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Abstract

A& new experimental technique has been developed for the
determination of absorption line profiles in steady-state plas-
mes. The method involves observing the total transmitted line
intensity of one component of the longitudinal Zeéman pattern
from a background source. The frequency shift of this line is
determined from the known magnetic field and the Land€ g-factors
involved. The light from the background source 1s amplitude
modulated by a chopplng wheel, and the intensity of the trans-

mitted light is measured with a phase-sensitive detector.
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CHAPTER I
Introduction

Historically, spectroscopic méthods have been used exten-
sively for the study of plasmas., This broad application has
arisen because plasmas naturally are light emitters, the wave-
length of light 1s short so that spatial resolution is good,
and data may be obtained with 1little or no perturbation of the
plasma. In aétrophysical plasmas, the only tool available is
spectroscopy since the sources are far removed. Usually the
spectroscopist looks at elther the line intensities at various
wavelengths or the iIndividual line shapes. In the former case,
if the transition probabilities are known, relative abundances
of excited atoms and ilons may be obtalned and estimates of
temperature and degree of ionization made. 1In thé latter case
the shape of the line depends on many factors -- for example,
the transition probability, the gas temperature, the pressure,
the density of charged particles. If the line shape could be
precisely determined and the contributions of the various fac-
tors assessed, many physical properties of the plasma could be

determined.,.

The particular interest in determining the line shapes

for a Neon glow plasma, gs reported here, was generated by

(16)

previous experiments in this laboratory (Robinson and

Irwin(11>) which determined oscil}ator strengths in HNeon by ab~

sorption methods. The analysis of these experiments assumed a

1



Doppler~broadened line, and it was deemed desirable to check
this assumption experimentally and to determine the magnitude
of the departure from Doppler shape. The object of the experi-
ment reported here is to check the feasibility of determining

this departure experimentally with a novel technique.

Also, 1f a good technique could be developed to deter=-
mine line shapes, then 1t could be used to study the effects
of pressure broadening of spectral lines at relatively low pres-
surese. This 1s an area where few results have been published,
because of the difficulty in determining by present techniques

the shape of such narrow lines accurately.

We use an intensity-modulated, frequency-modulated back-
ground source, and a phase-sensitive detector to measure the
total light intensity transmitted through an absorption tube,
From a measure of this line intensity as a function of fre-
quency shift (given by the Zeeman splitting), we determine
the percent transmission as a function of frequency. This then
allows us to infer (from a computer approximation) the shapes

of the absorption lines.

In the experiment reported here, the line width of the
background source and absorber were comparable., It is con-
ceilvable that under such conditions an appropriate involution
of the curve would give the shape of both the emitter and absorb=

er. Some attempt has been made at this and it 1s shown that the
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method 1is indeed feasible. It 1s obvious, though, that a bet-
ter result would obtain if the line width of the emitter were
significantly less than that of the absorber. It was not with-

in the scope of the present work to pursue this possibility.



CHAPTER II

Theory

(a) Absorption of Radiation

We consider a parallel beam of light of intensity I, in
the frequency range v to y+dy inclident on a medium composed
of atoms capable of absorbing the light. We suppose there are
Ny atoms per cc. in the lower state of which (N, are capable
of absorbing in the frequency range Vto v+dVv , and Ny atoms
In an exclted state of which § No are capable of emitting in

this frequency range.

As the beam traverses a layer of atoms of thickness dx, -
then intensity at frequency V will change by:
A
~d(Iydv) =4 N,dx hV B ]:%gagN dx hV' B,, Iv-fN, dx bV 21
1 12 2 2l 2
iy L ey
If we have abailable a means for distinguishing between
the beam radiation and the spontaneous emission from the ab-
sorbing medium, we can neglect the last term in the equation,
giving us:

-d(IydV) = Nydxh By, Iy =§ NodxhVByy I
1 12 2 el ﬁ

The B's are the Einstein coefficients, such that B12Iviis

the probability (per atom) per second that the atom in state
1 will absorb a quantum hV and end up in state 2 when ex=-

posed to radlation of intensity Iy in the frequency range V' to

Iy
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VHdy . IV /LT is the intensity of equivalent isotropic radi-

atlion for which the B's agare defined.

Hence we hgve:

-1 dIy JV¥Y = n¥Y (B _fN, -B N,)
'I_\,?ﬁ! I 2?1 1d N

Comparing this to the definition of the absorption co-

efficient at the frequency Y :

dIV = - Iy ky,

dx

we have the connecting relation:

ky V= EA{T (Biod Ny = By dNy)e

If we consider the limit as JV 20, and integrate, we

have:
/kv dv’' = /hw (B12 le - B21 dNZ)
; / Im
line line
I

where Nl is the number density of the lower state and N2 the

UpPper.
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The Einsteln coefficients are related (L) by :

Aoy 2hv‘3 g1
Pl = 2
Bi2 c 82
By . 8

9
Byp g2

where the g's represent the degeneracies of the states 1 and 2.

