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Abstract

Different methods to measure electron temperature in low-density
plasmas by He spectroscopy are examined. They are based either on
the relative intensities of singlet and triplet lines or on the
absolute intensities of single lines. Calculations from measured
and theoretical data show that both methods are seriously influ-
enced by secondary processes, the dominating being excitation from
the metastable levels 2'S and 2%S, and excitation transfer in e-
lectron-atom collisions combined with imprisonment of resonance
radiation. The calculations give parameter limits for wvalidity of
different methods and combinations of lines. Due to the secondary
processes, Té{thﬂﬁjﬁtﬂjl from relative line intensities is %émiged
to low-density, short-duration plasmas (typically n, < 2:10""m 7,
¥ < 5-10_65) or to even lower densities that depend on the

ex
apparatus dimensions (typically n, < 31073, L~0.1 m).

For Te—determination from absolute line intensities the situation

is more favourable, and with a suitable choise of lines the restric-

tions on n_ and t,y can be typically (ne < 5-1017mh3, B @ 10_59)
17 _~3
or (ne <107 m 7, L=0.1 m) for electron temperatures above 10 eV.

For temperatures below 10 eV and degrees of imprisonment below

7% measurements are possible for electron densities up to 1019 or
lozom_3, and without any limits on t_,  or L.



1. INTRODUCTION

1.1 Background

One method to measure electron temperature in plasmas is based on
the relative intensities of neutral helium lines. Since it was
first proposed by Cunningham (1954), this method has been in common
use. Developments of the method have been made by for example Sovie
(1964) and Eastlund et al. (1973). However, there have been war-
nings against the effects of secondary processes in a plasma which
could influence the helium line intensities and invalidate the
method (Drawin 1964, 1967; de Vries and Mewe 1965; Mewa 1967).

The present work is an examination of such processes that are
important for the intensities of lines originating in the Hel
levels 3'p, 4's, 5's, 4'p, 5'p, 3%, 43%s, 5%s, 4%D and 5°D at low
electron densities (below lOle-3}. The aim is to determine limi-
ting values of relevant parameters (such as plasma density, elec-
tron temperature and duration of an experiment) for the applicabi-
lity of the diagnostic method. These limits turn out to vary
rather much with the specific choice of lines and evaluation
method; Earlier estimates of for example upper limits of n, vary
from author to author (Eastlund et -al. (1973), Sovie (1964), de
Vries and Mewe (1966), Mewe (1967)), but they are generally op-
timistic with a factor of 10 to 100 compared to the results in

the present work.
Te—determination based on the absolute line intensities is possible

in a wider parameter range, but exXperimentally somewhat more com-
plicated than the method based on relative line intensities. This
method is discussed in Section 6 below.

Some of the results are already published in an preliminary report

(Brenning 1977), but included here for the sake of completeness.

1.2 Outline of the calculations

Electron temperature determination as proposed by Cunningham is
based on the fact that the dependence on the electron energy of the
cross sections for excitation by electron impact differs widely
between singlet and triplet lines of neutral helium. The electron
temperature in an experiment is calculated from measured line in-
tensities by the use of excitation cross sections; obtained in

collision chamber experiments. It is assumed that 1ine emission is



the result of single collisions between electrons and helium atoms
in the ground state followed by direct radiative de-excitation.
This assumption may be false in a plasma due to a number of se-
condary processes involving collisions with the plasma electrons.
Some processes can be disregarded if the gensity is low encugh.

When the electrcon density is below 10z0m volume recombination is

unimportant (de Vries and Mewe 1966) and when the density of He in
the ground state is below 1020m~3’ excitation transfer in He-He
collisions can be neglected (Lin and St John 1962; Kay and Hughes
1967). This leaves the following processes involving collisions

between electrons and neutral He atoms:

i) Excitation from metastables

The upper line levels can be excited through collisions between
electrons and He atoms in the metastable levels 2!S and 27%s.

ii) Excitation transfer collisions

The upper line levels can be populated or depopulated by excitation
transfer collisions with electrons before radiative de-excitation.
iii) Redistribution of cascading

Part of the single-collision excitation of a line is excitation

to a high-lying level, followed by cascading to the upper level of
the line in question. Excitation transfer and ionization among

the high-lying levels influence the cascading process.

These three groups of processes are studied separately in Sec-
tions 2, 3 and 4 below. A summary of the results and a discussion
of the consequences for Te—determination by Cunningham's method
follows in Section 5. In Section 6, the possibility to determine

Te from the absolute intensities of single lines is discussed.

1.3 The apparent rate coefficient E;

We will need a quantity that conveniently shows the effect of

secondary processes. For this purpose Si*and 5, are introduced.

P o . . s . s -
SA is the "apparent excitation rate coefficient" for excitation of

the line with wavelength X from the ground state, with all secondary
3 -1

processes included. The line emission in photons m s is then:
o ¥
My T Pele(1's) Sa thd

L ” " '

SA is a function of the electron density and temperature, the
degree of imprisonment of resonance radiation, and the population
densities of the metastable levels (which again depend on a number

of parameters}).
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SA is the corresponding line excitation rate coefficient for single
collision excitations, when all secondary collisional processes can

be disregarded. Sy is a function only of the electron tamperature T,.

. At
In the following sections, we will calculate the guantity SA/SA’
which is the factor by which the line intensitites are changed
by the secondary processes considered.

The aim of this work is to establish for what n, . Te etc. an

secondary process will influence the line intensitites so much

that T -determination becomes uncertain. Each process is therefore
treateg under the assumption that the line intensities are unin-
fluenced by other processes. No attempt has been made to calculate
the combined effect when many secondary processes operate at the
same time. However, a rough estimate of the "combined S;/Sk“ can

be obtained by multiplication of the indizidual s}/s, values for
the different processes. This "combined SA/SA“ becomes increasingily
uncertain as more than one of the indicidual S;/SA values depart

from one.

1.4 Presentation of the results

Figures 3a-3d and Tables I-IV gives S;/Sl values for ten lines and
a wide range of experimental parameters. These values can be used
in combination with the SA (Te) values in Fig. 5 to determine the

errors in Te determination due to each secondary process.

For a determination of whether a line is suitable or not for T -

determination in a particular experiment, Tables V-VII are re-

commended. Table V gives limits to experimental parameters corre-

sponding to the requirement that Te—determination from the singlet-—
to-triplet intensity ratio shall be uncertain by less than a factor
1.5 (either way). Tables VI and VII give the same information for
Te—determination from absolute line intensities and uncertainty
factors less than 1.1, 1.2 or 1.5.

1.5 Lines with longer wavelength

The Hel lines originating in the n = 3 levels 7281 & (3!s - 2!p),
6678 A (3'D - 2'P), 7056 A (3%S - 2°P) and 5876 & (3°D - 27'p) are
in some respects more favourable for Tewdetermination than the
lines originating in the n = 4 levels. The cross sections are
typically a factor of 2-3 larger, and the lines are less influenced
by excitation tramsfer. On the other hand, the lines from n = 3

are more influenced than the lines from n = 4 by excitations

from the metastable levels. The use of these lines therefore only



gives a small advantage in plasmas of very low density or short
duration, where the metastable population is low. Furthermore,
the lines originating in n = 3 are not among those that earlier
have been recommended for T,~determination. The calculations have

therefore not been extended to cover these lines.

2. EXCITATION FROM THE METASTABLE LEVELS

When excitation of the upper line levels through collisions bet-
ween electrons and atoms in the metastable levels 2!'S and 23S

is the only secondary process in operation, the guantity S?/SA

is:

" ; .

