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ABSTRACT

Spectroscopic methods of measurement of high tempera-
tures are reviewed briefly. They refer mostly to line inten-
 gities, line widths and line profiles. o

Introduction

In recent years there has been much progress in the production and
measurement of high temperatures in laboratory experiments. Temperatures
in the range of tens of thousands of degrees Kelvin have bheen attained with
arcs, sparks, exploding wires and shock waves.! Much higher temperatures, of
the order of 108 degrees, have been reported in experiments with high power
pulsed discharges.? Besides the utility of very high temperatures above tens of
millions of degrees for the production of tnermonuclear fusion reactions and -
power, even the attainment of lower temperatures is important for an  under-
standing and evaluation of such physical quantities as transition probabilities,
collision cross sections, interionic fields and plasma properties. Naturally
much significance is attached to the measurement of the high temperatures
reached in the laboratory. -

No known material probe can withstand temperatures beyond a few
thousand degrees. However, since all hot substances emit and absorb radia-
tion, spectroscopy may be employed, as in experimental astrophysics, for the
inveetigation of the physical properties of the radiating system, if necessary,
from a safe stand-off distance. Time-resolved spectra permit the study of
transient high temperature phenomena. Stigmatic spectroscopic analysis allows
for the fixing of temperatures for a spatial temperature gradtent. An obvious
advautage of spectroscopy as a diagnostic tool in high temperature research is
that it provides a probe which does not perturb the thermal state of the system
under observation. : ,

From the intensities of relatively sharp spectral lines, from the widths
and profiles of broadened lines, from the apparentshift in the position of the
series limit, and from the intensity distribution in the continuum, it is possible
to derive meaningful temperatures. Actually temperature is defined only for a
system in thermal equilibrium. - If a system of weakly interacting particles is
assigned a temperature 7', it means that the velocity distribution of the atoms,

1. An excellent review of the work up to 1957 is given by W. Lochte-Holtgreven in Reports
.on Progress in Physics, 21, 312 (1958).

" 2. Bee, for instance, Proceedings of the Second Inmternational Conference on the Peaceful
Uses of Atomic Energy, Geneva (1958), Vol. 81 and 32. : i

*Paper presented at the fourth Symposium on “SPECTROSCOPY” held in Bombéy on’
2 Jan. 1960—Editor. ' :
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ions and electrons, and the distribution of population in the possible states of
excitation and ionization correspond exactly to this temperature. In effect, the
* distribution of energy within such a system would be subject to Maxwell-
- Boitzmann laws.® If there is thermal equilibrium between matter and radiation,
the emission from the system is subject to Planck’s black body law. An isolat-
ed hot system in an ideal state of thermal equilibrium is a theoretical concept
and not a practical possibility, for such a system should not lose energy to the
surroundings.# What is realized in practice is some kind of u stationary state
maintained by a constant supply of energy to compensate for a number of
inevitable energy losses. The faster the internal energy sharing processes rela-
tive to those tending to change the distribution by energy losses, the nearer
will the system tend to thermal equilibrium. Normally, equilibrium distribu-
tion is established by collisions. The smaller the collision frequeney, the greater, -
therefore, is the deviation from thermal equilibrium. For instance, in a plasmna,
the electrons may be subject to accelerating fields and will thus have an energy
of diffusion superimposed on the energy of thermal motion. Because of the rela-
tively slow degradation of the surplus energy of the electrons in elastic collisions
with atoms, the electron temperature, characteristic of the mean kinetic
enetgy of the electrons, would be greater than the gas kinetic temperature.
At atmospheric and higher pressures the mean free paths are small and a near-
.equilibrium situation may be realized.* At low pressures where collisions are
few the difference in the electron and gas temperatures would be appreciable.
The more would be the difference, the greater the accelerating field strength.
One may, however, assign different temperatures to the electrons and gas
particles separately, although they coexist in the same space, provided an
equilibrium type distribution of energy obtains within each class of particles.
Also, in the absence of thermal equilibrium, if only certain degrees of freedom
of the gas particles have a Boltzmann distribution of energy, a temperature
may be measured and interpreted as rotational, vibrational or electronic excitas
tion temperature or as a translation temperature, depending on the particular
spectroscopic phenomenonal employed for its determination. It should not then
be surprising even if there is no correspondence between any two such meas
sured temperatures. If the system is in a state of thermal equilibrium the same -
“ value for the femperature should be obtained whatever the spectroscopic
technique employed for its determination.
In the following, some of the spectroscopic methods of measurement of
high temperatures are briefly reviewed.

Excitation temperatures

Excitation temperatures determine the population of the different excited:
states and are determined from line intensity measurements.

The intensity Lnme of a spectral line in emission is defined as the energy
emitted by the source per second. For a low density, optically thin layer of gas
wherein self-absorption is negligible, the observed intensity is proportional to

3. For a definition of temperature see, for exa.mple; K. F. Herzfeld, Temperature, Vol. 2
(Editor: Hugh C. Wolfe, Reinhold Publishing. Corporation, New York, 1955), p. 233; see,
also, in the same volume, Hugh C. Wolfe, p.3.

