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Abstract

The. shape of the Ne A6074.3 A° absorption line profile
has been investigated using the Zeeman scanning technique.

Neon glow discharges at three pressures, 2 Torr,
50 Torr, and 100 Torr, were used as absorbers while a 2 Torr
Geissler tube was used as the source. The self-pressure
broadening of the observed line was clearly observed and
the rate of broadening compares well with theoretical estimates
made from the impact theory with a van der Waals interaction
assumed.,

No shift was detected, in contradiction to the theory.
This lack of shift, and the rate of pressure broadening
observed, were in agréement with the results of Smith (14)
regarding the shift and broadening of the Ca>\6573 AO line

by neon.



Chapter

IT

I1I

v

VI

VII

-iii-

TABLE OF CONTENTS

Abstract

Table of Contents

List of Figures

List of Referenced Equations
Acknowledgements

IntroductioNeeesoess e e e e e s ae e

ThEeOrY weieeertntestosseecesnncsnoneansan
A, Spectral Line Absorption and

Transmission Curves

. Line Broadening: Pressure

" Independent Effects

. Line Broadening: Pressure
Dependent Effects

. Self Absorption Broadening

Voigt Profiles

Zeeman Scanning and Inhomogeneity

Broadening

o O 9w

ApparatusS sesesecossssns et et esan s .
Source

. Scanning Electromagnet
. Absorption Tubes
. Optical System

. Electronic Detection

mMYOw>

Experimental Procedure........ s s e

Method of ANAalysSiS.eeeeeereeereascocna
A, Choice of Model
B. Specific Procedure

ResSULLS.veseeenssscecnseonn ceesrsane .
A. Detection of Broadening
B. Detection of Shift
C. Line Shape Determination
D. Rate of Pressure Broadening -
Comparison with Theory
E. Validity of Results

Concluding DiscUSSiONeesceasoeeesson .o

Bibliography

.......

nnnnnnn

.......

.......

nnnnnnn

ooooooo

Appendix I Flowchart: Computer Calculation

of Transmission Curves



Fiqure

10.

11.
12,

-jiv=-

LIST OF FIGURES

Transmission Curve Parameters.

Spectroscopic Designation and Zeeman
Effect for NeX6074.3 A°,

Absorption Tube Construction.
Experimental Arrangement.

Transmission Curves for Different

Pressures (t, = 0.16).

Transmission Curves for Different

Pressures (ty = 0.33).

Transmission Curves for Different
Pressures (t, = 0.53). '

Transmission Curve: Theory and
Experiment (P = 2 Torr),

Transmission Curve: Theory and
Experiment (P = 100 Torr).

Transmission Half Width versus
Transmission (Theory and Experiment).

Rate of Pressure Broadening.

Effect of Current Regulation Failure,

29

31

38

39

40

43

a4

45
47
50



LIST OF REFERENCED EQUATIONS

Equations

I, II

III

VII
VIII
IX

XTI

XIT

O o o g A

11
14
15
19
21
23

24



-vi-

Acknowledgements

I wish to express my appreciétion to Dr. R. Nodwell for
his encouragement and support, both of my graduate work in
general and this experiment. I also wish to thank Dr. J. Meyer
for his guidance and advice in the preparation of this thesis.
| Additional thanks are due to:
- Mr., Barry Stansfield for his initial work setting up the
Zeeman scanning system and demonstrating its feasibility.
- Mr. Barry Stansfield and Dr. W. Seka for much helpful
discussien and advice.
- Mr., J. Lees for his expert construction and filling of
the source and absorber tubes.
Finally I wish to express my gratitude to my wife, Sylvia, for

her continuing patience and support.



CHAPTER I

INTRODUCTION

Spectral lines, both in emission and absorption, are
characterized by their shape, frequency; and intensity or
strength. The Shape of a spectral line 1s primarily
determined by the physical environment of its source, in
particular the temperature, neutral particle density,
electron density, and electric or magnetic fields present.
For most high temperature plasmas in the absence of strong
electromagnetic fields the shape of the line is determined
by the temperature and electrdn'density. At lower temperatures
it is the temperature and neutral particle density which are
usually most significant.

Geissler tube and glow dischargé plésmas, which belong to
the latter class of lower temperature plasmas, are frequently
employed 1in spectroscopic work as sources or absorbers of
spectral lines. For example in two recent experiments at the
University of British Columbia the absorption in glow
discharges of light emitted by Geissler tubes has been used
to measure relative transition probabilities in neon. One
experiment compared the absorption strengths of various
spectral lines(1l) while the second utilized Faraday rotation
in a glow discharge tube(2). 1In both experiments it was
assumed that the absorption and emission line shapes were

Gaussian, due to thermal Doppler broadening alone. Appreciable



departure from the Gaussian shapes assumed could affect the
validity of these results.

Estimates of pressure broadening, made according to the
impact theory under the assumption of a van der Waals
interacfion, indicate that under glow discharge conditions
there may indeed be sufficient pressure broadening to altef
the line shapes significéntly. In addition this theory
predicts a slight, pressure dependent, decrease in the
frequency of the spectral line.

It was thus deéir¢able to examine at least one such neon-
glow discharge line not only to check the validity of the
assumption of Gaussian line shapes but also to test the
theoretical predictions. However the spectral lines in glow
discharge and Geissler tube plasmas are too narrow to be
conveniently studied by conventional spectrographic techniques
unless equipment of very high resolution (Q%EBIOé) is empldyed;

It had been demonstrated by Stansfield (3) that with the
Zeeman scanning technique of Bitter et al (4) it should be
possible to discern the exact shape of such narrow spectral
lines. With this technique a single o -component of a
normal Zeeman triplet is isolated and employed as a variable
frequency source. It is passed through an absorber to . scan
the absorption line under examination. The fractional
transmission is obtained for agrange of source frequencies
sufficient to span the absorption line. The resultant

transmission curves generally reflect the shapes of both the



source and the absorber and are sensitive to variations in
either, By comparing these results to the predictions of a
simple model the line shapes of source and absorber may
be extracted. |

