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ABSTRACT

This thesis describes an experiment to obtain line profiles of two neutral
helium lines, £ D-2 P at 4471A and 4'D-2'P at 4922A emitted by a low density
helium plasma. Both of these lines have a forbidden component corresponding
to the forbidden transitions £ F- 2°P and 4' F-2'P the intensities of which are
strqngly dependent on the electron density of the plasma. The laboratory
source used in the experiment was a pulsed, linear pinch observed in the
afterglow of the decaying plasma in the region T~ 5,000‘-'15, Ooooand nglolf— 10“'.
Prof?ileé of the lines)obtained at n= lolrand n= 4.10”', have been comparedto
the recently calculated theoretical profiles of Barnard, Cooper and Shamey and
of Griem. Certain discrepancies between theory and experiment in the intensity

~of the forbidden line have been discovered and this has been explained in terms
of the breakdown of the quasi-static approximation for the ions in the centre of
the forbidden line.
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1.1

CHAFTER 1

INTRODUCT ION

Some years ago, Baranger (1958) laid down the foundation of
modern line broadening theory by developing the impact approximation
- for electron perturbers acting on sﬁectral lines emitted from a
plasma. This work was continued by Griem, Baranger, Kolb and
Oertel (1962) and is now generally referred to as the GBKO theory.
The theory has been reviewed on numerous occasions, i.e, Baranger
(1962) and Cooper (1965), and consequently a further review will

not be given here.

Since publication of the GBKO theory, fhere has been a
great deal of work done on the comparison of experiment and theory.
The hydrogen lines Hy , Hy and Hy in particular have been
studied with great care. Berg et al (1962) have published
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comparisons of calculated profiles of Hﬁ with experimental points
and found agreement between the predicted. and measured half-widths
was 3%, They also found that for Hx and Hy agreement between
theory and experiment was about 15%. Many neutral helium lines
have also been compared with the theory (see Berg et al [1962])
and here the theory-experiment agreement is typically about 20%
for the half widths., In general, the further away from the
hydrogenic case one goes, the worse is thé theory-experiment
agreement. This is demonstrated, for instance, in the measured
half widths of A IT and A IIT lines obtained by Roberts (1967),
where theory-experiment agreemént is often a factor of two or more
out, Attell-naﬁvely, for !}he HeII lines 4686 and 3203, which are of
course hydrogenic, theory and experiment agree to 10% (see Berg ef
a1 [1962] ).

The theoretical calculaﬁions fall into two separate regimes.
First, the statistical part which considers the physics of the
perturbers and the way in which they can collide with emiiters and
disturb their wave trains. Secondly, the part which deals with
the wave functions of the quantum mechanical states of the emitters.
The excellent theoryaexperimeﬁt agreement for hydrogenic lines,
vhere the emitted wave function can oe calculated exactly, suggests

strongly that the physics of the perturber statisties is correct.
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In this way, the theory-experiment discrepancies which appear in
the non-hydrogenic situation are probably due largely to errors in

the emitter wave functions.

We have seen, then, tha:h the GBKO theory is capal')le of
accurately predicting the line profiles of hydrogen and helium.
Howeirer, some of these lines, until recently, have presented
theoretical difficulties. To understand how these difficulties
arise, consider the following four categories which specify
different types of line proﬁ.lés:

(a) Hydrogenic
'(b)  non-hydrogenic

(¢) isoclated
(@) non-isolated.

The first two are self-explanatory., That is, for a hydrogenic
emitter, there existszdegenefacy between the states of the same
principle quantum number. Electron collisions can then cause
elasti'c transitions between these states., The difference between

~ the second two has a similar basis. A line is isolated if the
| energy gap between the upper state of the radiating transition and

its nearest neighbour is greater than the half-width of the line, ie

Aw € ' , where A is the
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half‘width and Gy,- the energy separation between the two upper
states. On this definition all hydrogenic lines must be over-
lapping. And indeed they are. However, the extremely small
values of Gy, (W, +# O because of the Stark splitting by the
ion-micro field) distinguish hydrogenic atoms from atoms where
the splitting is small but finite. Hence we can differentiate
three types of line: Hydrogenic, where the upper state splitting
is determined by the Stark effect of the ion field and are there-
fore sma.il compared with the line width. Overlapping and

partially overlapping Non-hydrogenic where @,g% Aw P

and finaly, issolated lines defined by > 4o .

RECENT THEORETICAL WORK

The GBKO theory was originally developed to-deal with

| hydrogenic lines and we have seen that it shows excellent agreement
with experiment. A simplification of the theory is capable of
dealing with isolated lines also., See, for example, the neutral
helium lines referenced above. However, untﬁ recently, the
theory has not been applied to overlapping and partially- over-
lapping non~hydrogenic lines., Barnard, Cooper and Shamey (1969),
which will be referred to as BCS, and Griem*(1963) rectified this

#(Griem does 4471 only.)
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situation by calculating the profiles of the neutral helium lines

at 44718 and 4922R using the GBKO theory as a basis.

919

FIG. 1.1 Term diagram for HE I line 4471
- with forbidden components

These two lines are particularly useful as a check on the
theory, The line at 4471% is the 4% D - 2% P transition and the
line at 49228 is 4’ D = 2" P, As far as the following disaussion
is concerned, the two lines are similar and so reference will be

made to only one of them, the triplet system.

The energy splittings between the sublevels of the upper
' stafe, n = 4, are shown in Fig, 1.1. The full line represents
the allowed transition 43 p-2%p and the two dotted lines the
'forbidden' transitions 4° P, 43 F - 23 P,  How forbidden

transitions arise will be discussed in Chapter 2,
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For electron densities below 10'4 , the smallest energy gap,
43 D - 43F =8 cms-' , is larger than the line width and the three
lines can be calculated using the theory for isolated lines. Uhen
10* % neg 10'%  the line width Aw~& , , and the lines
43D, 43F - 23P are partially ovgrlai:ping. At higher densities,
these two lines become fully overlapping and for N, >10" the
second forbidden line, 43P - 23P, also begins to overlap with the
other two, That is, by increasing the electron density, the line
- profile system goes smoothly from the isolated regime to the

partially overlapping and then to the fully overlapping regime.

Griem and B.C.S. ha've calculated ﬁroﬁles for the lines
over a range of densities'and temperatures, 10“ < nNe< 'oﬂ
and 5,000% < T < 40,000% where T is the temperature of the
.electrons, ions and atoms, all assumed to be equal. A review of
their calculations y with a special emphasis on where they differ
from each other will be given in Chapter . It is the purpose
of this thesis to compare the profiles of B.C.S. and Griem with
expefimentally obtained profiles and to comment on where the two

calculated profiles differ from experiment.
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PREVIOUS EXPERTMENTAL WORK .

Previous experimental work on the lines 4471 and 4922 has
been stimulated by the importance of the profiles of the lines

in astrophysics. O and B class stars, which are particularly important
to astrophysics.“because of the early position they occupy in the evolution

of stellar histories, emit the lines 4471 and 4922 in absorption, The

profiles of 4471 and 4922 are extremely sensitive to electron
density. Hence, by studying the profiles emitted from the
atmospheres of O and B class stars, and comparing them with
profiles predicﬁed by theory with a constructed model atmos-
phere for the star, (see Underhill 1966) , an' estimate of the
electron density at various depths into the atmosphere of the
star can be made. This, in turn, leads to further estimates of

the star surface gravity and helium abundance,

Since Struve (1929) first identified the line 4471,
together with its forbidden component, in a stellar spectrum,
Wulff (1958) and Sadjian et al (196l) have obtained laboratory
profiles. Wulff, using a pulsed arc source with n, =3.10‘6
amd T = 30,000°K obtained profiles which later proved to be in

good agreement with B.C.S. The comparison was made oy B.C.S.
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and they claim agreement to within a few per cent for the intensity “
of the forbidden ccmponent 43]? -2 P, which is particularly sensitive
to ne . It should be pointed out that their comparison .isv hot very |
decisive because Wulff could not obtain independent measurements
ofng . Instead, half-widths taken from many measured lines have
been fitted to theory and a best 'vall;e of n, extracted. Sadjian's
profiles, this time for 4922, were made at ng = 5.10'6 , and

T = 19,000%. The source was a high purity Gerdien arc (1922).
Electron density measurements were obtained from the Inglis-Teller
relation, 1ogl° n, = 23,2 - 7.5 log,n where n is the principal
quantum mumber of the higheést observed member of a particular series,
in their case n= 7. This is not a very accurate method and
Sadjian in fact quotes 3.10'65 ne< 7_.10“. The factor of two
uncertainty in n, makes a precise comparison of his experiment

with theory impossible.

More recently, Jenkins (1970) and Nelson (1970) have also
worked on 4471. Jenkins used a pulsed linear discharge, very
similar to the apparatus used in the present work, and observed
profiles in the early stages of the discharge when the plasma was
still pinched, His plasma parameters were nec—"lo'band
Te = AO,OOOOK. Measurements of isolated heiium lines were in
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good agreement with theory but 4471 showed an appreciable
discrepancy with theory in the region of the forbidden line.
However, he has shown, by careful measurements of radial deénsity
gradients using a laser interferometer, and radial emission
coefficients, that radial gradients dominate the precise form

of the profile, That is, by phoosing a model plasma, which he
has shown experimentally to be reasonable, the theory-experiment
discrepancy can be accounted for; This dées not mean that
Jenkins has verified the Griem-BCS calculations, only that it
could be correct. Nelson has obtained profiles on a pulsed arc
at ng =5.10' and Te = 50,000%. The electron density was
taken from the half-widths of isolabed lines whose density
dependence has veen well verified in the past. Comparison with
BCS produced agreement of about 5% in the region oi the

20, ;’F - 2P transitions and the area between them. In the
far wings of the lines, Nelsou's profile is about 40% lower than
BCS. This fit between experiment and theory is obtained after
normalising not only the peak height and wavelength of the

‘ A?D -2’p line but also he adjusts the position of the forbidden
42 F - 2P line by shifting it 28 nearer the allowed line. The

justification is that the theory is not good at predicting line
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shifts anyway and a small arbitrary shift is allowable. Doing
this changes the intensity of his measured proiile in the centre
of the dip between the two lines by about 70% and brings it to
about 5% of BCS. Without making this adjustment, theory-

experiment fit is rather poor.

The works referred to above have been carried out in the
range 10'65 n, £ 10”  This is a higher range than that of
interest to astrophysicists studying O and B .class stars whei'e,
typica.lly, 10'25 .ne < 10“ o« To the author's knowledge,
no laboratory work has been doﬁe on 4471 in this range., It was
therefore decided to try to measure proriles at such electron
densities with the double objective of checking the calculations
of BCS and Gcriem at low densities andrproviding accurate profiles

" for the use ot astrophysicists.

CHOICE OF APPARATUS

Jenkins (1970) has worked extensively on a linear pinch at ‘
» Imperial Collége. He has beety primarily concerned with the early
} stages ot the discharge when the plasma was still compressed by

magnetic fields and he has measured plasma.parameters of typically

, 16 :
ng~ 10 and T = AO,OOOOK. The discharge was reproducible to
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abouf 5% from shot to shot which makes it useful for measuring line
profiles from shot to shot measurements. The main difficulty
encountered was due to radial gradients in the plasma which Jenkins
discussed at length in his thesis, Observations made by Jenkins
at later times, in the afterglow of the plasma, showed that the
electron density decayed smoothly and reproducibly down to 10'4 .

At these latér times, when currents are no longer flowing in the
plasmé, one can expect that radial gradients will be less pro-
nounced and the reproducibility even better. A linear discharge,
similar to the apparatus used by Jenkins, was built. A description
of the apparatus and the equipment for detecting and measuring
profiles is given in Chapter 4. Preliminary experiments on the
discharge showed that, as was hoped, electron densities and
temperatures were in the required range (10 é ne < 10 ]

Te = 10.000%) , the discharge was sufficiently reproducible

(2 5% from shot to shot) and the most important, radial density
gfadients were not strong enough to make the interpretation of the

profiles impossible;



2,1

CHAPTER 2

A "PHYSICAL DESCRIPTION OF THE LINE

BROADENING THEORY

In Chapter 3, a detailed review of the calculations of the
two helium lines by BCS and Griem will be given. Before this:
however, it is helpful to summarise_briefly‘the present line
broadening theory with a special emphasis on the physical mechanisms-
involved rather thén on a detailéd mathematical description. The
full mathematical treatment is contained in the original papers of
Baranger (1958) and GBKO (19€2) and in the review articles of
Cooper (1966) and Baranger (1962). Much of the account given
below has been obtained from these publications and also from

Burgess (1967).
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The starting point for line broadening theory is the well
known result for the power spectrum of a radiating quantum

mechanical system.,

4 2'
A .
Playp =5 FI<fIdILD] 2.1
f and i are the final,initial states of a dipole transition
induced by the dipole operator d andw‘f the frequency of the

radiation. Eq. 2.1 can be rewritten,

' 4
P(wif) = ’;' '223 L(w) 2.2
Here, we have introduced the line shape function L(w)
vhich includes the matrix elements < f Id ”) « It is often
easier, and has become conventional; to calculate the Fowrier
Transform of L(&) rather than L(®) itself. The Fourrier

.Transform is defined by
* iwt | i
i _
cy = %) e Liwdw 2.3

THE AUTO-CORRELATION FUNCTION

_ The function C(t) can be identified as the auto-correlation

function of the emitted light amplitude. Physically, this means
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that C(t) is a measure of the extent to which the light train
emitted at some time, s, correlates with itself at some later time,

t + s. Consider Fig. 2.1 which represents a perfect monochromatic

wave extending to t = *e0,

FIG. 2.1

It can be shown by the Wiener-Kinchine theorem (1934) that

’ . » | " S/ .
L~ _!.J >
C(t) =s>0F ) £(s)f(s+)ds 2.4
Where £(s) is the function describing the dipole oscillator.
In this case
10,8
f(S) = € ° 2.5

Substituting eq. 2.5 into eq. 2.4 gives

S/z H .
Lim -1
C(t) = s»w 3"] g @S gt tt) ds

it “72

-
-

and L(w) =8 (w-a).



2.4

Now suppose the pure wave train is disturbed at some time,
to, in the interval t. This is represented in Fig. 2,2 and it can
be seen that in this particular case the perturbation is equivalent

to a phase shift in the wave train.

FIG. 2,2

In this case

AR

f(s) =e ° f(s~rt)= e

' 1w, (s+t)+1 ¢
> o

Now if similar collisions are occurring .throughout the whole
of the wave tfain, then the total phase change in some interval
| t can de defined as 'rL(t). It is necessary‘to impose many
collisions because clearly, the effect of one collision is negligible
as the limit S -»*00 is taken. Then

£¢s) = et(Wss +7(5)

f(s‘+l-) _ 61(:.1, S+ +1(54b)
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Manipulation of the above equations yields

cle) = e-nv(o;,- 15;)E

vhere n is the perturber number density, v is their average

velocity and

7w

nvdt(o. - io;) = <€ -1, 2.6

The exact derivation and meaning of eq., 2.6 need not concern

us here, What is interesting is that, in this case

Liw)~ [(w—w,-—nva;)z-r (rwa;,)"_.rl 2.7

Hence the line shape is dispersive and has a shift of nvoy
and a vidth of Nvg,. . A better physical understending of what
happens to line shape can be obtained by writing' 12( t)=f¢ﬂ:)d17
where the integral is over all perturbers and perturber velocities.

Then eq. 2.6 becomes
=104 = JLI-cos$]dy + 1I8m4>dv
The width, W , and shift, d , are therefore
W o~ J‘[’l— cos ¢]dv C 2.8

d ~ J‘SH‘Hﬁdv v | | 2.9
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The width is caused mainly by phase changes > 7% and the
shift mainly by those € 7% . . Paysically, this can be understood

by the concept of phase 'memory'. If ¢ is small and positive
(say), we can equaily well put ¢ as large and negative,

i.e. ¢.= - (27x~ @) Howew.rer, the wave can remember its phase for
rsmall changes and 'remembers' that ¢ is really small and positivé.
The effect is, therefore, a phase change in the wave train. When

' ¢ becomes large, memory is lost. The wave does not know
whether the c.hange is positive or negative and hence only a

' bfoadening effect is observed.

Now, alternatively, let the radiation be totally terminated
and then started up again at some 1qng time later. Then clearly
there will be no correlation between the two wave trains. Thus,
.the lifetime of the emitter has been shortened and a broadening

o of the line will result,

WO APPROXIMATICIS USED TO CALCULATE THE AUTO-~CORKELATION FUNCTION

It is important , now, to establish a relationship between
the auto-correlation function and the line shape. The time
intervals, At , involved in C(t) are relatéd to the separation,

Aw , from the line centre of the corresponding polnt on the
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line profile by

Al: Aw ~ { ' 2.10
Therefore, in order to study the profile close to the line
centre, it is necessary to calculate C(t) for large At and similarly,

to look at the line wings, small At must be considered.

We can also define another time, T , over which a perturbing
particle interacts with the emitter. A comparison of T with At

leads to two possible extreme limits.

1. At, > T

2, At, << T
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| QUASI-STATIC

4o |

: 1
=
FIG, 2.3 Validity regions of Impact and
: Quasi-static approximations

Fig. 2.3 represenﬁs a line profile in which both extremes
exist together with an intermediate region in which neither case
is true. Such a line is unlikely to exist for a single value
"of € . The exact position of the boﬁndaries is not very well
defined,

Consider case 1. Here the timeinvolved in C(t) is 8o
large compared to a pe;'i';urber collision time that the collision
may be considered as an impact. 3_?hat is, we are not interested
in the exact form of the interaction, only in its final effect on

the emitter. This is known as the impact appraximation.
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The second case says that in times A&, , the perturber does
not appreclably change its position. Hence, the effect on the
emitter of such perturbers can be calculated assuming they are
static and then an average can be taken over all possible
configurations of perturbers. This is the Quasi-Static

approximation.