S Mirgag * Npig,y + Npag,s -

S?\ N}_ ls—a-j

where N etc. are the excitation rates in excitations m ~s +

1ls+3
to the upper line level j. The excitation rates are given by

Nilgej T Mg P1ig Spigay S
N2ls+3 ™ Me Malg Spigay -4
N33gag = e Mpig Sp3g.5 (3)
The population densitites Nylg and Ny3g in (4) and (5) are charac-

terized by a relaxation time t. for build-up of an equilibrium
population. tr is a function of n_. Te and the degree I of imprison-
ment of resonance radiation. Table I gives the "reduced relaxation

time" n_t_ for 2'S and 2°S as calculated in appendix I.l.4.

2.1 Excitations from equilibrium population of metastables

In equilibrium, when t. is much shorter than both the experimen-

tal time t and the time t., it takes a metastable atom to
ex diff

diffuse out of the laboratory plasma, the metastable population
densitites are coupled to the ground-state density by the rate

equations:

~

T e - 1
Re Myilg &7 Spigyy, 115 ™ Bg Nyig B7 Sji1g.914



2 g8 =n n 5l (7)

n, Njaig 2%s+i, 1's e Mlg S11g423g

1 1 he rate coefficients
b} SllS+215 and % Slls+2as are the sums of the r
S = <Uve> for all routes of excitation from the ground state to

the metastable levels 2'S and 23s.

2 & he sums of the rate co-

z 5218+i, 1lg and L 823S+i, 1lg are t 1 3
efficients for all routes of de-excitation from 2°S5 and 2°5,
sometimes via other excited states, leading either to ionization or

to an atom in the ground state.

. »* Rl
Equations (2) - (7) can be combined to give SA/SX for equilibrium

population of metastables:

S2IS+j

i 1
5 /z B 5 L7 Sy1g,33g
(#i) =1 + 2 : L8728 * 2
S, /eqg.met. 5115+jk2 s2's+i,l!s B 5238+irlls

>

It is worth noting that neither n, nor ng enter explicitly into (8).

However, there is some variation with Nhe implicit in I!

51154215
and I? Solgyg 1lg since these sums are functions of the degree
-l

of imprisonment I of resonance radiation, which depends on n The

He”"
rate coefficients needed to solve (8) were calculated from mea-
sured and theoretical cross sections as described in Appen-—

dix I.

With these rate coefficients,equation (8) has been solved for

eight Hel lines, for electron temperatures between 5 and 200 eV
[leV = 7740 KJ and for degrees of imprisonment 0% < I < 50%. The
results are tabulated in Tables II and ITI. The uncertainties arise

fraom uncertainties in the rate coefficients.

Table II is divided in two parts, excitations 2!5~ singlet levels
and excitations 2°S+ singlet levels. The reason for this is that
no reliable estimates of cross sections exist for the latter
processes, which involve change in multiplicity. Such excitations
can only occur in electron exchange collisions. The cross sections
are therefore probably smaller than the corresponding cross sec-
tions for unchanged multiplicity, which inciude both exchange and

non-exchange collisions (for example This

9235+41p < T23g443p) -
assumption applied to equation (8) gives the upper limits on
s;/sk given in Table IIb.
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2.2 Excitation from a non-eguilibrium pepulation of metastables

Either the time t it takes a metastable atom to diffuse out

diff
of the laboratory plasma or the experimental time tAE‘c can be

P

smaller than the relaxation time t,. for build-up of equilibrium

population of metastables. Then the metastable population o is

approximately:
it
minl

—
(=i
—~

t ¥

aiff Tex %
t
Ir r

"0 * "m(equilibrium)

oy ; - ,
i : g o : : 1 s g
where mlnitdlff/tr’ fex/tr represents the smallest of taiep/ty

and t_ /t_. The Si/sh values can then be approximately calculated

from the equilibirum wvalues in tables II and 1II:

¥
3 f( s -} 4
s> = 1+ min{-—otEL | _eX{{ A . (10)
| | |
\

3. EBEXCITATION TRANSFER COLLISIONS

Excitation transfer collisions between electrons and He atoms

in the upper line levels can occur during the natural lifetimes

of the levels. Optically allowed transitions between levels with
the same main guantum number have the largest cross sections and
will operate at the lowest plisma densities. These transitions

are illustrated by arrows in Fig. 1. When this is the only secon-
dary process of importance, the values of SifSA for each line is
determined by the processes illustrated in Fig. 2. The excitations
to a group of levels with common main and spin gquantum number (for
example 4'D, 4'P, 4'D and 4'F) are redistributed within this group
during the natural lifetimes of the levels. The individual levels
are populated through excitation from the ground state, cascading,
abscrption of resonance radiation and excitaticon transfer from
neighbouring levels. They are depcopulated through spontaneous ra-
diative transitions and excitation transfer. For each valve of the
main quantum number, the coupled rate equations for these pro-

cesses can be written:



/f A, A, O O O ng B, \
Pap Bz B3 O O iimp By
@  Bgy Rgy By © ! 5 1= Palpl B, (11)
@ 8  Byg By Aggiin | B,
\ °© 0 0 A5y ASS/ ng | Bs
/ /
where
Ay = - 1/ng Tg 7 Sgup B12 = Speg = Sgap/3 = Ay/3
Ba1 = Ssop By2 =Sgsp/3 = Spup T 1/M. Ty
Ay = Spup + 3/5 = 3B3,/5 Byy = Spup
A33 ="Sp.p 3/5 - Spap~1/ng Tp Ayy = Spup * 5/7 = R4y - 5/7
Ra3 = Spar Rag = Spsp ° 3/7 - Sp,g ~ 1/Tp T
Bgs = Spag * /3 = By, * 7/9 Bsy = Spag
Agg = =Sp,g * 7/9 = 1/ng 14 Bl "= S11gag
B, = Sji1g.p By = Bj1g,p
By = S1igar By = B1ig.g

with the following notations:

* n; is the number density of level j.

J
* S8, P, D, F and G denote levels with azimuthal quantum numbers
O, 1, 2, 3 and 4 within a group of levels with common main

and spin gquantum numbers.

Slls+k is the excitation rate from the ground state to the
level k, with the cascading process included. (It is here
assumed that the cascading contribution can be represented as
a constant fraction of the excitatibnsaﬁo each level. This

is not strictly true (Section 4). However, this simplification
influences the results in this section only marginally, while

the calculations are simplified considerably}.

* Sg,pr Sp._p etc. are the rate coefficients for excitation
transfer. For the reversed processes, the rate coefficients

(s

ey SD+Petc.) are obtained with use of the principle of



detailed balancing. With gj denoting the statistical weight of

level j, this gives:

Spyg = Sgup 9¢/9p = Sgup T 173
Sp+p = Spap 9p/9p = Sgap © 3/5

Spap = Spar Ip/9F = Spap © 5/7

Sgar = Spag I¢/9p = Spag ~ /9

whiich is used in Eqg. (11) above.

. T4 is the natural lifetime of the level 3j.

For the singlet P levels, the effect of imprisonment of resonance
(n'P - 1'S) radiation is taken into account by replacing Tp in
Equation (11) with the apparent lifetime T;, which is coupled

to the degree of imprisonment. T; is' defined in Appendix II,
which also describes the choise of transition probabilities,
lifetimes and cross sections in Eguation (11).