As employed in this experiment the technique seemed
capable of detecting changes in the width of an absorption
line as small as 2 mA° (which for the line studied corresponds
to 10% or less of the half width). It also seemed capable of
gquite accurate determination of the line shape. Because the
Zeeman scanning apparatus is composed of équipment usually
available in a laboratory or else obtainable at low cost, the
technique seemed attractive as a simple, economic means of

studying the shape of a narrow line from a neon glow discharge.
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CHAPTER II

THEORY

A. Spectral Line Absorption and Transmission Curves

As radiation passes through an element of absorbing
medium the fraction of this radiation absorbed is directly
proportional to the absorbing 'strength' of the medium and
the length of the absorber traversed.

al(P) = - k(P )dx I
()
I(7) is‘the intensity of the radiation at
frequency 7)‘
k(7 ) is the absorption constant ('strength' of
the absorber): at frequency 7.
dx is the elemental length of absorber traversed.

Integrating for a homogeneous absorber of length ,l and
denoting the incident intensity by Ii(ﬂ)) and the transmitted
intensity by Il(77):

1, (7) = 1,(7 exp{ - k(¥ )} 1T

The absorber will itself emit light at frequency 7. This
light will have an intensity chparable to %_(}}). However
the source is intensity modulated and a lock-in amplifier is
employed to determine the transmitted intensiﬁy. The unmodul-
ated light eﬁitted by the absorber is rejected as noise by the

phase sensitive detection system. Since the lock-in amplifier



used improved the signal-to-noise ratio by a factor of 100 or
more, the light emitted by the absorber may be omitted from
consideration. Hence Equation II gives exactly the intensity
emergent from an absorber of length L.

In the region of an absorption line k(7 ) will have a
frequency dependence peaking at the line centre }z as

indicated below.

/Mlow

P . 1

= ;
— AV

A useful measure of the width of an absorption line
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is the half width AY which is here defined as the full
width at the half-maximum of k(7 ) - see above.

If a band of radiation with frequency mean 2@ characterized
by the shape Ii(f-lz ) is passed through a length £ of absorber
specified by k(¥ ) = k(#- 2 ) where 7, is the central frequency
of the absorber, then the resultant intensity at frequency };'
is:

1:(7) = 1, (-7 Jexp { -x(F'- 2 )4} IT1
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The incident or source flux is: S()z) = J[Ii(27—}5)dj
. o w ' I
while the total flux transmitted is: O(Z,)Z) = flf()/ )d))
) -}

The fractional *transmission is the ratio of these two fluxes:

_ oL
t(2) SO0) vV

Considering thé absorber frequency"z as a constant the
transmission will vary with )% , the mean frequency of the source.
This 1is depicted schematically in Fig. 1.

The width of this transmission curve will be defined as
the full width at 'half-minimum' - At- as indicated in Fig. 1.

Several saliént features of such transmission curves are:



n -
A 4
o At
t = line centre (minimum) transmission

At = transmission half width

Fig. 1 Transmission Curve Parameters



(a) For fixed to, At will increase as the source
width and the absorber width increase.

(b) For fixed source and absorber widths, At will
increase aé ko is increased (i.e. as to decreases).

(c) For an infinitely narrow source represented

oy L (¥-Z) =1 &S¥-%), then:
S(H) =1

o)

o, 1)

I exp{ - k(%-2)/}

Hence:

1l

t(4) = exp{ - x(F-2%)1} IVa

Thus for a sufficiently narrow source t(}é) and Dt

depend on the shape of the absorption line only.



B. Line Broadening: Pressure Independent Effects

(1) Natural Broadening:

No spectral line can be perfectly monochromatic., Even
an isolated oscillator is still perturbed by the reaction of
its own radiation. Classically this can be shown (5) to result

in the spectral distribution of intensity:

1(7}—7%) 1% [(7)_)),)2 + (7}7’_)2} -1

where ¢ is the lifetime of the oscillator.

The half width of this distribution, referred to as

the natural line width, is:

= L
AYy = =
The normalized intensity is:
) = A% [y, (Ad)2] -1
I(ﬂ 220) = 27;/ (2/ 2{) + (——2—'”—) \Y

This inverse square form of frequency dependence was
originally derived by H. A. Lorentz in 1906 and has since
been named the 'Lorentzian' profile.

The quantum'mechanical treatment of this problem yields
the same form of intensity distribution and furthermofe shdwsi
that 4A74 equals the sum of the spontaneous transition
probabilities for all transitions from both the initial and
final states. Thus for a line resulting from a transition

between states m and n:

. AV

fl

%Amm’ 2 A
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where: Apy and A, are the appropriate Einstein
A-coefficients.

Z’m and T are the 'lifetimes' of the two states.

In the optical region the natural line width. is usually
negligible compared to the effects of other braodening
mechanisms. For the A6074.3 A® line of Nel the lifetime has
been measured to bei, 7' = 5'10“7 sec (7). This yields a
natural width of AY £6-107° cm 't

= 0,06 mK.

By comparison the Doppler width (see below) is: _AZ % 50 mK.

(2) Doppler Broadening:

Relative motion between a source of radiation and an
observer will cauée a frequency shift of the observed radiation$
(Doppler effect). The random thermal motions of an assemblage
of radiation particles will result in a broadening of the
spectral line being observed.

For a velocity component albng the line of sight Vs the

Doppler frequency shift is:

V-3 =*2)

C
where )Z is the unshifted frequency.
In an assemblage of particles of mass M with a Maxwellian
velocity distribution characterized by a temperature T, the
fraction with a ‘line of sight velocity component between

v and v + dv is:
s S s
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2
dN - 1 (M }
d = — exp{ ( ST )vS dv
N is the total number of particles
k is Boltzmann's constant.
For radiating particles this same fraction will have

frequencies between Z)and ,V+ dﬂ where dﬂ = ixgz) .
C (-]

Substituting for Vi

: 2 _ 2
dNéﬂ—%) _ ;24 exp{_ _1\2/[10&()/0%) }dﬁ

For an optically thin incoheient source the'intehsity

is proportional to the number of radiating particles:

Iyy_Z) = cm&ﬂ-%)

Lt

I+ is the total line‘intensity,
The half width of this distributionf(full width at half-

max:Lmum) 1ls: Ay _ 2))( 2kT1ln2 )|/2
0. °. Mc<

The normalized intensity distribution is:

(Y- = ———{%ﬁﬂ% exp{ '[2 \[lAT';D(?]-]]o )] 2}

VI

where I(Z}—ZZ) is here the intensity at frequency }7 per
unit frequency interval.