It 1s customary to define the lifetime for the transition

from state 2 to state 1 as:

Using these relations we have:

o oaet Bowm -T2 o8
ky dv'= ot —
T 81 N1 85

line

This relation is true for any absorption line shape,

and hence is independent of the broadening mechanism.

In terms of the cscillator strength for the transition

we have

2 No 8y
kv dV = N-f-4TTe 1e = —= »
//F v 1 1éﬁ;€ T, &5
line

In most cases the population of the upper level 1s much

smaller than that of the lower level, and in this approxi-



matlon:

/kvd\/= 0.02} f12 1

line
(b) Absorption of Line Radiation

From section (a) we hgve:

dI
__Y = --Iv k\/ R
where ky/ 1s the absorption coefficient at frequency V}.

Solving this gives:

Iy (f) = 1y (o) e'k\//(] ,

where IVJLV) 1s the intensity in the frequency interval \/ to
v +dV after traversing a path of length jcm.,. and Iy (o) is

the 1Incident intensity in the same frequency range.

If the detecting instrument gives a reading proportional
to the total (integrated) line intensity, as in a monochro=-
mater-photomultiplier arfangement say, then the recorded res-

ponse 1s proportional to:

1) = Iy (o) e“k\//d\/.

line
The percent transmission is then given by:

/ »k\// .

.. line Voo

Iv (o
IV (o dy/

line



Note that Ivf(o) and k\/ are functions of the frequency
V', and that IV/(o) and ky/ may be of different shape and need

not be centered on the same frequency:

Kv

1,00

<\

In this experiment the incident light is derived from one
component of the longltudinal Zeeman pattern, and hence the

spacing AV'1ls determined by the Zeeman splitting.

If we consider the frequency measured from the centre of

the lines, we have:

k\/ k (w) and

Ty (o)

i u

I (w-AVv),

where W = ¥V = Vo, This gives us for the transmission:

[ I (w-AV) e"k(w)/ dw ,

line

/ I (w~ay) dw

T (AV) =

line



which is a convolution integral of complicated functions.

(¢) Broadening of Spectral Lines

(1) Natural Line Broadening

An atom emits radiation when an atomlc electron
makes & transition from an upper energy state to a lower state.
From Quantum Theory we know that the atomlc states with filnite
l1fetimes do not have a precisely defined energy, but encompass

a range of energies:

ax- 25

where At is the 1lifetime of the state.

A quantum mechanical treatment bf the process of
emission of radiation shows (10) the intensity distribtuion

within a line to be:

. (/e

v-va i

v

Er = E
where \/pp = the Bohr frequency'—g—ﬁ——l for the transition
between the states 1 and 2,
and X = ..X1+X2
AE AR
e S
h h
We see that X'1.= 1 from the uncertainty
ceMAty

relation above,
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If the atom is in state 1, then 1/A t. is (approxi-

L
mately) the number of spontaneous transitions which can occur

per second,

If k 1s a lower state capable of combination with

state 1, then the number of transitions 1—>k is:

§IL2_§_2___\/2‘ £
m03 1k 1k
where \)lk = Bohr frequency
ik = oscillator strength for the transition.
. 1 o T‘\'22 E \/1k 1k ’
LI | Atl

1k 1k
and so [&El = JK BTT Ez:jj \/ .

Hence 1if we consider the broadenling of both levels

1l and 2, we have:
X_LLH&% 2:2 £+ )2 p
= T3 — Ve Cw ), V5T
X
In all cases considered here the natural half width
is much smaller than the width associated with any other broad-

ening mechanism, and hence natural broadening can be considered

gs a negligible effect,

(11) Doppler Broadening

If we assume that every atom at rest emits monochro-

matic radiation of frequency'\/o, we find that the light from
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any practical source 1s broadened because of the thermal motion:
of the emitters in the source, Similarly, the absorption line

1s broadened because of the thermal motion of the absorbers.

If we consider a beam of parallel light travelling
in the positive x direction, atoms moving with a speed Vx in
this direction willl absorb light from the beam of frequency
V=V o (1L + V%), If we assume thermal equilibrium, we know
that the number of particles dn with velocity component in the

range Vx to Vx + dx is:

where m is the atomic weight of the absorbers, and T 1is the ab-

solute temperature.

