loss 

term 

{6) 

(7) 

(8) 

(9) 



h (E) 
w 

Defining 

v (€) 
w 

1 
v 

1 
v 

N 

L aj (1 - ccj-) 8 (c - cj )t V2!- h(c). 

j=l 

N 

L aj(l 

€, 
1 v2~ - __1_)9(€ E:j )4 

E: 

j=l 

we can write the wall loss term in the form 

h v (E)h(E:) 
w w 

This form for the loss term is easily interpreted. An electron 

of energy E stay in the system for the length of time 1/vw(E) before 

exiting by a wall. In the source of reference 3, this time is about 

.5 11 sec fot a 5 eV electron, and it is about .03 ].lsec -for a 35 eV 

electron. 

We are now re_ady to discuss the second term in (2), the electron~ 

neutral collision operator. We will ultimately be comparing to hydrogen 

sources, so we construct the collision operator for this specific case 

here. To keep the equations simple, we assume all the gas molecules 

to be dissociated. We also neglect recoil, which can be shown to be 

n~gligible since the neutral gas atoms are nearly stationary. With 

these assumptions, we only need be concerned with ionization and ex-

citation collisions. Finally, we neglect the collisions with excited 

atoms, since they are expected to form a small fraction of the gas. 

We divide the collision operator into two terms, an ionization term 

and an excitation term: 

(10) 

(12) 

(13) 



Given the cross sections for ionization and excitation, it is straight 

forward to write down the two terms in (14). 

We first write down the excitation term. 

c 
X 

00 

j=2 

- N 
0 

00 

h (l) ff L 
j=2 

) (1_,) 
X 

In this- equation, Ej is the energy required to excite an atom to state 
X 

j from the ground state and oj (E) is the cross section for an electron 
X 

of energy E to cause this excitation. The interpretation of (15) is 

that C is the net rate of increase of electrons at energy E due to 
X 

excitation collisions. The first term in (15) is the increase of 

electrons at energy E due to call is ions of electrons of energy El 

with neutrals (density N
0

). The second term in (15) is the rate of 

decrease of electrons at energy E due to these electrons exciting_ atoms 

and losing energy. 

from Percival. 9 

We have obtained values for the cross sections 

Similarly, we have the ionization term. 

In this equation E I is the ionization energy, and oi(E
1

,E) is 

the cross section for an electron of- energy E 1 to ionize an atom, leaving 

the initial electron with energy E.- We have taken these cross sections from 

the classical calculations of Garcia. 

(lit) 

I 

(15) 

(16) 

• 
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Now we want to collect these two operators into a more convenient 

form. Defining 

and 

00 

00 

v (E) = N J"lc [L aj (E) + j .. 
o o l-m . 

2 
x 

J= 

we can write our neutral collision operator as 

We interpret (19) as follows. The integral gives the rate of in-

crease of electrons at energy e: due to collisions of electrons at en-

ergy e:! with neutrals. The second term gives the rate of decrease 

of electrons at energy e: due to collisions with neutrals. Thus 1/v
0

(e:) 

is the· length of time an electron of energy e: exists_ before colliding 

with a neutral atom. This length of time is about .015 ~sec for a 

35 eV electron. The low energy electrons (<lOeV) can not lose energy 

in a collision with a neutral, so this time is infinite for them. We 

see that the electron-neutral collision operator is as important as 

the wall loss term for the high energy electrons • 

Finally we discuss the electron-electron collision operator. As. 

mentioned previously, experimental evidence indicates that the electrons 

are near thermal with a temperature of about 5 eV. We evaluate the 

Spitzer diffusivity for a 5 eV Maxwellian in the low and high energy 

regions. We find that the diffusivity is large enough in the low 

( 1 7) 

(18) 

(19) 
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energy region to thermalize the distribution there, but it is much too 

small in the high energy region. 

From Spitzer 11 (Eq. 5-16), the parallel velocity diffusion co-

efficient is given by 

where 

and J
x -y2 -x2 

e - xe 
0 

G (x) = ----=------
2 

X /IT 

2 
In (20), the term < ( 6.v 11 ) > is the rrns. change in parallel velocity 

per unit time. From (20) we get an approximate energy diffusivity 

using 

D(E) 
2 2 . 2 

- m v <(!w .. ) > 

which gives 

for the energy diffusivity in terms of the energy £. 

The electrons are in the system for a time 1/V w(£) before leaving 

by a wall. Hence before leaving they spread in energy by the amount 

In(<-) /v (E) 
w 

( 20) 

(21) 

(2 2) 

(23) 

(24) 

• 

• 

(25) 



Estimating (25) for the source paramet.ers of ref. 3 (sec also ref. 12), 

we find an energy spread of about 5 eV for electrons of energy 5 eV. 

