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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 techniques 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
ln15 -3 10 cm

Using a three level laser based technique, 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 1014cm-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 rate coefficients

9 -1less than about 10 sec , due to the inability of
currently available detectors and data recorders,

-9to respond to transients faster than 10 sec.

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 experiments. One to measure the 
collision rate coefficient out of the n=4 level of the 
He XT 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 Tl 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 experiments.

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 exists which 
attempts to link the basic plasma parameters of particle 
density and temperature to the observed spectral information. 
The literature falls broadly into two categories - Lineshapes 
and Collision Rates (cross sections).

Both categories attempt tb 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 0 where

M
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Ne is the electron density.
Ni is the ion density of the i'th ion stage. 
3 is the charge on the i'th ion stage.

See Mihalas (19 78)
For Hydrogen this reduces to

15 -3For example in a Hydrogen plasma, having T=leV and Ne=10 cm , 
there will be about 30 charged particles within a radius of, 
and so interacting with, a radiating atom. Outside this Qebyfi 
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' 
theory 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 -quantum 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
proposed by Holtzmark (1919) and the electron broadening



was described by elaborate 'unified' theories due to
Vos1amber (1969) and Vidal, Cooper and Smith (1969) or the
modified impact theory of Kepple and Griem (1968)
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1.2a ION DYNAMICS

Similar techniques were used to describe the astrophysically 
important He 1_ transition %  ? ~ H ® (A = 4^71 fl)
and its optically forbidden companion 2 P— ^ P t X  * 4^70 Pi) 
see Barnard, Cooper and shamey (1969) and Griem (1968) 
However Burgess and Cairns (1970 and 1971) determined the 
lineshape of the 447l2 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=1015cm"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 important 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 1 were in fact more likely due 
to strong molecular transitions, Piel (1981) also showed 
how strong molecular transitions can fill in the central 
dip of H-Beta. Thus, at the date of the present experi­
mental work, an element of uncertainty remained in the 
comparison of theory with experiment.

Theoretically, Peach (1981) argued that the problem Wajs 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 (1981)), 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

15 -3not been entirely successful. For example, for Ne=10 cm 
and Te=Ti=104 K, the theories cited above predict dips of 
between 3% and 1%, 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 of H.̂  contributions 
to the lineshape? it would appear apposite to determine 
if indeed, under the experimental conditions of Burgess 
and Mahon (1973), 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.



1.2b LINESHAPES OBSERVED via THREE LEVEL 
SPECTROSCOPY
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The relationship between three levels ofa-test 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, in 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 levels 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 experiment 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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Pig. 1.1

LEVEL DIAGRAM of DOUBLE RESONANCE TECHNIQUE 
used by BROSSEL and BITTER

Visible photons having energy 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.



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
broadening and electron pressure broadening and due to the
high electron collision rates, much higher laser powers

2(typically, megawatts per cm for plasmas, as opposed to 
a few watts per cm for neutral vapours) are required to 
perturb level-.populations significantly. 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 f P - p F  { X * h k l O C \ ) transition in He 
were revealed by induced laser fluorescence on the

-  X3P ( A = i+i+71 S) transition. The 4^F population was 
enhanced by laser photon plus plasmon excitation.

3The 4 D population was then enhanced by virtue of the strong
3 3mixing between the 4 D and 4 F levels. See Fig.1.2 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 
using a three level technique to assertain, whether or not, 
there was an impurity contribution which is filling in the 
'dip' at line centre.

23.

H
I .
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Fig. 1.2

TERM SCHEME of KUNZE 'S EXPERIMENT on 447l2

3A tunable laser, frequency W_, pumped atoms out of 2 P.-L3 3The laser could pump the 4 D transition direct; also 4 F
3lr-' weakly coupled to 4 D due to the plasma field so the

3 3 3laser will pump 4 D if tuned to the 2 P-4 F transition.
3The laser can also pump 4 F directly by a two photon 

transition using a plasmon, W , as the other photon.
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Fig. 1.3

SPECTRUM from KUNZE'S EXPERIMENT on 447lX

Spectrum from Kunze's experiment showing the plasma 
satellites either side of the forbidden component of the 
Helium 447lX transition. The laser was tuned through the 
frequency band shown and enhanced fluorescence, I_, onr3 34 D-2 P was observed.



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.

hift. = Cfi; j . J

D<v-

Where Na is the population density of level a, Ca are the 
sum total of rates into levela and Da is the total rate 
coefficient 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.

26.
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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 Oife(u')

Vine re v is the electron velocity and f (v) is the normal­
ised electron velocity destribution; usually 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)

by
1-Z.
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for Is - 2s and Is - 2p in Hydrogen. Van Raan et al (1971) 
for transitions from the ground state of He. Dolder and 
Peart (1973) for Is - 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 
trans itions.

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 iteratively varied the parameters so that the popul­
ation densities predicted by the C.R.JYI. 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 dye 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 Skinner (1974) 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 (1979) 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 hew 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 rate coefficients of 
Vriens and Smeets -which still seem too high for the
plasma conditions used by Burgess<n
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Pump l a s e r . 
OM

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 l/£. 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 1/t time of .1/Da.

Power required to cause transient 'spike' at A, is
P >, Da. W kvT 2"

Ĉ. C2 fiax.
where A'J is the equivalent width of the pumped trans­
ition, the laser rise time must be 4C 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. 1.4.
B. As in Fig. 1.4.
C. Laser now off. Level c now decoupled 

from Level a. Level c relaxes back to 
its original population in a 1/^ time' 
of 1/Dc.

The pump laser should have enough power to
cause significant depletion in n=c.

P >  0a. Stt Ay pc
9c CX ftx-c

W yvf7"
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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 He+. If 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 visible transitions are higher for ions than for 
neutrals



Take for example neutral Hydrogen and the hydrogenic ions.
The Bohr radius R for the n excited state is

£o ft b3>
it w

The cross section is given by

tf# ttR* oc try)11 I
Hr

The visible transitions in the ions, are between the 
n = ap and aq- levels. For instance Balmer Alpha in 
neutral Hydrogen is between p = 3 and q = 2 levels where 
A = 65632. For He Tl the transition n = 6 to n = 4 has 
A = 656o2. The collision cross sections for the levels 

associated with visible transitions, then goes as

oC (gnr |_5
2

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 6)

For the Ions then, laser power of many mega watts and 
detectors and data recorders of subnanosecond response 
times would be required.

33.
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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 2.7.

Figure 1.6 shows a diagram of the .scheme. The population 
of level a is governed by the ratio of the populating 
rate Ca and the de-populating rate coefficient Da. By 
adding a new known laser rate out of level a and obser­
ving the change in population of level a, it is possible 
to determine Da.



Do.

Fig. 1.6

TERM SCHEME of THREE LEVEL TECHNIQUE 
to MEASURE COLLISION RATES

The laser is tuned to the a to c 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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DETAILED EX.IMIFUTICN OF THREE 

LEVEL JFECTE03C3PIC TECHLI^UES

3UMi-L.--.RY
This chanter gives the theoretical background to the 

Three Level Soectroscopic Techniques used and described 

in this thesis. This chanter will be presented in 

three basic parts.

Firstly, the general theory of the depletion of atomic 

level populations due to laser irradiation will be 

discussed, using the rate equation formulation. 

Secondly, the application of these techniques to the 

measurements of collision rate coefficients will be 

described.

Thirdly, the application of these techniques to the 

measurement of incurity-free line shares will be 
described.
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For any ensemble of atoms, the rate at which the 

copulation density IT*, of any given level a, changes 

will be equal to the difference of the rates into that 

level from the rest of the system,c^}and the rates out 

of that level to the rest of the system, d^Da

4  Wa. s Ca. -  /0<v Da. £.)
due.

(D^is the total rate coefficient for all the rates out 
of level a,;

If the system is time stationary, then

d NJcl = O • hJa. cr Ca. £.*2.
CLt D *.

Since Ca and are sums, we may rewrite eon. 2.1 as

Klou = ^ — Cncl 2-*3n̂ cx. n^a.
'■here, for examole, Gna is the rate from level n to

le ve 1 a.
In general these rates v;ill be radiative rates, 

collisionally induced rates or the sum of collisionally 

induced and radiative rates.

'LLI3IC FUTI3

don radiative excitation or de-excitation can tare 

place between levels due to inelastic collisions between 

the test atom and other atoms, ions or electrons.



The reaction (for exenDls, electrons} is of the form

A* + £~L<d ^  A + 4L~t v  *  ( 2. Rw/rvi)^ J  2,-ij

..'here # denotes on atom in on excited state. Here, on 

electron, velocity v takes off the excitation energy 

from the excited atom in a superelastic collision.

4 1 .

If the crocs section for the reaction is 0 ^ ( 0  ^or' 
say, excitation from level a to level b then the rate

rill be,

fccub = Cf̂ b (ir) v  ̂  (vr) d ir 2.-5

There f(v) is the normalised electron velocity distri­

bution such that,

and He is the electron density.

The electron velocity distribution is usually taken to 

be that described by maxwell-Boltzmannstatistics so that

v) = ^p-m«prZKTk. 1 7
* 2.TT Y JJ

This will be valid for any thermal, fully ionized, plasma. 

(Soitzer 1949). Though where the ionization is less than 

about 1%, the high velocity tail of the distribution may 

be modified, due to the suoerelastic collisions of

electrons off atoms in excited states, see for examole 
fhoub (1977)
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,-t .D I. .T IV 2  du-.Ti

In aenerel, the radiative rates

'■nay be written

where

-■•la

Bab

p M
fW

i. e.

i t  ' &(Uyo(V) dv sec

Population density of level a. 

Einstein absorotion coefficient. 

Radiation density per Hz.

The normalised line shape function

] §(y)cii = i

pSr-ribed by the

.imula ted amiss i

s, a and b,

isorotion rate

-1 X-8

iimilarly, the stimulated emission rats from level b to 

:an be expressed as:-

NbJ $(v)dv
Jhere B ^  is the Einstein stimulated emission coefficient

The Spontaneous emission .rate is exore:

-i
K  Ab '•b ix  SCC 2-10

Tiers A, is the Einstein spontaneous emission coefficient
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■The coefficients ere related by ties expressions

here 9<

6o.b = 9b 6bo.
9a.

is the statistic:1 xeiaht of level

2 ' )

A b(X -  6 bo.

In addition, the absorption oscillator strength ja-b 

of the transition is related to the value by:-

Ab* - S i r W / U  9*
3b

*•13
c ? m

L-^dEd INDUCED RAT:

To consider the radiative rates induced bv laser rad­

iation, the laser newer per unit frequency -P(v) , 

be related to the total laser oov/er P, by

may

P(v) = P f (v ) Z-ltf

here■e 1f(v) is the normalised line share function of the 

laser. is related to the radiation density^o(v) by

Pb)  -  c p(v) iL-15

If Lab is the laser ournoing rate from level a to level b
sen

La.b * ^a.JSaA-P J lib
if the laser linevidth is la. corns area to that of th:

ir radio tec. line, then, ^(v) can be considered constant 
across the line snare orofile and es n. "'..16 can as ■

kb - Nlo- p y(v') [ f(v)dv 1)7
, c. Jv

/.'here V is the line centre frequency of the transit!on
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If V is the line centre freouency of the loser, then 

ecn. 1.16 can be written as

v '

ht> - No- h b  t  ( \
& AOu \ ̂ (v") /

M 8

here . is the ecuivalent linewidth of the laser.

such that

A^u  ̂ _ L  
i h " )

2-1*1

similarly, if the laser linewidth is narrow compared 

to that of the transition, sqn. 2.16 may be written

LcJ* = No, -P f <f (y 'l \  JL-20

where is the equivalent width of the transition,

such that

AS). j_ f fUUv
£ ( o 0  J o  x

12.1

If the linewidth of the laser and the transition are 

comparable, then the integral in eon. 1.16 will have 

to be calculated explicitly.

However, theintegral in eqn. 2.16 may be expressed as 
General ‘acuivalent width1 such that

W . 1f d  lv) dy) =» j_
Jv 1 '

lo that in general eon. 2.16 may be 'written

c  A v

For the case where ^(v) and ^(v^are both Gaussians and
' '' \whe re M = V then figure 2.1 shows how A v  , (normalised

to A p- ), varies as a function of A ^ i /

2-23
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o

Fig. 2.1 a V l
AVr

GENERAL EQUIVALENT WIDTH PLOT

This plot shows how the general equivalent 
width used in eqn 2.23, normalised to
the transition linewidth a v t , varies as 
a function of laser linewidth A\)l 
normalised to AVr

also
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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 

<f>[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

In the case of a narrow laser 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 V
and V-f d\J will be where

Here is the normalised lineshape function of
the inhomogeneously broadened line.
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The laser rats will no’-' be

L ^ b  - bah p f » l a ( v ) ^ l v W v  % - w
C

However, substituting from eqn.2.25, than

U b  = d*Eu,P f f  (v) M  civ JL47
C.

Now sen. 2.77' is formally equivalent to eqn. 2.24 so 
showing that the laser rate will be indeosndent of the 
broadening mechanism of the line.

»

2.5 THE VALIDITY CF THE NATE EQUATION 
FORMALISM

In describing interactions between matter and intense 
electromagnetic fields, e.g. laser beams, only the density 
matrix formalism is exactly correct.
The density matrix formalism tabes coherent interactions 
between atomic states into account which the rate equation 
formalism does not. In the long term, the effect of 
collisions and radiative decay cause a dephasing of the
wave functions of the atoms with respect to each other, so 
that coherent effects become unimoortant and the density
matrix formalism becomes well approximated by the rate 
equation approach. /There rapid transients in the time 
evolution of an atomic state are being considered due
to laser pumping, (i.e. a sudden change if the population 
density) and these transients are on a timescale small 
compared to the mean period between dephasing events, 
(collisions or radiative decay) then the rate equation

formalismapproach is not valid and the density matrix
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*

should be followed 
Doily (1977; hswe 
the rote equation 
here is general

. Mcl1rath and Carsten (1975} and 
analysed the regions of validity of 
formalism in detail and what follows 
summary of their findings.

Considering a two level atom being pumped by a mono­
chromatic laser, then in general the rate equation for­
malism becomes invalid when
a. The time the laser power density takes to rise to 

saturating levels is small compared to the mean de- 
phasirtg period of the atoms.

b. The Rabi oscillation period is small compared to 
the mean dephasing oeriod of the atoms.

Here, 'saturation* power densities have the usual defini­
tion that the laser cower is higher than that required to 
induce a stimulated emission rate that is ecual to the 
spontaneous emission rate. That is

P >  Afc>a,c A q  2-2.8
&ba.

These sort of power levels are required to significantly 
oerturb the level cooulations.



For plasmas such as are being considered in this thesis
where Nt. ~ 5x 10 and 1̂, — \jlV

the important dephasing events are listed below.

4 9 .

EVENT TYPE
TYPICAL PERIOD BETWEEN 

EVENTS

Radiative Decay. Typical A
value for visible transitions 

8 —1is about 10 sec

Inelastic Collisions.
For Neutral Hydrogen, the
collision rate out of n=3 is
about 108sec-1 for the above 
plasma conditions. See
Vriens and Smeets (1980)

10-8 sec.

10"8 sec.

'Elastic' Adiabatic Collisions.
These give rise to the broad­
ening of the line. For the above 1 0 sec.
conditions, the line width of 
H-Alpha is 0.6&. (Vidal, Cooper 
and Smith. 1973) this leads to a 
collision frequency of about 
1 0 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 
operator dab * £  and is the cyclic period over which 
the population of the pumped levels changes.

dab is the atomic dipole* operator for the transition 
E% ** E  CoS ( 2Lrr9 1) ' the la s e r  field (monochromatic)

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

djLb.f.' -  k. W
T

E is related to the laser power density via the 
Poynting vector, so for a monochromatic laser field

The Rabi period can then be written as

9 ] h i ZI 1J

~  s - U t *  i o ’ b c u e i
p  h

2.-30

For times longer than the dephasing period of the atom, 
the Rabi oscillations will be damped and the rate equation 
formalism becomes valid.
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2.5a THE VALIDITY of the RATE EQUATION FORMALISM 

WHEN IRRADIATING BALMER ALPHA

Both the He 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=1015 and Te=leV, the F.W.H.M. half width of 
H-Alpha is 0.8^. (Vidal, Cooper and Smith,1973). This 
corresponds to a mean dephasing time of 2 x 10 ^sec.
The dipole moment for any level n in hydrogen is 

d  Jv ^
So for a transition from level a to level b 

d-ctb -

For H-Alpha then ^23 ̂  Sfl-oC * UsinU this in eqn 2.27
-2it would require a laser power density of about 1 MW cm 

to achieve a Rabi period of 2 x 10 ^sec.

Laser power densities of t h is  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 10 ^sec. Also, the rate equation formalism would 
only be non valid for a period of tx 2 x lO'^sec. In

Ofact, the rise time of the laser was o£ 10 seconds, 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

Ma. - C cl 
0<x

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

tit -  t f  1-31
Do. ■+ U.

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 qo roughly 
2as n , the relatively higher collision rates out of level 

b mean that N^ will not be significantly 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 eqn 2.31 can.be rearranged 
t give

tit „ — Do.-------  2,32.
Wa. Do. + L-oi

Do. 3 1 ■ .o.b
!

l-'b'b
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Da, rates out of 
level a

Emission from a to 
(observed)

c

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 pump 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 function 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 L Da can be deduced.
In practice, this model will usually lead to an over­
estimate of Da, since Ca^1̂  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. 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 NaL will also 
be correct for low laser powers despite being incorrect 
at these powers. Then

h/oL — l—bcu i D ol
L-ccb ■+ Doc

JL*3 4

Using eqn 2.23

1-36 H i = Hb6b«.P , D-Hft" / " E>«.bP . Dcl'
L cAV J/ L CAV J

Let K be a constant, where

Then
K = Oft.Ho.CAv

Hb 6bcu
2.-3b

Hi = Hb( P + k )
Ho. 3 b  H o .P 4 9 o .H b K

2*37
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Now let NaL (Sat) be the asymptotic value of NaL for 
laser powers P ̂  K, then

ISo-O = rM o. 1 3 8
9b

Substituting 2.38 into 2.37 and dividing top and bottom 
by Na, then

Ou
" NctiSeJ:) ( P+K) / p *+ / Hi1 ($0,0 ) k
 ̂ Nfc - / l tU j J

Fig. 2.3 shows plots of eqn 2.39 for various values of 
£ NaL (Sat) 1 Note that now one extra piece of inform-Na J
ation is required over the one level model of eqn 2.32,

Lnamely the value of Na / Na when P ̂  K, in other words
the value of l~ NaL (Sat) "]

L Na
This model should now be correct for P K, (like in 
eqn 2.3 2) and also P ^  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 
offset by having Ca fixed. (Which pushes Na lower than 
it should be)

Having obtained a value of K and ("* Na^ (Sat) 1 by fittingL Na J
eqn 2.39 to the data, Da may be recovered, using eqns
2.36 and 2.38.

