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ABSTRACT

An experiment is described in which neutral helium in the reéombination
phase of a linear pinch (electron density 1014 - lolscm_g) was excited by a dye
laser tuned to the 5876 X 23P—33D transition. Complete details of the laser
are given with particular attention to those aspects most important for scattering
experiments, At 50 kW/cmz the light intensity inside the pinch was sufficient
to saturate the helium transition. Time histories and spectral profiles of 5876 ]
fluorescence are presented together with time histories of coilision induced

1]

fluorescence from other transitions.

Similar experiments with the dye laser tuned to the 6678 X 21P—31D
transition and the Balmer s« transition are described, the latter being with hydrogen
replacing the helium in the linear pinch. Studies of the optical opacity of the
plasma with simultaneous laser excitation are also described.

With the laser pulse lasting longer thar the relevant collisional and
radiative ciecay rates, relaxation effects in the time history of the fiuores.cence
offer new possibilities for the measurement of collisional excitation rates to and
from the levels interacting with the laser. Possible extensions of this technique
to determine VUV 'A' values are described.

In a second experiment a dye laser operating at Hec« (6563 X) was set up to
measure neutral hydrogen densities and temperatures in a large Tokamak plasma
mz.ichine. A detailed account of the experimental set-up is given, Urfortunately
due to the small number of shots allotted to the fluorescence experiment no
reSults were obtained on the plasma,.

Finally, a theoretical analysis of a2 new method of measuring magnetic field
directions in a plasma machine is given. The method, based on the third Hanle
effect, enables spatially resolved magnetic field measurements to be made by

observation of the polarisation of the fluorescence produced under laser

excitation.
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CHAPTER 1

INTRODUCTION

One of the major areas of expansion in post-war Physics has been
in the field of Plasma Physics. This has been stimulated by the growing
realisation of the limited extent of most fossil fuel reserves and in contrast,
the possibility of virtually unlimited 'power from nuclear fusion. The
advent of electronic computers has made it possible to solve numerically
some of the complex theoretical problems involved in the understanding of
the physics of highly ionised gases. On the experimental side, plasmas
have been produced with temperatures in excess of one million degrees
(Peacock Fet al. 1969) or with particle densities (4 % 1020 cm-s) approaching
that of a solid, (Peacock et al. 1973). The subject of Plasma Spectroscopy
arose from need to measure the parameters of these extreme physical states.,
For a recent review of thic subject see D,D. Burgess (1972). At first it
was not possible to measure basic qualities such as temperature and densit;
without appealing to theoretical considerations of plasma equilibrium.
However a notabie advance was made in 1963 when ruby lasers were used
in 2 Thomson scattering experiment ( Fiinfer et al, 1963) and for the first
time it was possible to make unambiguous spatially resolved measurements
of the electron density and temperature and ion temperature (see -

Kunze 1968) . Subsequent developments in laser technology especially
in the field of frequency tuneable lasers have made poséible a wide variety

of experiments in atomic and molecular physics, see e.g. the review by
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ﬁemtréider _- (1973). In particular we mention the iligh resolution saturation
spectroscopy study of the sodium D lines using a pulsed tuneable dye laser
(Hansh et ai. 1971). This technique enabled the‘natural line profile to be
meas.ured independent of the doppler effects with a resolution of 7 MHz!
- Dye lasers have also been used in studies of the upper atmosphere,(Gibson
and Sandford (1972)), fluorescence from sodium atoms being detected from
distances of up to 90 km. The high light intensities available from tuneable
lasers have made it possible to substantially increase excited state populations,
by tuning the.laser wavelength into coincidence with the atomic transition
wavelength and this has made possible absorption spectroscopy of excited
states (see e.g. Bradley et al. 1973,and Carlsten et al. 1974).

In the field of plasma diagno‘stics Measures (1968) first discussed
the applicatior; of tuneable lasers to the meaéurement of electron density and
temperature of plasmeas in what he termed 'selective excitation spectroscopy'.
A subsequent experiment on a potassium plasma (Rodrigo and Measures 1973)
coﬁirmed this possibility but the interpretation of their results was
complicate& by non-ideal laser parameters. Dimcock et al. (1969) also
discussed optical pumping techniques using tuneable dye lasers to measure
dénsity, ion temperature, electron temperature and ion drifts in bariam or
barium doped plasmas. He showed that the large value of the resonance
fluorescence cross sections enabled measurements to be made of barium
densities as low as 2,5 x 103 cm-3.