4. For a critical disoussion of the topic see, for exatnple, R. C. Tolman, The Pringiples of

Statistical Mechanics (Oxford University Press, London, 1938).
*At higher temperatures, increasing i onization also favours higher collision frequenocy.
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the number (N} of atoms (or molecules) in the initial state m’ of energy By, .
and tne Einstein trangition probability for spontanecus emission* (Awm») to

the final state m”. _ :
Im’m' w Nm' Am’m‘ hGVm'm' e LX) ’. o _, . o (1)
where, Vmmis the wave number of the emitted light quantum. For a Boltz-

man distribution of energy among the different excited states at an ‘excitation
temperature’ T, we have !

Nw =N, g—Z"T—)exp( — Bl ) . (’2)

where IV, is the total number of atoms in the source, g, is the statistical weight .
of the state m’ and @(T) is the partition function at temperature 7'. Combining
equations (1) and (2) we have the relationship between intensity and tempera-
ture

. /o Qe ' — B, .
Lntme = CON, % Vinme TP ( " / kT) ;. (3)
where C is a constant depending on the units of energy, the geometry of the
optical system and the efficiency of the spectrograph and recorder. .

Using equation (3) temperature can be derived, in principle, from absolute
intensity measurements. The constant C, however, is usually indeterminate
and N, unknown. It would be easier to evaluate the temperature from the ratio
of the intensities of two lines. For lines ¢hosen in the same wavelen gth region,
the instrumental response characteristics being the same, the factor C is elimi-
. nated in the ratio. And, for lines emitted by the same element and in the same
state of ionization, the factors N, and Q( T') are eliminated in the ratio. We may
then write, for the ratio of intensities, ‘

Loime . O'm® g’ [ Vi'm* )4 e [ o T, -

Lyne Au'n®  Gn’ ( Vn'n* P | (B —Em / kT ] @
If, therefore, the relative transition probabilities are known either from theory
or from experiment, the excitation temperature T' can be calculated using
equation {4).}

It is relevant to assess the accuracy of this method and consider the criteria,
for the choice of a line pair for an accurate evaluation of temperature, Accord-

ing to equation (4), the relative uncertainty (%_'_T ) in teniperature due to a

64 nt
%k Amrm' = Am’m* v'sm'm- == —3——. —7-"—- I Rmrm' vsmlm' ‘

where R, -is the matrix element for the transition.

+In practice it is convenient to measure the peak intensities of spectral lines rather than'
their integrated intensities. However, for Doppler-broadened lines the. total intensity I, is
related to the peak intensity = I,,,, by } )

e Vi S ,
where o is the most probable speed of the atoms at temperature 7', If peak intensities of Doppler
broadened. lines are compared one has to replace v¢ by v? in equation (). See, also, 8.8, Penner,

+ Chem, Phys., 20, 507 (1952), B U ) '
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relative uncertainty (A ) in the observed mtens1ty ratio B = ( Lw'me )

Inn”
is given by |
AR _ ”AT .- e Em,___En, : _ AE -
=B s B=—""g == - O

For B>1, the accuracy of temperature measurement would be comparable to
or better than the accuracy of measurement of the intensity ratio. For lines in
the visible region AE can be as large as 10ev (~ 10%deg K) so tnat tempera-
tures up to 105 deg. K can be evaluated with the ahove method to the same
accuracy as that obtained in the intensity measufements. The error in R is
determined by the probable errors in the measurement of individual line inten-
sities and would be mmnimum if lines of near-equal intensity in the same wave-
length region are chosen. Although a large AE is favourable for higher accu- -
racy in temperature evaluation, the line from the higher initial level would
be too weak for observation unless a high transition probabl.hty compensates
for tne small Boltzmann factor. - .

The above set of equations also holds good in the case of molecules for the
rotational, vibrational and electronic transitions, At temperatures beyond,
say, 10,000 deg. K molecules are dissociated and band spectra, if observed,
must have arisen from molecules in the relatively cooler parts of the light source.
Spectiographs of high resolving power and large dispersior are required for the
meagurement of rotational and vibrational temperatures®.

It has been assumed that in an optically thin source the intensity of the
spectral line is proportional to the number of emitting atoms in the line of sight.
If I, were the intensity of a line in an optically thin source of thickness z, in a
slightly thicker source of thickness f times # the intensity of the same line
should be fI,, But with increasing thickness, even in a homogeneous layer of uni=
form temperature, self-absorption sets in and the observed line intensity I would
be given, to a first approximation, by the exponential relationship

I=fI exp(—Kvfr) .. (6)
where  Kvfr  is the optical thickness, a product of the line absorptlon
coefficient ~ Kv and the geometrical thickness fx. If we take Kv propor-
tional to the transition probability we may rewrite equation (6) as

_.logf O Amm’® .. .. (D

log

o . .
where C, is a constant which includes f. It is obvious from equation (7) that
stronger lines with greater transition probabilities would be weakened more
than the weaker lines, in an optu‘ally thick source. If one wishes to measure
temperatures from line intensities it is then necessary to make a correction for
self-absorption to obtain fI, from the observed I. For moderate optical thick-
nesses the following procedure, applicable to lines with a multlplet structure,
has been suggested.® : :

8- For a discussion of rotational and vibrational temperatures see, for instance, H. P
_ Broida, T'emperature, Vol. 8 (Editor :Hugh C. Wolfe, Reinhold Publishing Corporation, New
York, 1955), p. 265; see, also, R. C. Johnson, 4n Introductwn to Molecular Spectra (Methuen &
Co. L‘od London, 1949)