Do. s K febO-9b 
CA>> 9 a.

1
bla.

139 b
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Plots of Two level model for various values 
of NaL (Sat)/Na.
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2.6c OPTIMUM DEPLETION LEVELS

Although the depletion is larger for larger laser powers, 
so making it easier to measure, it is also true that
d /Na | is also decreasing with P so making the 
dp ^Na Jmeasurement less sensitive.

The optimim depletion to work at then, is when the product 
ANa d;. (ANJ<x) is maximised; where

<AP
= I -  H cl

No.
This occurs when

N ^ i S « ± ) V
t\(K )

l 1-hO

2.6d COMPARISON OF ONE LEVEL and TWO LEVEL
DEPLETION MODELS

The one level model can be recovered from eqn 2.39 by 
removing the stimulated emission term. Then

£  .  K Nice ( SolO / P + K ( N/t LSô tV1
Na. / l ^  /J

1'hl
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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

t Na LNa^ (Sat) = 0.4, the values of P when Na /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 Na^(Sat) * 0 . 1Na
however, the error would only be 30%. The errors incurred
using the one level model could be quite severe despite
its attraction that a knowledge of NaL (Sat) is notNarequired.
A laser capable of powers high enough to find Na^(Sat)Naexperimentally would need to be about two orders of magni­
tude more powerful than that needed to work at the optimum 
depletion (eqn 2.40) for best sensitivity.
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PA

Fig. 2.4

COMPARISONS OF ONE LEVEL AND
TWO LEVEL MODELS

Ttoo level model
One level model



2.6e COLLISIONAL RADIATIVE MODELS

A COLLISIONAL RADIATIVE MODEL, (C.R.M.), is generally
described and defined in section 1.3a 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 XI
COLLISION RATE EXPERIMENT

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

60.
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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 
4686&. (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 N^L across the sample volume of plasma. The observed 
N^1" 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 2.3 9a.
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 is sensitive to
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At the high power limit where P ̂  K, eqn 2.39^reduces to

Na = Nla 
Islok. da.

At the low power limit, where P ̂  K, the depletion is 
linear with P. Let the depletion be ANa where

AfJov. = fslov. — h lc t  ~ hJo. I  I — \  fh L\ 'b
K blJ

Then
Adcv =  ̂ j j

V No. J

variations in power density across the beam.

At low powers eqn 2.44 reduces to

i. e.

a.Ada- O' P__ ficv N_____
K  L t^(Sat)

_  I

Na is a linear function of P.
d£ a 1 -  P
Nos- ^

fJa.
Hi (Sat)

X'hS

Rearranging eqn 2.45

Fig. 2.5 shows plots of 2.37, 2.42 and 2.46 for various
values of NaL (Sat)

Na
The plots of eqn 2.42 and 2.46 show models which are in­
sensitive to variations in power density. Therefore, the 
power density at which eqn 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 - d £  (S oJt) 
^ hlo.

More formally, eqn 2.47 may be obtained as the root of 
the second differential of eqn 2.39 with respect to P, 
giving the power at which the gradient changes most
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eqn 2.37 
eqn 2.42 
eqn 2.46

Comparison of Two Level Model with models showing the 
two extremes of sensitivity to laser power.
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bla.{cbaS)

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 
will be No.
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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, Na^, due to irradiation from the two 
power densities. In Figure 2.6 the ratio Na^/Na^ is 
plotted against A  p/p for various values of Na^(Sat) .

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.

levels coupled to level a. It is also necessary then, 
that the laser should be on for a time exceeding this 
equilibrium period.

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

Na

2.7b DURATION OF LASER PULSE

To measure NaL with the pump laser on,it is necessary 
that NaL has reached equilibrium along with the other

d t

(Here it is assumed CaL ĉ Ca)
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For a step function laser profile, then aqn 2.37 has the 
solution.

rtiU') *  rU. / L gfcxp-(oa.-tLb) t  + Cg.] 2 - ^

OOL
In general then Na^Ct) will change in a time scale of the 
order /

Dowi- L(xb j

For high laser powers, i.e. P ^  K, then Na and Nb will be 
redistributed between the two levels in a time scale of 
about 1/Lab according to their statistical weights. Then

fJoi + 9cc^b s Njos.-t Nib % ' 6 0

<3b

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 level a.

So fbr low laser powers, P < K, the laser should have a 
pulse length greater than 1/Da. For high laser powers, 
P ̂  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 LI collision rate experiment, rate coefficients
9of the order of 10 for D4 were expected.

Since the coaxial flashlamp pumped laser used for the 
experiment had a rise time 10 ® sec and a pulse length

_73 x 10 sec, it is safe to assume that a. condition of 
dynamic equilibrium will be valid.



2.7c 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 required 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 Tl, n=4 to 
n-3-' at 4686^, the rate coefficient out of n=4 could be 
studied using the fluorescence technique. Or n=4 to n=8 
at 48598, 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.

67.
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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=CL 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

9measured so that Da ^  10 .

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 density.
The laser then must be capable of power densities

P Dql C Wkv> ^
6o-b

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 lO^sec”-*- •



DISADVANTAGESTECHNIQUE ADVANTAGES POWER REQUIRED

LASER
FLUORESCENCE

THREE LEVEL 
EMISSION 
TECHNIQUE

THREE LEVEL 
ABSORPTION 
TECHNIQUE

Difficult to measure rate co-
9 -1efficients > 10 sec

Fast risetime laser required.
Fast detectors required

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

Several shots required 
Need uniform laser beam

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

P ^  D<\.
9 c. C- AolC.

P ^  9a.9 'rrhv3A v  Dac.
9c A*c

p 9o. 3ttVw* A v Dc

9c. C. Pac.

Table 2.1
Summary of advantages and disadvantages for the three techniques 
compared in Section 2.7. See Fig.1.4 and Fig.1.5 for the level 
schemes corresponding to the 'power required' formulae.
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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, is 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 

SATURATED
THREE LEVEL ABSORPTION 

SPECTROSCOPY

Fig.2.7b
♦ NON SATURATED THREE LEVEL 

ABSORPTION SPECTROSCOPY

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 technique will be called 
Non Saturated Three Level Absorption Spectroscopy. -
N.S.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 techniqae will be called Saturated Three 
Level Emission Spectroscopy. 3.T.L.E.S.
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common ground state

lineshape 
required

probe laser

Fig. 2.8
LEVEL SCHEME for SATURABLE 

THREE LEVEL ABSORPTION SPECTROSCOPY 
The' lineshape of the a to c 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.

If tW) is the optical depth of the transition of in­
terest at frequency V , then is a function of the
population of the lower level Na.

Let u 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

F t(v) = r ( v ) u i-5i

Let 1(V) be the impurity optical depth at frequency V 
When the normalised lineshapes are removed from each other, 
let be the remainder, then

-R(V) * F[t(v) + i(V)] -  [tr(v)u-t i(v)

* K v) ( f - i ) 1-5Z.
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From eqn 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 eqn2.37, 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 monitored 
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 P ̂  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 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)

* • 5 5

3b P
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The uncertainty in Na, due to irreproducibility of the 
laser, may be written

IC  + AfJa * 9a. lib ((P  + A P ) •+ K )  aSH
9 b ( p + A P )

Multiply top and bottom by (P -AP) and ignore all terms 
ain AP , then

* 9a. Nb K / A P \  2.*65
9bP V p )

At high laser powers
zz 0a. Ni b

9b
Eqn 2.55 can be written

a k J£  _ k / a p \
Ni  ■' p V p y

The error in NaL 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
20%, then, to ensure the consequent error in NaL 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 NaL versus P, obtained experimentally.



77.

2.9b 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 on 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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Fig. 2.9

LEVEL SCHEME FOR NON SATURATING 

THREE LEVEL SPECTROSCOPY

The pump laser is tuned 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.



There are two possible methods of approach to this technique. 
One 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. i.e.

Ada- _ WcS(tf) P(v') X'£7
Mfc

Where P(v)is 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 will be proportional to ANa,
which is observed as a change in opacity on another tran­
sition with a common lower level.

The other approach is to increase the power density so that 
(the now larger) ANa is not linear with P(y). Now, however,
A Na is kept fixed and fth) is inversely proportional to

PC'))-
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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 'correct1 model of eqn 2.34 
as a function of P/K for various values of Nb.
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\

Percentage departure from linearity with laser power 
for the two level model of eqn 2.39a

This plot shows how the two level model of eqn 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 Na linear with

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

4part m  10 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 eqn 2.' S 7  to calculate the lineshape function from 
the observed average A Na.

if is the input power density, then the average power 
density along the column length will be where

P(yjto better than 1%, then the pump laser power density
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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 PCv)so that the depletion 
is no longer linear with P(v). When tuning through the tran­
sition, then, it is required to find the value of P(v)that 
will give a set depletion in Na. will then be inversely
proportional to that value of K v)l

Although A  Na is increased by increasing P(v), so making it
easier to measure, it is also true that gj. A ^

nf \is also decreasing with P(.V)so making the measurement less 
sensitive. The optimum depletion to work at then is that 
where the product Ahta. ̂  Af̂ a- is maximised.

d PThis occurs when
/ KlilsJ) , 
I ~ n T  •> 1 

i

%-$°i

or when P _ Ko. ( ^aJ)
K Nlo.

%-yo

This depletion however is (as might be expected) the point 
where Na^ 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
(vJ 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 Ptv) _ t l v )
P'(v)

or p'(v) p (v) (L

Where Ptv) and m  are the input and output power densities 
of the probe laser tuned to frequency V .

The change in the optical depth AtT^v) is found by 
measuring the change in laser power density A  Ptv). In 
the linear mode the change in optical depth will be a 
linear function of the change Na, or

A'fc(y) _ AlJa. A-fcl
t U )

In the non linear mode, the stimulated emission rate from 
the upper level of the pumped transition will mean Af(.v) 

and AN o. are not linear1 y related, however, since AtJa- 
and hence A t , would be kept a constant, in this mode 
this should not matter.

The relationship between A C  and AP(v) is found from 
eqn 2.56

l-feS
\ s  \ , N -.tlv) ~£Xiv)

Ptv) -i A  P ( V I ^ P t v )  JL JL

+Ktn AP (v) _
pV )

I A t ( v ) \  t ( v )  
\ t t v ) J

A-bin
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err A t lv }  _  I i n  \  P(V)
tlv) cCv) L pV) •+ APN).

3.-b5

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.

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(vV

In practice this should only be limited by photonshot 
noise. For example, if an accuracy of 1% was required 
in the measurement of m  then 10^ detected photons are 
required during the integrating period of the detection 
system to achieve a signal to noise ratio of 100.
Assuming the detector has a quantum efficiency of 10% then

510 photons are required.

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 N -vflux of 3 x 10 photons/sec is then required for P(v)
CW dye lasers are capable of 300mw power which is a photon 

i 8flux of 10 photons/sec at 5000S for P(V^

Figure 2.11 shows how a pV )  varies with tlv) for a 1%varies

P(v') 3 *1 0

NOW
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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 should 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 (fig. 2.11) which
would be relatively easy to-measure and would reduce the 
accuracy requirements on the measurement of Pt\>) by a factor 
16 over measuring the same change at optical depth one.

2.lOd 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 interest) 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 c, 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 to 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 c 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 lineshape 

• 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 c, 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. 
can be made here, regarding the pump laser reproducability 
and beam inhomogeneity.



Pump Laser

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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c

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 upper level of the laser pumped transition.
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2.11a ENHANCE.MENT 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 higher 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 0*3>^V < Te. -C 0*BeV

-C l* %  * IO ̂ C*v\ ^

it was found, the enhancement was, in general, about 
6 times greater than expected for n=3 when H-Alpha was 
pumped and about 12 times greater for n=4 when pumped.

The enhancements observed 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
consistent 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 1 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 eqn 2.2)

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

Strictly speaking,Cb does not remain constant, 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).

Db = Cb

db

Db
{■or t -*-®0

AMb = ^ b (+ ) -  ^ b ( l-* D ) = AKUOa-b %.\o%
Db

A N b
Hb

Dfl-b 
C* b

The relative increase in Nb is proportional to the 
relative increase in the total rate 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.

hi*, leu h H* lo111 1

Tt on 0'4£> 0-37

0-01 0-08 0'S*>
^4 JLUf. o-it 0-%£> O' 73

AMs 0-00 O' 01 —
0-2- 0-HX —

Table 2.2

The experimental enhancements given in Table 2.2, show
level of enhancement that may be expected from sensitized 
fluorescence - generally less than a factor of 2. Eqn 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 

5*i0*sec >  y ^ >  '0  o-rtoL J/q  10

The pump laser should be on for periods longer than 
1/Da or 1/Db, whichever is the longer.



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 
laser.

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, is 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.^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 (̂v) > 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. at 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 10, 
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.

S.T.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 the 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 
2 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 electrodes which support the tube at each 
end allow an uninterupted view 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 flowed 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-



To H.T. + Ve Gas inlet

Quartz 
end window V£>cn

k 15 ■K 70 Gas exhaust to pump

Fig. 3.1
All dimensions in cm.

DIAGRAM of LINEAR 2 PINCH, (not to scale)
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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 w^s.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 ANe, where

A  =• r y u £ e, 8 r r ' c ' ^  V i
i x L \

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.



0.01MFD Spark Gap

Fig. 3.2

ELECTRICAL CIRCUIT of 3 PINCH
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Fig.3.3
♦

ELECTRON DENSITY for HYDROGEN 
AFTERGLOW PLASMA

Filling pressure was J.450 Torr 
Charging voltage was 20 KV.



1 0 0 .

t
o '4

Time-microseconds
Fig. 3.4

ELECTRON DENSITY in HELIUM 
AFTERGLOW PLASMA

I

Conditions were 20 KV charging voltage. 
Pressure was 3.1 Torr
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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 was determined by Thomson
Scattering. For the He plasma for a time 18 microseconds
after peak current when the electron density was 

14 -3Ne = 5 x 10 cm . 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 1_1 level 
populations 'for n=3,4,6,7,8, and 9, by calibrated emission 
measurements.

A-He LI 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.



2*0
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Fig. 3.5
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ELECTRON TEMPERATURE of HYDROGEN 
AFTERGLOW PLASMA

Obtained by Thomson Scattering for a charging 
voltage of 20 KV and a filling pressure of 
j . 45 Torr •
An exponential fit to the data (solid line) 
gives

j

Te = (3.16 - 0.03)exp - (t/36.4 - 2.7)eV
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3.1.5. COAXIAL 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 more 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 proved 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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To H.T. Charging unit

Gap Lamp

Fig. 3.6

ELECTRICAL LAYOUT for COAXIAL 
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 
lOOOp.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 31b 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 became 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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+ 10KV

Fig. 3.7

SCHEMATIC of TRIGGERING SYSTEM 
for FLASHLAMP LASER

A InF 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 lOnsec to trigger the 
laser spark gap.
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-H O  K V

ELECTRICAL CIRCUIT for TRIGGERING the THYRATRON
of Fig. 3.7

0
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Fig 3.9

LAYOUT of OPTICAL COMPONENTS for 
OSCILLATOR - AMPLIFIER COAXIAL FLASHLAMP

PUMPED DYE LASER.
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fl e e t e d  at g r a z i n g  incidence, off the walls of the dye 

tube in the amplifier.

U s i n g  one 6 m i c r o n  gap e t a l o n  in the o s c i l l a t o r  cavity, 

gave b a n d w i d t h s  of the o r d e r  o f  52. A d d i n g  a 100 m i c r o n  

gap etalon, r e d u c e d  the b a n d w i d t h  to a b o u t  0.32. The 

powers available, u s i n g  the t u n e d  o s c i l l a t o r - a m p l i f i e r  

system, wer e  a b o u t  600 K.W. The d i v e r g e n c e  was m e a s u r e d  

to be a b o u t  2 m . r a d i a n s  F.W.H.M.

3.1.7. T HE N I T R O G E N  L A S E R

The p r i n c i p l e s  of o p e r a t i o n  of the N i t r o g e n  L a s e r  has b e e n  

w ell d e s c r i b e d  b y  C h e r r i n g t o n  (1979). In this section, 

o nly the r e l e v a n t  details of  the l a ser used, w i l l  be 

g i v e n .

The l a s e r  was b u i l t  f o l l o w i n g  a l u m p e d  B l u m l e i n  v o l t a g e  

d o u b l e r  design, d e s c r i b e d  b y  C . L . S a m  (1976). Fig. 3.10 

shows a s c h e m a t i c  d i a g r a m  of  the laser. The c a v i t y  was 

30cm lon g  and h a d  a 100% A l u m i n i u m  c o a t e d  rea r  m i r r o r  

and a quartz p a r a l l e l  flat was u s e d  as 'the o u t p u t  mirror. 

The 2mm r a d i u s e d  c o p p e r  e l e c t r o d e s  w e r e  set 25m m  apart.

The c a p a c i t o r  b a n k  c o n s i s t e d  of t w e n t y  l O O O p . f . B a r i u m  

Tita.nate capacitors, ten of w h i c h  were p l a c e d  a l o n g  each 

electrode. T he s w i t c h  was an E n g l i s h  E l e c t r i c  CX1571 

thyratron, w h i c h  was e s p e c i a l l y  d e s i g n e d  for u s e  w i t h  

p u l s e d  lasers of  this sort, as it will, still w o r k  in a 

g low d i s c h a r g e  m o d e  r e g a r d l e s s  o f  w h e t h e r  the ' a n o d e 1 

p o l a r i t y  is p o s i t i v e  or negative. This is of  i m p o r t a n c e  

since v o l t a g e  reversals c a n  t ake p l a c e  on fa i l u r e  of the
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P r e - i o n i s i n g  
e l e c t r o d e

Fig. 3.10

C R O S S  S E C T I O N  V I E W  of N 2 LASER.

The gap b e t w e e n  the m a i n  e l e c t r o d e s  is 2 . 5cm a nd t h e i r  

l e ngth is 30cm.

The l a ser is h e l d  t o g e t h e r  b y  a s l i d i n g  c l a m p  fixed 

b y  five s c r e w s .

The m a i n  e l e c t r o d e s  p r o j e c t  t h r o u g h  the p e r s p e x  channel 

w h i c h  is r e n d e r e d  v a c u u m  t i g h t  b y  two large 'O' rings 

s u r r o u n d i n g  the electrodes.
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d i s c h a r g e  c h a nnel to  b r e a k  down, so c a u s i n g  o r d i n a r y  

t h y r a t r o n s  to b r e a k  d o w n  in a s p a r k  d i s c h a r g e  mode. 

R e p e a t e d  s p ark d i s c h a r g e s  w o u l d  q u i c k l y  d e s t r o y  the t hy- 

ratron, r e s u l t i n g  in v e r y  s h o r t  t h y r a t r o n  life.