Collins et al, (1972) used a tuneable dye laser to optically pump a
flowing helium afterglow excited by a microwave discharge. Analysis of

the time history of the fluorescence yielded estimates for the cross section

for excitation transfer between atomic levels by atom or electron collisions,



Bureil and Kunze (1972a) have observed fluorescence in a low electron
density (3 x 1012 cm-3) helium plasma by using a dye laser tuned fo i;he 4471 R
(23P - 43D) transition; They observed sensitised fluorescence on many
othex; helium lines. By measuring the relaxation rate of the fluorescence

after the laser pulse they deduced. collision rates between excited states.

The potentialities of laser-plasma interactions in the study of
plasmas are ‘wide. Burgess et al. (1971) have suggested a new technique
for the dpticél generation of plasma wax.res based on the coupling between
electron plasma waves and optical photons by bound e_lectrons. With laser
powers above 30 Mvvatt:/cm2 this Raman scattering process becomes self-
stimulated and considerable enhancement of the plasma wave number densitj
is possit.Jle. Burell and Kunze (1972b) have observed two photon absorption
and stimulated Raman scatiering on excited heliﬁm atoms by focussing
simultaneously microwave radiation and the beam from a ‘tuneable dye laser
into a helium plasma. Both effects offer substantial advantages over previous
techniqﬁes in the measurement of high frequency electric fields in plasmas,

-. (see aiso Burell C. F. 1974, Ph.D. Thesis, Univ. of Maryland).

Laser scattering measurements provide information on local plagsma
conditions without any considerations of gpatial averaging. It is possible to
observe homogeﬁeous spectral profiles independently of doppler effects by
observing scattering in a foreward direction, as long as there are no velocity
changing collisions in the lifetime of the excited state, This technique is
complementary to the saturation spectroscopy described by Hansch et al.(1971).

At the time when this work was conceived (1971) tuneable laser
technology was only a few years old and no plasma diagnﬁstics experiments

using tuneable lasers had been reported. At present, although tuneable

14



lasers have fm;nd many applications in experiments with low density plasmas
and atomic vapours, no work hés been done on plasmas with electron
densities above 1014 cm_3. In this thesis we report the first fluorescence
experiment on a plasma with electron densities in the region 10%° em ™S,

This work was begun in order to pursue experimentally a new method
of measuring magnetic field directions in large toroidal plasma machines.
(Burgess, D.D, to be published). ' Because of the strictly limited machine
time avéilable for scattering experiments on large plasﬁa devices, a small
pilot experiment was set up using the recombination phase of a linear pinch
as a plasma source, to check simple ideas about plasma saturation. In the
event, through reasons beyond our control, the large scale experiment was
unsuccessful while the pilot experiment yielded several unexpected and.
interesting results which demonstrate new possibilities for the measurement
of collision créss sections and 'A' values.

After the review of tuneable lasers in the next chapter the thesis
divides into‘ two main sections. 1In the first fiuorescence experiments on the
5876, 6678 R linesin helium, and the Balmer alpha line in hydrogen are
described. Full details of the coaxial dye laser used are given, Measufements
" of the change in Opticai opacity during laser excitation are also described.

In the second section a fluorescence experiment on a large toroidal
plasma machine is described. A new method for measuring the magnetic

field direction is discussed in the light of the fluorescence results observed

" previously for the particular case of a hydrogen plasma,
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. CHAPTER 11

TUNEABLE LASERS

In this chapter we descfibe the essential features of flashlamp
pumped dye lasers and then briefly review other types of dye lasers and
other tuneable lasers. |

‘There are several published, reviews of dye lasers, e.g. Schaefer
(ed.) 1973, De Michelis 1971, Mobzrichter and Schawlow 1970, Snavely 1969,
Sorokin 1969, and an extensive bibliography was given by Magyar (1974).

_-Inter'estingly, the first discovery of dye laser emission was made
accidentally by Sorokin and Lankard (1966) whilst studying étimulated Raman
effects. Subsequently there has been an explosive growth of the subject and
the many different types of dye lasers now available have had a consideréble

impact on fields such as optics, spectroscopy and metrology.

Flashlamp Pumped Dye Lasers

Principles of dye laser operation

Fig. 2,1 shows a typical energy level diagram of an organic dye
molecule. Eacﬁ level is composed of several vibrational and rotatiopal-
sub-levels which in the presence of interactions with the dye solvent merge
into a quasi continuum .