& (. H. Dieke, Temperature, Vol. 2 (Editor: Hugh C. Wolfe, Reinhold Publishing Cvorpom-'
tion, New York, 1955),p 19. See, also, A. Unsold, Physik der Stematmoapharen (Sprmger
Verlag, Berlin, 1955), Pp. 288, 306,
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The relative -intensities' of the components: of a multiplet, since their
initial levels have nearly the same energy, would be proportional to their transi-
tion probabilities and, at any temperature T, be independent of the exponential
factor in equation (3). For any one component we may write '

I, = C Apmrz - .. .. .. (8)
Combining equations (7) and (8), we bave ‘
“log f =logf—CI, ‘
or log . § =logf—-0'exp[loqlo‘,] . . .. (9)

o . .
When the exponential factor in equation (9) is negligible, the observed intensity
I is equal to the actual intensity FI, . Thus components of the multiplet, for
which self-absorption is negligible, would correspond to points on the. hori-

‘zontal part of a plot of logg—m. log I, for the different components. For the
. A : ’

stronger components, f and ¢ can be solved for from any two measurements
and the actual intensities evaluated, The components of the same multiplet
‘are obviously not suitable for temperature evaluation from line intensity ratios,
Tt ie necessary to compare the intensities of a pair of lines helonging to two
different multiplets, after corrections for self-absorption are made. - -

Optically thick scurces

It would be interecting to study the variation in intensity of a spectral
line with either increasing density or inereasing geometrical _depth of the
emitting layer at a uniform steady temperature. According to equation @)
which is valid only for optically thin sources, the mtensity increases in pro-
-portion to thickness (or density or N, ). However, as self-absorption becomes
more and more appreciable with increasing thickness, the intensity increases at
a slower rate, and when the layer is sufficiently optically thick reaches an
‘asymptotic value. At this stage we will be.approaching the conditions of black
body radiation for the emitted spectral line.? {Actually, every isothermal gas
should emit a continuous spectrum due to free-free and free-bound transitions
since there is always some ionization, however small, in a thermally excited
gas. It is only for very large thicknesses of the emitting layer that this
continuum attains the Planck distribution for black hody radiation.) For gas
layers which are not optically very thick, only the discrete spectral lines show 5
near Planckian distribution in the central parts of their intensity profiles; for
other spectral regions the layers may be considered as optically thin. From
the measurements of absolute intensity in suck profiles it is possible to
derive, using Planck’s law, tae temperature of the source,8 , B

It may be noted that, the higher the pressure and temperature and the
lower the ionization potential, the smaller would be the thickness at which the
emission approaches black body radiation. When the radiating mass is very

*. For an answer to “How is a discrete line spectrum converted into a continuous black bod‘y
spectrum?’, see W. Finkelnburg, J. Opt. Soc. Am., 39, 185 (1949). :

8. In this connection it may be interesting to refer to the measurement of temperatures in
flames .and hot gases using the line reversal method based on Kirchhoff’s and Planck’s laws.
See, for instance, H, P, Broida (ref. 5). . . , - R -
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dense the continuous emission corresponds to black radiation. Tlsing Planck’s
and associated laws, one can then measure the ‘effective’, ‘brightness’ and
‘color’ temperatures, familiar in astrophysics.5,%

If there is a temperature gradient in the line of observation there would be
absorption in the centre of emitted lines. Detailed analysis would be required to
evaluate temperatares and assign them to the proper spatial elements of the
g28.%1% Often, however, this is not possible. In case of absorption in the con-
tinuvm, when a relatively thin cool layer envelopes the hot interior emitting
black body radiation, ‘curves of growth’ may be constructed from the absorption
profiles oi different lines, preierably multiplets, and used to determine the
temperature of the cooler layer.* The temperature of the hot interior may be
obtained from intensity measurements in the nearby continuum, For a very
high temperature system such as the firebalkin an atomic explosion the measur-
ed ‘temperatures’ have to be carefully interpreted in view of the non-homeo-
geneity of the system.2? -

Let us now consider the variation in intensity of a speetral line with in-
creasing temperature. According to equations (1) and(2) this means that we have
to consider, in effect, the variation with temperature in the population of the
initial level involved in the transition giving rise to the spectral line. Equation
(2) indicates that two opposing influences govern the intensity with increase of
temperature, ¢72, the increase in the value of the exponential fanction and a
simultaneous decrease, due to ionization, in N, . The intensity, therefore,
riges at first in a steep manner, then more slowly and finally falls off rather
gradually, The maximum intensity oecurs when the two oppesing influences
balance each other and the temperature at which this happens can be calcula-
ted. For lines of different elements and in different states of ionization the
temperatures at which intensity maxima occur are quite apart. For example,
the maximum intensities for the lines Hg ,p+\ = 4651 A and g++) = 3447A
occur, respectively, at temperatures of about 14,600, 32,000 and 51,000 deg.
K13 Tt is clear that for the evaluation of high temperatures from intensity
measurements suitable lines belonging to different elements in proper states of
ionization have to be chosen, depending on the region of temperatures invol zed.
The intensity vs. temperature curve is, however, nearly flat around the maxi-
mum, sometimes over as large an interval as 20 per cent of the temperature of
maximum intensity. Beyond the maximum, as is already hinted, the intensity is
not as sensitive to temperature variation as it is before the maximnm is reached.
Hence, only those lines that have a rising intensity slope in the region of tem-
perature to be measured are the most suitable for use as ‘thermometer’ lines.