Eg. (11) has been solved for the population densitites nj of the
levels 4!s, 5's, 4D, 5D, 4%s, 5%s, 47D and 5°D for electron
densitites lOlSm_B £ n, & 1019 m#% degrees of imprisonment

0% £ I g 100%, and electron temperatures 5 eV 6_Te £ 100 ev.

The results are summarized as S;VSA values for the excitation trans-
fer process in Fig. 3 a-d.

The model in Fig. 2 is only valid, when the probability is small
for a oollisional transition involving a change in main quantum
- number during the natural lifetime of a level. This condition is
fulfilled at different electron densitites for different levels.
The curves in Fig. 3 are dotted where the results are uncertain
due to this effect. '

Tﬁe effect of the excitation transfer process is that the inten-
sitites of lines with S levels as upper levels decrease with in-
creasing n_,, while the intensitites of lines originating in D le-
vels increase or remain constant. This is exnectsd ;. since the excitations
are redistributed from 5 levels towards D levels with their greater
statistical weight. In the high-density limit, the relative popu-
lation of levels with the same main quantum number is determined
only by their statistical weight. This could be seen as a "hori-
zontal thermal equilibrium" between those levels.
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4, REDISTRIBUTION OF CASCADING

4,1 Model

Part of the single-collision excitation of a line 1s excitation

to a high-lying level, fecllowed by cascading to the upper level

of the line in gquestion. Excitation transfer and ionization among
the high-lying levels influence the cascading. Due to the great
number of levels involved in this process, a simplified model is
necessary for the calculation of SR/SR. We use the fact that the
cross sections for both the secondary processes (ionization and
excitation transfer] increase with increasing main quantum number
approximately as n" (Appendix II.1), while the lifetimes increase
approximately as n’ (Appendix III.1l.4). This means that the number

of collisions during a natural lifetime changes very rapidly with

n (roughly as n’). For a given value of n, each of the secondary

processes can therefore be approximated to be either negligible or

dominating for the level populations.

In this model the levels are divided into three groups according

to their main quantum number n:
Group I. n % nl. Both excitation transfer and ionization are
negligible,

Group II. n1 <n s nz. Excitation transfer i1s assumed to determine
the level populations, and the ionization time is longer than

the natural lifetime.

Group IIl. n > n . The ionization time is shorter than the na-
tural lifetime. This means that excitations to group III will give
no contribution to the cascading to lower-lying levels. |

The determination of n1 and n as functions of the electron den-
sity is described in Appendix ITI.l. The result is summarized

in Fig. 4.
The cascading from each group is calculated below.

4.2 Calculations

et S G S B s et A e S e S SRS e P o e T e S —

When both excitation transfer and ionization can be neglected, the
) F . Gt £ T -1
cascading to the level j from the level r in excitatiohns m 3s is.

/

S Lo o
1 S+1/Br

-+ (12)
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The sign SfS]S+r denotes that cascading is not included in the

excltation rate coefficient (see Appendix I.1.1).

Bj+k is given by equation (I).A summation over r gives the
cascading from group I to j:
: S1lger ey
N(Group I+4) - fe M1lg S (13)
. Rr+k

4.2.2. Casgading from_ levels in group II.

In this group ionization can be neglected, but excitation transfer
dominates the level populations. We assume that the redistribution
of the pupulation between levels with the same main quantum

number leads to a "horizontal thermal equilibrium”, where the levels
are populated according to their statistical weights. For the e
dium energy levels discussed in Section 3 this only meant a redi-
stribution between levels with the same main and spin quantum
number. For the high-lying levels, however, this includes a redi-
stribution between the singlet and the triplet system for the
following reason: For F levels with n > 5, there is no clear
distinction between the singlet and the triplet system, since the
coupling between the spin vector and the orbital motion of the
excited electron becomes greater than the spin-spin coupling bet-
ween the electrons (Lin and JFowler 1961). Kay and Hughes (1967}
have shown experimentally that the cascading from these mixed
levels is shared between the singlet and the triplet system as 1:3,
which corresponds to the ratio of the statistical weights of the
levels n!F and n?F.

The total number of excitations to a group of levels with the
same main quantum numbeyx np is: '

]
N1's+(all levels with n = np) = Mg Mylg Sy1gag - (14)

all & with n2=np

(The sign N&15+( ) denotes that cascading is not included in the
excitation from the ground state (see Appendix I.1.1).)
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The fraction of those excitations that goes to transition:z v+

is; since the statistical weight of the level r is (22r+ l)(25++ 1),

(22 _+ 1) (2s_+ 1) A_ .
r I r+3 fl5)

:gi ' EE (22 + 1) (28 + 1) A_,.

[all n with}[all k Jitn]

n_ = n, <n
m np k ~

m !
4

lr is the azimuthal and Sy the spin gquantum number of the level r.

A summation now gives the number of excitations to the level j from

group II.
(16)
g J Q;;_ )
o /{LM“ 5115*1 f/(21r+ l)(zbr+ l)Ar+j
o Ja11 e with# la11 x wit#J
n =n n = n
= I |
N(group two+j) ~ Pe P1ilg . 2 s L e
b ™ (28
o e ]r’,/ m+ 1) (2s + L)A_
all n with\\all m with|] all k with'
n < 1l <an N = n 1 I <n
| 1 P 2J[ m P Juo Kk ™
4.2.3. Cascading from levels in group ITT.

Excitatlons to this group gives no contribution to the cascading

to lower-lying levels.

4,2.4. Calculation of S;£§* due_to_the cascading.

M et B o S St e B B o B —— e S o e b et e o Rt S B St e b b S S

The total number of excitations to level j is, with the use of
Eguations (1} and (I):

/ _ +
N(group one)~+j * N(group two) +7j * Nlls+j R 8y By (17)
SA is given by
N = 5 + N
lls*j N lIS+j (group one with nl= m)+j = ne nllS SA Bl (18)
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(14) and (15) give:

& i
5y _ N(group one)+3 * M(group two)+j * T1ls>y (18)

X N (group one with n; = ®)+j * Ny1gay

This is solved with the use of Equations (13) and (16) .

Imprisonment of resonance radiation is taken into account by re-
placing the An3p+lls tranﬁjtion probabllities with the apparent
transition probabilitieés Anlp+118(I) (Appendix II.3). The choise
of transition probabilities and cross sections needed to solve
(19) is discussed in Appendix III.2Z2.

SK/SA for the cascading redistribution has been calculated from

Equation (19) for eight helium lines, for electron densities

lolém-3 < < 10l7m--3
17_-3

(For n, > 107'm ~, the excitation transfer process dominates com-

, and for zero and complete imprisonment.

pared to the redistribution of cascading.) The values S;/SA when
a fraction I of the resconance radiation is imprisoned, is:

s¥(x)y s'(r=1) st (x=0)
A P A
< = ——g—— T+ . (20)
s, % A
s§(1=1) s§(1=o)
and —————— are found in Table IV
Y 8y

Degrees of imprisonment for some geometrics have been calculated
by Phelps (1958)*2.

The S;/SA values in Table IV are uncertain partly due to the
extrapolation procedures used to obtaln cross sections, lifetimes
and transition probabilities, partly due to the simplified model
of the cascading used here. The error due to the extrapolation
procedures (Appendix III.1.4 and III.2) is estimated from how well
the extrapolations fit the quantities where they are well known.
The error due to the model iz discussed in Appendix III.l.3. The
result is an uncertainty in the S;/SA of typically 50% of the
difference from 1l:

S5

S

(21)
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The values of Si/sk in Table IV are therefore not accurate enough
to be used to correct measured line intensities for the redistri-
bution of cascading. They show, however, that some lines are little
affected, as 5048A, 4438BA, 4922R and 4388A at zero imprisonment,
and 47132 and 4121A at all degrees of imprisonment.