The first step in the laser process is light absorption by ground
.' state molecules exciting them to the higher vibrational and rotational levels
of the first singlet state ( (A) in Fig.2.1). The molecules then relax by fast
(10_12 sec) radiationless transitions to the lowest level of the first singlet
state (B). Lasing action fakes place between this state and the upper sub-

levels of the ground state (C). Once in the ground state molecules relax



FIGURE 2.1
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very quickly to the lowest sub-level (D) thus a high population inversion
is maintained between the first singlet state and the upper levels of the
grpund state,

Excited molecules can also make a slower (10_8 se.c) radiationless
transition to the triplet system (E). As the lifetime of the lowest triplet
state is long (10_7 - 10-4 sec) a substantial mnﬁber of atoms can build up
in this state. This has a deleterious effect on lasing action because of (i) the
reduction in the number of atoms ablé to participate in the lasing process
and (ii) additional losses caused by absorption to higher triplet states (F).
This is only important in flashlamp pumped dye lasers where the puraping
pulse (=1 PS) is longer than the intersystem crossing time. Considerable
effort was expended in the early stages in producing flashlamps with as short
a pumping pulse as possible (e.g. Sorokin et al.(1968)). Subsequently it was
realised that dissolved oxygen or other substances, e.g. cyclooctatetraene,
greatly reduced the triplet state life time and permitted long pulse or even
CW operation of dye lasers.

Coaxial Flashlamp Pumped Dye Lasers

The first flashlamp pumped dye lasers were of the coaxial type with
the pumping discﬁarge filling an annular region around the dye cell (Fig.2.2).
This design permits very rapid optical pumping of the dye with a high intensity
flashlamp pulse of about half 2 microsecond duration. The basic design was
improved by Furomoto and Ceccon (1969) who obtained an efficiency of 0;5%
using a flashlamp of annular width 0.5 mm filled with Xenon. Experiments
with these types of lamps by the present author revealed however that they

had a short lifetime limited by flashlamp fracture, and in Chapter HOI a new

way of overcoming this difficulty is described. Very high energies and powers

18
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FIGURE 2,2
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have been achieved using coaxial flashlamps: 110 Joules, 5.5 Mwatts being
- reported by Baltakor et al (1973), and 6,8 Joules, 11 Mwétts by Bunkenberg
(1972).

Confocal Flashlamp Pumped Dye Lasers

An alternative type of flashlamp is shown in Fig.2,3. A linear
flashlamp and dye cell are placed at the foci of a highly reflective elliptical
‘cavity. The poorer optical coupling between the flashlamp and dy-*e cell leads
toa decre;sed efficiency (typically 0‘. 2%) compared to coaxial designs. The
intrinsically higher inductance of the flashlamp circuit in confocal systems
limits the maximum output power attainable, The highest output energy and
power using linear flashlamps was achieved by Anliker et al (1972), who used
eight fléshlamps completely surrounding the dye cell to obtain an energy
output of 12 Joules with a peak power of 2,4 Mwatts. The efficiency of this
laser (1,2%) is the highest reported for flashlamp pumped dye lasers.
However experim.ents by Fielding (private communication) with a very similar
Iasef failed to duplicate these results.

Laser Pumped Dye Lasers

Several kinds of lasers have been used to optically pump organic
dyes, e.g. ruby lasers, Sorokin et al (1266); frequency doubled ruby or
neodymium lasers, Schaefer et al (1967); nitrogen lasers, Lankard et al (1969);
argon ion lasers, Peterson et al (1970); Krypton lasers, Yarborough (1974);
and mode locked helium neon lasers, Runge.(1971) . Because the pumping
radiation is usually at the same wavelength as the dye molecule absorption
band laser pumped dye lasers have much higher efficiencies (20% - 50%)
than flashlamp pumped dye lasers. The active region of the dye cell can be
very small (< lmmz) and hence these lasers have a much lower beam divergence

than flashlamp pumped dye lasers.
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Continuous (CW) dye lasers pumped by. argon ion or krypton lasers
aré commercia-lly available+ covering the wavelength range 4200 - 7800 X |
Another CW dye laser with a more limited wavelength range is available
commercially i with a bandwidth of less than 30 MHz. Mode-locking of
both pulsed (Schmidt et al, 1968) and CW (Dienes et ai. 1971) dye lasers has
been reported output pulses of the order of 1()—12 sec. being preduced.