The great advantage of these extreme limits can be seen by
looking at the form of the interaction time T . For a perturber
with impact parameter e and velocity y , € can be written

T 'g B 2.11

For typical labofa;tory plasmas, it frequently happens that
for many lines, the ions may be treated on the quasi—statig
approximation and the electrons on the impact approximation.

‘Fig. 2.4 shovs a line in which this occurs. The reason that this
can happen is, of course, because of the much greater thermal

velocity of the electrons.
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At<< T, ¢ QUASI-STATIC IONS
Ly — - —> 00

TMPAGT ELECTRONS At>> [

e P - - - -

: S Ao
FIG. 2,4  Typical Validity regions for Quasi-

static and impact approximations
for ions and electrons

These two appfoximations will be individually discussed in

the next sections.,

THE QUASI-STATIC APPROXIMATION

We have seen that very often the ions may be considered
as being stationary in the calculation of C(t). This does not

mean that the ion-field, F, does not change. Only that we can
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calculate C(t) for a particul#r ion-field in the presence of
electron perturbers and then sum over all possible ion-fields.
To do this, some ion-field strength distribution, W(F), must be
used. In the last part of this chapter, the effect of using
various.different distributions will be discussed. Hence, C(t)

may be written as

c(t) = ¢(t, F)

electrons
Here, all the electrons have been accounted for as a
function of the ion-field F. "Then averaging over all ion-

fields gives

c(+) =Id FW(F) c(t, F)

electrons + ions
C(t) depends on F through the Stark effect. The

: u.ppertui'bed energy levels of the emitter are shifted by the
ion-field., Therefore, we can write the Hamiltonian of the emitter
as a fuﬁction of F and proceed to find the'contribution of the

electrons to C(t).

Before dealing‘with the electrons, it is worthwhile
considering two important effects of the ion-field. First, the

Stark effect produces only a shift in the 1ine.



2,12

> WD
(Oo ]

FIG. 2.5 The shift of a line according to
\ - the Stark effect.

iFig. 2.5 shows the shift of tﬁe centre of the line as a
function the field strength, F, for an ion-field distribﬁtion W(r).
At any given time; all possible values of F exist somewhere in the
plasma and hence a broadening of the line is obserfed. The
différeﬁce between an ion broadened line and a collision broadened
line is that thé ions shift the line cenﬁre, assymetrically, in
one direction only whereas éollisions smear the line out equally

on both sides of the unperturbed frequency, ¢g -

The second important point is the production of !'forbidden!

lines. The ion-field can mix the wave funetions of two close
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lying atomic energy levels so that the parity selection rule is
broken down. If the atomic states & , &’ and (3 are such that

& (3 is.an allowed transition, (8€= 1) and ‘@B is forbidden

(A€ =2) then it Wy S A Q“P (the width of the allowed line)
the states & and & are mixed strongly by the ion~-field, and the
transition a'p may occur. The strength of the forbidden line
depends on the field strength. As F increases, the forbidden line
becomes stronger but also shifts away from the allowed line.

Fig. 2.6 shows the development of a forbidden line with increasing

mean field strength.

1w
A

F F;ﬁf’de“ Allowed
7~ 1line

Y

-

-
g

rd
g~ ~Stark shift

x4 e .
FIG. 2.6 Development of a Forbidden Line in an

Ion Miero Field F.
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Only the ion broadening is shown above. Note that there
is no intensity, due to iomns, in thé central region between the
two peaks. The ions can only shift thé intensity out towards the
wings of the line., As F increases, mixing between the ﬁpper
states of the é]lowed and forbidden lines saturates and the
forbidden line reaches a peak intensity equal to the intensity of

the allowed line.

THE TMPACT APPROXIMATION

The essential featﬁre of the impact approximation is that _
| the el;e‘ctfon collision "time', Z , is uwsually short compared with
~ times of interest in C(t). Expressed in terms of tﬁe line shape,
this condition is, AWXT, To understand the impact approxi-
.métion, it is useful to consider what can happen to the emitter
in’a,coilision. Basically, theré are four types of collisional

processes whiéh can occur., Weagk, strong, elastic and inelastic.

1., Weak Collisions
The assumption here is that the probable effect of a collision
on the emitter is small. The effects of a collision can then

be expanded by perturbation theory. It is essential that
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bthis can be done because weak collisions tend to be long
range collisions and therefore overlap in time. By

taking only the first non-vanishing order of the perturbafion
expansion, the time overlap of several collisions is removed
and the effect of many weak collisions add scalarly.

Baranger (1962) deals with this point fully.

2, Strong Collisions
Perturbers can come sufficiently close to the emitter that
the perturber-emitter interaction is too large to be
“treated by perturbation tﬁeory. The effect of such a

' collision is to completely disrupt the wave train and the
line is broadened by an émount proportional to the collision
frequency. (See Lorentz Theory 1906.) These strong
collisions dvo not oceur very often if the impact approxi-

" mation is to be valid; i.e. in making the impact approxi-
mation, it is assumed that the ‘auto-correlation function
does not change very much in a typical collision time.
Hence,'becaﬁse strong collisions are infrequent and last
only a short time, they do not overlap in time and, again,

their effects add scalarly.A
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3. Elastic Collisions
This is simply a collision which does nct change the atomic

state of the emitter, i.e. only a phase change occurs.

4. Inelastic Collisions
Here, atomic transitions are induced by a collision. We

distinguish between two different possible cases with reference

to Fig. 2.7.

FIG. 2.7 Inelastic collision ¥’

The emitter ;s radiating at a frequencya,‘p and &' is a
state lying close to & . Then a collision. can cause the emitter
to undergo the transition X ‘which termifiates the radiation Wy -
However, a subsequent collision can induce the transition & ’o(

and the radiation 6.)“ commences again, If the time inkerval

g
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between the wave trains is large, then all memory of the phase
between the wave trains is lost and a broadening of the line occurs.
But if the interval is small, some correlation remains between the
wave trains and a shift in the line is also induced. The latter is
_more prébable when W ot AW , which is just the condition for

~ -overlapping lines,

MATHEMATICAL TREATMENT

Mathematically, the treatment of electron impact broadening
‘ can be reduced to finding the matrix elements of the electron
broadening operator § (See Griem 196,X) C(t) can be

written» in terms of é -

ca:) d¢<a|exp£~"-f'-9‘ g t]l Dol 2

Ea is the Hamiltonian of the emitter upper state a, d the dipole
moment operator and &, c(:- the substates of a. é : is given by

= {—f dsV(s)
+(ﬁ) f alsv(S)fds V{(s,)

2./3.
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Here V'(s) is given by

viis) = expl 5V (s) expl- 5]
H, is the atomic Hamiltonian,Vy(s) is the classical perturber—
emitter potential. Egq. 2.13 refers to a single electron collision.
An essential feature of the impact approximation is that the
average effect of the collision can be célculated and the average
can then be multiplied by e » the electron density, to find the

total effect. This avefaging process reduces to evaluating:
£ 42 © 5
éy—ne () fdp g,[L\g,(s,) ds,LV‘, (s,)ds,
. - ) 2.14
. ]

where

fdv E[dedeﬂQVf(V) 2.15
Note that the first order term of eq. 2.13 has vanished in taking
the angular average. Griem (1964) and Burgess (1968), among
others, have both discussed this term. (.) and VvV are the
electron impact parameter and velocity respectively and-f(v) is
the electron velocity distrioution, typically Maxwell. The

integral over e has to be cut off at upper and lower limits.

The upper limit, (’max s takes into account electron correlations.

That is the field of electrons, whose impact parameter > Pm ox
_ _ >
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is shielded from the emitter by other, intervening, electrons.
A lower limit, 6, min, takes into account strong collisions

Electrons with(uemin are assumed to produce strong collisions and
for these, some correction term is added to é . Sti'éng collisions
contribute , typically, about 20% of the total line width and hence

errors in estimating emmare not very importent.

Finally, the line profile is obtained from the Fourrier
transforn of C(t) after an average over the ion-field has been

teken
n ) .'Ha(f'—) ¥ ¥
Liw)=7 I dFwir)R, dy < lfiw- =~ é"«)a!( 2.16

THE ION MICROFIELD

~ The ion field, in generzl, effects the line profile most
in the line cenﬁre and in the .w:i.ngs. The line centre is ion
dependent in two ways. First the shift of the peak is determined
largely by the ion-field and secondly, in the case of a hydrogenic
line, the atomic energy levels are split and shifted in opposite
directions leading to a dip or a pronounced peak in the line centre.
In the wings, it is again necessary to distinguish between the

hydrogenic and non-hydrogenic cases. In the former, where there



2.20

are éomponents of the line shifted in both directions, the
intensity of both wings is dominated by strong ion-fields. That
is, the wings are produced by shifts in the line components due
to the ion-field. For the non-hydrogenic case, only onhe wing,
the wingAto which the line is shifted, will be affected in this

way.

The intermediate region, between the centre and the wings

is usually dominated by electron broadening.

Calculations of the ion-field distribution, W(F), have been
made in various approximations. The simplest of theéseis the

nearest neighbour field

THE NEAREST NEIGHBOUR FIMLD

Here; the ion—field is assumed to be due to the nearest ion
_ohly. This approximation will represent the true field only in
the high field tail of W(F) vwhere the field is due to a single ion
coming close to the emitter. Hence accuracy can be expected only
in the line wings (or one wing for a non-hydrogenic line) using

this model.
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The method of calculating W(F) on the nearest neighbour model
is as follows. P(r) is the probability of finding an ion within a
- radius r. Then the probability of there being no ion is P_(r),

and P(r) + P_(r) = 1.

P (r)dr - E(r)[l-q.n’p*udr-_ (;..)z_,,,,. ] 2.17

The second term on the RHS of 2.I7. is the probability of
there being one ion between r and r + dr, the third term, two ions

etc. Then, ignoring high order terms givgs ’
dR(r) =-P(r) 47 Nridr
-+ R(r) = const. exP[--;!n Nr’]

c dPUr) = 47 Nr‘zexlo[-%nNr"]dr' - 2.18
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THE HOLTSHMARK FIELD

The nearest néighbour model solves the problems of
calculating the probability distributiox_: of the ions, and then
vectorially.summing their fields, by ignoring them. Holtsmark
(1919) was the first to attempt the solution. The physical
assumption he made in calculating the pi'obability distribution
of the ions was that they moved independently of each other.
That is, the interactions between the ions and electrons did not

affect the paths along which they moved,

" The fieid strength distribution is calculated in a similar
maﬁner to the nearest neighbour model. " The difference is that
the analysis leading to eciuation‘ 2.18 must be performed in a 3N
~ dimensional configuration gpéce and the total ion-field is then,

F = IZF;' . This gives
dP(F) = Wi(g)dg
@ = F/F, )’ F = e/r‘z ; F; = e/r’z

where

and .
Wip) = 4na*[1-0-463 +0.12273%¢ ... ]

-% -3
or W)= 14963 3[:+5'-:o7p f/t.-q/f.’,. 2.19

(see Marganau and Lewis 1959)
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-

The first of these applies when F is small and the other when

(3 : is large.

- . The assumption of no perturber - perturber interaction has
to be inveétigated. 'This assunption is equivalent to saying that
the ther;nal energies of the perturbers was much greater than their

electrogstatic interaction energies.

2
i.e. RT > e+
| o 2,20

" The criterion for this to be true can also be expressed in

terms of the ‘parameter X
« = W

/"o 2.21

Here 1, is the mean interparticle distance, -Séonr;;ne,v'

RT 1%
4xNe?] .

and s is the Debye radius, Pp = [

Then in the limit as &~>» O, corrections due to inter-_-
particle interactions are negligible., The usefulness of thei
‘Holstmark distribution depends on what values the parameter &

has in typical laboratory plasmas. ¢ may be rewritten,

X ~ (RT) ZN 6 2.9
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It is a very slow function of N and fairly slow with T.
In theplasma to be described later, A = 0.3, Neg = 10"..
For plasmas with ng, ~ 10'7 ) X can‘approach unity. It isv
therefore esgential to investigate the effect of interparticle

correlations on the ion distribution.

THE DEBYE-HUCKEL POTENTIAL

One of the earliest 'interparticle correlation effects to
be considered was the shielding of the ion-field by electtons.
Because of the high electron velocity compared with the ion
‘velocity, times long enough can be found such that all pousible
distributions of electrons round an ion occur, but short enough
that the ion does not appreciably move. In this way, the field
from a single ion is modified, or shielded, by a cloud of
electrons which counteract the ion-field. The result is the
Debye-Hilckel potential (1923). | '

-,

V= e °

30

2,22

Ecker (1957) has numerically calculated Holtsmark Profiles
modified by the Debye-Hiickel potential. A simplified version

of the potential was used.
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V = gcz/p ... Pery

o e Py

Fig. 2,8 shows his results for several values of the para- .

meter § defined by
3
§ = 25 N
, . 2,23
Note that S"—Dz 'and hence the Holtsmark curve corresponds

to S.->oo

£ = 00 (HoLTSMARK)

1
o ‘ o - 1

FIG: 2.8 The Ion Field calculated by Ecker.

> €

It can be seen from Fig. 2.8 that perturber correlations

may be very important.
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THE MOZER-BARANGER FIELD

Ecker's calculations have accounted for electron shielding
effects but ignore ion - ion interactic;ns. Mozer and Bafahger
(1959) have put in these interactions.  This is done by calculating
first a distribution where there are no interactions and then
adding onto a5.1: é. series of corrections accounting for interactions.
The probability of a given distribution can then be expressed by

an equation of the form

VIR 0, x) = TTg,(xi) + 359,06, %7 T4, (x3)
*+ 23295 (%, XR)g2.(%, , Xm) ﬂﬂ,(xi)-r St
+ 2333(&,&,&) ﬂg,(xi) + Z” ee e
*z;.zg;()fj,xk*xg)g, (X, Xp) 7-(3, (xy) + ----
2 4. +

4+ . ....
2.24

Some detailed consideration ofeq.22, is necessary. First,
the IHS, PM ( ) & ,,_)c,.,) is just the probability of finding
M .
particle 1 at position X, etec. and Y is a normalising factor
to express the probability per unit volume. On the RHS, the

first term,ﬂg, ( Xi) wvhere the product is taken over the
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particles I...M, is the no perturber ’interaction case. The
second term.is a correction term which accounts for the inter-
actions between the particles j and X, This term, then,
slightly changes the probability that particle j is in position
x4 because of the interactions nzkjk. The T\, a.(xg) multiplies
the second term by the probability that the particles 1
16if jem

were in their respective positions in the first place.

Fig. 2,9 illustrates this.

2
.
1,
. | »3
i
//
V'
Id
’/
X
V4
7 .
I’ ' 4
X
ORIGIN , ) ‘
FIG. 2,9 - Pair interactions jk

The probability that particle j is at x = P(xj)7 is
modified by the interactions %JR 7;‘ P(x;Y. The interactions
i#]

are taken one at a time so that the correction to, say the j th
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particle is made without any corrections to the remaining particles.
The next term in eqg. 2.24 considers two pairs of particles inter—
acting in different parts of the plasma at the same time. That is,
instead of accounting for all particles other than j and k in

7T, 3,(i) , another pair, 1 and m, are removed from the product and

assumed to be interacting. This results in a term of the form

222920%j,x) 92 (XL,Xm)ng.(Xi) )

By removing morevand more pairs the terms such as = 222--
etc, are arrived at. . Note that the n.s,(xi)includes only those

perticles not already explicitly included in the = terms,

Each successive term in eq. 2.'24 adds on a correction to
the previous term. The third term, for instance,corrects the
position of the k th particle by taking the k1l interaction before
correcting the j th particle with the jk interaction. Clearly,
this term is important only whe;n three particles come close

together.

Mozer and Baranger (MB) now assume that the first correction,
the pairwise interactions, are small., Hence, the subsequent

corrections are even smaller and may be ignored,
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The field distribution itself is calculated wia its Fowr ier

transform, F(k).
F(R) =fexP(ik-E)W(E)dE |
+ =fexplib-(ErER)IPC - Xm)d %, - dXen 225
The exponential terms are then written

explik-E) = 1+ 8, ek

After some manipulatibn, the following equation is reached

. F(R) = exp[;Z: (nPFf!)' hP(R)] 2.26
where o L '
hP(R) =Iel -'-epﬁp (xt;"xP)dz"a---d’xp 2,27
- _ ,

‘WI(E) = (Zn)'?exp(-«;k-s)r(k)a’k

MB take only the first two terms of eq. 2.26 The first term
. gives the Holtsmark field at a neutral point and the second term
the first order correction to it. The Debye-Hilickel shielded field

is used to calculate the pair-cgrrelation tern.

B O, %) = Vexp(-€'a/kT)

b = Ix—xI"exp (~Ix-x:1/%))
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_ 5 |
31("- , %) = 6:(,::(“.e d’"/gz-r)‘ -1 s

Eq.2281s then linearised to give o .
gl(xq,‘xl) = - ea¢u rRT

hi(r)  =-(e/&7)6,8, .. oI, dX,
Note that I, is replaced by l"‘pl.-.-. q’/ff . ‘This accountsrfor the

fact that the ion-field is shielded not only by electrons but

also by other ioms.

A similar treatment can be used to calculate the field at
a charged point. A further correlation now enters each term
because of the interaction between the origin and the ion.

