THESIS SUBMITTED FOR Ph.D.

Three level spectroscopic technique applied
to collision rate and line shape
determinations in a plasma.

GEOFFREY KOLBE

IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY






3.

ACKNOWLEDGEMENTS

I would like to express my gratitude and deep appre-
ciation to David Burgess, Professor-of Spectroscopy
at Imperial College, without whose patience, forsight

and perseverence, this thesis might have been written,

but not by me.

I would also like to thank the other members of the
Spectroscopy Group for their help down the years,
particularly Dick Learner and Ann Thorne for their
interest and intellectual sustenance and Pete Ruthven
who was ever ready to take my thoughts and scribblings

and with his skills turn dumb metal into reality.

Others who must be mentioned are Nick Jackson, who,
with his camera, is surely the best to be found to
breathe life into the instruments with which we work.
Dave Yarwood is, alas, now dead. But while he was
alive he was the man who ground, cut, polished and

cleaned the quartz tubes within my lasers.

Also, thanks to my friend Ding, (who inscribed the
chinese text from 'the Art of War' by Sun Tzu,
circa 500BC, for mel My memory of Ding will always

be a warm and smiling one.

Last ‘but by no means least, my dear mother, who has
been a constant source of encouragement and who typed

this thesis for me.



4.

ABSTRACT

The normal techniques of absorption and emission
spectroscopy used in the determination of lineshapes
and collision rates in a plasma, have inherent limit-
ations, in that only two levels of the test atom are
involved. This thesis examines the way in which
laser based three level technigques can be used to

overcome some of these limitations.

A three level lineshape technique which could dis-
criminate against impurity contributions, was used
to measure the Balmer Beta lineshape of Hydrogen
whose central 'dip' has been a subject of contro-
versy for many years - being experimentally less
than predicted by theory for an electron density
101°em™3.

Using a three level laser based technigque, an ex-
periment was performed to determine if a molecular
impurity transition was filling in the central dip.
No evidence of any impurity was found. However, a
feature was found on the red wing of the H-Beta
profile for an electron density of 5 x lOl4cm_3.

This was found to be an impurity but the species

could not be identified.

The determination of collision rates out of atomic

excited states in a plasma, by laser fluorescence
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methods, is a well known technique. However, such
techniques are limited to collision rzte coefficients
less than about logsec—l, due to the inability of
currently available detectors and data recorders,

to respond to transients faster than lO—gsec.

This limitation can be overcome by the use of laser
based three level technique. This technique is
demonstrated by measuring the rate out of the n=4

level of the He 11 ion in a plasma.
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CHAPTER 1.
INTRODUCTION

This thesis describes two exgeriments. One to measure the
collision rate coefficient out of the n=4 level of the
He 11 ion in a Helium plasma. The other was to measure

the lineshape of Balmer Beta in a Hydrogen plasma.

The technique used to measure the lineshape of H-Beta,
discriminated against any possible impurity contribution,
by using three levels of the Hydrogen atom instead of two,
as with the usual techniques of emission or absorption
spectroscopy. The measurement of the collision rate co -

efficient from n=4 in He 11 also involved the use of a three

level technique.

In Chapter 2, a critical analysis of the three level tech-
niques used for the two experiments, will be presented.
Also, there will be a comparison between these techniques

and other possible methods.

Chapter 3 will describe the experimental layout for the

two =xperiments.

Chapters 4 and 5 will present the analysis of the experi-

mental results.

The remainder of this chapter will give the scientific back-

ground to the experiments performed and place them in con-

text with other work in the same field.
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1.1 PLASMA SPECTROSCOPY

The observed shapes and strengths of atomic transitions

have long been used to gain information regarding the
temperature and densities of the electrons, atoms and ions

in a plasma. A considerable body of literature exi:ts which
attempts to link the basic blasma parameters of particle
density and temperature to the observed spectral information.
The literature falls breoadly into two categories - Lineshapes

and Collision Rates (cross sections).

Both categories attempt ©6& deal with the way in which the
free space eigen functions of the emitter are perturbed by

the plasma environment.

In the case of lineshapes, the perturbation is due, predom-
inantly,to the adiabatic collisions between the emitter,
electrons and ions, whereas studies of collision rates or
cross sections, deal with the excitation or de-excitation
of the emitter, due to an inelastic or super-elastic

collision between the emitter, electrons and ions.

1.2 LINE BROADENING. (LOW DENSITY PLASMAS)

The background to some of today's topical problems for the
low density 'ideal' plasmas, (i.e. those with many particles
per Debye sphere), will be briefly discussed, particularly

where pertinent to the work in this thesis.

The number of charged particles per. Debye sphere is given

by N h
v N, where Vs - 4r (eo‘i.r)%/z (Na't > NL) . .
- | 3\ ¢ (Ne+ 2 2N




and where 17.

Ne is the electron dénsity.
Ni is the ion density of the i'th ion stage.
%z 1s the charge on the i'th ion stage.

See Mihalas (1978)

For Hydrogen this reduces to

No = szzx 0 w12

—

Ne
For exampleina Hydrogen plasma, having T=leV and Ne=1015cm-3,
there will be about 30 charged particles within a radius of,
and so interacting with, a radiating atom. Outside this Dabya

radius, the atom is screened from the effects of any indiv-

idual electron or ion.

Much work has also been done recently on dense, non ideal,
(less than one particle per Debye sphere) plasmas, partic-
ularly laser produced plasmas. See, for example, Lee (1981)

However, there will be no further discussion on this topic,

here,

The theory of line broadening has been developing through-
out this century, since the classical impact 'interruption'
theofy of Lorentz (1906). .However, modern line broadening
calculation techniques, may be said to have their roots in
papers by Baranger (1958) and Kolb and Griem (1958) -

when the problem was treated cuantum mechanically and non-
adiabatic (inelastic) collisions were included for the

first time.

By 1969, the theory of the broadening of Hydrogen lines
was thought to be largely completed. Stark broadening, due

to ions, was described by the 'static' approximation, first

broposed by Holtzmark (1919) and the electron broadening
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was described by elaborate ‘'unified' theories due to
&oslamber (1969) and vidal, Cooper and Smith (1969) or the

modified impact theory of Kepple and Griem (1968)

1.2a ION DYNAMICS

Similar techniques were used to describe the astrophysically
important He 1 transition 2P - 420 (\ = 44T A)

and its optically forbidden companion 2'P-4% (\e 4470 A)
see Barnard, Cooper and shamey (1969) and Griem (1968)
However Burgess and Cairns (1970 and 1971) determined the
lineshape of the 44718 pair experimentally and showed that
there was substantial disagreement in the peak intensity of
both the allowed and forbidden components. Burgess (1970)
laid the blame for the disagreement on the treatment of the
ions as being static and proposed that 'ion dynamics' should
be accounted for. Lee (1972) showed that the inclusion of

ion dynamics would indeed account for the experimental dis-

crepancy.

Meanwhile, in 1971, Hill et al, showed experimentally, that
the central dip of Balmer Beta in neutral Hydrogen was much
less pronounced than theory predicted; the failure of the
static ion approximation being one of the two possible ex-
planations put forward. This was reinforced by an experi-
ment by Burgess and Mahon (1972), which showed that for
Ne:lolscm-3 and Te=leV the dip was less than 5% (of the
peak height),whereas theory (Vidal, Cooper and Smith 1970),
predicted a dip at the line core of about 30%. Burgess and
Mahon also concluded that the most reasonable explanation

for the lack of agreement was use of the static ion approx-
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Using a formalism due to Dufty (1970), Lee (1973) showed
that ion motion effects may be impprtant for the Hydrogen
line cores. Also, a series of experiments by, for example,
Kelleher and Wiese (1973), Wiese et al (1975) and more
recently, Ehrich and Kelleher (1980) and Fleurier et al
(1980), showed the dependence of the H-Beta dip on the
emitter-perturber ion reduced mass. This appeared to be

good evidence that ion dynamics were indeed important.

Agreement on this point has been by no means universal
however. Experimentally, Ramette and Drawin (1976) showed
evidence that the dip in their H~-Beta profiles was being
filled in by what they interpreted as ion satellites.

They also observed satellites on both wings of the line-
shape corresponding to the electron plasma wavelength away
from line centre. But Drawin (1981) showed that many ob-
served ‘'plasma satellites' were in fact more likely due
to strong molecular transitions, Piel (1981) also ghowed
how strong molecular transitions can £ill in the central
dip of H-Beta. Thus, at the date of tﬁe present experi-
mental work, an element of uncertainty remained in the

comparison of theory with experiment.

Theoretically, Peach(1981) argued that the problemwas not
due to the static ion approximation at all, but due to
approximations, generally made, which under estimate the
effects of electron broadening at the line core. Also,
the most popular method used today to overcome the pro-

blems of including ion dynamics, is the 'Model Microfield
Method', (see for example, Dufty (198DL in which ion
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dynamics is included naturally in the formalism.

Despite its success in accounting for most of the incon-
sistency between experiment and theory, however, the Model
Microfield Method is treated with some circumspection by
many lineshape theorists, in that it is hard to get esti-
mates of validity criteria for the M.M.M. or to connect
it to the standard collisional lineshape theories. See,

for example, Dufty (1981).

However, even attempts to include ion dynamics in line-
shape calculations using the M.M.M. (Brissaud and Mazure,
1976, Siedel 1977, Mazure, Goldback and Nollez 1981) have
not been entirely successful. For example, for Ne=1015crvf3
and Te=Ti=10% K, the theories cited above predict dips of
between 3% and 7%, whereas both Burgess and Mahon and

Fleurier et al, show experimental profiles for these con-

ditions which have no observable dip.

Given a lack of complete confidence in the results produced, -,
using the M.M.M. technique to include ion dynamics into '
lineshape calculations and also the indications that ex-
periments on measuring the H-Beta dip may have been in-~
fluenced by the unsuspected presence ofiiécontributions

to the lineshape:; it would appear apposite to determine

if indeed, under the experimental conditions of Burgess

and Mahon (%973), there was any impurity contribution to

the H-Beta. The classic methods of absorption and emission

- spectroscopy do not differentiate between the lineshape
contributions from the test atom and that due to any im-

purity that may be present, as only two levels of the test

atom are used in the observation -which do not define the

atom uniquely.
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1.2b LINESHAPES OBSERVED via THREE LEVEL

SPECTROSCOPY

The relationship between three levels ofetest atom will
almost certainly be unique to that atom and not be shared
by any impurity. Thus an impurity-free lineshape may be
obtained by methods which make use of the relative sep-
aration of three levels of the atom instead of two, as

for instance, ih standard emission or absorption spec-
troscopy. In general, these three level techniques use

a laser which pumps a transition in the test atom and then
another transition, usually having a level common with the
pumped transition, is observed in absorption (with a probe

laser) or in emission.

Since it is the amount by which the lavels of the observed
transition are perturbed which is measured. Impurities
can have no effect on the result in lineshape. These

techniques are discussed in detail in Chapter 2.

This general technique, that is irradiating one transition .
of a test atom and observing the consequences on another
transition having the same lower (or upper) state, is
generally refered to as Double Resonance Spectroscopy.

This however is a loose assignation which is more properly
confined to that class of experimenﬁ originated by Brossel
and Bitter (1952). They revealed the hyper-fine structure
of an excited state in Mercury, by the use of a polarised
light source and a tunable microwave source to selectively

excite the hyper-fine levels of interest. See fig. 1.1.

In this thesis then, the general technique as outlined above

will be refered to as Three Level Spectroscopy.
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Fig. 1.1

IEVEL DIAGRAM of DOUBLE RESONANCE TECHNIQUE

used by BROSSEL and BITTER

Visible photons having energy ﬁwn excite the atom
(or molecule) from level 1 to level 2. Microwave
radiation puts the atom into level 3 where it decays by

spontaneous emission to level 4

In such experiments, level 3 is usually a member of the
sublevel set of level 2. Using this technique, the sub--.
level set can be investigated without the problems of

Doppler broadening that would make direct visible obser-

vations impossible.
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Although double resonance spectroscopy and other three

level spectroscopy is a common technique when working with
neutral vapours, the problems of working with plasmas are
such that examples of laser spectroscopy, (let alone three

level spectroscopy), are rare.

Due to the broadening of the transition lines by ion stark
brozdening and electron pressure broadening and due to the
high electron collision rates, much higher laser powers
(typically, megawatts per cm2 for plasmas, as opposed to

a few watts per cm2 for neutral vapours) are required to
perturb level-pepulations signiidcantly. See Burgess (1979)
for a detailed discussion of this problem. In fact there

is only one example, prior to the present work, in which a
three level technique was used to determine a lineshape in

a plasma, that of Kunze (1981) in which the plasma satellites
to the forbidden LP-L4°F (A=4470A4) transition in He 1
were revealed by induced laser fluorescence on the -
AgD-l?P()\=Hh7l&) transition. The 43F population was
enhanced by laser photon plus plasmon excitation.

The 43D population was then enhanced by virtue of the strong

mixing between the 43D and 43F levels. See Fig.l.2 and 1.3.

THREE LEVEL LINESHAPE OF H-BETA

This thesis will then, in part, discuss in detail an experi-
ment in which the core of the H-Beta transition was examined
usiny a three level technique to assertain, whether or not,
there was an impurity contribution which is filling in the

'dip' at line centre.



2P
Fig. 1.2

TERM SCHEME of KUNZE'S EXPERIMENT on 44718

L’ pumped atoms out of 23P.
The laser could pump the 43D transition direct:; also 43F
3

A tunable laser, frequency W

i= weakly coupled to 4°D due to the plasma field so the

laser will pump 43D if tuned to the 23P—43F transition.
The laser can also pump 43F directly by a two photon

transition using a plasmon, Wp, as the other photon.
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Fig. 1.3
SPECTRUM from KUNZE'S EXPERIMENT on 44718

Spectrum from Kunze's experiment showing the plasma
satellites either side of the forbidden component of the
Helium 44718 transition. The laser was tuned through the

frequency band shown and enhanced :iluorescence, I on

43D-23P was observed.

FI
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1.3 ELECTRON COLLISION CROSS SECTIONS

The observed relative intensities of emission lines are
a function of the population densities of the upper state

of the observed transition, and the A value of that tran-

sition.

The population density for any state in the plasma will be
a function of collisional and radiative rates into and
out of that state:; i.e.
Na = Ca )]
Do-
Where Na is the population density of level a, Ca are the
sum total of rates into levela and Da is the total rate

coefficiént out of level a.

The population densities of the various states in a system
may generally be described by a Collisional Radiative Model
(C.R.M.), in which the rate coefficients between the n
levels of the system, are used to create a set of n simul-
taneous linear equations which are solved to find the pop-
ulation densities of the discrete states. This form of
model is generally attributed to Bates Kingston and Mc-
Whirter (1962) but for a clear, detailed exposition of

C.R.M.s , see Hess and Burrell (1979).

In the limit, where the electron density is high, such

that the excitation and de-excitation rates are dominated
by collisional, rather than radiative rates, the population
densities will be in equilibrium with the free electron
density (Local Thermodynamic Equilibrium, L.T.E.) and can
be described by the Saha-Boltzmannequation. See, for ex-

ample, Mihalas (1978) for a discussion of L.T.E.
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All that is required to deduce the population densities

of the excited states of an atom or ion, when conditions
of L.T.E. are valid, is a knowledge of the electron temp-

erature, Te, and electron density Ne.

In seeking to use the absolute or relative intensities of
spectral lines as a diagnostic of the electron density and
temperature in a plasma, particularly in an astrophysical
context, it is usually necessary to use a C.R.M. where the
density and / or temperature are it erated until a fit to
the spectral data is found. (Since L.T.E. is not usually
valid). This requires a detailed knowledge of the rate
coefficients between individual levels and much effort has
been spent in trying to measure or compute the collision
rates for elements of astrophysical interest, e.g. H, He, Fe.
When not measured directly, collision rate coefficients

are normally obtained from cross sections.

For a transition between levels a and b the collision rate

coefficient Rab is related to cross section Oab(v)

by o
Rab = 5 S (V) v H(W) d v 12

(o]

"here v is the electron velocity and f(v) is the normal-
ised electron velocity destribution; wusually assumed to

be Maxwell Boltzmann. for plasmas greater than 1% ionized.

(See Shoub, 1977).

To date, direct measurement of electron collision cross
sections, using colliding atomic and electron beams, are
confined to excitations from the ground state, or meta-

stable states. See for example, Fite and Brackman (1958)
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for ls - 2s and ls - 2p in Hydrogen. Van Raan et al (1971)

for transitions from the ground state of He. Dolder and
Peart (1973) for 1ls - 2s in He™.

In very low density, high temperature plasmas, direct
excitation from the ground state is often the dominant

mechanism controlling level populations.

In consequence, much theoretical effort has been spent in
computing these experimentally tractable ground state cross
sections. See, for example, a review by Bely and Van

Regemorter (1970).

By comparison the experimental data for transitions between
excited states is much scarcer and less reliable and re-
latively little theoretical work has been done on such

transitions.

Experimentally, indirect means have been used for deter-

mining cross sections between excited states. For example
an experiment by Johnson and Hinnov (1969) used variable-
parameter empirical cross sections in a C.R.M. for Helium
and it eratively varied the parameters so that the popul-
ation densities predicted by the C.R.M. would agree with

those measured in a plasma (whose Ne and Te were indepen-

dently known) by calibrated emission spectroscopy.

This experiment formed the basis of a set of empirical
cross section and collision rate coefficient formulae

developed by Johnson (1972) for Hydrogen and which, until

recently, were regarded as the best available set of data

for Hydrogen.
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With the development of tunable dve lasers, however, it

became possible o perturb the populations of individual
discrete levels in Hydrogen and so deduce, from the char-
acteristic relaxation times of these level populations,
total depopulation rates and individual transfer rates.
The first applicstions of such a technique was on a

Helium plasma by Burrel and Kunze (1972).

Burgess and Skinnef_(l974) showed that by using a laser

of high enough power, a transient spike could be produced
at the leading edge of the fluorescence signal, from which
additional information could be obtained. See Fig. 1.4.
This was followed by similar experiments on a Hydrogen
plasma by Himmel and Pinnekamp (1977) and Burgess, Myer-
scough, Skinner and Ward (1980). Burgess, Kolbe and Ward
used, what will be called a three level absorption tech-
nique to study the rates out of n=2 in Hydrogen. See

Fig. 1.5.

The conclusion of these experiments, and those of Delpech
et al (1977) and Devos et al (1973) on the (hydrogenic)
excited states of a Helium plasma, showed Johnson's emp-
irical cross sections to be too high near threshold. As
a result, Vriens and Smeets (1980) produced a New set of
empirical formulae for cross sections and collision rates
between excited states of one electron atom. The rate
coefficients of Vriens and Smeets appear to give good

agreement with experiments for levels n» 6. See Himmel

and Sava (1983)
However, the results of Burgess et al (1978 and 1980)

are still not explained by the lower r=te coefficients of

vVriens and Smeets -which still seem too high for the

plasma conditions used by Burgessh
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Fig. 1.4

LASER FLUORESCENCE TECHNIQUE FOR OBSERVING

DE-EXCITATION RATE COEFFICIENTS

The dynamics of the level n=a are observed in fluores-
cence while the transition n=c to n=a is irradiated with a
laser having a fast rise and fall time.

A. Initial equalization of populations of n=c and n=a.

B. Relaxation of populations of locked pumped levels to
a new equilibrium on a 1/¢ timescale 1/(Da + Dc).
Da and Dc are the total rate coefficients out of
levels n=a and n=c, but not including Aac.

C. Laser now off. Level a now decoupled from level c.
Level a relaxes back to its original population in
a l/p time of 1/Da.

