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Spectroscopic Investigation of a Hydrogen and Helium Plasma 
in a P. I. G. Discharge
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The intensities of spectral lines emitted from a low pressure P. I. G. discharge running in hydro­
gen and helium gas have been measured, and the population densities of the corresponding excited 
levels have been calculated from there. It was found that the population densities of the excited 
states do not follow the values given by the S aha equation. The probable reason for this deviation 
is the influx (or diffusion) of the neutral atoms into the plasma column. A model which takes into 
account the free diffusion of the surrounding gas atoms into the plasma column permits an ex­
planation of the observed phenomena. Using this model and solving the corresponding rate equa­
tions, electron tem peratures of several electronvolts have been obtained for both gases. These tem ­
peratures are confirmed by mass spectrometric abundance measurements of the He+- and He2+-ions, 
in conjunction with the coronal ionization formula.

The P.I.G. discharge (reflex arc) is not only a 
very useful device for measuring the pressure in 
vacuum systems, but serves in plasma physics as one 
of the possibilities for creating a highly ionized 
plasma. In our laboratory, a P.I.G. discharge has 
been developed 1 for the dissociations of molecular 
ions injected into a magnetic m irror machine 
(M .M .I.I.). In general, this P.I.G. discharge is fed 
by lithium vapour at densities of about 1013 cm-3 .

Spectroscopic measurements of the line intensities 
emitted from the Li-plasma led to electron tem­
peratures which did not agree with the temperatures 
deduced from mass spectrometric abundance meas­
urements and those obtained with a L a n g m u i r  probe. 
The spectroscopically obtained temperatures were 
10 to 50 times lower than the temperatures derived 
by the other two methods.

Therefore, the P.I.G. discharge was run in hydro­
gen and helium gas. Applying the steady-state equa­
tions for a non-thermal plasma, we obtained the 
same low temperatures from the measured line in­
tensities as in the case of the lithium discharge. A 
significant feature was that the logarithms of the 
measured population densities did not follow a 
straight line when plotted as function of the exci­
tation energy.

1 M. F u m e l l i , Rapport EUR-CEA-FC-155, April 1962.
2 H .  S c h l ü t e r , Z. Naturforschg. 16 a ,  972 [1961] ; 18 a ,  439

[1963]. — See also C. R. V i d a l , Z. Naturforschg. 19 a ,  947
[1964],

3 J. G. H i r s c h b e r g , E. H i n n o v , and F. W. H o f m a n n , Proc. 6 th 
Int. Conf. Ionization Phenomena in Gases, Paris 1963, 
Editeur S e r m a , Paris 1964, Vol. Ill, p. 359.

4 Groups of electrons with different energies have often been 
measured (see for instance 5~ 7) and by their existence

The measured population densities for the lower 
excited states of hydrogen are similar in form to 
those measured in an electrodeless high frequency 
discharge2. The measured population densities of 
He I and He II as function of the excitation energy 
show about the same relative dependance as measur­
ed in a hollow cathode discharge 3. To explain this 
“abnormal” behaviour of the measured population 
densities, in both publications (1. c. 2’ 3) it was as­
sumed that the plasma contained at least two groups 
of electrons, a cold one and another one of high 
energy 4. The low density component N e with high 
temperature te is assumed to be responsable for 
ionization, and the group with high density ne and 
low temperature Te will then be responsable for re­
combination. Plotting the logarithms of the measur­
ed population densities as functions of the excitation 
energy, it has been found 2 that they approximately 
follow a straight line. The slope defined the tem­
perature Te . It was further found that the absolute 
and relative values of the recombination continuum 
followed the equation:

£(v) = c - M’L-rd), 
v '  ( kTeyi* 1 I k T e r

and it was concluded that the population of the 
higher excited states is mainly due to radiative plus

one can in principle explain the spectroscopically measured 
population densities.

5 J. D. S w i f t , Proc. 5th Int. Conf. on Ionization Phenomena 
in Gases, Munich 1961, North-Holland Publishing Co., Am­
sterdam 1962, Vol. I, p. 343.

6 R. G. M e y e r a n d  et al., Proc. 5th Int. Conf. on Ionization 
Phenomena in Gases, Munich 1961, North-Holland Pub­
lishing Co., Amsterdam 1962, Vol. I, p. 333.