To p r o m o t e  r e l i a b l e  b r e a k d o w n  and u n i f o r m  d i s c h a r g e  in 

the d i s c h a r g e  channel, a v a r i e n t  of  the L a m b e r t  and 

P e a r s o n  type p r e i o n i s e r  c i r c u i t  was constructed. This 

c o n s i s t e d  of a series of  4 e l e c trodes p l a c e d  e q u a l l y  

above t h e  u n s w i t c h e d  electrode, as s h o w n  in Fig 3.10.

D ue to the m u c h  s m a l l e r  gap, the p r e i o n i s e r  c i r c u i t  w i l l  

b r e a k d o w n  m a r g i n a l l y  b e f o r e  the. m a i n  discharge. The ions 

and U.V. r a d i a t i o n  p r o d u c e d  in the p r e i o n i s e r  d i s c h a r g e  

will h e l p  s eed the m a i n  d i s c h a r g e  a n d  p r o m o t e  a -uniform 

b r e a k d o w n  a l o n g  the channel.

The p e r f o r m a n c e  o f  this N i t r o g e n  L a s e r  is s u m m a r i s e d  in 

Table 3.1. The c i r c u i t  u s e d  to t r i g g e r  the t h y r a t r o n  

is s h o w n  in Fig. 3.11.

The e n t i r e  l a s e r  plus p o w e r  supplies was p l a c e d  in a 16 

gauge steel b o x  t o  p r e v e n t  r a d i a t i o n  of  e l e c t r i c a l  noise. 

The l a y o u t  of the laser is s h own in Fig. 3.12.

N I T R O G E N  L A S E R  P E R F O R M A N C E T A BLE 3.1

Pulse d e l a y 500n s ec a f t e r  i n p u t  p u l s e

J i t t e r  time 10 n sec

Pulse w i d t h 3 n sec F.W.H.M.

Optical o u t p u t  e n e r g y  = 0.5 m.J.

E f f i c i e n c y  : Optical o u t p u t  e n e r g y
3 x  10 - 4

S t o r e d  e l e c t r i c a l  e n e r g y

Bank v o l t a g e  for all m e a s u r e m e n t s  was 13 K.V.
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C I R C U I T  D I A G R A M  of T R I G G E R  C I R C U I T  

for T H Y R A T R O N  o f  N 2 L A S E R
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Fig. 3.12

A  P H O T O G R A P H  of  the N I T R O G E N  L A SER
(See overleaf)

In the f o r e g r o u n d  is the c i r c u i t b o a r d  c o n t a i n i n g  

the t h y r a t r o n  t r i g g e r  c i r c u i t r y  (Fig.3.11)

B e h i n d  tha t  is seen the t h y r a t r o n  itself w h i c h  is 

c o n n e c t e d  to the d i s c h a r g e  c h a n n e l  v ia a flat 

p l a t e  t r a n s m i s s i o n  line. On the t o p  of the p e r s p e x  

d i s c h a r g e  c h a n n e l  c an be seen the c a p a c i t o r  r e s i s t o r  

n e t w o r k s  s e r v i n g  the f our p r e - i o n i z i n g  electrodes.

On the far side of  the d i s c h a r g e  channel can be 

s e e n  10 of  the Ba Ti 0^ c a p a c i t o r s  hel d  in p l a c e  

b y  the c l amp bar.
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L A S E R  P U M P E D  D Y E  L A S E R

♦

Various forms of i n f r a - c a v i t y  b e a m  e x p a n s i o n  systems 

have b e e n  p u b l i s h e d  for u s e  in t r a n s v e r s e  l a s e r  p u m p e d  

lasers. H a v i n g  t e s t e d  the t e l e s c o p e  b e a m  expander, 

(Hansch, 1972), The p r i s m  b e a m  expander, (Hanna, Kark- 

k a i n e n  an d  Wyatt, 1975) and the g r a t i n g  b e a m  expander, 

(Shoshan, D a n o n  and Oppenheim, 1977), it was d e c i d e d  to 

use the g r a t i n g  b e a m  e x p a n d e r  s y s t e m  on the g r o unds of  

r e l a t i v e  cheapness, ease o f  a l l i g n m e n t  and l ow bandwidth. 

A  d e t a i l e d  c o m p a r i s o n  of t h e s e  v a r i o u s  - a r r a n g e m e n t s  can 

be f o u n d  in a p a p e r  b y  Trebino/ R o l l e r  and S i e g m a n  (1982)

Fig. 3.13 shows a s c h e m a t i c  d i a g r a m  of the laser, u s i n g  

the g r a t i n g  as th e  b e a m  expander. The g r a t i n g  is u s e d  at 

g r a z i n g  inc i d e n c e  w h i c h  gives it h i g h  d ispersion. The 

o u t p u t  is t a k e n  f rom the zero o r d e r  r e f l e c t i o n  off the 

g r a t i n g .

Fig. 3.14 shows the final l a y o u t  of the c o n s t r u c t e d  dye 

laser. The t u n i n g  m i r r o r  m o u n t  has fine and coarse 

adjustment. The coarse a d j u s t m e n t  m i c r o m e t e r  acts 

d i r e c t l y  on the m i r r o r  m o u n t  w h i c h  swings on bea r i n g s  

a t t a c h e d  to the fine a d j u s t m e n t  arm. The c o a r s e  a d j u s t ­

m e n t  m i c r o m e t e r  is m o u n t e d  on the fine a d j u s t m e n t  arm.

The fine t u n i n g  is af f e c t e d  b y  m e a n s  of a large diameter, 

2 m i c r o n  p e r  division, m i c r o m e t e r  a c t i n g  u p o n  a s p ring 

loaded one d e g r e e  wedge. T he s l o p i n g  edge of  the s t a i n ­

less steel w e d g e  acts a g a i n s t  a gr a p h i t e  l e a d e d  t e f l o n  

ball set in to t he fine a d j u s t m e n t  arm. T h e  d a t u m  side 

of the w e d g e  slides a g a i n s t  a stainless steel flat.



G r a t i n g P u m p  l a ser
O u t p u t

Fig. 3.13

L A Y O U T  of  G R A T I N G  BEA M  E X P A N D E R

T R A N S V E R S E  P U M P E D  DYE LASER.
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F i g . 3.14

A  P H O T O G R A P H  o f  the D YE L A S E R
(See overlesf)

In the r i ght f o r e g r o u n d  is see n  the 100% r e a r  m i r r o r  

mount. B e h i n d  tha t  is s e e n  the dye cell w h i c h  is 

h e l d  in p l ace w i t h  a m a g n e t  in a p r e c i s e l y  r e l o c a t ­

able c o r n e r  mount. B e h i n d  the dye cell is the 

g r a t i n g  m o u n t  w h i c h  a l l o w e d  r o t a t i o n  a b out the two 

m i r r o r  axes a nd lateral m o v e m e n t  (left r i g h t  as 

v i e w e d ) .

To the left is the t u n i n g  m i r r o r  assembly. The 

a c t u a l  m i r r o r  mount, w i t h  its v e r t i c a l  a d j u s t m e n t  

screw, is h u n g  b y  p i n  bea r i n g s  on the fine control 

f arm.

The fine c o n t r o l  arm is itse l f  h u n g  b y  p i n  be a r i n g s  

on  a p o s t  a t t a c h e d  to the base plate. Coarse 

t u n i n g  is e f f e c t e d  b y  the small micrometer, w h i c h  

m o v e s  the m i r r o r  m o u n t  w i t h  r e f e r e n c e  to the fine 

t u n i n g  arm. Fine t u n i n g  is e f f e c t e d  b y  the large 

m i c r o m e t e r  m o v i n g  a one d e gree w e d g e  a g a i n s t  a 

gr a p h i t e  l o a d e d  t e f l o n  b a l l  set into the fine 

t u n i n g  arm.
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The p e r f o r m a n c e  of  this l a s e r  is s u m m a r i s e d  in T a ble

3.2. A  1200 line p e r  m.m. h o l o g r a p h i c  g r a t i n g  was used.

The angle of i n c i d e n c e  at w h i c h  the g r a t i n g  was s e t  was 
about 89°.

*

L A S E R  P U M P E D  D Y E  L A S E R

Coarse t u n i n g  rat e

Fine t u n i n g  rate

A b o u t  1 0 0 8  p e r  m m  of  

m i c r o m e t e r  throw.

A b o u t  0 . 7 5 2  p e r  m m  of 

m i c r o m e t e r  throw.

C o n v e r s i o n  e f f i c i e n c y

L a ser b a n d w i d t h

P u m p l a s e r  e n e r g y
D ye l a s e r  o u tput e n e r g y

A b o u t  0.0l2.

L a s e r  d i v e r g e n c e 2 m. radians F.W.H.M.

TABLE 3.2
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3.2.1. E X P E R I M E N T A L  L A Y O U T  for He I T
C O L L I S I O N  RATE E X P E R I M E N T

S EC T IO N  2

Initially/ an a t t e m p t  was m a d e  to d e t e r m i n e  the c o l l i s i o n  

rates o u t  of n = 4 in He 11/ b y  o b s e r v i n g  the t r a n s i e n t  

b e h a v i o u r  of the n =4 p o p u l a t i o n  as the n=3 to n= 4 t r a n ­

sition, 46862/ was p u m p e d  w i t h  a c o a x i a l  f l a s h l a m p  p u m p e d  

dye l a s e r  - m u c h  in the m a n n e r  of B u r gess et al (1980), 

w h o  u s e d  this t e c h n i q u e  to d e t e r m i n e  the c o l l i s i o n  rates 

out of n=3 in Hydrogen, b y  p u m p i n g  B a l m e r  A l p h a  w i t h  a 

h i g h  p o w e r  dye laser. The apparatus layout is s h own in 

Fig. 3.15.

The dye l a ser t u n e d  to 4 6 8 6 2  was d i r e c t e d  d o w n  the axis 

of the plasma. The f l u o r e s c e n c e  at 4 6 8 6 2  was m o n i t o r e d  

at 90° to the l a s e r  b e a m  u s i n g  an f/10 1 m e t e r  'Monospec 

1000' m o n o c h r o m a t o r  w i t h  an R.C.A. 4836 p h o t o m u l t i p l i e r  

m o u n t e d  on the e x i t  slit.

The signal was d i s p l a y e d  on a T e k t r o n i x  7904 o s c i l l o s c o p e  

and p h o t o graphed. No t r a n s i e n t  l e a d i n g  edge o r  'spike ' 

was seen, however, and the failure o f  this e x p e r i m e n t  

was t h o u g h t  to be due to three factors.

1. The signals w e r e  v e r y  noisy, h a v i n g  a sign a l  to 

n o ise r a t i o  of a b o u t  2:1. T he signals o b s e r v e d  b y  B u r ­

gess a n d  S k i n n e r  w h e n  o b s e r v i n g  H-Alpha, u s i n g  e s s e n t i a l l y  

an ide n t i c a l  set of apparatus wer e  m u c h  cleaner. This is 

a c c o u n t e d  for b y  n o t i n g  t h a t  the p r e d i c t e d  p = 4  He  II 

p o p u l a t i o n  was a b o u t  t h ree orders of m a g n i t u d e  l o wer t h a n
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P l a s m a

Fig. 3.15

O R I G I N A L  L A YOUT for He IT 46862 

L A S E R  F L U O R E S C E N C E  E X P E R I M E N T

Both the l a s e r  and the p l a s m a  w e r e  tuned to 46862.

The l a ser f l u o r e s c e n c e  was f o c u s s e d  onto the en t r a n c e  

slit of the m o n o c h r o m a t o r .  The signal from the 

P h o t o m u l t i p l i e r  was d i s p l a y e d  on the C.R.O. s c reen 

a nd photo g r a p h e d .
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the A=3 h y d r o g e n  p o p u l a t i o n s  o b s e r v e d  b y  B u r gess et-al.

2. The p r e d i c t e d  rates o ut of 0=4, He L I , were a b o u t  
an o r d e r  of m a g n i t u d e  h i g h e r  t h a n  the rates o b s e r v e d  out

of n'= 3 in H y d r o g e n  for the same e l e c t r o n  d e n s i t y  and t e m p ­

er a t u r e  c o n d i t i o n s . It w o u l d  t h e r e f o r e  r e q uire m u c h

h i g h e r  l a ser p o w e r s  to s a t u r a t e  the He LI, 4 6 8 6 &  t r a n -
. '  . 1 4s i t i o n  t h a n  to sat u r a t e  H-Alpha. (For Ne = 5 x  10 , this

6 —2m e a n t  p o w e r  d e n s i t i e s  g r e a t e r  t h a n  10 W / c m "  w e r e  required)

3. E l e c t r i c a l  noise g e n e r a t e d  b y  the laser was com-- 

parafile to the s m all signal levels t h a t  w ere b e i n g  o b ­

served.

In an a t t e m p t  to r e c t i f y  t h ese deficiencies, t h e  apparatus 

was modified, as s h own in Fig. 3.16.



R.C.A. 4836 
P h o t o m u l t i p l i e r

C o a x  F l a s h l a m p  

G i a n  T a y l o r  p o l a r i s e r  

100 %  r e a r  m i r r o r

Fig. 3.16

M O D I F I E D  L A Y O U T  for He T T  4 6 86&
L A S E R  F L U O R E S C E N C E  E X P E R I M E N T

This layout was an a t t e m p t  to p r o d u c e  m a x i m u m  l a ser p o w e r  
w i t h  m i n i m u m  l a s e r  r i s etime in the plasma.
The d e t e c t i o n  s y s t e m  n o w  u s e d  a lens train and i n t e r f e r e n c e  
f i l t e r  to o b t a i n  m o r e  l i ght grasp.
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The ; u r p o s e  of the layout, was to m a x i m i s e  the l a ser p o w e r

w i t h i n  the t e s t  v o l u m e  of the plasma. To this e n d  the

p y r e x  tube of  the p l a s m a  v e s s e l  was modified, b y  p u t t i n g  
four side arms on the tube at its midpoint. T w o  of the

side arms h a d  o p t i c a l l y  flat w i n d o w s  p l a c e d  on t h e m  to 

a l l o w  a laser b e a m  to pass t h r o u g h  the p l a s m a  w i t h o u t  d e ­

g r a d a t i o n  of its optical quality. A  v i e w i n g  port, w i t h  

an o p t i c a l l y  flat w i n d o w  a nd a R a y  leigh h o r n  v i e w i n g  

dump, w e r e  p l a c e d  orthoganal to the laser ports.

The f l a s h l a m p  dye laser o s c i l l a t o r  was n o w  p l a c e d  on one 

side of  the p l a s m a  vessel a n d  the a m p l i f i e r  was p l a c e d  on 

the o t h e r  side of  the vessel. A  100% mirror, M^, p l a c e d  

a f t e r  the a m p l i f i e r  to be u s e d  in a m u l t i p a s s  arrangement. 

However, the m i r r o r  M^ was adjusted, so t hat the a m p l i f i e r  

d i d  n o t  lase b r o a d b a n d  of its own a c c o r d  b e t w e e n  mirrors 

M 2  -nd . The a m p l i f i e r  c o u l d  t h e n  be d e s c r i b e d  as a 

r e g e n e r a t i v e  amplifier.

The p h o t o m u l t i p l i e r  detector, a'R.C.A. 4836 type, was 

p l a c e d  b e h i n d  a lo2 p a s s b a n d  i n t e r f e r e n c e  f i l t e r  c e n t r e d  

at 46862. The o p t ical c o l l e c t i o n  s y s t e m  was a r r a n g e d  as 

in F i g . 3.16 and h a d  an f n u m b e r  of  5. The c o l l e c t i o n  

s y s t e m  was n o w  a b o u t  five times f a s t e r  than the m o n o ­

c h r o m a t o r  shown in F i g . 3.15.

The p h o t o m u l t i p l i e r  was p l a c e d  w i t h i n  a 16 g a u g e  a l u m i n ­

ium b o x  to p r e v e n t  p i c k u p  of e l e c t r i c a l  noise from the 

laser. Similarly, the a t t e n d a n t  signal and p o w e r  leads, 

to the photomultiplier, w e r e  p l a c e d  w i t h i n  a c o p p e r  tube. 

The c o n s e q u e n t  s h i e l d i n g  of the p h o t o m u l t i p l i e r  and a t t e n ­

d a n t  leads was t e s t e d  b y  p l a c i n g  a small 14.5 MHz. o s c i l l a t o r
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w i t h i n  the a l u m i n i u m  b o x  a n d  u s i n g  a c a l i b r a t e d  r e c i e v e r  

to m e a s u r e  the s i g n a l  r e d u c t i o n  as the lid was p l a c e d  on 

the box. There was found to be a 45db. r e d u c t i o n  in 

r a d i a t e d  signal. The n o i s e  p i c k u p  n o w  s e e n  at the o s c i l ­

loscope w h e n  the l a s e r  f i red was r e d u c e d  f rom a p e a k  of  

a b out 200mv, to  n e g l i g i b l e  levels - this for a signal 

• v o l t a g e  of a b o u t  lOOmv.

D e s p i t e  t h ese modifi c a t i o n s ,  no t r a n s i e n t  l e a d i n g  edge 

to the f l u o r e s c e n c e  was observed. Problems due to s t r a y  

l a ser l i ght w e r e  also encountered, w h i c h  p r o v e d  d i f f i c u l t  

to e l i m i n a t e  entirely.

Consequently, it was d e c i d e d  to use the t h ree level t e c h ­

nique, d e s c r i b e d  in C h a p t e r  2 and a t t e m p t  to gai n  infor-*
m a t i o n  r e g a r d i n g  the rates o ut of n=4 in the He  11 b y  

u s i n g  n=4 as the l o w e r  level of a l a s e r  p u m p e d  transition.

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

in t h a t  the P o c kels cell a n d  p o l a r i s e r  w e r e  r e m o v e d  and 

p r o v i s i o n  was m a d e  to m o n i t o r  the l a s e r  intensity.

The w a v e l e n g t h  at w h i c h  the l a ser lased, was also changed. 