Spectral Output of Dye Lasers

'I“he outstanding féa@re of dyé lasers is the possibility of tuning the
spectral output over a wide range of wavelengths in the visible and near visible
régions of the spectrum. Recent improvements in laser dyes (Drexhage 1973,1974)
have produced dyes whicil operate in the regions 4600-56003 and 6500-75002 with
the previouély unequalled efficiency of rhodémine 6G (see also Marling et al.1374).
The total wavelength rangé covered by pulsed dye lasers is 3400-12000 X.

The spectral o'utput is usunally controlled by an optical filter placed inside

the laser cavity which only transmits a small fraction of the dye fluorescence
band. Diffraction gratings have been used in this way for low energy pulsed
dye lasers (Sorokin et al. 1968). At high ( > 50 mJ) output energies this
method is unsuitable as gratings become damaged by the intense radiation

in the laser cavity andAan alternative system using Fabry Perot etalons
becomes preferable (Bradley et al. 1971), Gale (1973), using three etalons,
achieved single mode operation of a flashlamp pumped dye laser with a
spectral bandwidth of 4 MHz.

The spectrally rarrowed laser output has a bandwidth less than the

passive bandwidth of these filters typically by a factor of 10-20. The output

+ Coherent Radiation Ltd.

* Spectra Physics Ltd.



spectra of pﬁlscd dye lasers sometimes changes with time during a single
pulse, this is termed "chirp". Chirp has been observed even in a flashlamp
pumped dye .laser with an output bandwidth of 0,5 X (Magyar 1972).
Magyar also reportied a spatial dependence of the laser output in time,

Chirp does not seem to be capable of a simple theoretical explanation
and it is clearly important for many laser applications to ensure that

it is mnot seriously affecting the r?sults. (See also Atkinson et al, 1973).

Laser Divergence

In most applications to date dye lasers have simply been used as
very high intensity light sources. For this it is not simply the often quoted
total output energy that is important but the laser brightness or the intensity
per unit solid angle, Most lasers have a divergence of a few milliradians
or less. However, the divergence of flashlamp pumped dye lasers is much
higher, typical values being in the range 5 ~ 15 ﬁailliradians. This is due
to several reasons, With a high gain per unit length the dye solution
produces a .substantial amount of amplified spontaneous emission, Thermal
and mechanical effects combine to make the dye column less than perfectly
homogeneous., Also it is impossible to completely remove all small particles
from the dye solution and these act as scattering centres. Quite often in
practice the highest laser brightness is obtained at conditions other than
those which give the maximum energy. The laser divergence is commonly
measured by photographing the far field laser intensity distribution and the
figure usually quoted is related to the diameter of the beam at half intensity
(Furomoto et al. 1969; Avizonis et al. 1967). For flashlamp pumped dye
lasers this can lead to serious error in estimates of the laser brightness

as the heam diameter at haif intensity is only 2 measure of the laser brightness
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when the laser output is in the form of a limited mﬁnber of radial modes.
This_is not the case for most flashlamp pumped dye lasers as a substantial
fraction of the light is emitted at angles which cquld not sustain a radial
mode (see PlateI ). The laser brightness or energy output per unit time
per unit éolid angle .can only‘be measured with a calorimeter for the case
of ﬂashlarrip pumped dye lasers, using for example the arrangement described
on Page 43 .
i;he laser divergence in ge‘n'eral changes as a function of time during
the laser pulse. In coaxial flashlamp pumped dye lasers an inwardly
propagating radial shock wave is generated by the flashlamp discharge, the
fesulting optical distortion of the dye solution scatters the laser beam at
highly divergent angles finally terminating laser action completely. (Ewanizky
1973). The time dependence of the divergence of a dye laser pumped by a
coaxial pinched discharge was studied by Alekseev et al. (1972), He found
the divergence was dependent on three factors (i) deflection of the beam
through thermal lensing effects, (ii) inhomogeneities in the dye solution
caused anultrasonic shock wave, (iii) diffraction of laser radiation in the
grating formed by ultrasonic waves generated as a result of vibrations in
the quartz dye cuvette.
A novel way of obtaining the low divergences of laser pumped dye
lasers without the expense of a solid state laser was described by Fielding
(1974). The beam from a flashlamp pumped dye laser was used to pump a

second dye cell. Because of the small size of the active region in the second

dye cell the divergence was reduced to 2,7 milliradians, an overall gain in

brightness of x 40.



