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Physics

I. M. Podgornyi, G. V. Sholin

On the Question of Measuring the Electron Tem-
perature from the Ratio of the Intensities of He-
lium Lines

(Presented by Academician E. K. Zavoisky on 21 VIII 1964)

In recent years a number of experimental works have appeared in which the
electron temperature T, is determined from the ratio of the intensities of spectral
lines of singlet and triplet states of neutral helium. At present there are data
indicating that by no means all lines whose excitation functions are known can
be used for this purpose. In particular, it was shown (!) that the excitation
function of the line 2'S—3'P 5016 A, other conditions being equal, depends
not only on the electron energy but also on the pressure of the neutral gas. Up to
now the method of determining the temperature from the ratio of the intensities
of the lines 2' P—4'D 4922 A and 23P—438 4713 A has raised no objections.
In reality there exist processes that limit the applicability of this method when
the plasma concentration n, is increased above a certain critical value n*. In
this case the population of the levels 4' D and 43S will be determined not only
by excitation from the ground state and by spontaneous emission, but also by
transitions between states within the given principal quantum number due to
collisions with electrons. It should be emphasized that electron collisions lead
to such a change in line intensities that it may be erroneously interpreted as
evidence of a high electron temperature of the plasma.

Let us first consider the influence of electron collisions on the population of
the singlet state 4'D. At low plasma concentration it does not depend on the
population of neighboring levels with principal quantum number n = 4, and
the intensity of the 4922 A line is determined by the excitation cross section of
this level o(11S — 4! D) and by the values of the probabilities of spontaneous
radiative transitions A;;, to lower levels. As the concentration is increased, the
role of collisional transitions between levels with the given principal quantum
number becomes significant.

Let us consider what results from transitions from the level 4' P to the level
4D, since from the available experimental data on excitation probabilities (?)
it follows that in the region T, < 100 eV the population of 4! P exceeds the pop-
ulation of 4! D by several times. The contribution of the collisional transitions
4'P — 4'D becomes substantial if the probability of the stepwise excitation
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1'S — 4'P — 4'D becomes comparable with the probability of direct excita-
tion of the level 1S — 4! D. This condition may be written in the form

n.(oc(4'P — 41 D) - v)

A41P4115’

(0(1'8 — 4'D) -v) = (0(1'S — 4'P) - v)

)

where the brackets ( ) denote averaging over the electron velocity distribution,
and A 1 p_,q1 is the probability of spontaneous emission of the level 4! P to the
ground state.

Using the available data (?) for the excitation cross sections o(1'S — 4!D),
(1S — 4'P), and A1 p_,;1 g, and calculating o(4' P—4' D) under the assump-
tion of classical trajectories of the incident electrons (as this is done—

is used in the theory of spectral-line broadening (®), we obtain for n} the value
10'2 em™3. This value of the concentration corresponds to the case when the
intensity of the 4922 A line becomes twice as high as it would be at the given
temperature if the only de-excitation process were radiative decay, and the pop-
ulation of the 41D level arose only from direct excitation from the ground state.
At a concentration n, = 10'2 cm™ and an electron temperature of the plasma
of 5 eV, the method of measuring 7, from the intensity ratio of the 4713 and
4922 A lines (see Fig. 5 in (%)), taking account only of transitions between
singlet levels, thus gives a value of T, overestimated by more than a factor of 2.

An analogous limitation follows from consideration of transitions between triplet
states. Indeed, here the radiative transition to the ground state is forbidden,
while the probability of radiative transitions to levels with principal quantum
number n = 2 is 3.3 - 10% 57! for 43S, and 6.6 - 105 s~ for 43P. Therefore,
a relative depletion of the population of the 43S level should occur when the
probability of the transition 43S — 43P due to collisions with electrons be-
comes greater than the probability of the radiative transition 43S — 23P. This
reasoning is, of course, valid only under conditions in which the cross section
o(11S — 439) is not smaller than the cross section o(11.S — 42 P). The theoret-
ical consideration of excitation of triplet states shows (°) that the n3S levels are
indeed excited with maximum probability, and this conclusion is confirmed by
experiments on measuring the excitation cross sections of the 335, 33P, 33D, as
well as 225 and 23 P levels (). The experimental data available in the literature
(5) show that, even taking into account cascade transitions from upper levels,
o(11S — 43P) is 10% smaller than o(11S — 435).