Power required to cause transient 'spike' at A, is

P> 943w hy’AV Da Wm
9e. Q? Aac

where AVY is the equivalent width of the pumped trans-

ition, the laser rise time must be &« 1/(Da + Dc)
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Fig. 1.5

THREE LEVEL ABSORPTION TECHNIQUE
for observing

DE-EXCITATION RATE COEFFICIENTS

The Dynamics of the level n=c are observed in absorption

by a probe light source on the n=c to n=b transition.

A. As in Fig. 1l.4.
B. As in Fig. 1l.4.
C. Laser now off. Level ¢ now decoupled

from Level a. Level ¢ relaxes back to
its original population in a 1/g time’

of 1/Dc.

The pump laser should have enough power to

cause significant depletion in n=c.

P> 9 3mhv>Av De W
de c* Aoc
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Given this history of disagreement between experiment and

theory for neutral Hydrogen, it was thought worthwhile to
investigate experimentally, the collision rate coefficient

" using a laser based technique for HeT. 1If agreement
with theory could be achieved, then this would show:

a. The experimental method of using a laser based
technique to measure rate coefficients was sound and the
laser did not contribute an unknown rate of its own.

b. The theory for calculating collision cross sections
between excited states, was basically correct (for ions

at least)

CROSS SECTIONS and COLLISION RATES for IONS

Electron Collision Rates between excited states of positive
ions, have been measured, almost exclusively using calibrated
emission techniques, on well diagnosed, hot,laboratory

(Hydrogen) plasmas,.into which the element of interest is
introduced as an impurity, The method is described in
detail in a review article by Kunze (1972), but is basic-
ally that of Johnson and Hinnov (1969) where a C.R.M. is
used with variable parameter cross section expressions

as described above.

The use of lasers to observe collision rates by watching
the relaxation of perturbed level population, (in the
manner of Burgess et al and others) is more difficult for
ions than for neutral atoms, because the collision rates

for visilyle transitions are higher for ions than for

neutrals
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Take for example neutral Hydrogen and the hydrogenic ions.

The Bohr radius R for the nth excited state is

Q. Reon 1.3
nn122}

The cross section O is given by

gx TR o« m1" 14
z

The visible transitions in the ions, are between the

n = gp and sqg levels. For instance Balmer Alpha in

neutral Hydrogen is between p = 3 and g = 2 levels where
A

A= 65608. The collision cross sections for the levels

6563%. For He IL the transition n = 6 to n = 4 has

associated with visible transitions, then goes as

0, < (E_LY' 15
Z

The collision rates into and out of levels associated with
visible transition in He 11 will thus be about on order
of magnitude larger than the equivalent levels for neutral

Hydrogen (for the same Te and Ne)

Burgess (1981) shows how, even for neutral Hydrogen in a
plasma, laser powers of the order of 1MW and detection
equipment, having temporal resolution of the order of 1 nsec.
are required to monitor the dynamics of the level population

under laser irradiation (i.e. n = 3,4,5,and &)

For the Ions then, laser power of many mega watts and
detectors and data recorders of subnanosecond response

times would be required.
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A THREE LEVEL LASER TECHNIQUE TO OBSERVE

COLLISION RATES

To overcome the requirements of using lasers with sub-

nanosecond risetimes, powers of many MW and detection

equipment with subnanosecond response times, it is

possible to use the laser to perturb the level population

in a~relatively time- stationary fashion and so deduce

the depopulation rate from a knowledge of the relative

population change of the observed level and the known

laser rate. This technique' is discussed in detail in

Chapter 2, sections 2.6,and 2.

Figure 1.6 shows a diagram of
of level a is governed by the
rate Ca and the de-populating
adding a new known laser rate
ving the change in population

to determine Da.

7.

the scheme. The population
ratio of the populatin;
rate coefficient Da. By
out of level a and obser-

of level a, it is possible



35.

b 3
D
W, >
o8
I
C h \

Fig. 1.6

TERM SCHEME of THREE LEVEL TECHNIQUE

to MEASURE COLLISION RATES

The laser is tulled to the a to ¢ transition. The net
laser rate out of level a, adds to the other rates out of
level a, so depleting the population of level a. By know-
ing the laser rate and the relative depletion of level a,

the magnitude of the other rates can be estimated.
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Q: NQ. = Z Cna_ - 'JC\Z Da.h, 23
dt n#a n#o.

=~

‘nere, for examnle, Cna is the r7te Zrom level n to

In generzl these rates will b2 radiztive rates,
collisinnally induced rztes or the sum of collisionally

induced and radisztive rates.
T2 COLLISICHAL RRATES

don radiative excitation or de-excitztion can take

v

nlace between levels due to tnelastic collisions between
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The reactinn (for example, slectrons! i3 o»f the £form

A*+ €~LV]:A+Z‘[V+(2F\w/m\)yZ] 2444

-1

‘hers ¥ denotes zn 2tom in an excited stite. Hare, iIn

elactron, velocity v tzkeas off the excitztion energy hw
from the excited 3tom in a superelastic cellision.

If the crocs section for the reacticn is 6;b(UQ for,
33y, excitation from level 2 to level b then the rats

will Dbe,

Ra,b = Ne‘j cﬁb(v) V'((U‘)GLU’ 25
v

"here f£(v) is the normalis=ed sl=sctron velocity distri-
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be that described by iMaxwell-Boltznannstz=tistics so

Y 2 2
i) = 4 (me =y exp - M/2KT, 27
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This will be wvalid for any therm=z1l, fully ionized, »lzsma.

(Svitzer 1942). Though where the ionizztion is less th
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n

be modified, due to the suverelastic conllis
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ons o
clectrons off atoms in excited states, see for a2xamole

Zhoub (1977}
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w“here Bb is the EZinstein stimulated emission coefficient.

.hare Aba is thes Einstein snpontaneous amissicn ccefficient
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2.4 LASER INDUCED RATES

P(v) = Pylv) 2.1

laser. PCQ is relzted to the radiation ﬂensity/ﬁb» fe)s

Py = c'_/;(v) 2:15

If Lab is the laser pumwning rates from leval a to level b

e - NeBiu P V() [ e
b __C&b_Y(v)Jvf(v)ow 217

\
~here Y is the line cantre freuency of the transition.
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ecn. .16 can be written as
\
Lt = NaBp P [ ¥(V) 218
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hare AV is the ecuivalent linewidth of the lzizer

AV, = 1 (V) dv 2:19
y 1Y

Jimilarly, if the laser linewidth is narrow compared

to that of the transition, egn. 2.1l€ may be written

Lab = NaBebP [F(V") ©2.20
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such that

Ay, = (v) o 2:2
g () L ¢

If the linewidth of the laser and the transition zr=
comparable, then the integral in ecn. 7.16 will
to be calculated exonlicitly.
However, theintegral in eqn.

general ‘scuivalent width' such that
j @(V)y(v)d\) = 292
v

to that in generszl esn. 2.15 may be written

b = NaBab P 2:23
cC Ay

or the case where é(\?) and 1{1(\!) are both Gzussians =nd

bxj

\ \\]
where V=V then figure 2.1 shows how AV , (normzlised

to A\)T )., varies as a function of A\)L/A\)T
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GENERAL EQUIVALENT WIDTH PLOT

This plot shows how the general equivalent
width AV sed in eqgn 2.23, normalised to
the transition linewidth A\)T , varies as

a function of laser linewidth A\JL also

normalised to A\)-,-
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2.4a HOMOGENEOUS and INHOMOGENEOUS

BROADENING -

In concluding this section, it is worth mentioning that
eqn 2.16 is completely general and applies, whether the
irradiated transition broadening is homogeneous (e.g.
electron pressure broadening or natural broadening) or
inhomogeneous (e.g. Doppler broadening) .
To see this, consider the case of homogeneous broadening.'
Consider a narrow bandwidth laser pumping a relatively
broad transition having a normalised lineshape function

¢(V>- Wherever the laser is tuned over the transition,
the laser will be pumping all the atoms that are in level
a. The degree or strength with which the laser will
couple to the transition will depend upon where it is
tuned in the line. Obviously the coupling strength will
be greater if it is tuned to line centre than if it is
tuned to some point in the farline wing.
The laser induced rate can then be written

Lo = NoBab Pj Y A1) dv 224

In the case of a na;iow 1a§er tuned to some point in a
relatively broad inhomogeneously broadened line, say, a
Doppler broadened line, the laser will only be pumping
that small subset of atoms having the same frequency as
the laser. The number of atoms radiating between YV

andV+ Vv  will be f‘fa(\)) dvy whare

ﬂo.(\?)d\) = Na ?tv)dv ' 215

Here ?(6) is the normalised lineshape function of

the inhomogeneously broadened line.
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How egn. 2.27 is formzlly eruivalent to =zun. 2.24 =so
showing that the laser rate will be indenendent =f the

.5 THE VALIDITY CF THE RATE ZUATICH

(A

FORMALTISHM

In describing interactions between matter a2nd intense

electromagnetic fields, e.g. laser beams, only the density
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formalism does not. In the lcong ta2rm
ceollisions and radiative decay cause a deohzasing of ths
wzve functions of the atoms with respvect to =ach other, 350

that zohersnt effects become unimoortant and tha denzity

natrix formalism becomes well aonroximated by the rzte
ecuation anproach. Where ranid transients in thz2 time

evolution of an atomic state are being considsr=d Jue
to laser oumping, (i.e. & suddsn changs if
density) =z2nd these transients =zre on 2 timescale small
compared to the mean period between deohasing events,

(collisions or radiative decay) then the rate ecuation

approach is not valid and the density matrix formalism
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induce a stimulated emissicn rate that iz ezuzl to the

These sort of power levels are recuired to significantl

werturb the level opoonulz:tions.
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For plasmas such as are being considered in this thesis

-3

1l -
where Ng & 5x10 cm ™ and lg = A

the important dephasing events are listed below.

TYPICAL PERIOD BETWEEN

EVENT TYPE EVENTS

Radiative Decay. Typical A

value for visible transitions 10™° sec.

is about lO8 sec_l

Inelastic Collisions.

For Neutral Hydrogen, the

collision rate out of n=3 is 1077 sec.
about 108sec‘1 for the above

plasma conditions. See

Vriens and Smeets (1980)

'Elastic' Adiabatic Collisions.

These give rise to the broad-

ening of the line. For the above 1071 sec.
conditions, the :line width of

H-Alpha is 0.62. (vidal, Cooper

and Smith. 1973) this leads to a

collision frequency of about

101! sec! via the uncertainty principle.
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The Rabi period is a function of the interaction of the
Atom-radiation system, which is given by the interaction

\ ] L]
operator dab‘ _E_ and is the cyclic period over which

the population of the pumped levels changes.

dob 1s the atomic dipole. operator for the transition

E - E (os ('Lﬂ'\?t) , the laser field (monochromatic)

The interaction energy is related to the Rabi period, T,

by
dab, £ = h 2:2.9

E_1is related to the laser power density via the

Poynting vector, so for a monochromatic laser field

£ _ (.Z_E ))’2.
Ceo

The Rabi period can then be written as

1
T = | ol h (9_8.8 /2'] _J__
Ao Aol 2 P%L
~-b
~ 31410 0oe | | 230

]
dob P/&
For times longer than the dephasing period of the atom,

the Rabi oscillations will be damped and the rate equation

formalism becomes wvalid.
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2.5a THE VALIDITY of the RATE EQUATION FORMALISM

WHEN IRRADIATING BALMER ALPHA

Both the He 1l collision rate experiment and the H-Beta
lineshape experiment, described in this thesis, require
laser powers high enough to saturate the irradiated
transition. To test for the validity of the rate
equation formalism used to describe the experiments, the
case of a laser pumping the H-Alpha transition in the

H-Beta lineshape experiment will now be considered.

At Ne=10'> and Te=leV, the F.W.H.M. half width of

H-Alpha is 0.8R. (vidal, Cooper and Smith,1973). This
corresponds to a mean dephasing time of 2 X lO—llsec.
The dipole moment for any level n in hydrogen is

A= no,e
So for a transition from level a to level b

d'o.b = ( b1-£) Aol

For H-Alpha then d ;= Booe - Using this in egn 2.27

it would require a laser power density of about 1 MW cm‘2

to achieve a Rabi period of 2 x 10 MHsec.

Laser power densities of this magnitude»were used, but for
the rate equation formalism to become invalid the laser
would have had to reach these intensities in a time less
than lO-llsec. Also, the rate equation formalism would
only be non valid for a period of &~ 2 x lO_llsec. In
fact, the rise time of the laser was « la-8seconds, SO

it seems certain that at no time was the rate equation

formalism invalid.
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2.6 DE-EXCITATION RATES MEASURED, USING A

THREE LEVEL EMISSION TECHNIQUE

Fig. 2.2 shows the level scheme for this technique.

From eqn 2.2, the population of level a will be
No. = Ca
Do
A laser, tuned to the n=a to n=b transition adds a new,
known, rate out of n=a. As a result the population of
n=a will be depleted to a new population NaL where
- L
No = C_;g_. 231
Da + W

CaL is the new rate into level a due to the laser rate
from level b and the perturbed populations of other

levels collisionally or radiatively coupled to level b.

Since the collision rates out of level n go roughly

as pz, the relatively higher collision rates out of level
b mean that Nb will not be signifidantly perturbed and
only Na will be driven significantly out of equilibrium
by the laser. For laser powers well below that required
to saturate the transition, then, it is possible to make .

the approximation CaL=Ca. Then egn 2.31 can .be rearranged

t give
No . _Da 222
Na, Da + kob
of Do. = Lab 2—55

b - N%;/No.
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b pR———
f
Da, rates out of
Pump laser level a
a
Brission from a to ¢
(observed)
cb
Fig. 2.2

THREE LEVEL EMISSION SCHEME

FOR

MEASUREMENT OF DE-EXCITATION RATES

The population of level a is depleted by
using a laser to vump atoms up to level b,
The relative depletion of level‘a,
(observed in emission on the n=a to n=c
transition) will be a funciion of the known

laser rate and the other rates out of n=a,Da.
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Given the relative depletion of level a, observed by
watching the change in emission from level a to level
c, and the known laser rate Loy Da can be deduced.
In practice, this model will usually lead to an over-

estimate of Da, since CaL> Ca in general.

2.6b A TWO LEVEL MODEL TO DESCRIBE THE

DEPLETION OF THE OBSERVED LEVEL.

The one level model described by eqn 2.32 is improved

by setting CaL = Ca for all laser powers and putting in
the rates to and from level b explicitly. Ny is fixed

at its long term equilibrium value for laser power
densities well above saturation values. This will make
Na® correct for those high laser powers. The laser

rates from level b are not important for laser power
densities well below saturation:.values, so Na® will also
be correct for low laser powers despite N, being incorrect
at these powers. Then

N; = Lba..‘f Do M& . 9_-3L*
Lab 4+ Da

Using eqn 2.23

135 N: = [Nbabap + D&Na] [Ba.bp + Da.]
CAY CAY

Let K be a constant, where

K = Da NaCAY 2.3b
Then Nb 65&-
No - 9o No(P+K) | 2.37

No. 9p Na P+ 9aNpk
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. L
Now let Na®(Sat) be the asymptotic value of Na~ for

laser powers P 2 K, then

N (Sat) = NbOa 233
Qe

Substituting 2.38 into 2.37 and dividing top and bottom

by Na, then

Ne [No{:LSaX>} (P+K)/[P+(Ni(5¢) K| 273%
No Na. Na

Fig. 2.3 shows plots of egn 2.39 for various values of
['NaL(Sat) . Note that now one extra piece of inform-
atiogais required over the one level model of eqn 2.32,
namely the value of NaL / Na when E>277K; in other words

the value of [ NaL(Sat) .
Na .

This model should now be correct for P & K, (like in
egn 2.32) and also P2 K. Comparison of this model with
results obtained with a full collisional radiative model
show good agreement for P=K as well. (Section 4.4,

Chapter 4). This is because the effects of having Nb fixed
(NaL being higher than it should be) will be partially

) . L
offset by having Ca fixed. (Which pushes Na lower than

it should be)

Having aebtained a value of K and [ NaL(Sat)1 by fitting
Na

egn 2.39 to the data, Da may be recovered, using egns

2.36 and 2.38.

Do = K Bbo 9 [ Na'C(SwE).] 239
C.AV gm '\JG. :
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Fig. 2.3

Plots of Two level model for various values

of Nal(sat)/Na.
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2.6¢c OPTIMUM DEPLETION LEVELS

Although the depletion is larger for larger laser powers,

so making it easier to measure, it is also true that
d EQL is also decreasing with P so making the

dp \Na
measurement less sensitive.

The optimim depletion to work at then, is when the product

ANa d (Ahla) is maximised; where
AP .
ANQ, = l - _NO_-_

Na.

This occurs when

£ [(sg) ]

N

2.6d COMPARISON OF ONE LEVEL and TWO LEVEL

DEPLETION MODELS

The one level model can be recovered from egn 2.39 by

removing the stimulated emission term. Then

Noo _ K[Nofﬁsm Pt K| Nal(Sat) 2.4]
Na No. Na
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Fig. 2.4 shows comparisons of the one level model with
the two level model. In general the one level model

follows the two level model more closely for low values

of NaL(Sat) . In the worst case shown, when
Na
EQL(Sat) = 0.4, the values of P when NaL/Na = 0.5
Na

differ for the two models by a factor of 5. The values

of Da‘derived, using the one level model , would then be

a factor of 5 too high. Where Nal(sat) -~ 0.1

however, the error would only be 32;. The errors incurred
using the one level model could be quite severe despite
its attraction that a knowledge of NaL(Sat) is not
required. e

A laser capable of powers high enough to find NaL(Sat)
experimentally would need to be about two orders g% magni- -
tude more powerful than that needed‘to work at the optimum

depletion (egn 2.40) for best sensitivity.
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COMPARISONS OF ONE LEVEL AND

TWO LEVEL MODELS
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2.6e COLLISIONAL RADIATIVE MODELS

A COLLISIONAL RADIATIVE MODEL, (C.R.M.), is generally
described and defined in section 1l.3a and described in
detail in appendix 1. /By using a C.R.M. for the test
atom in a plasma of given Ne and Te it is, in principle,
possible to model the dynamics of the level of interest
under laser irradiation without any approximations being
made. However, in comparing the model predictions with
experiment, it is then only possible to comment on the
correctness of the model. If the model does not predict
the behaviour of Na correctly as a function of P, it is
difficult to know how to change the many parameters of

such a model to make it correct and so deduce the rates

out of level a.

However, a 10 level C.R.M. for He 11 was constructed and

a detailed description of it is also given in appendix 1.

It was found that, in fact, use of the simple two level
model, outlined in sections 2.6a and 2.6b, seemed,
together with the C.R.M., to be the best approach for the

analysis of the He 11 collision rate experiment.

2.7 LASER REQUIREMENTS FOR THE He 11

COLLISION RATE EXPERIMENT

This section deals with the requirements of the laser or
how the parameters of laser beam homogeneity, pulse léngth
or beam diameter could affect the resulting observed

depletion of Na.
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2.7a THE EFFECTS OF VARIATIONS IN POWER DENSITY

ACROSS THE BEAM.

In the experiment on He 11, the n = 4 population was
observed by monitoring the change in emission at

46863. (n=4 to n=3). The observation was made at right
angles to the laser beam. Inhomogeneity in the power
density across the beam diameter could lead to variations
in N4L across the sample volume of plasma. The observed
Nq,L will then differ from that expected from the average
power density due to the non linear relationship

between these two parameters.

An analysis will now be performed using eqn 2.39%a

The power density for which NaL/Na is most non linear
will be determined. A worst case analysis.will then be
given to show the effects of variations in power_density
across the laser beam for the power density derived

above.

From eqn 2.39a for laser powers much higher than satura- .
tion, i.e. P®» K, then NaL becomes independent of P.
Variation in laser power density across the beam (Provided
the power density at any point is well above saturation)

will then have no effect on NaL.