The Doppler frequency shifts arising from thermal motions
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thué give the line a Gaussian shape. This is the major
broadening mechanism for Geissler tube and glow discharge
plasmas such as employed in this experiment. For the 'X6074.3AO

o)
line of Nel (isotope 20) at T = 350 K : -
( o - AY = 49 nx

C. Line Broadening: Pressure Dependent Effects:

The perturbations of emitters caused by encounters with
surrounding particles result in a further broadening of the
spectral line. As pressure and density are increased the rate
of such encounters increases, with consequently greater

broadening. In this way the broadening is pressure dependent.

(1) Stark Broadening:

During encounters with charged particles the energy levels
of an emitter are perturbed (Stark effect). This results in
broadened and shifted épectral lines, generally of Lorentzian
profile. Compared to lon-broadening, broadening by electrons
is generally the greater effect. TFor low electroh densities,
such as are éncountered in a glow discharge plasma, the effect
of the electrons is specifically referred to as 'electron-
impact' broadening. The widths and shifts thereby produced are
directly proportiohal to the electron density.

To estimate the significance of this broadening mechanism
for the present experimeht an estimate of electron density is
required. Ecker and Zéller (8) have calculated values for a

helium plasma column. Their calculations yield an electron

. 11 -3
density ng £ 10 cm for pressures, currents, and dimensions



-13-

such as employed in this experiment. Assuming that similar
values can be expected for a neon discharge, it should be safe

12 -3

to consider n,., < 10 cm .

e
Calculations ofbthe Stark broadening parameters for Nel

and other light elements have been perfbrmed by Griem (9).

From these calculations the electron-impact half width of the

-3
A6074.3 A° line of Nel for ny < 107 em > is:

AZ-/ < 0,017 mK

The corresponding shift ise 432{ < 0,009 mK.

For these calculations the electron temperature was chosen
to be 25,000 °k , the value fouhd’by Irwin (10) for a similar
neon glow plasma. |

Stark broadening of thié maénitude is negligible Compared
wifh the measured width and such a small shift can not be

resolved by the experimental set up.

(2) Van der Waals Broadening and Shift:

The energy levels of an emitter may also be perturlbed
during ehcounters with neutral particles. Here also there
generally results a broadened and shifted spectral line of
Lorentzian profile,

In pure gases the majority of neutral particles encountered
by the emitter will be ground state atoms of the same species,
In the absence of any resonance effects the interaction forces

will be primarily the Van der Waals attraction. For this
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the level k 1is perturbed by: 13&& Ce,k

66 K is the van der Waals constant for the level k and
b
the particular perturber in question.

r 1s the distance between the radiator and the perturber.

For low density gases such as a glow discharge plasma the
impact theory of Lindholm and Foley (1l) can quite generally
be used. In this theory it is assumed that the duration of
the encounter is negligible compared to the timé interval
between such encounters. This impact approximation is generally
valid for low perturber densities such as in typical glow
discharge plasmas.

This impact theory, in conjunction with the van der Waals
interaction assumed, predicts a Lorentzian intensity distribution
whose half width is:

3, .
A))V = 1.3\/‘ an sec:_-l VII

v is the mean relative velocity between emitter

and perturber.

Ce = C6,k - C6,K where k' and k designate the initial

-and final levels.

n is the number density of the perturbers.

In addition to the broadening the impact theory also
predicts a shift of the spectral line to the red. The ratio of
broadening to shift 1s independent of both the interaction

constant Cg and the mean relative velocity v. For a width AAWa-'
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the shift is: A7 - - A%

The van der Waals constants may be estimated using the
following approximation by Unsold (12)
2 2 2
0 p¥ [5n* + 1 - 34(4 + l)] rad sec”lem®

>, = _€ a
CO ) k 'Fl O< p '—2"—

VIII
e is the electronic charge.
£ is Planck's constant for angular momentum,

a, 1s the first Bohr radius.

n* is the effective quantum number of the level k.
£ is the angular momentum quantum number for the

optical electron in level k.

Xp is the polarizability of the perturbing particles.

The validity of this approximation rests on the assumption
that the enérgy separation between the initial and final levels
of the emitter is much smaller than the energy separation of
the ground state and lowef excited states of the perturber (for
ground state perturbers). This is a reasonable assumption for
a noble gas perturber since there the first excited states lie
comparatively high as a result of the increase in principal
quantum number of the optical electron. Hence Unsdéld's
approximation VIII should be valid for neon in a glow discharge
plasma.

The application of Unsold's approximation requires an
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estimate of the polarizability cxp of neon., Two values of

this have been utilized. The first, aitheoretical value, has

been taken from Allen (13) who gives X, = 3.96°107°° cm® .

Using the Unsdld approximation VIII this yields:

- .10732 -1 b
C6(Ne6074/Ne) = 5,82°10 rad sec cm
Hence from the impact theory relatioanIlﬂﬁ
AY = i 432) = 1.24:10717 mk cm3
n n '

- Secondly, an experimentally based value has been derived
from the results of Smith (14) on the pressure broadening

of Ca N6573 AO by neon. Smith's quoted value of
> -18
i%%i = 11.0-10 mK cm3 and relation VII vield:

32 1 6

Ce(Cab573/Ne) = 2.27+1077% rad sec”” cm

This Ca A6573 A® line is a 4sdp - 4s° transition and the
energy separation of the initial and final states is roughly
equal to that of the Ne N6074.3 A° line. Hence the Unsdld
épproximation VIII should be equally valid in this case. Using
relation VIII then, the polarizability of neon was derived and
from this:

C = l.26_'lO—31 rad sec_l cm6

With relation VII again this yields:

JQ%Z_ = 1.69°10" Y7 mK cm® .