F i r s t l y  to 485^2, n=4 to n=8, and t h e n  to 65602, fl=4 to 

n=6. T he dye fill was t he same for p u m p i n g  4859.2 as for 

4 6 8 6 2  - 30mg of  c o u m a r i n  480 to 1 litre of  Methanol. This 

was c h a n g e d  for p u m p i n g  6560.2, to 3 0 m g  o f  R h o d a m i n  6G and 

16m g  of Cresyl V i o l e t  P e r c h l o r a t e  to 1 litre of Methanol.
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R.C.A. 4836 
P h o t o m u l t i p l i e r

Fig. 3.17

F I N A L  LAYO U T  for He lT n=4 

C O L L I S I O N  RATE E X P E R I M E N T

The Pockels cel l  and one of the G i a n  T a y l o r  P o l a risers 

of  Fig. 3.16 are removed. The p o l a r i s e r  in t he o s c i l l a t o r  

c a v i t y  was left in so as n o t  to d i s t u r b  the alignment.
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3.2.2. D E T E R M I N A T I O N  of the L A S E R  P O W E R  D E N S I T Y

in t he P L A S M A  for the He I T  C O L L I S I O N  

R A T E . E X P E R I M E N T

The l a s e r  p o w e r  d e n s i t y  w i t h i n  the p l a s m a  tes t  v o lume 

was o b t a i n e d  from a k n o w l e d g e  of the b e a m  diameter, the 

• time h i s t o r y  of the l a ser p u l s e  and the l a ser e n e r g y

w h i c h  was m e a s u r e d  for e v e r y  shot.

The b e a m  d i a m e t e r  was d e t e r m i n e d  b y  p l a c i n g  a 7 . 5 m m a p e r -  

ture a f t e r  the oscillator, as s h own in Fig. 3.17.

The l a s e r  e n e r g y  was m e a s u r e d .in two ways, d e p e n d i n g  on 

w h e t h e r  the a m p l i f i e r  was b e i n g  u s e d  or  not. If the a m p ­

l i fier was b e i n g  used, as it was w h e n  p u m p i n g  n=4 to n=8, 

485^8, t h e n  a glass slide b e a m  s p l i t t e r  was p u t  b e t w e e n  

the 3 p i n c h  a nd the amplifier, as s h o w n  in Fig. 3.17.

This s p l i t  off (fe% of  the a m p l i f i e d  l a s e r  b e a m  as it e n ­

t e r e d  t h e  p l a s m a  and d i r e c t e d  it to a c a l o r i m e t e r  w h i c h  

m e a s u r e d  the energy. M e a s u r e m e n t s  t a k e n  o f f  the o t h e r  

side o f  the glass slide b e a m  s p l i t t e r  were a b o u t  50% of  

t h ose t a k e n  o ff the side s h o w n  in Fig. 3.17. The true 

v a lue o f  the e n e r g y  p a s s i n g  t h r o u g h  t he t e s t  volume, 

c o uld be d e t e r m i n e d  by  m u l t i p l y i n g  the m e a s u r e d  value b y

1 . 5  x  0. lb
The time h i s t o r y  of the l a s e r  pulse was m e a s u r e d  a f ter 

the e x p e r i m e n t a l  runs b y  r e p l a c i n g  the c a l o r i m e t e r  w i t h  

a photodiode, d i s p l a y i n g  the temporal h i s t o r y  of the l a s e r  

on a C.R.O. s c r e e n  and p h o t o g r a p h i n g  it. This was done 

for the -various laser b a n k  voltages u s e d  d u r i n g  the 

e x p e r i m e n t a l  run.
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The l a s e r  p o w e r  was varied, b y  e i t h e r  v a r y i n g  the l a ser 

b a n k  v o l t a g e  or p l a c i n g  ne u t r a l  d e n s i t y  filters b e t w e e n  

the o s c i l l a t o r  and the plasma.

If the a m p l i f i e r  was n o t  used, the c a l o r i m e t e r  was p u t  

b e t w e e n  the Z p i n c h  -and the a m p l i f i e r  in p l a c e  of  the 

b e a m  s p l i t t e r  and the e n e r g y  was m e a s u r e d  directly.



129.
S E C T I O N  3

THREE L E V E L  LI N E S H A P E  OF H - B E T A

3,3,1 . G E N E R A L  E X P E R I M E N T A L  L A Y O U T

The ge n e r a l  l a y o u t  of the a p p a ratus used, is s h o w n  in Fig. 

3.18. The H - B e t a  p r o b e  l a s e r  was the N 2 p u m p e d  dye l a s e r  

d e s c r i b e d  in s e c t i o n  3.1.8. This l a ser was d i r e c t e d  d o w n  

the axis of the 3 p i n c h  v ia a 4%  b e a m  s p l i t t e r  (i.e. one 

su r f a c e  of a n o n  p a r a l l e l  glass s l i d e ) . The H - A l p h a  p u m p  

l a ser was the c o a x i a l  f l a s h l a m p  p u m p e d  laser, d e s c r i b e d  in 

s e c t i o n  3.1.6. Thi s  laser p a s s e d  t h r o u g h  the b e a m  s p l i t t e r  

c o a x i a l  w i t h  the H - B e t a  p r o b e  l a s e r  d o w n  the axis of  the 

p l a s m a  vessel.

On p a s s i n g  t h r o u g h  the plasma, the H - A l p h a  b e a m  was f i l t e r e d  

out, u s i n g  a c o m b i n a t i o n  of  a C a r b o n  D i s u l p h i d e  liquid 

p r i s m  a nd a d i c h r o i c  f i l t e r  in front of the signal p h o t o ­

diode .

A  s e c o n d  p h o t o d i o d e  m o n i t o r e d  8% of the H - B e t a  p r o b e  l a s e r  

w h i c h  is split o f f  b e fore g o i n g  into the pinch. This 

serves as a m o n i t o r  of the input i n t e n s i t y  of the H - B e t a  

p r o b e  laser.

The signals from the two p h o t o d i o d e s  were t h e n  recorded, 

u s i n g  t w o  T e k t r o n i x  t r a n s i e n t  digitizers, type 7 9 12AD 

and R7912, signals w e r e  t h e n  s t o r e d  on floppy disc.

A  d e t a i l e d  d e s c r i p t i o n  of  the e x p e r i m e n t a l  l a y o u t  n o w

f o l l o w s .



T r i g g e r  P h o t o d i o d e

Fig. 3.18

L A Y O U T  of  A P P A R A T U S  for H - B E T A  

THREE L E V E L  L I N E S H A P E  E X P E R I M E N T

A t  B e a m  S p l i t t e r  A, the H - A l p h a  p u m p  l a ser and 10% 

of  the H - B e t a  p r obe l a s e r  c o m bine to pass c o a x i a l l y  

d o w n  the p l a s m a  column. ■ H a v i n g  p a s s e d  through, the 

H - A l p h a  l a s e r  is b l o c k e d  b y  a c o m b i n a t i o n  of  a 

l i q u i d  prism, aperture B>and a d i c h r o i c  filter, 

A p e r t u r e  A  ensures the H - B e t a  p r o b e  laser is of

s m a l l e r  d i a m e t e r  than the H - A l p h a  p u m p  laser, so

t h a t  onl y  p l a s m a  p u m p e d  b y  the H - A l p h a  l a s e r  is 
probed.
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3.3.2. THE C O A X I A L  H - A L P H A  L A S E R

The c o a x i a l  l a s e r  o s c i l l a t o r  a m p l i f i e r  s y s t e m  has b e e n  

d e s c r i b e d  earlier. In this insta n c e  it was run, u s i n g  

a s i ngle 6 m i c r o n  F a b r y  P e r o t  t u n i n g  element, so g i v i n g  

a l i n e w i d t h  of a b o u t  5 angstroms.

3.3.3. E L E C T R I C A L  S C R E E N I N G  OF THE L A S E R

It was necessary, however, to reduce the e l e c t r i c a l  n o ise 

g e n e r a t e d  b y  the laser and p i c k e d  u p  b y  the signal cables 

r u n n i n g  to the digitizers, to a minimum, so a s c r e e n i n g  

b o x  was b u i l t  a r o u n d  the e n t i r e  l a s e r  s y s t e m  - t h a t  is, 

flashlamps, s p a r k  gaps, capacitors, c h a r g i n g  u n i t  and 

t r i g g e r  units. This was b u i l t  of  20gauge a l u m i n i u m  s h e e t

on a w o o d e n  frame. The doors were o f  -§-inch p l y w o o d  w i t h  

16 gauge steel backings. E l e c t r i c a l  contact, from the

rest of the b o x  to the s t eel backing, was m a d e  b y  the 

hinges on one side and b y  c o p p e r  fingers on the other 

three sides. The mains p o w e r  e n t e r e d  the b o x  v i a  an 

i s o l a t i o n  t r a n s f o r m e r  and a mains filter.

The e f f i c i e n c y  of  the s c r e e n i n g  was t e s t e d  at  145 MHz. 

u s i n g  an o s c i l l a t o r  and a c a l i b r a t e d  receiver. The o s ­

c i l l a t o r  was p l a c e d  on an i n s u l a t i n g  w o o d e n  block, inside 

the box. The r e c e i v e r  t h e n  m e a s u r e d  the p o w e r  radiated, 

w i t h  the doors o p e n  and shut. The r a t i o  of the two p o w e r s  

was a b o u t  45db. So  this was the e f f e c t i v e  s c r e e n i n g  

e f f e c i e n c y  at 145 MHz. .
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3.3.4. B E A M  S T E E R E R

On e x c i t i n g  the box, the l a s e r  was s t e e r e d  d o w n  the axis 

of the Z pinch, u s i n g  a cel l  filled w i t h  methanol, w h o s e  

e n d  w i n d o w s  w e r e  adjustable. The w i n d o w s  w e r e  m o u n t e d  on 

the cell, u s i n g  brass rings to p r ess the w i n d o w  a g a i n s t  

an 'O' ring. The four screws, r e t a i n i n g  the brass r i n g  

at e q ual intervals around the brass ring, c o u l d  be inter- 

d e p e n d e n t l y  tightened, so s l i g h t l y  a l t e r i n g  the angle of 

the w i n d o w  in a n y  chos e n  direction.

In this way, an i n f i n i t e l y  a d j u s t a b l e  liquid p r i s m  was 

u s e d  to s t e e r  the b e a m  in the r e q u i r e d  direction.

3.3.5. THE N 2 PUMP E D  H - B E T A  PROBE L A SER

Since it is r e q u i r e d  to m e a s u r e  the H - B e t a  op t i c a l  d e p t h  

w h i l s t  the H - A l p h a  laser is on, it is n e c e s s a r y  t h a t  the 

H - B e t a  l a ser hav e  a s h o r t e r  p u lse length. This is e a s i l y  

satisfied, gince the H - A l p h a  laser p u l s e  l e n g t h  was 

300 nse c  and the H - B e t a  l a s e r  p u lse length was 3 nsec.

Since there was e f f e c t i v e l y  no s p e ctral f i l t e r i n g  in f r o n t  

of the photodiodes, it was n e c e s s s r y  to filt e r  o ff the 

a m p l i f i e d  s p o n t aneous e m i s s i o n  (A.S.E.) at the laser.

This was a c c o m p l i s h e d  b y  c o n s t r u c t i n g  a spectrometer, 

t h r o u g h  w h i c h  the laser b e a m  passed. See F i g . 3.19.

This c o n s i s t e d  of two 40 cm  focal l e n g t h  lens- a c o n ­

stant d e v i a t i o n  p r i s m  on a p r i s m  table and a 200 m i c r o n  

slit.
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C o n s t a n t  d e v i a t i o n  
p r i s m

to p l a s m a  

Fig. 3.19

L A Y O U T  of N 2 P U M P E D  DYE L A S E R

w i t h  A.S.E. F I L T E R
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By u s i n g  a c o n s t a n t  d e v i a t i o n  p r i s m  m o u n t e d  on a r o t a t i n g  

p r i s m  table, a d j u s t m e n t  c o u l d  e a s i l y  be made to k e e p  the

t u ned r a d i a t i o n  p a s s i n g  t h r o u g h  the slit, as the l a s e r  

was t u n e d  t h r o u g h  the H - B e t a  line.

In a d d i t i o n , t w o  s t e e r i n g  m i r rors w e r e  u s e d  to e n s u r e  the 

laser o u t p u t  p a s s e d  c o a x i a l l y  down the 2 pinch, a f t e r  

c o m i n g  o f f  the 4% b e a m  splitter. A  f u r t h e r  b e a m  splitter, 

p l a c e d  fu r t h e r  b a c k  in the beam, s p l i t  off 8% for the 

'input intensity' p h o t o d i o d e  monitor. These optical 

c o m p o n e n t s  w e r e  p o s i t i o n e d  on a w o o d e n  table, c o v e r e d  in 

16 gauge sheet steel and w e r e  h e l d  in p l a c e  u s i n g  h o m e ­

mad e  m a g n e t i c  bases.

This A.S.E. f i l t e r  p r o v e d  v e r y  e f f e c t i v e  in r e m o v i n g  a n y  

o b s e r v a b l e  trace of A.S.E. A  5mm aperture, p l a c e d  in the 

beam, e n s u r e d  t h a t  the H - B e t a  b e a m  w as of  s m a l l e r  d i a ­

m e t e r  t h a n  the H - A l p h a  p u m p  laser beam. So e n s u r i n g  

that the H - B e t a  l a s e r  o n l y  p r o b e d  the H - A l p h a  i r r a d i a t e d  

plasma.

3.3.6. P H O T O D I O D E S

The p h o t o d i o d e s  used, w e r e  mad e  b y  Centronic, type
2OSD - 2HSA,. T h e s e  h a d  an active are a  of 1mm a nd a rise 

time of  1 nsec. The p h o t o d i o d e s  w e r e  m o u n t e d  in boxes 

as s h o w n  in Fig. 3.20. The b e a m  was sl i g h t l y  f o c used 

onto a d i f f u s i n g  screen, b e h i n d  w h i c h  was m o u n t e d  the 

photodiode. It h a d  b e e n  found t h a t  it was n e c e s s a r y  

to d e s t r o y  any spatial coh e r e n c e  of the laser beam, so 

that e v e r y  p a r t  o f  the p h o t o d i o d e  a c t i v e  s u r face
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P h o t o d i o d e

Fig. 3.23

THE C O N S T R U C T I O N  of the P H O T O D I O D E  D E T E C T O R

The lens p r o v i d e s  a s oft focus for the i n c o m i n g  light 

ont o  the d i f f u s i n g  screen.

The w h o l e  p h o t o d i o d e  d e t e c t o r  is h e l d  in an ' O r i e l '

2 i nch m i r r o r  m o u n t  w h i c h  rotates the d e t e c t o r  about 

t wo o r t h o g o n a l  axes t h r o u g h  the p l ane of  the lens - 

so a l i g n i n g  the detector.
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m o n i t o r e d  e q u a l l y  the light from all parts of t he l a ser 

b e a m  cross section. U n l e s s  this p r e c a u t i o n  was taken, it 

was n o t  p o s s i b l e  to  get the signals from the t w o  diodes
-i.

to a g ree to b e t t e r  tha n  - 10%, b u t  u s i n g  the diffusers, 

it was p o s s i b l e  t o  a t t a i n  t r a c k i n g  accuracies o f  b e t t e r  

t h a n  1%.

The d i o d e s  w ere r e v e r s e  biased, u s i n g  b a t t e r i e s  to a v o l t ­

age of  70 volts. Two d e c o u p l i n g  capacitors, of  value 

1 m.f.d. and 0 . 001 m.f.d. w e r e  p l a c e d  across the b a t t e r i e s  

The s i gnal cables, c o m i n g  from the photodiodes, p a s s e d  

into a 1 inch c o p p e r  tube, e a r t h e d  to  the d i o d e  boxes, 

to p r e v e n t  p i c k u p  of  e l e c t r i c a l  noise.

As m e n t i o n e d  above, an H - A l p h a  b l o c k i n g  f i l t e r  was p l a c e d  

in f r ont of the signal d i o d e  to p r e v e n t  a ny H - A l p h a  l a ser 

r a d i a t i o n  s c a t t e r e d  from the l i q u i d  prism, b e i n g  detected. 

S uch a filter was n o t  n e c e s s a r y  on the m o n i t o r  diode.

It s h o u l d  be noted, that due to the p r e c a u t i o n  t a k e n  in 

s c r e e n i n g  the s i g n a l  cables, the c o a xial l a s e r  and the 

N 2  laser, there was a b s o l u t e l y  no p r o b l e m  experienced, 

due to noise pickup.

3.3.7. T R I G G E R I N G  A N D  T I M I N G

The f i r i n g  of t he Z p i n c h  a nd the t w o  lasers, w as s y n c h r o n ­

ised b y  a 5 c h a n n e l  d e l a y  unit, b u i l t  b y  C h e l s e a  I n s t r u ­

ments, to a d e s i g n  b y  the author. The d e l a y  u n i t s  w ere 

c o n n e c t e d  to the p i n c h  and the two lasers v i a  optical 

fibre links, to p r e v e n t  the d e l a y  u n its b e i n g  a f f e c t e d  by 

e l e c t r i c a l  noise.
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The ^  laser h a d  to be fired three or  four times b e f o r e  

the d a t a  t a k i n g  shot. This was to p r e i o n i s e  the laser

c a v i t y  s u f f i c i e n t l y  so t h a t  the d a t a  t a k i n g  s h o t  w o u l d  

be r e l i a b l e  and f a i r l y  reproducible. Since it was 

r e q u i r e d  tha t  t he digitizers, (armed and ready) d id not 

fire on these p r e i o n i z i n g  shots and d i d  fire on the 

data t a k i n g  shots, it was n e c e s s a r y  to levise an A ND 

gate device, w h i c h  o n l y  a l l o w e d  the t r i g g e r  p u l s e  t h r o u g h  

on the d a t a  t a k i n g  shot. This A N D  gate was opened, u s i n g  

a p u l s e  from the D e l a y  box. Fig. 3.21 shows t h e  d i s t r i ­

b u t i o n  a n d  g e n e r a t i o n  o f  th e  t r i g g e r  pulses.

3.3.8. O P T I C A L  FIBRE LINKS

These links u s e d  200jlk 'Radio Spares' glass o p t ical fibre. 

An i n fra red l i ght e m i t t i n g  diode a n d  photodiode, also 

made b y  Radio Spares, a nd h a v i n g  s p e c i a l  s c r e w  c o u p l i n g  

a t t a c h m e n t s  to the optical fibre, w e r e  u s e d  as the active 

optical elements. The c i r c u i t  d i a g r a m  for the t r a n s m i t t e r  

is s h o w n  in Fig. 3.22.

It consists of an N P N  transistor, w h i c h  is s w i t c h e d  on 

b y  the input p u l s e  (5 volts into 5 0Cl). T h i s , i n  turn, 

switches on a P N P  t r a n s i s t o r  w h i c h  has the L.E.D. in its 

c o l l e c t o r  circuit. A  47 o h m  r e s i s t o r  is p l a c e d  in p a r a l l e l  

w i t h  the L.E.D. to s p e e d  up  the rise time of t h e  p u lse 

across the L.E.D. The input is p r o t e c t e d  w i t h  a 15 v o l t  

Sen er  diode.

At  the o t h e r  e n d  of the cable, the r e c e i v i n g  p h o t o d i o d e  

is r e v e r s e  biased. On r e c e p t i o n  of the optical pulse 

from the transmitter, it gives out a one m u l t i  v o l t
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O p t ical fibre link O p tical fibre link

Fig. 3.21

T R I G G E R I N G  LOGISTICS

D e l a y  u n i t  1 is 10 to 110 m i c r o s e c o n d s  (adjustable) 

and d e t e r m i n e s  the time in the a f t e r g l o w  at w h i c h  

the lasers fire.