Similarly for laser powers much lower than saturation,
i.e. P& K, the depletion in Na is linear with power
density. The average depletion observed will then be that

expected from the average power density. The region where

P~ K then, is the region where Na 1s sensitive to



62
variations in power density across the beam.
At the high power limit where P> K, eqn 2.39areduces to
No - Nx(Sat) 2.4
Now Na,
At the low power'limit, where P & K, the depletion is

linear with P. Let thre depletion be ANa where

ANo. = Noo-Na = Na(l—-ﬂé) 243
No
Then
ANow = MO.P[t - (N_&____(S“k))] 2-L4
No
Na.
At low powers egn 2.44 reduces to
ANa. o~ f__ l\!o.[ Now . f] l‘Lt5
K N (Sat)
i.e. Na is a linear function of P. Rearranging eqn 2.45

£ -E[e, -] e

Fig. 2.5 shows plots of 2.37, 2.42 and 2.46 for various

values of _NaL(Sat)
Na

The plots of egn 2.42 and 2.46 show models which are in-
sensitive to variations in power density. Therefore, the
power density at which egn 2.37 deviates most from these
models will be the power at which NaL is most sensitive
to variations in power density across the beam diameter.

This occurs when

P . N&(Sak) 247
K N

More formally, eqn 2.47 may be obtained as the root of
the second differential of eqgqn 2.39 with respect to P,

giving the power at which the gradient changes most
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Comparison of Two Level Model with models showing the

two extremes of sensitivity to laser power.
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N
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Fig. 2.6

ERROR in OBSERVED POPULATION due to NON UNIFORM LASER

BEAM

NaL is the population density due to laser power P.

If half the laser beam has power P +A P and the other

half P - AP, the resulting population density observed
TS
will be Na
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(or is most non linear) with P.

A 'non uniform laser beam' can be modelled by assuming

a laser beam where the mean power density is P, but where
half the beam has a power density P +AP and half a power
density P - AP. The detector will now see an average
population density, E;f, due to irradiation from the two

power densities. In Figure 2.6 the ratio NaL/NaL is

plotted against APp/P for various values of NaL(Sat) .
Na

In general it can be seen that a variation in power den-
sity of up to 30% only changes the depletion seen in

level a by the order of 1%. Also, the lower the depletion
at high powers, the greater the effects of variations in

power density across the beam diameter will be.

2.7b DURATION OF LASER PULSE

To measure NaL with the pump laser on, it is necessafy
that NaL has reached equilibrium along with the other
levels coupled to level a. It is also necessary then,
that the laser should be on for a time exceeding this

equilibriﬁm period.

Initially, the response of Na to the laser pulse can be

written

LNO’L: = - NOL:(DO\.‘?Lb)'f Co 2143
At *

(Here it is assumed cal= Ca)
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For a step function laser profile, then agn 2.37 has the

solution.

Na () = Na /Lab.&xp—(Da.-fLaQt + Cal 249
IhL+th Na

In general then NaL(t) will change in a time scale of the

V( Da+ L.a.b)

For high laser powers, i.e. P K, then Na and Nb will :be

order

redistributed between the two levels in a time scale of

about 1/Lab according to their statistical weights. Then

NE 4+ 3aNE - Nat No 150
b

Burgess and Skinner (1974) showed that after this, the two
laser-locked levels will relax to a new equilibrium in a
time scale of about 1/Db, where, in general, Db > Da when

level b is higher than lzavel a.

So for low laser powers, P4L K, the laser should have a
pulse length greater than 1/Da. For high laser powers,
P 2 K, the pulse length should be greater than 1/Db.

The measurement of NaL should be taken after these time

periods when NaL is at an equilibrium.

For the He 11 collision rate experiment, rate coefficients

of the order of lO9 for D4 were expected.

Since the coaxial flashlamp pumped laser used for the
experiment had a rise time 10-8 sec and a pulse length
-7 s .
3 x 10 'sec, it is safe to assume that a condition of

dynamic equilibrium will be valid.
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2.7¢c A COMPARISON of the THREE LEVEL TECHNIQUE.

WITH OTHER METHODS of MEASURING

DE-EXCITATION RATE COEFFICIENTS

The fluorescence technique of Burgess and Skinner (1974)
may be considered complimentary to the three level emission
technique discussed in sections 2.6 and 2.7, in that, the
three level technique may be used to obtain the rate co-
efficient out of the lower level of a laser pumped transi-
tion, whereas, the fluorescence technique may be used for
the upper level. The three level absorption technique
used by Burgess, Kolbe and Ward (1978) is similar to the
emission technique, in that it is the lower level of the
laser pumped transition that is observed. The three level
absorption technique has the advantage, that (in principle)
the information can be obtained in one shot. However, the
plasma volume has to be homogeneous over the optical path
length requiréd to make the probe transition optically
deep. By comparison, the three level emission technique

only requires relatively small test volumes of plasma.

Where a laser can be tuned to two transitions which have
the level of interest as an upper level or as a lower
level, there will be a choice between using the Fluores-
cence or three level method, 'For example, He ii, n=4 to
n=3 at 46862, the rate coefficient out of n=4 could be
studied using the fluorescence technique, Or n=4 to n=8

at 48593, the laser could be tuned to this transition and
the three level emission technique used to study n=4. The
advantage of the fluorescence technique, is that only one

shot is required to get the information.
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The disadvantage is that the laser pulse has to have a

rise time to saturating powers small compared to the char-
acteristic relaxation period of the level studied. If the
level n=0a is being studied, the relaxation of level a to
equilibrium (see figure 1.4) will take place in a time

1/Da, the laser rise time T must thus be T < 1/Da.

The Detector must also be capable of responding on a time
scale faster than 1/Da. If the laser pulse is shaped with
a pockels cell to give it a fast rise time, then this

limits T to about one nanosecond, which, in turn, sets

an . upper limit on the rate coefficient Da that can be

measured so that Da 109.

The three level emission technique, whilst requiring
several shots to aquire the data, does not require a fast
detector. The laser pulse must have a life time greater
than 1/Da or the response time of the photo detector -
whichever is the slower. The measurable limit on the rate
coefficient is set only by the available power <ensity.

The laser then must be capable of power densities

P > DaCAv Wm*
Bob

The three level technique can be used then to look at
rate coefficients in conditions of high density and temp-
erature, where the rate coefficient will be greater than

about logsec-l .
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TECHNIQUE

LASER
FLUORESCENCE

THREE LEVEL
EMISSION
TECHNIQUE

THREE LEVEL
ABSORPTION
TECHNTIQUE

ADVANTAGES

Results obtained in one
shot.

Small test volume.

Small test volume

Do not need fast rise-
time laser.

Do not need fast detec-
tors

Measurable rate coeffic-
ients only limited by
laser power.

Results obtained in
one shot

DISADVANTAGES

Difficult to measure rate co-
efficients 3 10%sec™t ‘
Fast risetime laser required.

Fast detectors required

Several shots required
Need uniform laser beam

Uniform pump laser needed
Large plasma volume re-
quired (for optically
deep probe transition)

Table 2.1

Summary of advantages and disadvantages for the three techniques

compared in Section 2.7.

schemes corresponding to the

See Fig.l.4 and Fig.l.5 for the level

‘power required' formulae.

POWER REQUIRED Wwm *

P> % 3Thv AY Da

Qc C?

Aac

P2 9&%TThV3AV Dac

9e ¢~

Aac

P> Sa‘Bnﬂnv?AnJl)a

GcC?

Aoc
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2.8 LINESHAPES OBSERVED VIA THREE LEVEL

SPECTROSCOPIC TECHNIQUES.

As described in Chapter 1, measuring lineshapes using
three (or. more) levels of an atom offers a way of aquiring
a lineshape free of any impurities. There are basically
three ways in which an impurity free lineshape may be

obtained. These are summarised in figs 2.7.

Fig 2.7a shows a method where the lineshape of interest

is obtained in absorption in the usual way. The absorption
lineshape is then obtained again, but this time, while
another transition, having a common lower level, 1is sat-
urated with a high power dye laser. If there is no impur-
ity contribution the two lineshapes so obtained, should be
the same, except that the optical depth in the second case
is reduced across the profile, due to the action of the

pump laser depleting the common lower level.

If there is an impurity contribution, its optical depth
will not be reduced by the pump laser, so then, by suitably
normalising the two profiles and taking one from the other,
the line shape of the impurity will be revealed. This can
then be taken from the first straight absorption profile,
so leaving an impurity free profile. This technique will
here be called Saturated Three Level Absorption Spectros-
copy S.T.L.A.S.

Fig. 2.7b shows a method where a pump laser of known power
density, is now tuned through the lineshape of interest
and the resulting depletion of the lower state is mon-

itored by a probe laser tuned to another transition,

having a common lower level.
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Fig. 2.7a

Probe -
lLaser SATURATED

THREE LEVEL ABSORPTION
Pump Laser

SPECTROSCOPY
Pump
Fig.2.7b Laser
NON SATURATED THREE LEVEL Probe
Laser
ABSORPTION SPECTROSCOPY
Pump Laser
Emission
Fig.2.7c

SATURATED THREE LEVEL

EMISSION SPECTROSCOPY

SCHEMES for THREE LEVEL LINESHAPE SPECTROSCOPY
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The depletion of the lower level will be a function of the
pump laser power and the value of the line shape function
at the pump laser frequency. The lineshape so produced
will be independent of any impurities having transitions
at the same frequency. This technigue will be called

Non Saturated Three Level Absoirption Spectroscopy. -

N.5.T.L.A.S.

Figure 2.7c shows a method where the lineshape of interest
is observed in emission in the usual way. The lineshape

is then observed again when the population of the upper
level is perturbed by irradiating another transition,

which has the upper level as one of the laser pumped levels.
The two profiles should again be the same, if there is no
impurity, but the emission strength in the second case

will have changed across the profile.

As with the first absorption method described above, the
lineshape of any impurity will be revealed by suitably
normalising the two profiles and taking one from the
other. This technique will be called Saturated Three

Level Emission Spectroscopy. $.T.L.E.S.
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c lineshape

required

oump laser probe laser

———————— (.

common ground state

Fig. 2.8

LEVEL SCHEME for SATURABLE
THREE LEVEL ABSORPTION SPECTROSCOPY
The lineshape of the a to ¢ transition is obtained
twice - once by straight forward absorption, then again
by absorption, but this time, depleting level a by pumping

on the a to b transition with a dye laser.
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2.9 SATURATED THREE LEVEL ABSORPTION

SPECTROSCOPY - (S.T.L.A.S.)

Figure 2.8 shows the scheme for S.T.L.A.S. The lineshape
is obtained twice. Firstly, an orthodox absorption profile
is obtained using a probe laser. Secondly, an absorption
profile is obtained, again in the same basic way, but this
time the lower level of the transition is depleted by sat-
urating another transition, having a common lower level.
This second absorption profile will have a lower optical
depth for any given frequency than the first profile.

The optical depth of any impurity will, however, remain
unchanged. If the two profiles are suitably normalised
and one taken from the other, then the lineshape of the

impurity will be revealed.

£ T(V) is the optical depth of the transition of in-
terest at frequency Y , then T(VB is a function of the

population of the lower level Na.

Let Tiﬂ\L_be the optical depth whilst the laser, (tuned to
another transition of the same series,) is on. Let F be

the normalising factor such that
Fe(v) = T, 2:5

Let I(V) be the impurity optical depth at irequency V
When the normalised lineshapes are removed from each other,

let 'R(é) be the remainder, then

R = F[eO) + 1)) - [ £l),_+ I(vﬂ

TW(F-1) 152

)
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From egn 2.52 it can be seen that the sensitivity of the

experiment is a function of F, which is a measure of the
depletion of the lower level. It is then desirable to
have as large a change in the lower level as possible

for maximum sensitivity.

2.9a LASER REPRODUCIBILITY

To achieve maximum depletion, it is seen from eqgn2.37, that
laser power densities, greater than saturation, are required
i.e. P > K. Using high laser powers is also an advantage,
since then the depletion becomes independent of laser power.
Thus shot to shot fluctuations in power and beam inhomo-
geneity are not a problem and the laser need not be monitoreg,
even if it were not of high quality (in terms of beam homo-
geneity or reproducibility).

In Section 2.7a it was shown that even for a worst case
analysis, where P2~ K, the variation in the NaL due to

laser beam in homogeneity, would be quite small. This

would be especially so at high laser powers where P 3> K.

Laser irreproducibility is another matter though.

At high power densities the radiative rates between level a
and level b will dominate the rates for level a.

The population of level a will then be, (from eqn 2.37)

r\!at = i&Nb(P-rK) 252
%% P
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The uncertainty in Na, due to irregroducibility of the

laser, may be written
No + ANa - 9aNb .((P-rAP)* K)_ .54
@b(f’+ Ap)
Multiply top and bottom by (P -AP) and ignore all terms

2
in AP , then

ANG = 9o Np K [ AP 2565
9p P P

At high laser powers

“: = @_t_x._Nb
b

Egn 2.55 can be written

AN& . _K_(grz 2:5b
N Pl p

. L . .
The error in Na™ is then proportional to the error in P,

but is reduced by a factor K/P.
For example then, if the reproducibility in the laser is

. L .,
20%, then, to ensure the consequent error in Na~ is less

than 1%, the laser power should be 20 times the saturation

power.

For laser powers lower than this, it would be necessary
to account in some way for the laser irreproducibility.
The laser power would have to be monitored on a shot to
shot basis and then the data could be corrected for
consequent variations in NaL by reference to a previously

prepared Plot of Na™ versus P, obtained experimentally.
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2.9 PUMP LASER PULSE LENGTH and PROBE LASER

TIMING

Section 2.7b showed how the pulse length of the pump

laser should be at least 1/Db and preferably longer,. so
that NaL came into equilibrium. It is also necessary

that the new optical depth be determined only after this
time. So if the probe laser were a pulsed laser, it should
be +triggered only after the pump laser has been od for a

time ~ 1/Db. The probe laser should also turn off before

the pump laser does.

2.10 NON SATURATED THREE LEVEL SPECTROSCOPY

Figure 2.9 shows the scheme for N.S.T.L.A.S.. The pump
laser is tuned through the transition of interest. The
resulting depletion of the lower level population is
measured using the probe laser which monitors the change

in opacity on another transition of the same series. The
change in opacity on the probe transition will then be a
function of the pump laser power and the value of the line-
shape function at the pump laser frequency. (It is assumed
here that the pump laser bandwidth is small compared to
that of the transition.). Since the opacity of any impurity
will remain unchanged by the action of the pump laser, the

resulting profile will be free of any impurities.
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Pump Laser

Probe
Laser

Fig. 2.9

LEVEL SCHEME FOR NON SATURATING

THREE LEVEL SPECTROSCOPY

The pumo laser is tuied through the transition
of interest on a shot to shot basis. The de-
pletion of the lower level, monitored by the
probe laser, will be a function of the laser
power and the. transition line strength at the

pump laser frequency.
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There are two possible methods of approach to this technique.

Ane is to keep the pump laser power density low enough that
changes in Na will be a linear function of the laser power
density and the lineshape function. 1i.e.

ANa _ WGV) P(V) 2:57

Na.

Where Fﬁﬁis power density of the pump laser tuned to fre-
quency V and W is. a constant. In this approach the laser
power density may be kept the same whilst tuning through
the transition and then ¢Aﬁ will be proportional to ANa,
which is observed as a change in opacity on another tran-

sition with a common lower lev=l.

The other approach is to increase the power density so that
(the now larger) ANa is not linear with Pyl Now, however,

ANa is kept fixed and 75(\’) is inversely proportional to

P(v)-

Both the above approaches will now be analysed in detail.

2.10a LINEAR N.S.T.L.A.S.

The linear N.S.T.L.A.S. approach is when the pump laser
power density is low so that the depletion in Na is a
linear function of the laser power density, i.e. eqn 2.43
may be said to apply. .Figure 2.10 shows the percentage
departure of eqn 2.43 from the 'correct' model of eqn 2.34

as a function of P/K for various values of Nb.
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Fig. 2.10

Percentage departure from linearity with laser power

for the two level model of eqgqn 2.39a

This plot shows how the two level model of eqgqn 2.39a
deviates from the linear low power model of eqn 2.46

as a function laser power normalised to P.
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In general it can be seen that to keep A Na linear with

P@Qto better than 1%, then the pump laser power density
must be kept to less than one thousandth that required
to saturate the transition. Also the depletions induced

must be kept to less than 1%.

This places quite severe constraints on the accuracy of
the detection apparatus which, to obtain an accuracy of
1% in measuring A Na, must be able to measure NaL to one

part in lO4 or better.

The beam quality of the pump laser would not be a problem
with linear N.S.T.L.A.S. for reasons given in section 2.7a.
Since the laser power would be constantly monitored, re-

producibility would also not be a problem.

Where the optical depth at the pump laser frequency is
significant, then the pump laser power density will decrease
exponentially down the test column. This can be corrected
for, by determining the average power density and using

this in eqgn 257 to calculate the lineshape function from

the observed average A Na.

If Pﬁ»is the input power density, then the average power
density along the column length will be P(V) where
T ~T()
PLY) = PM(I ~ 2 258
(v)
't(d)is the optical depth at frequency V.
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2.10b NON LINEAR N.S.T.L.A.S.

‘The non linear approach outlined below, allows the depletion
of Na to be increased by increasing Phﬂso that the depletion
is no longer linear with P(¥). When tuning through the tran-
sition, then, it is required to find the value of P()that
will‘give a set depletion in Na. ¢(V) will then be inversely

proportional to that value of P\

Although A Na is increased by increasing Pb& so making it

easier to measure, it is also true that ol___PANa-
o

is also decreasing with Pﬁﬁso making the measurement less
sensitive. The optimum depletion to work at then is that
where the product ANoe d ANa is maximised.

af

This occurs when

NE (Sad)
Nao _ ( aN“ + ‘) 259
Noo 2
or when P - N;(sa)) 2.-b0

K Na

This depletion however is (as might be expected) the point
where NaL is most sensitive to inhomogeneities in the pump
laser beam. The effects of variations in the power density

across the pump laser beam are discussed in Section 2.7a.

When working in this non linear mode however, it is essential
that the transition be optically thin at the pump laser
frequency or the pump laser intensity will vary down the
sample column in a manner which will be difficult to predict.
As a general rule this technique should not be used where the

optical depth is greater that 0.01, say if an accuracy in

¢(V) of better than 1% is required.
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2.10c THE REQUIREMENTS FOR THE PROBE LASER.

The probe laser measures the change in Na by monitoring
the change in opacity on the probe transition. The op-
tical depth of the probe transition is measured by taking
the log of the ratio of the input and output intensity of
the probe laser, so that

In E(_\Q = (V)

F(v) )
or  PLV) - PW) e 26|

\
Where F%d)and P(J)are the input and output power densities

of the probe laser tuned to frequencyy .

The change in the optical depth AVt(V) is found by

\
measuring the change in laser power density llpfﬁ. In
the linear mode the change in optical depth will be a

linear function of the change Na, or

atlv) . aNa 262
(V) No.

In the non linear mode, the stimulated emission rate from
the upper level of the pumped transition will mean ﬁYUCQE
and ANa are not linearl y related, however, since AN
and hence AU , would be kept a constant, in this mode

this should not matter.

The relationship between AT and AP(\’) is found from

eqn 2.56. 3 ( )
o) + af(y) - PLV) [ﬂv 2 A 163
then AP:(.\’» = UP;[(A’E’(\h T;(ﬂ - 2+ bly
PLy) 8)
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or At _ | Un PL) 265
) t(v) (V) + AP(V)

Eqn 2.65 shows that for any given change in Na and hence

change in optical depth, the fractional change in the in-
tensity of the probe laser will be a function of the op-=

tical depth.

\
Figure 2.11 shows how APV varies with TLV) for a 1%

and a 5% variation in Na.