Ti may be recalled that the classification of stars into spectral sequences in
astrophysics is based on this phenomenon of variation of spéctral line inteusi-
ties with temperature. .

* H. Bartels, Z. Phys., 125, 598 (1949); ibid, 127, 243 (1950); ibid, 128, 546 (1950).

- W, Going, Z. Phys., 181, 603 (1951). -

u. See, for instance, L. H. Aller, 4strophysics (Editor: J. A. Hynek, McGraw-Hill Book Co.
Inc., 1951), p. 29. o

13- For a critical discussion of temperatures in atomic. explosions, see F. @, Brickwedde,
Temperature, Vol. 2 (Editor: Hugh €. Wolfe, Reinhold Publishing Corp., New York, ¥955), p. 395

13- B, Burhorn, H, Maeeker and Th. Peters, Z. Phys., 181, 28 (1951). This paper also dia-
cusses the shift in the temperature of intensity maximunr for Stark-broadened lines,




DEFENCE SCIENCE JOURNAL : %65

This phenomenon ean also be utilized in determining high temperature
in a nonhomogeneous source of eylindrical geometry wherein, due to a  radia,
temperature gradient, the temperature is maximum along the axis of symmetry
Tf such a source is viewed end-on with a stigmatic spectrograph, each point
along the length of a spectral line would be the result of light received from a
definite point along a diameter of the source and there is a point to peint cor-
respondence between the intensity along the length of the spectral line and the
temperature across the source. T{ a photometric record reveals intensity maxima
occurring towards. either end of the spectral line—the intensity distribution is
symmetric about the centre of the line—their positions on the line permit a
direct assignment of the temperature (of maximum intensity) to. a correspond-
ing cylindrical ‘zone’ in the sonrce. Correlating details of the photometric
analysis with known data relating intensity and temperature, the temperature
distribution within the source may be mapped in detail W15

Similarly, variation of temperature with time in high temperature transient;
discharges can be studied. If high time-resolution techniques are employed, lines
of different elements are seen to attain maximum intensities at different times
indicating the attainment of corcesponding tenrperstures (of maximum inten-
sity) in the source.?: . ' - ‘ .

Gas kinetic temperatures
Gas kinetic temperatures are indicative of the mean kinetic energy of the
gas particles and can be determined from Doppler broadening of spectral lines.

Before discussing Doppler effect, it iz pertinent to mention here briefly
the important intrinsic causes of line broadening. Broadly speaking, they are:
Natural broadening (or radiation damping), a consequence of the finite width
of the energy levels; Doppler broadening, arising from the random motions of
the atom;_%l’rwsuré broadening (including collision damping), due to impacts
between the radiating atoms and neighbouring nentral atoms; and Stark
broadening, a result of the perturbation of the radiating atoms by the fluctuat-
ing fields of nearby charged particles.

The velocity distribution of the gas particles, the jon and electron densi-
ties and the pressure of a gas are functions of temperature and, therefore, the
nature and extent of intensity distribution in broadened epectral lines, expres-
sible in terms of intensity profiles and half-intensity widths, provide valuable
clues to the temperature of the emitting source,

Apart from line broadening due to the above causee, there may be line
shifts dve to gross mass motion of the radiating gas, and Stark and Zeeman
splittings due to externally applied electric and magnetir fields. Their study is
useful in estimating the drift velocity and the external perturhing ﬁeids,

The different causes of line broadening may not act singly and the digen-
tangling of the effects due to various causes in an »observed broadened line pcses

4, See, for instance, H. Maecker, Z. Phys., 186, 119 (1953).

1%, Since light from a smaller volume is received from the edges of the source rather than
from its centre one must. correct the observed intensity distribution from the centre of the line to
the edge for the geometry of the source. Details needed for making this correction are discussed
by W. J. Pearse, Conference on Extremely High Temperatures (John Wiley & Sons, Inc., New York
1958). See, also, Meek and Craggs, Electrical Breakdown of Gases (Oxford) University Press,
London, 1953), p. 400. : : ’
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difficult problems, However, experimental couditions may be such, or so chosen,
that the effects of all other causes of line broadening except the one under
consideration are either negligible or easily calculable.