0
For a plasma with T == 325 K and P = 10 Torr (typical for
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. . . 17 -3
glow discharges) the neutral particle density n = 3.10 cm
Under such conditions the above results predict van der Waals

half widths for the NeA6074.3 A line of:

AY, ~3.7 mK (theory)
'A% ~5.1 mK (from Smith (14))

Sincelfhis is 8 - 10 % of the Doppler width for the same
‘conditions, van der Waals pressure broadening could substantially
affect line shapes in a glow discharge. The experimental'
results confirm this expectation.

The impact theory With van der Waals interactionbalso

predicts a corresponding line shift of:
AY ~1.8 mK to the red.

However a shift of this magnitude would be barely detectable,
if at all, with the experimental apparatus employed. However
the larger shifts to be expected at the higher pressures
used should be easily detected. |

The shift of the Ca A6573 A line broadened by neon
observed by Smith (14) was not only smaller by a factor of 15
than the prediction of the impact theory but was in addition
to the blue. This failure of the thecry was aftributed by
Hindmarsh, Petford, and Smith (15) to the omission of any
repulsive force in the interaction assumed. Similar results
should obtain for the shift of the Ne A6074.3 A? line in which
case the actual shifts produced would be beyond detection

with the experimental apparatus.
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D. Self Absorption Broadening

The broadening mechanisms discussed 1n Sections B and
C act to broaden a spectral line 'as it 1is emitted' and
result from the immediate physical environment of the emitting
particles. These mechanisms apply to both the emission and
absorption processes,

Subsequent transmission through an absorbing medium
may further affect the infensiﬁy distribution of the emitted
light. Since any practical light source must be composed of
many emitting particles, some of the light originating from
regions most distant from an observer may be partially
absorbed before emerging from the volume of the source.
Consequentiy the resultant frequency distribution of intensity
from the source as a whole may differ from that of‘the>
emitting particles per se.

Consider a homogenous source of dimension £ in the
line of obser?ation. Let the emissivity per unit length be
j()j—)Zl where %) is the specﬁral line centre, and let the

absorption constant (as defined in Section A) be k(/ -X).

L
-

line of observation
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In the absence of any absorption the emergent intensity
at frequency ¥ would be Il()J-J%) = 35(V-2)1.

The intensity emitted by the eléement dx at frequency Y
is similarly : j(» -3))dx. The amount of this which emerges
at Af is given by IIT :

A1 (¥-20) = 3(¥ - )exp { - k(¥ -3) [f— x]} dx
The net intensity is found by integrating ovér the
' /
SJar (7 -2)

%[ 1 - exb{— k(]/"yo)/}]

source:

I (Y-4)

3}

The quantity in the exponent is defined as the optical

depth : T\Y-2) = (V-2
1.(F-20) = ZLELIN - exef -T(Y-2) IX

- An optically thin source is one in which any photon

~emitted has a high probability of éscaping (ie. avoiding

absorption). The criterion for optical thié%ss at frequency
Y is : T(V-2) << 1.

For an optically thin source :

(o)~ LX) 1-(1-ny-zﬂ
s T(V—%)[

;g()/-}Z)

il
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From this it can be seen that in the optically thin
case the line profile of the emitted light is unaffected.

For an optically thick source ( but one in which

T(Y-2)= 1 still )

I (V-2) ~ M[l S (1= T +I_M2....>]
T (9-2)

- 1,0-9) [1 - Lg/;@ n }

Since QT(Z/—ZZ) is greatest for the centre of the
line ( Z=2]) the line core is self absorbed more stfongly
than the wings. As a result the apparent half width of the

line increases:

A

(V-2

' true line shape
/ (T, -7))

self absorbed profile
(I (-2) )

true half width

apparent
- half width

N
J
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E. Voigt Profiles

Where two different mechanisms act independently to
broaden a line the resultant line profile is the convolution
of their two shapes. If Sl(Z/fZZ) is the profile due to one
mechanism and 82(2/—24) is the profile due to the other, then
one considers each element of the Sy profile to be broadened
with an S, shape. The resultant intensity at any frequency 2{

is the sum of all the contributions from each broadened

/Sl()]-]/o)

element of Sl' i

AN% {

|
:
|
{
{
{
|
y 2 )

0

sOL-A) = [, A5, (-7 ey x

Setting ZZ —)2 = x and )y,-}Z = y one obtains the

more familiar form:
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If Sl is Gaussian and 82 Lorentzian (or vice versa) their

- convolution is defined as a Voigt profile. It can be shown (16)

that if S, and 82 are themselves Voigt profiles then their

1
convolution S will also be a Voigt profile. Furthermore, should
S, be formed from a Gaussian of half width 'AZH and a Lorentzian

of half width [ﬂ%l , while S, results from a Gaussian of half

2
width Aiéz and a Lorentzian of half width 4%, , S is then the
Voigt profile resulting from a Gaussian of half width Z¥g vand a
2 2
A, + A,

Y4 = AZ{J +A7£2

The Gaussian and Lorentzian profiles are themselves extreme

1

2
Lorentzian of half width A){ such that: A)g

cases of Voigt profiles. Consequently, if two broadening
mechanisms; each of which produces a Lorentzian profile, act
independently then the resultant line shape will ‘be Lorentzian.
For example, should van der Waals broadening and Stark
broadening both be significant, their joint result will be a

Lorentzian profile with a half width of:
DY = AY{+AVV

Substituting in equation X the Gaussian of VI for Sl and
the Lorentzian of V for 82 (with half widths AZg and A}{

respectively):