Other Tuneable Lasers

The total coverage'in wavelength from different tuneable lasers
now spans from 1260 & to 300 pm with only a few ever decreasing gaps
in between, see e.g. the review by Colles et al. (1973) and Hansch (1972) .
In the infra-red region tu‘neable spin flipRaman lasers (Dennis et al., 1972)
semiconduétor diode lasers (Hinkley 1972) and parametric oscillators
(Hanna et al. 1973) are already finding important applications, e.g. in
the detect;on of molecular polutants ;Hinkley 1972). Tuneable infra-red
radiétion has also been produced by difference frequency generation using
a dye laser and rubj laser, (Dewey et al. 1971), There is currently much
'researqh being done in the field of tuneable UV lasers. Tuneable UV
radiation has been generated from visible frequency dye lasers by frequency
doubling techniques (Kuhl et al. 1972). Even shorter wavelengths ~- 1800 R
have been generated by Sorokin et al. (1974) by mixing the radiation from two
dye lasers in strontium vapour. Harris et al. (1973) have observed stimulated
-emission at 1260 8 from xenon and argon excimers+ pumped by multiphoton
absorption of laser radiation. Previously the possibility of vacuum ultra-
violet lasers had seemed unlikely as the ratio of spontaneous to stimulated
emission increases as the frequency cubed. However, the high efficiency
( ~= 25%) reported by Harris et al. indicates that relatively high power lasers
are possible in the VUV region. In the coming years it seems highly likely

that even shorter wavelength lasers will be produced (see e.g. Hodgson et al.

1974) and many novel and important applications will be discovered.

+ An excited dimer formed by the association of excited and unéxcited

molecules, which in the ground state would remain dissociated.



CHAPTER W1

THE COAXIAL DYE LASER

In the initial stages of this work dye laser technology was still in a
comparatively undeveloped state and it was not clear which of. the various
systems available was most suited to plasrﬁa diagnostic applications. As
two coaxial dye laser flashlamps were available on loan from Harvard
College Observatory, it was decided to investigate these with particular
regard to the properties such as re;)roducibility, reliability, ete., of

most importance in plasma diagnostics.

The flashlamps were based on the design of Furomoto et al (1969).

They incorporated a central quartz tube through which dye was circulated
surrounded by a larger concentric quartz tube. The annular region between
the two quartz tubes was sealed off by epéxied ring electrodes and was filled
with xenon at a pressure of about 50 torr. When the laser was fired a

| 0.3 M.F.D., 25 kv capacitor was discharged through the annular region
providing a pulse of very intense illumination i'n the central dye column. A
population inversion built up in the dye and with two suitably placed mirrors
lasing action occurred. To obtain a high laser output power the laser was
‘designed with the lowest possible inductance. However the resulting high
density current pulse meant that the flashlamp was loaded with a severe
mechanical shoék each time it was fired. Because of this the two H.C.O,
flashlamps had very short lives,each lasting leés than 20 shots.

Improved Coaxial Flashlamps

To overcome this problem a new flashlamp was designed incorporating
'0' ring seals in place of the epoxy. This had two advantages (i) broken quartz

tubes could easily be replaced without needing to discard the whole flashlamp,
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THE COAXIAL DYE LASER

PLATE 1I



PLATE III

THE COAXIAL DYE IASER (PARTLY ASSEMBLED)

Lg
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and (ii) 'the' '"O' rings provided a cushionipg effect against the mechanical shock
and rendered the flashlamp less likely to fail in the first place. A diagram
of the flashlamp is shown in Fig.3.1, .and photographs on P, 3, 26, 27,
Page 3 shows a colour photograph of the laser in action. At this stage
after' two years of continuous operation not a single flashlamp has failed due
to the mechanical shock of the discharge at energy loadings upto 94J. The
design should be suitable for even higher energies provided the thickness of
the quartz tubes is scaled appropriateiy (see e.g. Ferrar 1969).