7 N. D. T w i d d y , Proc. Roy. Soc., Lond. A 275, 388 [1963].
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three-body collisional recombination processes of the 
cold electrons.  The measurements were carried out 
[1. c. 2’ 3] at total particle densities n0 of about 1 * 1015 
to 5 -1015 c m '3, the densities ne and n + were of the 
order of 1012 to 1013 cm-3 .

In our experiment, the total particle densities were 
of the order of 1013 to 1014 cm-3 , and the electron 
densities were of the same order of magnitude. 
Although the intensities of Ha and H/«, for instance, 
were rather strong, the spectral lines originating 
from highly excited states with principal quantum 
numbers i> 1 0 ,  and the recombination continua 
could not be evaluated, even for exposure-times of 
one hour and more. This indicates a rather high 
temperature for the main part of the electrons. 
Although the observed feature can also be explain­
ed — in our case — by different groups of electrons 
or by one group of electrons with a non-MAXWELLian 
distribution of energy we have omitted these two 
possibilities.

In this article it is shown that the assumption 
of different groups of electrons is not absolutely 
necessary, the spectroscopically measured popu­
lation densities can also be explained by a single 
group of electrons with a MAXWELLian distribution 
of energy, if the diffusion of the neutral gas atoms 
into the plasma column is taken into account. More­
over, this electron group leads to an ion-electron 
production which is consistent with the condition of 
charge neutrality and the observed currents in the 
discharge.

The electron temperatures so obtained are of 
several electron volts, in rather good agreement with 
mass spectrometric abundance measurements for He+ 
and He2+.

Experimental

The apparatus used for our measurements is the 
same as described in 1. Instead of lithium-vapour 
hydrogen and helium gas was employed. A schematic 
drawing of the experimental arrangement is shown in 
Fig. 1. —

The arrangement of the electrodes is basically the 
same as used in a conventional P.I.G. discharge. The 
main discharge burns between the cylindrical hollow 
anode, A, where the gas is introduced, and the water- 
cooled cathode Kt . The water-cooled cathode K2 acts 
as reflector for electrons. The anode is grounded 
together with the whole vacuum system, the latter being 
made from stainless steel. The same negative potential 
is applied to both cathodes. The confining magnetic 
field is in axial direction; it is produced by two coils C.

Fig. 1. Experimental arrangement (schematic drawing). A =  
hollow anode with inner diameter of 2 / ? 0 =  3 c m ; Kt =  ca­
thode 1; K2= cathode  2 (reflector); D =  diaphragm ; MS =  
mass spectrometer for abundance measurements or electro­
static probe; QS =  H i l g e r  medium quartz spectrograph; ES 
=  REOSC edielle spectrograph; M =  m irror; CS =  calibration 
source; P =  power supply; C =  magnetic coil; the distance be­

tween Kx and K, is L =  65 cm.

The field strength between the two coils is half as high 
as in the center of the coils.

When the discharge is running a plasma column of 
about constant brightness extends along the axis from 
cathode Kt to cathode K2 . The diameter of this column 
is approximately equal to the inner diameter 2 R0 of the 
hollow anode A, i. e. 2 R0 =  3 cm. Typical parameters of 
the discharge are:
Hydrogen pressure p =  1 — 3 • 10^3 mm Hg.
Helium pressure p =  5 ■ 10~3 — 2 • 10~2 mm Hg.

Current l x =  1 —1.5 amp.
Current / 2 =  0.2 — 0.5 amp.

Applied voltage U =  400 — 600 volt.
Magnetic field strength Bz =  1000 — 3000 G.

The current / 2 is a pure ion current, since electrons 
are repelled by the cathode K2. A mass spectrometer MS 
with its entrance slit at a radial distance of r ^  2 cm 
served for abundance measurements of different ionic 
species.

For relative and absolute calibration of the photo­
graphic plates, we used the continuum emitted from the 
positive crater of a D. C. carbon arc. Quartz achromats 
served for observing both the discharge and the crater. 
All measurements were made in the center of the 
machine, observing the plasma column “side-on” . The 
observed line intensities were converted into “radial’ 
line intensities applying the A b e l  integral equation. The 
numerical calculations were carried out on a special 
analogue computer 8.

The population densities m/cbi have been deduced 
from the line intensities I a using the familiar formula

7lV(r )=  f  J u ( v ) d v =  ^ A i j h v i j m i r )  (1)

V

8 L. B e c k e r  and H. W. D r a w i n , Z. Instrumentenkde. 72, 251
[1964].
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w h ere Q  =  a n g le  of ob servation , At  =  exp osu re-tim e, 
A j j  =  sp on tan eou s tran sition  p rob a b ility , v a  =  freq u en cy , 
h =  P la n c k ’s con stan t, ni(r) =  n um ber d en sity  o f i th 
sta te , at rad ia l d ista n ce  r.