The values in Table IV are calculated only for T = 10 eV. A
complete calculation of SA/S for many electron temperatures has not
been done, but some samples show that the quantity |1 - S /S l
generally varies less than a factor of two from what mable IV

gives, when T, varies between 5 and 100 eV. With increasing Te'

the S;/SX values increase for triplet levels and decrease for
singlet levels. This is mainly a result of the difference in

energy dependence between the 1!S>(triplet levels) and the 1'S+(sing-

let levels) cross sections.

5. SUMMARY AND CONCLUSIONS REGARDING Te-DETERMINATION FROM
THE "SINGLET-TO-TRIPLET" INTENSITY RATIO.

The secondary processes examined in the three previous sections
glve limits to when the singlet-to-triplet line intensity ratio
can be used for electron temperature determination. The influence
of secondary processes on the line intensitites (Si/SA) compared
to the T, dependence of the line intensity ratios gives the
following approximate errxor in *he Te—determination, if the line

intensities are used with secondary processes disregarded:

S;/SA Error faCtOL in Te
= {both multiplication and division)
# P
0.9 < SA/SA g N : < 1.2
0.8 < ;;/;A 4 1,25 < 1.5
BT & SR/SR < 1.4 < 2

The requirement corresponding to an error in Te less than a factor
of less than 1.5 is

0.8 < s*/s < 1.25 (22)

This is evaluated below as limits to the experimental parameters.
The result 1s summarized in Table V.
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5.1. Influence on T -determination from excitation from metastables

Excitation from 2'S and 2°S in equilibrium population gives an’
influence on line intensitites that depends weakly on the elec-
tron temperature and the degree of imprisonment. but not on the
electron or neutral He density. Sj/SA values for eight He I lines
are summarized in Tables II and III. For the triplet lines, they
lie typically between 3 and 10. For the singlet lines, only upper
limits on S’i/sA can be given with some certainty. This upper limit
varles between 2 and 20.

Since the cross sections involved are not known well enough,
it is impossible to make corrections for this excitation process,
and hence temperature determination by means of the line intensi-

ty ratio method becomes highly uncertaln in all plasmas where the

metastables have reached equilibrium population. However, in two
situations the metastable level population can be below the equi-
librium value: short-duration and low-density experiments.

—— — v — 1 —— i — o bor. 1 oo, s . S o b $t.

In an experiment with a time duration tex’ much shorter than the
time t. for build-up of an equilibrium population, the SK/SA value
is approximately (Section 2.3):

5° t_ s’ |

_?_\e1+____t5-~‘(§ﬁ -1 : (23)
A r v A eg.met

tr is found in Table I and (SA/SA)eq.met in Tebles II and III.

The condition:

0.8 < 8)/8, < 1.25 =(22)

inserted in (23) gives the limits on the product ng tex in co~

lumn one of Table V.

— S v e e o e . W e T e e e S i B e i w— A

In low-density experiments, tr can be long compared to the time
tairs for diffusion of a metastable atom out of the laboratory
plasma. When the mean free path is longer than a typical length
L of the plasma, and the metastables have room temperature,
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tdiff is:
L -3
t e A e & 10 L (24)
diff vthermal
2 : .
When tdiff < tr’ the SA/SA is (Section 2.3):
s¥ t S
D w pSREE l (-gl) -1 (25)
A t A‘Y eg.met.

(24), (25), and the condition (22) on S;:/S)t gives the limits
on the product ng L in column two of Table V.

5.2. influence on me—determination-from excitation transfercollisions

Excitation transfer collisions give an influence on line inten-
sitites that depends on electron temperature, electron density

and degree I of imprisonment of resonance radiation. SZ/SA values _
for eight He I lines, for 5 eV & T_ < 100 eV, 101943 & ng, < 10%%m™3
and 0% < I < 100% are given in Fig. 3a-d. Typical values lie bet-

ween 0.1 and 10 for lines with D levels for upper levels. I -deter—

mination from the line intensity ratio can be seriously influenced
16 =3 g
0" m ~.

by excitation transfer in plasmas with n_ > 1

The condition (22) on SA/SA for the excitation transfer process
gives an upper limit for n, that depends on T_ and I. Table V,
columns three and four, gives the limit for some combinations
of Te and I.

5.3. Influence on T _-determination from redistribution of cascadinc

The values of Si/sh for this proceszs lie typically between
0.9 and 1.5 (Table IV). They depend on Ny and I, and to a

lesser degree on the electron temperature. Most lines are little

influenced by the redistribution of cascading, as 50484, 44384,49224

and 4388A at zero degree of imprisonment and 4713& and 41214 at

all degrees of imprisonment. For other lines, particularly lines

with D levels for upper levels at high degrees of imprisonment,

the intensitles can be increased with factors up to 2. These lines

should therefore be used with caution for T -determination.
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6. Ta' DETERMINATION FROM ABSOLUTE LINE INTENSITY MEASUREMENTS

The previous sections have treated Te—determination from relative
line intensities. Alternatively, the electron temperature may be
determined from the absolute intensities of single spectral lines.
This method is experimentally more complicated than the method
based on relatlve line intensitites, since it requires absolute
calibration of the detecting system, and measurements of both the
electron and neutral helium densities in the light-emitting region.
On the other hand, it is more sensitive to the electron temperatu-
re and less sensitive to secondary processes: While the singlet-
to-triplet line intensity ratios vary typically by a factor 5+10when
Te varies between 5 and 100 eV, the intensities of single lines
va¥y by a factor of 100 or more. This strong Te dependence also ma-
kes the absolute intensity method less sensitive to spatial varia-

tions in Ng.

The measured quantity is the signal L from the light detecting

system:
L = CJN}LdV (26)
\

where the integral is taken over the volume V that emits light
to the measuring system taking the appropriate acceptance solid
angle of the spectrograph into account. C is a calibration con-
stant. N, is the emission rate of the line {photons < m3. s—l] '
which can be expressed with the use of the apparent excitation

rate coefficient S§

s (27)=(1)

Ny = ng Npo(1tsy Sy

A

If Si is assumed to be constant in the volume V, (26) and (27)
give Si as a function of measured quantities:

C‘Jne nHe(lls) av
v
The electron temperature is obtained from S§ on  the assumption

that no secondary processes influencz the line intensity, so that

SA = S:u S\ can be taken from Fig. 5.
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The assumption Sl = S; gives an error in T, that depends on how
sensitive the line is to secondary processes, and on how SA varies
with T . The four lines 5016A (3'p-2's), 3889A (3°p-2°s), 4922A
(4'D-2'P) and 4713A(4°S-2%P) seem to be best suited among the

He I lines for this kind of Te—determination. For these four
lines, the limits on the experimental parameters are calculated
below, for which the secondary processes give an uncertainty in
the Te—determination of less than a factor 1.1, 1.2 or 1.5. The
result i1s summarized in the Tables VI and VII a-d. Table VI gives
typical values of the limiting parameters, and can be used to
guickly establish whether a line is suitable or not for Te—deter*
mination in a particular experimental situation. Table VII a-d

glves more detailed Iinformation for each line.