Hence a, (x) instead of being unity, becomes

gu(x) = exP[ e/hT exlo( )]
v A correction must also be made to gz(x,,xz)but as this
would be a three body correction, it is omitted and 32 remains
unchanged. _
Figs. 2.10 - 2.11 show the distribution obtained by MB

éompared with Holtsmark for several values of X
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HOOPER'S CALCULAT IONS

Using the same physical basis, Hooper (1968) calculated
ion-field distributions. His mathematical treatment is more
sophisticaﬁed than MB and enable him to account for higher order
‘correlations. As Hooper uses essentially the same physics as MB,
only the mathematics being different, a descripﬁion of his
calculafion will not be given here. However, he has performed a
Monte Carlo calculation for W(F) and compared it with his results
and those of MB., These are shown in Figs. 2,10 - 2,12,

06 T — T

NEUTRAL POINT
0.5 -

6 » 0.0 (HoLTsMaRK)
04~ . a=02
Ple) , : / Ge z-: :
a2
T 0.3 ~ a¢=08 ]

o2} . \ -

ol ' : ’ -

] [ ) 13
) ) 20 3.0 40
' < S ——— st

FIG. 2.10 Hoopers Calculations of W(F) for various
values of oL . '
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0.5, T T T
%0 R .
Tl NEUTRAL POINT
05} o ° -1
THIS THEORY
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o4f- ° : -
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0.3l ° 0:0.2 -
© o
0.2~ / ke
(-]
a=0.8 o
o
ot} T~ - i
|
0 | ! ! ]
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€
FIG, 2,11 Comparison of Hooper and MB for X = 0.8, 0.2,
- |
1] T T
0.6 ' . -
os) ! CHARGED POINT ]
—— THIS THEORY
¥ MONTE CARLO
o4k ) a = 08 . o
v
o
0.3r -1
02 - -
. 4§
L4
7
o.l V. v 7. . -
° - \ ‘ !
0. 1.0 2.0 3.0 40 |

FIG. 2.12 Comparison of Hooper with Monte Carlo
computations for X = 0.8.
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Figs. 2,10 - 2,12 are taken from Hooper (1968). His

notation is different from that used earlier in this chapter.
€ = @ = "_/F'°

Two points emerge from a study of the various ion-fields.
Fifst, Fig. 2,12 shows the veﬁy good agreement between Hooper and
the Monte Carlo computation for & = 0.8. At this value,
particle correlations are important, as can be seen by comparison
with the Holtsmark result. This agreement is a good indication
' that‘Hooper's curves are accurate for high values of CK‘ .
'Seconﬁly, Fig. 2.11 shows that for low values.of X , Hooper anmd
MB agree exactly and even at high (Ax', the disclrepz-mcy between the
two is #ery small except at the peak of the curve where disagree~
‘ment is about 10%Z. In the present experiment,X= *3which is in
" the region of complete agreemenﬁ'between.Hooper and MB, Hence,
‘the errors incurred in the.line profiie,calculations of Griem and
BCS, both of whom use Hooper's field, due fo an incorrect ion-

field distribution can be dismissed as negligible,
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CHAPTER 3

A COMPARISON OF THE CALCULATIOKRS

OF BCS AND GRIEM

As we have seen, the problem of calculating line profiles

" divides into two sections, First , the ion broadening is treated
by the quasi-static approximation and then the electron broadening
by the impéet approximation., The ion broadening presents
relatively little difficulty and so will be dealt with first.

ION BROADENING

Both Griem and BCS make the same basic approximations, that

(a) lower state broadening is negligible,

- (b) the singlet and triplet systems can be
treated separately,

(¢) only levels with principal quantum number
n = 4 need be considered.
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The problem, then, is to calculate the energy levels of the upper

state in the presence of an ion-field.

BCS use the full perturbation theory to do this. - ' They
calculate the dipole matrix elements <P | dlD), {DIdIF ))
[ P= 4 P level, etc.] over the whole range of ion-field strengths
uéing. the foulomb approximation. Note that over the range of Ne
considered, the Stark effect changes from quadratic at low
densities to linear at high densities. Griem makes an approxi-
mation at this stage. Because of the .la.rge splitting of P-D
atates compared with the D-F states [ w"/wp,- 230] he uses
the perturbation theory oniy for the D‘and F levels. The P level
is considered separately and assumed to follow the quadratic Stark
effect only, This is true for ,Vl'le élo"’ but for higher values
, .linea.r‘ Stark effect must be used. When Ne < lO“s s Griem uses
the profiles of Gieske (1968). Furthermore, Griem determines
the elements <D|d|F> by using hydrogen radial matrix elements.
A1l the above approximations are well verified and do not imtro-

duce significant errors into the calculations.

Finally, the integration over the ion-field distribution
is performed. The distribution functions of Hooper (1968) are
used by both Griem and BCS and again, these can be relied upon to

a high degree of accuracy.
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ELECTRON BROADENING

The line shape, L(W) is given by

Lie) = % JdFwer) 12“)“_; <xldlgd<o'ld 1>

. V -1
x <x|[iw-wy,)+ &1 1a’ ) 3.1
Tt is the last part of 3.1 which concerns the electron
broadening, in particular the electron broadening operator. § .
As explained in Chapter 2, @ is calculated by perturbation theory

to second order.,

o0 t
d. =-(#) 3 [dt | dt’ explileg it -aget)]

RGO HLOILS 3.2
ed- (p+0t) B
V(t) = (Pz_’_Sztl)?/:.' ) 3.3

The square brackets in 3.2 imply an average over electron

impact parameters and electron velocities.

E"'],=£Zh€de£}(U)du S 3.4

We have seen that the essential difference between the

theory for isolated lines and overlapping lines is that in the
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latter case some correlation in the emitted wave remains even
after the emitter changes its state to the nearby upper state.
Fig. 3.1 shows the relevant term diagram for the lines 4471 and

4922 of He I,

TRIPLET SYSTEM  SINGLET SYSTEM

. 2o 2F

3 : - J

e gr T \(, ., - 4&EF )
2 Sret Aegdy fE

919 1
Psy ; 4 S¢ |

w8

171,129 cm™1

2fp

169 ,O8lcm"1 '

2

FIG, 3.1 Term diagrams of Helium I 4471 and 4922,
The 2P and 4S levels are given in cms ™!
The other figures are energy differences
in cms™ between neighbouring levels.
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: Refe;'ring to the triplet system only, there are two lines
which can overlap 4 D - 2 P, These.are 4 F - 2P and 4 P - 2' P,
However, because of the relatively large splitting between
43P, - 43D levels, the latter line remains isolated until hn, > 10"
but the first line must be considered at least partially over-

lapping when ng > 10"

The overlapping lines are accounted for in the theory by
considering off-diagonal elements of the last matrix in eq. 3.2.
. That is, the following elements must be calculated

Y DIV "> IVE)IF> 3.5
o o
2 LDIVE)Ia"><x”IV(E)IP> - 3.6

BCS carry out these calculations but Griem ignores the
term 3.6, This, however, does not effect his results because the
P level overlaps only at densities in e#cess of 10'7 when his
approximations concerning ion-broadening are invalid anyway and he

uses Gleske's results.

The profiles obtained are then averaged over the magnetic
s_ubste.tes_ and fine structure splitting of the lower level in both

gets of calculations.
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It now remains énly to calculate the angular averége in

eq. 3.2. This is done by rewriting 3.2 in the form

®. - 4’;»—1,, (’;.e")z ff- Laldl" > " 1d 1" >
xjdufw)":']de‘ ¢ [Az,z)+1B=,z') 3.7

The functions A(Z, 2') end B(Z, 2') are generalisations of
A(Z) and B(Z) defined and discussed by GBKO (1960)

Zz = (Oa)““u U

ZI

||

f"‘&ix?/?’

The next step is ﬁo evaluate the integral over () of ege 3.7,
| To do this, it is necessary to introduce upper and lower cut-offs,

@ max and ()min. in @ to account for long range electron correlations
and strong collisions. The usual method of establishing emin. is
to assume the field of oﬁe electron is nnaffected and then shield

the field of all the others. Hence, in expressions such as

[at [at” vy ve)

one V(t) is shielded but not the other. The shielding is obtained

by cutting off e at about the Debye radius.



(’rno.x = 112 fo ) 3.8
This is the prodecure followed by Griem., BCS adopt the
suggestion of Chappel et al (1969) and Burgess (1970) who maintain
that both fields should be ‘sbielded. The value ofemax is then

reduced by a factor 1.65.

el'nax = 0-682 FD 3-9

Stroné collisions are, by definition, those collisions for

which perturbation theory is not applicable. Hence we may write

l<°‘l @(emin)loolgv%[mi@ﬁm n‘i >1 3.10-

Egtimates of the. strong collision cut-off can be made from
eq. 3.10, BCS-use a more complicated version of eq. 3.10. They
calculate a separate e min, for diagonal and off diagonal elements
of @ and then, because perturbation theory can be expected to |
break down at about the same e min.y fpr all matrix elements, they

finally take

@":j‘ =MIN[@:" Lo 7] 3.1

) (' )
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x is the de Broglie wavelength and is used to prevent the
'c:lwer"‘ﬁenceof the classical path approximation. BCS then account
for strong collisions by adding the Lorentz-Weisskopf term,

’ ; 2 2 . .
™~ (@: ")-A ] onto the elements of. @ .

Griemsa' treatment of the term

Iduf(cr)u-'fde. (J"[A(z) +1i B(z)]

differs appreciably from BCS. The integra.lv is evaluated using the
'high temperature 1limit! approximation. Basically, this involves
taking the limit of A(2), B(Z) as Z->0,

!:_"ﬂg[ A(z);B(2)] =1 and 0 respectively. (Note 2= €22 ),

The justification for this step is that not only does Z—>O as

U—» 00  but also as @w—>0 . This assumption can be checked for

typical parameters of the plasma to be described in this thesis,

K4 -t
oz 4.10 cm. sec

v
e = vn;l/s =~ 107%cm. B
w = Zem. [43!)-‘»‘4—}['—]

oz o= S0 |

Comparison with the A and B functions, plotted against 2 in
GBKO, shows that the high temperature limit is indeed walid at
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least for the 43 D - 1? ¥. Consideration of the 1? D - 43P proves
otherwise. Now @ =227cm and hence
2z =13
A&)=0-3
B(z)=0-6
This invalidity does not in fact effect Griems results. He
has already limited the range of his calculation to ng < 10'® and

in this range, the influence of the 43P level is negligible anyway.

The integral over e introduces the functions a(Z), b (2),
dei_‘ined by GBKO., With these, and the high temperature limit,

eq. 3.2 becomes

2 ‘ . dlx'> 2‘
@ = ésl- - %Zi(é) nejo((f- U-f(‘f);‘g-,c—l:g‘— l

x [In(lzom 7)) # t;—?] BT S 7

where : : : ~

In [z;::?’-‘ = lim [a(2)]

2-»0
T ¥ = lim [ibz))
Z-»0
_ K
Qo T me*
@s” = term accounbing for s&r-onj

collisions
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In order to estimate @ strong, Griem assumes a similar

criterion as BCS to obtain () min.

~ _ﬁ £ - ' ’
Pﬂ‘ﬁn T oo n . 3.13 :

Then,according to GBKO, |

&y, =- he[ 4‘%]((0) 7 Guin ()

—> O in the high temp. limit
Griem does not put P S7°_ O but adds % inside the

square brackets of 3.12 to account for strong collisions.

Rather than integrate over the velocity distribution f(u))
Griem substitutes a Maxwell average U

Lmc? =
va RT

Then, using eq. 3.13, he has

= ?__ﬁ_&’aa‘

Zmin RT

¢

ol

2 ] v e RT s
- SRR ¥ Kl [ e InGren ) E 1T 5.1
] 3 mi7 (4 o’
The imaginary term in 3.1 is dropped. This corresponds to

neglecting the shift caused by electron impacts.
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At this stage it is possible to explain more fully Griems'
procedure for the weak collision cut-off. The cut-off actually
occurs not in e but in co,, of eq. 3114, In fact Griem uses
three alternative cut-offs. |

(“’a: L 4

, == Mnx.[lw.,——m,l ,. wp , 'lw——,‘i(wp-f-cop)l]
‘These characteristic frequencies are the separation of the
allowed and forbidden component, the electron plasma frequency and

~ the separation from line centre. The first of these corresponds
to neglecting the cut-off, the second to the Debye cut-off and the
third to the Lewis (1961) cut-off. For the range of interest in

the present work, it can be shown that

"
Wy ~ 5./0 se”

(Wo-w,) =~ 2.10" sec

a_;...zl (&)D.,,wF) ~ 0-10"sec”

-t

Hence, for most of the line profile the cut-off used is
effectively the Debye radius. In the line wings, this switches
to the Lewis cut—off, but since the wings are dominated by ion

broadening, the profiies are not greatly effected.

In spite of the numercus approximations made by Griem,

there is very little diffezjence between the two caleulations,
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Griem estimates, for instance,that the combined errors due to the
use of hydrogen radial matrix elements and the high temperature
limit amount to about 10%. Variations in the treatment of strong
collisions will also not produce a significant error as strong

collisions contribute only about 20% of the broadening anyway.

The only fundamental difference is in the upper cut-off)
f’max. Griem is therefore overestimating the electron impact
width compared to BCS. We can therefore expect the region between
. the two peaks in the profile to differ most. The reason for this
is that this region is not effected by the ions and hence electrons

only are contributing to the intensity of the dip between the peaks.

Fig9.l show profiles of BCS and Griem superimposed. It
can be seen that it is indeed in the dip and near the line centre
that the two profiles differ from each other most. It is one of
the aims of this work to attempt to compare Griem and BCS with
experimental profiles. However in the range of electron densities
(10ut~ 10‘5') in which the present experiment is performed, the
differences between Griem and BCS are relatively small, It will be
. seen later in this thesis that much larger discrepancies between
theory and experiment appear; .A comparison of the accuracy of

Griem and BCS is therefore impossible but the possibility of a
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fundamental error in both theories has been suggested by Burgess
(1970a). This aspect of the thesis will be discussed in a later

chapter,
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CHAPTER 4

DESCRIPTION OF APPARATUS

THE DISCHARGE

The work undertaken in this; 'proj ect was, to a certain extent,
an:. extension of work carried out by Jenkins (1970). The apparatus
used was therefore a copy, with minor modifications of the theta
pinch pre-ioniser used by Jenkins at Imperial College. This
consisted of a cylindrical pyrex tube with ring electrodes placed
at each end thus enabling observations of the discharge to be made
down the axis of the tube. A IPF z;apid disqharge capacitor was
connected in parallel %o the electrodes and charged up to 20 kv.
Continual breakdown of the gas in the discharge tube was prevented

by a three pin spark gap which could be triggered externally.
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Fig. 4.1 shows a schematic diagram of the discharge tube. Originally
plain quartsz windows were placed on the ends of the electrode
assemblies, but these were later replaced by quartz inserfs' which
effectively limited the length of the plasma column to be equal to
the distance between the electrodes. The resistor, R, was approxi-

mately 3. and critically damped the discharge.

The gas supply system was continuously pumped by a rotary>
pump, A diffusion pump was also incorporate& into the system so
that the discharge tube could be evacuated to about 10’4 mm Hg
before commencing'a run. The operating gas pressure was measured

on a McLeod gauge.

. A survey spectrum of the discharge was obtained on a quartsz
prism spectograph. Fig. 4.2 shows the spectra at various gas filling
pressu.reé. The gas used was 99.995% pure helium and the spectra
show that in the visible region there are very few impurity lines.
The final operating pressure was chosen to be 0.5 mm.NﬂAt thi:s
pressure, the He I lines 4471 and 4922 are clearly visible and also
the He II lines 4686 and 3203 can stiil just be seen. Note that
at both higher and lover psaassmes, the He II lines disappear. Tt
was hoped that the pressure of He II lines would be helpful in later

diagnostic measurements, though, in the event, this was not the case.
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DETECTING EQUIPMENT

Line profiles were obtained photo-electrically. Light from
the plasma was passed through a moﬁochrmnator.and into a photo-
multiplier. The photo-multiplier output was then displayed on an
CRT via an emitter follower and the CRT trace photographgd on
35 mm film, In this way, a time history of a small wavelength
section of the plasma was obtained and a line profile built up by
gscanning across the line on a shot to shot basis., Fig. 4.3
shows a block diagram of the whole apparatus. The discharge was
triggered manualiy. :\ micoﬂ, wound round the discharge tube,
© was used to trigger the CRT and its output was also’displayed on
the CRT., This showed that current ceased to flow in the tube after
~about 5 rS . The exact form and magnitude of fhe current is not
important in the present experiment. Previous work by Jenkins (1970)
has shown that in the early stages of the discharge n, ~10  and
as,we are now interested in n,= lo- lo"; only later times, in the

_ Regovss ks
plasma afterglow, need be considered. However, the Remesiei coil
output provided a useful time reference signal. Throughout this

Rogowski

thesis, all times are measured from the peak of the Regeski signal.
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THE MONOCHRGHATOR

A "Monospek 1000' monochromator was used in the experiment.
This was a Czerny-Turner instrument, the mirrors were 1 m focal
length and the grating had 12,000 linesém blazed at 5,000 & . The
reciprocal dispersion was 8 £ / mm and the mmerical aperture £/10.
The mamufacturers claim a resolving powei based on the profile of
the Hg doublet at 3132.2 and this profile was scanned to check thﬁt
‘the instrument was correctly lined up. Then the instrument profile
was obtained by scanning the narrow Hg line at 3125 £ and also the
cadmium line at 46788 using low pressure lamps in both cases.
The instrument profiles obtained were aﬁproximately triangular with
a whole-half width of 0.15 £ when both exit and entrance slits were
lOP wide..

One small modification was made to the monochromator. The
mechanism for rotating the grating was far too coarse and therefore
the drive was taken off one of the intermediate gears. This

enabled the grating to be rotated in steps of 0.05 2.

PHOTOMULT IPLIER AND EMIITER FOLLOWER

An FMTI 1P28 photomultiplier was used to detect the light.