Quantitatively, the Doprler shift {AX) of the emitted radiation due to
the motion of an emitting atom relative to the observer with a veloeity v is
given hy e . .

m= 2 . .. e .. (10)

where A, is the wavelength emitted when the stom is stationary and ¢ is
the velocity of light. Since tte observed spectral line is a composite of radiation
received from many atoms, it would appear broadened for a random distri-
bution of velocities of the emitting atoms: For a Maxwellian distribution of
velocities in the source at, absolute temperature T, the observed line intensity

profile is given by the Gaussian expression

. : ; 2 ’
l;:Imwexp[—- 3%( 7:‘)] vy

where m is the atomic weight of the radiating atom. :

, Tt is seen that pure Doppler broadening gives a bell-shaped ‘proﬁle:to an
otherwise monochromatic (sharp) line, The balf-intensity width, or the width
of the line between the two points at which the intensity is half ite maximum
value, is given by :

—7 12 - , . L
Ay =T2%X10 A (Tfm) - .. o (12)
From measurements of the half-intensity widths for Doppler-broadened lines
it is, therefore, possible to determine the temperature T. ’

Except at low pressures, pressure broadening, especially for resonance lines,
- becomes considerable. Low pressure sources with negligible self-absorption are -
therefore preferred for Doppler width measurements. (At very low pressures,
‘however, the translational equilibrium may not be attained and the line inten-
 sities may be very wenk). Again, pressure broadening, which results essentially
from the polarization of atoms when other atoms approach them closély, is
more for the higher members of a spectral seriés than for the lower members
involving mcre tightiy bound energy states. This fact has to be borne in mind in
the proper choice of a line for Doppler width measurements. SN

Tt is obvious from equation (12) that the Doppler half-width would be
greaterfor lighter elements and for higher temperatures. Even 8o, it isin general
small. For example, for Hp line at 10,000 deg. K, AN, = 0-35A. Isntru-
ments of high resolving power and dispersion are usually necessary to determine
the contour of the Doppler-broadened line.* The separation of the instrn-

*Tt may be ixiteresting to note here that, for work in very high resolution interferometric

spectroscopy, & low temperature, low pressure source is needed to avoid Doppler and pressure
broadenings. : . . . i
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mental profile from the observed profile to- obthin- the  Doppler profile’is-a-
laborious process and limits the accuracy of measuréments® :

Doppler hroadening of spectral lines has been most useful for estimating
the high temperatures reached in thermonuclear plasmas. Temperatutes off the
order of a few million degrees have been determined from the Doppler-half-
widtns of lines emitted by impurity etoms present in' - denterium plasma:in:
expetiments with-ZETAY at Harwell and' SCEPTRE?® at Aldertnaston'in the”
U.K. At the terhperatures attained in these systems, denterium atoms-are come’
pletely iohized 86 that no light is emitted by them. But from the liries emitted'

‘by the multiply ionized impurity atoms* (N IV, O IV, O-V) it was possible to

‘estimate the temperatures with-an error of about 20 per cent. Though'the-
Doppler method is simple in principle, its success depends on various factors,
not- the feast of which isthe hign: competence and 3kill'of the worket in'identi-
fying and choosing the lines, in the proper choice «f equipment, iri'a proper
appreciation of the possible conditions obtained inside-the source, ete.

Tonizafion teniperaturcs ’ : S
Tonization temperature defines the distribution of atoms in the various
stages-of ionization in a thermally excited gas. Since ions have an effect on line
brogdening; the latter phenomenon may be employed for the determinatfon of
ion concentration and, in turn, the temperature, Intefactichs’between the radia~
ting atoms and the force fields of neighbouring particles lead to broadening of
the emitted spectral line, Two types of broadening are: often:distinguished:
‘impact’ and ‘statistical’. In impact broadening it is assumed that the energy
levéls of the radidgting atom are perturbed by collisiohis with'particles movitig at
such high speeds that a’ momentary phase change is ‘introduced it the emitted
wave train only during the shert period of collision: A Fourier analysis shows
that this is equivalent to broadening of the spectral line. Since the perturba-
tione are assumed to be sudden, the impact theory describes lifies at high tem-
peratures and low densities and contributes to broadening near the line centre.
This thieory. leads to a dispersion type line profile and, in favourahle cases; the’
eléetron density may be computéd {rom measurements of line widthst. In
statistical broadening it is'assumed that the radiating atom is continuBusly in
the field of its neighbours which niove s slowly that they may he considered
stationdry, the-petturbation depending on'the probability of locating the pet-
turbers at different distances from the emitter. The radiated frequency is then

. repregerited as a probability disttibution about some mean value. Thestatistical

theory i¢ valid for heavy, slow moving ions, t.e. at-high densities and low tems<

‘“" See, for instance, A. G. Ga.ydon_and H G Wolﬂiard.JP;‘oc. Roy. Soc. A. 199,89 (1949),
and T, P, Hughes and R. V. Williams, Hilger Journal, 5, 19 (1958). . o

" The ee%m’l"’atidn of the Doppler profile from the apparatus profile is carried ‘kbut, by an appro-
ximite methed involving Voigh functions, Ses, for instarice, Mitehell & Zéntansky; Résonunde
Radiation-and Excited Atoms (Cambridge University Press, London; 1984) p: 99; Van'de Hulst:
and Reesinck, Astrophys. J., 108, 121 (1947); D.W. Posener, Australian J. Phys., 12, 184 (1959)
and N H:-Olsen and W, 8. Huxford, Phye:, Bev., 87,922 (1962):

. G. N. Harding f ol {ref. 2, vol. 32); pi 365; . . Biitt et al:; (bid. vol'83), p. 4.
1. T, P; Hughds and R. V. Willlams (ref. ssnii¢ 5in 16). o
 *For s Tasion reator workinig st temipétatires of the ofder of & hindsed million degrées,
not'only 8+¢ the impurity aton:s undesirablle for the suceess of the réactor but also, ‘st suoh high"
tenfferatiits, they riay-beé totally fonized; it would'then be not poséible for'spettioseopic investi- -
gations to be made on the system; o :