The electrical drivef unit was similar to that used by Furomoto (1969).
A pancake type low inductance pressurised spark gap switch was mounted on
the end ofa 0,3 M.F.D. 25 kv capacifor. The capacitor was charged by
a 25 kv, 50 mA power supply and when the spark gap was triggered upto 24J
of electrical energy was discharg.ed through the laser flashlamp. The sparic
gap was tz:iggered by a high voltage pulse from a trigger circuit via a puise
transformer (Fig.3.2). Although the rise time of the trigger pulse was
1 M S with careful adjustment of the spark gap pressure the jitter in the laser
timing could be reduced to less than 100 nS shot to shot (Plate VI, P,141),

Different size flashlamps were tried of 12 and 50cm length and
0.5 and 1mm annular gap. Of these the 0,5mm gap 12cm long combination
gave the highest energy output (Table 3,1) and the following results re;fer to
this flashlamp.

Dynamic Flashlamp Behaviour

Because the upper lasiﬁg levél in the dye molecule has a short
lifetime, typically 5nS (De Michelis 1971) no energy storage in the active
'medium is possible, unlike the case of Q switched ruby lasers; and the
chief factor governing laser power is the speed with which the electrical
energy in the capacitor“can be discharged in the flashlamp. For high powers

a system with the lowest possible inductance is necessary. A short pumping



LASER TRIGGER CIRCUIT

-4 190v .
l % 100 k5
' 2 2uF
Fire ,_.J . ”}J
Button ~ ,; ”
6KSL % . S E S.C.R, Spark
Trigger I 7 (TAG 15-600) Gap |
0.22/,« Ir % ;(i
% 10k —ANN—]
L Transformer
/ —_—_—
1_6’“ F 0.1uF

[t G e Bt ]
SAED 5 2RI AR

W

100 kn %

Flashlamp

0¢



31

pulse also increases the laser efficiency through reduced triplet state
losses, The dynamic behaviour of the flashlamp was therefore studied.
Thé time histories of the flashlamp current and light emitted were simiiar
with a 250 oS rise and full width half maximum (F.W.H,M.) duration of
600nS ( Plate VI).  The inductance of the capacitor and spark gap was
measured by replacing the flashlamp with a shorting block, From the
period of oscillation of the current the inductance was calculated to be

26 (fl) nH. Including the theoretical inductance of the flashlamp, the
total system inductance was found to be 38nH. At the highest voltage
settings the current time history became slightly over damped. Assuming
the flashlamp to be critically damped at voltage settings just less than the
above values,the calculated rise time of a system with the above capacitance
and inductance is tr = (LC)% =106 nS, much less than the value observed in
practice. The difference is due to the time varying nature of the flashlamp
resistance (a function of the degree of ionisation of the gas), and indicates
that the current rise time is limited by the rate at which this resistance is
reduced and not by the flashlamp inductance. Hence to increase laser power
~ further it would be more profitable to develop higher voltage systems rather
than seek to reduce the inductance since (i) the threshold voltage at which
ionisation begins to occur is reached sooner for higher voltage systems with
the same rise time, and (ii) above threshold the higher electric field strengths

reached would accelerate the increase in ionisation.

Flashlamp Spectrum
The flashlamp spectrum in the visible region showed a continuum

overlaid by weak emission lines,
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TABLE 3.1

Flashlamp Performance

Flashlamp Annular Flashlamp Duration (F.W.H,M,) Duration of Energy Output
Flashlamp Length of Flashlamp Light Laser Pulse 79J Input
Width 25% Reflectivity
Output Mirror
50 torr Xe pressure
(i) H,C.O., 0.5 mm 12 cm Unrecordable due to flashlamp fracture
(it) 0.9 mm 12 em 1500 nS 150 nS 110 mJ
~ (iii) 0.94 mm 50 em 1200 .S - 75 mJ
(iv) 0.56 mm 12 cm 600 nS 300 nS 305 mJ
(V) EPL laser (SUA9) For comparison (Chapter XVT) 15 u8 1.4 uS 1.1 J for 1000 J Input

(45
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Flashlamp Fill Pressure

The flashlamp was evacuated to approximately 0,01 torr with a
rotary pump and then filled with xenon before use. Air was tried as a
filling gas but it gave very irreproducible results with a lasing Vthreshold at an
input energy double that for the case of xenon. The optimum xenon
pressure was found by measuring the laser energy output at different filling
pressures over the range 4 - 110 tor'r, maximum energy output being obtained
in the region 40 - 80 torr for capacitor voltag;es of both 20 and 23 kv. A
pressure of 50 torr was chosen as the normal operating pressure,