_ _ 2 zInZTeX 1 241n2 (}7-}{)]2
ROy /ﬁ?AVD ° [ A7 |

o
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Setting x = _QZ%%QQ_(;)L;Z) =‘F(}w-Z{)
D

dx = Fd¥

K-y =09 - (P2

a0
. 5AY, f_exef - <] ix
27 ( F(3-20) -x)%+(ED)2

Setting FAY -  2vIma AV = avIS - v
7 AL
o0

s(4-7) = ‘;/ o=} e x
2 (F(A-2) - x)" + ¥

-~ 00

The ratio of Lorentzian to Gaussian half width: A = f%ZL
D
is termed the Voigt A-parameter., It specifies the shape of
the Voigt profile. A=0 - pure Gaussian
A —» o0 - pure Lorentzian

Values of the Voigt integral of equation XI required for
transmission curve calculations were computed using a Fortran IV

subprogramme developed at the University of Michigan (17),
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F. Zeeman Scanning and Inhomogeneity Broadening

The major group of visible neon spectral lines results
from 2p53p-—>2p535 transitions. While most of these lines
exhibit complex (anomalous) Zeeman patterns in a magnetic
field, several show the normal Zeeman pattern required for
Zeeman scanniﬁg. The X\6074.3 A line, which results from

3

a %)—+ 3Pl transition, is one of these (see Figure 2).

.1 -1
The splitting Mcm 7) is given (18) by:
& = * gHB XII

where B is the applied magnetic field (gauss).
H = 4.695'10—5 cm—lgauss_l (the Zeeman constant).
g is the splitting factor for the line.
(g = 1.45 for Ne X6074.3 A° (18))
Zeeman scanning is effected by placing the source in
a variable magnetic field. A beam is taken in the direction
of the field (longitudinally). This beam contains only the
two o - components of the normal Zeeman triplet, which are
right - and left - hand circularly polarized respectively.
A quarter wave plate converts these to mutually perpendicular
linearly polarized beams. An analyzing Nicol prism then
suppresses one of these two beams. As the magnetic field
varies the Zegman shift, and hence the frequency }é, of the

remaining beam varies.
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This technique provides a single spectral line of
variable frequency, this frequency being determined by
equation XII in conjunction with the orientation of the
Nicol prism and the sense of thé magnetic field,

If the magnetic field is not homogeneous over the volume
of the source then the source line shape may be distorted.
Contributions from regions with slightly different magnetic
field strengths would have correspondingly different frequency
shifts. The resultant line profile would thus appear
broadened and possibly asymmetric.

This field inhomogeneity broadéning will increase with
magnetic field strength., The effect would thus be greatest

for measurements of the wings of the absorption line.



CHAPTER 1III

APPARATUS

A, Source
A neon Geiséler tube filled to 2.Torr pressure served
aé the source. The gas was isotopically pure Né20 with
a 0.6 Mol. % hydrogen impurity.
The outer surface of the capillary section was coated
with black enamel paint éXCept for a small aperture of 1 mm
diameter. The capillary itself had a diameter of 1 mm so
that the source volume was approximately one cubic millimetre.
The tube waé operated from a 1000 volt regulated sgpply
at a current of 4 ma. The current was controiled by a series
pentode and ballast resistor. The discharge was initiated

with a Tesla coil.

B. Scanning Electromagnhet

The Geissler tube source was centrally positioned between
the poles of an electromagnet. The pole pieces were hollow
centred with the central hole tapering to 3 mm diameter
nearest the source,

Magnetic field strength versus electromagnet current
calibration for the field at the source position was obtained
using a Bell Model 240 gaussmeter (a Hall probe instrument).

Measurements of field inhomogeneity indicate no field
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gradients greater than 3% per cm in the central region., Over

1 mm (the characteristic length of the source) there is less
than 0.3% variation. The maximum Zeeman shift required was

0.4 cm’l', in which case this inhomogeneity results in shift
differences of not more than 1.2 mK., Since this is less

than 3% of the source half width, and since the field strength
was usually much lower than this, field inhomogeneity broadening

was not considered significant in this experiment.

C. Absorption Tubes

The absorber was a hollow cathode.glow discharge in
isotopically pure Ne20 (also with the 0.6 Mol. % hydrogen
impurity). The source beam was passed through the hollow |
cathode.

Absorption tubes of three different filling pressures,
2 Torr, 50 Torr, and 100 Torr, were employed. The discharge
in all three tubes Was maintained by a 1400 volt regulaﬁed
supply with the current controlled by a series pentode and
ballast resistor. The ballaét was made as large as possible
in order to feduce current fluctuations. The discharge
usually had to be initiated with a Tesla coil.

Different absorption strengths were obtained by varying

the current between 0.3 ma and 16 ma.
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D. Optical System

The beam emergent from the magnet was rendered parallel
by lens L; (see Fig. 4). After amplitude modulation at
990 Hz by the chopping wheel it passed into the absorber
through the hollow cathode. The small cathode bore (3 to
5 mm ID), along with a 3 mm diameter stop placed on the
exit end of the absorption tube, ensured that only a small
relatively homogeneous region in the centre of the absorption
tube attenuated the beam.

Next followed the quarter wave plate and the analyzing
Nicol prism. These were placed after the absorber so that
they also served to subpress part of the 'noise' emission
f:om the absorber.

The second lens L, focussed the beam onto the entrance
slit of a 500 mm Bausch and Lomb grating monochromator of
low dispersion. The entrance slit and stops were opened
just.wide enough to accept all the source beam. The exit
slit was opened sufficiently wide to easily accept the
entire spectral line but yet kept narrow enough to still
exclude ény neafby spectral lines. The light emerging from
the monochromator was converted to electrical current by a
Phillips 150 CVP Photomultiplier operated at approximately

1500 volts and cooled by dry ice.
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E. Electronic Detection

Conditions in the absorption tubes fluctuated, causing
fluctuations both in the radiation emitted and the absorption
strength, In order to achieve a satisfactory signal to
noise ratio it was necessary to employ phase'sensitive
detection and signal integration.