6.1 Calculations

S, as a function of To (Appendix I.l.1) gives how much S; can be
allowed to differ from SA’ when the uncertainty in the Te-deter—
mination shall be less than a factor 1.1, 1.2 or 1.5 (bkath multi-
plication and division).This was calculated for the lines 50164,
388%A, 4713A and 49222, and for temperatures Te =5, 10, 20, 30,
40, 50, 100 and 200 eV,

6.1.2. Excitation from metastables

o s o e b e o e e e S ot W e ot e S b o e W o B B

Excitations to the upper line levels from the metastable levels
are treated as in Sections 2 and 5.1 above. Equations (8) and (10)
together with the limits on S;/SA from 6.1.1. give the limits on
the product n t, in Tables VI and VII (tex = experimental time).

X

In a low-density plasma, the limit on netex can be replaced by

an upper limit on neL as discussed in section 5.1.2:

o 3
(neL) ~ 107 (n_t__ )

limit I (29)

limit

where L = typical apparatus dimension. .

s . W ot S 1 WPt D o St Moo fem e e i b e e e P o 1 T e o e e e e e S S S e v S B P ARy A

For the two lines 43228 and 4713A,. the combined influence on Si/sl
from these processes are calculated in gection 3. The influence
onthe 3B89A line is treated in the same way (solution of the



19

system of coupled rate equations (11)). The result of these cal-
culations is combined with the limilits on S;/Sx from 6.1.1. to give
the limits on I and ng for 49224, 4713A and 3889A in Tables VI
and VII.

For the 5016A line (3'P-2'S), a somewhat different approach is
more suitable, since the upper level 3'P is optically connected
to the ground state. The large 3'P-1%8 transition probability
makes the 3!P population little influenced (always less than 5%)
by excitation transfer. As a consequence, the 5016A line can be
used ﬁithout restriction on the electron density.

On the other hand, the influence of imprisonment of resonance ra-
diation is stroﬁger than for the other lines. The E‘:;/S}L value

as a function of I is calculated with the use of the apparent
branching ratio B%(see 2ppendix I.2) for the 3'pP-2'S transition,
With the transition probabiiities taken from Gabriel and Heddle
(1960) , we .get:

¥
Ut e

016
016

= 1 + 43 I (30}

S

wn

This, and the limits on S;/SA from 6.1.1 gives the limits on I
for the 50164 line (Takles VI and VIIa).

7. Summary

It is found that the possibility to determine plasma electron
temperature from intensities of neutral He lines is seriously
limited by secondary processes. Most dominating are excitation
from the metastable 2°S level and excitation transfer in electron-

atom collisions comblned with impriscnment of resonance radiation.

Due to these processes, Te—detarmination from relative line inten-

sitites is limited to low-density, short—~duration plasmas (typi-

cally n, < 2‘1Q16m“3, t_ < 5-107%s) or to even lower densities

ex
that depend on the apparatus dimansions (typically n, < 3'1015m =,

L~0.1 m).

For Tevdetermination from absolute llne intensitites the situa=~

tion is more favourable, and with a suitable choise of lines the

restrictions on n, and tgy can be typlcally (ne < 5'l017m"3,

t <1077

e s} oxr (ne < 1017mﬂ3, L~=0.1 m) for electron tempera-
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tures above 10 eV. For temperatures below 10 eV and degrees of

imprisonment below 7% measurements are possible for electron den-

19 20 -3

sities up to 10 or 10" "m ~, and without any limits on tex or L.
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APPENDIX I

I.1 Cross sections used to solve Equation (8)

l:1:ls 8

For excitations from the ground state, the cross sections mea-
sured by St John et al. (1964) are used together with measure-
ments close to threshold by Smit et al. (1963). Rate coefficients
in this and the following sections are calculated by integration
of close analytical fits to the cross sections over Maxwellian
electron distributions.

Line excitation rates SA are obtained by dividing Slls+j with

the branching ratio Bj+k for the transition corresponding to A.

Bj+k = > Aj+2 /Aj+k (I)
all & with
n_ < n.
e y

Transition probabilities are taken from those compiled by
Gabriel and Heddle .

Fig. 5 shows ten line excitation rates obtained in this way.
Part of the cross sections for single-collision excitations from
the ground state to j come from excitations to high-lying levels,

followed by cascading to j. This process is included in S

11s+7
In Section 4, we need cross sections and excitation rates N115+j
where the cascading is excluded. These gquantities are denoted
! 4
Slls+j and Nlls+j'
1
Laden:d E Slls+215

Excitation from the ground state to 2'S goes mainly by three

routes:
Direct excitation 1'8+2!S in one collision

Excitation 1'S+n’P, followed by cascading n'P-+2!S. The casca-

ding is influenced by the degree of imprisonment.

Excitation 1'S+2°S (see I.1.3), followed by excitation transfer

236+2'S in an electronic collision.



22

The 1'S+2'S and 1'S»n!P cross sections is obtained by extrapolition
from the cross sections used in I.1.1. The cross sections to levels
with the same orbital quantum number are assumed to have the same
energy dependence and vary with the n quantum number as n-3.

The nlp+21g cascading is calculated with the use of the transition
probabilities compiled by Gabriel and Heddle, and the 23g+21g
cross section is taken from Drawin {1966) . The influence on the
n'p+21g cascading from imprisonment is taken into account as
described in I.2, '

e ———

All excltations from the ground state to triplet levels end up
in 2% after cascading, with the dominating contribution (85%)
coming from the levels with n = 2 and 3. A total cross section
ls obtained by adding all l’S+triplet levels cross sections (ta-
ken from I.1.1 or extrapolated as in I.1.2). An experimental
determination of this total cross sectlon close to maximum has
been made by Bogdanova et al. (L975) . Their results agree with
our calculated value.

T:il.8 E*8

e e i 2

The dominating process at degrees of imprisonment s 98% is exci-
tation 2'8+2'P, followed by an optical transition 2'p-+11S. The

sum is then given by:

' g

2 - [
L°S = S1g421p Baipiiig | (II)

2is+i, 1!s
where B§1P+1IS is the "apparent branching ratio"” for the transition
with imprisonment taken into account as described in I.2. The
2'8+2'P excitation cross section has been calculated both with the
Born approximation and with the Vainshtein, Presnyakov and Sobel-
man (VPS) approximation by Flannery et al. (1975) . The difference
between the two approximations is the reason for the uncertainty
in Table I., where the relaxation time t,. for build-up of equili-

brium population is calculated. tr is determined by the de-exciting
process:

- 2 =, '
e = |ng I Szls+1ls} (I11)

with notatibns as in Section 2.1.
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I.1.5 L?s

Drawin (1966) has given the electron impact lonization cross sec-
tion. This process dominates over 2°S+1'S deexcitation, which is
discussed by Nesbet et al. (1974],

I.1.6 SZIS"Fj

Theoretical cross sections for the 2°5+3%g, 23%s+3°D, 2'5+3'5 and
2'8+3'D excitations by electron impact have been calculated by
Flannery et al. (1375). They used both the Born and the VPS
approximation and state that the différenqe between them (typi-
cally a factor of 3) can be taken as a measure of the uncertainty.
Since we need cross sections for excitation to higher lying levels
than Flannery et al:s calculations cover, these have been extra-
polated in the following way. The shape of the cross section (as

a function of the electron energy We) is assumed to be the same for.
levels with the same orbital gquantum number. The relative magnitude
is assumed to be 1, 1/3 and 1/6 for excitations to the levels with
main guantum number n = 3,4 and 5; respectively. These relative mag-
nitudes are founded on the relative magnitudes of the 2%?5+33p and
2143+41%p cross sections calculated by Flannery et al. and the
2%+413p and 2°>51%p cross sections given by Drawin!® .