D e l a y  units 2,3 and 4 e n s u r e  the laser fires 100

n s e c  a f t e r  the start of the C o a x  dye laser pulse, 

a nd t h a t  the A N D  gate is o p e n e d  to a l l o w  the d i g i t ­

izers to be triggered.

A  To pulse is one w h i c h  is i n i t i a l i s e d  b y  the input

p u l s e  and t h e n  lasts the d u r a t i o n  of  the set d e l a y  
time.
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+ 9^

Fig. 3.22

C I R C U I T  of T R A N S M I T T E R  for O P T I C A L  FIBRE L I N K

T r a n s i s t o r  T^ is 2N2222 

T 2 is B C 2 1 4 L

All cap a c i t o r s  are ceramic, e x c e p t  the 1MFD w h i c h  

is Polyester.
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pulse, w h i c h  needs to be amplified. The c i r c u i t  for the

r e c e i v e r  is s h o w n  in Fig. 3.23. It consists of  a r e v erse 

b i a s e d  p h o t o d i o d e  c a p a c i t a n c e  c o u p l e d  to t h ree s h u n t  f e e d ­

b a c k  stages, in tandem, e a c h  h a v i n g  a gain of 12. This 

gives a l i near g a i n  of 1200, so t u r n i n g  the 1 m i l l i v o l t  

signal into a 1.2 v o l t  pulse. This p u l s e  is n o w  s u f f i c i e n t

• to t u r n  on the t r a n s i s t o r  T7 and t h e n  T8, w h i c h  drives 

the 50 o h m  o u t p u t  line. Because T7 a nd T8 are b i a s e d  

in c l ass C, t h e y  are n o n - l i n e a r  in the w a y  t h e y  a m p l i f y  

the r i s i n g  edge of the pulse. This has the e f f e c t  of  

s h o r t e n i n g  the ri s e t i m e  of  the o u t p u t  pulse. This is 

n e c e s s a r y  b e c a u s e  the o p t i c a l  fibre is a m u l t i m o d e  one 

and so tends to integrate the p u l s e  shape (having the e f ­

fect o f  an RC c i r c u i t ) .

*
If the t r a n s m i t t e r  launches a light pulse, h a v i n g  a rise­

time of  less t h a n  10 n a n o s e c o n d s  d o w n  a 50m l e n g t h  of 

optical fibre, the ri s e t i m e  at the o t h e r  e n d  w i l l  be 

50 nanoseconds.

The 'non-linear' amplifier, formed b y  T7 and T8, will 

reduce th e  p u l s e  risetime from 50 nsec, to 10 nsec.

The l i n e a r  a m p l i f i e r  f o rmed b y  T1 to T6 is, however, 

v e r y  fast, h a v i n g  a b a n d w i d t h  of 100 MHz.. The 100 ohm 

r e s i s t o r  in the 9 v o l t  s u p p l y  line is to p r e v e n t  i n s tab- 

il i t y .

Both the optical fibre t r a n s m i t t e r  a nd r e c e i v e r  are 

b u i l t  inside die c a s t  boxes and are b a t t e r y  o p e r a t e d  to 

reduce s u s c e p t i b i l i t y  to e l e c t r i c a l  noise. T h e s e  devices 

wer e  found to be v e r y  successful.
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Fig. 3.23

CIRCUIT for RECEIVER for OPTICAL FIBRE LINK

All transistors are 2N2222 except Tg 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”\

141.
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As explained above, the laser needed several 'pre­
ionising 1 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 
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 Tl.
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.

3 . 3 . 1 0 .  D IG IT IZ E R  TR IG G ER  AND GATE
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M BN U fiL
OVERRIDE

Fig. 3.24

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 29 volts.
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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 Af 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 Integration over the entire pulse.

3 . 3 . 1 1 .  THE D IG IT IZ E D  S IG N A L
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3 . 3 . 1 2 .  TREATMENT OF DATA

The pumped dye laser was tuned in steps of about O.lS. 
The procedure was to take two shots of just the N^ 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 T' 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 /C/L could be obtained. ^  and 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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He IT 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 1_1 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, X =46862) whilst using a laser tuned to a 
transition having n=4 as its lower level to deplete the 
n=4 population. The consequent 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, X = 65602, and 
again with the laser tuned to the n=4 to n=8 transition,
\ = 4859.2. Performing the experiment twice in this man­
ner, would largely eluainate- 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 48592, were about 6 
times higher for an equivalent depletion than at 65602.

The measurements were taken 18 microseconds into the after-

CHAPTER 4



148.

14 -3glow phase of the plasma, where Ne = 5 x 10 cm and 
Te = 1.35eV

4.2’ EXPERIMENTAL RESULTS

Figure 4.1 shows a typical experimental result. The 
emission on 46862 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 lT plasma was 45mm. (The diameter of the 
plasma vessel) The observed relative depletion of the 
46862 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 = 48592 and Figure 4.2b, 
the results obtained whilst pumping n=4 to n=6,A =65602. 
This data is plotted, assuming the He IT plasma is homo­
geneous and fills the plasma vessel.

Tables of the Data points are also given in Tables 
4.1a and b.
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*

1 microsecond/div.

Fig. 4.1

Depletion of 46862 emission due to laser 
pumping of 65592, n = 4 to n = 6.
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♦

Fig.4.2a

Depletion of n=4 due to pumping n=4 to n=8,48592.

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

Depletion of n = 4 due to pumping n 
65592.

(o<3)o Watts cm

= 4 to n = 6,

He 11_ plasma diameter assumed to be 45mm.



TABLE 4.1a

N4L/N4 n in6 -2 P x 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.
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N4L/N4

TABLE 4.1b

P x lO^cm ^

0.6
0.74
0.67
0.75
0.65
0.57
0.54
0.32
0.52
0.5
0.4
0.34
0.21
0.34

0.075
0.13
0.14
0.18
0.21
0.3
0.6
0.69
1.02
1.41
1.89
2.04
2. 22

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.

Having achieved values for the parameters N4L (Sat)
N4

and K from eqn. 2.39a, all that is then required, finally 
to obtain the rate D4 out of n=4 from eqn2.39b, is a 
value for A *9 . This was obtained experimentally by 
obtaining emission profiles for the 65602 and 48592 
transitions. For 48592, the data was noisy and unre­
liable, so a width was estimated, using the data for 
65602 and the. theory of Griem . (1960)

Finally, the effects on the depletion of n=4 due to 
the diameter of the He 1_1 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 experimental 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 eqn 2.3 9a. 
where level a was level 4 for He 11

$  •[£  f  t C ( s a V
Nlo- „ ( p t Y ) / P + K N h S c t )  Y

A  / / v ^  / J

For further analysis this eqn is simplified, letting
Nit* _ Y  Nil* (Sot) (k,

nJui
then

y « O-tP-f k )
p * ft .K

h-\

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

7^ —  ft. ( Pn * K)\ Lj'Z
?* -t clK /

The best fit being obtained, when the total sum of errors

V 3

for all data points S is minimised, where

S * y  I yn- »lPn-nO)
n ' Pr\ -t ft. K /

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

as 2f P-Pn(l -g)
L

Yn ~ ( Pn k}
P w - a X

= o 4 4

s y
l—

1

n
p>.(p^  0

_ (P„ + a.K)1
Y» -  a.(pw -nO 

P n - « X
- D 4*5
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In practice the eqn 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 eqn 2.39, to the data, was estimated by looking at 
S, the average error of the data, where

a-CP-^K) l 1Pm+O-K A

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

Table 4.2 shows the results of fitting eqn 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. Eqn 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 106 S x 10 3 aK x
^.01 35.8 4.9 0.35
0.05 6.2 5.0 0.31
0.1 2.9 5.5 0.29

CM•o 0.96 7.2 0.19

TABLE 4.2b

a K x 105 S x 10"3 aK x

0.1 4.8 9.4 0.48
0.2 1.4 6.2 0.28

o • CO 0.72 4.5 0.21
0.4 0.29 5.6 0.12



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 deteruination of the 
term a, is. sufficiently accurate. .

Figures 4.3 show fits of eqn 2.39 to the data shown in 
Figures 4.2. From Tables 4.2 and Figures 4.3, the results 
for the product term aK, can be stated as followss-

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

aK = 0.21 x 105

All that is now required for an estimate of D4 is a 
determination of AS) in each case.

Firstly, emission profiles were taken of the 48598 and 
65608 transitions. These spectra were taken from the 
side of the plasma using a 'Monospec 1 0 0 0' one meter 
monochrometer having a resolution of 0 .2 8.

The signals from the photomultiplier, placed at the exit 
slit, was displayed on an oscilloscope and photographed.
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 of 48598 is 
difficult to discern. The 65608 transition is seen to

157.
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Fig. 4.3a

Two level model fit to data shown in Fig. 4.2a.
»
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Fig. 4.3b

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 IT -48598 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 48598 He IT profile. Data taken
18 microseconds after pinch phase when Ne = 5 x 1014cm 
and Te = 1.35eV.



161.

*
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Fig. 4.4b.

Emission lineshape profile, n = 6 to n = 4,65592.

He 11_ 65592 emission lineshape seen on the wing of 
H-Alpha profile due to the residual Hydrogen in 
the Helium gas. The extrapolated H-Alpha profile 
is shown under the 65592 He XT profile.
Ne = 5 x 10^cm  ̂and Te = 1.35eV.
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have a half-width of 1.68. and the 48592 transition about 
0.52. The linewidths of transitions should increase up 
a series, roughly as

A A  oc (oJof I ( bf-a )

(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 48592 data looks to be un­
trustworthy. Griem also gives approximate formulae for 
the lineshapes of hydrogenic transitions, which, for 
Ne = 5xl014cm-3 and Te = 1.35eV, show halfwidths of:-

For 48592 transition F.W.H.M. = 42 
For 65592 transition F.W.H.M. = 3.22

tThese are considerably broader than those measured, how­
ever, the same formulae give a halfwidth for neutral

1C *3Hydrogen. H-Beta of 3.22, when Ne = 10 cm 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 = lO^cm-3, should beZ-22. Though the 
halfwidths may be wrong, the ratio of halfwidths of
48692 to 65592 should be reasonable, so for the experi-

*
mental linewidth of 48592, a width of2'02 was used. For 
convenience at this point, eqn 2.40 was converted to units 
of wavelength and the Einstein B coefficient converted 
to the A value. Then

0 *  =• K A b & . 9 b A s T M£(Sft.O '
^Trlac^o. A X  N*.

The ’equivalent width’ A X  was estimated, using Fig. 
and the measured halfwidth of the laser of 0.58.
The summary of the results is given below.

*1*7

2.1

**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

a AMEASURED RE-ESTIMATED

48592 0.52 2.02 2.i2 3.16 x 109

65592 1.62 1.62 1.72 2.7 x 109

t It has been assumed in the discussion above, that the He _11
plasma was homogeneous and filled the plasma vessel. In 
fact, there will be radial temperature and electron den­
sity gradients in the plasma and the population density 
of He LL is very sensitive to temperature. (See Cox and 
Tucker 1969).

Thus the He Tl 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 LI 
emitting region. Fig. 4.5 shows how the experimental 
results, as represented by eqn 2.39, would be plotted, if 
in fact the plasma was represented by a two temperature 
model where the He LI was confined to a hot volume of 
given radius around the central axis. This model assumes 
the boundary is sharp, which is not unreasonable, given 
the sensitivity of the He Tl 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

A. Expected results if He 11. plasma was 
estimated correctly.

B. He 3d plasma 20% smaller

C. He Id plasma 50% smaller

D. He llplasma 70% smaller (only 30%
of 'that estimated)
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do not appear to be tending to go below 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 IT
COLLISIONAL RADIATIVE MODEL and FINAL 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 
14 -3Ne = 5 x 10 cm , the model predicted virtually zero 

population densities for the excited states. For temp­
eratures below about lOeV, the He 111 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 LI excited states. See Cox and
Tucker (1969). With the first excited state 41eV 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 1_1 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 ill population to a 
13 -3value of 2 x 10 cm , 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 III 
population density, N(HI) , and'use this to plot the 
evolution of the He 111 population density from some 
known value. Unfortunately, there is only one time for 
which Te is known and the He 111 population density is not 
known at any time.



POPULATIONS Of EXCITED STATES of He 11
I iob(K.

n C.R.M.THEORY EXPERIMENT

1 14 -3 5xlOx'em
2 9 -3 2.7x10 cm
3 7 -3 3x10 cm
4 8.2xl05 cm"3 1.14x10°
5 3.8xl03 cm 3
6 2.1x103 cm"3 4.2 xlO5
7 1.3xl05 cm"3 1.6 xlO5
8 4 -3 8.6x10' cm 105
9 4 -3 5.8x10' cm io5
10 4 -3 4.3x10' cm

TABLE 4.3
--- 13. _3C.R.M. assumes a value of N(111) = 2x10 cm and

14 -3the experimental values of Te = 1.35eV, Ne = 5x10 cm 
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

Nl<L - x I0,$ Jt rL p  -  t  h s£\

The projected electron density for a time, just after the
15 -3pinch phase, will be Ne = 1.48 x 10 cm . If it is assumed 

N (111) is in equilibrium at this time, then a temperature
___ 13 _3of 4eV is required to produce N (111) = 2 x 1 0  cm 

* Assuming then that the temperature decays linearly there­
after the temporal history of the temperature will follow.

T c  > h S o o o  -  i s *  I 0 * t  V i o

Now, writing down the rate equation for N(111)
„ Ctt01 -  MtM(nr) Dorn *̂11

lit
The total ionization coefficients C a m  and recombination 
coefficient 0(2 XL are given in Appendix 1. N (11) is 
assumed equal to Ne as N(111) Ne at all times of inter­

im est. C-tL E end Dm n. are functions of Te, but become
functions of t, by substituting eqn 4.10.
Eqn 4.11 is now solved numerically, where

Ai4(nr) - ( (or) Dura)At q- lZ

and

M-iS(J(e ) ( t -tAt) r, M(m)(fc) + Atilm)
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t microseconds N(111) N(111)
after pinch Steady State Model

0 2.02 X 1013 2.02 ln13 x 10
2 5.68 X 1012 II II

4 1.34 X 1012 II II

6 2.5 X 1011 It II

8 3.7 X io10 II II

10 3.7 X 109 II II

12 2.4 X 108 II II

14 .8.4 X 106 II II

16 2.2 X 105 II II

18 4.6 X 102 II II
20 2 X 10"1 2.015 in13 x 10

TABLE 4.4

Table 4.4 shows the results for the first 2.0 microsec­
onds for the values of N(ill) both assuming eqiulibrium,

i,e' -- Cfla. a) fa  W

and then by solving eqns 4.12 and 4.13.

It can be seen from Table 4.4 that N(111) has hardly de-
13 3parted from its t=o value of 2.02 x 10 cm . Whilst this 

should not be considered an accurate prediction of N(111) , 
since eqn 4.10 is assumed and the value of N(111) at t=o
is not known, the general trend, that N(TTTj 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 coefficients used, were those 
due to Bates, Kingston and McWhirter (1962) from cross
section calculations, due to Seaton (1962).

It can be seen that, in general, 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 

•6Na' / 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, 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 

. . 9 -1coefficient of 2.9 x 10 sec out of n=4. The rate co­
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 steady state populations (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, w i l l  also d e p e n d  on the ratio of  the rates, 

into a nd out of, the levels in question, r a t h e r  t h a n  the 

a b s o l u t e  rates. T a b l e  4.3 shows that, experimentally, 

the p o p u l a t i o n s  of  n=4 and n=8 h a v e  a s i m ilar r a t i o  to 

t h e o r y  (11.4 a nd 9.5), t h o u g h  ratios of  p o p u l a t i o n s  for 

n=4 an d  n=6 are n o t  quite so good (2.71 and 3.9). However, 

there is some j u s t i f i c a t i o n  for a s s u m i n g  the r a tios of 

rates, for the e x p e r i m e n t s  are s i m i l a r  to the ones u s e d  

in the G.R.M. t h e o r y  and t h a t  t h e r e f o r e  the h i g h e r  values 

of (N4Ij (Sat)/N4) p r e d i c t e d  b y  the C.R.M. are i n d i c a t i v e  

tha t  the He _11 plasnja d i a m e t e r  was, in fact, s m a l l e r  t h a n  

a s s u m e d  in p l o t t i n g  Fig. 4.2.

To e s t i m a t e  the actu a l  p l a s m a  d i a m e t e r  then, the a s s u m p ­

tion w i l l  be made, tha t  the values of (N4(Sat)/N4) p r o ­

d u c e d  b y  the C . R . M . , are in fact correct. The p l a s m a  

d i a m e t e r  will n o w  be

F or the two e x p e r i m e n t s  the n ew e s t i m a t e d  He LL p l a s m a  

d i a m e t e r  will be

P u m p i n g  n=4 to n=8. - - N e w  He I I  p l a s m a  Dia. = 39mm

P u m p i n g  n=4 to n = 6 . - - N e w  He I I  p l a s m a  Dia. = 4 2 m m

Now, u s i n g  the a v e r a g e  D i a m e t e r  o f  40.5mm, the d a t a  of 

Tables 4.4 are r e p l o t t e d  in Figs 4.7 a n d  Tables 4.5. To

o b t a i n  a value for D4 > e q n  4.1 is n o w  fitted to the d a t a

as b e f o r e  and the r e s u l t i n g  values of a and K  are shown in

L I  -  exp. isIZiSa-f)/^) _

He 11 P L A S M A  D I A M E T E R

Table 4.6.
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D a t a  from F i g . 4 . 2a (laser p u m p i n g  n=4to n=8) 

r e p l o t t e d  for He 11_ p l a s m a  d i a m e t e r  40.5mm.

A l s o  s u b s e q u e n t  two level m o del fit. (Full c u r v e ) .

The d o t t e d  curves are g e n e r a t e d  b y  the two level 

m o d e l  w i t h  K  i n c r e a s e d  and d e c r e a s e d  by a f a c t o r  of 2.
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*•

fog,0

D a t a  from F i g . 4 . 2b (laser p u m p i n g  n=4 to n=6) 

r e p l o t t e d  for He 1JL p l a s m a  d i a m e t e r  40.5mm.

A l s o  a s u b s e q u e n t  two level m o d e l  fit. (Full c u r v e ) . 