Since the velocity component 1s related to the fre-

gquency absorbed by:

C

T (vev)

we can see that the absorption coefficient must be of the form:

2
_< m) _c_ 2
=k e VFEE/VE (V-Vol  omt
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which is a Gaussian function of (V)-\)o).

The half-width of the Doppler-broadened lines is

given by:

V[

\(% secnl

2
me

DYy = 2 (n2)® (ZKT >

This gives for the half width:

év__\/ d = 0,71 x 1078 [T
0 M
= AAad , .
Ao

where AOAd is the half width in terms of wavelength, for a

"line" of wavelength Ao,

For the plasmas used in this experiment the main
broadening mechanism is the Doppler effect. If we assume that
the absorption coefficient is completely determined by the

Doppler profile, we have:

/ _(2/tn2 ¥=Vo) :
ky a4y = kO/e AV av’

line
_ T AV ad
= Ko | T 2

But from section (a) we have:
kv dv = 0.02L;_ flz Nl ’

line
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independent of any broadening mechanism,

-1
* ko = 0.0225 f12l cm
‘ £ N : -1
= o5 x 107 _12 1 32 om

él?\d

(111) Pressure Broadening

It 1s found that the spectral lines emitted by a gas
at high pressure are broader than (and sometimes shifted with
respect to) those lines emitted by the same gas at lower pres-
sure. Thls broadening occurs because the emitting atom is per-
turbed by its neighboﬁrs. Because this problem is a very dif-
ficult one theoretically, the theories of pressure broadening
have developed at eech extreme of approximation. These two
extremes give rise to the impact (or interruption) broadening
and statistical broadening theories. In the impact theory, the
mean time between "collisions" 1s much greater than the. dura-
tion of the collision, and cnly binary collisions are consider-
ed. This theory éan be seen to have some validity in the case
of a rarified gas, and for the plasmas studied in this experi-
ment the impact theory could be expected to be a fairly good
approximation. In the statistical theory, the emitting atom
is ccnsidered to be in a constant state of perturbation, the

atom and 1ts neighbors forming a quasistatic aggregate (a
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pseudo-molecule)., This theory is capable of glving a better

approximation in the case of dense gases, or liquids.

Since the impact theory can be expected to provide
a fairly good approximation in the case of the low density,
weakly ionized plasmas used in this experiment, we will con-
sider further this viewpoint, following the simple approach of

(10)

Lorentz :

If we cpnsider an atom to emit an infinitely long
wave~train in the absence of collisions, we may look upon the
impacts with other particles as giving rise to interruptions
of this wave-train, with the.phase changing randomly during the
collision. We assume that the collision time is much smaller
then the mean flight time | . The probability density of a

flight time t is given by:

p () =L o YT

T

During the time interval O to t, the wave 1s sinus-

cidal and so we have:

We T

Et) = E, e

\ + ot -Vt |

- Eo © e +

K BV = L'\T( o d
[#]
\L(\)°~—\)5't
= e -
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The intensity 1s given by:

T = |EWDP N
2 et \2» -

= JE;L { \ e -\ € dt
4T 1 (Ve =0V T
. Es |

zm® (W-va + ()

and hence the half width is given by:

a\/p = ;—?__— sec”t

The mean flight time ( can be found from the rele-

vant eross section:

T = 1 SeCa,
[ 2 ‘rryz v n
where P is the effective "radius" of the atom,
Vv is the average velocity,
n is the particle density.
° z = | 0 mkT SeCoy

1
L P a

where P is the pressure in dynes/cmz,
m 1s the atomic mass in grams,

§ = ﬂ'?zt 1s the collision cross-section.
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A\)P = jPC i—-—-——i sec”
TmKT

I o~
c 52x0 PO (e

T

where P is the pressure in mm Hg.

In terms of wavelength:
land
ANp = 170 x P& A
Jrn'r
We should note that the "optical cross=-section” d’

%
(*] cwm .

can be significantly larger than the "kinetic cross-section”

whilch appears in equations of diffusion etc.

(2)

More involved derivations give rise to an expres-
sion:

1o \

X (-ver Y « (2V

TWV) =

for the intensity distribution in a llne which is broadened
and sbifted by collisions. The frequency shift (R/27) is
of the order of 1/10 to 1/2 of the half-width (ol /A7), de-

c
pending on the line(/).