The photomultiplier signal was sent to a Princeton
Applied Research Lock-Ih Amplifier (Model 120). Essentially
this device is a narrow band amplifier tuned to the chopper
frequency of 990 Hz followed by a phase sensitive detector.
A signal produced by the chopping wheel with a‘light and
a photo-sensitive transitor supplied the phase reference.

The d.c. signal produced was fed to an RC integrating
network (incorporated in the Lockéln‘Amplifier). Time
constants from 0.3 sec to 3 sec were employed depending.
upon the noise encountered. The output was monitored on

a Heathkit Chart Recorder (Model EUW - 20A).
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CHAPTER 1V

EXPERIMENTAL PROCEDURE

The optical system was initially aligned on the beam
of a continuous He-Ne laser shone into the exit slit of
the monochromator. Final alignment was accomplished by
minor adjustments to the source position, the absorption
tube position, and the position of the lens L, such that a
maximum signal was obtained.

The direction of the freguency shiftv(the sign in
equation XII) was determined by substituting a source of
natural neon. The presence of the Ne22 isotope caused an
asymmetry in the ftransmission curve from which the direction
of the shift could be deduced.

Each transmission curve was obtained by varying the
electromagnet current monotonically and in discrete steps.
For each current value, and hence each éource frequency, the
transmitted line intensity was measured both with the
absorbing discharge switched on and off., The ratio¢ of these
two intensities yields the fractional transmission to. The
source frequency was obtained by converting the electromagnet
current value to the corresponding magnetic field strength
using the magnet calibration and then substituting into
equation XII.

With each absorption tube the transmission curves were
obtained for a range of absorption strengths by varying

the absorption tube current from experiment to experiment.
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CHAPTER V

METHOD OF ANALYSIS

A. Choice of Model

The shape of the absorption line cannot be directly:
obtained f:om a transmission'cufve. It is necessary to
consider models in which the exact profiles of the source
and the absorber are specified and from these to compute
theoretical transhission curves. The model which produces
the closest approximation tQ the experimental result is then
considered to déscribe the absorption line.

Unfortunately this procedure may not yield a unique
result. However, if it be assumed that the shape of.the
absorption line does not change as the absorption strength
ko is varied.(by altering the absorber curreﬁt), theh»the
variation of the transmission profiles with absorption
strength offers an additional constraint on‘the model. This
enables a bhoice to be made from an initiél set of models.

The spectral lines of source and absorber wére both
considered to be described by Voigt profiles. Their Gaussian
half widths were assumed to result solely from Doppler
broadening. Since the Geilssler tube capillary was slightly
warmer than the absorption tube and since both were warmer
than room temperature, it could_be assumed:

(a) T T

S > a
(b) T, > 300 %k



-35-

where TS and Ta are the source and absorber

temperatures respectively. |

The Lorentzian half widths were aésumed to result entirely
from pressure broadening. Consequently the lines of the 2 Torr
pressure absorber could be assumed to have the same Lorentzian
half width (AYs ) as the source.

The source was considered further broadened by self
absorptian. For an intrinsic Voigt shape S(” -%) the self

absorbed shape was taken as

I.(Y-3) ¢ [l - exp{ - K-S(ﬁ—?/s)}:l

1

This results from equation IX under the assumption that

J{Y-20) and k(¥ -%) have the same frequency dependence.
The higher pressure absorbers were assumed to have the

same temperéture as the 2 Torr pressure absorber since their

tubes were not noticeably warmer during operation than the

2 Torr tube. The transmission curves for these absorbers

provide a further test for the models.

B, Specific Procedure

(1) An assignment of T, Ta,lxgs , and K was made.

(2) The absorption Strength k(0)Z was varied until
a line centre transmission t, of 0.33 was obtained.

(3) The full transmission curve was calculated, plotted,
and then compared with the experimental results for the
2 Torr absorber in which t, equalled 0.33.

(4) The parameters (TS, Ta,ZXké , K) were varied until
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an acceptable fit was obtained.

(5)‘Transmission‘curves for t, = 0.16 and t, = 0.53
were then calculated for these parameters and compared to
the corresponding experimental results (see Figure 8).

(6) A graph of transmission half width (At) versus to
was computed for a range of values of the absorber Lorentzian
half width. These were then compared with the experimental
results for all three pressures (see Figure 10).

(7) Finally transmission curves for the indicated absorber
Lorentzian half widths of the 50 Torr and 100 Torr pressure
absorbers were computed for to = 0.33 and compared to the
corresponding experimental results (see Figufe 9).'

By repeated trial and error a set of parameters (T T

S a’

‘525’ K) .was obtained which satisfied all these checks and

tests. In addition a Lorentzian half width was thereby

assigned for each absorber pressure.
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CHAPTER VI

RESULTS

A. Detection of Broadening

Broadening can be detected by comparing the transmission
curves for absorption tubes of different filling pressures.
In cases where the line centre transmissions to are equal such
comparisons clearly demonstrate the pressure broadening of the
absorption line. Figures 5, 6, and 7 on the next three pages
show experimental results for t, = 0.16, 0.33, and 0.33
respectively. In terms of tfansmissibn curve half widths ( At)

these results are summarized below:

to At (mK)

2 Torr 50 Torr 100 Torr
0.16 106 123 144
0.33 91 109 132
0.53 87 98 121

Width variations less than those observed here could
still be detected. Experience indicated that curves with a
fifth of such width differences could still be unambiguogsly
distinguished. In section C following it will be seen that
from 2 Torr to 100 Torr there was an increase in the Lorentzian
half width of the absorbers of approximately 45 mK. Hence

study of the transmission curves would enable an increase in

the absorber half width of as little as 5 mK to be detected.
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B. Detection of Shift

There is a slight but ubiquitous asymmetry of the
transmission curves with respect to the designated zero
field - zero shift position. However the curves are all
more or less symmetric about an ordinate of 2+ 4 mK. There
was no discernable variation of this offset with pressure. As
a result it must be concluded that no significant pressure
shift Has been detected.