The error in this extrapolation procedure is estimated to be less
than the di“ference between the Born and VPS approximations.

I.2 Connection between I and cascading from n'P levels

We define an "apparent branching ratio" B for the n'P+1'S tran-
sitions so that the fraction of the {(non~-radiative) excitations
to the n!P levels that give escaping resonance radiation is

.7,1?
(fan+lLS}
BDJP+TJS(I} ©of I. The degree of imprisonment is given by the

This apparent branching ratio is then a function

reduction in escaping radiation:

3* -1 4 s w™d
o BaipagagONTh - (Bl g (T

T (IV)

(Bripoy1g(®17

where B;1D+lls(0) 1s the branching ratioc for zero imprisonment,
given by Equation I. I and IV give:
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z A g
% _all & ol
B_1y.11a(1) = (V)
n"P+1°8 2 (1-I)

n'p+11s

which is used in Section I.1.4.

The apparent branching ratio for n'P+2'S cascading used in
I.1.2 is obtained from (V) and:

1 1

(VI)

i
'.—.I

(Blip,y1g(IN) ™ + (B g o1c (1))

Here, cascading from n'P levels to mIS levels with n > 3 has
. # :
been neglected. This gives an error < 15% in Bn1P+215'



25

APPENDIX II DATA USED TO SOLVE EQUATION (11)

II.1l Excitation transfer collisions

For the transitions indicated by arrows in Fig. 1, the Born-
Bethe approximation is used, as given by Drawin (1966).

H 2 : -
E,° E,. E E
o . = 4r = |z |2 13) e - 1) (152 ) (VII)
s U E ij E E E,. /

i3 e ij ij

where ElH is 13.59 eV, Ee is the electron energy, E.. is the

1]
energy difference iEi - Ej[ between the levels i och j, and Zij
the dipole length for the transition i+j. The dipole lengths for
these transitions in excited helium are very close to the corre-

sponding dipole lengths for hydrogen, which are used instead.
Values are given by Bethe and Salpeter (1957) .The quantity |Zij]£

(and therefore the cross sectilon) is approximately proportional

to 1’14 °

The cross section =squation (VII) is used in Section 3 for'optically
allowed excitation transfers with a change in main gquantum number.
Equation (11) is only valid when such excitation transfers can be
neglected.

IT7.2 Natura" lifetimes

The natural lifetimes of many levels have been calculated by
Thompson and Fowler (1975),, For the remaining levels they are

calculated from

-r.—/:'> a, . |7t (VIII)

with the us2 of the transition probabilities given by Wiese et al.
{1966),

II.3 Apparent lifetimes of n'P levels

From the apparent branching ratio Bf+j(1), defined in I.2, an
apparent transition probability AilP*ils is defined (in analogy
wilith the definition of B, Egquation I} by:
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¥
B (1) = Brips1ig)h = Bpapagig * I Rhip,g
nlp+11g J (IX)

K, ntp+1lg ()

and an apparent lifetime T;:,P(I) in analogy with Equation VIII:

T;lP(I) = - 1 s (X)

= b
A nips1ig (T Apipiyig t 5 Anlp+3

(Iv), (VIII), (IX) and {(X) can be combined tec give:

: | A 1 1
* = | P"*Fi S
Tan TnIP (l + I . A - ) (X1)
[. 1P+3 n'p+11s .
3 J
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APPENDIX III

III.1 Determination of n; and n,

The data needed to calculate ny and n, (Section 4.1) are:

o B e P N S S S I S S At . e S T T e o S W T . S S e s . G ) Ui ot St S S e b i e b

Cross sections for ionization by electron impact from excited
H levels have been glven by Percival (1966);, For high-=lying
levels they should be applicable also for He:

-1 e -2 "
(1.28 n "&n (un n _) + 6.67) (un - l)

: 2 4
o (u = . XIT
Wi u 2+ 1.67 u_ + 3.59 "% " s
n n
Ve
u, =W (Wni = ionization energy from level n approximately
. ni

13.59 0”2 [ev)).

s et Bt T T S e e e S —— T - S e R s S S e A Brea e . (D e

Ionization from a level can go via many excitation transferx
collisionsg, each giving a small change in main quantum number. A
change of n with T 1 is more likely than changes greater than 1.
Cross sections for these transi:ions for n ¢ S8 have been calcu-
lated by Omidvar (1965) ‘from the Born approximation cross section.
For higher-lying states Saraph (1964) gives a formula, which
agrees well with Omidvar's results at low n. -

—y . e s P o P e s s WS e e s B o —

The Born approximation cross section (VII) is used with dipole

lengths taken from Bethe and Salpeter?? (see II.1).
III.1.4 Natural lifetimes

Lifetimes for high lying leves are obtained as -follows:

For the levels with n = 3-7, measured lifetimes of n!S levels are
used, taken from Thompson and Fowler. The wvalue at n = 7 is then
taken as basis for an extrapolation with the lifetime proportional
to n*5 (Bethe and Salpeter) for the average lifetime of the n:th
guantum state. This extrapolation takes the longer lifetimes of
levels with high azimuthal quantim number into account. For levels with
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the same azimuthal quantum number, the lifetime varies as n?,

as used in Section 4.1,

IITI.1l.4 Calculations

e ——— o ————

The data above are used to calculate the electron densities, at
which on the average one collision of each type discussed above
occurs during the natural lifetime of an excited atom. The re-
sults of the calculations are plotted in Fig. 4, electron density
versus main gquantum number. The curves, A, B and C correspond to
the collisions discussed in III.l1.1, IIT.1.2 and III.1.3, respec-
tively.

The curves in Fig. 4 defining the limits n,y and n, between group

one, two and three in 4.1 are choosen in the following way:

On the curve marked Dy there are on the average three excitation
transfer collisions during a natural lifetime. This value is
choosen by compariseon with Section 3, where exact calculations
are done for n = 4 and n = 5. Three ceollisions during a natural
lifetime corresponds to a relative population approaching "hori-

zonthal thermal equilibirum®.

On the curve marked n,, there is a 50% probability that an exci-

tation will eventually lead to ionization rather than cascading.

It turns out that the Sﬁ/sk—vaiues for the cascading are only little

influenced if we change the number of collisions defining n, with

a factor of two, or vary the probability defining 1, between 25%
and 75%. The uncertainties in S;/S} (Section £.3) are based on
this, and on estimated uncertainties in the cross sections and

transition probabilities.

ITIT.2 Data used to solve Hguation (19)

The cross sections for excitation from the ground state to the
high-lying states are extrapolated from the cross sections in
Appendix I.1.1. They are assumed to vary as n'3 with the main
guantum numbey, and the energy dependence of high n excitation
cross sections are taken to be the same as that of the low n

functions having the same azimuthal quantum number.

Transition probabilities for n < 9 have been compiled by Gabriel
and Heddle. For the higher-lying levels (which only contribute mar-
ginally to the solution of Equation (16)) an extrapolation proce-

dure is used.
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Table T Reduced relaxation time n_t im—js‘ for build-up of eqguilibrium population of mectastables.
SE . F 3 por

The values are uncertain within a factor of 2 (Section 2, Appendix I).
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- ~. Imprison=—
_~gent 1 0% 10% 303 507
Line C e
'\..\\ e
504BA (415~2iP) 1.01 = 1,02 1.02 - 1.08 1.05 - 1.15 1.07 - 1,20
443BA (S'S—Z}F) 1.01 - 1.05 1.3 - 1.10 1.7 - 1.20 1.10 =~ 138
492324 (4lD~2iP] 108 = 115 ; 1.09 - 1.25 1.20 - 1.50 L@ = L
4388A (SID-—2|PJ 1.05 - 1.15 1.09 - 1.25 1.20 = 1.50 1.52 - t.70
! -

Table 11a §./S
Te is between 5 and 200 eV (Section 2).