An emitter follower was then placed diréctly on the back of the
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bhotomultiplier. The reason for this was that it was not always
physically possible to place the CRT4néar to the rhotomultiplier
and therefore a long cable had to be used to connect the.two. Thus
a considerable capacitance was introduced into the circuit which
adversely effected the integrating time of the detector-CRT system.
An emitter-follower is basically»a high input impedance low output
impedance device. The integrating time is given by

< =='F?;(;f . .
where Ri and Ci are the input resistance and capacitance of the
emitter follower. By placing the emitter follower next to the
photomultiplier Ci vas keptvto a minimm and hence the signal,‘
which was proportional to‘Ri , was maximised for a givenT.

Fig. 4.4 shows the circuit diagram of the emitter follower.

+ 20 v

ouT

33K

-20v

FIG, 4.4 Circuit Diagram of Emitte
Follower '
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’ Ci was just the stray capacitance of the photomultiplier-
emitter follower input system. Ri was adjustable. - The choice of
Ri and hence T was important as clearly, a large integrating time
would distort the line profiles. Hence an experiment was performed

to determine a suitable value of = .

A very fast light s@ce was placéd in fremb of the photo-
‘multiplier. This consisted simply of a length of co-axial éable
contimiously charged until it broke down across the free emd, The
time constant of the cable was a few nano-seconds. The response
time of the emitter follower was then measured by displaying the
enitter follower output on a CRT, Table 4.1 shows the response

‘time for various values of Ri'

Ry <

1K 25 nS
82 K .2 ps
220 K L -
470 K 10 -

Table 4.1 Integrating time, € , for various
input impedances, Ri’ in the
emitter follower
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The first value of table 4.1, T =25NnS was much faster
than the plasma decay (~2OPS .). Therefore, using this value
guaranteed that an accurate profile was obtained. Using this
profile as a standard, comparisons with the other input impedances
‘were obtained. The results are shown in fig. 4.5. The curves
are approximatelﬁr normalised to each other and represent the total
integrated line, 4471. For times >30PS , the z=2t>$ cme
follows the T =24n5 curve very closely but it can be seen that
when T= 5,:5_ the emitter follower is not able to match the true
curve until about 60,’5 . The effect of a long integrating time
on the profile is relatively small because all points on the
profile tend to be changed in the same wéy. However, the for-
bidden line falls off faster in time than the allowed line and
hence ‘it is important that these integrating errors do not occur.
For all subsequent experimental work, Ri was 82 K giving an

integrating time of 2 PS.

LINEARITY OF THE PHOTOMULTIFLIER,

EMITTER FOLLOWER CRT SYSTEM

- Fig. 4.6 shows the system used to check the linearity of the

detecting system.
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Neutral
density
» filter
Hy Ne Laser Chopper Monochromator
< e e = e ——— l— ——Wide slit

G : Narrow variable slit
t A, Photo~tultiplier
Emitter follower

FIG. 4.6 System used to check linearity of Photo-
- Multiplier - Emitter follower ~ CRT

The source used was a HeNe laser which produced a spot

‘about 3 mm dismeter on the entrance élit of the monochromator.

The laser beam was ineghanically chopped at about 50 KHz and a

series of neutral density filters were used to cover the whole

operating range of the system. 4 wide (~100p ) entrance slit

was used to produce a wide image on the exit slit. Then, as long

"as the exit slit is narrow compared to the entrance slit, the

CRT reading should be proportional to the exit slit setting.

Experiment showed that the system was linear.



THE LINE PROFILES
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o
Fach line was scanned in steps of .04A in the lin_e centre.

This represents 30% of the instrument width.

Every point on the

profile was photographed five times, each shot superimposed on the

same frame, and then a further shot, with the monochromator exit

slit closed, was added to produce a baseline.

Figs. 4.7 and 4.8

show typical frames, the first near the line centre and the second

in the far wings. The wavelength band is 0.158.
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In the line centre, the separate shots can barely be distin-
guished. Here, the plasma reproducibility is ~ 5%, This situation
steadily deteriorates as the intensity falls until in 'bheA far wings
the signal is largely dominated by photomultiplier noise. The
measured line intensity at this point is, for 4471 at N, =IOW
a factor of about 200 less than the line centre., The success of
the experiment depended critically on whether enough light was
present to obtain accurate profiles of the forbidden component.
Fig. 4.9 shows a typical photograph of the centre of the forbidden
line at 4470 &, with ng= 10” . Here the intensity is down by a
factor of 10 on the centre of the allowed line. Nevertheless, it
can be seen that photomultiplier no;sé did not present a severe

" problem.

OPFICAL ARRANGEMENT

It will be seen in Chapter 8 that the optical system was
extremely important. The reason why this is so will become clear

then., Fig. 4.10 shows the system used.
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Aperture (2 cms. diam.)

<«—100 cms, ———_ >lens Monochromator

ﬁof—z,o cmS.<>
Discharge 4 ons
Tube (4 cms. diam)

. FIG. 4.10 Optical arrangement used to obtain
line profiles

A single lens was used to produce an image of the plasma on
the monochromator ehtranée slit. The finite length of the plasma
tube prevented perfect focusing of the plaéma s but the arrangement
above had an image depth of focus of .only about 5 cm., The size
‘of the image varied from about 2 cm. diameter to about 1 cm diameter
for differenj; sections of the plasma. Therefore, by varying the
height of the entrance slit, a considérq‘ble degrée of control could
be exercised over the region.of plasma radiating into the mono-

. chromator. The significance of this will be discussed in Chapter 8.
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A SURVEY OF THE EXPERTMENTAL WORK NECESSARY

' TO ESTABLISH LINE PROFILES

_ Before an experimentally observed profile can be compared
with the theory, it is essential thatA the plasma parameters e
(electron density), T, (electron tempe_rature), T (atom tempera-
ture) and Ty (optical depth) are known. It is also important

to know the extent to which the profiles are distorted by

radial density anmd temperature gradients in the plasma.

Chapter 5 - & deal with the diagnostics of the experiment.
Although each parameter is treated in a separate chapter, there
" is considerable interdependence between them. 'For instance, in
many cases lines are appreciably self-absorbed and when one sucﬁ
line has been used to measure the temperature, a correction for
absorption was necessary.  Similarly, density measurements
assume a knowledge of the temperature and temperature measurements
require information on the pi'evailing equilibrium relations v?hich
in turn depend on the demsity. Consequently, the following
chapters continually refer. not only‘_tfq previous chapters but also
t_o subsequent chapters. The purpose now is to clarify any confusion

before it arises.
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Briefly, then, the format of Chapters 5 - 8 is as follows.
Chapter 5 describes the techﬁique used to measure the optical
depth of the plasma in the region of & line and how the measured
liﬁe is corrected to produce what would be observed were'ﬁhe
] Plasma optically thin. This procedure is applied to all lines,
vhether explicitly stated or not, used to determine densities and

temperatures.

Chapter 6 is concerned with density measurements. Laser
‘ “THis metheod

.interfgrometry was used to measure nNg, which is independent of
the temperature and absorption but does depend, though not
critically, on the population densities of the atomic states,
Sufficiently accurate determinations of the relevant population
densities can be made with only very approximate values of
and the temperature. A further determination of ne was made from

the half-widths of H@ . Corrections to the half-width for both

absorption and temperature have been made whére necessary.

Chapter 7 deals with temperature measurements. Both
Doppler temperatures and electron temperatures have been measured
and again some knowledge of ne and the equilibrium conditions is
required, Finally, Chapter 8 describes the extent and effect of

radial gradients on the profiles. In practice, radial gradients
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were not important and therefore the parameters measured in
Chapters 5 - 7 were assumed to describe a homogeneous column of

plasma down the centre of the tube,

With this brief introduction the experimental work will be
described in the following chapters. ’
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CHAPTER 5

THE OPTICAL DEPTH OF THE FLASMA

Tt is essential to investigate the optical depth,T (W, X ),
of the plasma to determine what effect self-absorption has on
radiation emitted by the plasma. The optical depth is given by

€qe 5.10

- .xo - -
.
T(w,x) =f R (@, x) ctx 5.1
' .
Here, Xo, is the near boundary of the plasma and R'(w,X)
the effective absorption, i.e. the difference between absorption

and re-emission,

Rl(w.a X) = ‘27\'2‘: thnNh(x)[l‘ %: %;%{}L[w:") 5.2
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This is the effective absorption coefficient of the line nm, fmn is the

oscillator strength, r,the classical electron radius, N and N _the population

densities of the upper and lower states and g, the statistical wt.
Assuming that the line prof11e is dispersive, and using the normalisation

condition that, 0
f L{wydw =1 o
gives % L(w) Alewoad>)
where d is the 3 [ 3)width of the line. The optical depth of the line
at line centre may then be written as . X, lasma
T(We) = 2771 Cfma Nn L@o)Xo - Xo = FAEHE
N
Note that the term g:‘un has been dropped. This will not effect an
order of magnitude calculation,
f
---Z(wt_)) -27‘ C‘FYVU‘\ Nn-/ﬂd‘XO

= Zr*Gcfmn NnAz/Zﬂ‘cd’Xo

. R ’ - —1
where d’is the 1 (Ywidth expressed in cms rather than cms ~ and A is the

wavelength of the line centre.

[}

i

...’3'
¢ i Tl) v 210 Na

Hence, when Np is ~1013 | the optical depth Tﬂ-b)~1 and the

absorption at the line centre will be. significant.
A crude estimate of the population Ny can be obtained by assuming

that the state n is in LTE with the electrons and using a modification of
Saha's equation ( Griem 1964 ), = £
. z - . - —
Ne H’/N Zz-i zsaéxd[mk%ﬂhzjexp( VKI)
z-1 n =th
where N is the ground state population density of the fi=et ionization stage,

When ne ~101% and T~ 1eVv
14
Nod 1
Ny3p 0

This suggested that there was a strong possibility that
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absorption of 4471 would therefore, be severe, However, the LTE
assumption is' not necessarily valid. In fact it will be shown

| later that LTE does not hold for the 2’1’ level and that the lower
lying levels were underpopulated with respect to the electron
density. It is difficult to calculate the magnitude of the lower

state population and so there remained the possibility that

- absorption was an important effect.

Initial measurements of the line profile of 447l showed that
>i‘bs half-width was almost a factor of two broader than predicted
by both BCS and by Griems @ne possible cause of this discrepancy
was self-absorption of the radiation in the plasma. Therefore an
experiment was carried out to measure the optical depth of the

plasma. Fig. 5.1 shows the apparatus used.

Lens

| —_— .
Flas}z/ tube Apertures (5 mm. diam.)

/ N \ Monochromator

o e

I t T
Plasma tube
| . Photomultiplier

Capacitor CRTV .

= O

- FIG. 5.1 Diagram of apparatus used to measure
absorption factor F(W)
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A background continuum source was used to irradiate the
plasma. The combined light from the plasma and source was- then
scanned across a line and the absorption-profile of the line was
measured., | The background source was a flash-tube operafed by a
IOPF capacitor charged to about 7RV. The pulse width was |
2 PS and about five tbime more intense, under operating conditions
than the peak intensity of 4471. Fig. 5.2 shows the triggering '

sequence used in the experiment.

Rogowski
Flash tube - wgoskel coll

e Plasma : Monochromator
| 1 —1
[-

Triggers
Flash tube
~>

Variable
delay -
box

Manual -
f?re

TriggersCRT

CRT -

FIG. 5.2 Trigzering sequence in
absorption experinent
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Use was made of the dual time base and delayed trigger
Rooyou sKi
facilities of a Tekronix 556 CRT. The Reseski coil pulse was
used to trigger the upper beam of the CRT. A variable time'
delayed pulse output from the CRT then triggered the flash tube,
In this way the absorption in the plasma could be measured at
any point in the plasma decay. Fig. 5.3 shows typical GRT

traces.

Delay = AOPS

5

Qéaowskii

Coll
Signal {:

Ling Wing Line centre
FIG. 5.3 Typical absorption résults for 4471
.- The lower trace is the signal from the'photomultiplier and
shows 4471 with the flash tube pulse superimposed on top of it
after a delay. Each photograph shows about five shots of the
gsame event., The magnitude of the unabsorbed signal from the flash
tube was measured by extending the line scan out beyond the line
. Wings where absorption is negligible, In the line centre, where

the plasma emission was appreciable, the flash tube signal was



5.6

lasmaemission signal
corrected by subtracting pkesma the mAfrom the flash-tube
signal. . The flash tube contimuum was scanned, in the absence of

the plasma, across the region of the line to make sure there was no

inherent variation in the continuum intensity.

In order to correct the observed line profiles for absorption,
the following procedure was carried out. The observed emission,

Iob.(’)) _ , can be written

» =S,1-¢”) 5

8» is the sou.rce.fun_ction.

The intensity of an optically thin line, G, <<|  may be

defined as

I‘H‘Iih ()’) = 'Sy Ty ’ 5.5
Substituting 5.5 into 5.4 gives

I, (v) = IH,..,.(\’) [. —Zv]»

-'_.- Iﬂain(v) = Iobs (V)[ '__2)-?»] 5"6 :
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If the unabsorbed flash tube signal is Lo and the

observed, i.e. absorbed, profiles are Iabs( V) then

—Zp Iabs(v)
e = T 5.7
o . B

Eqs. 5.6 and 5.7 yield

In (I"/iabs (V)
I}[‘;" = Iobs (v) [‘_ Labs (\’)/-l-°

= Iml:s ()J) F-()’)

Values of F(Y ) have been calculated from measured
absofption profiles and used to gorrecf the observed profiles.
Fig. 5.4 shows F(¥ ) plot'ted out for the line 4471 at various
times in the plasma decay. Similar curves have been obtained for

4921, 3889, and 4713.

Fig. 5.% shows that the peak absorption increases with
time., This occurred because. of (a) the population density of the
lower state increased with time for at least the first 40 - SOPS ’

" (b) the line width decreased with time which produced a narrower
_ absofp’tion line with a higher peak. ' The curves for 4921 are
‘similar to those of 4471 but smaller because of the lower
oscillator strength of 4921, Typical peak values of F(W) for



T 1.6 .FIG. 5.4 The absorption factor FW) for
4471 at various times in the
-plasma decay, ' '
+ 1.4

. Experimental Points
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4921 are ~1.1, Att= 20us, the absorption of 4921 was negligible and so

no correction was necessary to emission profiles emitted at this time,

CALCULATED POPULATION DENSITIES

From measurements of the total absorption in a line, it is
possiblé to make an éstimate of the population density of the
lower state of the line, We have

n N
K, = 2rgcfuNaG [1- ERES L) 5,

The second term on the RHS of eq. 5.2 may be safel: neg-
lected, This is because, even if LTE conditions were satisfied,

the populations Nn and Nm would be related by the Boltzman

factor,
N - E.+E,., ,
—r ~ eT&T & o0-.0f5
N ,

Alternatively, if Nm is assumed to be in LTE with higher

states only, then using eg. 5.3

va ~ 10"
or Nm 3 T
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Therefore equation 5.2 becomes

R(w,x) =2 ref N, (x) L (co,x) 5.8
It is also convenient to drop the X dependence in eq. 5.8.
Again, this does not cause a serious error. It will be shown in
a later chapter that the plasma is homogeneous down the centre of
the tube, which was the region in which the absorption experiment
was carried out. Eqg. 5.8 can now be integrated cw.rbt. « andx,

R () dx = 'z‘Cw). - R (w)x.

Xo

Where X, is the plasma length.
' f-c(w)alw = ZﬂZCcfmnxo Nm'IL(w)dw 5.9

The line shape, L.(w) is defined such that,

fL(w)dw =

Rewriting the integral over «w in terms of the wavelength

A expressed in angstroms gives

’[t-(?«) ‘;f.:fd}‘ =27\'zr;cfmnNnx° 5.10
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After substitution of the constants in 5.10, we have

-7 2 ) - o
Jz0dA = 5110 A fean N 5.11
The LHS of eq. 5.11 may be determined from the absorption

measurements.,
cw) = In[Lf, @) |
By plotting In [ l"/lf.,d,s (w)] » the JZC@) ded  pay be

obtained., More simply, for an order of magnitude calculation of
Nn’ the integral may be erva.lua}ed by taking the product of the

. 0,
half width of the profile [’" aws o) “-’] and the log of the

peak absorption coefficient.

[eVyald = [T 0)]xd
=A

Finally we have,

v ul 5.12

&~ 2.10 .
N, i Ax

mn
Table 5,1 lists the results for the lines 4471, 4921, 4713 and

3889 together with the lower state designations for each line at
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various times in the discharge.

Designation Time p3S |
20 30 40 80
LATL 23 P 1+ 6,107 3.7.10" 57,101 3-9,10"
4921 2' P * 1-3,10"° 1.3.10" 9.10"
4713 2? p * 5,10M 4.10%
3889 23 g * d> 10"

TABLE 5.1 Calculated population densities
from absorption profiles

* Absorption too small to be measured

4 Total absorption at line centre so large that only
a lower limit in Nn is given.

The values for Nn given in table 5.1 fall between values
calculated from (a) eq. 5.3 where the state is assumed to be in LTE

with the electron density and (b) and the equation

Nn _ gnexp(-Errer)
N (1)

N‘ = total no. of atoms
zZ(T)

partition fn.