Any reél shift due to pressure must have been at most less
than 4 mK for the 100 Torr absorber. Such minimal pressure shift,
in disagreement with the impact theory for a van der Waals |
interaction, is consistent with the results of Smith (14).

The line centre transmission, to’ was taken on the axis

of symmetry in each case.

C. Line Shape Determination

As a result of the analysis by modelling (as described
in Chapter V section B), the parameters of the model of

best fit are:

Source Absorber(s)
AY = 50 K A, = 48 nK
(= T_ = 360 °K) (> T =325 °K).
A, = 6 mK

(source Voigt A = 0.12)

K=1.5

The Lorentzian half widths of the absorbers, as concluded
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from the to versus At curves (see Figure 10), are tabled

below:"
Pressure (Torr) AV, (nK) Voigt A
2 7 0.14
50 1 23 | 0.48
100 48 1.00

The comparison of theoretical and experimental transmission
curves for pressures of 2 Torr and 100 Torr are displayed in
Figures 8 and 9 respectively. Figure 10 shows the theoretical
curves for lire centre transmission versﬁs half width for the
model of best fit, with the experimental results also displayed.
It was primarily from this curve that the assignment.Of
Lorentzian half widths for the higher pressure absorbers

was made.

D. Rate of Pressure Broadening - Comparison with Theory

The results tabulated above may most easily be compared
with theory by means of a 'rate of pressure broadening'
graph - see Figure 11 - in which the absorber Lorentzian
half width is plotted against pressure (and density).

The data are insufficient to permit conclusions regarding
the linearity of this Curve.l Howgver, assuming a linear
relationship passing through the origin (as predicted by the

impact theory) then the best straight line has a slope:
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P —l7
AY - 1.6107 mK om®

Both estimates calculated in the theory (Chapter II,
section C ) are displayed as well. It can be seen that the
experimental resﬁlts show a rate of pressure broadening
| nearly 50 % greater than that predicted by theory. However
there is close agreement with the semi—empirical rate

derived from the results of Smith (14).

‘E. Validity of Results

(1)Reliability:

Since the results are derived through a complex process
of profile analysis and barameter variation, error estimates
are difficult and somewhat uncertain; The error estimates
shown are primarily based on self-consistency.

In matching experimental and theoretical transmission
curves the fitting errors are quite small since the curves
are so similar. Variation of the absorber Voigt A parameter
by more than : 0.05 distorted the shape of the theoretical
curve sufficiently to cause rejection of the fit. Similarly,
variation of the Doppler half width assigned to the absorber
by more than T 2 mK altered the width of the theoretical
curve enough to make the lack of fit éppareﬁt. Moreover
variations of these two parameters could not be made altogether
independéntly, for decreases in the assigned Doppler width

would eventually necessitate concurrent increases in the

assigned Voigt A parameter, etc. As a result the uncertainty
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in the assigned absorber Lorentzian half width is thereby
probably no more than ¥ 4 mK.

From the transmission versus half width relation (see
Figure 10) upon which the final estimates were based there
is a range of Voigt A parameters (and hence Lorentzian half

widths) spanned by the experimental points.

Pressure (Torr - minimum maximum
o=l T 5 Ay A )
(<) (mK) (mx)
> 7 2.5 10.5
50 23 20.5 26,0
100 48 46,0 49.5

These variations, in conjunction with the fitting errors
described above, were used as the basis for assigning the

confidence limits displayed in Figure 11,

(2) Systematic Errors:

Since all the transmission curves showed the same slight
shift of approximately 4 mK, which was moreover independent
of pressure, an apparatus érror is suspected. This + 4 mK
offset is thought to have originated in a failure of the

‘scanning electromagnet to follow perfectly its calibration curve.
| This condition results from imperfect regulation of the

electromagnet current in the face of variations of the coil

resistance due to heating. After the current was reversed

(the transition from negative to positive shift) it was to
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have been monotonically increased in order to follow the
calibration curve. However after each current increment
(0.2 amp) the coils warmed further and their resistance
increased. There was a tendency for the current to then
decrease very slightly, in spite of the .regulation provided
in the .electromagnet current power supply.

This would have taken the magnet off the assumed calibration
curve and slightly into the 'interior' of the hysterisis loop.
The actual magnetic field would be less than that assumed. This
would result in an expansion of the frequency scale for this
half of the transmission curve in that the actual field {(and
Zeeman shift) are less than fhose assigned. As a result the
centre of gravity of the transmissidn curve would be displaced
to the high frequency side (see Figure 12).

In addition to prodqcing the apparent shift, this effect
must also have caused apparently wider transmission curves.

No attempt, however, was made to correct for this possible
error and theoretical profiles were fitted to the centre
of symmetry.

The rate of broadening graph (Figure 11) reveals what is
possibly the effect of a second source of systematic error.
The Lorentzian width assigned to the 2 Torr absorber is
apparently too great since all pressure broadening theories
predict half widths directly proportional to pressure (and
density). In the limit of zero pressure the Lorentzian half

width should approach the natural line width (here only % 0.6 mK).
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Since this 1s negligible then for the 2 Torr absorber the
expected Lorentzian width should be the van der Waals width
-of & 1 mK only.- outside the confidence limits assigned]!

The origin of this apparently excessive Lorentzian width
is in all probability unaccounted broadening 6f the source.
Several minor broadening éffeéts which were neglected are:

1. magnetic field inhomdgeneities (see Chapter II ).

2. alteration of the source line shape as the scanning
magnetic field is varied.

3. variations in the self absorption resulting from
the_inhomogeneous'cylinderical nafure of the source,
(in contrast to the homogeneous, plane—pafallel
>s§urce assumed in the theory)

It has .been pointed out by van de Hulst and Reesinck (16)
that "the combination of many independent broadening effects
tends to yield a Voigtprofile". The source line should thus
have had a Voigt type profile, as was assumed. However the
Lorentzian component should properly have been greater than the
Lorentzian half width ascribed to pressure broadening alohe.