For maximum sensitivity then, the probe laser should be
tuned to the highest optical depth possible whilst main-

\
taining accuracy in the measurement of P(Vl'

In practice this should only be limited by photonshot
noise. For example, if an accuracy of 1% was required

in the measurement of ﬁ(@)then 104 detected photons are
required during the intedrating period of the detection
system to achieve a signal to noise ratio of 100.

Assuming the detector has a quantum efficiency of 10% then

> photons are required.

10
Assume the probe laser is a CW dye laser and the pump laser
is a flashlamp pumped dye laser with a pulse length of

300nsec. The integrating period is then 300nsec. A photon

\
11 photons/sec is then required for P(Q)

flux of 3 x 10
CW dye lasers are capable of 300mw power which is a photon
flux of ].Ol'8 photons/sec at 5000R for P(V\
Now
In Ebﬁ - ﬂh_ﬁis _ 19:0% = (V)
P(v) 210"
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ANg = 5%

Fig. 2.11

Variation of laser output intensity with optical depth

for a given change in Na.

This plot shows how a probe laser intensity will vary

for given changes in Na as a function of optical depth.
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For such a system it shouid then be possible to achieve
an increase in the sensitivity of the measurement of
ANa/Na by a factor of 15 or more, (see fig. 2.11) by
tuning the probe laser to a point in the probe tran-

sition where the optical depth is 15.

This overcomes to some extent, the objection to the use

of the linear N.S.T.L.A.S. that only small values of

A Na/Na could be tolerated; since a one percent change in
Na registers as a 15% change in ﬁ(ﬁ) (fig. 2.11) which
would be relatively easy to.measure and would reduce the
accuracy requirements on the measurement of ﬁ(d)by a factor

16 over measuring the same change at optical depth one.

2.10d WHEN TO USE S.T.L.A.S.

S.T.L.A.S. is most useful when the optical depth of the
probe transition (the transition of interesﬁ) is high.
Thus it is useful for looking at the cores oflines but be-
comes progressively less sensitive as the change in the
intensity of the probe laser due to the transition opacity

approaches the error in measuring that intensity.

Thus, in the line wing where the line becomes optically

thin, S.T.L.A.S. might not be as suitable as N.S.T.L.A.S.
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2.11 SATURATED THREE LEVEL EMISSION SPECTROSCOPY

Figure 2.12.shows a schematic diagram of the method.

The lineshape of the transition of interest, b to ¢, is
obtained in emission, in the normal way. The emission
profile is then taken again, but this time another trans- .
ition, a to b,-sharing the same upper level, b, as the
transition of interest is irradiated. The b ﬁo c emission
will be enhanced for this second lineshape profile, but

the lineshape should otherwise remain the same.

If there are any impurity contributions to the b to ¢ line-
shape, these will not be enhanced by the action of the laser
on the a to b transition. When the two profiles are suitably
normalised and one is taken from the other, the lineshaﬁe

of any impurity contribution will be revealed.

As shown in figure 2.13, the upper level of the transition
of interest, need not be the same as one of the levels of

the pumped transition. They may be two close lying levels,
b and ¢, which are strongly coupled by ordinary plasma pro-

cesses, either by spontaneous radiation or collisionally.

Clearly, the sensitivity of this technique depends on
the degree of enhancement obtained for the upper level.
For maximum enhancement it is necessary to saturate the

pumped transition.

Comments similar to those made in section 2.9a for S.T.L.A.S.
<21 be made here, regarding the punp laser reproducability

and beam inhomogeneity.
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Pump Laser
L a \

observed transition

Fig. 2.12
THE LEVEL SCHEME for S.T.L.E.S.

The intensity of the emission profile on the observed
transition is increased by using it as the upper
level of a laser pumped transition. The relative

increase will be the same for any point in the profile.
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collisional coupling

a

pump laser

observed d

transition

Fig, 2.13

ALTERNATE LEVEL SCHEME
FOR

S.T.L.E.S.

As for Fig. 2.12., but the upper level of the observed
transition is now enhanced by collisional coupling to

the #oer level of the laser pumped transition.
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2.11a ENHANCEMENT OF THE UPPER LEVEL IN S.T.L.E.S.

As explained in section 2.6a, in a plasma, the upper level
of the pumped transition should tend to relax back to very
near the population density that existed before the laser
was turned on. This is due to the rates out of the upper
level being generally much highér than those out of the
lower level of the pumped transition. Burgess et al- (1980)
showed that for Hydrogen, this was not necessarily the case.
For a hydrogen plasma, where 03¢V < Te &L 0:8eV

and  Ax 107em™? < Ne o kx 10"%cm 3

it was found, the enhancement was, in general, about
6 times greater than expected for n=3 when H-Alpha was

pumped and about 22 times greater for n=4 when pumped,

The enhancementsobserved by Burgess et al (1980)
were, in fact, about a factor of two instead of 10% as

expected. Similar anomalous enhancements were seen by
Huang, Kolbe and Burgess (in preparation) for Helium. No

consistsnt reason for this anomalous enhancement has as

yet been given.

The Short time enhancement that occurs soon after the laser
turns on, is due to the rapid equalization of populations
of the upper and lower levels. This enhancement is much
greater than the long term enhancement discussed above,
however, accurate measurements of this 'spike' would be

difficult due to its transient nature.

Fig. 2.13 shows a scheme which makes use of sensitised
fluorescenceto enhance the upper level of the transition

of interest. An estimate of the amount of enhancement to
be expected can be obtained in the following way.
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2.11b LEVEL ENHANCEMENT EXPECTED due to

SENSITIZED FLUORESCENCE.

For a time stationary system in the absence of any laser
pumping, the rate equation for level b, may be written
(from eqgn 2.2)
Dbfqb = C@

With the laser turned on, there is an enhanced population
in level a, which in turn leads to an increase in the coll-
isonal rate from level a to levelb. The new rate equations
for level b may be written

dNb(i’\ = - Dy NbU) + Co + Dpa ANa 1-bb
At

Strictly speaking,Cb does not remain corstant, since the
populations of other levels collisionally (or radiatively)
coupled to level a, will also be affected, so affecting
their rates into level b. However, it is assumed, level

b is tightly coupled to a. Solving for Nb(t).

- Dt
NolH) = Nolt-0) + ANaDab (1 -2 ) 1.b7
Do
for £ >eo,
ANb = Nb(‘i’) - Nb(f’:(}) = ANa Dab 2.b3
Do
éﬁﬂb = ANa Dab 2169
No Cb

The relative increase in Nb is proportional to the
relative increase in the total fate into level b,

which is a function of the rate coefficient Dab.
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Burgess et al. (1980) looked at the sensitized fluorescence
of H-Beta and H-Gamma while pumping H~Alpha. A summary

of their results is given below in Table 2.2.

Ne lew ) A0 4x10" 2410
Te (V) 071 045 037
AN, theoty | 0-0L 0-08 033
Ny 2LXPp. 0-4 0-%5 073
.00 . —
s theory 0-0 0-0%
Ns 2xp. 0% 0 4 —
Table 2.2

The experimental enhancements given in Table 2.2, show the
level of enhancement that may be expected from sensitized
fluorescence - generally less than a factor of 2. Egn 2.62
shows that the time scale over which the change in popula-
tion takes place is of the order of 1/Db. As explained
above, however, the change in Na does not take place
instantaneously, but in a time scale of the order 1/Da.

(Burgess and Skinner, 1974).

For the plasma conditions set out in Table 2.1

5410 sec >l/D-5> 15 %see ond %)#5 A 10 8 sec

The pump laser should be on for periods longer than

1/Da or /Db, whichever is the longer.
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2.12 A COMPARISON OF THREE LEVEL LINESHAPE

TECHNIQUES.

In the preceeding sections of this chapter, three techniques
have been analysed, by which an impurity free lineshape may
be obtained. For all three techniques the sensitivity and
hence efficacy of the technique depends upon the relative
change in the observed parameter induced by the perturbing

Taser.

S.T.L.A.S. may be used where the transition of interest has
a high optical depth. It will thus be generally restricted
to use for looking at the line core. Practically, its use

is restricted to optical depths greater than 0.01.

N.S.T.L.A.S. on the other hand, when used in the non linear
mode, 1s restricted to use where the optical depth of the
transition of interest is below 0.01. If the probe tran-
sition has high optical depth (i.e.2 10), then the sensi-
tivity of N.S.T.L.A.S. can be very good. S.T.L.A.S. and
N.S.T.L.A.S. are seen to be complimentary then in their

use across a complete line profile.

Where Cbﬂ > 0.01, N.S.T.L.A.S. can only be used in its
linear mode, but this reduces the sensitivity of the
technique severely, even if high optical depth is available
on the probe transition. S.T.L.A.S. is therefore to be
prefered over linear N.S.L.A.S. =t the line core.

S.T.L.A.S. is also to be prefered over S.T.L.E.S., the _
emission technique, for reasons of sensitivity. The
induced depletions in S.T.L.A.S. are of the order of 0,
whereas the enhancements in S.T.L.E.S. will normally only

be of the order of 2 or less.
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Also for S.T.L.E.S. the emission observed, is generally not
from the laser pumped region alone, which lessens still
further the observed enhancement due to laser pumping. In
general then, S.T.L.A.S. is about 5 or more times more

sensitive than S.T.L.E.S.

Ss. 7.L.A.S. and N.S.T.L.A.S. are confined, in general, to
series where the pumped and probed transitions are in the
visible or near visible. Using frequency doubling or
tripling techniques, it is possible to extend these tech-
niques to the U.V. or even V.U.V. but tunable laser powers
in these regions presently do not exceed a few tens of
kilowatts. S.T.L.E.S. on the other hand can be used with

far greater flexibility over the entire spectrum.

2.12a THE CHOICE OF TECHNIQUE FOR THE H-BETA

LINESHAPE EXPERIMENT

The purpose of thé H-Beta lineshape experiment, was to
look for possible impurity contributions at the core of
the line in the region of the central dip. The optical -
depth of the centre of H-Beta, for the Z-pinch plasma
source used, was about 1.5. This immediately restricts
the choice to the use of S.T.L.A.S. and so this was the

chosen technique.
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CHAPTER 3.

APPARATUS and EXPERIMENTAL METHOD

SECTION 1 : APPARATUS

3.1.1. PLASMA SOURCE

The plasma source used in all the experiments described

in this thesis, was the afterglow phase of a 70cm linear

2z pinch. The construction of the plasma vessel and the
associated vacuum, plumbing and electrical circuitry,

were practically identical to another device used for a
number of lineshape and collision rate experiments in this
laboratory. See e.g. Burgess and Cairns (1970 ahd. 1971),
Burgess and Mahon (1972), and Burgess, Myerscough, Skinner

and Ward (1980).

The Plasma vessel is shown in Fig. 3.1 and consisted of

a 70cm long pyrex tube of internal diameter 4.5cm. The
hollow ring elec:rodes which support the tube at each

end allow an uninterupted #iew down the central axis of
the vessel. The vessel was rendered vacuum tight by
means of 'O' ring seals between the electrodes and the
pyrex tube: the quartz windows on the ends of the vessel
similarly had 'O' ring seals. The six earth return bars

were placed on a radius of 7cm around the pyrex tube.

The filling gas was fiowed continuously through the

vessel, by a rotary pump, which exhausted the gas at one
end while the gas input was via a needle valve.at the

other end. The needle valve was used to control the
pressure, which was measured using a McCleod gauge.

A liquid nitrogen cold trap was placed in the exhaust

line to prevent oil fumes from the rotary pump con-
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taminating the vacuum vessel.

The electrical circuit is shown in Fig. 3.2. It consisted
of a 0.5m.f.d. rapid discharge capacitor, which was charged
to 20 KV and discharged into the plasma vessel via the
spark gap. A 3ohm damping resistor was used to prevent

ringing.

3.1.2. ELECTRON DENSITY

This was measured, using an interferometric technique
due to Ashby and Jephcott (1963). The experimental
method was similar to that used by Mahon (1973) and will

not be described in detail here.

Each fringe on the resulting interferogram represented

a change in the electron density of A Ne, where

ANg = M€, 8n'a'ca' m-3 3
LA

Where L is the length of the plasma column and A is

the laser wavelength.

Figs 3.3 and 3.4 show plots of electron density versus
time after peak current for Hydrogen and Helium

respectively.
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ELECTRON DENSITY for HYDROGEN

AFTERGLOW PLASMA

Filling pressure was J.450 Torr

Charging voltage was 20 KV.
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ELECTRON DENSITY in HELIUM

AFTERGLOW PLASMA

Conditions were 20 KV charging voltage.

Pressure was J.l Torr

A
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3.1.3. ELECTRON TEMPERATURE - HYDROGEN

The electron temperatures were measured by Thomson
Scattering. This work was performed by Mark Nicholson,
to whom I am extremely grateful. The experimental
method is detailed in the thesis of M.Nicholson (1983)
Fig. 3.5 shows a plot of electron temperature as a func-

tion of time after peak current for Hydrogen.

3.1.4. ELECTRON TEMPERATURE - HELIUM

The electron temperature wés determined by Thomson
Scattering. For the He plasma for a time 18 microseconds
after peak current when the electron density was

Ne = 5 x 10-%2m™3.  This temperature was found to be

1,35 ev.

However, this Thomson Scattering measurement was not
performed until after the publication of the results of
the collision rate measurements by Kolbe, Huang ahd Bur-
gess (1982). For thepurposes of that publication, the
temperature was derived by determining the He EI level

populations for n=3,4,6,7,8, and 9, by calibrated emission

‘measurements.

A:He 11 collisional radiative model (described in Appx 1)
was then run, varying the temperature in an iterative
manner, to give the best agreement between theoretical

and experimental level populations. For a temperature of

4.3eV the predicted level populations agreed with those

measured, to within a factor of two.
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Fig. 3.5

ELECTRON TEMPERATURE of HYDROGEN

AFTERGLOW PLASMA

Obtained by Thomson Scattering for a charging
voltage of 20 KV and a filling pressure of
5.45 Torr .

An exponential fit to the data (solid line)
gives

Te = (3.16 £ 0.03)exp - (£/36.4 £ 2.7)ev
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3.1.5. COAXIAIL FLASHLAMP LASER SYSTEM

The coaxial flashlamp pumped lasers used, were based on
a de-mountable design, described in the thesis of C.H.
Skinner (1974). The differences between the present
laser system and that of Skinner being ones of detail,

making the present laser system wore reliable.

The electrical circuit of the laser is shown in Fig. 3.6.
It consists of a rapid discharge, low inductance, 0.5
microfarad, 30 K.V. capacitor; whose charge is switched
into the lamp via a low inductance, mid- plane type spark
gap, developed by S.J.Fielding and J.Wheaton. ( A'mid
plane' spark gap is one where the trigger electrode is
placed equidistant from the two main electrodes and is

biased to a voltage equal to half the bank voltage)
3.1.6. THE COAXIAL LASER TRIGGERING SYSTEM

The spark gap of the Skinner laser was triggered by
switching a 250 volt pulse into a 1:100 pulse trans-
former. The 25 K.V. pulse generated, took about 20
microseconds to rise. In consequence, it j.coved diff-
icult to obtain jitter times of less than a microsecond

for the laser output.

Since the laser pulse was only 300 nsec long, it was a
problem to try and synchronize the laser pulse to any
other short time event, such as another laser pulse, or
to use a Pockels cell to switch out part of the laser

pulse and give it a fast leading or trailing edge. This
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ELECTRICAL LAYOUT for COAXTIAL

FLASHLAMP PUMPED DYE LASER
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problem was solved by building a system, first developed

at Culham Laboratory, for the fast switching of spark gaps
This syatem consisted of a Thyratron trigger unit, which
discharged a 1000 p.f. capacitor charged to 10 K.V.into

a 50 ohm cable. At its other end, the cable was attached
to the trigger pin of the spark gap via an isolating
1000p.£f. capacitor - the cable side of which was grounded
via a 2.7K resistor, see Fig. 3.7. There was thus an
impedence missmatch at this point of the cable, resulting

in a doubling of the voltage pulse to 20 K.V.

If the electrode separation in the spark gap, (about 3mm)

and the spark gap pressure, (about 31lb per sq. in.) were

adjusted to give a gap breakdown voltage some 500 volts
higher than the bank charging voltage, (about 20 K.V.):
then the jitter time, using the thyratron trigger unit,

was about 10 n.sec. (These trigger units are now marketed
by Chelsea Instruments.) The circuit diagram of the trig-

ger unit is shown in Fig. 3.8.

Given the small jitter time in triggering the laser flash-
lamps, it becsme possible to use two flashlamps in con-
junction, as an oscillator-amplifier combination.

Fig. 3.9 shows the complete optical layout of the
oscillator-amplifier combination. The oscillator was
tuned using two Fabry Perot etalons. A limiting aper-
ture was placed between the oscillator and the amplifier.
This served to prevent, so called, 'whispering' modes,

that is, off axis high divergence radiation being re-
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Trigger

Thyratron

Fig. 3.7

SCHEMATIC of TRIGGERING SYSETEM

for FLASHLAMP LASER

A 1InF capacitor charged to 10KV is discharged into
a 50 ohm transition line by a Thyratron.

The large impedence mis match at the other end of
the cable caused voltage doubling, so creating

a 20KV pulse rising in llnsec to trigger the

laser spark gap.
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of Fig. 3.7
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flected at grazing incidence, off the walls of the dye

tube in the amplifier.

Using one 6 micron gap etalon in the oscillator cavity,
gave bandwidths of the order of 58. Adding»a 100 micron
gap etalon, reduced the bandwidth to about 0.32. The
powers available, using the tuned oscillator-amplifier
system, were about 600 K:W. The divergence was measured

to be about 2 m.radians F.W.H.M.
3.1.7. THE NITROGEN LASER

The principles of operation of the Nitrogen Laser has been
well described by Cherrington (1979). In this section,
only the relevant details of the laser used, will be

given.

The laser was built following a lumped Blumlein voltage
doubler design, described by C.L.Sam (1976). Fig. 3.10
shows a schematic diagram of the laser. The cavity was
30cm long and had a 100% Aluminium coated rear mirror
and a quartz parallel flat was used as the output mirror.
The 2mm radiused copper electrodes were set 25mm apart.
The capacitor bank consisted of twenty 1000p.f.Barium
Titanate capacitors, ten of which were placed along each
electrode. The switch was an English Electric CX1571

thyratron, which was especially designed for use with

pulsed lasers of this sort, as it will still work in a
glow discharge mode regardless of whether the 'anode'
polarity is positive or negative. This .is of importance

since voltage reversals can take place on failure of the
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surrounding the electrodes.
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discharge channel to break down, so causing ordinary
thyratrons to break down in a spark discharge mode.
Repeated spark discharges would quickly destroy the thy-

ratron, resulting in very short thyratron life.

To promote reliable breakdown and uniform discharge in
the discharge channel, a varient of the Lambert and
Pearson type preioniser circuit was constructed. This
consisted of a series of 4 electrodes placed equally
above the unswitched electrode, as shown in Fig 3.10.

Due to the much smaller gap, the preioniser circuit will
breakdown marginally before the main discharge. The ions
and U.V. radiation produced in the preioniser discharge
will help seed the main discharge and promote a uniform

breakdown along the channel.

The performance of this Nitrogen Laser is summarised in
Table 3.1. The circuit used to trigger the thyratron

is shown in Fig. 3.11.

The entire laser plus power supplies was placed in a 16
gauge steel box to prevent raaiation of electrical noise.

The layout of the laser is shown in Fig. 3.12.