-
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peratures, and it accoiints mostly for the broadening in ‘the winigs of the Jines,
The two theories, although they reier to two different models, are - limiting -
ingtgnpes of a more general_ theory.1® : o ‘ ,

* " Line broadening due to perturbations of charged particles on a radiating
atom whose energy levels snow a linear Statk. effect is of particular interest in
temperature measurement. Hydrogen and hydrogen-like atoms exhibit a large
Imear Stark effect due o interionic. fields which can be as high as a hundred
thousand volts per centimeter in a plasma at a temperature of the order of -
10*deg. K. Since the ions areé in incessant random motion, the electrie fields are
non-uniform and fluctuating. Tn the statistical theory of Holtsmark® the pro- -
bability that a radiating atom experiences a field B isgivenby oo
W)= %gs[i — 0.4628p2 +0.19276¢— 0-0282585 -+ . .. ] 0<B<1 T

e 53/2 T +' gom T e ......],1'7<g<g “

'2'350[1+5.'106 7.4375 0-1
where P is taken for convenience as the ratio of the random field E and the
‘average’ or ‘normal’ field E, which is given by

E=26l Zen) = .. N ¢ O

where #; is the number density of perturbing ions, In a field E, the linear Stark
effect for the k th component of the spectral line is given by . S

- AN =0y E = O,

| or % = a=08 ... .. . .om)
where Oy, is the Statk coefficient. of the k th component and « may be considered -
as the Stark shift cotresponding to the field B Using this relation, a plot of

W(B) vs. B can be easily converted into a plot of W(a) s, o, giving the .

pmbé,»bility that the % th compoxi_enﬁtoecurs at a distance u( = %_}‘)from
o . " ! ' ° ’

the line centre. In effect, the plot gives the relative intensity distribution of
the line at various distances « from the line'centre. To obtain the theoretical
intensity profile for the Stark-broadened line, the Holtsmarlk profiles of all the
component lines have to be added up after weighting them for their relative
intensities. The observed profile, on the cther hand, is a plot of intensity vs.
AN from the line centre. By fitting the theoretical contour with the observed
contoir, B, is evaluated?® and, in turn, using equation (14) n; is determijned.

*- For & comprehensive discussion of these two theories, their limitations and improve-
ments, see H. Margenau and M. Lewis, Revs. Modern Phys. 81, 569 (1959). :
%« An- ingenious procedure for the curve-fitting, which is not such an obvioug matter, ‘is
adopted by P. J. Dickerman, Conference on Extremely High Temperatures (John Wiley &. Sons,
- New York, 1858), p. 77. In his paper, Dickerman reports on the experimental determination of
the equilibrium temperature of a plasma from: the Stark broadening of Hy.and Hy lines. See. .
also, N. H. Olsen and W. 8, Huxford, Phys. Rev. 87, 922 (1952), B oL
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This method of evaluating #; is fairly accurate but is limited to the study -

of the lower Balmer and He* lines which show linear Stark éffect. For HP the
breadth varies from 0-0006A. to 130A for n; varying from 10 to 10 per cmS,
An advantage of this method is that hydrogen is present in almost every flame or
electrical discharge or a small amount of it may he introduced into the system.
The Holtsmark theory, however, neglects perturbation;; other than those due to
ions. The effect of electrons, at densities greater than about 10% per cm3, be-
comes considerable in the wings of the lines and discrepancies. between the
simple Holtsmark profile and the observed line contour-become appreclable.
In such a case, for an asymptotic fit, the number of perturbmg partlcles is
taken tobe 2n; (=n; 4n’ ) instead ‘of .

Another aspect of Stark broadening, leading to the determination of the
number density of .perturbing particles, relates to the apparent shift of the
Balmer series limit to longer wavelengths, Due to interionic Stark effeet the .
higner members of the Balmer series, and in general lines emitted from highly
excited states of atoms or jons within a plasma, are broadened and at the con-
vergence limit of the eeries may no longer be distinguishable as discrete lines
due to merging of the broadened states. This amounts to extension of the
series limit continuum to longer wavelengths and lowering of the ionization
potential. For the highest energy level that is discernible the most probable
Stark shift for its extreme component will be just less than half the interval
between it and its nelg‘lbourmg energy level, This CODdIthTl leads to the Inghs-

Teller relation
logye N = 23:16 — 7-5 loggimas .. o (16) -

- between N, the number dengity of perturbers, and #maz, the quantum
number of the initial level of the last resolvable line at the continuum limit.
At high temperatores the electrons move too rapidly to contribute to line
broadening near the centre of the line so that N may be taken as equal to x;,
But the contribution of the electrons would he appreciable if the ‘statistical
frequency limit’® for electron broadening occurs closer to ‘the line cebtre,
within half tne frequency interval between neighbouring lines at the series
limit. This leads to a critical temperature 1® ( 7 = 5 X 10%/nmaz ) below which -
the effects of ions and electrons are treated as additive, .e. N=ni +n" =2n.,
So far as equation (16) is concerned, the uncertainty in the value of N by a
facter 2 bardly matters, since the number on the right side of the equation,

* 2316, is hardly certain to within the amount log,, 2 (=0-3). A shght]y modlﬁed )
Inglis-Teller formula \ ; _ '

logy = 2346 — 7°5 loggtmaz .. (17)”'

seems to give better agreement with experimental results.2

*For a disoussion of theoretical and experimental limitations of Holtsmark theory see re.
ferences (1) and (19). See, also, H. Griem, Conference on Extremely High Temperamres (J ohn Wiley
& Sons, Inc., New York, 1958), p. 93.