Experimental Results 
Application of Saha’s Equation

The densities nt thus obtained and then divided by 
the statistical weights to,- have been plotted in a semi- 
logarithmic scale and are shown in Figs. 2 and 3 for 
two different radial distances r. It is a remarkable 
feature that the measured values do not lie on a 
straight line at high principal quantum numbers i. 
The values for H I and He I decrease very rapidly 
with increasing principal quantum number, whereas 
the He II shows a slight increase.

One would expect that all log(n,-/dij) values should 
lie on a straight line at high principal quantum num­
bers i, since from the solution of the rate equations 
in the case of a steady-state plasma it is know n9-12 
that for higher excited states S a h a ’s equation is 
always applicable in the form:

2 2’+ ( 2 x m k T ey i ‘ __ I A E in+ ne 
nr, i h*

exp -
k T e (2)

LIMIT

87 6 3 /■

Fig. 2. Measured population densities for hydrogen, 
at r= 0 .2 5  cm.

LIMIT

Fig. 3. Measured population densities for helium, at r =  0 cm.

If S a h a ’s equation is valid one should be able to 
derive the electron temperature Te from the slope of 
a straight line given by the log (n,/a>r; 8) — zlZs ,-curve 
at high principal quantum numbers i. Although in 
our case a straight line is not well defined by the 
measured curves in Figs. 2 and 3, we can never­
theless try to derive Te from the slope of a tangent  
which we put at large values i (i =  6 to 8) on the 
measured curves. The temperatures derived from this 
slope can now be used for calculating the electron 
density ne ( =  ion density n +) from equation (2). 
(For nj one has to take a value at high principal 
quantum num bers). The values for Te and ne ob­
tained by this method are shown in Fig. 4 and Fig. 5. 
Especially the temperature values are extremely low.

The temperature values obtained are in complete 
disagreement with those derived from mass spectro- 
metric abundance measurements 13. From mass 
spectrometrically measured ratios of the ion currents 
I(H e+) and I(H e2+) — with the He+-peak corrected 
for H2+ ions — one derives from the coronal ioniza­
tion formula an electron temperature at r ^  2 cm of 
a b o u t14

k TP ^  6 . . . 7 eV .

9 R. W .  P. M cW h i r t e r , Nature, Lond. 190, 902 [1961].
10 R. W .  P. M cW h i r t e r  and A. G. H e a r n , Proc. Phys. Soc., 

L o n d .82, 641 [1963].
11 H. W .  D r a w i n , Ann. Phys., Lpz. 14, 262 [1964].
12 H. W .  D r a w i n , Z. Naturforschg. 19 a, 1451 [1964].
13 The non-observed recombination continua sets also a lower

limit for the electron temperature, and this tem perature

is also in disagreement with the temperatures of Figs. 4 
and 5.

14 We note that probe measurements m adeontheLi-discharge 
indicated a tem perature of 8  — 9 eV, whereas from the 
ratio of the Li+- to Li2+-ion currents in the mass spectro­
meter a tem perature of 8  eV was obtained 15.

15 H. W. D r a w i n  and M. F u m e l l i  (to be publ.) — See also 
Rep. EUR-CEA-FC-270-Fontenay-aux-Roses 1964.
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Fig. 4. Electron density ne 
and temperature Te obtained 
from S aha’s equation, as 

function of radius r.
Bz =  2966 G, 

p ro 2 - 10~ 3 mm Hg.

Fig. 5. Electron density ne 
and tem perature Te obtained 
from S aha’s equation, as 

function of radius r.
Bz =  1180 G, 

p r<i 2 -10~ 2 mm Hg.

Moreover, the temperatures in Figs. 4 and 5 are not 
possible for a (self) sustaining discharge in a steady 
state. For a steady-state discharge with ne £2 1012 
cm-3 at total particle densities of n 1013 cm-3 one 
needs at least a temperature of 1.4 eV 10_12.