(iv) Stark Broadening

Since there are charged particles present in the
glow dishcarge plasma we might expect some broadening effects

due to the collisions of the emitting (or absorbing) atoms with
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charged perturbers. Since the current through the tubes is
small (Sma and 2ma), and the pressure is low (IOmm and 2mm),

1
the charge density is also small and should not exceed IO1

particles per cublc centimete47) e To obtain an order of
magnitude result for "Stark half-width'" we can use the formula

(8)‘for perturbation by electrons (since this will be the

largest ionic effect):

o= q A" LN (0'%?37
< /6 % A

where <= 3 for the Neon lines studied,

This gives
érc == 2,85 % 1076 ¥ sec~!

for an electron temperature of gbout Z2ev,

'This is a completely negligible effect for this

experiment :
N Qf'c7\

1011 .38 X 1075 8

10° .38 x 1074 8

1047 3.8%
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(v) Result Line Profile if more than one broading
mechanism 1s present

If we consider a llne to be broadened by dlfferent
mechanisms -- Doppler, natural, pressure and Stark broadening
-- we can, In a first approximgtion, consider each of the
mechanisms to gct independently. In this approximation we
can consider each small element of the Lorentz profile to be
Doppler broadened, or vice versa. This results in an expres-

sion for the absorption coefficient:

o° 2
26 Moz
Ky = =2t =P _<Z\7¢ n# ) dé
T (8 2V ) 2(V-Vo— $) P
- X A\)N-\— A\)\_l

-

where the AVs are the half-widths associated with each of
the mechanisms. This resultant expression is célled a
Voigt profile, and there has been extensive numerlcal work
done on computing these proflles as a function of the
parameter a = A\)N —+ A \/L

A Vo

This I will call the "Voigt a parameter,"
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(vi) Broadening due to Self-Absorption

For completeness sake, I should include self-
absorption as a broadening mechanism, Although in some cases
the study of absorbed lines can give useful and important in-
formation about the material located between the source and the
detector, in this expériment self-absorption in the background
source is an unwanted (because it is essentially unknown) broad-
ening mechanism. It should be noted that all sources produce
emission lines which are self-absorbed to a greater or lesser
degree, and this can cause discrepancies in the measurement

of the total intensity of spectral lines and their shapes.

The inherent difficulty due to self-absorption
in this experiment lies in the fact that the transmission pro-
file depends on the shape of the background emlssion line,
This shape is determined by the mechanisms outlined previously,
and also by self-absorption. Whereas the other causes are
known with some accuracy, the fact we are viewing an inhomogen-
dous plasma side-on makes the analysis of the effect of self=~

absorption very difficult to account.

For a homogeneous with "line of sight depth" 2 , we

find that the intensity profile is given by*:

IV (08 lﬂeuk’e

2
()

" See Appendix
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(d) Effects of the Magnetic Field

(1) Zeeman Effect in Neon

In this experiment the aim is to determine the ab-
sorption line profile from a measurement of the transmission
as a function of the frequency shift. It has been found,‘how-
ever, that the shape of the background line has a marked effect
on the transmission. To aid iIn simplifying the analysis, then,
we have been led to studying those lines which exhibit the
normal triplet pattern. Fortunately, the Zeeman effect in

(1)

Neon has been studied carefully, and excellent data exist

to facilitate our search. Most of the 3P - 35 lines in the
lleon spectrum exhibit a complex Zeeman structure, but there
are a few which have the triplet pattern -- the £8£2, 607,

6163, 6266 and 6532 lines.

(1i) Accompanying Effects

The magnetic fleld, if it is not homogeneéus across
the emitting volume, will give rise to Zeeman components of
slightly different frequency shifts from different parts of
the source. This will result in a broader emission line,

which is asymmetrical with respect to the pesak:

see P22
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Figure 1 -- Partial Term Diagram of lNeon
Showing Zeeman Triplet Lines
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< AV

Vo V,
This asymmetrical broadening will increase with field strength
and hence the background line width will be greater when we

are making measurements in the wings of the line.

The magnetic field will cause the charged particles
to gryate around the field lines. Since the field lines are
perpendicular to the tube this may drive the particles into
the walls 1f the Larmour radius 1s greater than the tube radius.
This will result in an increase in the tube resistance since we
must apply a larger voltage to maeke up for these losses to the
walls. It is found that for the fields used in this exper iment
" that the electron Larmour radius 1s much less than the tube
radius. This means that the electrons will be "contained" by
the field, and will travel farther in the dlscharge before
being lost. They will, then, be able to make more collisions

and so increase the number of excited atoms.