31, See, for instance, W. Finkelnburg and Th. Peters, Handbuch der Physik (Springer-Verlag, -
Berlm 1957), Yol. XXVIII, p. 79.

“, A. Unssld (see ref. 6). See, also, referenoes 1) a.nd (19).



Pl SPECTROSCOPIO METHODS OF 'MEASUBEMEﬁT’*OF-‘HIGH TEMPERATURES
- mﬁfe higi}‘éf tering of any element are hydrogen-like; stmtlar’ effects
negp Hid series lintits of He + and Mg + have beeti observed. 3% The electroh )
densities, calculated from the Inglis-Teller formula, are e¥pected to be correct’

within & factor oi 2.

o Wlien n; has been détermined‘ itisa relaitively simple matter to find T from'
the Saha ionization equation ' . .

wine _2Qi (T) Qume RIP® [ I_AI'7 o0
mo . Qo (D) WP [" TR ] (1)

where n; and ne are the number densities of ions and eledtroiis respectively, -
is the number density of neutral atoms, @ #nd Qo refer, respectively, to the
pattition functions for ions and'neutral atoms, and'7 is the ichization potential
of the newttal atom while AZ, the correction for the loweririg of the ionization
potentis]'in‘the presence of ions, is given by < o

Al=T0Xx0~"aM vl . .. .. (9

Tri thisequation ni, ne andn, have fitst tobe evaluated. The charge eqtiflibriviii
conditiongivesthe relationn; = n.. Foragasatknowi préssure (or total nim-
het of particles ¥ perem?® ), Dalton’s law of partial pressures gives' N'= nj -+
ne <o, Sivcen; is kaown' from - experimerital determination, the above
relations* permit the computation of T.

- Electron temperatures -

Elgttron tempierature is a ‘measure of the average kinetic eretgy of the'

 electronsin a hot plasnia and may be determined, in preiple, from electror

recombination” spectra, provided a. reliable theory of continuous spectra is"
availdblet o o -

, The series limit continua in emission arise from ‘recombination of free
electrons with: pesitive ions to form neutral atoms or ions of smaller positive
charge. When' an electron is’captitred by an atom; the kiuetic energy- of the
electron plug the biiding energy (Hg) 'of the electron in the excited final state’
in- whieli; the eléetron’ finds-itself on capturé isemitted ada’ quantum-of radia:"
tion. The captire of a large number of electrons with different velodities (in
theriial equilibrium, : Maxwellian distribution of velocities) results in a cotitic
naous spectrum with frequencies greater than vy = Egfk. The'relative
intensity distribution in the continuum depends on the velocity distribution of
the eldotrons: -Bince recombinaticns leading to different excited' states are pos-
sible there arise as many individual series limit continaa as there are atomic
states. The total continuum is a superposition of all these individual series
limit coutinua and-cf free-free radiation. =

28, . Wulif, Z: Physi, 150; 614 (1058); W. Botliokier, Z. Phys. 148; 62 (1957).
24. A Unsild, Z. Astrophys. 24, 355 (1948). S T
.. ¥Bor complex plagmas, composed of more than one element, it is necessary. to'know the rela-
tiiié‘a%grndéﬁceé oglffe‘eiemeﬁ%. See reference (1). ;
{For a review of theoretical and experimental work on continuous spectra, see W, Finkeln-
burg and Th, Peters (vef. 21). - i
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. The coeficient of free-froe emission is given by

. n; n, . | |
=v=0.zzﬁc“1’)§T @p (—BET) .. e L (20)
where o .
2
0= 2T sex 10— .. ... o

T34/3 (2rm)32

Tt is seen that free-free emission decreases towards higher frequencies. (For low
electron velocities, .. at low temperatures, the free-free emission oceurs mainly
in the infra-red; but at temperatures of the order of ten million degiéés or more
essentially all the radiation occursin the x-ray region.) I

Mention has been made earlier of the broadening of the higher energy levels
near the term series limit, in hydrogen-like atoms, due to perturbations by the
microfields in a plasma. The bigher members of a line series are therefore
smeared up and with greater perturbations they merge into a contipuum
which ultimately gets connccted up with the series limit continuum. On the
other hand, if, above (and including) a certain excited state of energy. &; = kv,
there is a relatively dense series of terms until the ionization 'l’imft); they form
what may he called a ‘term-continuum’. The individual series limit’ contintia,
involving terms in tne ‘term-continuum’ follow each other so clogely that they
appear as a single continuum with imntensity increasing towards higher fre-
.guencies, Superposition of free-free rediation on this continuum results in uni-
form intensity, independent of frequency, up te thelimit v;, 2 The frequency—
independent emission coefficient is given by - T T T 7

"N Ny

o=0@ T - @)