Such low temperatures are possible only in a de­
caying plasma. But as has already been shown ear­
lier 3’ 16-18 the population densities of decaying 
plasmas follow at high values i a straight line, which 
is not the case here. Therefore, the spectroscopically 
derived temperatures and electron densities of Figs.
4 and 5 must be wrong. The discrepancy immedi­
ately can be solved by the assumption of different 
groups of electrons, as done by different authors 
(1. c. 2’ 3) . But the reason for the mentioned dis­
crepancy may also be due to another fact, namely 
the large mean free paths A 0 of the particles at low 
particle densities. At neutral particle densities, 
n0 5^ 1013 cm-3 , A 0 can be of the same order of 
magnitude or even larger than the diameter 2 R 0 of 
the discharge column. The particles can traverse the 
column with their thermal velocities v t (ut = 1 0 5 to 
106 cm sec_1) without being completely ionized. 
Although a steady-state is established, the plasma 
column will not be in equilibrium with the surround­
ing gas as for as the excitation, ionization, and 
recombination processes are concerned. Therefore, 
the steady-state equations are not applicable in their 
usual form, and further, equation (2) will not be 
valid.

To calculate the population densities of the excited 
states we will replace the usual “static” model by a 
“ dynamic” model in which the large mean free 
paths A q of especially the neutral particles are taken 
into account.

18 R. W. M o t l e y  and F. K u c k e s , Proc. 5th Int. Conf. on Ioni­
zation Phenomena in Gases, Munich 1961, North-Holland 
Publishing Co., Amsterdam 1962, Vol. I, p. 651.

17 E . H i n n o v  and J.G . H i r s c h b e r g , Phys. Rev. 125, 795 [1962].

Theoretical

We assume a cylindrical plasma column imbedded 
in a neutral gas atmosphere (Fig. 6 ). The pressure 
p0 is so low 19 that A 0 R 0 is valid. We assume 
that the neutral particles have had their last collision

:§ GAS DENSITY n0(RJ m $ m \ I :£

Fig. 6 . Model of a plasma column. At R 0 the density of 
neutral atoms is n0 . The number density A n0 diffuses 
through the surface A F  into the volume element A V(rk) .  
Integration over y and r yields equ. (3), when ionization and 

recombination between R 0 and rk is taken into account.

with another neutral particle or ion at the edge of 
the plasma column. The column may have a radial 
temperature distribution T e{ r ) and an electron 
density distribution ne(r). Neutral particles may 
enter continously from all the sides into the column

18 F. R o b b e n , W. B. K u n k e l , and L. T a l b o t , Phys. Rev. 132, 
2363 [1963].

19 For a pressure of p0 =  l  -10 “ 3 mm Hg one has for hydrogen 
yl0 = 8 . 8  cm, for helium ^l0 =  13.3cm , for argon A 0= \ . l  
cm.
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and leave it on the opposite side. Only some of them 
will suffer collisions with electrons with a collision 
frequency depending on the electron temperature 
and the electron density.

From the two-dimensional model Fig. 6 one can 
calculate the number density n0(rÄ.) of particles n0 
at a fixed radial distance r =  rk . One obtains from a 
simple geometrical consideration the formula

Ro
no(ri:) =  n0{R0) - I  J e x p | -  J  ne{r)

y = 0

S ( r ) - Q ( r )
vt

t dr
(r2 — rk2 sin2 y )1/« )_

d}' (3)

where n0 {R0) = number density at the edge of the plasma column at r =  R 0 , v t =  mean thermal velocity of 
neutral gas atoms, S { r ) =  ionization (or dissociation) coefficient, Q ( r )  =  recombination coefficient (radi­
ative plus collisional recom bination).

A special simplification of equation (3) may be mentioned: With a temperature so high that (?(r) S (r) , 
and with the rectangular distributions

ne =  const for 0 <  r <  R 0; ne =  0 for r >  R 0; Te =  const for 0 <  r  <  R 0; r e = 0 for r > /?0 
equation (3) reduces to

y= n

e x p \-ß sin2 y
~ R o  C°Sy!

dy

where

"o (rk) = n 0 (R 0) ~  J
y =  0

OO

ß _  neS 5  =  / v e o f ( v e) d v e , f { v e) = velocity distribution of electrons.
vt  J

(4)

Especially for rk — 0 one obtains from equation (4) 
the familiar formula

rto(°) = no(Ro) e~ ß , (5)

and for rk =  R 0 (integrating from —n f 2 to -f Jt/2)  

no i rk — R q) = n o(^o) •

To obtain now the population densities nj/cD, for a 
radial distance rk one has to solve the corresponding 
rate equations