NITROGEN LASER PERFORMANCE = TABLE 3.1
Pulse delay = 500n sec after input pulse
Jitter time = 10 n sec
Pulse width = 3 n sec F.W.H.M.
Cptical output energy = 0.5 m.J.
Efficiency : Optical output enerqgy - 3 x 10-4

Stored electrical energy

Bank voltage for all measurements was 13 K.V.
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Fig. 3.12

A PHOTOGRAPH of the NITROGEN LASER
(See overleaf)

In the foreground is the circuitboard containing

the thyratron trigger circuitry (Fig.3.11l)

Behind that is seen the thyratron itself which is
connected to the discharge channel wvia a flat

plate transmission line. On the top of the perspex
discharge channel can be seen the caqacitor resistor
networks serving the four pre-ionizing electrodes.
On the far side of the discharge channel can be

seen 10 of the Ba Ti O3 capacitors held in place

by the clamp bar.
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3.1.8. LASER PUMPED DYE LASER

Various forms of intra-cavity beam expansion systems
have been published for use in transverse laser pumped
lasers. Having tested the telescope beam expander,
(Hansch, 1972), The prism beam expander, (Hanna, Kark-
kainen and Wyatt, 1975) and the grating beam expander,
(Shoshan, Danon and Oppenheim, 1977), it was decided to
use the grating beam expander system on the grounds of

relative cheapness, ease of allignment and low bandwidth.
A detailed comparison of these various-arrangements can

be found in a paper by Trebino, Roller and Siegman (1982)

Fig. 3.13 shows a schematic diagram of the laser, using
the grating as the beam expander. The grating is used at
grazing incidence which gives it high dispersion. The
output is taken from the zero order reflection off the

grating.

Fig. 3.14 shows the final layout of the constructed dye
laser. The tuning mirror mount has fine and coarse
adjustment. The coarse adjustment micrometer acts
directly on the mirror mount which swings on bearings
attached to the fine adjustment arm. The coarse adjust-
ment micrometer is mounted on the fine adjustment arm.
The fine tuning is affected by means of a large diameter,
2 micron per division, micrometer acting upon a spring
loaded one degree wedge. The sloping edge of the stain-
less steel wedge acts against a graphite 1-.aded teflon
ball set in to the fine adjustment arm. The datum side

of the wedge slides against a stainless steel flat.
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Fig. 3.13

LAYOUT of GRATING BEAM EXPANDER

TRANSVERSE PUMPED DYE LASER.
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Fig.3.14

A PHOTOGRAPH of the DYE LASER
(See overlestf)

In the right foreground is seen the 100% rear mirror
mount. Behind that is seen the dye cell which is
held in place with a magnet in a precisely relocat-
able corner mount. Behind the dye cell is the
grating mount which allowed rotation about the two
mirror axes and lateral movement (left <= right as

viewed).

To the left is the tuning mirror assembly. The
actual mirror mount, with its vertical adjustment

screw, is hung by pin bearings on the fine control

arm.

The fine control arm is itself hung by pin bearings
on a post atta¢hed to the base plate. Coarse
tuning is effected by the small micrometer, which
moves the mirror mount with reference to the fine
tuning arm. Fine tuning is effected by the large
micrometer moving a one degree wedge against a
graphite loaded teflon ball set into the fine

tuning arm.
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The performanze of this laser is summarised in Table
3.2. A 1200 iine per m.m. holographic grating was used.

The angle of incidence at which the grating was set was
about 89°.

LASER PUMPED DYE LASER

Coarse tuning rate = about 1008 per mm of

micrometer throw.

Fine tuning rate = About 0.758 per mm of

micrometer throw.

Conversion efficiency = Pumplaser enerqgy
Dye laser output energy

Laser bandwidth =". _About ~.018.

Laser divergence = 2 m. radians F.W.H.M.

TABLE 3.2
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SECTION 2

3.2.1. EXPERIMENTAL LAYOUT for He 11
COLLISION RATE EXPERIMENT

Initially, an attempt was made to determine the collision
rates out of n=4 in He 11, by observing the transient
behaviour of the n=4 population as the n=3 to n=4 tran-
sition, 46868, was pumped with a coaxial flashlamp rumped
dye laser - much in the manner of Burgess et al (1980),
who used this technique to determine the collision rates
out of Nn=3 in Hydrogen, by pumping Balmer Alpha with a
high power dye laser. The apparatus layout is shown in

Fig. 3.15.

The dye laser tuned to 46868 was directed down the axis
of the plasma. The fluorescence at 46862 was monitored
at 90° to the laser beam using an f/lo 1 meter 'Monospec
1000' monochromator with an R.C.A. 4836 photomultiplier

mounted on the exit slit.

The signal was displayed on a Tektronix 7904 oscilloscope
and photographed. ©No transient leading edge or ‘'spike'
was seen, however, and the failure of this experiment

was thought to be due to three factors.

1. The signals were very noisy, having a signal to
noise ratio of about 2:1. The signals observed by Bur-
gess and Skinner when observing H-Alpha, using essentially

an identical set of apparatus were much cleaner. This is

h1
=

accounted for by noting that the predicted n=4 He

population was about three orders of magnitude lower than
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Plasma

Laser beam

T~ i

Photomultiplier
[
R.C.A.
4836
'Monospec <EEE>
1000
Monochro- 9
mator
Tektronix
7904
C.R.O.
Fig. 3.15

ORIGINAL LAYOUT for He I1 46868

LASER FLUORESCENCE EXPERIMENT

Both the laser and the plasma were tuned to 4686%.

The laser fluorescence was focissed onto the entrance

slit of the monochromator. The signal from the

Photomultiplier was disvlayed on the C.R.0. screen

and photographed.
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the N=3 hydrogen populations observed by Burgess et-al.

2. The predicted rates out of n=4, He 1l,were about
an order of magnitude higher than the rates observed out

of N=3 in Hydrogen for the same electron density and temp-
erature conditions. It would therefore require much

higher laser powers to saturate the He 11. 46868 tran-
sition than to saturate H-Alpha. (For Ne = 5 x 1014, this

meant power densities greater than lOGW/cm—2 were required)

3. Zlectrical noise generated by the laser was com-

paraBle to the small signal levels that were being ob-

served.

In an attempt to rectify these deficiencies, the apparatus

was modified, as shown in Fig. 3.16.
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R.C.A. 4836
Photomultiplier

46868 10R Filter

100%
mirror
Coax Flashlamp

Plasma Glan Taylor Polariser

Pockels
Cell

50% front mirror
<:j) 100 micron F.P. etalon
6 micron F.P. etalon

Coax Flashlamp

Glan Taylor polariser

100% rear mirror

Fig. 3.16

MODIFIED LAYOUT for He 11 46868

LASER FLUORESCENCE EXPERIMENT

This layout was an attempt to produce maximum laser power

with minimum laser risetime in the plasma.
The detection system now used a lensirain and interference

filter to obtain more light grasp.
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The ; urpose of the layout, was to maximise the laser power
within the test volume of the plasma. To this end the

pyrex tube of the plasma vessel was modified, by putting
four side arms on the tube at its midpoint. Two of the

side arms had optically flat windows placed on them to
allow a laser beam to pass through the plasma without de-
gradation oI its optical quality. A viewing port, with
an optically flat window and a Ray leigh horn viewing

dump, were placed orthoganal to the laser ports.

The flashlamp dye laser oscillator was now placed on one
side of the plasha vessel and the amplifier was placed on
the other side of the vessel. A 100% mirror, Mg, placed

after the amplifier to be used in a multipass arrangement.
However, the mirror My was adjusted, so that the amplifier
did not lase broadband of its own accord between mirrors

M. =nd M3. The amplifier could then be described as a

2
regenerative amplifier.

The photomultiplier detector, a'R.C.A. 4836 type, was
placed behind a 108 passband interference filter centred
at 4686&. The optical collection system was arranged as
in Fig.3.16 and had an £ number of 5. The collection
system was now about five times faster than the mono-

chromator shown in Fig.3.15.

The photomultiplier was placed within a 16 gauge alumin-
ium box to prevent pickup of electrical noise from the
laser. Similarly, the attendant signal and power leads.
to the photomultiplier, were placed within a coppef tube.
The consequent shielding of the photomultiplier and atten-

dant leads was tested by placing a small 145 MHz oscillator
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within the aluminium box and using a calibrated reciever
to measure the signal reduction as the 1id was placed on
the box. There was found to be a 45db. reduction in
radiated signal. The noise pickup now seen at the oscil-
loscope when the laser fired was reduced from a peak of
about 200mv, to negligible levels - this for a signal

voltage of about 100mv.

Despite these modifications, no transient leading edge
to the fluorescence was observed. Problems due to stray
laser light were also encountered, which proved difficult

to eliminate entirely.

Consequently, it was decided to use the three level tech-
nique, described in Chapter 2 and attempt to gain infor-
mation regarding the rates out of n=4 in the He 1l by

using n=4 as the lower level of a laser pumped transition.

The apparatus was then modified, as shown in Fig. 3.17,

in that the Pockels cell and polariser were removed and
provision was made to monitor the laser intensity.

The wavelength at which the laser lased, was also changed.
Firstly to 48542, n=4 to n=8, and then to 65608, N=4 to
N=6. The dye fill was the same for pumping 48598 as for
46868 - 30mg of coumarin 480 to 1 litre of Methanol. This
was changed for pumping 65608, to 30mg of Rhodamin 6G and

1émg of Cresyl Violet Perchlorate to 1 litre of Methanol.
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R.C.A. 4836
Photomultiplier

46863 Filter

<j) 100% rear
mirror

Coaxial amplifier

Plasma

7 .5mm

Aperture
527% Front mirror

100 micron etalon

6 micron etalon

Coaxial Flashlamp
<j) . Glan Taylor Polariser
100% rear mirror

Fig. 3.17

FINAL LAYOUT for He 11 n=4

COLLISION RATE EXPERIMENT

The Pockels cell and one of the Glan Taylor Polarisers

of Fig. 3.16 are removed. The polariser in the oscillator

cavity was lefi in so as not to disturb the alignment.
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3.2.2. DETERMINATION of the LASER POWER DENSITY
in the PLASMA for the He 11 COLLISION

RATE EXPERIMENT

The laser power density within the plasma test volume
was obtained from a knowledge of the beam diameter, the
time history of the laser pulse and the laser energy

which was measured for every shot.

The beam diameter was determined by placing a 7.5mmaper-

ture after the oscillator, as shown in Fig. 3.17.

The laser energy was measured.in two ways, depending on
whether the amplifier was being used or not. If the amp-
lifier was being used, as it was when pumping n=4 to n=8,
485?8, then a glass slide beam splitter was put between
the 2 pinch and the amplifier, as shown in Fig. 3.17.
This split off [6% of the amplified laser beam as it en-
tered the plasma and directed it to a calorimeter which
measured the energy. Measurements taken off the other
side of the glass slide beam splitter were about 50% of
those taken off the side shown in Fig. 3.17. The true
value of the energy passing through the test volume,
could be determined by multiplying the measured value by

1
1.5 x 0.1b

= 4.17

The time history of the laser pulse was measured after

the experimental runs by replacing the calorimeter with

a photodiode, displaying the temporal history of the laser
on a C.R.0. screen and photographing it. This was done
for the wvarious laser bank voltages used during the

experimental run.
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The laser power was varied, by either varyisg the laser
bank voltage or placing neutral density filters between

the oscillator and the plasma.

If the amplifier was not used, the =zalorimeter was put
between the Z pinch .and the amplifier in place of the

beam splitter and the energy was measured directly.
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SECTION 3

THREE LEVEL LINESHAPE OF H-BETA

3.3.1. GENERAL EXPERIMENTAL LAYOUT

The general layout of the apparatus used, is shown in Fig.
3.18. The H-Beta probe laser was the N2 pumped dye laser
described in section 3.1.8. This laser was directed down
the axis of the 3 pinch via a 4% beam splitter (i.e. one
surface of a non parallel glass slide). The H-Alpha pump
laser was the coaxial flashlamp pumped laser, described in
section 3.1.6. This laser passed through the beam splitter
coaxial with the H-Beta probe laser down the axis of the

plasma vessel.

On passing through the plasma, the H-Alpha beam was filtered
out, using a combination of a Carbon Disulphide liquid
prism and a dichroic filter in front of the signal photo-

diode.

A second photodiode monitored 8% of the H-Beta probe laser
which is split off before going into the pinch. This
serves as a monitor of the input intensity of the H-Beta

probe laser.

The signals from the two photodiodes were then recorded,
using two Tektronix transient digitizers, type 7912AD
and R7912, signals were then stored on floppy disc..

A detailed description of the experimental layout now

follows.



130.

Signal photodiode N2 pumped
dye laser
Dichroic Filter H-Beta
Aperture A —|——
~ 10% Beam
—<- Splitter
B
monitor o~ Aperture Y
photodiode
——
Ligquid Prism 10%
Plasma beam
splitter A
Coaxial
laser
- H—Alphé
Trigger Photodiode
Fig. 3.18

LAYOUT of APPARATUS for H-BETA

THREE LEVEL LINESHAPE EXPERIMENT

At Beam Splitter A, the H-Alpha pump laser and 10%
of the H-Beta probe laser combine to pass coaxially
down the plasma column. - Having passed through, the
H-Alpha laser is blocked by a combination of a
ligquid prism, aperture Band a dichroic filter,
Aperture A ensures the H-Beta probe laser is of

smaller diameter than the H-Alpha pump laser, so

that only plasma pumped by the H-Alpha laser is
orobed.
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3.3.2. THE COAXTAL H-ALPHA LASER

The coaxial laser oscillator amplifier system has been
described earlier. 1In this instance it was run, using
a single 6 micron Fabry Perot tuning element, so giving

a linewidth of about 5 angstroms.

3.3.3. ELECTRICAL SCREENING OF THE LASER

It was necessary, however, to reduce the electrical noise
generated by the laser and picked up by the signal cables
running to the digitizérs, to a minimum, so a screening
box was built around the entire laser system - that is,
flashlamps, spark gaps, capacitors, charging unit and
trigger units. This was built of 20gauge aluminium sheet

on a wooden frame. The doors were of finch plywood with

16 gauge steel backings. Electrical contact, from the
rest of the box to the steel backing, was made by the
hinges on one side and by copper fingers on the other
three sides. The mains power entered the box via an

isolation transformer and a mains filter.

The efficiency of the screening was tested at 145 MHz
using an oscillator and a calibrated receiver. The os-
cillator was placed on an insulating wooden block, inside
the box. The receiver then measured the power radiated,
with the doors open and shut. The ratio of the two powers
was about 45db. So this was the effective screening

effeciency at 145 MHz .
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3.3.4. BEAM STEERER

On exciting the box, the laser was steered down the axis
of the % pinch, using a cell filled with methanol, whose
end windows were adjustable. The windows were rounted on
the cell, using brass rings to pfess the window against
an 'O' ring. The four screws, retaining the brass ring
at equal intervals around the brass ring, could be inter-
dependently tightened, so slightly altering the angle of

the window in any chosen direction.

In this way, an infinitely =adjustable liquid prism was

used to steer the beam in the required direction.

3.3.5. THE N2 PUMPED H-BETA PROBE LASER

Since it is required to measure the H-Beta optical depth

whilst the H-Alpha laser is on, it is necessary that the

H-Beta laser have a shorter pulsé length. This is easily
satisfied, since the H-Alpha laser pulse length was

300 nsec and the H-Beta laser pulse length was 3 nsec.

Since there was effectively‘no spectral filtering in front
of the photodiodes, it was necesssry to filter off the
amplified spontaneous emission (A.S.E.) at the laser.

This was accomplished by constructing a spectrometer,
through which the laser beam passed. See Fig.3.19.

This consisted of two 40 cm focal length lené‘L, a con-

stant deviation prism on a prism table and a 200 micron

slit.
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LAYOUT of N2 PUMPED DYE LASER

with A.S.E. FILTER
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By using a constant deviation prism mounted on a rotating
prism table, adjustment could sasily be made to keep the

tuned radiation passing through the slit, as the laser

was tuned through the H-Beta line.

In addition, two steering mirrors were used to ensure the
laser output passed coaxially down the 2 pinch, after
coming off the 4% beam splitter. A further beam splitter,
placed further back in the beam, split off 8% for the
'input intensity' photodiode monitor. These optical
components were positioned on a wooden table, covered in
16 gauge ~heet steel and were held in place using home-

made magnetic bases.

This A.S.E. filter proved very effective in removing any
observable trace of A.S.E. A 5mm aperture, placed in the
beam, ensured that the H-Beta beam was of smaller dia-
meter than the H-Alpha pump laser beam. So ensuring

that the H-Beta laser only probed the H-Alpha irradiated

plasma.

3.3.6. PHOTODIODES

The photodiodes used, were made by Centronic, type

OSD - 2HSA, These had an active area of lmm2 and a risg
time of 1 nsec. The photodiodes were mounted in boxes
as shown in Fig. 3.20. The beam was slightly focused
onto a diffusing screen, behind which was mounted the
photodiode. It had been found that it was necessary

to destroy any spatial coherence of the laser beam, so

that every part of the photodiode active surface
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Fig. 3.20

THE CONSTRUCTION of the PHOTODIODE DETECTOR

The lens provides a soft focus for the incoming light
onto the diffusing screen.

The whole photodiode detector is held in an 'Oriel'

2 inch mirror mount which rotates the detector about
two orthogonal axes through the vlane of the lens -

so aligning the detector.
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monitored equally the light from all parts of the laser
beam cross section. Unless this precaution was taken, it

was not possible to get the signals from the two diodes

to agree to better than ¥ 10%, but using the diffusers,
it was possible to attain tracking accuracies of better

than 1%.

The diodes were reverse biased, using batteries to a volt-
age of 70 volts. Two decoupling capacitors, of value

1 m.£f.4. and 0.001 m.f.d. were placed across the batteries
The éignal cables, coming from the photodiodes, passed
into a 1 inch copper tube, earthed to the diode boxes,

to prevent pickup of electrical noise.

As mentioned above, an H-Alpha blocking filter was placed
in front of the signal diode to prevent any H-Alpha laser
radiation scattered from the liquid prism, being detected.

Such a filter was not necessary on the monitor diode.

It should be noted, that due to the pwecaution taken in
screening the signal cables, the coaxial laser and the
N2 laser, there was absolutely no problem experienced,

due to noise pickup.
3.3.7. TRIGGERING AND TIMING

The firing of the 3 pinch and the two lasers, was synchron-
ised by a 5 channel delay unit, built by Chelsea Instru-
ments, to a design by the author. The delay units were
connected to the pinch and the two lasers via optical

tfibre links, to prevent the delay units being affected by

electrical noise.
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The N2 laser had to be fired three or four times before
the data taking shot. This was to wreionise the laser

cavity sufficiently so that the data taking shot would

be reliable and fairly reproducible. Since it was
required that the digitizers, (armed and ready) did not
fire on these preionizing shots and did fire on the

data taking shots, it was necessary to levise an AND

gate device, which only allowed the trigger pulse through -
on the data taking shot. This AND gate was opened, using
a pulse from the Delay box. Fig. 3.21 shows the distri-

bution and generation of the trigger pulses.
3.3.8. OPTICAL FIBRE LINKS

These links used ZOO/A 'Radio Spares' glass optical'fibre.
An infra red light emitting diode and photodiode, also
made by Radio Spares, and having special screw coupling
attachments to the optical fibre, were used as the active
optical elements. The circuit diagram for the transmitter

is shown in Fig. 3.22.

It consists of an NPN transistor, which is switched on

by the input pulse (5 volts into 50L)). This, in turn,
switches on a PNP transistor which has the L.E.D. in its
collector circuit. A 47 ohm resistor is placed in.parallel
with the L.E.D. to speed up the rise time of the pﬁlse
across the L.E.D. The input is protected with a 15 volt

Zer =r diode.

At the other end of the cable, the receiving photodiode
is reverse biased. On reception of the optical pulse

from the transmitter, it gives out a one multi volt
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Fig. 3.21

TRIGGERING LOGISTICS

Delay unit 1 is 10 to 110 microseconds (adjustable)
and determines the time in the afterglow at which
the lasers fire.

Delay units 2,3 and 4 ensure the N2 laser fires 100
nsec after the start of the Coax dye laser pulse,
and that the AND gate is opened to allow the digit-
izers to be triggered.