Thus, the electron concentration at which depletion of the population of the 439
level due to electron collisions will occur can be determined from the expression

n(o(43S — 43P) - v) = Apsg 05 p-

Substitution of numerical values of the quantities shows that, at n, ~ 102 cm ™3,

determination of T, from the curve given in () also leads to an overestimate of
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the temperature.

The consideration given above shows that the widely used method of measur-
ing the electron temperature from the intensity ratio of the 4713 and 4922 A
lines is applicable only at concentrations below 3 - 10" cm™. At higher con-
centrations it is necessary to take into account collisional processes leading to
transitions between states with the given principal quantum number and the
given multiplicity, and to use the following expressions for the line intensities:

hw 39 23pA4SS QSPTLOTL
Iygyg = —L 2B 4750 ¢ {{o(1'S — 43S) - v)+
AiSs + Vgp(l - 0‘:1335)

+(o(1'S = 43P) - v)aip + (o(11S — 43D) - v)a}, pad o+

+{o(1'S — 43F) - v)a pad padg s

hw 1p A 1pNgn
I — 41 D21 P4i41 D21 Pl e {<a’(115—)41D)~1}>—|—
1922 AL p +vbpll — appl + vhp(l — akp)

+(o(11S — 418) - v)al paby + (0(11S — 41 P) - v)ab, + (0(11S = 4'F) - v)agp} -

Here v2at! = n, (o(4%1M — 4%7+1N) . v) is the collision frequency of plasma
electrons with an atom, leading to transitions from the state 42"'M to the
2j+1

state 4271 N. The index 2j + 1 denotes the multiplicity. The quantities a3}y
determine the relative probabilities of collisional

transitions:
2j+1
e VED .
FD = 2541 2j+17
Ayr +VEp
2j+1
Q201 Vsp .
SP T 241 2j+1°
Ays +vsp
2j+1
Q201 _ Ypp .
DP = 2541 2j+1 2711 2117
Aip +tVpp +VDR [1_aFD]
2j+1
2j+1 v
o J+1 PD

PD = T21 | 2541, . 2541 25417’
AT VB s [1— o]
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2j+1

S Vps .

PS T 25l | 2+l 2541 2j+1]°
A +Vpp [1 — ®pp ]

Aig\;r ! is the total probability of radiative transitions from the level 42F1N. If
the concentration of neutral atoms and the dimensions of the system are such
that resonance radiation is trapped, then, following work (%), the quantity A},
must be replaced by g,p(p)Alp_ .15+ ALp_ag, Where the function g,p(p) denotes
the fraction of resonance quanta that are not absorbed within the volume of the
system, and depends on the pressure of the neutral gas and on the dimensions
of the system. In this case the critical plasma concentration n* decreases still
further, and, as is clear from the formulas given above, a nonlinear dependence
of the population of a level on the pressure of the neutral gas appears not only
for the n'P states, but for all the others as well.

In deriving these formulas, the possibility of transitions between states with
different multiplicity and different principal quantum numbers was not taken
into account. Therefore their applicability is limited to the region of not too
high concentrations, where the rates of such processes still do not exceed the
probabilities of radiative decays. As the plasma concentration increases, a Boltz-
mann distribution will be established for levels with a given principal quantum
number, and the ratio of the intensities of the spectral lines will be determined
only by the ratio of the Einstein coefficients A;;, and the statistical weights of
the levels.

In conclusion, we note that, when determining the temperature from the ratio
of the intensities of Hel lines in the concentration range 10 em™3 < N, <
10" em™3, the error is minimal if, as a result of collisions with electrons, the
population of the upper levels of both lines either increases simultaneously or
decreases simultaneously. Without allowance for transitions involving a change
in multiplicity, such a situation occurs for the pair of lines 2! P—4'S 5048 A
and 23P—435 4713 A, the intensity ratio of which as a function of temperature
is given in work (7).
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