(6)dnj
dt

for a stationary state with a total part icle densi ty  n0 
imposed  b y  equation ( 3 )  or equat ion ( 4 ) .  Â (,-^and 

denote the rate coefficients for populating and 
depopulating the level i. V -^i is a diffusion term. 
For the steady state the condition is

dnj/dt  =  0; i =  (1 ), 2, 3, . . . , p . (7) 

Further we pose V-?V—0.
Equation (7) has been solved for H, He I, and 

He II, with the assuption of a MAXWELLian distribu­
tion of energy for the electrons 20. We have found

Assumption was made that the plasma is optically thin in 
all transitions. Also photo-ionization has been neglected. 
This is allowed for low particle densities. The calculations 
have been carried out on a small mechanical computer. A

that the population densities can be represented by a 
simple formula if the condition ne <  n0 , nr is fulfilled. 

Then it follows

= „ ,„ e p-, ,(„ e , r c) . (8)
&r, i wr, i

The index r denotes the stage of ionization (e. g. 
r =  0 for neutral particles, e tc .. . . )  and P'r i (ne, T e) 
is a complicated function of ne , T P, the transition 
probabilities, the oscillator strengths, etc.

Some typical results of our numerical calculations 
are shown in graphical form in Figs. 7 to 14. Be­
fore drawing the curves, the P'rj  have been multi­
plied by the arbitrary factors 1022 for H I, 1023 for 
He I, and 1023, 1024 or 1025 for He II. The follow­
ing statistical weights (br i have been used:

ö>0; i =  2 i2 for H I , 

ä>o, i =  I2 for He I ,

= 2 i2 for He I I .

The relative behaviour of the calculated curves 
is obviously the same as that of the measured ones. 
This behaviour depends only on the electron density

comprehensive electronic computer programme is in pre­
paration. These calculations will give more exact values, 
and especially the behaviour of the population densities 
at very high principal quantum numbers will be seen.
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Fig. 10.
Fig. 7 to 10. The factor P' (ne , Te) for hydrogen.
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Fig. 11.

5“ AEr 4 i-

10 15 20 25 30-10 cm~

Fig. 12.
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00 10987 6 5 4 3 i— ~

Fig. 13.
Fig. 11 to 14. The factor

ne and on one single electron temperature Te; the 
introduction of several temperatures is not neces­
sary. It seems that the model used for our calculation 
can describe the observed phenomena in an adequate 
manner.

Fig. 14.
P" (ne , T e) for helium.

Comparing now the relative and the absolute 
values of the measured population densities with 
the calculated curves, one is able to derive ne and 
T e when n0 is known. n0 has been obtained from a 
pressure m easurem ent20a. The observed population

20:1 An ionization gauge served for the pressure measurements. The indication of this type of gauge is directly proportional to n0.
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densities in the discharges are consistent with the 
following values for ne and Te:

Hydrogen  Hel ium

n0 ^  3 * 1013 cm“ 3 n0 ^  4 ‘ 1014 cm“ 3

ne ^  1 to 3 • 1012 cm-3 ne ^  2.5 • 1013 cm-3

k T e =  8 t o l l e V  k T e =  11 to 15 eV

These electron temperatures are much higher as 
one would expect; nevertheless, they are in agree­
ment with the temperatures derived from the coronal 
ionization formula, using mass spectrometric abun­
dance measurements of He+ and He2+. Concerning 
the ionization-recombination equilibrium between 
helium ions and electrons one is allowed to apply 
this ionization formula for densities ne< 1 0 12cm“ 3, 
n + <  1012 cm-3 , if k T e ^l  1.5 eV. In this case col- 
lisional processes from and into upper excited states 
are negligibly small. The He-ions are in a “quasi­
steady state” with respect to the electrons, since 
electric and magnetic fields prevent them for leaving 
the plasma column directly, or with other words, 
the mean free paths or diffusion lenghts of the ions 
are much smaller than the diameter of the plasma 
column.

A measurement of the ratio of the ion currents, 
/(H e 2+)//(H e +) , gives directly the ratio of the par­
ticle densities, since 7(He2+)//(H e +) is about equal 
to i  n (H e2+)/n (H e+) . From the coronal ionization 
formula

n(H e2+)/n (H e+) = S ( T e) / Q ( T c) (9)

(which does not depend on ne) one calculates direct­
ly a (MAxwELLian) temperature. This temperature 
will probably be slightly lower than the real tempera­
ture since also the He+-ions are not in a completely 
steady state.