Where the state n is assumed to be in LTE with all other levels,
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and in particular, the ground .state. Clearly the n = 2 states are
not in LTE with the electrons and it is difficult to make any .
further statements about their populations without considering the

full population and depopulation mechanisms operating in the plasma.
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CHAPTER 6

MEASUREMENT OF THE ELECTRON NUMBER

DENSITY

Accurate measurements of the electron density, n e ® Aare
essential if experimental f)rofiles are to be compared with
.theoretical profiles. This is because the line profiles of the
fwo lines 4471 and 4922 are very sensitive to Ng . Well
established techniques exist for measuring i, In the present
expei-iment, a laser in;berferometer was used as the primary means
of detefmining n a5 it haé the advantage of permitting m‘easu.re-
ments of spatial gradients inmMg to be mede. The laser results

were verified by measuring the half-width of l-'l‘3 which is strongly

dependent on Ne-
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LASER INTERFEROMETER

The laser interferometer measures the change in the refractive
index of the plasma at the frequency of the lasing tra.n;ition. The
assumption was made, and will be justified later, that only free
electrons were contributing, to any significant extent, to the change
in the refractive index. Then the refractive index is given by
eq. 6.1. |

2
(n-1) = - 59',.%‘ Re | 6.1
Where ¥} is the refractive index at wavelengthk.
Fig. 6.1 shows the experimental arrangement of the laser

interferometer system.

~ I.R. Beam only
Discharge Tube

Laéer v
i [
Both ' v
E;Zams Filter (3.39P) Totally
Reflecting
Mirror
- Filter (6328R) CRO

Visible beam only

Photomultiplier

FIG. 6.1 Febry-Perot Laser Interferometer
using Ashby-Jephcott technique
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The system shown in Fig. 6.1 is a Fabry-Perot interferometer using
& technique due to Ashby and Jephcott (1963). This method uses

the infra-red lasing transition at 3.39 P of a HeNe laser to_
respond to changes in the refractive index of the plasma. The
infra-red line then modulates the intensity of the red line at
63283 which is detected by a _ph_otomultiplier at the far end of the
laser. The advantage of the method is that it is much easier to
detect the visible line than the infra-red line and using the latter
as the plasma probe gives much more accurate measurements of ﬁe.
This can be seen by applying eq. 6.1 to the.Fabry-Perot laser

system.

2L n, = 0-196. 10’7AN- 6.2

Here 2L is the total path length of the laser beam through the plasma,
A the wavelength of the probing beam expressed in ’J ; N the inter-

ference fringe numoer.

) [}
The working range of N was 10 T A 10 “ . This produces -

A

A=339 , momoomom =3

+6328 , total no, of fringes = %

'Glearly, it was essential to use the intra-red transition.
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" Fig. 6.2 is a block diagram of the triggering sequence.

\

Laser Discharge Tube ° ¢
—— A~ 4
@
Triggers Ragoski
Discharge Coil
Delay Box
>
Trigders
s Lower Beam
Tri
| 4
Photomultiplier fl—
Triggers \_/
upper Beam CRO
only

- FIG. 6.2 Triggering sequence used in
Laser Interferometer

The triggering arrangement was designed to eliminate, as far
as possible, the effect of background vibration fringes which were
always present. It was difficult to determine where the fringes
due to changes in the refractive index ended and where the fringes
due to vibration began unléés care was taken, The upper beam of
the CRT was triggered by the vibration fringes at a polnt corres-

ponding to a vibration fringe minimum. After a time delay, which
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was small compared to the vibration fringe frequency, the lower

beam and the discharge were simultaneously tx_'iggered.

shows the form of a typical CRT tracs.

Lower ‘
Beam l
(chopped '

(on axis)

Reaows ki
ReZosii Coil Signal

FIG. 6.3 Fabry-Perot Fringe Pattern

Fig. 6.3

The upper beam shows the fringes on a much slower time-base. 4

correction was then made for a change in the phase of the inter-

fering laser beam due to a vibration only. Fringes were counted

back from the point where the trace returned to its initial level

on the vibration fringe. Fig. 6.4 shows the density v. time

curve obtained from eight shots, each point representing one half

fringe.
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CONTRIBUTIONS TO THE REFRACTIVE INDEX OF THE PLASMA

It has been assumed above that only free electrons are
aonti-ibuting to any significant extent to the refractive index of
. the plasma. This assumption will now be justified. The free
electron contribution to the refractifre index, 1 , may be written
as

r,A?

-1), D -
(n )fr’ee ef. 2n Pe |
Where 154 is the classical electron radius and A s the wavelength

6.3

at which 1 is calculated. @ The contribution from ions may be
ignored immediately because its magnitude is less by a factor of
~ the lon~to-electron mass .rat‘io than that of the electrons. Bound

electrons contribute to i according to eq. 6.4

(n")oto:s m fm“ mn[’ (Amn "’"']Nn

6.4

This estimates the effect from atoms in the state 11 .
fmn is the absorption oscillator strength of the transition mn,
wavelength )\m". The sum is carried out over all upper states my .
 Equation 6.4 is valid only for large separations from the transition
Amn» i.e..’w—»wn;n|>>fa)mﬂand can be used to estimate the
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effect of the resonance lines of helium on the refractive index,

. 16 15
Taking, for the resonance line, Nh A 10 » l"le ~ 10 , fmn“'l
and Ac §.4 4 ve have

(I"l-l)r'es.lme fmn'z/\:", _NnA o 107
(”"')j—ree el. = A Ne

Clearly, these states do not contribute significantly tom .

0

A check must also be made on the meta-stable levels 2 35 . A
lower limit on the population density of this state was obtained in
the previous chapter as being ~ 10 3 A reasonable upper limit,

14 : _
is ~10 ., Eqgs. 6.3 and 6.4 then yield, for the series 238 - n’P.

- 3 :
(h-i D3s -2
( ) - jo
n-( fr el
The meta-stable state could » therefore, have contr:.buted
to a significant extent to the refractive index and a closer
examination of the 238 population density is required. The lower
'
limit, 10 ? s on the density was calculated assuming the peak

3

. 3 o
absorption coefficient of the line 3° P = 22 S at 38894 was ~ 10~

Although this was an arbitrary figure, chosen for convenience, no
7

serious errors in the calculation of the 27 5 state density arise
because the absorption coefficient enters the calculations only

through the log.

ie Ny ~ ln.[L/IPh(w)]
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Choosing 1"/ IFR then gives Np~ ’0'3a.nd, within
experimental error, the absorption of the line is total at line
centre, Now if the population density is assumed to be greater by
a factor of 10, i.e. Ny~ 10" , total absorption will be
| ‘observed not only in the line centre, but also in the line wlngs
‘out to the point where L(w) o L(wrh) This would lead to a
flat topped line profile for 3889, Comparison of profiles of
this line taken in the end-on positions and in the sideson positions,
that is with the monochromator viewing the flash tube through a
diameter of the discharge tube, showed only a comparatively small
difference between the two. The half-width of the line increased
by 30% in the end-on position compared with the side-on position.
At a density of 10 4 , the half-width can be expected to increase
- by about 300%. Furthermore, no absorption could be detected,
even at the line centre, in the side-on position in which the
absorbing path length was decreased by a factor of 30, When
Nn = 10‘5 , some degree of absorption would be observable

at line centre,

v4
These considerations show that taking N;3g = /0  certainly

[
_overestimates the true density, and even the lower limit of 10 4

is probably too high. Therefore the contribution of this state
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to the refractive index was under 1% of the free electron contri-

bution,

The only other possible important contribution to 11 which
can arise j.s that due to anomalousvdispersion in the region of a
line., The nearest line to the lasing line at 3°39 P listed in
the National Buresu of Standards report NMRSDC - MBS, is the
Is4s-Is5p transition at 3-33p . An estimation of the effect
of this line on the refractive index may be obtained from eq. 6.7

given by Griem (1964).

3
_ A~ fg‘fmn/\mn Nn )
(n 4')Ime ‘ 47‘A A SRR 6.7

: or
Here, the term accounting‘line emission has been neglected.

. The population of the lower state can be estimated from Saha's eq.

neN™ 29 (mkT 1% En
N = g [Zﬂf\"] eXpP [' RT]
 This yields le4s ~ ]0’ and finally
(_'l:l_)lme 10‘6 |
(n-1)el = 4.

These results show that only free electrons were causing

changes in the refractive index,
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SPATTAL MEASUREMENTS OF THE ELECTRON DEKSITY

The curve shown in Fig. 6.4 is the result of measurements
taken down the central axis of the discharge tube. Further
measurements were taken 1 cm. off axis. This was as far off axis
as the geométry of the electrodes pérmitted. The results were
~ identical with those taken on axis except for a region in the far
after-glow of the plasma, The traces consistently showed a sharp
fall i;:ginal half-fringe, corresponding to times of 100 p amd

16
densities of 2.10' . Fig., 6.5 shows such a trace.

200¢ S ]
. _

Upper !
Beam : / '
7/ hY

/7 A Y

i
'
|
'

Lower
Beam
(chopped)

N

Ragoski Coil Signal

FIG, 6.5 Fabry-Perot Fringe Pattern
: (lem. off axis)
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The meaning of the last section of the trace is not clear.
However, present interest does not extend beyond SOFS and up to
this time, there is no- appreciable difference between the off and
oﬁ-axis densities. The significance of the homogeneityl of the
electron density, at least in a central column of plasma 1 cm.

radius, will be discussed in a later chapter.

MEASUREMENTS OF THE FLECTRON DENSITY FROM THE HALF-MIDTHS OF ﬁ@

Further measurements of the electron density were deduced
from the half-width of the Stark broadened hydrogen iine Hp.
The whole-half width of this line, assuming only Stark broadening
is presgﬁt , has‘ been related by Griem (1964) to the electron

density.

AN Cln,, Tp) =n, . 68
AA is the whole-half width expressed in angstroms and C(ﬂe,Te)
are coefficients, tabulated by Griem (196}), which vary only slowly
with Mg am Te.  Line profiles of Hg were obtained from
hydrogen present és an impurity in the gas supply. Before
calculating ne from eq. 6.8, it was necessary to make appropriate

corrections to the half-widths due to both absorption of the line
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- and Doppler broadening. An absorption experiment showed that the
plasma was optically thin to H(; . However, corrections were made
to account for Doppler broadening. Table 6.1 shows the measured
half-widths of HP at various times in the discharge together with
the corresponding Doppler widths which were calculated from

meagurements of the neutral helium line 4713 (see next chapter).

TRE |[p S
20 40 90

Whole half-width
H‘3 R 20]—2 1.@ 0097

Whole half-width |
47138 0.15 | 0.11 | 0.10

TABLE 6.1 Whole-half widths of Hg
ard He I 4713

Instrument Broadening must also be takeﬁ into account. The'
instrment whole-half width was 0,158, Because the Stark broadening
is much larger than both Doppler and instrument broadening only a .
simple cofrection was méde for the latter two. That is, the total
width was assumed equal to the squai'é -root of the sum of the squares
of thé individual components. Using these corrected values of
AN and the tables of C( n e ,Te) » the electron density was
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calculated at times 20"5 , 40PS and 90P5 . These are plotted
in Fig. 6./ and can be seen to be in agreement with the laser
results to about 5%.
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CHAPTER 7

TEMPERATURE MEASUREMENTS

The profiles of 4471 and 4922 are functions of the electron
temperature, Te, the atom temperature, Ta, and the ion—tempéra’dure 9
Ti. Both Griem and BCS assume that all three temperatures are
the same in ’t.;heir calculations. In the present experiment, only
Te and Ta have been measured but it can be shown that the ions and
electrons are in thermal equilibrium among themselves and each
other. Spitzer (1962) gives the following expression for the
. time required for an electron gas to establish a Maxwellian
distribution among themselves. |

| _ o266Te ¥z

e He In. A

7.1 .
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In._ A. is a slowly varying function of Ne and Te and is about

U
6 vhen N, = 10 4 and Te = 10,000°K. The value of t,, can then

11
be estimated as ~ 10 secs. The corresponding time for the ions
is longer by a factor of [m;]yzandhe et.. = 5:'10-9 e
It can also be shown that t je? OF the time for electrons and ions

m; ' -7
to come to equilibrium with each other is =~ r.n.é bec 2 lOfS.
) ' - -4
Now typical times of interest in the present plasma are ~ 10 - 10
" secs. and therefore the electrons and ions. can be expected to be
in thermal equilibriumm i.e. I‘e = Ti. A rough estimate can be
made of t_, as being about one order of magnitude larger than t i
-6 )
or tai ~ 10 sec, It is, therefore, not possible to state that

T, = Ta but, as Ta has been independently measured, this is not

i
important.

ATOM TEMPERATURE, Ta

The atom temperature affects the line profile of 4471 through
the Doppler effect, At typical densities and temperatures in ﬁhis
ﬁork, the 'Doppler half-width was about_ 0.28. The theoreti;:al
: profi_.les already contain the Doppler width at temperatures in the
range 5,000% - 40,000% and profiles for intermediate atom tempera-
tures can easily be 7obt‘ained by convolving an extra gaussian

- profile into the theoretical profile.
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The atom temperature was obtained from half-width of the.

neutral helium line 23

P-428, 47138, This line was sufficiently
intense that profiles could be constructed even at late times in
the plasma decay. Also it had a narrow Stark width, and although
not quite dptically thin, a correction could be made for finite
optical depth, 4713 was, in fact, the only line which satisfied
all these criteria. The more intense lines, which were low lying
gseries members, suffered heavily from self-absorption while the
higher lying lines, although optigally thin, were too weak and
often strongly Stark broadened. Temperatures were obtained using
beq. 7.2

RT = 4 .7./0 [ ] A
7.2
" R7T is the temperature in &\4 AA the whole-‘é" width of the

line measured in angstroms and A the atomic weight of the atom.

Before the Doppler half-width was extracted from the

- measured profiles, a correction was made to remove the instrument
width from the total measured wi.dth.. This was done by convolving
a pure gaussian profile, representing the Dopbler broadening of
the line, with the instrument profile. Various Doppler profiles
were used until a fit was obtained between the final convolved

profile and the measured profile. Table 7.1 shows the total



7.4

measured half-widths of 4713, the calculated Doppler half-widths,
the Stark half-widths, taken from Griem (1964), and the instrument
width,

TIME'SS
20 40 80

Total half-width [19.5 ¥*| 17.5 15

Doppler half-width |18.5 12 -9
Stark half-width Lol 2.8 2
Instrument half- ’

width 12 12 12

TABLE 7,1 Half-widths of He I 4713 and
extracted Doppler widths

* units are degrees (&°= 1% ) .

. A further approximate correction has been made to accdunt for
the Stark width of the line, This was done using the Voigt
equation for combining the half-widths of dispersive and Gaussian

profiles,

7.3

: 2 2q%2

B =[D+285°]°+D
B is the whble half-width of the combined profiles, D the half-half
width of the dispersive component and G theé ~half-width of the

Gauss'ian component.,
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Assuming that thet hStark profile is dispersive, a new Doppler
: at
width, G, was found such/when substituted into equation 7.3, the

combined width, B, was equal to the previously calculated value of

the Doppler width. This procedure exaggerated the effeet of the
Stark width and hence gave a lower 1limit on the true Doppler width,

Ignoring the Stark width, on the other hand, produced an upper
1limit on the Doppler width, The upper and lower limits, together

with their associated temperatures are listed in Table 7.2.

TIME PS
20 40 80
Doppler width (max.} 13.5 12 .9
"7 (min,) Wl F51 9
- Temp. (Max.) eV 1.6 1.3 | 0.5
*  (min,) eV .85 0.7.1 0.5

TABLE 7.2  Upper and lower limits on Doppler
. temperature -

Fig. 7.1 shows curves corresponding to the uppei and lower
limits in Ta., As can be seen, there is a factor of fwo uncertainty
in the temperature during the early stages of the plasma decay.

This is not too serious for the following reasons -—
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(a) the Doppler temperature effects both the allowed
and forbidden components of 4471 in the same way So
that their relative intensities and half-widths
were not strongly effected,

(b) +the half-width was in any. case proportional to
only the square root of the temperature,

(¢) at early timeg, the half-width of 4471 was
dominated by Stark broadening.

However, the effect on the profiles of 4471 of changing the

temperature will be investigated in a later chapter.

* THE ELECTRON TEMPERATURE

Three methods were used to detefmine the electron temperature

(a) a Boltzman plot of line intensities,

(b) contimaum slope measureménts,

(e) relative line to contimmm ratios.

The first and third of these methods required that the upper
states of the lines involved'were in LTE with the electrons. There-
fore, before either of these methods could be used, an estimation »
of the lowest lying atomic state in LTE wifh the electrons had to
be made., This was determined using a eriterion given by Griem

(19&).

kTe
Ne >,.Z/0 17/2 [ZJE/,] iy
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n e' is the electron density, n the principal quantum of an atomic
state, z the degree of ionisation of the atom or ion, Ey the

ionisation potential of hydrogen.

Equation 7.4 estimates the electron demsity required for a
particular state, n, to be in LTE with the electrons. Assuming
_ 4 _
RT~1 am Ne 210 eq. 7.4 reduces to

17, 1
n’? s 210
’ 7.5

The lowest va.lue of n which satisfies equation 7.5 is n = 4.
When 1, is 10 5 » the constraint on n can be lowered to n= 3 but
as eq. 7.4 is only approximate, dnly those lines whose upner state
principal quantum number was greater than 3 were assumed to be in

LTE with the electrons.

BOLTZMAN PLOT

The ratio of the total intensities of two lines whosé upper
states are in LTE with the free electrons is given by
3 RTe 1
: €
LA g.f: - exp[ ]

LN,
35 7.6

I is the intensity of the line, A the wavelength, g the statistical
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weight of the upper level, f the oscillator strength and E the energy

of the upper level,

Plots were made of the total intensity of a large mumber of
lines whose upper state principal quantum number lay in the range
n= 4 -7 (beyond n = 7, the lines were too faint to observe). A

modified form of eq. 7.6 was used

El - -,
N —
In. [ ] RTe 7.7
A is the transition probability and E' the ionisation energy of the

level in question.