A To pulse is one which is iniéialised by the input
pulse and then lasts the duration of the set delay

time.
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CIRCUIT of TRANSMITTER for OPTICAL FIBRE LINK

Transistor Tl is 2N2222

T2 is BC21l4L
All capacitors are ceramic, except the 1MFD which

is Polyester.
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pulse, which needs to be amplified. The circuit for the

receiver is shown in Fig. 3.23. It consists of a reverse

biased photodiode capacitance coupled to three shunt feed-
back stages, in tandem, each having a gain of 12. This
gives a linear gain of 1200, so turning the 1 millivolt
signal into a 1.2 volt pulse. This pulse is now sufficient
to turn on the transistor T7 and then T8, which drives

the 50 ohm output line. Because T7 and T8 are biased

in class C, they are non-linear in the way they amplify
the rising edge of the pulse. This has the effect of
shortening the risetime of the output pulse. This is
necessary because the optical fibre is a multimode one

and so tends to integrate the pulse shape (having the ef

fect of an RC circuit).

If the transmitter launches a light pulse, having a rise-
time of less than 10 nanoseconds down a 50m length of
optical fibre, the risetime at the other end will be

50 nanoseconds.

The 'non-linear' amplifier, formed by T7 and T8, will
reduce the pulse risetime from 50 nsec. to 10 nsec.

The linear amplifier formed by Tl to T6 ié, however,
very fast, having a bandwidth of 100 MFz. The 100 ohm
resistor in the 9 volt supply line is to prevent instab-

ility.

Both the optical fibre transmitter and receiver are
built inside die cast boxes and are battery operated to
reduce susceptibility to electrical noise. These devices

were found to be very successful.
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All transistors are 2N2222 except T8 which is a BC214L.
Total propagation rime of a pulse through the trans-
mitter and receiver (excluding optical fibre) is 70
nsec. |

Propagation velocity down optical fibre is 5.5 nsec m~1L.
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3.3.10. DIGITIZER TRIGGER AND GATE

As explained above, the N, laser needed several 'pre-

2
ionising' shots to seed@ the laser cavity for a reliable
data taking shot. As shown in Fig. 3.21, this was
achieved by having a separate trigger line in parallel
witH the line from the Delay box, to trigger to the N

2
laser for these preionising shots.

To ensure that the Digitizers were only triggered by the
data taking shot, an AND gate was put in the trigger line
to the digitizers. This allowed only the trigger pulse
through, provided the gate was open, due to a pulse de-

rived form the Delay box.

The circuit for the gate is shown in Fig. 3.24. The

power for the photodiode comes via the transistor TI.

This transistor becomes conducting, when there is a pos-
itive voltage on the base of the transistor. The voltage
on the photodiode will be 0.7 volts lower than the applied
gate voltage - so there is no gain in the circuit and it
is unaffected by electrical noise. A manual switch

across the transistor allows the digitizers to be trig-

gered in the absence of the delay unit.
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CIRCUIT.of TRIGGER PHOTODIODE

The AND Gate for only allowing the digitizers to be
triggered when a data shot was being taken.

The N2 laser had to be triggered several times before
the data taking shot, in order to pre-ionise the dis-
charge channel.

The gate of the AND gate is opened by a To pulse from
the delay unit. Since the voltage applied to the diode,
when the transistor is turned on, is 0.7v lower than

the applied voltage at the gate, an amplifier boosts

the 2 volt To pulse up to 22 volts.
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3.3.11. THE DIGITIZED SIGNAL

The signal from the photodiodes was digitized and stored

on floppy disc. The area under laser pulse signal was in-
tegrated and this number was stored on the disc with the
signals. The programmes for storing the data were

written by David Spirit, for which I am most grateful.

Having obtained the waveforms of the H-Beta laser pulse
it would have been possible to derive an optical depth

by comparing the peak height of the signal, (If we assume
the intensity of the H-Beta probe laser is well below
saturation, then the waveforms “f the signal and probe
beams will have the same shape - in theory) or to compare
the areas under the waveforms. It was thought better to

compare areas under the waveforms for one basic reason.

Any noise, e.g. shot noise, digital noise or electrical
noise from the lasers, will tend to fluctuate about the
mean signal voltage. This noise would be a source of

error,if taking a peak height reading, but will tend to

cancel on wtegration over the entire pulse.
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3.3.12. TREATMENT OF DATA

The N2 pumped dye laser was tuned in steps of about 0.1X.
The procedure was to take two shots of just the N2 dye
laser, without pinch or H-Alpha laser, to establish the
input laser flux, These two shots were averaged.
Then two shots were taken of the N2 dye laser, with the
plasma present and their average taken. Using this laser

flux the optical depth’f for that wavelength could

now be obtained.

The average of two shots of the N2 dye laser, with both
pinch and H-Alpha pump laser, was then taken. So a new
optical depth T, could be obtained. T and T\, were
plotted as a function of wavelength and so a line profile
of H-Beta was built up for the two conditions -

with and without the H-Alpha pump laser.
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CHAPTER ¢

He 11 COLLISION RATE EXPERIMENT

- RESULTS and ANALYSIS -

4.1 INTRODUCTION

In this chapter the results of an experiment to determine
the rate coefficient out of the n=4 level of He 11l in a
plasma will be presented and analysed. At the time of
writing, this was the only laser based measurement of

the rates out of an excited level of an ion in a plasma.

The experimental method is described in Section 2 of
Chapter 3. It consisted of observing the change in the
n=4 population density, (monitored by looking at emission
from n=4 to n=3, A =4686%) whilst using a laser tuned to a
transition having n=4 as its lower level to deplete the
n=4 population. The conséquent relation between. the.

the rates out of n=4, the population of n=4 and the laser

power density, was described in Section 2.6 of Chapter 2.

The experiment was performed twice. Once, with the pump
laser tuned to the n=4 to n=6 transition, A = 65603, and
again with the laser tuned to the n=4 to n=8 transition,
A = 48591%. Performing the experiment twice in this man-
ner, would largely elininate  systematic errors due to
.possible, unexpected laser induced rates, provided the
two sets of measurements were self-consistent. This is
because the pumping wavelengths are well separated from
each other and the powers needed at 4859%, were about 6

times higher for an equivalent depletion than at 6560%,

The measurements were taken 18 microseconds into the after-
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glow phase of the plasma, where Ne = 5 x J_Ol4cm_3 and

Te = 1.35eV
4.2 EXPERIMENTAL RESULTS

Figure 4.1 shows a typical experimental result. The
emission on 46868 is depleted during the period of the
laser pulse. However, experimentally, the whole of ob-

served volume of plasma was not irradiated. See Fig. 3.1b.

Initially then it was assumed that the He 11 plasma
filled the plasma vessel homogeneously, so that the dia-
meter of the He 11 plasma was 45mm. (The diameter of the
plasma vessel) The opserved relative depletion of the
46868 emission was then adjusted by the ratio of the
pinch diameter to the laser beam diameter (45/7.5), to
give the relative depletion of n=4 in the irradiated

volume.

Figures 4.2a and 4.2b show the experimental results for
the relative depletion of the n=4 level against laser
power density. Figure 4.2a shows the results obtained
whilst pumping n=4 to n=8, A = 48598 and Figure 4.2b,
the results obtained whilst pumping n=4 to n=6, A =65603.
This data is plotted, assuming the He 11 plasma is homo-

geneous and fills the plasma vessel.

Tables of the Data points are also given in Tables

4.1la and b.
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Fig. 4.1

Depletion of 46862 emission due to laser

vumping of 65598, n=4ttton = 6.
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Fig.4.2a

Depletion of n=4 due to pumping n=4 to n=8,48598%.

He 11 plasma diameter assumed to be 45mm.
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Fig. 4.2b

Depletion of n = 4 due to pumping n = 4 ton = 6,
6559%.

He 11 plasma diameter assumed to be 45mm.
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TABLE 4.1la
nal/wa px 10° cm™?
0.8 0.08
0.72 0.15
0.785 0.22
0.55 0.29
0.6 0.335
0.51 0.36
0.28 0.36
0.28 0.4
0.34 ' 0.4
0.41 0.49
0.5 0.55
0.35 0.7
0.32 0.7
0.23 0.88

Table showing the data points for Fig. 4.2a
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TABLE 4.1b
NaT/Na P x 10°cm ™2
0.6 0.075
0.74 0.13
0.67 0.14
0.75 0.18
0.65 0.21
0.57 0.3
0.54 0.6
0.32 0.69
0.52 1.02
0.5 1.41
0.4 1.89
0.34 2.04
0.21 2.22
0.34 2.34

Table showing data points for Fig. 4.2b
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4.3 ANALYSIS of the DATA

In this section a first attempt will be made to deduce
the rates out of n=4 from the data shown in Fig. 4.2.
To this end, the two level model, represented by
equations 2.39a and 2.39b, will be fitted to the data

by a least squares method.

L :
Having achieved values for the parameters N4 (Sat)
N4

and K from egn. 2.39a, all that is then required, finally
to obtain the rate D4 out of n=4 from eqn2.39%b, is a
value for AV . This was obtained experimentally by
obtaining emission profiles for the 65608 and 48593
transitions. For 48598, the data was noisy and unre-
liable, so a width was estimated, using the data for

65602 and the.theory of Griem (1963)

Finally, the effects on the depletion of n=4 due to
the diameter of the He 11 plasma being smaller than
that assumed, (i.e. the diameter of the plasma vessel),

are considered.

An estimate of the rate out of n=4, D4, was obtained

using eqns 2.39 and 2.40 on the data shown in Fig. 4.2.

In each case, a value of K was obtained by fitting eqn.
2.39 to the data, using a least squares fitting routine
on a computer. It was assumed, in this procedure, that
the principal error was in the estimation of the relative
depletion and that the associated experimencal power den-

sity was comparativly well determined.
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The fitting procedure was as follows:

The function to which the data was fitted, was egn 2.39a

where level a was level 4 for He 11

- [S00(p) /oo lot)) |

For further analysis this eqgn is simplified, letting

Ng - Y and N;(Sai)
N Ny

then

Y = alPtK) L)

P+ akK

Following the usual principles of least squares fitting,
the error on the nth data pair"Yn, Pn is given by

(7%-— &(Pn*’K) Q\Z

Rn1'kK

The best fit being obtained, when the total sum of errors
for all data points S is minimised, where
R
S - z ()’n- o Pn+ K) L3

n Pn'i’as‘/\

S must be minimised with respect to the two adjustable
constants a and K and in principle this can be done

uniquely by solving the pair of simultaneous equations

Z Z[D-Pn | ~a J[7n~a.(Ph+K)J =0 4y
R‘1AK) Pn“kK _

P - 7 2-[ Pn(Ph*K)HZ»{ — alPntK)| 2D 45

ELY (Pntak)” Pn— oK
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In practice the egn 4.4 was minimised on a computer, by
itteratively varying K. The term a was held as a constant

estimated from the data. The quality or goodness of the
fit of egn 2.39, to the data, was esZimated by looking at

S, the average error of the data, where
5 [.\/, —R(Pn'fK)l
n Pa +a K H-b

2N

The term a was then varied by inspection to minimise S.

Table 4.2 shows the results of fitting egn 2.39 to the
data shown in Fig. 4.2. Table 4.2a shows the parameters
obtained for fits to Fig. 4.2a and Table 4.2b for fits to
Fig. 4.2b. Egn 2.40 shows that it is the product of K and
a, (or K and N4L(Sat)/N4), that is required to determine

D4. So this product is also listed.

TABLE 4.2a
a K x 10° S x 10—3 ak x 106
.01 35.8 4.9 0.35
0.05 6.2 5.0 0.31
0.1 2.9 5.5 0.29
0.2 0.96 7.2 0.19
TABLE 4.2b
a K x 10° S x 1073 ak x 10°
0.1 4.8 9.4 0.48
0.2 1.4 6.2 0.28
0.3 0.72 4.5 0.21

0.4 0.29 5.6 0.12
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It can be seen from Tables 4.2 that, in fact, the product

aK is not very sensitive to initial choices of a, so

showing that the trial and error deternination of the

term a, is sufficiently accurate.

Figures 4.3 show fits of egn 2.39 to the data shown in
Figures 4.2. From Tables 4.2 and Figures 4.3, the results

for the produst term aK, can be stated as follows:-

From Table 4.2a and Fig. 4.3a, where n=4 was being pumped
to n=8, then

aK = 0.32 x 10°

From Table 4.2b and Fig. 4.3b, where n=4 was being pumped
to n=6, then

akK = 0.21 x 105

All that is now required for an estimate of D4 is a

determination of AV in each case.

Firstly, emission profiles were taken of the 48592 and
65602 transitions. These spectra were taken from the
side of the plasma wusing a 'Monospec 1000' one meter

monochrometer having a resolution of 0.28.

The signals from the photomultiplier, placed at the exit
slit, was displayed on an oscilloscope and phoéographed.
The results are shown in Figs 4.4a and 4.4b. Both profiles
are seen sitting on the wings of the H-Beta and H-Alpha
profiles respectively. (Hydrogen was present as an imp-

urity in the plasma)

The 48598 Data is very noisy and the profile af 4859% jis

difficult to discern. The 65608 transition is seen to
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Two level model fit to data shown in Fig. 4.2a.
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Two level model fit to data shown in Fig.4.2b
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Fig. 4.4a.

Emission lineshape profile, n = 8 to n = 4, 48598.

He Ii-48592 emission lineshape seen on the wing of
the H-Beta profile due to residual hydrogen in the
Helium gas. The extrapolated H-Beta profile is

shown under the 48592 He 11 profile. Data taken

18 microseconds after pinch phase when Ne = 5 x 10~ ~"cm

ana Te = 1.35eV.
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Fig. 4.4b.
Emission lineshape profile, n =6 ton = 4,65598%.

He 11 65598 emission lineshape seen on the wing of
H-Alpha profile due to the residual Hydrogen in

the Helium gas. The extrapolated H-Alpha profile

—

1l profile.

—

is shown under the 65592 He

Ve = 5 x lO]‘4cm_3 and Te = 1.35eV.
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have a half-width of 1.6R and the 48598 transition about
0.58. The linewidths of transitions should increase up

a series, roughly as

AN < (ab)"/( b= )

(where a is the lower level and b is the upper level,

Griem, 1960), due to the increased cross section of

higher lyihg levels, so the 48598 data looks to be un-

trustworthy. Griem also gives approximate formulae for

the lineshapes of hydrogenic transitions, which, for

14 -3
cm

Ne = 5x10 and Te = 1.35eV, show halfwidths of:-

For 48593 transition F.W.H.M. = 43
For 65598 transition F.W.H.M. = 3.2R%

These are‘consi&erably bronader than those measured, how-
ever, the same formulae give a halfwidth for neutral
Hydrogen,K H-Beta of 3.28, when Ne = lolscm—3 and Te = leV.
For these conditions, it is now well known from many ex-
perimental and recent theoretical results, that the F.W.H.M.
of H-Beta, at Ne = lOl5cm_3, should be22®. Though the
halfwidths may be wrong, the ratio of halfwidths of

48698 to 65598 should be reasonable, so for the experi-
mental linewidth of 48598, a width onOg*was used. For
convenience at this point, egn 2.40 was converted to units

of wavelength and the Einstein B coefficient converted

to the A value. Then

Da = Kgba.gb }\5 [ Mottsak) ] 4

The 'equivalent width' AN was estimated, using Fig. 2.1
and the measured halfwidth of the laser of 0.53.

The summary of the results is given below.

*'See, for example, Burgess and Mahon(1972) and Esrom and

Helbig(1981). Full references at the end of Chapter 1.
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LINEWIDTH LINEWIDTH
MEASURED - RE-ESTIMATED AN Dy
9
18598 0.5 2.08 2.18 3.16 x 10
K R oy ‘ 9
65592 1.6 1.6 1.7 2.7 x 10

It has been assumed in the discussion above, that the He 11
plasma was homogeneous and filled the plasma vessel. 1In
fact, there will be radial temperature and electron den-
sity gradients in the plasma and the population density
of He 11 is very sensitive to temperature. (See Cox and

Tucker 1969).

Thus the He 11 plasma could be confined to a small hot’
cylinder of undetermined radius, around the central axis
of the plasma. If this were the case, it would result in
the experimental points being placed too low, commensurate
with the error in estimating the diameter of the He 11
emitting region. Fig. 4.5 shows how the experimental
results, as represented by egn 2.39, would be plotted, if
in fact the plasma was represented by a two temperature
model where the He 1l was confined to a hot volume of
given radius around the central axis. This model assumes
the boundary is sharp, which is ot unreasonable, given
the sensitivity of the He II n=4 population density with

temperature.

The effect can be seen to be similar to the lowering of
both NaL(Sat) and K, so leading to a lower value of Da.
From the data and the fits to the data shown in Fig. 4.3,
it can be seen that the effect is not drastic enough to be

noticable from the data itself. That is to say, the data
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Fig. 4.5

The effect of over-estimating the He 11 plasma

Diameter

Expected results if He 11 plasma was

estimated correctly.

He

||

plasma 20% smaller

He

[
i

plasma 50% smaller

He llplasma 70% smaller (only 3)%

of ‘that estimated)
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do not appear to be tending to go beilow the axis.

However, the values of D4 arrived at above, may be con-

sidered to be lower limits.

4.4 COMPARISON of the DATA with a He 11

COLLISIONAL RADIATIVE MODEL and FINAIL RESULTS
In this section, the experimental data will be compared
to the predictions of a Collisional Radiative Model for
He 11. The model will be used to correct the assumed dia-
meter of the He 11 plasma. The data in Fig, 4.2, will
then be re-plotted, using the new plasma diameter and the
two level model will again be used to deduce new revised

rate out of n=4.

The errors in the experiment, both random and systematic,

will then be analysed.

A Collisional Radiative Model (C.R.M.) for He 11 is de-
scribed in Appendix 1. Using this model, it is in prin-
ciple, possible to compare theory with experiment without
any approximations being made. For the C.R.M. used here
however, the assumption was made, ‘that the plasma relaxed
slowly enough so that all the populations of the excited

states were in equilibrium with each other.

However, when running the model for Te = 1.35eV and

14em™3, the model predicted virtually zero

Ne = 5 x 10 ,
population densities for the excited states. For temp-

eratures below about 10eV, the He 1lll population density

is too low for recombination from the continuum to be sig-
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nificant, in comparisonto excitation from the ground state,

in populating the He 1l excited states. See Cox and

Tucker (1969). With the first excited state 4leV above

the ground state, the collisional excitation rate for a

1.35eV plasma from the ground state to the excited states

will be very small.

Experimental measurements of the He 11 excited state pop-
ulation densities however, showed quite reasonable den-

sities. Table 4.3,

As mentioned above, it was assumed that all states of the
system would be in dynamic equilibrium, but Roberts (1973)
showed that for a Helium plasma, decaying in a similar
time scale tothe present one, the comparatively slow re-

combination rate of He 111 to He 11, could lead to He 111

densities 12 orders of magnitude higher than the steady

state equilibrium values.

It was found that by setting the He zii population to a
value of 2 x lOl3cm—3, the predicted C.R.M. populations
could be made to agree with the experimental excited

state populations to within a factor of 2 for n=4. See

Table 4.3.

Given the temporal history of Ne and Te in the plasma,

it is possible to construct a rate equation for the He Zzz
population density, N(II) . and use this to plot the
evolution of the He EII population density from some

known wvalue. Unfortunately, there is only one time for

which Te is known and the He 111 population density is not

known at any time.
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POPUTATIONS of EXCITED STATES of He 11

n C.R.M.THEORY EXPERIMENT
1 5x10 %cm™3
2 2.7x10° em™3
3 3x107 em™>
4 8.2x10° em™> 1.14x10°
5 3.8x10° em™
6 2.1x10° cm > 4.2 x10°
7 1.3x10° cm™> 1.6 x10°
8 8.6x10% cm™> 10°
9 5.8x10% cn™> 10°
10 4.3x10% cm™>
TABLE 4.3
C.R.M. assumes a value of N(111) = 2xlOl?’k:m_3 and
the experimental values of Te = 1.35eV, Ne = 5xlOl4cm_?.