, for excitations of some singlet lines from 2's in eguilibrium population.

e
Electron
temperagure
~..jevi (1 evs 5 10 20 50 100 200
S~.= 7740 K
Line T~
5048A (4!'s-2'p) < 19 < 9.0 < 5.0 < 3.1 2.0 ~ 1:5
4438A (5's-2'P) < 18 < B.4 < B4 < 4.4 < 2:6 < 1.7
4922A (4'p-2'P) < 52 <19 < 11 b < 6.9 < 4.4 < 3.0
4388BA (5'D-2'P) < 37 < 16 <11 < B | 1.6
SOlGAl(3‘?—2‘S) < 3.6 <32.3 2.0 < 1.6 v 1.3 - 1.2
(only 0% imprisconnent)

Table IIb 5;/5) for excitations of some singlet lines from both 2'S and 2'S in equilibrium
population, when 0 < I « 50%. Only upper limits can be obtained due to unknown

cross sections for excitations from 2°S {Section 2).




Electron

temperature

ev (1 ev= 5 10 20 50 100 200
= 7740 X)
Line
47134 (4's-2°p) 3.4 - 12 2.6.-6.1L | 2.3 - 4.6 .0 - 4.2 2.0 ~ 3.4 1.8 - 2.5
4121A (5°s-2°p) 4.3 -~ 18 3.2 - 8.1 | 2.8 - 6.1 .5 - 5.5 2.4 - 4.3 2.0 - 3.1
44727 (4°D-2°P) 13 - 52 9.5 - 25 8.8 - 21 4 - 17 6.1 - 14 5,2 - 11
4026A (5°p-2°p) 13 - 51 9.2 -~ 25 8.6 - 20 .2 - 17 5.9 - 13 5.2 - 11
38894 (37'p-2°3) 1.6 - 3.4 1.7 - 3.6 2 -4 2 - 4 2 -4 2 -4
Table III S;/Sl for excitations of some triplet lines from 2!S and 2°S in eguilibrium
population., Independent of degree of imprisonment (Section 2).
Zero imprisonment Complete imprisonment
Electron
density
(m~3) T 1013 o e 1017 10t4 1013 1016 tpt!
Lavel
5048R (4's-2'p) 1.00 1.00 0.99 0.98 1.50 1.45 1.33 1.05
44384 ¢{5's-2'p) 1.00 1.00 0.99 0.98 1.4¢0 1.28 1.11 1.00
49224 (4'p-2'p) 1.03 1.06 1.08 1.19 1.40 1.40 1-.40 1.40
4388A (5'p-2'P) 1.02 1.03 1.06 1.08 1.28 1.25 1.23 1.18
4713R (4°%s-27p) 0.94 0.93 0.89 0.88 0.96 0.93 0.89 0.88
4121A (57%s-2'p) 0.94 0.93 0.89 0.88 0.96 0.93 0.89 0.88
4472 (4°p-27p) 1.05 1.14 1.26 1.49 1.12 1.29 1.49 2.09
4026A (5°p-27p) 1.04 1.10 1.16 1.16 1.08 1.20 1.40 1.50

Table IV Values of si/s\ for the redistribution of the cascading contribution at electron
densities between 1014 and 10
The uncertainty 1s typically 50% of the difference from 1 (Section 4}.
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, and an electron temperature of 10 eV.




Due to excitations from me- Due to excitation transfer of Due to redistribution of
tastable levels. One of the atoms in upper line levels. cascading. Both conditions:
conditions shall be fulfilled. shall be fulfilled. :
Low density: Short duration:
A Limit on pro- Limit on pro- S5ev « T, < 30ev 5eV - T_ < 30eV Limit gp Limit on degree |
iition) duct nplL (L = duct ng t,. zerc imprisonment {100% imprisonment n, |m” f of imprisonment
typical length) [m’35] - i
8A ’
L a.7pld ciall 16 16 :
2'p) neL < 3-10 n,t <3 10 n, « 2-10 ng <10 none I < 30%
BR nL <3:10% | n_t <3-10M1 n <2-1013 n_ <s5-101° none I <308
2°P) e e e e ’ !
2 14 11 18 .1 L5 ;
2§P) nL < 10 n, t < 10 ng, < 10 n, < 5-10 nene I < 50%
84 14 i 11 wadd 15 :
"'p) neL < 10 nE t < 10 ne < 3-10 ng < 10 none 1 < 50% I
34 =.1nld U | P e ;
239) n L < 5-10 ng t <5-10 n, < 2-10 n, < 2-10 none nene ]
1A me1pnld apll 16 16 ]
29 p) n L < 3+10 ng t < 3-10 n, < 10 n, < 10 none none i
24 14 11 16 16 15 i
2o n.L < 10 neg t <10 n, < 10 n, < 10 n, < 10 none l
5 1 . i ! ;
Jfl nL <10t n, t < 10M f, ® 210H2 n,_ «2-10"° none I < 49%
2 ) e e e i
i
Table V Limits on experimental parameters from the condition that line intensities shall

be influenced less than a factor 1.2 by secondary processes. This corresponds to
an uncertainty in T.-determination from the singlet-to-triplet intensity ratio

with a factor 1.5

(both multiplication and division)

(Section 5).



. Productsn . .
Electron tempe- Imprisonment of re- netex [m-Js Electron ?§n51ty
rature T, [eV] sonance ra?;ation . n, [m
11% -2
[ n L [m ] ‘
Te < 16 ev I=< 7% No limic No limit
S016A o pol?
(3'p-2's nt, _° 5- o
: 10 < T_ < 100 I < 0.5% EEE gy - Mo limit
e n L < 5-107
=
12
n_t < 1.3-10 _ 18
T < 10 ev 1< 50% & 8% or 55 n, < 10
" & n_L < 1.3.10"
1922
-2 l Dotoy - 5‘1011 16
< -
10 <« T < 50 I < 20% ?r 14 ne 3-10
g a L ¥ 510
e
nt_ < 7.2-10%2 &
T, < 10 eV No limit € &X or - A, ® L2
Saasa < n L < 7.2°10
1
(37p-275) ngtg, < l.2-10%2 575
10 « T < 30 No limit or- 15 11e “ 3-10
R n L < 1.2:10
: 12
T < 10 ev n_t < 5-10 18
4713A = No limit e eX or T n, < 10
(535—23P) nL < :'1011
nptex < 5-10 17
10 eV « T_ < 25 No limit = or 14 ng < 10
& ngki =+ 518

Table VI Te—determination from absolute line intensities. Typical limits on
experimental parameters, when the uncertainty in To 1s required to
be less than a factor 1.5 (both multiplication and division) due to
the influence of secondary processes on line intensities (Section 6).
( The limit on n,L is only valid when the mean free path for He

atoms is larger than L, and when the neutral He atoms have room tempe-
rature.)