This means that the low energy electrons have enough time to thermalize 

before escaping. However, for 35 eV electrons, /::,£. is about 1 eV. These 

electrons do not diffuse enough in energy to thermalize before escaping. 

Since we are concerned with the 'distributions only in the high 

energy region, we neglect the electron-electron collisions. Due to 

the voltage drop along the filaments, the primary electrons have an 

energy spread of several eV. The electron-electron collisions contri-

bute only a small additional spread. 

In the low energy region, the effects of electron-electron collisions 

cannot be ignored. However, since we have shown that the low energy 

portion will be thermalized, it is not so interesting to calculate the 

distribution here. Instead one can take the density and temperature from 

experiment. 

Collecting the relevant terms, we have the following equation, 

(26) 

This equation determines the electron energy distribution in the high 

energy region. In the next section we show how to solve (26) • 

• 
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III. Solution of the Integral Equati,•n 

In the previous section we derived the equation which determines 

the high energy tail of the electron distribution. In this section 

we solve that equation, (26), exactly. We can do this since the kernel 

of the integral equation has a special property; it allows only down-

ward transitions in energy. 

We first rewrite (29) in the form 

E(e:) + 

h (c) 
\i (c) 

where v(c) \) (£) + \) (£) 
0 w 

Examining the kernel r(e 
1

,£) of the integral equation (30) in (19), we 

note that it is zero unless That is, in an excitation 

collision the electron must lose at least as much energy as it takes 

to excite the atom to the lowest excited level, this energy being c
2

• 
~ X 

In an ionization collision the electrons must lose even mori energy. 

Thus we can .rewrite (3) in the form 

E(c) + roo 

J 
c+c 

h(c) = ---------/~x~----------------
v (c) 

At first glance, (32) does not seem to give the solution h(t:), 

since h(c} appears on both sides of the equation. However, while h(c) 

is on 
2 

the left side, h(c
1

) only for r
1 

> c +ex is on the right side. 

Thus, if we know h( E.:) for s < c < oo , we ·can use (32) to determine 
0 

h(c) for c 
0 

2 
- £ 

X 

from infinity. 

< £ < £ • 
0 

Repeating this procedure, we can work down 

(30) 

( 31) 

(32) 
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To use this method we need a starti11g place. This we get by examining 

our model. We have electrons introduced at energies less than EP' and 

we have neutral collisions which degrade electron energy. Therefore 

we must have 

h(E:) 

We now use (32) to find 

II ( t:) 