The d o t t e d  curv e s  are g e n e r a t e d  b y  the two level 

m o d e l  w i t h  K  i n c r e a s e d  and d e c r e a s e d  by a f a c t o r  o f  2.
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P u m p i n g  on 48592, n=4 to n=8.

a K S x  10 3 a K  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

P u m p i n g on 65608, n=4 to n=8.

a K S x  1 0 ~ 3 a K  x  10^

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

TABLE 4.6

0.3

Values for a and K  w h e n  f i t t i n g  two level M o d e l  to data, 

r e p l o t t e d  for p l a s m a  D i a m e t e r  40.5mm.



N 4 L/ N 4

176.

P jc 10 cm

1. .82 0.08

2. .75 0.15

3. .81 0.22

4. . 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

Re l a t i v e  d e p l e t i o n  of n=4 a g a i n s t  l a ser p o w e r  for Hell 

p l a s m a  d i a m e t e r  4.05cm. L a s e r  p u m p i n g  at 4859%,

n=4 to n=8.
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N 4 L/ N4 P x  l O ^cm

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 4.5 b

Re l a t i v e  d e p l e t i o n  of n=4 a g a i n s t  laser p o w e r  d e n s i t y  

for He 11_ p l a s m a  d i a m e t e r  4.05cm. L a s e r  at 656o£, 

p u m p i n g  n=4 to n = 6 .
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T a k i n g  the values of a, o b t a i n e d  fro m  C.R.M., it c a n  be 

seen t h a t  the 656o2 d a t a  m i n i m i s e s  w e l l  for S at t hat 

value (0.35), w h i l s t  the 4 8 5 9 2  data, w o u l d  s e e m  to m i n i ­

mis e  at a l o w e r  v a l u e  t h a n  0.19. A l s o  s h o w n  on Fig. 4.7/ 

are p l o t s  g e n e r a t e d  u s i n g  the two level model, u s i n g  the 

C.R.M. v a lues of a and the c o n s e q u e n t  b e s t  fit values 

of K. A l s o  shown, are p l ots for v a l u e s  of K  t h a t  v a r y  

from the b e s t  fit value, b y  a fact o r  of  2. U s i n g  eqn 

2.40, t he v a lues of  D4 o b t a i n e d  u s i n g  these p l ots is 

given.

VALUE for D4

a K D4

4 8 592 0.19 0.98 x  106 3.3 x l O 9

6 5 602 0.35 0.55 x  10 5 2.8 x  10

As can be  seen from Figs; 4.7
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4.5 A N A L Y S I S  of ERRORS and F I N A L  RESULT.

There are several sources of e r r o r  in this e x p e r i m e n t , 

some of w h i c h  are r a n d o m  a nd some of w h i c h  are syatematic.

R A N D O M  ERRORS

t These are the errors in m e a s u r i n g  the actual d e p l e t i o n

d a t a  from the p h o t o g r a p h s  and was due to the s h o t  noise 

on the d a t a  (see Fig. 4.1). The e r r o r  bars p l o t t e d  on 

the d a t a  in Fig. 4.2 and 4.7 are due to this. Generally, 

the e r r o r  on N 4 ^/N4 is a b o u t  ^  0.08.

The d o t t e d  curves Fig. 4.7 sho w  the e f f e c t  of c h a n g i n g  

the v a l u e s  of  K  (and h e n c e  D4) b y  a factor of 2. The full 

curve is o b v i o u s l y  a m u c h  b e t t e r  fit t h a n  the d o t t e d  curves. 

+ so t h a t  errors of  + 50% o r  -20% w o u l d  seem reasonable.

S Y S T E M A T I C  E R RORS

One m a j o r  wea k n e s s  of this p a r t i c u l a r  e x p e r i m e n t  was the 

failure to secure an e x p e r i m e n t a l  v a l u e  of N 4 L (Sat)N4.

M u c h  e f f o r t  was s p e n t  in t r y i n g  to g et an ac c u r a t e  figure 

for this, c o m p o u n d e d  b y  the fact t h a t  the He 11 p l a s m a  

d i a m e t e r  was unknown. Fro m  Table 4.6, it can b e  seen 

that the p r o d u c t  a K  (and h e n c e  D4) w i l l  have an e r r o r  

a p p r o x i m a t e l y  e q u i v a l e n t  to the e r r o r  in N 4 L (Sat)/N4.

The He 11 p l a s m a  d i a m e t e r  d e t e r m i n e d  from the C.R'.M. p r e ­

dictions, was a b o u t  12% s m a l l e r  t h a n  that w h i c h  the actual 

p l a s m a  vessel d i a m e t e r  a c t u a l l y  used. An  e r r o r  of - 10% 

on N 4 4 (Sat)/N4 and hence D4, due to this source, w o u l d

s eem reasonable.
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N o n - u n i f o r m i t y  in the p o w e r  d e n s i t y  across the l a ser beam,

w o u l d  cause a s y s t e m a t i c  error, w h i c h  w o u l d  r e s u l t  in the

d a t a  p o i n t s  b e i n g  p l a c e d  too h i g h  (see Fig. 2.6), p a r t i c -
T 4u l a r l y  w h e r e  P K  x  N4 (Sat)/N . This e r r o r  w as also 

see n  to be a f u n c t i o n  of N 4 L (Sat)/N4, b u t  for t he values 

u s e d  a nd for a p o w e r  d e n s i t y  v a r i a t i o n  of 30%, this 

w o u l d  c a use a m a x i m u m  e r r o r  of  2%, w h i c h  is m u c h  s m a l l e r  

t h a n  the R a n d o m  e r r o r  due to noise on the data. This 

e r r o r  source c a n  be discounted.

In the final analysis, the v a lues of N 4 L (Sat)/N4 g e n e r ­

ate d  b y  the C.R.M. w e r e  u s e d  in the t wo level m o d e l  to 

f i n a l l y  d e r i v e  a v a lue for D4. It is w o r t h  c h e c k i n g  h o w  

well the two level m o d e l  agrees w i t h  the C.R.M. t h e o r y  

for the same v a l u e  of D4 and N 4 ^ ( S a t ) / N 4 . A c c o r d i n g l y  

the tw o  level m o d e l  was f i t t e d  to the C.R.M. curv e s  for 

the C.R.M. v a l u e s  of N 4 L (Sat)/N4. W i t h  the o p t i m i s e d  

values of K  determined, the tw o  curves a g r e e d  to w i t h i n  2% 

at all points. The values of D4 o b t a i n e d  from e q n  4.7 

u s i n g  t h ese v a l u e s  of K and N 4 L (Sat)/N4 were

L a s e r  p u m p i n g  on 48592, D4 = 3.0 x  l O ^ s e c -'*'

L a s e r  p u m p i n g  on 65602, D4 = 2'. 7 x  l O ^ s e c ” 1

This shows the T wo Level M o d e l  is a fair a p p r o x i m a t i o n  

and s h o u l d  give results to w i t h i n  5% of the tru e  figure.

The final e r r o r  on the d a t a  w o u l d  a p p e a r  to be d o m i n a t e d

by  the e r r o r  in m e a s u r i n g  the depletion, so t h a t  the

final results for the m e a s u r e d  d e - e x c i t a t i o n  rate out 
of n=4 are

P u m p i n g  48592, D4 = 3.3 (+1.6 - 0.85) x 1 0 9s e c -1 

P u m p i n g  65602, D4 = 2.8 (+1.4 - 0.7) x  lO^sec- ^



181.

T h e s e  results a g ree well w i t h  the C.R.M. p e r d i c t e d  v a lue 

of 2.9 x  l O s e c ” '*". S e a t o n  (196 2) q u o t e d  a c c u r a c y  of a f a c ­

t o r  of 2 for his cross sections w h i c h  wer e  u s e d  in the 

c o l l i s i o n  rate c o e f f i c i e n t  f o r mulae of Bates et  al (1962) 

u s e d  in the C.R.M.

Fro m  the C.R.M. The d e - e x c i t a t i o n  rate out of  n=4 is

d o m i n a t e d  b y  c o l l i s i o n  rates to n=5 a nd n=3, w h i c h  are
8 9respectively, 5.2 x  10 a nd 1.82 x  10 , the r e m a i n d e r  

of the total b e i n g  r a d i ative and c o l l i s i o n  rates to o t h e r  

l e v e l s .

4.6 C O N C L U S I O N S

To sum up, the d a t a  o b t a i n e d  for the d e p l e t i o n  of He 1_1 

n=4, w h i l s t  p u m p i n g  on two t r a n s i t i o n s  h a v i n g  n=4 as the 

lower level, w as fitted to a two level model, d e s c r i b e d  

in C h a p t e r  2. I n i t i a l l y  the He ljL p l a s m a  d i a m e t e r  was 

c o n s i d e r e d  to be the same as t h a t  of the p l a s m a  vessel. 

T h e o r e t i c a l  c u r v e s  for d e p l e t i o n  of n=4 a g a i n s t  laser 

power, was g e n e r a t e d  u s i n g  a C o l l i s i o n a l  R a d i a t i v e  M o d e l  

for He 1 1 .

These curves, w h e n  c o m p a r e d  to the data, i n d i c a t e d  that 

the He IL p l a s m a  d i a m e t e r  was p r o b a b l y  s m a l l e r  t h a n  tha t  

o r i g i n a l l y  e s t i m a t e d  and on the basis of a c r u d e  two t e m p ­

erature m o del of the plasma, the d a t a  was r e p l o t t e d  for 

the r e - e s t i m a t e d  p l a s m a  diameter. The two level model 

was a g ain fitted to the n e w  d a t a  and estimates of the

rate out of n=4 obtained.
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The results are in good a g r e e m e n t  w i t h  the rates p r e d i c t e d  

b y  the C.R.14. a nd are also i n t e r n a l l y  consistant.

The a s s u m p t i o n  t h a t  the l i n e w i d t h  of the 48592. t r a n s i t i o n  

and u s i n g  of widths, p r e d i c t e d  b y  G r i e m  (1960), was p r o ­

b a b l y  correct, •c o n s i d e r i n g  the s u b s e q u e n t  a g r e e m e n t  of 

the 4 8 5 9 2  d a t a  w i t h  the 6 5 602 data. This shows the ratios 

of lin e w i d t h s  p r e d i c t e d  b y  G r i e m  (1960) are p r o b a b l y  g o o d  

t h o u g h  the a b s o l u t e  linewidths are not.

The g e n eral a g r e e m e n t  of these results w i t h  e a c h  other, 

c o n s i d e r i n g  a d i f f e r e n c e  in l a ser p o w e r  of a b o u t  6 (and 

a d i f f e r e n c e  in l a s e r  frequency) for the two experiments, 

shows t h ere was p r o b a b l y  no h i d d e n  l a ser i n d u c e d  rates 

(from a n y  He m o l e c u l a r  species, for example) into n=4.

The e x p e r i m e n t a l  m e t h o d  c o u l d  h ave b e e n  i m p r o v e d  b y  

v i e w i n g  o n l y  p l a s m a  w h i c h  h a d  b e e n  i r r a d i a t e d  b y  the 

laser. Fig. 4.8 give a p o s s i b l e  a r r a n g e m e n t  b y  w h i c h  

this m a y  be achieved. This m e t h o d  has the a d v a n t a g e  

in t h a t  the o b s e r v e d  r e l a t i v e  d e p l e t i o n  w o u l d  t h e n  be 

the actu a l  r e l a t i v e •depletion, w i t h o u t  any c o r r e c t i o n s  

b e i n g  needed. Also, o n l y  one v i e w i n g  p o r t  into the 

p l a s m a  is required, m a k i n g  the t e c h n i q u e  far m o r e  f l e x ­

ible on w h a t  p l a s m a  m a c h i n e  it c a n  be used.
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Beam S p l i t t e r

Fig. 4.8

I M P R O V E D  E X P E R I M E N T A L  L A Y O U T  

for

T H R E E  L E V E L  C O L L I S I O N  RATE E X P E R I M E N T

In this a r r a n g e m e n t  the o b s e r v e d  p l a s m a  is all 

p u m p e d  b y  the pump l a s e r  so r e m o v i n g  any u n c e r ­

t a i n t y  r e g a r d i n g  the r a tio of  p u m o e d  to u n ­

p u m p e d  plasma.

The o b s e r v e d  d e p l e t i o n  wil l  n o w  be the actual 

d e p l e t i o n  of the level of interest.



184.

R E F E R E N C E S

Bates D.R., K i n g s t o n  A.E., M c W h i r t e r  R.W.P., Proc:Roy. 

Soc. 267, 297, (1962)

C o x  D., T u c k e r  W . , Ap.J. 1 5 7 , 1157. (1969)

G r i e m  H.R.,Ap.J. 883, (1960)

Roberts. D.E., J.Phys.B. 6_, 929, (1973)

S e a t o n  M.J., 'Atomic and M o l e c u l a r  Processes'. 

Ed. D.Bates, Pub. Academic. N e w  York. (1962).

*



185.

*

5.1

C H A P T E R  5
H - B E T A  L I N E SHAPE E X P E R I M E N T  -

S U M M A R Y
RESULTS a nd ANALYSIS'

A  t h r e e  level technique, d i s c u s s e d  in C h a p t e r  2, was u s e d

to m e a s u r e  the lin e s h a p e  p r o f i l e  of  H - B e t a  f or an e l e c t r o n
15 -3d e n s i t y  of  Ne = 10 cm . The p u r p o s e  of this e x p e r i m e n t  

was to i n v e s t i g a t e  if, in a p l a s m a  s u b s t a n t i a l l y  s i m i l a r  

to t h a t  of Burgess and Mahon, (1973), the c e n t r a l  d ip of 

the H - B e t a  was b e i n g  filled in b y  an i m p u r i t y  c o ntribution. 

No m e a s u r a b l e  i m p u r i t y  c o n t r i b u t i o n  to the line core was 

found.

A l s o  investigated, was a feature observed'.on the red w i n g
14of the H - B e t a  p r o f i l e  at an e l e c t r o n  d e n s i t y  of 5 x  10 cm 

This feature was found to be an impurity, b u t  its origin

c o u l d  n o t  be d e t e r m i n e d  w i t h  a ny certainty. T h a t  the 

f e a ture m a y  h a v e  b e e n  an m o l e c u l a r  transition, was i n ­

v e s t i g a t e d  b y  l o o k i n g  for a b s o r p t i o n  at the w a v e l e n g t h  of 

the s t r o n g  H  ̂ m o l e c u l a r  t r a n s i t i o n  at 4856*552. No 

a b s o r p t i o n  a t  this wavelength, o v e r  that due to the H- 

Beta line wing, was observed.

The p o p u l a t i o n  d e n s i t y  of the n=2 h y d r o g e n  level was 

m e a s u r e d  for the first 90 m i c r o s e c o n d s  of the a f t e r g l o w  

p h a s e  of the 2 pinch. It was also found t h a t  d u r i n g  the 

p e r i o d  t h a t  the expe r i m e n t s  w e r e  b e i n g  performed, the 

n=2 populations, f or any p a r t i c u l a r  time in the a f t e r ­

glow, a p p e a r e d  to  have fallen byZ5 %. No e x p l a n a t i o n  

for this is forthcoming.
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5.2. A B S O R P T I O N  PROFILE of H - B E T A  for N e = 1 0 15 cirT3

The e x p e r i m e n t a l  t e c h n i q u e  u s e d  to d e duce w h e t h e r  of not 

there was a ny i m p u r i t y  c o n t r i b u t i o n  to the cor e  of H - B e t a  

was th e  S a t u r a t e d  Three Level A b s o r p t i o n  S p e c t r o s c o p y

(S.T.L.A.S.) technique, d e s c r i b e d  in C h a p t e r  2. The d e ­
t a i l e d  e x p e r i m e n t a l  m e t h o d  e m p l o y e d  is d e s c r i b e d  in

C h a p t e r  3. The p l a s m a  used, was the a f t e r g l o w  of a 3

p i n c h  device, a l s o  d e s c r i b e d  in C h a p t e r  3. F r o m  Fig .3*3
15 -3it can be seen t h a t  the e l e c t r o n  d e n s i t y  was 10 cm 

at a tim e  30 m i c r o s e c o n d s  into the afterglow. A c c o r d ­

ingly, the lasers w ere f i red at this time, s c a n n i n g  the 

p r o f i l e  (with the p r obe laser) on a shot to s h o t  basis. 

Fig. 5.1 shows the final e x p e r i m e n t a l  r e s u l t s -  b o t h  w i t h  

and w i t h o u t  the p u m p  laser. The s t r a i g h t  a b s o r p t i o n  

profile, Fig. 5.1a, shows no e v i d e n c e  of a n y  d i p  g r e a t e r  

tha n  3% at the line core, c o r r o b o r a t i n g  the r e s ults of 

Burgess and M a h o n  (1972) and F l e u r i e r  et al (1980).

Fig. 5.1b shows the results w h e n  the a b s o r p t i o n  pr o f i l e  

was t a k e n  again, b u t  this time the l o wer level of  the H- 

Beta transition, n=2, was s i m u l t a n e o u s l y  d e p l e t e d  b y  s a t ­

u r a t i n g  the H - A l p h a  t r a n s i t i o n  w i t h  a fla s h l a m p  p u m p e d  

dye laser. This r e s u l t e d  in an a b s o r p t i o n  profile, 

w h ose optical depth, due to H - B e t a  at a ny g i ven w a v e l e n g t h  

was an o r d e r  of m a g n i t u d e  l o wer t h a n  tha t  for Fig. 5.1a

In the absence of  a n y  impurity, the lineshapes s h o u l d  be 

the same in b o t h  cases. It is i m m e d i a t e l y  o b v ious from 

an i n s p e c t i o n  of Figs 5 . la and 5 . lb t h a t  a ny i m p u r i t y  

c o n t r i b u t i o n  to the line core w i l l  be no m ore t h a n  a few 

p e r c e n t  of  the H - B e t a  line s t r e n g t h  at that point.
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\-l

1-0
0*8

0-b

0-*t
0-%

-Z C
5.1. a

Fig. 5 . 1 . b

AX#

a x  #

A b s o r p t i o n  Pro f i l e s  of H - B e t a  - w i t h  and w i t h o u t

H - A l p h a  pumping.

The t o p  p r o file shows an a b s o r p t i o n  profile of 

H - B e t a  Ne = 1 0 ^ c m " ^  an d  Te = 1-4 c-V 
The b o t t o m  figure shows the same profile for the 

same conditions, exce p t  H - A l p h a  is b e i n g  i r r a d i a t e d  

b y  laser radiation.
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However, the limits of a ny i m p u r i t y  c o n t r i b u t i o n  m a y  be 

d e t e r m i n e d  b y  a r e a  n o r m a l i s i n g  the two profiles, so t h a t  

at an y  w a v e l e n g t h

At (A ) = Ft (A) - f u U )  5*1

W h e r e  the factor F is the n o r m a l i s i n g  f a c t o r  of  e q n  2.51 

and tLlA) is the optical d e p t h  w h e n  the H - A l p h a  p u m p  

l a s e r  is on. The f a ctor F is e s t i m a t e d  initially, b y  

d r a w i n g  a b e s t  fit curve t h r o u g h  the e x p e r i m e n t a l  points 

of b o t h  profiles, X[X) and T u U )  , and t h e n  t a k i n g  the 

r a tio of  the s m a l l  area to the large area. Fig. 5.2 

shows a Air p l o t  for Fig 5.1.