CHAPTER III
Experiment

(a) Apparatus

(1) Background Source

The background light source consists of a Neon
Gelssler tube, placed between the pole faces of an electro-
magnet. The source was observed through a small hole in one
of the pole pieces. This ensures that we are only using the
circularly=-polarized components which derive from the long-
tudinal Zeeman effect. The small hole is about 2mm. 1in diam-
eter, the same as the capillary in the Geissler tube. The
variation in magnetic field over such a distance is quite small,
having been measured by means of a Hall effect probe to be of
the order of £ gauss or less at the highest current used where
the field was about I kilogauss. The temporal variation of
the field is also quite small and so we feel safe in neglecting

the effect of field inhomogenelty as a broadening mechanism.

The pressure of the gas in the Gelssler tube was
about 10 mm Hg, and at this pressure we find that§the Lorentz
contribution (which derives from pressure broadening) to have
a significant effect on the shape of the emission line, and

hence of the transmission curve.

The temperature of the gas in the capillary was

23
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measured by using a crude resistance thermometer to be about
6700 (ie BMOOK) with a current of 5 ma through the Geissler
tube -- the same current value as used throughout the experi-

(7)

ment. From theory s the temperature is a constant independ-

ent of radius.

(1i) Absorption tube

The absorbing medium is the positive column of a low

pressure glow discharge in Neon:

‘ «—20 M. —>

| em. g\—ﬂ‘# 3mm dia.

Anode
Diaphragm
Cathode ‘
Electrodes - Aluminum cylinders
Figure 3 -- Absorption tube

The pressure of the gas in the tube was 2mm Hg, and

the current used throughout the experiment was 2ma.

The dlaphragms used at each end of the tube had a
mm diameter hole centered on the axis of the tube. The den~
sity of excited states varies little within this radial dis-

(16)

tance o

The tube was viewed through the anode to cut down

the abnormal end effects as much as possible.
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Under the conditions of the experiment, the ab-
sorption line profile is mainly determined by Doppler broaden-

ing, with a characteristic temperature of about 2950 K.

(iii) Optical System

The light from the background source is directed by
a condensing lens through a chopping wheel, through the absorp-
tion tube, and is then focused on the slit of a Bausch and
Lomb monochromater. The entrance slit was kept just sufficient-~
ly large to accept all the light from the source, and the exit
slit was made just wide enough.to allow all of one line to
enter the photomultiplier but to exclude all other lines. The
photomultiplier was a Philips model 150 CVP, cooled by dry

ice to cut down on the thermal nolse.

A quarter-wave plate-Nicol prism combination was
used to convert the clrcularly-polarized Zeeman components to
plane polarized and then to select one of these components,
This combination was placed after the absorption tube to cut
down the amount of radiation from the absorption tube which
enters the monochromater, and was aligned to accept the right-
circularly polarized component. When the magnet was run in the

normal current mode this was the high frequency component.

(iv) Electronic Detection

The amplitude-modulated light beam falling on the



27

photomultiplier photocathode is convertsed to a pulsating elec-
tron current. Thls current signai 1s then amplified by a nar-
row band amplifier, centred on the chopping frequency of 990
cps. This amplified signal and the reference signal are fed
into a phase-sensitive detector, and the output of the PSD

is shown on a Heathkit chart recorder.

(b) Experimental Procedure

The transmitted line intensity was measured with the
phase-sensitive detector gs a function of the applied magnetic
field. If the intensity is measured both with and without an
absorbing medium we can determine the transmission as a function
of the frequency shift. The frequency shift is determined by
noting the current through the electromagnet, using a calibra-
tion curve defived from measurements with a Hall effect probe
to obtain the corresponding magnetic field strength, and then
using the formulae relating Zeeman splitting to field.as glven

(1)

by Back .

The resulting transmission profile must then be in-
terpreted in terms of the line profiles of the absorbing medium
and the background source., An attempt at interpretation was
made by calculating numerically the transmission profile as a
function of the absorption and emission line shapes, and trying
to fit the theoretical profile to the experimentally determined

one, 1In calculating the thieoretical transmission profile, there
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are several effects which must be taken into account since

they have a significant effect:

(1) The presence of two isotopes of Neon =-- Nezo and

NeZ2 being the main contributors -- 1s important. Although
the less abundant isotope (Nezz) produces only about 1/10 as

20 '
much light as the Ne ; this light 1is absorbed much less

strongly. As a result, there are situations when the Ne22
radiation is the dominant contribution to the measured inten-
sity. It was found both experlimentally and theoretically that
the presence of the additional isotope causes the transmission
profile to be asymmetrical. To accurately match the theoreti-
cal transmission curves to the experimental curves, we must
know the isotope separation. For this parameter we used the

ﬁ
values guoted by Nagaoka and Mishima(1’>:

Table 1 -- Isotope Shifts

PN J A SO

5852 8 -,0258 &  .075 emt
507) -.0206 .056
6163 20210 L 0EE
6265 -.0212 .oeL
6532 -.02110 .056

(11) The effect of non-Doppler broadening mechanisms on
the emission and absorption line profiles is also significant.