We now know h(E) for E > E -
p 

0 

~~~~)_ 
v (c) 

2 
E • 

X 

for E: > E: 
p 

for c I 2 
p p :..;. 

We use this knowledge and Eq. (32) 

to find h in the next lower region: 

h ( E:") 

2 
E: 

X 

We can repeat this process indefinitely to find h for all e: in a finite 

number of steps. 

We introduce some systematics to show the overall process. Define h
0 

to be zero for all energies. 

find h 1 using (32). 

E(E) + 

00 

( 
J 2 

s+s 
X 

This is a valid solution for E > E • We 
p 

V(E:) for E: > E 
p 

2 
E: . 

X 

0 for E: < E: 
p 

( 33) 

( _)!;) 

(35) 

(36) 
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This is the solution of 

we find hn (£) using 

E(E) +r 
£+£2 

h (c) 
X 

n 

0 
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(32) in the region 

d£
1
r(£

1
,£)hn-l(£1 ) 

\! (E) 

for 
2 

E < E - nE 
p X 

£ > £ 

for 

2 
This solution is valid in the region E > c -nc 

p X 

£2 In general, p X 

2 
E > £ - nE 

p X 

Thus we see that 

we have the solution for all E > 0 after m steps where m-1 is the 

integral part of l ;c 2 
p X 

where 

h(E) 

m 

h (E) 
m 

2 
[E /E ] + 1 

p X 

By the process of integrating· down from infinity, we see that we 

can solve Eq. (30) for the electron energy distribution for all e:. 

We must remember, however, that this solution is valid only in the high 

energy region. In the low energy region, thermalizing collisions are 

important and must be included. 

(37) 

, 

(38a) 

(38b) 

• 

• 
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IV. Comparison of Theory! and Experir11ent 

In this section we compare the theory of the previous sections to 

experiment. First we discuss the method of comparison: we generate 

theoretical probe characteristics and compare them to experiment, but 

since certain experimental data is not available, we must perform a 

one parameter fit. He find that the theory agrees well with experiment, 

but the distribution is highly non thermal, in contrast with the dis-

tribution usually inferred from the data. Finally we discuss the impli-

cations of these results for probe characteristic analysts. 

We compare our results to the experiments of Schoenberg, Burrell, 

and Cooper. 3 One reason we choose to compare to their experiments is 

that the plasma in their source is nearly uniform. In addition, since 

the filaments in their source are placed all around the edge, their 

primary electrons should be nearly isotropic in the central region of 

the source. Thus, their experiments satisfy the requirements of isotropy 

and homogeneity of the theory developed in the previous section. Finally, 

their proximity to the author has eased communication of data, results and 

ideas. 

In order to calculate the source term hf of the theory, we need 

to know the emissivity function E(£). From the arc current and the 

volume one can deduce the integral of E(£), cf Eq. (5). As mentioned 

before, no electrons with energies greater than £ are emitted. However, 
p 

due to the voltage drop along the filaments, electrons at energies lower 

than £ may be emitted. We define f':,£ to be the potential energy drop 
p p 

along the filaments. Beyond what- has been stated, the details of the 

emissivity function are not known, so we take the simplest model: uniform 



emission in energy 

for E(E) is 
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in the interval (c 
p 

. 

/:,E ' E ). 
p p 

The formula 

E(E) N 9 (£ - £ + /::,(. ) 9 ( E - E) I (V M ) 
p p p p p 

in terms of the Heaviside step function 9( £). 

. 
In order to calculate the loss term hw of the theory, we ~:_ed to 

know the wall potentials and wall areas. These vary as the source is 

operated at different power levels, but these data are readily available 

from thP. authors of ref. 3. 

Finally we need the neutral gas density in order to calculate the 

electron-neutral collision operator. This quantity is not well known 

in theexperiment. This quantity is not fixed during source operation. 

Instead it is determined by the ionization rate and the flow rate. Since 

N
0 

is not well known, it will be a parameter in the theory to be varied 

so as to obtain best agreement between experiment and theory. 

Given the above input to the theory, and a value for the parameter 

N
0

, we calculate the high energy portion of the electron energy distri-

bution. We take the cutoff between the high and low energy regions to 

be at the potential energy of the wall of lowest potential energy. The 

reason for this choice is that electrons below this energy can escape only 

by the anode. Hence they are trapped for a relatively long time, and 

diffusion in energy by the electron-electron collision operator is import-

ant. Electrons above this energy have a much larger escape area, and so 

they escape before much diffusion can occur. 

In the low energy region we cannot calculate the distribution by the 

theory presented here, so we assume it to be Maxwellian. Since we do 

not know the temperature and density of the Maxwellian, we take these 

(39) 

• 

• 



• 

• 

e g ~J 6 
d if 40 a ~j 8 "'4i' 

t~]1 -~ 

also to be parameters. Thus the fi11al distribution depends on three 

parameters: the density and temperature of the low energy portion and 

N
0

, the neutral gas density. 

We then calculate a Langmuir probe characteristic from the distri

bution. We use plane probe theory, 1 assuming that the Debye length is 

small compared to the probe ·size. We compare this theoretically generated 

probe characteristic to the measured probe ·characteristic (with ion cur-

rent subtracted out). Finally, we adjust the three parameters of the 

distribution to obtain the best fit between experiment and theory. 

The fact that our calculation depends on three parameters and yet 

we say we are doing a one parameter fit deserves some explanation. The 

point is that the calculation of the high energy tail of the distribution 

depends only one one parameter, N
0

; and only the high energy tail of the 

distribution affects the high energy portion of the Langmuir probe char-

acteristic. Hence, only th~ parameter N
0 

is relevant to the fit in the 

high energy region, the place where the theory is valid. The other two 

parameters can only change the Langmuir probe characteristic in the low 

energy region where we do not use the theory. 