The experimental populations were measured by a cali-
brated absolute emission experiment. The detection
system, a 'Monospec 1000' monochromator with an R.C.A.
4836 photo-multiplier attached to the exit slit, was
calibrated in terms of photo-multiplier current against
photon flux into the input slit for the wavelengths of
the transitions of interest (the levels shown above to
n=4). A standard lamp, itself calibrated for blackbody
temperature against lamp current, at the National Physical
Laboratory, was used. For the actual emission experiment
the layout was as for Fig.3.15, except that the lens was
focussed at infinity, to.simplify the computation of the
observed plasma volume and the subsequent photon flux for

a given number density in that volume.
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However, it is possible to fit the Ne data to a curve,

where

Ne « 143<10°exp - 48916 em™® 49
The projected electron density for a time, just after the
pinch phase, will be Ne = 1.48 x 10%em™3. If it is assumed
N(I11) is in equilibrium at this time, then a temperature
of 4eV is required to produce N(I11) = 2 x 1013em™3,

Assuming then that the temperature decays linearly there-
after the temporal history of the temperature will follow.
Te - 45000 ~ 15 10%¢E 7K L4410

Now, writing down the rate equation for N(I11)
aNlmr) _ ¢ o N(DNe — NeN(I)Dpa 40
at

The total ionization coefficients (gqm and recombination
coefficient Dultl are given in Appendix 1. N(_J:_i) is
assumed equal to Ne as N(I111) & Ne at all times of inter-
est. Cegm and Dgg are functions of Te, but become
functions of t, by substituting egn 4.10.
Egn 4.11 is now solved numerically, where v

AN(E) = (g N(I)Ne = NEN(IT) D )AL 4o

and

Nm)(t+AE) = N(m)(t) + aN(m) 413
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POPULATION DENSITIES of He 11

t microseconds N(111) N (111)
after pinch Steady State Model
0 2.02 x 10%3 2.02 x 103
2 5.68 x 1012 " "
4 1.34 x 1072 " "
6 2.5 x 10tl " "
8 3.7 x 10%° " "
10 3.7 x 10° ! "
12 2.4 x 108 " "
14 8.4 x 10° ! "
16 2.2 x 10° n "
18 4.6 x 10° n !
20 2 x 107t 2.015 x 1013
TABLE 4.4

Table 4.4 shows the results for the first 2.0 microsec-

onds for the values of N(lll))both assuming eqiulibrium,

e N(@) = Cpp N()Ne LIk
N¢* Dga

and then by solving egns 4.12 and 4.13.

It can be seen from Table 4.4 that N(111) has hardly de-
parted from its t=o0 value of 2.02 x 1013cm3. Whilst this
should not be considered an accurate prediction of N(zzz),
since eqn 4.10 is assumed and the value of N(I1l) at t=o

is not known, the general trend, that N(IIIj will, in fact,

remain unchanged from an earlier epoch, is seen to be valid.
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Figs 4.6 shows plots of the theoretical C.R.M. predictions
for the relative depletion of N4 against laser power den-

sity. The collisional rate ccefficients used, were those
due to Bates, Kingston and McWhirter (1962) from cross

section calculations, due to Seaton (1962).

It can be seen that, in éeneral, the fits of both curves
are reasonable, but also, that the experimental points
appear to lie above the theoretical curve for the low de-
pletion points, (i.e. points at low laser powers, where

NaL / Na is high) and below the curve for the high de-
pletion points. This would seem to indicate that the
experimental rate out of N=4 was slightly higher than that
predicted by the C.R.M. code - which would bring the theory
curve to the right, so fitting the low depletion points
better, and also the He 11 plasma did not in fact, f£fill
the vessel, which would lead to the high depletion points

lying too low, as shown in Figs 4.6.

As explained in Chapter 2, section 2.6c, it is only really
possible to comment on the general correctness of the model,
by judging how well it predicts the experimental data. The.
C.R.M. curves were produced using the predicted total rate

%ec™! out of n=4. The rate co-

coefficient of 2.9 x 10
efficients predicted, using the two level model, agree with
this to about 20%. However, the values of (N4L(Sat)/N4)

produced by the C.R.M. will depend on the ratios of the
rates between the various levels, rather than the absolute

rates.

The ratios of the sieady state populstions (without laser

irradiation, Table 4.3) of the various excited states,
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C.R.M. Prediction shown with data for laser

pumping n = 4 to n = 8, (from Fig.4.2a)
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C.R.M.Prediction shown with data for laser

pumping n = 4 to n = 6, (from Fig.4.2b).
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one to another, will also depend on the ratio of the rates,
into and out of, the levels in question, rather than the

absolute rates. Table 4.3 shows that, experimentally,

the populations of n=4 and n=8 have a similar ratio to
theory (11;4 and 9.5), though ratios of populations for
n=4 and n=6 are not quite so good (2.71 and 3.9). However,
there is some justification for assuming the ratios of
rates, for the experiments are similar to the ones used

in the C.R.M. theory and that therefore the higher wvalues
of (N4L(Sat)/N4) predicted by the C.R.M. are indicative
that the He 11 plasma diameter was, in fact, smaller than

assumed in plotting Fig. 4.2.

To estimate the actual plasma diameter then, the assump-
tion will be made, that the values of (N4 (Sat)/N4) pro-
duced by the C.R.M., are in fact correct. The plasma
diameter will now be

45 [ |~ c2M.(Nu(Sab)/Ny ) ] mm
1~ ExP. (N5 (Sat)/Ny)

For the two experiments the new estimated He 11 plasma

diameter will be
He 11 PLASMA DIAMETER
Pumping n=4 to n=8. - - New He 1l plasma Dia. = 39mm

Pumping n=4 to n=6. - - New He 1l plasma Dia.

4 2mm

Now, using the average Diameter of 40.5mm, the data of
Tables 4.4 are replotted in Figs 4.7 and Tables 4.5. fo
obtain a value for D4, egqn 4.1 is now fitted to the data
as before and the resulting values of a and K are shown in

Table 4.6.
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Fig. 4.7a

Data from Fig.4.2a (laser pumping n=4to n=8)
replotted for He iI plasma diameter 40. 5mm.

Also subsequent two level model fit. (Full curve).
The dotted curves are generated by the two level

model with K increased and decreased by a factor of 2.
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Fig.4.7b

Data from Fig.4.2b (laser pumping n=4 to n=6)
replotted for He 11l plasma diameter 47.5mm.

Also a subsequent two level model fit. (Full curve).
The dotted curves are generated by the two level

model with K increased and decreased by a factor of 2.
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Pumping on 48598, n=4 to n=8.

a K S x 1073 ak x 10°
0.3 0.42 .10 0.13
0.25 0.61 7.4 0.15
0.19 C.R.M. 0.98 4.1 0.19
0.15 1.38 2.5 0.17
0.1 2.37 1.3 0.24

Pumping on 65608, n=4 to n=8.

a K S x lO-3 aK x 106
0.4 0.34 2.8 0.14
0.35 0.55 3 0.19
0.3 0.77 3 0.23
0.25 1.18 2.1 | 0.3

TABLE 4.6

Values for a and K when fitting two level Model to data,

replotted for plasma Diameter 40.5mm.
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Nal/na p x 10%m™2
1. .82 0.08
2. .75 . 0.15
3. .81 0.22
a. | .6 0.29
5. .64 ' 0.335
6. .56 0.36
7. .35 0.36
8. .35 0.4
9. .41 0.4
10. .47 0.49
11. .55 0.55
12. .42 0.7
13. .39 0.7
14. .31 0.88

TABLE 4.5a

Relative depletion of n=4 against laser power for Hell

plasma diameter 4.05cm. Laser pumping at 48593,

n=4 to n=8.
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Nal/Na P x 10°cm™2
1. 0.63 0.075
2. 0.76 0.13
3. 0.69 0.14
4, 0.77 0.18
5. 0.67 0.21
6. 0.60 0.3
7. 0.57 0.6
8. 0.37 0.69
9. 0.55 1.02
10. 0.53 1.41
11. 0.44 1.89
12. 0.38 2.04
13. 0.26 2.22
14. 0.38 2.34
TABLE 4.5b

Relative depletion of n=4 against laser power density

for He 11 plasma diameter 4.05cm. Laser at 65608,

pumping n=4 to n=6.
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Taking the values of a, obtained from C.R.M., it can be
seen that the 65608 data minimises well for S at that
value (0.35), whilst the 48598 data, would seem to mini-
mise at a lower value than 0.19. Also shown on Fig. 4.7,
are plots generated using the two level model, using the
C.R.M. values of a and the consequent best fit wvalues

of K. Also shown, are plots for values of K that vary
from the best fit value, by a factor of 2. Using eqn

2.40, the values of D4 obtained wusing these plots is

given.
VALUE for D4
a K D4
6 9
48598 0.19 0.98 x 10 3.3 x10
5 9
65608 0.35 0.55 x 10 2.8 x 10

As can be seen from Figs: 4.7,
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4.5 ANALYSIS of ERRORS and FINAL RESULT.

There are several sources of error in this experiment,

some of which are random and some of which are syatematic.

RANDOM ERRORS

These are the errors in measuring the actual depletion
data from the photographs and was due to the shot noise
on the data (see Fig. 4.1). The error bars plotted on
the data in Fig. 4.2 and 4.7 are due to this. Generally,

the error on N4L/N4 is about * 0.08.

The dotted curves Fig. 4.7 show the effect of changing
the values of K (and hence D4) by a faector of 2. The full
curve is obviously a much better f£it than the dotted curves.

so that errors of + 50% or -=-20% would seem reasonable.
SYSTEMATIC ERRORS

One major weakness of this particular experiment was the
failure to secure an experimental value of N4L(Sat)N4.
Much effort was spent in trying to get an accurate figure
for this, compounded by the fact that the He ii plasma
diameter was unknown. From Table 4.6, it can be seen
that the product aK (and hence D4) will have an =rror

approximately equivalent to the error in N4L(Sat)/N4.

The He II plasma diameter determined from the C.R.M. prze-
dictions, was about 12% smaller than that which the actual

plasma vessel diameter actually used. An error of t 10%

on N44(Sat)/N4 and hence D4, due to this source, would

seem reasonable.
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Non-uniformity in the power density across the laser beam,
would cause a systematic error, which would result in the

data points being placed too high (see Fig. 2.6), partic-
ularly where P ~ K X N4L(Sat)/N4. This error was also

seen to be a function of N4 (sat)/N4, but for the values
used and for a power density variation of 30%, this
would cause a maximum error of 2%, which is much smaller
than the Random error due to noise on the data. This

error source can be discounted.

In the final analysis, the values of N4L(Sat[/N4 gener-
ated by the C.R.M. were used in the two level model to
finally derive a value for D4. It is worth checking how
well the two level model agrees with the C.R.M. theory

for the same value of D4 and N4L(Sat)/N4. Accordingly

the two level model was fitted to the C.R.M. curves for
the C.R.M. values of N4L(Sat)/N4. With the optimised
values of K determined, the two curves agreed to within 2%
at all points. The values of D4 obtained from eqn 4.7

using these values of K and N4L(Sat)/N4 were

9 1

Laser pumping on 48598, D4 3.0 x 107sec”

1

Laser pumping on 65602, D4 2.7 x 107sec”

This shows the Two Level Model is a fair approximation

and should give results to within 5% of the true figure.

The final error on the data would appear to be dominated
by the error in measuring the depletion, so that the

final results for the measured de-~excitation rate out

of n=4 are

3.3 (+1.6 - 0.85) x 10%gec-1
1

Pumping 48593, D4

Il

2.8 (+1.4 - 0.7) x lOgsec_

Pumping 65608, D4
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These results agree well with the C.R.M. perdicted value
of 2.9 x 10sec™l. Seaton (1962) quoted accuracy of a fac-
tor of 2 for his cross sections which were used in the

collision rate coefficient formulae of Bates et al (1962)

used in the C.R.M.

From the C.R.M. The de-excitation rate out of n=4 is
dominated by collision rates to n=5 and n=3, which are

8 and 1.82 x 109, the remainder

respectively, 5.2 x 10
of the total being radiative and collision rates to other

levels.

4.6 CONCLUSIONS

To sum up, the data obtained for the depletion of He 11
n=4, whilst bumping on two transitions having n=4 as the
lower level, was fitted to a two level model, described
in Chapter 2. TInitially the He 11 plasma diameter was
considered to be the same as that of the plasma vessel.
Theoretical curves for depletion of n=4 against laser
power, was generated using a Collisional Radiative Model

for He 11.

These curves, when compared to the data, indicated that
the He iI plasma diameter was probably smaller than that
originally estimated and on the basis of a crude two temp-
erature model of the plasma, the data was replotted for
the re-estimated plasma diameter. The two level model

was again fitted to the new data and estimates of the

rate out of n=4 obtained.



182.
The results are in good agreement with the rates predicted

by the C.R.M. and are also internally consistant.

The assumption that the linewidth of the 4859% transition
and using of widths, predicted by Griem (1960), was pro-
bably correct, .considering the subsequent agreement of
the 48592 data with the 6560R data. This shows the ratios
of linewidths predicted by Griem (1960) are probably good

though the absolute linewidths are not.

The general agreement of these results with each other,
considering a difference in laser power of about 6 (and
a difference in laser frequency) for the two experiments,
shows there was probably no hidden laser induced rates

(from any He molecular species, for example) into n=4.

The experimental method could have been improved by
viewing only plasma thch had been irradiated by the
laser. Fig. 4.8 give a possible arrangement by which
this may be achieved. This method has the advantage

in that the observed relative depletion would then be
the actual relative.depletion, without any <orrections
being needed. Also, only one viewing port into the
plasma is required, making the technique far more flex-

ible on what plasma machine it can be used.
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Beam Splitter

Laser /é? Plasma

Y

4

il
A

— = Filter

Photo multiplier

Fig. 4.8

IMPROVED EXPERIMENTAL LAYOUT
for

THREE LEVEL COLLISION RATE EXPERIMENT

In this arrangement the observed plasma is all

pumped by the pump laser so removing any uncer-

tainty regarding the ratio of pumved to un-

pumped plasma.

The observed depletion will now be the actual

depletion of the level of interest.
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CHAPTER 5

H-BETA LINESHAPE EXPERIMENT -

TS and ANALYSI¥
5.1 SUMMARY RESUL

A three level technique, discussed in Chapter 2, was used
to measure the lineshape profile of H-Beta for an electron
density of Ne = lOlscm_S. The purpose of this experiment
was to investigate if, in a plasma substantially similar
to that of Burgess and Mahon, (1973), the central dip of
the H-Beta was being filled in by an impurity contribution.

No measurable impurity contribution to the line core was

found.

Also investigated, was a feature observed.on the red wing
of the H-Beta profile at an electron density of 5 X lOl4cm"3
This feature was found to be an impurity, but its origin
could not be determined with any certainty. That the
feature may have been an H2 molecular transition, was in-
vestigated by looking for absorption at the wavelength of
the strong H2 molecular transition at 4856-553. No
absorption at this wavelength, over that due to the H-

Beta line wing, was observed.

The population density of the n=2 hydrogen level was
measured for the first 90 microseconds of the afterglow
phase of the 3 pinch. It was also found that during the
period that the experiments were being performed, the
n=2 populations, for any particular time in the after-
glow, appeared to have fallen by25 %. No explanation

for this is forthcoming.
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5.2. ABSORPTION PROFILE of H-BETA for Ne=1015cm‘3

The experimental technique used to deduce whether of not
there was eny impurity contribution to “-he core of H-Beta

was the Saturated Three Level Absorption Spectroscopy

(S.T.L.A.S.) technique, described in Chapter 2. The de-
tailed experimental method employed is described in

Chapter 3. The plasma used, was the afterglow of a 2
pinch dévice, also described in Chapter 3. From Fig.3'3
it can be seen that the electron density was lOlscm—3

at a time 30 microseconds into the afterglow. Accord-
ingly, the lasers were fired at this time, scanning the
profile (with the probe laser) on a shot to shot basis.
Fig. 5.1 shows the final experimental results- both with
and without the pump laser. The straight absorption
profile, Fig. 5.la, shows no evidence of any dip greater

than 3% at the line core, corroborating the results of

Burgess and Mahon (1972) and Fleurier et al (1980).

Fig. 5.1b shows the results when the absorption profile
was taken again, but this time the lower level of the H-
Beta transition, n=2, was simultaneously depleted by sat-
urating the H-Alpha transition with a flashlamp pumped

dye laser. This resulted in an absorption profile,

whose optical depth, due to H-Beta at any given wavelength

was an order of magnitude lower than that for Fig. 5.la

In fhe aosence of any impurity, the lineshapes should be
the same in both cases. It is immediately obvious from
an inspection of Figs 5.la and 5.lb that any impurity
contribution to the line core will be no more than a few

percent of the H-Beta line strength at that point.
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Fig. 5.1.b

Absorption Profiles of H-Beta - with and without

H-Alpha pumping.

The top profile shows an absorption profile of
H-Beta Ne = 107°cm™> and Te = -4 oV

The bottom figure shows the same profile for the
same conditions, except H-Alpha is being irradiated

by laser radiation.
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However, the limits of any impurity contribution may be
determined by area normalising the two profiles, so that

at any wavelength
at(A) = FT(A) - Th) 51

Where the factor F is the normalising factor of egn 2.51
and T_(A) is the optical depth when the H-Alpha pump
laser is on. The factor F is estimated initially, by
drawing a best fit curve through the experimental points
of both profiles, t(A) and T_(A) , and then taking the
ratio of the small area to the large area. Fig. 5.2

shows a AT plot for Fig 5.1.

If the two profiles have the same lineshape function, then
the points plotted in Fig. 5.2 should form a random
(Gaussian) distribution around the AT = 0 line. If the
profiles are the same, but the area ratio F is incorrect,
the points will lie on a curve, having the same shape as
the absorption profiles. The area under the curve will

be proportional to the error in F, which can then be

adjusted.

If the two profiles are not the same, but the area ratio
is correct, the points will lie on a curve which will
intersect the AT = 0 base line, in such a way, that the
areas under the curve will be the same above and below
the base line. The AT = o line can then be adjusted
to lie on the asymptotic limit of the impurity contri-
bution, where the gradient of the curve is zero. The

curve under the base line will then be the lineshape of

the impurity contribution.
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Fig. 5.2.

AT plot for H-Beta Ne = 10°em™3

This figure shows a AU plot for the data shown in Fig.5.1.
AV is the normalised value of the optical depth for any
given wavelength (obtained by straight forward absorption)

minus the optical depth, whilst the H-Alpha laser was on.
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An inspection of Fig. 5.2 shows no trend for the points
to depart from the AT = o base line at any point.

However, given that a feature broad enough to fill in

the H-Beta dip is being sought, it is reasonable to com-
pare the mean AT for the central Xngstrom of Fig. 5.2,

(One Rngstrom would be the separation of the peaks of
the H-Beta profile, if there were a dip present), to the
mean of £hose points outside the central Rngstrom and so

test for the presence of an impurity.

The points for the central 3ngstrom in Fig. 5.2 lie about
a mean of AT = 0.003, whilst the points outside the cen-
tral Xngstrom have a mean of AT = -0.001. In both cases

the standard deviation is 0.01.

Fig. 5.3a shows a histogram for the distribution of all
the points around AT = 0 in Fig. 5.2. It is readily
seen, the mean lies on AT = 0 and the half-haif width

of the distribution is 0.01l, coresponding to the stan-
dard deviation. PFigs. 5.3b and 5.3c show histograms for
the central Rngstrom and those points outside the central

Xngstrom, respectively.