The_total intensities were measured initially by opening up
the exit slit of the monochromater to & £ while keeping the entrance
slit at 0,158. In tfu'.s way, the whole line was observed in one
shot, This saved the lengthy procedure of scanning across each line
but suffered from a disadvantage in that the wide exit slit
increased the probability of including an impurity line in the total
intensity. No corrections for self-absorption were made at this
‘stage. The final plot according to eq. 7.7 did not yield a straight
line. Nor was there any apparent as;}mptotic behaviour of the points
towards g straight: line. The ﬁoints were, in fact s almost random.

The electron temperature, in so far as it could be measured at all,
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was about O-l1eV.

In an attempt to improve on this situation, two line series
were measured in greater detail. These were Z’P - n3 D and
2'p- a'p series, with n = 4 - 7. The lines involx'red were
scanned on a shot-to-shot basis and line profiles obtained. In
this way, impurity lines which might have been included in the
previous method, were elimiﬁated. - Finally, corrections were made -
for self-absorption where necessary, though for most of the lines ,
n >, 5, these were slight o enbtirely negligible., Again a large
scattér appeared on the plot and temperatures in the region of

" 0.1 - 0.3 eV were indicated.

The Boltzman plot 'was_ not a good method for determining Te
for two reasons. Firstly, the slope of the straight line given.
by eq. 7.7 is not very sensitive to the temperature. The largest
difference between the ionisation energies of any two upper states
was about 0,5 eV and therefore the expression [ / ﬂ] changed
at the most by a factor of 1.6 for a change in '.I.‘e of 1 ¢V to 0.5 eV,
Secondly, there v;ere cbnsiderable errors involved in measuring the
intensities of the lines. The dete_dting system was calibrated:
for the wavelength range of interest using a tungsten standard

lamp. It was difficult to estimate the magnitude of the errors
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1ncu1;red in this procedure. However, a 2%‘ error in measuring the

lamp current leads to an error in the lamp temperature of about

- 10% and hence could have contributed significantly to the poor
fesults. Similar errors occur. in the measurements of I. These
were most severe for the higher series members, n = 6, 7, where the
lines were very weak. It is, nevertheless, difficult to explain
why the experimental points were so random. The insensitivity of
the method should have tended to put all pointé on a straight line
rather than distribute them well to each side and so this method

had to be abandoned.

THE CONTINUUM SLOPE

The dominant méchanism for the production of continuum
radiation by the plasma was electronic recombination. The con-

tinuum intensity may be then written as

~hvRT
I, x e

A plot of in Ic against P produces & straight line of gradient
-bkT,

The continuum intensity was very weak in the plasma after-

glow and to obtain a signal the entrance and exit siits of the
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monochromator were opened up to 38. This increased the probability
of observing an impurity line with the continuum and largevregions
of tﬁe spectrum were examined to find suitably impurity free
conbinuum areas. Again; the results were very poor. Values of
’.[_’e deduced ranged from about 0.8 eV to small negative temperatures.
This method, as 'Ehe previous one, entailed the calibration.. of the
spectral response of the detecting system, - It suffered also from
even greater difficulties with low intensity signals and consequently
possible distortion by impurities. Finally, the sensitivity of the
straight linev gradient was low. | A change in Te from leV to 0.5eV
produced again a change in the gradient of the plot of a factor of
only 1.6, This method, oo, was rejected as being insufficiently

accurate,

RELATIVE LINE TO CONTINUUM RATIOS

The ratio between the total integrated intensity of a line
and the continmuum intensity under the line has been given by Griem

(1964} as

2

I, . 5’/27‘3(177ao)f9 exp[(E.o- E,)/RTJ

e

I. 224\ 34;[{9”/2)7?( T/Eu)exF(E',,/n'zk T)+
+2h.73;b/h3e.xlo(£u/nzk‘r)] 7.8
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Eoo is the ionization potential of helium, Ey the ionization
potential of hydrogen, E; the energy of the lower state of the line,
3 the statistical weight of the lower state andsﬁ, ’ 9‘,5- the

free-free and free-bound gaunt factors.

A Eq. 7.8 is valid for temperatures up to 30,000°K and requires
that the upper state is in LTE with the free electrons., As
mentioned before, the latter restriction éliminates all lines for
which n £ 4. Two lines were chosen to eva.lﬁate Te. The '23P -
AJS at 47132 and 2'P -5"8 at 44378. These lines were scanned,
the scan continﬁing beyond the far line wings to determine the back-
ground continuum intensity. There was considerable scatter in the

| megnitude of the latter répfesenting an uncertainty in the continuwum
intensity of 40% but this led to uncertainties in Te of only 20%.
The ratio I, /i" was calculated for a section of contimmm 1002
wide centred on the line; that is, AANin eq. 7.8 was taken to be
1008, Eq. 7.8 was then evaluated for the two linesbver a range of
electron temperatures 0.,3eV - 1.5 eV and values of Te determined
from the measured ratio I%[‘. ‘The results from the two lines are
shown in Fig, 7.1 at various times -n{n”the plasma decay. It can

be:. seen that the btwo sets of temperatures agree to within experi-
mental error and also lie within the range of atom temperatures.
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The line to contimuum ratio method of measuring Te has several

adva.ntageé over the two methods described previously. Firstly,
there is no -~necessity to calikratecz the spectral response of the -
- detecting system as this may be considered constant over the small

wavelength range of 1008, Secondly, the ratio I‘/I,g is very
sensitive to the temperature. A change 6f a factor of two in Te
correspords to a factor of ten change inIi/Ig in the temperature
region of iﬁterest. This meant that although difficulties still
arose in me&suring the continuum intensity, the calculated

~ temperature was not strongly effected.

Finally, it should-_be re-emphasised, that the profiles of
L4T1 and 4922 ai'e not very dependent on Te. This point will be
discussed more fully in a later chapter on the possible sources and

effects of errors arising in the experiment.
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CHAPTER 8

THE EFFECT OF RADIAL DENSITY GRADIENTS

ON THE LINE PROFILES

Jenkins (1970) has observed that radial density gradients in
_>the plasma can dominate the relative intensities and shapes of the
- allowed and forbidden components of 4471 and 3922, This occurs

because of the great sensitivity of the forbidden component to

the electron density. If the total observed light is emitted by .

two or more regions of the plasma, each région having a different
electron density, then the observed profile is a . Sur1 of

the profiles emitted by each separate regiom. Working in the

regime Mg ~ 10"~ 10" , Jenkins. has shown that by using an

experimentally reaéonable model of the plasma, profiles cﬁnbe

predicted which do not correspond to the profiles expected frém a
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homogeneous plasma. Using this technique, he can account for

discrepancies between his observed profiles and those predicted
by theory. In the present work, where m e~'0u: { Ol", and when
interest lies in the plasma éftergl'ow, the plasma can be expected
to be comparatively homogeneous. However, an estimate has been

made of the effect of radial gradients.

This was done in three ways, First, a system of variable
apertures was blaced be_ﬁween the plasma and the monoch:omator 50
| that different regions of the plasma were studied. Secondly, a
comparison was made between profiles taken in the end-on position
and the side-on position where tile weighting associated with |
redial zones was different. Thirdl&, a theoretical model of the
plasma was constructed and the profiles predicted from the model
- compared with experimental profiles. These three considerations
.will be discussed in the following sections. .

APERTURES IN THE END-ON POSITION

Fig. 8.1 shows ‘the optical arrangement used to observe

light from various sections of the plasma.
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Plasma Image
| 1t - == 100 cms—— —— »
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FIG, 8.1 Diagram of optical system used to discriminate
~ against outer zones of plasma

Tt was not possible to focus exactly the whole of the
plasma onto the entrance.slit of the monochromator because of the
large length of the discharge tube. The system shown in Fig. 8.1
- . produced an image of depth of focus of about 5 cms. and magnification
3 -for the near end of the tube and %for the far end., The slit
height could be reduced so as to descriminate against the outer

. radial zones of the plasma., This is shown in Fig. 8.2
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MONOCHROMATOR

FIG. 8.2 Formation of Images of Plasma
.on Monochromator Entrance Slit

A similar effect can be achieved by varying the diameter of
the two irises shown in Fig. 8.1. This was carried out, varying the

diameter between 0.5 cm. and 3 cm. but always keeping the aiameter

of each iris the same., At the larger diameters, the iris no longer

provided the limiting aperture of the‘sjstem (this point will be
discussed later in this chapter ). Fig. 8;3 shows the regions
of the plasma which could_radiéte into the monochroﬁator through
the iris gystem. ' :

PRpS——
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Iris 1 - Discharge Tube
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7/
Umbra

[ AN

Pen-umbra

FIG. 8.3 Regions of Plasma forming
the Umbra and Pen-umbra

'The observed plasma may be divided into two parts, (a) an

umbra which was a cylinder of plasma lying on the central axis of

the tube and of the same diameter as the iris. The solid angle .

. into which an element of plasma lying in this region could radiate

was limited by iris 2 only. (b) A pen-umbra, constructed in the
usual way. The solid angle into which elements in this region could

radiate into was more complex but the exact weighting which ought

to be given to such elements was not important in the resent

instance, . T

. Measurements were made varying not only the aperture

"diameters but also the entrance slit height. These consisted of

_measuring the ratio of the pesk heights of the allowed and forbidden
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components of both 4471 and 4922, This was a very sensitive test.
More so than comparing the total intensities because light from
lower electron density regions produced not only a relativel&
smaller forbidden component, but also a narrower profile amd there-
fore the ‘change in intensity at the line peak was more pronounced
than the change in the total intensity. The results showed no
difference in the ratio when the whole or only part of the plasma
was viewed, Thereforé, the emission from the outer, lower electron
density regions was not sufficient to distort the profiles emitted

. from the central regions of the plasma.

SIDE-ON PROFILES

In the side,-oh position, each radial zone of the plasma had
‘a weightiz;g factor of r"' (wheré r is the radius of the zone)
assoéiated with it, Furthermore, in this position the depth of
the plasma was small (4 cms.) compared to typical distances in the .
optical arrangement and theréfore all elements of plasma in view
radiated inﬁo the same solid angle. There was no question of
umbras and pen-umbras to reduce the effeet of the outer regions of
the plasma., It was hence expected f.hat the effects of radial

- ‘gradients would be far more pronounced in the side-on position
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than in the end-on position. Again, the ratio, Rpk » of the
allowed to forbidden peak intensities was measured and found to be
greater by nearly a factor of two in the side-on positions. The
measurements were repeated with the addition of a horizontal

aperture placed over the discharge tube. This is shown in Fig. 8.4.

Monochromator
Entrance S1it

Horizontal Aperture
-5cems x 1 cms

N

\\\ \\\\\\\\

NN /AL LA L
Discharge Tube

FIG., 8.4 Horizontal Aperture used in front of Discharge
Tube when viewed the side-on position

- The effect of the aperture was to remove the 'r"’ welghting
from the radial zones. Now, only elements lying on a slice of
plasma passing through a diameter of the tube could radiate info
.the monochromator. Measurements of Rpk showed it to be a 1ittle

lower than the no aperture case but considerably higher than thé
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end-on position. These results will be considered quantitively

later in this chapter.

THE PLASMA MODEL

Ther_e were three considerations to be taken into account in
constructing a model of the plasma., The most important of these,
at least in the e_nd-bn case, arose from the geometry of the
discharge tube and optical system. Elements of plasma at the far
end of the tube subtended a smaller solid angle at the mono-
chromator entrance slit than elements at the near end. Also, off
axial elements were wholly or partially vignetted by the electrode
assembly and lens. These considerations were accounted for by
dividing the plasma up into a number of sections and giving each
. 8ection a weighting factor determined by its position in the tube.
In calculating the weighting factors, the aperturing effect of the
entrance slit ifself was not considered. In fact, the slit would
discriminate heavily against the outer zones of the plasma, This
~was because the slit height was 5 mm. and the size of the plasma
image on the slit lay between 10 mm. and 20 mm. depending on which
part of the plasma was being considered. Hence, only the central
region, of diameter 1 cm. to 2 em, could radiate into the
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various weighting factors and the sections into which the plasma

8.9

Fig 8.5 shows the geometry used to calculate the

section of Plasma

was divided,
Dis;charge Tube
Lens €« — — —70 cns» — — —=>
T — T1wo - - = o l
H . 0 1 0710011006 | 1%
s e T I
i
[ 0" i 0.15‘_l 0.13 1 0.14 8%
2 ems ===~ i: | ,
T i 0.91_:_(2:4_5_‘_0132 0,25 1%
I 1 em !
v Optic Axis / ¥ 0.91 : 0.59 #0.51/! 0.35 49%
" / Umbra
Pen-umbra
FIG. 8.5 Weighting Factor associated with each

The limiting apertures in Fig. 8.5 were provided by a 4 cm.

diameter lens 100 ems. away from the front of the plasma and the

2 cm, diameter quartz insert forming the front boundary of the

plasma, The sixteen small elements were evenly distributed

throughout the discharge tube and were taken as representing the

whole of the plasma.

The column of numbers at the right hand side

of Fig. 8.5 is the volume of weighted plasma, expressed as a
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percéntage of the whole, for each radial zone and it can be seen
that 90% of the effective plasma lies in a central column of 1 cm.

radius.

The .choice of a model of the density gradient was to a
certain extent arbitrary. Gerardo (1969) has measured density
gradients in the afterglow of a plasma very similar to the present
one except that the dlameter of his tube was 3 that of the present
tube, Gerardo's gradients can, therefore, be expected to be more
severe than those anticipated here. Furthermore, experiments to
measure the density gradients (see Chapter 6) have shown that to
within experimental error, the plasma was homogeneous in a central
column 2 cm. diameter. ’Therefore a model was chosen such that the
central region, a 2 cm., diameter colwvmn, was a:ssumed to have a
homogeneous density of 10 and the remaining parts of the plasma
were assumed to be 3,10 4 ., The latter figure almost certainly
over-estimated the slope of the gradient and the results could be

expected to err on the pessimistic side.,

Finally, an emission coefficient was chosen for each zone.
That is, the outer, low demnsity zone was assumed to emit  less
~ light/solid angle/volume than the high density zone. An estimate

of the coefficient was made from the total intensity of 4471
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ya p
emitted by the whole plasma at densities of 107 and 3,107 .

At the lower density, the total emission was less by a factor of
three than at the higher density. The outer region was therefore

weighted by a further factor of #%.

With this model, the values of Rpk have been calculated in
various conditions. (a) In the end-on position assuming no
apertures other than those shown in Fig. 8.5. (b) In the side-on
position with no apertures. (¢) In the side-on position with the
horizontal aperture which removed the r'z ﬁeighting factor from
ﬁhe radial zones. These vali_:.és have been compared to measured

- wvalues in Table 8.1

EXPERIMENTAL CALCULATED
End-on 15 12,5
Side-~ ) No aperture 21 23.9
on Aperture 21 18.9
TABLE 8.1.

The conclusion which can be drawn from Table 8.1 is that
the plasma model overestimated the contribution ot the outer regions
of the plasmé. 'Eo the line profiles. This can be seen by- observing
that the more weight that is given to the radial zones in the

calculations, the larger is the disagreement between theory and
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experiment. (The theory-experiment disagreement in the end-on
position does not necessarily imply that the model is wrong. It
will later be postulated that it is the calculated profiles ot BGCS
and Griem which account for this discrepancy.) The fact that the
ratio R?u increases faster for the calculated values than for the
experimental values as the radial weighting increases, indicétes
that the model was too severe; | Further calculations were made
for RI’" assuming fhat the whole of the plasma was at an electron
density of 10"— . |

Rpk [end-on, using model] = 12:5

Rpk [dssumins JO'ffor' whole Plasma = I3

‘This is a difference of only 6% and, even so, is an overestimate of

the true difference,

The evidence against the distorting effect of radial density
~ gradients may be summarised as follows. Thé use of a system of
apertures, which could diseriminate heavily against non-central
regions of the plésﬁa, produced no variations in R pk + Alsoa
model plasma has been constructed, which has been shown to over— |
emphasise the effect of radial density gradients, and can still

account for a change in RFk in the end-on position of only 6%
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from a homogeneous plasma. Electron density gradients were there-

. fore assumed to be negligible., Temperature gradients were also

 ignored as being considerably less important than electron density

gradients,

AXTAL, DENSITY GRADIENTS

N§ experimental work has been done on the present apparatus
to investigate th.e effects of axial electron density gradients.
Hoﬁever » Burgess (1965) has made measurements of axial gradients
on similar discharge; The diménsions of the discharge tabe used
| ' in this work were 50 cu. length by 15 cm, diameter, Measurements
were made at early times in the discharge wheﬁ the plasma was
compressed and typical electron deﬁsities were ~ 10'3. Even
under these conditions , Burgess found that the density was
c§nstant to within a few per cent in the central half of the tube.
In front of each anode, the demsity fell by 20% and then rose
again to the value measured in the centre of the tube. The total
length of the discharge over which the deﬁsity varies by more
than 102 was less than 20 cm. or 40% of the tube length.  The -

a:d.a.lEgra.dients in the present work can be expected to be far
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less than this for several reasoné. First, the discharge was
twice as iong and 2];- of the diameter of that used by Burgess.
Therefore the homogeneous central region was expected to be much
longer in the present case and represent a larger fraction of
the total tube length. Secondly, interest in this thesis has
always been coﬁcentrated in the' afterglow of the plasma when |
the pinched phase was over and the plasma has expanded to fill
the whole tube. Under these conditions, éradients are much less
pronounced than when the discharge currents are still flowing in

the plasma.