The fit of theory to experiment is by minimization of x2 defined 

/ - L [,L_ I~')r 
i 

0 
i 

The sum is over the experimental data. An experimental measurement gives 

energy si, current Ii' and current error oi. The theoretical current is 

I (.s. ) • 
l 

In figure 1 we show the result of this fit to the data of ref. 3. In 

the experiment, the source was run with the arc voltage equal to 32.5 volts 
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and the arc current equal to 560 amperes. ·The solid line is the best 

fit to the experimental data for a "two temperature distribution", a 

distribution given by superimposing two Maxwellians. The two temper

atures and two densities comprise four fit parameters. The experimental 

points are not plot ted in the low energy reg Lon, since the error bars 

are too small to be seen in the plot, but in the region the experimental 

points do lie along the solid line. The· dashed 1 i.ne is the best theore

tical fit to the data. The theoretical [it gives a value of 1. 7 x 10 14 

cm-3 for the neutral gas atomic density. As can be seen in the plot, 

both the, theoretical fit and th·e "two-temperature" fit agree well with 

experiment. In fact, both give x2 confidence levels above 90%. 

Since the "two-temperature" fit and the theoretical fit both agree 

with experiment, it is natural to ask whether the corresponding distri

butions agree. In figure 2 we have plotted the theoretical distirubtion 

(dashed) and the "two temperature" distribution, one can see that the 

potential drop along the filaments is about 12 volts. The importance 

of this plot is that it shows the dramatic di.fference between the theore

tical distribution and the "two temperature" distribution, and yet both 

distributions give experimentally indistinguishable probe character-

istics. 

Since the distribution in the high energy region affects the probe 

characteristic in the low energy region, the two different distributions 

in the high energy region discussed above give rise to two different 

low energy distributions upon fitting to experiment. In figure 3 we see 

t;hat the difference can be substantial. Overall, we find that the 

"two temperature" distribution has about 6% more electrons than the 

distribution found by using the theoretical curve in the high energy 

• 
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region and a Maxwellian in the low energy region. This difference in 

the distributions causes the corresponding ionization rates to differ 

also. In this case the rates differed by about 5% • 

In figure 4 we show the probe characteristic for a higher power 

experiment in the high energy region. Again we see that the probe 

characteristics from both fitting sch~mes ("two-temperature" and cal-

culation using the method of this paper) agree well. Again we see in 

figure 5 that the two corresponding distributions are quite different. 

In this experiment the arc current was 1040 amperes and the primary 

energy was 42 eV. The theoretical fit gave the value 3. 25 x 10 14 

cm-3 for the neutral gas atomic density. 

The main result of the comparisons here is that we have two fitting 

schemes for the experimental data. Both schemes are in agreement with 

experiment, and yet the distributions inferred from the two schemes are 

quite different. The conclusion is that Langmuir probe characteristics 

do not discriminate well betweendistributions. It should be mentioned 

that the electron distribution can be measured directly by the double 

differentiation technique. 14 
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V. Summary and Conclusions 

We have calculated the high energy tail of the electron energy dis-

tribution in a plasma source assuming homogeneity and isotropy. This was 

done without using collective effects. We also neglected electron-elec-

• tron collisions and electron-molecule collisions, keeping only electron-

atom collisions. We find that our theoretically generated probe charac-

teristics agree well with experiment. 

We have compared our energy distribution with that obtained by 

fitting a "two temperature" distribution to, the data. The two ideas 

give quite different distributions, even though the probe characteristic 

are experimentally indistinguishable. The theoretical curve fits a near 

thermal probe characteristic, and yet the theoretical distribution is 

not near thermal. We conclude that the Langmuir probe characteristic 

is a poor method for distinguishing distributions. Thus, Langmuir 1 s 

paradox is temporarily resolved by noting that the thermal character 

of the distribution has not been established. 

Of course, the issue is not yet definitely resolved. To distinguish 

between the two ideas, better experimental data are required. Furthermore, 

a more accurate theory containing electron-electron collisions and 

electron-molecules collisions may be needed to compare to the more accurate 

data. 
;.' 
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Figure Captio_ns 

Figure 1 
A plot of Langmuir probe current versus' probe potential energy. 

The data are from ref. 3. The solid curve is the best "two temperature" 

fit. The dashed curve is the best fit usirig the theory in the high 

energy region and a Maxwellian in the low'energy region. 

Figure 2 
The energy distributions in the high energy region corresponding 

to the probe characteristics of figure 1. The solid curve is the "two 

temperature" fit, and the dashed curve is the theoretical fit. 

Figure 3 
The full electron energy distributions for the probe characteristics 

of figure.!. The solid curve is the "twotemperature" fit, and the dashed 

curve is found by using the theory in the high energy region and a Max-

wellian in the low energy region • 

. Figure 4 
Langmuir probe characteristics in the high energy region for source 

operation at about twice the power of figure· 1. The data are from ref-. 

erence 3. The solid curve is the best "two temperature" fit. The 

dashed curve is the best theoretical fit. 

Figure 5 
The electron energy distributions in the high. energy region corre-

sponding to the probe characteristics of figure 4. The solid curve 

is the "two temperature" distribution, and the dashed curve is the 

theoretical distribution. 
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