‘where ¢ is a small correction in Z to account for the penetration of eleetrons
into the electron shell of ions.#  Thus in the frequency region in which equation
(22) is valid, absolute intensity measurements would express (1. %e.)a8.a fune-
tion of T'. Using Saha’s equation and other equilibrium conditions, the electron
temperature 7' can be evaluated, 23 in the case of ionization temperatures.® -

«When-the terms are no:longer close:to-each. other, the emission coefficient
For:the series Jimit: continuum of the nth.quantum atate is given hy » - -
twtetm

Pa— e (z+s»)4 (:—TZZ)W e%‘p[k("""v)//kl’} ,(2,391

. - % Based on a study of their radjation properties Maecker and Peters have-tried to. \
the elements of the Periodic Table into 3 broad types. In type I the atoms have their energy tom
‘well separated so-that frequency-independent emission is to' be expected only in the inffared; H
He and elements of Groups I and IT and a part of Group 1 belong to this type. Twtype I the
:atoms have close lying terms separated by a broad teymless energy gap from.the ground state.
In this case frequency—indepenident emission extends from the far infrared to the ultraviolét.

. The rare gases (except He), halogens, Groups V, VI and & part of Group IV elements belong to
this catégory. In type III the energy termsare densely packed until very near the ground state so

+that freguency—independent emission isexpected:through the-entire spectruir almosttothé hmit
of the main series. To this type belong elements with the highest multiplicity. H, Macckersuml
Th. Peters, Z. Phys., 189, 448(1954). See, .also, reference 21, . ) .

3. See, for instance, F. Burhorn, I:?hyaf. Verh., 7, 198 1956).
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The intensity is tuus seen to decresse with higher n. further, in each series
limit continuum the intensity decresses on the higher frequency side of v,
according to exp (—hv/kT). The same relative decrease is also shown by the
total continuum for y>v; , but the emission coefficient is given by

& = C(Z+s (;TTW exp [h (vz 55 v) / k’f] ~ (24)

(Of course, when one progresses from v; towards higher frequencies the intensity
suddenly rises at the place where the first “discrete’ series limit continuam is
encountered.) Equation (24) may bhe employed for the determination of 7T trom
the ratio of relative intensities at two frequencies. If, however, v is any fre-
quency in the series limit continuum of the mth quantum state (m <[), the total
intensity at v would be obtained by adding to equation (24} the contributions,
as given by cquation (22), from tne recombination continua extending from the
geries limits oi all the levels (I—1) to m.

It has been found that for numerous element: the drop in intensity beyond
the series limit is not exponential.* Tt is suggested that until exact calculations
are available these continua are not suitable ior & quantitative correlation with
temperature.

Lastly, it may be mentioned here that at high pressures continuous radia-
tion may result from electron attachment to neutral atoms. The most important
and theoretically calculated case?? is that of the negative hydregen ion. Since the
electrical charge of the proton is not fully shielded by the valence electron, a free
electron passing close to the atom would have a probability of attaching itself
to the atom, forming a negative ion. Calculation of the binding energy gives a
value near 0 75 ev. Lochte-Holtgreven and Nissen have found the thecry in
good agreement with their experiments.?® At a temperature of 10,000 deg. K
and a pressure of one atmosphere they found that the contributions of the H™
and H to the continuum were about equal. Negative hydrogen plays an impor-
tant role in the stady of stellar atmospheres.

Conclusion

. It is obvious that several spectroscopic techniques can be employed for
the evaluation of high temperatures. The choice of any particular technique
depends among other factors on (¢) the nature of the source: its geometry;
its chemical composition; its density; its probable magnitude of temperature;
its state of ionization; temperature gradients; the nature and extent of the
external perturbing fields, etc., and () the spectral data recorded: the nature
(emission or absorption), the type (band, line or continuum) and the region of
the spectrum; the intensities and profiles of the line; the distribution of intensity
in the continuum, etc. It should be mentioned, however, that considerable
information of a fundamental character concerning transition probabilities

*Jor a discussion and references to experimental work in this connection, see Lochte-Holt
greven (ref. 1.).

27. 8. Chandrasekhar, dstrophys. J., 102, 409 (1945).
28. W. Loehte-Holtgreven and W. Nissen, Z. Phys., 183, 124 (1952).




DEFENCE SCIENCE JOURNAL : o 918

line profiles, intensity distribution in the continua, ete., is still needed oz & iy
full utilization of the various spectroscopic ‘methods* Finally, in case of
uncertainty about the existence of, thermal equilibrium in the system, the
measured ‘temperature’ must be understood only in terms of the particular
spectroscopic phenomenon employed for ;its determination. '

v

o

*. The.soope and limitations of this pap>r have not permitted the inclusion ‘of microwave
methods of measurement of ion - densities and eleotron temperatures in high -temperature
plasmas. Reference may be made, for instance, to G.N. Harding et al. (see ref 17); B, P. Butt-
et al. (se0 ref L7); R. F. Post, Rev Mod. Phys.; 28, 838 (1956); J. E. Drummond, Oonference on
«Hatremely High Temperatures (John Wilsy and Sons, Ino., New York, 1958), . p 97; M, P.
Baoch; et.al. Plasma and the Eleciromagnetic Field (Canadian Armament Research and
Development Establishment Technioal Memorandum AB—26); and J. Schheider and F. W.
Hofmann, Phys. Rev., 116, 244 (1959). =~ : )