Finally, radial gradients have been shown to be unimportant
 earlier in this chapter. Because of the dimensions of the tube ,
axial gradients must be less important than radial gredients and

therefore they have been ignored.
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CHAFTER 9

COMPARISON OF EXPERIMENTAL FPROFILES
WITH THEORY

, Figs. 9.1 to 9.4 show the experimental profiles obtained
superimposed on the theoretical profiles of Griem and BCS, Figé. 2.1
and 9.2 are 4471 at electron densities of 10’5- and 4.10”* R eleqtron
temperatures l.i eV and 0.6 eV and atom temperatures 1,2 eV and
0.6 eV, The latter temperatures have a large uncertainty on them,
i.e. Ta~Fl4—-0-8eV in Fig. 9.1 and 0.5 eV = 0,7 &V in Fig. 9.2
Figs. 9.3 and 9.4 show 4922 at the same plasma parametefs. In all
cases, the dots represent experimental points corrected for self-

abrorption and normalised to unit total area. The solid lines are

theoretical profiles taken from BCS and the broken lines are the
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profiles of Griem. Both Griem's and BOSts profiles have been
convolved with the instrument profile and then normalised to total
unit area., The temperatures associated with the theoretical
profiles are those nearest to the experimental eonditions, i.e.
electron, atom and ion temperatures are assumed to be equal and

.T = 10,000°K = 0.86 eV at the higher densities, T = 5,000%K = 0.43 eV
at the lower densitles. The theoretical profiles at n o= 420"
were constructed by gré.phically interpolating between the densities
Ne = 10,”". ,3.10 “ 410 5 " vhich has possibly led to errors
in the profiles in the wing of the forbldden component. Finally
note that all forbidden lines are magnified by a factor of 10 and
that Figs. 9.3 and 9.4 do not show a _theorefical profile by Griem
as these have not been calculated. Ail profiles are normalised with
feSpect to wavelength such that the peak intensities of the allowed

lines coincide.

In a1l four cases, the fit between experiment and theory is
excellent for the allowed line, especially in the red wing.' Agree-
ment is poorest at the line centre but even here, the discrepancy
is less than 10% and, at least for 4471, is of the same order as the
difference between BCS amd Griem. On either side of the line centre,

BCS, Griem and experiment are all in agreement to within, typleally,
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5%. . At the higher densities, the fit in the blue wing of the for-
bidden line is also extremely good. For the lower densities there
is large disagreement between theory and experiment though i;his is
prdbably due to the difficulty in extracting accurate theoretical
profiles in this region and is therefore not significant. For a
meaningful comparison between theory and experiment here, the
programmes of Griem and BCS would have to be run at ne = 4.10"‘b .

The most interesting regions of the profiles are at the
peak of the forbidden line and in the dip between the two lines,
In all cases the experimental points lie 30% below the theory in
the. forbidden line core and between »30% to 10% higher in the dip.
Burgess (1970a) has proposed that the tendencies for the forbidden
line to be smeared out by cutting off the peak and filling in the
dip are part of the same process. This will be discussed in the
next chapter, It is sufficient to say here that the discrepancy
between experiment and theory, consisténtly shown in these profiles,
inﬁicgtes a fundamental error in the theory of BCS and Griem.

DISCUSSION OF THE ACCURACY OF THE PROFILES

Before discussing the conclusions to be drawn from the

experiment, it is important to establish the vdl idity of the profiles.
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This is basically determined by the accuracy with which the various
plasma parameters have been measured. The effect of radial gradients
has slready been considered and shown to be negligible. Measurements
of the electron density, plasma temperatures and optical depth

will be investigated in the next three sections of this chapter.

DENSITY MEASUREMENTS

Fig. 9.5 shows the dependence of the ratioc, R, of allowed
_ "
to forbidden line intensities in the region Heg &~ lo”—- 3. i10.

The curve was constructed from the profiles of BCS at a temperature

15
of 10,000% and interpolated between electron densities of 10

y;
and 3,207 ., | np.10%
10+
7L
3 R
0
FIG. 9.5 Plot of Ratio of allowed/
forbidden line intensities, R,
v. Blectron Densities
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R
For small changes in Mg , say Ang ~ 10 , R is approxi-
mately a linear function of NMg and therefore the uncertainty in
measured values of N e would produce an uncertainty in R given by

.1‘8%5’3 =~ 4ne 2] e.—lo'f 9.1

- &F ’-‘-'é,:,%e_.... he 2 3000 9.2

The discrepancy between the total intensities of the experi-
mental and theoretical forbidden line is 15% for both 4471 and 4922
at Ng =to"'_ . By eq. 9.1, the error in n, , necessary to.
produce a 15% discrepancy, is 27%. The accuracy of the density
measurements was limited by the uncertainty in the level of the
zeroth fringe (see Chapter 6) and was better ﬁhan * 54, This
accuracjr is well supported by the independent dénsity measurements
determined from the widths of Hé' These agreed with the laser
results to about 7%. An error of 27% is therefore a factor of
4 = 5 greater than expected errors in the density measurements.
- Furthermore, if thé density were reduced to m&e the ratio R agree
with the theory, the half-width of the allowed line would decrease
by 25% and the forbidden by a similar amount., At present, the

half widths of the experimental profiles agree with the theoretical
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profiles to within 10% at worst and to within 3% usually,at the
higher densities, Clearly, if the electron number density is
changed to bring about agreememt between theory and experiment for
the ratio R, then large discrepancies will appear in the half-widths

arnd over the profiles in general.

Possible errors in the measurement of fJ, are, therefore,
unable to explain experiment—fhéory disagreement, because, not only
ié the required error in g P far in excess .of the expected errors
but in any case such an error would increase rather than decrease

the fit between experimental and theoretical profiles.

TEMPERATURE MEASUREMENTS

Large uncertainties exist in the measurements of the plasma
Z2
temperatures, At Mg = 10 the temperatures lie in the following

ranges o-7eV< Ta <12 eV,j O-7eV£Te < l-leV.

The atom temperature effects the profiles largely through

the Doppler effect.

[471‘\ ,o ] /\

9.3
A ) is the Jp- vhole width of the line, in %, A the atomic
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Weight, For 4471 at RT =leV
AN ~ o12eV.

The !/, ~whole width including all broadening processes vas
~ 0.6R. Now if the atom temperature was increased by 30%, which
was the magnitude of the error on Ta, A\ would increase by ~ 15%
and the change in the width of the observed line would be only ~2%.
This is a negligibly small amount. The validity of the above
agreement has been checked by mumerically convolving experimental
pi'ofiles with pure Gaussian profiles representing uncertainties in
Ta corresponding to those expected froﬁx the temperature measurements.
As predicted, no observable difference could be detected in the

profiles before and after the convolution.

It was more difficult to calculate the effect of the electron
temperature on the profiles, Instead an estimate was made by
comparing the theoretical profiles of BCS at ne-,-lo’fand T = 5,000%
in one case and T = 20,000°K in the other. Here, T is the electron,
atom and ion temperatufe all assumed to be the same and the profiles
therefore contain the effect of both the electron temperature and
the atom temperature. Fig. 9.6 shows the profiles obtained.

There is very little difference between the two. The higher
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Relative
Intensity
A
1.5 F
5,000%
P
fd,zo,ooo%

i.0r

15
FIG., 9.6 Comparison of profilesoof 4471 at Res10
= 5,000 %K and 20,000°K taken from BCS.

Where only only llne is shown, the Profiles
are indistinguishable.
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teméerature profile has a half-width which is 10% greater than the
lower temperature profile and the peak intensities differ by only
3% for the allowed line and 5% for the forbidden line. These
small differences arise in spite of the fact that the temperatures
of the two profiles cover a range over 10 times that to be expected
in the experimental profiles due to uncertainties in the measure-

ment of Te .

In eonclusion, the profilés are so insensitive to temperature
that even the large error bars on the temperature measurements do

 not produce an appreciable change in the final profiles.

ABSORPTION MEASUREMENTS -

The line profiles have been corrected by multiplication with

the factor

Ky

[,n I,/fbobs ]
/1o
= "" RJ/[I R»

O/I obs

9.4

where R Y

u
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In the line wings, where Ry & 1.1, errors due to the
correction procedure are clearly small. It was in the core of the
line where the factor K, was large (1.2 = 2) that serious errors
could arise. In the region of the forbidden line, Ky =1
always and fherefore it was particularly important to investigate
possible-errors in Kv as these applie& only to the allowed line

and could strongly effect the allowed/forbidden intensity ratio.

FIG. 9.7  Plot of Absorption factor, Ky » V. Ratio I"/i';bs'é-R

K,
2 B )
1.5
R
_l ] 1 d
1 2 -3 A
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Fig. 9.7 shows a plot of Ky v. Ry.  The gradient,
of the curve varies from 0.5 when R ~1 to O for R~ 00 ., The
range of experimental interest is 1« R =< 5 and the corresponding
range in the gradient was 0.5 > dk%‘;z), 0.15. Hence, as R
increases, K becomes 1e$s and 1.ess sensitive to R but counter—
acting this tendency is the fact that as R increases, the difficulty
and errors in measuring R also increase. J¥hen R -~ 5, the error

in R may be estimated at -~ 20%. The corresponding error in

. K was therefore ~3%, Errors in R occurred from two sources -

(a) jitter in the intensity of the flash tube signal; (b) difficulty
in measuring the height of the absorbed flash tube signal when
absorption was heavy and the signal was not much larger than the
photomultiplier nolse and fhe thickness of the CRO trace, The

. errors due to (b) can be made arbitrarily small by increasing the

- size of the flash tube signal éompared to0 the _signal from the plasma
itself. In the present operating conditions, R= 5 was about the’
largest degree of absorption which could be measured with a.ny |

degree of accuracy.

Errors due to absorption may, therefore be estimated to be
less than 5% over all parts of the profile., It is significant that
the corrections differed by a factor of three between the two lines.

Corrections on 4471 increased the total intensity of the ailowed
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line by typlecally 20% — 30% and those to 4922, by 6% - 10%. Yet
both profiles showed the same theory~experiment discrepancy. Hence,
it is impossible to explain the discrepancy in terms of the

absorption corrections,

In conclusion, it can be said that errors in the plasma para-
meters cannot be reasonably expected to aécount for the discrepancy
between theory and experiment. This is because not only are the
_ uncertainties on the measurements far too low to do this, but even
assuming they were much higher, the modifications they would make
‘%0 the experimental profiles would not improve the theory-experiment
fit. In the line wings, the fit is excellent and any changa which
could yield a fit at the forbidden line core would destroy the line

wing fit.

It will be shown in the next chapter that the forbidden line
core discrepancy can, at least qualitatively, be shown to be due to
an error in the theory and that similar results by other authors can

be explained in the same way.
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CHAPTER 10

COHCLUSIONS AND FUTURE WORK

In the previous chapter, the experimental profiles have been
presented and compared with the calculated p-rofiles' of BCS amd
Griem. Discrepancies have been shown to exist between theory and
' experiment in the region of the forbidden line cent.fe and also
it has been shown that these discrepancies cannot be explaiﬁed in
terms of experimental errors. " In this chapter, possible errors |

in the theory will be examined.

Three aspects of the theory will be considered.
~ (a) The accuracy of the helium radial matrix elements.

(b) The accuracy of the ion-microfield distribution used
in the theory.

(c) The vdl idity of the quasi-static approxlmation used
' for the ions.
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HELIU RADTAL MATRIZX ELEMENTS

The transition probabilities relevant in the mr esent instance

‘ B
Fand 4'D - 4'F. These have been taken from

are the 43D -4

the National Bureau of Standards report NRSDG-NBS4 where they are

calculated in the coulomb app_ro:d.xﬁation and are designated with

and accuracy of B which means tﬁet.accura,c‘y lies in the range 3% ~ 10%.

For the transition 4D - 4F, the accuracy lies at the lower end of

this scale. This is because the two states involved are very

nearly hydrogenic. GBKO have calculated the squares of the radial
matrix elemerts |<& 43PI"14BD>1Lusing -

(a) effective principal quantum mmber

(b) effective charge :

(¢) hydrogenic approximation.

The:. results are listed below

effect p.q.n.| effect | hydrogen
charge
K4Ppir14Po>]? | 481 |78 | 432
K4'Plrla' o3l? 4359|4330 | 432

For the triplet system, the results agree to within 3% and
to within 1% for the ginglet system. The 4D - 4F system is
more hydrogenic than the 4P -« 4D and therefore the radial matrix
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matrix elements will be more accurate. Even if the large errors
in the radial matrix elements could be justified, it would still

be impossible to account for the theory~-experiment disgrépancies.
This is because the radial matrix elements effect not only the
forbidden line intensity but also the half width of the forbidden ‘
line, v

Therefore, if the matrix elements used by BCS and Griém
were reduced to bring the peak intengity of the. theoretical
- forbidden line into agreement with experiment, the good experiment-
theory fit in the forbidden line blue wing would be lost. In
fact, the theoretical férbidden line , which is already narrower
than the experimental forbidden line, would become even narrower

and the overall theory-experiment fit would be very poor.



10.4

THE EFFECT OF THE ION-MICROFIELD ON THE INTENSITY

OF THE FORBIDDEN COiFPONENT.

In chapter 2, the accuracy of the ifon fields used by Griem
and BCS were discussed and it was shown that when (X, the ion-
correlation parameter, = 0.3., the difference between the fields
of Hooper and Mozer and Barange:r was negligible. The strength
of the forbidden line may be related to the allowed line by
eq. 10.3 (see Griem 196;).

,do(F’ o 47‘60 ] ,(O‘ IRID">'F— ldaﬁl

10.3

d“'p andd “”9 aLre the dipole moment dpera.tors df the
allowed and forbidden lines respectively and F is the ion field
strength. Hence, the ratio of the intensities of the allowed to
_ forbidden lines is proportional to the square of tﬁe ion field.
Clearly, for errors in F of the order of 2%, the ion field méy be

ignored as a possible source of error.
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THE VALIDITY OF THE QUASI-STATIC APPROXIMATION

The criterion used to determine the regions of validity of

the quasi-gtatic approximation is

" AwAt =1
10.4

Here, At is a typical ion collision time and A« defines a

point on the line profile of separation A& from the line centre.

In the experiment described in this thesis, the quasi-
static approximation is valid for the ions for' points on ther
line greater than about O.ZLX geparation from the line eésntre
| if the above criterion is used. The forbidden line is separated

from the allowed line by 1.8% in experimental conditions and
- therefore lies well within the quasi-static regime for the ions,
This is the assumption made by both Griem and BCS throughout

~ their calculations.

However, Burgess (1970b) has made an objection to the
way in which Griem and BCS have applied eq. 10.4. Burgess
argues that A should be measured from the line centre only

when the line in question is isolated., When a forbidden
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component is present, the auto-correlation function of the complete
profile can be approximately represented by a Lorentzian of the

form -
~¥ltl+iwt % tl+1w,t
c)=1e +Le
10.5

Where ¥, and ¥; are the half widths of the allowed and
forbidden line respectively. Cleai'iy, if the forbidden line
is being considered, then AW should be measured, not from the
- centre of the allowed 1line, but from -the centi;e éf the forbidden
line. This means that the quasi-static approximation is not
valid fof the ions in a range of 0.12 in eithér side of the
>centre of the forbidden line under eiperiment conditions -
(ie. ng sw":- T~leV. ). Figs. 9.1 - 9.4 show
that the largest théory—experiment discrepancies appear near the
forbidden line centre, the experimental profile being A 30%
lower than the theoretical profile. The next section of the

thesis will discuss the effects of ion motion ormythe forbidden

line, —
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THE TYPES OF COLLISION WHICH MUST BE CONSIDERED

There is, at the moment, no theory capable of treating the
failure of the quasi-static approximation at the forbidden line
centre. The types of collisions which such a theory must deal

with are deseribed below.

At the allowed line centre, the quasi-static approximétion
is invalid but the ions may s8till be treated in the adiabatic
approximation. GBKO (196l) have calculated the profiles of
isolated lines using the édiabatic approximation for the ions at
the line cgntre and found that almost the same result is obtained
as when the quasi-static approximation is used everywhere. At
first sight, it would therefore seem that the same result would
apply at the forbidden line, i.e. the adiabatic approximation
would be valid at the forbidden line centre and would yield the
same result as the quasi-static yheony;_,However, this is not the
case. The reason is, as poiﬁted out by Burgess (1970b), that non~
adiabatic ion collisions become important at the forbidden line
- centre, This can be seen by considering the energy transfer
involved in a collision. It is easier to consider collision

processes in absorption and reference will be made to fig. 10.1.
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7/
@ —— forbidden

allowed upper upper state

state - ﬁ

FIG. 10.1 Energy level diagram for line
with Forbidden Component

For a non-adiabatic collision, there is a change in the
atomic state during the collision. The equation of energy con-

. servation can then be written,
tiw - [Eqq + Epg] = 4E

»AE is the energy tramsferred to the atom by the perturber

- and raise§ the atomic state from the upper state of the allowed
.iine to the upper ‘state of the forbidden line, At the allowed _
iine centre,ﬁw =E“P and hence AE =EeP,. But at the centre -
of the forbidden line,h® = E“P’. = E“P+ EPP'and therefore

AE = 0. This position is reversed in the case of an adiabatic
collision when no change in the atomic state occurs. Now,
gbsorption of a photon,fwé ’ raise§ the at_om from the ground state
tovp o This process is not energy comserving until a collision

occurs and may be represented by —
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o adiabatic
, collision
[+ 4

i S

Clearly, if Rw= E“P » (i.e. in the allowed line centre),
the energy transferred by the perturber is zero., Similarly, in
‘the forbidden line centre, fo = Ea(, + E‘;‘;' and AE =EPF'_-

These results are summarised below.

Adiabatic Non-adiabatic

ALLOWED LINE . 0 EP!"

 FORBIDDEN LINE  Egp’ 0

TABIE 10,1  Energy transfer in Adiabatic
and Non-adiabatic collisions

It‘can be seen from table 10.1 that non-adiabatic collisions
have a resonance at the forbidden line centre because of the zero

energy transfer at this point.

Furthermore, the non-adiabatic Eollisions are lower order
perturbation expansion terms than the adiabatic collisions. The

strength of the former have a ’Q”Z'dependence and the latter, a
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l/r“' dependence and therefore adiabatic collisions are very short
range effects. On the other hand the non-adiabatic collisions are

long'range collisions and therefore overlapping in time.