If the two p r o f i l e s  h ave the same lineshape function, t h e n  

the poin t s  p l o t t e d  in Fig. 5.2 s h o u l d  form a r a n d o m  

(Gaussian) d i s t r i b u t i o n  a r o u n d  t h e  AtT = o line. If the 

p r o f i l e s  are the same, b u t  the a r e a  ratio F is incorrect, 

the p o i n t s  wil l  lie on a curve, h a v i n g  the same shape as 

the a b s o r p t i o n  p r o f i l e s . The a rea u n d e r  the curve will 

be p r o p o r t i o n a l  to the e r r o r  in F,  w h i c h  c an t h e n  be 

adjusted.

If the two p r o f i l e s  are not the same, b ut the a r e a  ratio 

is correct, the p o ints wil l  lie on a curve w h i c h  will 

i n t e r s e c t  the At^ = o bas e  line, in such a way, t h a t  the 

areas u n d e r  the c u rve will be the same above a nd b e l o w  

the base line. The A't’ = o line ca n  then be a d j u s t e d  

to lie on the a s y m p t o t i c  limit o f  the im p u r i t y  c o n t r i ­

bution, where the g r a d i e n t  of the curve is zero. The

curve u n d e r  the b a s e  line w i l l  t h e n  be the l i n e s h a p e  of 
the i m p u r i t y  contribution.
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A ^ )

• Fig. 5.2.

A't? p l o t  for H - B e t a  Ne = l O ^ c m - ^.

This figure shows a A ^  p l o t  for the data s h o w n  in F i g . 5.1. 

A'C' is the n o r m a l i s e d  v a l u e  of the optical d e p t h  for a n y  

g i v e n  w a v e l e n g t h  (obtained b y  s t r a i g h t  f o r w a r d  absorption) 

m i n u s  the o p t i c a l  depth, w h i l s t  the H - A l p h a  l a s e r  was on.
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An  i n s p e c t i o n  of Fig. 5.2 shows no t r e n d  for the points 

to d e p a r t  from the A X  = o b a s e  line at any point.

However, given t h a t  a feature b r o a d  e n o u g h  to fill in 

the H - B e t a  d ip is b e i n g  sought, it is r e a s o n a b l e  to c o m ­

pare the m e a n  At7 for the ce n t r a l  X n g s t r o m  of  Fig. 5.2, 

(One S n g s t r o m  w o u l d  be the s e p a r a t i o n  of the peaks of 

the H - B e t a  profile, if t h e r e  wer e  a d ip p r e s e n t ) , to the 

m e a n  of  those p o i n t s  o u t s i d e  the central S n g s t r o m  and so 

test for the p r e s e n c e  of an impurity.

The p o i n t s  for the central S n g s t r o m  in Fig. 5.2 lie a b o u t  

a m e a n  of  At = o . 003,  w h i l s t  the p o ints o u t s i d e  the c e n ­

tral A n g s t r o m  hav e  a m e a n  of  AX' = -0.001. In b o t h  cases 

the s t a n d a r d  d e v i a t i o n  is 0.01.

Fig. 5.3 a  shows a h i s t o g r a m  for the d i s t r i b u t i o n  of all 

the p o i n t s  a r o u n d  A X ’ = 0  in Fig. 5.2. It is r e a d i l y  

seen, the m e a n  lies on A X  = 0 a nd the h a l f - h a I f  w i d t h  

of the d i s t r i b u t i o n  is 0.01, c o r e s p o n d i n g  to the s t a n ­

d a r d  deviation. Figs. 5.3b and 5.3c s h o w  histograms for 

the ce n t r a l  S n g s t r o m  and t h o s e  points o u t side the c e n tral 

Angstrom, respectively.

The d i f f e r e n c e  of 0.004 b e t w e e n  the two means for the t wo 

d i s t r i b u t i o n s  (the central X n g s t r o m  and those points o u t ­

side the central Sngstrom) is close e n o u g h  to t he e r r o r  

on the m e a n  ( (S'/JK = 0.003) not to be r e a l l y  significant. 

In addition, the t r end of the points in the ce n t r a l  

X n g s t r o m  is in the w r o n g  d i r e c t i o n  to be due to an i m ­

p u r i t y  contribution.
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-0-OH -O-OJL O

Fig. 5.3a

0-02. O' otf A f

H i s t o g r a m  of all the points in Fig. 5.2

a
-O-OH -0-02. O D'0%. O-OH

Fig. 5.3b

H i s t o g r a m  of  the central 8. of Fig. 5.2

Fig. 5.3c

H i s t o g r a m  of all the p o i n t s  

N OT in the central 8  of Fig. 5.2

H I S T O G R A M S  OF THE N U M B E R  OF  POINTS 

H A V I N G  P A R T I C U L A R  VALU E S  OF A t '
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A n y  i m p u r i t y  h a v i n g  an o p t i c a l  d e p t h  g r e a t e r  t h a n  0.01, 

w o u l d  h a v e  b e e n  e v i d e n t  v i a  a s t a t i s t i c a l l y  s i g n i f i c a n t  

t r e n d  of the p o i n t s  in the c e n tral A n g s t r o m  an d  it is 

r e a s o n a b l e  to co n c l u d e  therefore, tha t  an i m p u r i t y  c o n ­

t r i b u t i o n  h a v i n g  an op t i c a l  d e p t h  g r e a t e r  t h a n  0.01 or 

1% of the o p t ical d e p t h  at t he core of the profile,

• was no t  present. No s a t e l l i t e s  of an y  sort are o t h e r ­

wise o b s e r v a b l e  on the w i n g s  of  the p r o files in Fig. 5.1.

This e x p e r i m e n t  does n ot e x c l u d e  the p o s s i b i l i t y  t hat an 

ion p l a s m a  s a t e l l i t e  is f i l l i n g  in the line core as 

s u g g e s t e d  by R a m e t t e  and D r a w i n  (1976). However, no 

c o r r e s p o n d i n g  e l e c t r o n  p l a s m a  satellites a p p e a r  to be 

o b s e r v a b l e  on the wings of the p r o f i l e  in Fig. 5.1. The

only s a t e l l i t e  t h a t  was observed, o c c u r e d  at an e l e c t r o n
a 14 -3d e n s i t y  of Ne = 5 x  10 cm and this was s h o w n  to be an

im p u r i t y  (see s e c t i o n  5.4). It is unlikely, then, t h a t

the line core was b e i n g  f i l l e d  in b y  a p l a s m a  satellite.

The H - B e t a  profile, shown in Fig. 2, is c o n s i s t e n t  w i t h  

that of  Burgess and M a h o n  (1972) and F l e u r i e r  et  al (1980) 

in t h a t  no d i p  g r e a t e r  t h a n  3% was observed. The e l e c ­

tro n  t e m p e r a t u r e  for this p r e s e n t  e x p e r i m e n t  was s o m e w h a t  

h i g h e r  t h a n  t h a t  quot e d  fo r  the e x p e riments c i t e d  above.
4 4

(1.5 x  10 K  as a g a i n s t  10 K) and if the ion t e m p e r a t u r e  

can be a s s u m e d  to be the sam e  as the e l e c t r o n  t e m p e r a t u r e  

then M a z u r e  et al (1981) s h o w  we w o u l d  not e x p e c t  to see 

a dip.

Tha t  the ion t e m p e r a t u r e  is the same as the e l e c t r o n  

temperature, is a r e a s o n a b l e  a s s u m p t i o n  for this plasma,
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P

s i n c e  the e l e c t r o n  - ion e q u i l i b r  a t ion tim e  is 

g i v e n  b y  (Spitzer, 1956)

_  3A-■ YY\p 0'ZIq(o T k .  S ' 2 .
m*. In-A.

W h e r e  JL*\ -A is a s l o w l y  v a r y i n g  f u n c t i o n  of 

Te a n d  Ne and is g i v e n  b y  S p i t z e r  as b e i n g  about 6, 

w h e n  N^= l O ^ c m - ^ and Te = 10^K.

E q n  5.2 t h e n  gives a ? 100 nanoseconds, w h i c h  is 

v e r y  short c o m p a r e d  to the r e l a x a t i o n  p e r i o d

for this p l a s m a  of 36 m i c r o s e c o n d s .

r
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♦

5.3 E S T I M A T I O N  OF H 2 M O L E C U L A R  D E N S I T Y

It was s h o w n  in the p r e v i o u s  section, that the

e l e c t r o n - i o n  e q u i l i b r  a t i o n  p e r i o d  s h o u l d  be a b o u t  1 0 ~ ^ s e c
15 -3for a p l a s m a , w h e r e  Te ^  l e v  and Ne = 1 0  cm

The e q u i l i b r i u m  t ime of the atomic and e l e c t r o n  t e m p e r a t u r e s

will be a b o u t  an o r d e r  of m a g n i t u d e  larg e r  t h a n  this,

Cairns, (1970), since tha atoms a r e - e l e c t r i c a l l y  neutral, 

so t h e i r  ef f e c t i v e  v e l o c i t y  c h a n g i n g  cross s e c tions are 

reduced. Also, atoms h ave an internal p a r t i t i o n  function, 

w h i c h  allows e n e r g y  to be transferred, from the e l e c t r o n  

into e x c i t i n g  the a t o m  internally. S i n c e  the e l e c t r o n  

t e m p e r a t u r e  relaxes on a time scale of 36 microseconds, 

the atomic, m o l e c u l a r  and e l e c t r o n  t e m p e r a t u r e s  s h o u l d  b e  • 

in equilibrium.

The S a h a  e q u a t i o n  for a molecule, c o n s i s t i n g  of  two atoms, 

A  and B, is:-

5-3

W h e r e

hi a Mb 
M as

- a i,3 the 

E a b  is the 

is the

<£xp - L  2

p a r t i t i o n  fun c t i o n  of A 

dis s o c i a t i o n  e n e r g y  

r e d u c e d  mass

yU- * tY\f\ rV) g,

W a s
For the re a c t i o n

H ,-r 14

we  have A * 6  so t hat

2Q
u . .* r %  x i0 ‘  Koj

C L

%  = 9g - x
g ^  is the p a r t i t i o n  f u n c t i o n  for t he H 2  Molecule, w h i c h
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is o b t a i n e d  from M a y e r  and Mayer, (1940)

Fig. 5.4 shows a p l o t  of the M a y e r s '  p a r t i t i o n  fu n c t i o n  

for H 2  ag a i n s t  T e m p e rature. This P lot is due to 

M .P .S .N i g h t i n g a l e .

F o r  the H 2 m o l e c u l e  then, eqn 5-3 goes to

~ 3-7* icf*7 0^3 A*p ( 6 ‘i^fexio V r )  m '3 5 §Lf

15 -3F or this plasma, w h e n  Ne = 1 0  cm , Te = 1 . 4 e v  so 

= 430 and M h = 2.8 x  1 0 22m - 3 , ( hi* is e s t i m a t e d

f rom the f i l l i n g  p r e s s u r e  of 0.45Torr). we arrive 

at a v a lue for Mw,. = 1.4 x  10 ̂ c m ” ^.

C o m p a r i n g  this w i t h  the m e a s u r e d  v a l u e  for the r\ = 2 

p o p u l a t i o n  of 4.5 x  1 0 ^ ,  see Fig. 5.8, it is u n l i k e l y  

t h a t  m o l e c u l e s  are c o n t r i b u t i n g  a n y t h i n g  t h a t  will 

be in the least w a y  c o m p a r a b l e  to the o p t i c a l  d e pth 

o f  H-Beta.
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Fig. 5.4

P a r t i t i o n  f u n ction for a g a i n s t  Temperature. 

Plot due to Nightingale, (private communication)
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5.4. THE RED W I N G  of H - B E T A  at Ne = 5 x  1 0 14 c m _3

W h e n  i n i t i a l l y  s e t t i n g  u p  the apparatus, a t r i a l  run was

p e r f o r m e d  at 47 flsec a f ter t he p i n c h  phase. This was,

b e c a u s e  the o p t i c a l  d e p t h  at the line centre of  H - B e t a

was h i g h e s t  for this time - w h i c h  c o r r e s p o n d e d  to an elec-
14 -3t r o n  d e n s i t y  of Ne = 5 x  10 cm . On the r e d  w i n g  p r o ­

file, t wo S n g s t r o m s  from line centre, there a p p e a r e d  to 

be s e v eral h i g h  points. I n v e s t i g a t i n g  these p o i n t s  further, 

a d e t a i l e d  a b s o r p t i o n  p r o f i l e  of the red w i n g  was performed, 

s h own in Fig. 5.5. The M.I.T. W a v e l e n g t h  Tabl e s  (1939) 

d i d  no t  list a n y  l i k e l y  el e m e n t s  h a v i n g  t r a n s i t i o n  at the 

w a v e l e n g t h  of this feature, 4863%, e x c e p t  an Fe I t r a n ­

sition. (The o n l y  p o s s i b l e  source of Iron was the P y r e x  

tube of the p l a s m a  vessel)

It was t h e n  d e c i d e d  to p e r f o r m  a d e t a i l e d  'three l e v e l ' 

i n v e s t i g a t i o n  of the line a r o u n d  this feature. The results 

are s h own in Fig. 5.6. The s t r a i g h t  a b s o r p t i o n  profile 

is n ot as clean as that s h o w n  in Fig. 5.5, b u t  the 

H - A l p h a  l a ser p u m p e d  p r o f i l e  shows the feature v e r y  clearly.

Fig. 5.7 shows a p l o t  of AtT for this p r o f i l e  w h ere 

F = 0.1034. The feature n o w  c an be seen to h a v e  a p e a k  

optical d e p t h  of  a b o u t  0.09 an d  a w i d t h  of  a b o u t  0.152. 

F o l l o w i n g  D r a w i n  (1981) and Piel (1981), it was then 

t h o u g h t  p o s s i b l e  t h a t  this feature was of m o l e c u l a r  origin.

A  s t r o n g  H 2 m o l e c u l a r  t r a n s i t i o n  exists at 4856.5%, and 

a sca n  t h r o u g h  the r e gion in s t r a i g h t  a b s o r p t i o n  was tried, 

b u t  no obvious feature was o b s e r v e d  on the w i n g  o f  H - B e t a  

at t h a t  w avelength. See Fig. 5.8.
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_J______i______|______i______i______■ <
0 -tl +*- ^  AX (A)

Fig. 5.5

Red w i n g  of H - B e t a  for Ne = 5 x 1 0 1 4 , Te = 0.8eV.

Note the s t r u c t u r e  22 from line centre.
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A b s o r p t i o n  pr o f i l e s  of r ed w i n g  of H-Beta, Ne = 5 x  l O ^ c m  

w i t h  and w i t h o u t  H - A l p h a  irradiation.

• S t r a i g h t  a b s o r p t i o n  

o A b s o r p t i o n  w i t h  H - A l p h a  laser on.
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Fig. 5.7.

A  A t  p l o t  of  the f e ature on the r ed w i n g  of H - B e t a

The feature has a line w i d t h  of a b o u t  0.2 2  and a line 

c e n t r e  o p a c i t y  of a b out 4864.42.

The p l o t  is i n v e r t e d  to mak e  the line shape loo k  the 

r i g h t  w a y  u p .'
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A ( « )

Fig. 5.8

Blue w i n g  of H - B e t a  Ne = 5 x  1 0 14c m “3 .

A n  a t t e m p t  to  find an H 2  m o l e c u l a r  feature 

at 4856.552.
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W h e n  Ne = 5 x  10 , Te = 0.81eV. The H  ̂ d e n s i t y  can be

e s t i m a t e d  to  be a b o u t  8.9 x  l O ^ c m -^. This a g a i n  is well
11 -3b e l o w  the o b s e r v e d  p o p u l a t i o n  of r\ =2 of 4.6 x  10 cm  

It is thus u n l i k e l y  to be m o l e c u l a r  H y d r o g e n  f o r m i n g  

the f e a t u r e .

In c o n c l u s i o n  then# the f e a ture s een on the r e d  w i n g  

of  H-Beta, is d e f i n i t e l y  an impurity, t h o u g h  it c a n n o t  be 

i d e n t i f i e d  w i t h  certainty.

5.5 THE P O P U L A T I O N  OF THE N  = 2 L E V E L

14

The p o p u l a t i o n  of n.=2 as a f u n c t i o n  of time in the a f t e r ­

g l o w  p h a s e  p l a s m a  was found b y  m e a s u r i n g  the l i n e centre 

o p t ical d e p t h  of H - B e t a  for various times in the a f t e r ­

glow. The p o p u l a t i o n  of (1=2 was derived, u s i n g  the 

e x p r e s s i o n

tk. * Sire. AX 93. tc. 5 . 1

Aifi. ( L
W h e r e  is the line c e n t r e  optical d e p t h

AX is the e q u i v a l e n t  linewirith, such t h a t

ax - j_ f t(x)
L is the length o f  the p l a s m a  (0.7m)

3 a  is the s t a t i s t i c a l  w e i g h t  of level n 

^  is the ri=2 p o p u l a t i o n  d e n s i t y  

O t h e r  symbols h a v i n g  t h e i r  u s u a l  meaning.

U s i n g  the fact t h a t  for N  = 1 0 15 A \  - ? ©
' ~ * A n g s t r o m s

and t h a t  A \  oC (Griem 1964), then

AX - 2.x ID'"’ hleZ//z ft
F or this plasma, t h e n  ^

= 3 0  N& ^ t i
The r e sults are g i v e n  in Fig. 5.9.
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*

Fig. 5.9.

A  p l o t  of the p o p u l a t i o n  of N  = 2 as a .function of 

time into the afterglow.

o b t a i n e d  b y  a b s o r p t i o n  m e a s u r e m e n t s  on H-Beta.
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5.6. THE L O N G  T E R M  C H ANGE of the N=2 P O P U L A T I O N

Fig. 5.10 shows an e a r l y  H - B e t a  profile, t a k e n  to check 
the e l e c t r o n  d e n s i t y  as g i v e n  b y  the H - B e t a  line width/ 

a g a i n s t  t h a t  g i ven b y  l a s e r  interferometry. This

p r o f i l e  was t a k e n  on N o v e m b e r  30, 1982. The p r o f i l e  s h o w n  
in Fig. 5.1 was t a k e n  on F e b r u a r y  22, 1983. W h i l e  the 

h a l f  w i d t h  has n ot changed, (indicating no c h a n g e  in the 

e l e c t r o n  d e n s i t y ) , the p e a k  optical d e p t h  h a d  r e d u c e d  

from ^  = 1.65 for Fig. 5.10, to = 1.25 for Fig. 5.1.