The difference of 0.004 between the two means for the two
distributions (the central Xngstrom and those points out-
side the central Xngstrom) is close enough to the error
on the mean (6773. = 0.003) not to be really significant.
In addition, the trend of the points in the central
Xngstrom is in the wrong direction to be due to an im-

purity contribution.
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Any impurity having an optical depth greater than 0.01,
would have been evident via a statistically significant
trend of the points in the central Rngstrom and it is
reasonable to conclude therefore, that an-impurity con-
tribution having an optical depth greater than 0.0l or
1% of the optical depth at the core of the profile,

was not present. No satellites of any sort are other-

wise observable on the wings of the profiles in Fig. 5.1.

This experiment does not exclude the possibility that an
ion plasma satellite is filling in the line core as
suggested by Ramette and Drawin (1976). However, no
corresponding electron plasma satellites appear to Be
observable on the wings of the profile in Fig. 5.1. The
only satellite that was observed, occured at an electron
density of Ne = 5 x lOlA‘cm—'3 and this was shown to be an

impurity (see section 5.4). It Is unlikely, then, that

the line core was being filled in by a plasma satellite.

The H-Beta profile, shown in Fig. 2, is consistent with
that of Burgess and Mahon (1972) and Fleurier et al (1980)
in that no dip greater than 3% was observed. The elec-
tron temperature for this present experiment was somewhat
higher than that quoted for the experiments cited above.
(1.5 x lO4K as against 104K) and if the ion temperature
can be assumed to be the same as the electron temperature
then Mazure et al (1981) show we would not expect to see

a dip.

That the ion temperature is the same as the electron

temperature, is a reasonable assumption for this plasma,
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since the electron - ion equilibr ation time is

given by (Spitzer, 1956)

— Y
l.(% - mE O‘be Te. 5'2
Me NL jnd\.

Whereﬁy\Jm is a siowly varying function of
Te and Ne and is given by Spitzer as being about 6,

when Np= lO]'Scm-3 and Te = lO4K.

Egn 5.2 then givesTLW‘w 100 nanoseconds, which is
very short compared to the )é relaxation period

for this plasma of 36 microseconds.
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5.3 ESTIMATION OF H2 MOLECULAR DENSITY

It was shown in the previous section, that the

electron-ion equilibr ation period should be about lO-7sec

for a plasma,where Te =~ leV and Ne = 10%%em™3.

The equilibrium time of the atomic and electron temperatures
will be about an order of magnitude larger than this,
Cairns, (1970), since tha atoms are electrically neutral,

so their effective velocity changing cross sections are
reduced. Also, atoms have an internal partition function,
which allows energy to be transferred, from the electron

into exciting the atom internally. Since the electron
temperature relaxes on a time scale of 36 microseconds,

the atomic, molecular and electron temperatures should be

in equilibrium.

The Saha equation for a molecule, consisting of two atoms,

A and B, is:-
3
so  Nane (M)/ug exp-L Eng /KT ]
Nag n* Y8
Where - Q4 i the partition function of A

Eag is the dis sociation energy

/Ub is the reduced mass

/LA. = aMNn

Man
For the reaction

Hg_: H+ ]"l’
we have A« B so that
Eps = 4482V
p = rz\f - 8~L+xlO-28Kg
@A = g = X~

9&5 is the partition function for the H)2 molecule. which
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is obtained from Mayer and Mayer, (1940)

Fig. 5.4 shows a plot-of the Mayers' partition function
for H2 against Temperature. This Plot is due to

M.P.S.Nightingale.

For the H, molecule then, eqn 53 goes to

2

N
H T %2

= N:x 5‘7;(\047 s 2xp (5.;5,(“(,0"’/1—-) m=> B4

1.

For this plasma, when Ne = 1015cm'3, Te = l.4ev so

9ag = 430 and Ny = 2.8 x 1022m-3, (Ng is estimated
from the filling pressure of 0.45Torr ). we arrive

at a value for Nu, = 1.4 x 101%m~3,

Comparing this with the measured value for the n = 2
population of 4.5 x 10'1, see Fig. 5.8, it is unlikely
that H2 molecules are contributing anything that will
be in the least way comparable to the optical depth

of H-Beta.
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Fig. 5.4
Partition function for H2 against Temperature.

Plot due to Nightingale. (private communication)
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5.4. THE RED WING of H-BETA at Ne = 5 x ].Old"cm-'3

When initially setting up the apparatus, a trial run was
performed ét 47/uSec after the pinch phase. This was,
because the optical depth at the line c=ntre of H-Beta

was highest for this time - which corresponded to an elec-

14

tron density of Ne = 5 x 10 em™3. On the red wing pro-

file, two Rngstroms from line centre, there appeared to

be several high points. Investigating these points further,

a detailed absorption profile of the red wing was performed,
shown in Fig. 5.5. The M.I.T. Wavelength Tables (1939)

did not list any likely elements having transition at the
wavelength of this feature, 48638, except zn Fe I tran-
sition. (The only possible source of Iron was the Pyrex

tube of the plasma vessel)

It was then decided to perform a detailed 'three level'
investigation of the line around this feature. The results
are shown in Fig. 5.6. The straight absorption profile

is not as clean as that shown in Rig. 5.5, but the

H-Alpha laser pumped profile shows the feature very clearly.

Fig. 5.7 shows a plot of ATV for this profile where
F = 0.1034. The feature now can be seen to have a peak
optical depth of about‘0.0Q and a width of about 0.158%.
Following Drawin (1981) and Piel (1981), it was then

thought possible that this feature was of molecular origin.

A strong H2 molecular transition exists at 4856.53, and
a scan through the region in straight absorption was tried,

but no obvious feature was observed on the wing of H-Beta

at that wavelength. See Fig. 5.8.
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Fig. 5.5

Red wing of H-Beta for Ne = 5 x 1014, Te = 0.8eV.

Note the structure 28 from line centre.
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Absorption profiles of red wing of H-Beta, Ne = 5 x 101%cm™3

with and without H-Alpha irradiation.

° Straight absorption

o) Absorption with H-Alpha laser on.
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Fig. 5.7.
A AT plot of the feature on the red wing of H-Beta

The feature has a line width of about 0.28 and a line

centre opacity of about 4864 .43.

The plot is inverted to make the line shape look the
right way up.’ ’
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Blue wing of H-Beta Ne = 5 x 10+%cm™3

An attempt to find an H, molecular feature

at 4856.553.
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When Ne = 5 x 1014, Te = 0.8leV. The H, density can be

2
estimated to be about 8.9 x 107%m™3. This again is well

below the observed population of n=2 of 4.6 X lOllcm_B.
It is thus unlikely to be molecular Hydrogen forming

the feature.

Tn conclusion then, the feature seen on the red wing
of H-Beta, is definitely an impurity, though it cannot be

identified with certainty.
5.5 THE POPULATION OF THE N = 2 LEVEL

The population of n=2 as a function of time in the after-
glow phase plasma was found by measuring the linecentre
optical depth of H-Beta for various times in the after-
glow. The population of =2 was derived, using the |

expression
Np - 83mcfAg, te 5.4
MAy 9, L

where T, is the line centre optical depth

AN 1s the equivalent linewidth, such that
AN =L j TN d
Te I\
L 1is the length of the plasma (0.7m)
9n is the statistical weight of level n
N2 is the n=2 population density

Other symbols having their usual meaning.

Using the fact that for N = 1015 A\ = 5 Bhgstroms

and that Ahec Ne/2 (Griem 1964), then
AN = 2. 10N 72 8

Ny = 30N> Te

The results are given in Fig. 5.9.

For this plasma, then
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Fig. 5.9.

A plot of the population of N = 2 as a function of

time into the afterglow.

obtained by absorption measurements on H-Beta.
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5.6. THE LONG TERM CHANGE of the N=2 POPULATION

Fig. 5.10 shows an early H-Beta pnrofile, taken to check
the electron density as given by the H-Beta line width.

against that given by laser interferometry. This

profile was taken on November 30, 1982. The profile shown
in Fig. 5.1 was taken on February 22, 1983. While the
half width has not changed, (indicating no change in the

electron density), the peak optical depth had reduced
from T¢ = 1.65 for Fig. 5.10, to T, = 1.25 for Fig. 5.1.
This indicates a drop in 25% in the number density of n=2

between the dates given above.

The change seemed to occur over a period of days at the
beginning of February 1983, when the profile of the red

wing of H-Beta for Ne = 5 x 10-%cm™>taken. (Fig. 5.6)

A few days later, a profile of the blue wing of H-Beta was
taken for the same Ne, to see if there were any comesponding
satellites to that found on the red wing. This data is
shown in Fig. 5.11. Whilst no obvious satellites were
observed, note the peak optical depth is 1.85 as against

2.05 for Fig. 5.6.

Checks were made on the gas pressure, charging voltage and
genera’ mechanical soundness of the pinch. The elctron
density was also re-measured by laser interferometry.

No change in any of these parameters could be discerned.
Furthermore, no explanation of this anomaly has been

forthcoming.
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An early H-Beta profile for Ne = 107 cm

Note the peak optical depth of 1.65, compared

to that of 1.25 for Fig. 5.1.,which was taken

at a later date.
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Fig. 5.11.

An absorption profile of the blue wing of H-Beta

for Ne = 5 x lOM’cm-3

Note the peak optical depth is only 1.85 compared
to 2.05 for Fig. 5.6.
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APPENDIX 1

A COLLISIONAL RADIATIVE MODEL for He 11

Collisional Radiative Models are well described by
Hess and Burrell (1979), so the basic principles of
a C.R.M. will not be discussed here. Emphasis will
instead be placed on listing the various rate for-
mulae used for this particular model and justifying
some of the approximations made. The matrix inver-
sion method will also be described. The code was

run on a microcomputer having 16K R.A.M.

ION POPULATIONS

It is necessary at the outset, to compute the densi-

ties of the He 111 ion stage, so that the rates from

He I11 into the various levels of He 11 may be calcu-
lated. Assuming a time stationary system A rates

matrix may be written for all the ion stages

-B, B 0O N, 0
Bu -Bw Bia Ny = 0 Al
0 By -Bya N3 J

where B . is the rate coefficient from ion stage

m to n and Nm is the population density of ion stage
m. As it stands this matrix is overprescribed and a
further constraint is needed to give sensible solu-

tions. i.e.

Nq_‘ N[*ZN'L A’?—

From A.l1 and A.2 the solution for N3 is



Ny = (531/53.,)(»1,./(1 - 2-537_/ B53)) A3

By, is the total ionization coefficient from He 11
to He 111 and can be obtained from an expression for

Hydrogenic ions due to Tucker (1975)
-10 y -4 2 3 -l
By, = 10 Te " Z .e.xp(—z— I_H/KT> om Sec
where Ly=13beV and z=2

B33 is the total recombination coefficient from He 111
to He 11, which may be computed using an expression due
to Burbridge et al (1963).

&:_:,3 = 2" ‘D-" ZzTL—yz.¢ (ﬁ) CMZSLC;‘ A‘Lf
where QS({L) = O'5(I~735 + IH(L + 7@ /),) A5
W ﬁ = Z’LI-H/KTL
For temperatures less than 6eV, the He 1l ion stage is

dominant i.e. N2» Ny, so that setting N, o~ Ne is a

good approximation.

COLLISIONAL RATE COEFFICIENTS

For the collision rate between the levels of He 11
an expression for hydrogenic ions due to Bates,
Kingston and McWhirter (1962) was used, which was
derived from an expression for collision cross sec-

tions for Hydrogenic ions due to Seaton (1962)

" -5 .1, ) 2 .z
Cij = 475 x10_J] Lz £11)  axp( -157890 =°(j-1 )|
J =i ZZT;yi JZL?T£

2 -1
tm SLce
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where i is the lower level and £(ij) is the absorption

oscillator strength.

Collisional de-excitation rate coefficients may be

obtained by invoking detailed balance on egn A.6, so

that
G o= Cij -‘; L /KT& 475;(!0 JL‘\CQL) A7
J (;) Z T;/z
emisec

COLLISIONAL IONIZATION

The collisional jonization rate coefficient formula
used, was that due to Bates et al (1962) and is a
modified form of eqgqn A.6

Ce = DhxiO s 2x P f!67‘6‘)0£—. } emosee” A
Z TN "

RADTATIVE RECOMBINATION

The radiative recombination rate ceofficients, Hci'
were those due to Seaton (1932). Though the expression

used is from Johnson (l972)

Hi = B197x10° L'(%) exp( >z Inll n-n(_éi) om’sec” A9

wheve n=0,1,7%.

\

En is an exponential integral
ﬂ "'ﬁt -N

Em({%) =‘j . t dt | A 10

)
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From Abromowitz and Stegun (1964)
= ((79\) 1s 12lated to Eh((l,> {or n»l by

Enen () - %[gﬁ-/sm@} A

The gaunt factors gn(i> are given by Johnson (1972)

i=1 i=2 i>3
4,(1)  1.1330 1.0785 0.9935+0.2328i 1-0.1296172
q,(i) -0.4059  -0.2319  -171(0.6282-0.5598171+0.5299i 9
9.({)  0.07014  0.02947  i”%(0.3887-1.1811i 1+1.470i7%)

THREE BODY RECOMBINATION

This was obtained by applying detailed balance to the
ionization coefficient, Cie . The three body recom-

bination coefficient is then (€., where

~ Ll -
Cet = 9L o /KTe Cic om sec AL
9.9+

where Ii is the ionization energy out of level i.

The partition function for the electron is

7 -7
Qe = .;.(___h___ A3
Ne A Mg KT

See Mihalas (1978)
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For the He 111 ion gt” so then

Cei = f‘l’s(..“l_)% 9; o “elic wmlsec Ay

L

2 \Armg KT
. 7..37,::0'27 TNe  end sec A-15
2 T,

RADIATIVE RATES

The absorption oscillator strength £(ij), for Hydrogenic
ions was calculated using an expression due to
Kramers (1923)
fp = 32 i gq(ji) At
33w (jz_ Li) 3
where g(j,1i) is a gaunt factor of order unity.
Johnson (1972) gives an expression for the gaunt factor

which then makes f£(i,j) correct to 0.5%.

%(L'D : ﬁou) * 9 (()Jﬂ + ﬁz( L)J "t A7

Jor 9 and g, are tabulated for the expression for
radiative recombination. The relationship between

the B value and the absorption strength is

T2 fi]) = By by

Me
Using the Balmer equation
2 -
hv=za(g~4g Au1a
L d

and relating the A value to the B value

AJ_L = 9i grhy’® Bjj | A0
9; & |
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then finally

Aji = B ‘Oq%“[—'- . _'-} Lo v aly)) an
{ My N I 3
J 3/—3'TT(J-L)

using these expressions for the A value and the -

oscillator strength, all the collisional, radiative

and laser rates can be computed

MATRIX INVERSION PROCEDURE

When inverting large order matrices, the conventional
Cramers-rule procedure is very inefficient and time
consuming. Forsythe (1953) points out that inverting
a matrix of order n would require about (n+1)|multi-
plications. So for a matrix of order 26 this would

require about 1028 multiplications.

In consequence there has been a large body of liter-

ature devoted to the invention of more efficient tech---

niques. For the most efficient techniques, Forsythe
says, only about n3/3 multiplications are required:
say  about 6000 for a matrix of order 26. Forsythe
gives a number of ways in which matrices may be in-
verted rapidly. However, a method due to Choleski
(Fox et al, 1948), was finally chosen for its simp-

licity, accuracy and speed.

This method is only suitable for symmetric matrices

and so the matrix is first symmetrized, by multi-
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plying by its own transpose.

Let W be the matrix to be inverted, then let ﬂjﬁ =M,

—_—

a symmetric matrix. The matrix 'M is then expressed
in the form of two triangular matrices:; L, a lower
triangular matrix and i, its transpose and an upper
triangular matrix.

~S
So now M=L1L

This is inverted, so that

()= ()

{ l_.)" A93

L and L are easily found by back substitution.
~ -
Then (L) Lor (L) ! can be obtained by noting that
~ A~ _ -
(L) (L) 1. I, a unitary matrix. (L) Lis simply the

transpose of (L) ™%; so enabling (1\_4)_l to be determined.

The inverted matrix (ﬂ)-l may be retrieved by noting

that

- A~

(W)= (M) W A2y
ACCURACY of MODEL

The model was run to compute the population densities
of the first 9 excited states. It was assumed that the
system was time stationary and in equilibrium. A

further constraint was put upon the model. Which

was, that the He IT ground state population was equal -

to the measured electron density. This was justified

by two arguments

1. For temperatures Te,é 6eV, the He Iz population

should be much greater than the He III population.
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See Tucker (1975).

2. The first excited state is more than 40eV
above the ground state, so the excited state popu-
lations should be small compared to the ground state

for any temverature expected in the plasma.

There being no real way of testing that the code was
actually working correctly (i.e. producing the correct
numbers) all the collisional ionization and recombin-
ation coefficients were replaced by those for neutral
Hydrogen, due to Vriens and Smeets (1980). The pre-
dicted populations for a given Ne and Te were in

close agreement with C.R.M. developed by Gohil (1982)
for neutral hydrogen. This showed the code to be

working correctly, in principle.

Bates et al (Tr962), state that their collision rate
coefficients agreed, within a factor of 2, with the
rate coefficients derived from cross section for

He 11 1S - 2P, due to Burgess (1961). However, the
close coupling calculation of Burke et al (1964)
should be superior to the Born approximationcalcu-

lation of Burgess, especially near threshold.

As an independent check, the cross sections of Burke
et al were fitted to a curve of form of the Born
approximation at high energies

6 = ﬂ_ ,QV\ BU— A‘ls

2 .
\

Where v is the electron velocity.
This gave a fit to within 10% for the range of

energies given by Burke et al, when A = 3.67 x 10-8

and B = 3.72 x 10”/. See Fig. A.1l.
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¢
f
5
‘“-G-oz.
10 L, L
2- =
| 2 3 4 5
w —>
Fig, A.1 /*H

CROSS SECTIONS for He 11,1S - 2P.
The continuous line shows the theoretical cross

section of Burke et al (1964).

The dotted line is a #£it of the form of the Born
approximation at high energy. (See text).

W is the energy of the colliding electron,

WT is the threshold energy.

The fitted curve was made to go through the

points

g = 0-1 at W/wT =1

¢ - 0.0635 at W/wT =5
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Eqgqn A .25 was then converted into a rate coefficient

using the formula
©
Cyp = &(U) Ph") vdv Mggz,(;.' ALl
Vr
Where ( is the electron velocity and Vr is the

cut off velocity at threshold.

The Maxwellian electron-velocity distribution is

Ve - ar(me NtV
AT KTe

-1 2 -8 2

. 1'35«10 %‘5 MP(—%-Bx\o X %2_) AT
Therefore Pe)
Crn = 49bx ID-MJ y‘us" In (3~72uo'1 u‘)

VT i -3~3x|0-8u’

w3 re  pas

where  Vp = 3:8210° moaec™

This expression was integrated numerically, where
the upper limit of velocity was set at lOOVT and
the results were compared with those obtained,
using eqn R.b. The results are tabulated below

for a range of temperatures.
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Cis (egqn. A+13) 012 (eqn. Ab ) Temperatures
mzsec"l mzsec-l Kelvin
9.9 x 10-18 1.28 x 10717 6 x 10%
2.65 x 10”18 2.88 x 10718 5 x 10?
3.42 x 107%° 3. x 10719 4 x 10%
_21 4
0.0 x 10-21 6.73 x 10 3 x 10
6.5 x 10°2% 3.07 x 10°%4 2 x 10%
3.55 x 10727 1.32 x 10727 1.5 x 10

The two equations would appear to be in good agree-
ment for a temperature of 5 x 104. For higher
temperatures, the equation of Bates et al, eqn A:b
gives progressively higher rates and the reverse is
true for temperatures below 5 x 104. However, the
rate coefficient-C12 would appear to be trustworthy

to within a factor of two,as stated by Bates et al.
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