A full treatment of these terms must, therefore, consider
not only the ion dynamics, but also non-adiabatic overlapping ion

oollisions.

SOME PREDICTED EFFECTS ON THE PROFILES

Although no theory exists capable of fully accounting for
the collisions just described, some qualitative results can be
predicted. These may be divided into two aspects. First, the

onel

effects On the line shape. ; Second, the effect on the total relative

intensity of the forbidden line must be consiered.

The first effect can be deduced by analogy with the electrons.
‘The effect of the electrons is to broaden the forbidden line and
contribute to the intensity in the region between the two peaks.
- Similarly, when the ions are treated in the impact approximation
a further broadening of the forbidden line is to be expected and,
again further intensity will be added between the peaks. There-
fore, the peak intensity of the forbidden line will be reduced

below the theory of Griem and BCS and the &ip intensity increased.
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This has been experimeﬁtally observed and can be seen in Figs. 9.1 -
9.4. The reduction in the pesk intensity is about 303 in all cases
and the increase in the dip varies from O -~ 20%, For n; = 10"-,
the experiment-theory fit iﬁ the forbidden line blue wing is
within 2-3%, A simple broadening effect on the forbidden line
would not yield such a good ‘fit_ on the wing and it is therefore
necessai*y to postulate that a domplete theory broadens the line

towards the red wing only.

_ It is interesting td note that a correction, somewhat

" ahalgous to that suggested by Burgess (1970b), has been applied
on more empirical grounds, by Hindmarsh and Farr (1969) to spectral
lines broadened by the presence of a foreign gas. Such lines are
known to shoﬁ satellites in both red and blue wings. Previously,
the satellite profiles have been calculated assuming the quasi-
static approximation for the gaes perturbers., Hindmarsh and Farr
have taken into account the motion of the perturbers by broadenihg
the red satellite with a Lorentzian of half-width ¥, where ¥ is
:ela.ted to the life-time of a particular perturber configuration.
& further papver , by McCartnan and Hindmarsh (1969) presents a
measured profile of the red vsa.tellite of potassium 40473

broadened by Krypton, together with a theoretical profile based on
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the model of Hindmarsh and Farr. Agreement between the two is

never worse than 95%. The relevant conclusion here is that the
perturber may not always be treated by the quasi-statig approxi-
mation in the region of a satellite or forbidden line. In these
regions,A¢ must be measured from the forbidden line or satellite
centre and a correction for ’c.hg perturber motion may be necessary.
A suitable way of making this correction for the potassium satellite

was found to be to broaden the satellite which is just the effect

already discussed.

It is difficult to mai:e predictioﬁs concerning the relative
inteﬁsity of the forbidden line when the ion motion is added to
the ti:eory. In the GBKO theory, the forbidden line is assumed to
be caused by the ion-microfield exclusively, apart from a negligible
contribution caused by non-adiabatic electron collisions which has
béen discussed by Bui'gess (1970) and Voslamber (1969). - Non-
adiabatic ion collisions can also contribute fo the forbidden line
intensity. The mechanism is simply that deseribed earlier in
this chapter. The zero enefgy'transfer for a non-adiabatic
collision a‘vb’ frequencies corresponding to the forbidden line centre
induces some intensity in the forbidden line though this is lilce.ly

to be a small effect. A 'i‘urther effect may be expected. The
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inclusion of non-adisbatic collisions implies that adiabétic
effects should be reduced and it is essentially the adiabatic
effects which are main.ly responsible for producing the forbidden
line. Therefore, a reduction in the total forbidden line intensity
would be predicted. It is difficult to assess the relative magni-
tude of the two contributions. Experimentally, the profiles of
447) and 4922 at ng = 10'; show a decrease in the forbidden line
intensity compared to the theory of about 104, At the lower
density, Ne = 4.10”' , the blue wing of the theoretical forbidden
line has a large uncertainty on it arising from the 'interpola'bion
techniqueAused to extract the profile from tabulated profiles and
it is therefore difficult to make a direct experiment-theory
comparison. However, by using eé. '10.3, the ratio of the allowed
to forbidden intensities can be calculated. When this is done,
lthe experimental forbidden line is again less by about 10% compared

to the theoretical line,

It should be pointed out here that the theory-experiment
disbcrepancies described above will be much more apparent at low
‘electron densities, i.e. Mg = 1()‘"- 10'~r. . Burgess (1970b)
has explained the reasons for this. Firstly, at high densities,

7
Mo~ 10, the forbidden line saturates and therefore its
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intensity becomes insensitive to the plasma conditions, Secondly,
the half-width of the forbidden line increases more rapidly than
the regime over which the quasi-static approximation is invalid.
Therefore, a smaller fréctién of the forbidden line is Ae-ffected
by the breskdown of the qu,ﬁsi-static approximation and its total
effect becomes relatively smaller. It is therefore only at low
densities, those of astrophysicel interest, that the discrepancies

will readily be observable.

RECENT EXPERIMENTAL PROFILES OBTAINED FROM STELLAR SOURCES

Underhill, J oh.nsoﬁ and Poland, and Kodaira and Scholz have
recently observed proi"ilés in absorption, of 4471 from several O
and B type stars. Using the broadening theory of Griem and BCS
.and. model atmospheres of the stars, they have compared their
éxperimen‘bal profiles with theory. 1In general, the stellar
| atmospheres were not homogeneous and not in LTE and the observed
profileé were composed of many profiles arising from different
. depths in the atmosphefe and therefore from regions of widely
different plésma parameters. However, Snijders and Underhill (1970),
using a model atmosphere assumed to be in i.TE, have obtained profiles

of 4471 showing strong similarities to those in the present work.
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That -is s they consistently find that the observed forbidden line

is significantly less intense than the theoretical forbidden line.
Kodaira and Scholz (1970) have obtained similar results.  Fig. 10.1
shows a typical profile of 4471 where the loss of forbidden intensity
in the forbidden core can be clearly seen, Note also the theory-

‘experiment fit in the far wings of the profiie.

The conclusion drawn by both authors is that the assumption

of an LTE atmosphere is invalid, This is furﬁher supported by the
" work of Poland (1970) who has made calculations without the LTE
aséumption. He has obtained_agreement between theory and
expr_eriment for the ratio of allowed to forbidden peak absc=ption to
within 3% of observed measurements. However, Poland himself points
out that because of some doubt in his choice of helium abundance,
which is an important parameter in his calculations, the gxtremely
good agreement between his results and experiment could, to some
degree, be coincidental. Furthemore; Snijders and Underhill (1970)
~ make a strong criticism of one of the assumptions made by Poland in
..a previous work, Johnson and Poland (1969). Here, they have
assumed that the 2P levels of neutral helium are in LTE with the
free electrons. At astro-physical parameters, T~~~ 10,000 - 20 ,OOOOK

-

1 s '
and neg ~ 10~ 10 , this assumption is dubious.
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. None of the above works has: considered the possibility that
discrepancies have arisen because' of errors in the line broadening
theory_itself. We wish to point out in this thesis that it
undoubtedly is the broadening theory which is at fault and that,
at least at first sight, the observed profiles of both Snijders
and Underhill, and Kodaira and Scholz agree well with the

laboratory profiles obtained here.

FUTURE WORK

" The experiment has suggested two future lines of work.
Firstly, on the theoretical side, much remains to be done to
esté.blish a théory capable of predicting accuré.tely the forbidden
lines at low densities. The chief requiremenfs of such a theory

| .are that it must -account for not only ion dynamics but also non=-

adiabatic collisions involving the ions. The effect of the theory

- on present theoretical profiles must be concentrated on the for-
bidden line as the allowed line is accurately predicted by the
present theories., The forbidden line must be broadened in such a

way that the blue wing remains unaltered, the peak is reduced and

the dip between the allowed and forbidden peaks is partially filled -

in. Finally, a reduction in the total intensity of the forbidden
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K1

. . : 144 If
line should be predicted. In the range tlg ~ 10 -10 , this

reduction should be about 10%.

On the experimental side, further useful work could be done
[7Y] s
both at the lower densities, Mg ~ 10 =10 and at the

15 ”
10" - 10 . In the latter case it is

higher densities, Ne
proposed that a much larger diameter discharge tube be built with

a view to observing only a narrow cr.;.'lumn of plasma parallel to the
axis of the tube and so eliminate the effects of radial gradients.

A further experiment at lower densities, l1¢~10’f, is also
proposed. The purpose is to investigate the variation of the
theory—experimeﬁt dis;:repan::y in the forbidden line with temperature,
- As the plasma is héaii:ed to higher temperatures, the region of

' invalidity of the quasi-static approximation will move further

away from the forbidden liné centre. Therefore a larger fraction

of the forbidden line will be in a region where the ions cannot

" be treated on the quasi-static approximation. An experiment of
thés nature would provide a more sensitive test of the correct

theory than measuring profiles at various electron densities

because the effects of the electrons would be constant and there-

fore the iocn effects could be studied more readily.
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Letters to the
Editor

Experimental observations of the profiles and relative
intensities of He 1 2°P-4°D (A 4471) and 2°P-4°F ( A4470) at
low electron densities

Abstract. Accurate profiles of the astrophysically important He 14471 A
transition and its associated forbidden component have been obtained for the
first time in a laboratory plasma of independently known electron density at

- electron density values comparable to those in B-class stars. Comparison of
the experimental profiles with the most recent and accurate theoretical predic-
tions shows very good agreement for the halfwidth and profile of the allowed
component and for the profile of the far wing of the forbidden component, but
a very considerable discrepancy exists between theoretical and experimental
values of the intensity near the peak of the forbidden component.

Optically forbidden (Al = 0+ 2) transitions appearing in the wings of allowed
neutral helium lines are prominent features of the spectra both of laboratory plasmas,
and of early (O and B) type stars, being induced by the electric microfield in the plasma
and the resultant breakdown of the parity selection rule. In the stellar case, the Stark-
broadened profiles of the allowed lines and the intensities of the Stark-induced
forbidden components relative to those of the associated allowed transitions are
important as a means of determining surface densities, and hence gravities, and/or
helium abundances. Theoretical estimates of such forbidden component intensities
have been made (and used astrophysically) for many years. However, the first full
calculations of the profiles and intensities of allowed and forbidden components of
astrophysically important He lines, including both ion and electron contributions to
the broadening and treating the latter by means of the modern theory of electron
impact broadening, have been carried out only very recently by both Barnard ez al.
(1969), and by Griem (1968). The only previous experimental profile study of the
astrophysically important He 1 4471 line was an early study by Wulff (1958) at an
electron density in excess of astrophysically interesting values, and of the experiment
reported here, by about a factor of 30.

Recently we have obtained detailed profiles of the He 1 2°P—42D (A 4471) line and
the nearby 23P—4°F (A4470) forbidden component for electron densities in the
BA L67



L68 Letters to the Editor

range 4x 10* em~3 < n, < 2x 10725 cm3. These observations were made on the
late afterglow phase of a critically damped linear pinch similar to that discussed by
Burgess e al. (1967). At the times of interest the plasma was current free, and had
expanded to fill the 4-2 cm inner diameter, 70 cm long discharge vessel. z, was
measured both on and off the axis interferometrically, using the 3-39 pm transition
of a He-Ne laser, and the feedback technique developed by Ashby and Jephcott (1963).
To within experimental error (+ 109%) the density was found to be constant in
the central region of the tube used for the spectroscopic observations. Electron
temperature estimates were obtained from line-to-continuum observations, and were
of the order of 8000 K. (The line profiles are not sensitive to the electron temperature.)
The published theoretical profiles already include Doppler broadening, and the effec-
tive Doppler temperature for neutral He was therefore measured experimentally by
observing the negligibly Stark-broadened He 1 4713 A line. Under conditions of
interest the effective Doppler temperature was 13 500 K, and as such the Doppler
width increased the total width of the He 14471 A transition by about 15%,.

Line profiles were obtained by scanning in discrete wavelength steps on a shot-to-
shot basis with a 1 m Czerny-Turner photo-electric recording spectrometer, and
recording the resultant time histories on a cathode ray oscilloscope, the discharge
being exceptionally reproducible in the afterglow region, (e.g., see the small scatter in
experimental points, figure 1). Profiles taken on quite separate runs were identical in
all respects. The instrumental width was 0-15 A in comparison with Stark-broadened
widths typically of 0-5 A, and the effects of instrumental broadening were included
in comparing experimental and theoretical profiles by numerically convolving the
theoretical line profile corresponding to the independently measured electron density
with the measured instrumental profile. Resultant corrections to the profile were small.
Great care was taken to observe only a region of the plasma of uniform electron
density, earlier work in this laboratory at higher electron densities (J. E. Jenkins,
Ph.D. thesis to be published) having shown the previously inadequately appreciated
importance of high plasma homogeneity in studying forbidden-line profiles. Besides
limiting observations to emission from a central 1 cm radius region of the plasma
column (radius 2 cm) within which measured electron densities were known to be
constant, the homogeneity was further checked by varying the radius of the observed
emitting region by a factor of 3 within the central homogeneous zone, with no observ-
able effect on the measured line profiles. The optical depth was measured at each point
in the line profile by placing a high brightness pulsed continuum source behind the
plasma and observing the transmission directly. A correction was applied for finite
optical depth (approximately unity at the peak of A 4471) where necessary (see below).
Measured and theoretical profiles were compared by normalizing both to unit total
intensity and superimposing them. (This procedure discriminates against any small
residual effects of density inhomogeneities better than normalization to peak intensity
of the allowed component, since low-density regions would contribute most in the
latter region.) The experimental results for n, = 10> cm™2 are shown in comparison
~ with the theoretical predictions of Barnard et al. and of Griem, in figure 1.

Contributions to the profile due to Doppler and instrumental broadening are both
small, and in this density range the theoretical predictions of the halfwidth of
He 14471 are accurate to better than 10%,. Similarly, the theoretical profiles of the
whole allowed component and of the far wing of the forbidden component are also in
~ excellent agreement with experiment. However, a major discrepancy exists between

the experimentally measured intensity near the peak of the forbidden component and

B.2.
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the predictions of both theories. This discrepancy is much larger than the difference
" between the two separate theoretical calculations, and also is considerably too large
to be accounted for by experimental errors. Inhomogeneities in the plasma or errors
in the correction for optical depth sufficient to cause the observed discrepancy are

[
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Figure 1. Comparison of experimental profiles (full circles) for He 1 4471 A 2°P-
43D and 4470 A 2°P-43F with theoretical predictions of Barnard ez al. (full curve)
) and of Griem (broken curve) at 7, = 10*®*ecm =3, T = 10 000 K.

ruled out entirely by the experimental technique, but in any case would also produce
considerable disagreement between theory and experiment in other regions of the
profile, including the halfwidth of the allowed component, since both effects primarily
modify the peak height of the latter. A similar discrepancy has also been observed for
He 14921 A, where optical depth corrections are much smaller.

It therefore appears that at these electron densities a real and very sizeable dis-
crepancy exists in theoretical predictions of both peak and total intensities of the
forbidden 2°P—43F component. This discrepancy seems too large to be accounted
for by errors in evaluating the matrix elements involved in the calculations of the static
Stark effect of the ions. In any case, such errors in the matrix elements would modify
the ion contribution to other regions of the profile, particularly the far wing of the
forbidden component, and would also reduce the predicted electron impact broaden-
ing, neither of which effects is observed.

The two theoretical predictions differ most in the region between the allowed and
forbidden components. - Since in both theories the quasi-static ion broadening
primarily splits the 43D and 3F levels, the intensity between the allowed and forbidden
components is due almost entirely to electron impact broadening, and it is this region
that is most sensitive to differences in the treatment of electron correlations. Barnard
et al. used the recently corrected treatment of Debye shielding of electron impact
broadening (Chappell e al. 1969, Burgess 1970), yielding a lower intensity than
the previously accepted theory used by Griem. The experimental results lie
consistently high of both calculations. No conclusions can be drawn therefore about
either approach in so far as their treatment of electron correlations is concerned,
other than that some larger contribution to the intensity has been missed in both
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calculations. Inview of the lowering of the peak intensity of the forbidden component,
the most natural explanation is probably an unaccounted for (dynamic) contribution
to the broadening of the forbidden component spreading intensity into the region
between the two lines.

In the following paper some comments are made on the vahdlty of the theoretical
calculations of the profiles of these lines, with particular attention to the usual justi-
fication of the quasi-static model for the ion broadening as used in both theories.
. A fuller description of the experimental set-up and line profiles for He 14471 A and
4921 A taken over a wider range of densities will be published in due course.

The authors would like to acknowledge many useful discussions with J. E.
Jenkins. C.J. Cairns was supported under a contract from UKAEA Cutham Labora-
tory, as partially was the experimental work.
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Some comments on present theoretical calculations of
the profiles of forbidden components in the wings of
Stark-broadened spectral lines

Abstract. Objections are raised to the basic theoretical validity of all previous
calculations of the intensities and profiles of optically forbidden transitions
induced by the electric microfield in a plasma. These theoretical objections are
relevant in the case of neutral helium lines at the densities of interest in early-
type stars when such forbidden components are strongly excited. They also
relate to the discrepancy between theory and experiment reported in the
preceding experimental letter. RS

The preceding letter has reported detailed observations of the profiles and
intensities of the He 4471 A line (2°P4°D) and the associated 2°P—4°F forbidden
component at relatively low electron densities. As discussed there, whilst the experi-
mentally observed halfwidth and profile of the allowed component and the shape of
the far wing of the forbidden component are in excellent agreement with the recent
calculations of Barnard et al. (1969) and of Griem (1968}, there is a severe discrepancy

_in intensity in the region of the centre of the forbidden component, the experimental
value being considerably lower than theoretical predictions. In this paper a very basic

B.4.
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