This indicates a d r o p  in 25% in the n u m b e r  d e n s i t y  of f\=2 
b e t w e e n  the dates g i ven above.

The c h a n g e  s e emed to o c c u r  o v e r  a p e r i o d  of  days at the 

b e g i n n i n g  of F e b r u a r y  1983, w h e n  the p r o f i l e  of the red 

w i n g  of H - B e t a  for Ne = 5 x  1 0 14c m “ 3taken. (Fig. 5.6)

A  few days later, a p r o f i l e  of the blue w i n g  of H - B e t a  was 

t a ken for the same Ne, to see if t h ere w ere a n y  coiresponding 

sat e l l i t e s  to t h a t  found on the red wing. This d a t a  is- 

shown in Fig. 5.11. W h i l s t  no obvious sat e l l i t e s  were 

observed, note the p e a k  o p t i c a l  d e p t h  is 1.85 as a g ainst

2.05 for Fig. 5.6.

Checks w e r e  m ade on the gas pressure, c h a r g i n g  v o l t a g e  a n d  

genera?, m e c h a n i c a l  soundness of the pinch. T he e l c t r o n  

d e n s i t y  was also r e - m e a s u r e d  b y  l a s e r  interferometry.

No change in a ny of these p a r a m e t e r s  c o u l d  be discerned. 

Furthermore, no e x p l a n a t i o n  of this a n o m a l y  has b een 

forthcoming.
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_ i_________ i________ i_________i_________ i 
-1 -| 0 -tl -cl

Fig. 5.10.

A n  e a r l y  H - B e t a  p r o f i l e  for Ne = lO^crrT^.

N o t e  the p e a k  optical d e p t h  of  1.65/ c o m p a r e d  

to t hat of  1.25 for Fig. 5.1.,w h i c h  was t a k e n  

at a later date.

aa (X)
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Fig. 5.11.

A n  a b s o r p t i o n  p r o f i l e  o f  the b l u e  w i n g  of H - B e t a  

for Ne = 5 x  10

N ote the p e a k  optical d e p t h  is o n l y  1.85 c o m p a r e d  

to 2.05 for Fig. 5.6.
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A  C O L L I S I O N A L  R A D I A T I V E  M O D E L  for He I T

C o l l i s i o n a l  R a d i a t i v e  M o d e l s  are w e l l  d e s c r i b e d  by  

Hess and B u r rell (1979) , so the b a s i c  p r i n c i p l e s  of 

a C.R.M. will n o t  be d i s c u s s e d  here. Emp h a s i s  will 

i n s t e a d  be p l a c e d  on l i s t i n g  the various rat e  for­

m u l a e  u s e d  for this p a r t i c u l a r  m o d e l  and j u s t i f y i n g  

some of the a p p r o x i m a t i o n s  made. The m a t r i x  i n v e r ­

sio n  m e t h o d  w i l l  also be  described- The code was 

run on a m i c r o c o m p u t e r  h a v i n g  16K R.A.M.

I O N  POPU L A T I O N S

APPEN D IX 1

It is n e c e s s a r y  at the outset, to compute the d e n s i ­

ties of the He 111 ion stage, so t h a t  the rates from

He 111 into the various levels of He 11. m a y  be c a l c u ­

lated. A s s u m i n g  a time s t a t i o n a r y  system A  rates 

m a t r i x  m a y  be w r i t t e n  for all the ion stages

A. 1

w h e r e  B. . is the rate c o e f f i c i e n t  from ion stage 

m  to n and Nm is the p o p u l a t i o n  d e n s i t y  of  ion stage 

m. As it stands this m a t r i x  is o v e r p r e s c r i b e d  and a 

f u r t h e r  c o n s t r a i n t  is n e e d e d  to give sensible s o l u ­

tions. i.e.

Fro m  A.l and A . 2 the s o l u t i o n  for N^ is
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^  S (&2%[ ( l 2. ftsi/ ̂ 33)) A *5

B ^ 2  is the t o t a l  i o n i z a t i o n  c o e f f i c i e n t  from He 

to He 111 a nd c an be o b t a i n e d  from an e x p r e s s i o n  for 

H y d r o g e n i c  ions due to T u c k e r  (1975)

6*j.= io‘'°T/42 ~l’yp ( - z l L ^ K T )

l4u,r£ X H -  a W  2: = Z

is the t o tal r e c o m b i n a t i o n  c o e f f i c i e n t  fro m  He 111 

to He IT, w h i c h  m a y  be c o m p u t e d  u s i n g  an e x p r e s s i o n  due 

to B u r b r i d g e  et al (1963).

b y i  * %* ID- " z 1 if)  cm3s A 'h

Cj>if) =  0 -5 ^  1-735 t  f  i/&

OLwh -  z  1 J
/

F o r  t e m p e r a t u r e s  less t h a n  6eV, the He 11 ion stage is

d o m i n a n t  i.e. ^  N^, so t h a t  s e t t i n g  ^ Cl Ne is a

g o o d  approximation.

C O L L I S I O N A L  RATE C O E F F I C I E N T S

F or the c o l l i s i o n  rate b e t w e e n  the levels of He  T T  

an e x p r e s s i o n  for h y d r o g e n i c  ions due to Bates,

K i n g s t o n  an d  M c W h i r t e r  (1962) was used, w h i c h  was 

d e r i v e d  from an e x p r e s s i o n  for c o l l i s i o n  cross s e c ­

tions for H y d r o g e n i c  ions due to S e a t o n  (1962)

C.-; = V75 * W 6j  I f ( i l) a* p ( -157810 p-b
1 t -  i1 2 * r / » -  l  ----------1

Cwv SJLC
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w h e r e  i is the l o wer level and f(ij) is the a b s o r p t i o n  

o s c i l l a t o r  strength.

C o l l i s i o n a l  d e - e x c i t a t i o n  rate c o e f f i c i e n t s  m a y  be 

o b t a i n e d  b y  i n v o k i n g  d e t a i l e d  b a l a n c e  on e q n  A . 6, so 

tha t

The c o l l i s i o n a l  i o n i z a t i o n  rate c o e f f i c i e n t  formula 

used, was t h a t  due to Bates et al (1962) a nd is a 

m o d i f i e d  form of  eqn A . 6

The rad i a t i v e  r e c o m b i n a t i o n  rate c e o f f i c i e n t s , H ci'
w e r e  those due to S e a t o n  (1939). T h o u g h  the e x p r e s s i o n  

u s e d  is from J o h n s o n  (1972)

C O L L I S I O N A L  I O N I Z A T I O N

Ci c  = x i , 7* £ * p f  r S £ c ~ ' A*8

RA D I A T I V E  R E C O M B I N A T I O N

Ht-t r io~ll+
0= 0

A * 0, %  .

E n  is an expo n e n t i a l  integral

i a \ r*°
= <L fc d t A-i o



2 1 1 .

F rom A b r o m o w i t z  and S t e g u n  (1964)

^n+i u \ * X u k  h> 'fo r  b*-|

e « + ,(£) - A'i

The g a u n t  factors 0 ^ ( 0  are g i ven b y  J o h n s o n  (1972)

i=l i=2 i >  3

<3o( 0  1.1330

9. CO  - 0 - 4 0 5 9
gxC0 0.07014

1.0785 0 . 9 9 3 5 + 0 . 2 3 2 8 i -1 - 0 .1 2 9 6 i “ 2

- 0 . 2319 - i ” 1 ( 0 . 6 2 8 2 - 0 . 5 5 9 8 i _1+ 0 . 5 2 9 9 i “ 2)

0. 0 2 9 4 7  i “ 2 (0.3887-1.1 8 1 i _1+ l .4 7 0 i " 2)

THREE BODY RECOMBINATION

This was o b t a i n e d  b y  a p p l y i n g  d e t a i l e d  b a l a n c e  to the 

i o n i z a t i o n  coefficient, Clo . The three b o d y  r e c o m ­

b i n a t i o n  c o e f f i c i e n t  is t h e n  Cci where

C.cl = Qi _ £  S^c.1 A'lZ
9*9*

w h e r e  Ii is the i o n i z a t i o n  e n e r g y  out of level 

The p a r t i t i o n  f u n ction for the e l e c t r o n  is

vt y K

Xtt KT'a,)

i.

A*/3

See M i h a l a s  (1978)
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Fo r  the He 111 ion ) so t h e n

CtL = / l/k̂ C ic c*? sec" A-Iif
% U i r  rvu K t  J

' %•%! *10 i 4̂. cj/ S*.c * fl’/S

R A D I A T I V E  RATES

*

fM '' 9 (JC)3/3TT / i 2 •  ̂ ;
A'l b

The a b s o r p t i o n  o s c i l l a t o r  s t r e n g t h  f(ij), for H y d r o g e n i c  

ions was c a l c u l a t e d  u s i n g  an e x p r e s s i o n  due to 

Kramers (1923)

.1

3/3TT (TT-)
w h e r e  g(j,i) is a g a u n t  factor of  o r d e r  unity.

J o h n s o n  (1972) gives an e x p r e s s i o n  for the g a u n t  f a c t o r  

w h i c h  then m a k e s  f(i,j) c o r r e c t  to 0.5%.

9 ( L< j ) s 9 ° ^ ) + + 6^( (\-n

g^z g, and g^ are t a b u l a t e d  for the e x p r e s s i o n  for 

r a d i a t i v e  r e c o m bination. The r e l a t i o n s h i p  b e t w e e n  

the B value and the a b s o r p t i o n  s t r e n g t h  is

f U | j )  = &Cj hv 
We

U s i n g  the B a l m e r  e q u a t i o n

z ~
W  - Z L J  1  -  _ L

L J
and r e l a t i n g  the A  value to the B value

fyi - fli. 8ttIv\73 Bi.j

6] c?

A-10
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t h e n  f i n a l l y

A ,  - « x . o V
_ l

i1 J
\Z

J
11

TT (o’-'-’)
«-n

u s i n g  t h ese e x p r e s s i o n s  for the A  value a n d  the • 

o s c i l l a t o r  strength, all the collisional, r a d i a t i v e  

an d  l a ser rates can be c o m p u t e d

M A T R I X  I N V E R S I O N  P R O C E D U R E

W h e n  i n v e r t i n g  large o r d e r  m a t r i c e s , the c o n v e n t i o n a l  

C r a m e r s - r u l e  p r o c e d u r e  is v e r y  i n e f f i c i e n t  a n d  time 

consuming. F o r s y t h e  (1953) p o i n t s  out t h a t  i n v e r t i n g  

a m a t r i x  of o r d e r  n w o u l d  r e q uire about (n+1) I m u l t i ­

plic a t i o n s .  So for a m a t r i x  of o r d e r  26 this w o u l d
2 8r e q u i r e  a b o u t  10 m u l t i p l i c a t i o n s .

In c o n s e q u e n c e  there has b e e n  a large b o d y  of  l i t e r ­

a t u r e  d e v o t e d  to the i n v e n t i o n  of  mor e  e f f i c i e n t  t e c h ­

niques. F o r  the m o s t  e f f i c i e n t  techniques, Forsythe 

says, onl y  a b o u t  n /3 m u l t i p l i c a t i o n s  are required; 

s a y  about 6000 for a m a t r i x  of  o r d e r  26. For s y t h e  

gives a n u m b e r  of ways in w h i c h  mat r i c e s  m a y  be i n ­

v e r t e d  rapidly. However, a m e t h o d  due to C h o l e s k i  

(Fox et  al, 1948), was f i n a l l y  c h o s e n  for its s i m p ­

licity, a c c u r a c y  and speed.

This m e t h o d  is o n l y  s u i t a b l e  for symmetric m a t r i c e s  

a n d  so the m a t r i x  is first symmetrized., b y  m u l t i -
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p l y i n g  by its own transpose.

Let W  be the m a t r i x  to be inverted, then let W  W  =M,

a sy m m e t r i c  matrix. The m a t r i x  M  is t h e n  e x p r e s s e d  

in the form of  two t r i a n g u l a r  matrices; L, a lower
A/

t r i a n g u l a r  m a t r i x  and L, its t r a n s p o s e  and an u p p e r  

t r i a n g u l a r  matrix.

So n o w  M  = L  L

This is inverted, so t h a t

(tiy'= (u)~'(u)" M 3

L a nd L are e a s i l y  found b y  b a c k  substitution.

T h e n  (L) or  (L) can be o b t a i n e d  b y  n o t i n g  that 

(L)(L) = X, a u n i t a r y  matrix. (L)_ is s i m p l y  the
A/ 1 _ ]

t r a n s p o s e  of  (L) ; so e n a b l i n g  (M) to be determined.

The i n v erted m a t r i x m a y  be r e t r i e v e d  b y  n o t i n g

t h a t
(\

A C C U R A C Y  of M O D E L

The m o del was run to c o m p u t e  the p o p u l a t i o n  densities

o f  the first 9 e x c i t e d  states. It was a s s u m e d  that the

s y s t e m  was time s t a t i o n a r y  and in equilibrium. A

f u r t h e r  c o n s t r a i n t  was p u t  u p o n  the model. W h i c h

was, that the He T T  g r o u n d  state p o p u l a t i o n  was equal -

to the m e a s u r e d  e l e c t r o n  density. This was j u s t i f i e d  
b y  two arguments

1. For t e m p e r a t u r e s  Te ^  6eV, the He LI p o p u l a t i o n

s h o u l d  be m u c h  g r e a t e r  t h a n  the He I T T  population.
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See T u c k e r  (1975).

2. The first e x c i t e d  state is more t h a n  4 0 e V

above the g r o u n d  state, so the e x c i t e d  s t ate p o p u ­

lations s h o u l d  be small c o m p a r e d  to the g r o u n d  state 

for a n y  t e m p e r a t u r e  e x p e c t e d  in the plasma.

T h ere b e i n g  no real w a y  of  t e s t i n g  that the code was 

a c t u a l l y  w o r k i n g  c o r r e c t l y  (i.e. p r o d u c i n g  the c o r r e c t  

numbers) all the c o l l i s i o n a l  i o n i z a t i o n  a nd r e c o m b i n ­

a t i o n  c o e f f i c i e n t s  were r e p l a c e d  b y  those f o r  neutral 

Hydrogen, due to Vriens a n d  Smeets (1980). The p r e ­

d i c t e d  p o p u l a t i o n s  for a g i v e n  Ne and Te w e r e  in 

c l o s e  a g r e e m e n t  w i t h  C.R.M. d e v e l o p e d  b y  G o h i l  (1982) 

for ne u t r a l  hydrogen., This s h o w e d  the code to be 

w o r k i n g  correctly, in principle.

Bates et  al (1962), s t ate tha t  t h e i r  c o l l i s i o n  rate 

c o e f f i c i e n t s  agreed, w i t h i n  a f a c t o r  of 2, w i t h  the 

rate c o e f f i c i e n t s  d e r i v e d  from cross s e c t i o n  for 

He lT IS - 2P, due to Burgess (1961). However, the

close c o u p l i n g  c a l c u l a t i o n  of Burke et al(1964) 

s h o u l d  be  s u p e r i o r  to the Born a p p r o x i m a t i o n c a l c u -  

l a t i o n  of Burgess, e s p e c i a l l y  n e a r  threshold.

As an i n d e p e n d e n t  check, the cross sections of Burke 

et al were fitt e d  to a c u r v e  of form of the Born 

a p p r o x i m a t i o n  at h igh energ i e s

CJ' = fl. In B y

W h e r e  v  is the el e c t r o n  velocity.

This gave a fit to w i t h i n  10% for the range of 

en e r g i e s  g i v e n  b y  Burke et al, w h e n  A  = 3.67 x  1 0 " 8 

a nd B = 3.72 x  10"^- S ee Fig. A.l.
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CROSS SECTIONS for He  1 1 ,IS - 2P.
The c o n t i n u o u s  line shows the t h e o r e t i c a l  cross

s e c t i o n  of Burke et al (1964).

The d o t t e d  line is a fit of the for m  of the Born 

a p p r o x i m a t i o n  at h i g h  energy. (See t e x t ) .

W  is the e n e r g y  of the c o l l i d i n g  electron,

W T is the t h r e s h o l d  energy.

T he f i tted curve was m a d e  to go t h r o u g h  the 

p o i n t s

d ' = Ofl at W / W T = 1

d' = 0.0635 at  W / W T = 5
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E q n  ft .2.5 was t h e n  c o n v e r t e d  into a rate c o e f f i c i e n t  

u s i n g  the fo r m u l a

c„. = f oU) ?Lv) v d v  * ? u c ' A-n>
Jvr

W h e r e  \f is the e l e c t r o n  v e l o c i t y  a nd is the

cut o f f  v e l o c i t y  at threshold.

The M a x w e l l i a n  e l e c t r o n - v e l o c i t y  d i s t r i b u t i o n  is

V , , _ NVz 1 -  i'Vu.U7/2.KT* , ,Plu-jdir r 4 tT| | Ifi d-'j
lairKT*. 1

—8 \
r l - 3 5 x  io ' V ^  x A'17

T h e r e f o r e

x id ' 1*’
\fT

in (z-71xio"x ir)
- 3'5xl o'V/T 

£ A-Oif

voV\̂ vi. vrT - 3-$* w  -axe-1

This e x p r e s s i o n  was i n t e g r a t e d  numerically, w h e r e  

the u p p e r  limit of  v e l o c i t y  was set at 1 0 0 V T and 

the results w e r e  c o m p a r e d  w i t h  t h o s e  obtained, 

u s i n g  e q n  ft.6. The results are t a b u l a t e d  b e l o w  

for a range of t e m p e r a t u r e s .
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-r

C 12 (eqn. fl‘1 8 ) C 12 (eqn. A*b ) T e m p e r a t u r e s

2 -1m  sec 2 -1 m  sec K e l v i n

9.9 X 1 0 - 18 1.28 X 10 17 6 X 104

2.65 X I Q ' 18 2.88 X I Q ' 18 5 X 104

3.42 X 1 0 -19 3. X i o - 19 4 X 104
■,0-21 6.73 X i o - 21 3 X io49.9 X 10

6.5 X -24 10 z 3.07 X I Q ' 24 2 X 104

3.55 X -2710 1.32 X I Q ' 27 1.5 X 104

The tw o  equ a t i o n s  w o u l d  a p p e a r  to be in g ood a g r e e -
4

m e n t  for a t e m p e r a t u r e  of 5 x  10 . For h i g h e r  

temperatures, t he e q u a t i o n  of  Bates et  al, e q n  A,*b 

gives p r o g r e s s i v e l y  h i g h e r  rates a nd the r e v e r s e  is
4

true for t e m p e r a t u r e s  b e l o w  5 x  10 . However, the 

rate c o e f f i c i e n t  C ^ 2 w o u l d  a p p e a r  to be t r u s t w o r t h y  

to w i t h i n  a f a c t o r  of two,as s t a t e d  b y  Bates et  a l .
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