The high electron temperatures obtained cause 
a production rate of ion-electron pairs which is in 
good agreement with the measured currents. Using 
equation (3), the total number of ion-electron pairs, 
Z  + , produced per unit time in the whole plasma 
column of length L is given by the formula

Ro
Z + ^ 2 n L v t J  rk { n 0 {R0) - n 0(rk) }  d rk . (10)

ric=0

With ne =  3 • 1012 =  const; k Te =  8 eV =  const; 
v t =  3 • 105 cm/sec; n0 =  3 • 1013 cm“ 3; L =  65cm ; 
Ä q= 1  cm one obtains for hydrogen Z + ^ 6 '1 0 18 
sec“ 1.

Multiplication with e yields a charge production 
which will be equivalent to a current of 0.9 amp. This 
is in reasonable agreement with the measured cur­
rent I.2 =  0.5 amp. on the cathode K2 .

Conclusion

The temperature determ ination of a stationary  
low  pressure discharge by spectroscopic m eans yields  
much too low values if  the diffusion of the sur­
rounding gas into the plasm a colum n is not taken 
into account. The continuous influx of neutral gas 
into the colum n causes a considerable perturbation  
of the rate coefficients with respect to the usual case 
of a “static” steady-state plasm a with no radial den­
sity and tem perature gradients. Solving the steady- 
state equations w ith a neutral particle density given  
by the free influx o f the particles into the plasma 
colum n, one w ill obtain population densities of the 
excited states which deviate considerably from  those 
calculated by the steady-state equations w ithout par­
ticle influx. The SAHA-equation, in general applica­
ble for the higher excited states, w ill no longer be 
valid, for either the lower, or for the upper ex­
cited states, if the particle influx becom es im portant. 
It is shown that both the electron temperature and 
the electron density can be obtained from  spectro­
scopically measured population densities, if  the par­
ticle influx is taken into account. It is an im portant 
feature that the observed population densities can 
be explained by a m odel using only one group of 
electrons with a well-defined temperature.

We note that the observed effect is already known 
in high pressure discharges for which thermal equi­
librium can always be assumed. In these discharges 
the spectroscopically derived temperature on the axis 
can be some percent too low if the “equilibrium 
lengths” are larger than a certain amount of the 
“diffusion lenghts” in this region caused by the 
radial temperature distribution. In general, this ef­
fect is so small that it can be neglected. But this is 
not the case if we deal with non-thermal low pres­
sure discharges, for which the free diffusion lengths 
are often much larger than the diameter of the whole 
plasma column. The spectroscopical ly de ri ved  tem­
peratures m ay  therefore be incorrect  if the diffusion 
is not taken into account.

C oncerning the calculation of the population den­
sities, the fo llow in g  im portant remarks m ay be 
added:
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1. The solution of equation (6) together with 
equation (3) or equation (4) can be regarded as the 
first approximation of a more complex problem in 
which the whole history of each single excited and 
non-excited atom during its travel through the plas­
ma column is taken into account. This is specially 
important in those cases where the mean life-time 
of the excited states is larger than the time necessary 
for traversing the column.

2. If neutral particles — which enter from outside 
into the plasma column — undergo charge exchange 
collisions21, equation (3) must be replaced by two 
similar equations, one taking into account that part 
of the atoms which traverse the plasma column with­
out charge exchange collision, and another one which 
takes into account direction and velocity v ex of the 
neutral traversing the plasma column after charge 
exchange collisions. If charge exchange collisions are 
so abundant that practically all neutral atoms will 
undergo these collisions, v t in equation (3) may be 
replaced by v ex , as a first approximation.

3. If the mean free paths A 0 of the atoms become 
smaller than the diameter of the plasma column, 
the described method for the determination of the 
population densities is no longer valid. With in­

21 This has been observed in the discharge running in hydro­
gen gas 22.

creasing pressure and/or increasing diameter of the 
plasma column, the population densities will ap- 
proache those given by equation (6 ). But if strong 
radial temperature or density gradients are present 
equation (6) will once more be violated.

4. Dissociative recombination processes may play 
an important role in the transition region between 
the hot zone of the plasma column and the edge at 
R 0 , and spectroscopically determined temperatures 
may be too high for this region. It is further known 
that H.,+-, He2+-, Xe2+- etc. ions have rather large 
mobilities, and also their diffusion should be taken 
into account.

5. One should assume that at very high principal 
quantum numbers the logarithms of the population 
densities should follow a straight line of which the 
slope defines the temperature Te . A continuous tran­
sition to the recombination continuum with the same 
temperature Te should be assumed.
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