20164/

{3'p-2's)

Limited parameter

1[9]

n

e ex [m_ss]

Excitation of 3'P through absorp-

PR R > 1 i fro 2t
Limiting process tion of resonance radiation Excitation from 27§
i
Aocepgtst. UnChreslacy 1.1 1.2 1.5 7.3 1.2 1B i
factor in T,
1
T, <5 ev <2.3% < 4.7% < 21% <1.2.1012 1o 2.3-10%% | mo limic
‘ 1 ol |
T, = 10 eV < 0.933 <2.3% < 7.0% <3.7-10%% {<9.6°10°% | mo limit
A T, = 20 eV <0.70% < 1.6% < 2.8% <2.7°10%2 }c6.4-1012 | Mo limit
; T, = 50 eV < 0,358 < 0.70% < 1.0% 1 H10%° fe 36510°° (e 5a3-1074
12 - 17 7
T, = 100 ev | <o0.162 < 0.28% <0.47%8 | <1.6-10*% j< 2.8°10 < 4.7-10
i =
Table VIIa See text under Table VIIA.
49224 (4'p-2'P)
- 5 5
Limited parameter -> I L%] n, [m '{f n, tex [m s:l
E— . Excitaticn transfer,combined with 5 " ’
simiting process » imprisorment of resonance Fadiation Excitation from 2 'S
teptabel uncertainty = e
SteE dnm Te - .1 122 1.5 1.1 L2 w5
I= 0% <108 <1018 <1018 )
T,¢ S eV I = 10% < 1018 <198 < 1018 < s-10t1 <3.1-10%2 | < 5.2-1012
I = 100% <n2-101% <1017 ipts
1 = 0% < 2P <1018 < 1018
. — 12
T = 10 eV = 102 wpgl? <1018 <1018 <2.6-10% [ <g.7-101 | T1.3-10%7
= 16 16 18
= 1008 | <10 <2-10! <10
I = 0% <108 < 1018 < 1018
T, = 20 eV = 10% <5106 <107 <2:1017 | <1.5-10%1 | < 4.4.101 | < 6.9-1012
= 1008 | <s5-10°° < 1916 <2-1016
I = 0% <5108 < 1018 <1018
T, = 30 ev = 10% < 3-10'8 <5-101f < 10%7 <1.1-1011 | c3.0-10% | c4.5-10M
I =100% | <3-10%3 <5-1p13 <1016
1= 0% B LT < 108 - 1018
T, = 50 ev = 10% < 2-1016 < 2-1016 <3-10%6 | <7.10.000 o 12208t . o2.8-10tt
I = 1008 | <2-1013 < 3-10%° § g
Table Vilb See text under Table VIId




47138 (4's-2°P)

— =31 =3
Limited parameter n, .m " n, t,, ™S
Limiting process - Excitation transfer Excitation from 2 S
Accepted uncertainty
factor in T 1.1 1.9 1.5 1.4 1.2 1.5
55 ev 2-107 < 1018 < 1018 <2.6-10%% |« 5.2.1012 |- 2.4-10%3
10 ev < 10Y7 <z2-1017 | <108 < 9.4-10!1 | <2.4-1012 |c 4.8-1012
20 ev 2-1018 < 1017 < 2.1017 |e2.5-10% |<5.1-101t J< 9130t
30 ev 2.1013 < 2:1018 < 1017 <g.4-101% | < 1,010t |<1.0-1012
Table VIIc See text under Table VIId.
38B9A (3°p-2°8)
Limited parameter > n iwrani n_ t {mhjsx
= + = = e " 4 e “ex L 2
Limiting process -» Excitatlon transfer Excitation from 2°S
Accepted uncertainty &
BacEhE: B0 L, oo 1.1 1.2 1.5 1.1 1.2 1.5
T, ¢ 5 ev c2.8°10Y7| <9.7-1617 | < 3.8-1018 | <1.2-10'% |<2.4-10%% | wo 1imit
T, = 10 ev <2.2-1007] <s5.2-10%7 [<1.2-10%% | < 1.4-10%% |< 4.2-30%% J< 7.2-10%°
%
T = 20 ev <7.110°| <2.1-10%7 {<9.6-1017 | < 9.1-10M < 2.3-10%% |< 4.1-20%2
T, = 30 ev ca.8-10%0) <1.3-10%7 {<3.2:00Y7 |« 4-1011 | B-10M1 |<1.2-2012

Table VIId

49224,

4713A and 3889A can be used.

Tables VII a-d show limits to when Te—determination from absolute inten-
sities of the He I lines 50164,

The limits are given for accepted uncertainty in the Te—determination with

factors 1.1,

1.2 and 1.5 (1 eV=7740 K). The limit on the product n_ t

e ex
(tex= experimental time)} can in a low-density plasma be replaced by a limit

on the product ng L, where L is a typical apparatus dimension. When the neutral

helium is at room temperature and has a mean free path » L, the limits on n_ L

can be calculated from the values above: (ne L)

(Section 6).
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AE(e\l) Helium energy levels [He 1)

v v

Fig. 1. Energy level diagram for neutral helium. The arrows

indicate ¢xcitation transfer with large electron im-

‘pact cross sections (Section 3).
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and G denote azimuthal guantum numbers (Section 3).
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ig. 3 a-d. Values cof S;/Sx for the excitation transfer process,
for eight spegtral lines, electren densities JOLSm_3
$ng s lOlgm_J, degrees of imprisonment 0% - I < 100%
and electron temperaturecs 5 ev - T@ £ 100 ev :l eV =
= 7740 K_?. The results are uncertain where the curves

are dotted (Section 3).
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Curves A, B and C gives ccmbinations of g and n for which
there is 50% probability of a particular kind of collision
during the natural lifetime of a level. Curve A: ionization
in one collision. Curve B: excitation transfor involving a
change in n. Curve C: excitation transfer between levels
with the same n. Curves ny and n, divide the levels in group
one, two and three as described in Section 4 and Appendix
ITI.1. The curves are calculated for Ta = 10 &V but are

valid within a factor of two (in ne} for 5 av ~'TG < 100 evy.
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TRITA-EPP-78~16

Royal Institute of Technology, Department of Plasma Physics,
S5-100 44 Stockholm, Sweden

ELECTRON TEMPERATURE MEASUREMENTS IN LOW DENSITY PLASMAS BY
HELTUM SPECTROSCOPY II -~ PARAMETER LIMITS FOR VALIDITY OF
DIFFERENT METHODS

N. Brenning

December 1978, 44 pp. incl. illus., in English

Different methods to measure electron temperature in low-density
plasmas by He spectroscopy are nxamined. They are based either on
the relative intensities of singlet and triplet lines or on the
absolute intensities of single lines. Calculations from measured
and theoretical data show that both methods are geriously influ-
enced by secondary processes, the dominating being excitation from
the metastable levels 2'S and 2°S, and excitation transfer in e-
lectron-atom collisions combined with imprisonment of resonance
radiation. The calculations give parameter limits for validity of
different methods and combinations of lines. Due to the secondary
pm&%%ses,ﬁéﬂkienwﬁﬁﬁian from relative line intensities is iémiged
to low-density, short-duration »lasmas (typically By, & 2:10""m ~,
t < 5-10~65} or to even lower densities that depend on the

ex 15_ -3
apparatus dimensions (typically n, < 3:10""m 7, L#~0.1 m).

For Te—determination from absolute line intensities the situation

is more favourable, and with a suitable choise of lines the restric-

tions on n_ and t.x ©€an be typically (ne < 5-1017mh3, th < 10_55)

17_-3 -
or (ne <107'm 7, L=0.1 m) for electron temperatures above 10 eV.
For temperatures below 10 eV and degrees of imprisonment below

7% measurements are possible for electron densities up to 1019 or

lOzOm_B, and without any limits on t,, or L.

Key words: Helium spectroscopy, Plasma diagnostics, Plasma

Spectroscaopy.