The main non-Doppler mechanism 1s pressure-broadening, which

_AVLIt4VD
A\/D

can give a Voigt parameter a as large as 0.2 1n

the case of the Gelssler tube.
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(1i11) The light from the background source will un-
doubtedly suffer from self-absorption, but quantitatively the
extent of thils effect may be difficult to take into account.
The computational difficulty is due to the radial variation
in the density of the emitters and to the cylindrical geom~

etry viewed from the side,

From Chapter II, section (b), we have the expression
for the transmission (as a function of frequency) which we must

try to calculate:

( I, e av

_T—‘: line
( 19(03 dav , Where
line

Iy (o) is the intensity distribution for the background line.
Since the background line and the absorption line (given by
K+/) are of comparable widths, we find that the transmission
curve is affected by the shape of Iy {0). Since this shape
can be affected by all the broadening mechanisms, we must try

to take them Into accounte.

A programme was set up to calculate the integrals
numerically, using Simpsonfs rule, allowlng for functional ex-
pressionals for IVJ(O} and Xyv. For small Voigt a parameters
it was found that a verfectly good representation for a Voigt

function is a linear combination of Gaussian and Lorentzian
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functions:

Vy (a) = a % Ly+ (1 = a) % Gy,
where Vy/ 1s a normalized (to peak = 1) Voigt function, Ly a
similarly normalized Lorentz function and Gy a Gauss function,
where all have the same half width. By taking into account the
varlation ¢f half width with a change in a, it 1is in general
a simple task to construct a gocd Volgt function for any small
8e

We assume that Ky 1s a Voigt function with peak
height K_, and that Iy (o) is a self-absorbed Voigt function:

Ky = Ky # Vy (a), where a is the Voigt parameter
appropriate to the absorbing medium, and

I = Ly [-- kg # Vy(al) # L1

v (o) Vy (a™) 1 e o ,

where al is the Voigt parameter appropriate to the emitting
medium, K% is the peak of the absorption coefficient for the
emitting medium, and,fl is the effective depth of the emitting

medium, which corresponds to the diameter of the Gelssler tube.

Kb - 10,
o

This was thought to be a fairly reasonable approximation, in

In the numerical computation we used Xl = 0,2 cm, and

the light of our lack of knowledge. We also assumed that the

only non-Doppler broadening was that due to pressure, and that

this devendence 1s linear: a = a, * P. Under this approximation
we have §l==§L- ; and so we attempted to obtain a test fit by
a 10

varying Ko and & .



CHAPTER IV
Results

The main results were achieved en measurements of the

607), 6266 and 6532 & 1lines, all of which exhibit the normal

triplet pattern but with 607L having an abnormally large split-
ting. We also made a few runs on the 58E2 2 line, but the ab-
sorption was so small that little confidence was placed in the

results,

A series of graphs 1s shown on the next few pages
showing the experimental results for the three lines along with
the computed transmission profiles which best fit the observed

profiles.

Subject to the approximations outlined in the pre-

ceding chapter, I found a best fit for the following parameters:

Table 2 -- Results of best fit

KO KOdopp AV AVA
6074 0.2 0.26 .03l

02
6266 1.2  1.37 0.12 . 026
6532 0.7 0,8 0.12 .026

where KO 1s the peak height of the Voigt function K.y, KOdopp
is the corresponding "pure Doppler height," AV is the Voigt
parameter for the background source and AVA is the Voigt para-

meter for the absorber,

31
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Since the 6266 ¥ and 6532 £ lines have the same

lower level, we can determine the relative oscillator strength

from the relation:

KOdo
( pp)l = >\ l frel
(KOdoppig AP
g
©oprel = (6532) 137
= 1.78
From the results obtalned by A. M. Robinson(lé),
we have
= O°33 =
frel fﬂTB% 1.84
This agreement is encouraging.
Comparison

Up until this time the main work on the pressure
broadening of Neon spectral lines has been by Lang(IB). He
found that most lines in the Neon spectrum showed a similar
broadening due to pressure except for the lines which have the
S, lower level. These lines have a large '"collision diameter,"
most likely because of the strong optical coupling of the 82
level with the ground state, giving rise to a large perturba-

tion of the lower electronic state (82 level). The other op-

tically-coupled level, the SM level, is much less strongly
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coupled*, and so exhibits much less resonance broadening,
while the other two levels (83 and SS) are metastable and hence
exhibit no resonance effects. The results quoted in this thes-
1s for the Voigt a parameters are about twice as great as

would be found by Lang for the same line:

Lang would have a 0.065 for the 6532 line, where-

as I found a best fit for a 0,12,

I should also note that Connor and Biondi(é), on
measuring the pressure broadening of the 5852 line, found a

broadening rate twlice as great as that-quoted by Lang.