In the analysis the source and the 2 Torr absorber were
assumed to have had egqual Lorentzian half widths since their
pressures were equal. Thus an exaggerated Lorentzian half
width must have been ascribed to the 2 Tor: absorber in“
order to fit the transmission curves.

Such an error in the source line shapé will also create

errors in-the results for the higher pressure absorbers. However
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for these it was found that the Lorentzian widths of the

derived line profiles were less affected by changes in the
assumed source shape than were those of the 2 Torr absorber.
Hence, as might be anticipated from the theory (see equation IVA),
the results for the higher pressure absorbers would Bave been

less affected by such an error in the source line shape.
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CHAPTER VII

CONCLUDING DISCUSSION

The Zeeman scanning technique has shown itself well
suitéd’to the determination of narrow spectral line profiles.
The ability to detect differences as low as 5 mK (or 2 mA° ) in
absorption line width may be considered to represent a
resolution of 2%%- o 3~lO6, which is difficult to thain
otherwise except with sophisticated spectrographic techniques.

By comparing absorbers at different pressures the extent
of pressure broadening for Ne N6074.3 A° has been determined
for glow discharge conditions. It is appafent from the results
that even at pressures as low as a few Torr this line will
exhibit a non-Gaussian profile. At 10 Torr and 325 °K' the
Ne N6074.3 A? line shows a Voigt A parameter of A = 0.1 (inter-
polated from Figure 11).

The pressure broadening could be calculéted guite well from
theory. This is probably £rue also for other lines of the
neon triplet system which are unaffected by resonance effects.
Those neon lines affected by resonance broadening likely exhibit
Voigt A values even greater than Ne A6074.3 A° under similar
conditions. |

Thus the casual assumption of Gaussian profiles for neon
glow diséharge lines is in error. Where such an assumption
is to be made thgéonsequences of the pressure eradening

should first be checked.
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Close agreement for the rate of pressure broadening has
been obtained with values calculated using the impact theory
with a van der Waals interaction postulated. The experimental

> -17
value of‘.Aégi— = 1.6-°10 mK cm3 agrees with the value

derived from the results of Smith (14) to more or less within
the assigned confidence limits. The more theoretical value
is likewise encoufagihgly close - to within 50 %. Such good
agreement would appear to justify the use of Unséld's
approximation (equation VIII).

The lack of observed shift, consistent with the results
of Smith (14), confirms the failure of the van der Waals
interaction to properly describe the emitter - perturber
interaction in this instance. The inclusion of a repulsive
term, as advocated by Hindmarsh, Petford, and Smith (15), is
evidently required. Such a consideration falls beyond the
scope of the present work and would likely require a more
accurate study of the shift.

 This is one reason why an investigation of one 6r two

argon linés by this Zeeman scanning technique would be most
interesting. Of course argon has also been used in glow
discharges for similar experiments (19, 20) to those
previously noted (1, 2) so therefore it is desireable to
check argon line shapes as well. In addition the results of
Smith (14) indicate fhat argon behaves closely to the
predictions of the impact theory with a van der Waals

interéction. In particular the shift to width ratio is close
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to the 1:2.76 value predicted. Thus for higher pressures
such as 50 or 100 Torr the shift should be easily detected.
An investigation in argon then, offers an excellent opportunity
not only to check these line shapes but to also fufther test
the Zeeman scénning technique and confirm Smith's findings
in the ﬁase of argon self-pressure broadeningland shift.

For future work several improvements in the Zeeman scanning
apparatus can be suggested. The width of the source line
is analogous to the apparatus width of a épectrograph or
interfe%ometrié system in that the source profile is folded
with that of the absorber to produce the experimental result.
Ideally the source line width should be significantly less than
that of the absorber. Then, as suggested by the theory (see
equation IVA), the shape of the transmission curve depends
almost sblely on the absorber's line shape. Such a situation
was not achieved in this experiment but where it was approached
with the 100 Torr absorber the results are more reliable.
At lower pressures the line widths of both source and absorber
are primarily determined by Doppler broadening and are thus
comparable. Unless drastic cooling or some other means is
employed fo reduce the Doppler width of the source the ideal
narrow - source situation is uﬁrealizable.

Alternately, however, a precise determination of the
source line shape will permit an éccurate measurement of the
absorber line shape. This could be accomplished by reducing

the source pressure and optical thickness so that pressure
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broadening and self absorption are effectively eliminated.
Then Doppler,broadening alone would determine the source
line shape. These measures would imply also a source of
low intensity, reducing the signal - to - noise ratio and
very likely necessitating a more efficient detection system
than that employed in this experiment. In additiqn magnetic
field inhomogeneity would have to be further reduced to:
guarantee the absence of any broadening resulting therefrom.
With such improvements the ﬁumber of "free" parameters.
to be satisfied in the analyéis would be reduced and the
results not only more easily obtained but also more reliable.
.In view of the encouraging results obtained in this
experiment it is hoped that future work, with the apparatus

further refined, will be carried out.
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APPENDIX I

Flowchart: Computer Calculation of Transmission Curves *(a)

D)

O, 8, K, A, ¢

Read A,

0)

Calculate and store the
absorber profile (VGA(J)) for *(c)
an ordinate spacing of 2.5 mK

Calculate and store the
source profile for an *(c)
ordinate spacing of 2.5 mK

Integrate the source

to compute S(X) *(d)
k£ = 10.0
Compute O(Z, ) and t; *(d)

Vary koﬂ by
jiterative
halving

(over)



*¥Notes:

(a)

(b)

(c)

(d)
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l

Compute and store the
absorber function:

exp{ —kO[(VGA(J))}

\

Compute the transmission
for all source frequencies

y
Write and plot the
transmission curve.

( STOP >

The calculations were performed on an IBM 7044
computer,

A i1s the Voigt A parameter for the absorber;
other symbols are as defined in Chapters II and V.

The profile is calculated using the VOIGT
subroutine (17) for each specific frequency.

The integration was performed by use of a composite
Newton - Cotes formula of order 4 (closed) in
100 steps from - 10 to + 10 half widths.