I should further note a decided discrepancy between
my result for the 6074 line and Lang's results. I found a
best fit for this line with a = 0.16, whereas from Lang's
results we should have a = 0,033, It appears from Lang's
results that the lines with the Sh lower level do not btroaden
linearly with pressure. This effect could be the result of
some resonance broadening at lower pressures which becomes
less important with increasing pressures. This non-linearity
could result in a larger value of a for the "SM lines" for the

low pressures we used.

Fsee (12) P 250



CHAPTER V

Dlscussion and Conclusions

(a) Method

The method employed 1n this experiment would appear
to provide a successful means of studying line profiles. It
was found possible to fit a theoretical computed transmission
curve to the experimental data, and from this to infer approxi-
mate values for some of the shape-determining parameters of
the line., It should be emphasized that this procedure involved

the approximation of various effects:

(1) the isotope shift was assumed to be given by the
g
results quoted by Nagaoka and Mishima(l’), and 1t was further
assumed that the amount of light from each isotope was propor-

tional to its natural abundance;

(1) the groés approximation of the effect of self-
absorption in the background source, which can be a large ef-

fect;

(11i) the approximation of the lines as Voigt func-
tions involves neglecting the effects of field inhomogeneity in
broadening the background line and neglecting any pressure shift

which accompanies the pressure broadening;

(iv) the effective temperatures were estimated and
g0 may not be very accurate, but it was found that the trans-

mission curve is not very sensitive to a change in the assumed

37
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temperatures.,

(b) Results

In the face of these approximations it can ohly be
hoped that the results quoted 1in this thesis give a fair ap-
proximation of the relevant parameters -- the collision diam-
eters. DBut 1t 1s certainly obvious that we cannot investlgate
the effects of pressure-broadening on the basis of a measure-
ment at one pressure. I feel 1t is definitely worthwhile to
study this more intensively, since the technigue employed here
provides a good method of studylng the shape of narrow spectral
lines, and there seem to be many interestlng effects in the

pressure-broadening of Neon spectral lines.

(e¢) Future Work

The necessary sequal to this first attempt 1s to
change the experimental conditions so to have the unknown

parameters more under control.

Since we would like to study the effects of pressure
on the absorption line, we must try to make the effect of the
shape of the background line small. Thils can be helped by mak-
ing the emission line narrow with respect to the absorption
line. The main attack towards making the emission line narrow
seems to be in reducing the sélfmabsorption in the background
source. This could be accomplished by using a lower pressure

source with a small depth of field, so that the opacity is
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small. This would also tend to reduce the pressure broaden-
ing and serve to make the emission line more purely Doppler.,
As an aid in’ 'simplifying the analysis, we could use an isotop-
ically pure gas in the background source so that we would have

only one component in the spectrum.

We can also try to make the absorption line broader,
elther by increasing the Doppler width or increasing the
pressure, If we want to study pressure-broadening it would
appear that the most likely candidate is the 5852 X line since

it shows a large pressure broadening.



APPENDIX

(a) Determination of Line Profile from Transmission

The transmlssion function which one observes by such

an experiment has been shown to be:
- KD) 2
T(AV) = f Tw-av)e duw

f Tw-av) dw

where K (w) describes the absorption line profile, and I (w-AV)
the emission line profile. Our problem, being to determine

K(w) from a knowledge of T (AV), requires a knowledge of
I(w-AV) since this may be considered to be the response func-
tion of the apparatus on a measurement of the function

exp( - K(w)f). For a § -function response of the apparatus

(i.e. a purely monochromatic source) we find:

T(AV) = e'k(AV)X, and hence we can find K(w)
directly. But since the background line has a finite width, 1in
fact comparable to the absorption line width, the action of the
response function will be to cause a distortion of the measured
function,

The response function can be regarded as giving rise
to a transformation: .

T = Tr{ e

from which it would appesr desirable to obtain the inverse (i.e.

—KUU)Q}

the deconvolutionj:

LO
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KWL -
e = In {T? '

The determination of this inverse transform is no
small task, and in the present experiment the response function
I(w- &V) is known so poorly that it was deemed desirable to
investigate the effect of various parameters -- line shapes,
isotope effect, self-absorption «- on the transmission profile.
As a result, we used a computer programme employing Simpson's
rule of numerical integration to calculate the transmission T

as a function of several parameters,

(b) Self Absorption of Spectral Lines

When a beam of radiation travels through a medium,
itt's intensity will be attenuated if the material 1s capable

of absorving the light.

If we just consider the one-dimensional problem, we

. have:

T,(0) To00) I, (x+dx) 1,00)
—] —>

S —— K ——>— dx —>

Iy (x +dx) = Iy (x) e"k\/(x)dxg

where we conslilder the absorption coefficient to be a function

of position.



L2

This gives:

dI\;(I) = — Ky(x) dx I\)(’323

)

dx

2
- ko) dxe

o}

I, = L) e .

and hence:

=

If we consider the ratiation from a thermal plasma

of temperature T, we must have for each volume element:

—{dx fe—

-~ Kpd

= 1, e = Io(‘—K\)dx\))

I dx

and hence the absorbed intensity is I, ky) dx.

Since this volume element must also be in thermodyn-
amic equilibrium, we must have the contribtulon beam intensity
from this volume element:

I, Ky dx

where I, 1s the black body intensity.
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A

2 L 0

If this volume element is immersed in the plasma at
a distance‘x from the observing edge, we have the contributlon

to the observed intensity from this volume element:
X
- [ Ky(®) d¥
o

If we now include contributions from all such ele-

ments, we have:
P

Q - (Kv(E><ﬂE

: o
I\) = Io (KQ(T) dx e

o}

In the case of a perfectly homongeneous plasma, we

have:

-Ky 2
lv:Io(\_e \,

which approaches a black body intensity distribution as

/(~ T oo,
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To consider the specific case of self-absorption in
this experiment, we need only to be concerned withvthe self-
absorption of the bhackground light since for the absorption tube
there 1is no such effect. Since the denslity of excited atoms is
not uniform across the Gelssler tube capillary, we need to con=-
sider the case where the absorption coefficient depends on posi-
tion. This 1is, however, a difficult numerical problem and so I

will outline the two stages of approximation we considered:

(i) Homogeneous Plasma

In this case, we saw that the intensity distribution

is given by: -
Iy = Ig (1-e k‘/g),

for a plasma of depth /Qo

In order to show quantitatively the effect on the

line profile, we assumed a purejzggpler line:
_{2 EE (v-v&}z

AVy
Ky = K, € )

with a £>\)d corresponding to T = BMOO K. The peak value K,

was written as 1.2%Y where l.2 represents the value of K, for
the (axis of the) absorption tube as determined from the experi-
ment (for 6266 line), and Y represents a multiplation factor to
take into account the higher density of excited atoms in the

Geissler tube compared to the absorption tubes

The function I\, 1s shown graphically in Fig. 7 with

Y as a parameter and f== 0.2 cm.,
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(ii) Inhomogeneous Plasma in Slab Geometry

If a plasma is contained between two walls, then we

find the density of charged particles to vary as(la):

sin(I;fﬁ) where:

/

/

y and the density
/

——

o x d

of charged particles 1s assumed to be zero at the walls.

Thus, if we observed the plasma through a hole in one
of the walls, we would be looking through a highly inhomogene-

ous plasma,.

If we again assume a pure Doppler line, we can write:
-0.823 W°
K\) = Kco S\n(TLdZC_) e >
where Keqo represents the peak of the absorption coefficlient at
X = %o In order to determine Kco’ we must somehow relate Kco
to the K determined experimentally, which 1s assumed to give a
fairly good approx. to the peak of the absorption co-efficient
on the axls of the absorptiocon tube, The paper by Ecker and
ZBller(7) was taken as showling correct dependence of the charge
density as a function of various parameters, and we assume that

the excited atom density is directly proportional to the charged

particle density. Comparing the absorption tube and the Geiss-
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ler tube, and using data from (7), we find that
r\c(G\e\ss\er> ~ 68
-~ )
e (abs. tube)

where‘nc (Gelssler) is the density of excited atoms on the axis

of the Gelssler tube and‘nc (abs. tube) is the axial density for

“the absorption tube. Since Ko is proporﬁional ton, we have:

Kyo (Gelssler)
Ky, (abs.tube)

~ 8,

where the Kao's are the axial absorption coefficient peaks.

If we now assume K,o = Kgo, we have

Kco‘==68* Kgo (abs.tube}

and .
-,813 2
) o

K == 68% 1,2 Sin (Ia’!_

if I consider the 6266 line, say.

This gives for the line intensity distribution:
x .
d - [Keg)dY
¢}

o

with Ky(x) as above.

This function was calculated numerically, and result

is shown for d = 0.2 cm, in Fig. 7.
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