Dye Preparation

The laser was initially run breadband with a solution of rhodamine 6G
in ethanol being continuously circulated '!_:hrough the central quartz tube.
Dye laser performance is very sensitive to dye contamination and to avoid
this problem the only materials in contact with the dye solution were glass,
stainless steel and P, T,F.E, The performance depended markedly on the
purity of the dye, the best results for rhodamine 6G being obtained with dye
supplied by Kodak. An output energy of 420 mJ was achieved at 92 J
. electrical energy input. Over many tens of shots however the performance
deteriorated, probably due to photcdecomposition of the dye, thermal lensing |
effects as the dye temperature increased, and the presence of microscopic
air bubbles in the dye solution. Changing to a new sclution of dye improved
the performance but the previous 420 mJ could not always he achieved.
Filtering the dye before use or using ultrapure solvents made no difference.

+
It was only after an on-line dye filter was installed that high energies could

*  Whatman Filter supplied by Reeve Angel Scientific Ltd., Gaunt Street,
London, SE1 6BD. .
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be consistently.achieved. The on-line filter is thought to improve laser
performance by removing the air bubbles produced by the shock wave due
to the discharge (Bunkenberg 1972, Hirth et al. 1973). The dye
concentration used was not critical, best results being obtained in the region
of 80 mg/litre using ultrapure methanol * as a solvent.

The dye cresyl violet * was also used both on its own and in a
mixture with rhodamine 6G .- Best results were obtainéd using a solution
of 60 mg each of c;'esyl violet and rhodamine 6G in one litré of "ultrar"
methanol, the solution being filtered through a sintered glass filter (pore
size 2/4 ) ** before use. - The maximum energy output obtained with this

mixture was 175 mJ untuned.

Flashlamp Reflector

Various reflecting materials were wrapped around the flashlamp

to find the optimum reflecting material.

TABLE 3.2
Reflecting Material Energy Output mJ
Al cooking foil shiny side inward 80
moon " duli (unlaquered) side inward 120
Al coated mylar 65
MgO deposited by burning Mg ribbon 50
Black paper ’ o 12

*  'Ultrar" methanol supplied by Hopkins & Williams, Chadwell Heath, Essex.
+ B.D.H. Chemicals Ltd., Poole, Dorset.

** Jobling & Co. Ltd., Wear Glass Works, Sunderland.
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Part of the variation is due to dye deterioration but it is clear that
the optimum reflector is the dull side of ordinary cooking foil. The result
with black paper shows that the dye is optically thin to the flashlamp radiation.

Reproducibilify

A solid state photodiode’(Moltorola MRD510) placed so as to pick
up stray liéht from the laser was used to provide a permanent monitor of
the laser gutimt. The reproducibility of the total (wavelength integrated)
laser outpﬁt was measured by firing ‘the laser at a constant repetition rate
(of 4 per minute) and superposing the time histories of the laser light from
many shots on the same photograph. The traces coincided well giving a

'reproducibi_lity better than 5%.

Laser Mirrors

The variation in the laser energy with different output mirror

reflectivities was measured.

TABLE 3.3
Output Mirror Reflectivity I;aser Energy
mJ
16% 67
25% 110
65% 90

The 25% reflectivity mirror was an uncoated sapphire resonator.
As this was expected to produce some wavelength dependent structure in
the laser spectrum (acting as a Fabry Perot) it was replaced for the

fluorescence experiments by a broadband dieleciric mirror of reflectivity 30%,.
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Laser Efficiency

Above threshold the energy output increased linearly with the

energy input and showed no sign of saturation at high energies.

FIGURE 3.3 LASER EFFICIENCY
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The maximum energy of 420 mJ obtained corresponded to a peak pbwer
(untuned) of 1.4 Megawatts, an energy conversion efficiency of 0.45%.

Laser Wavelencth Tuning

Without mirrors the dye does not lase but emits a broad band of
fluorescence which, for rhodamine 6G, extends from 5730 - 6100 R With
mirrors aligned so that lasing action takes place buf without tuning elements
the laser emits light over a band, 59%0 -6000 R for rhodahine 6G, 6480 -6530
for cresyl violet. 1t is possible to tune this oufput baﬁd By varying the dye
concentration. However this reduces the output energy and at low dye
concentrations the performance deteriorates very rapidly in the order of
10-20 shots.

A diffraction grating was used to tune the laser over a limited range
5800 -5900 X . However without a specially constructed érecision mount_ it
was very difficult to lineup. A wide gap poor quality Fabry Perot etalon
was inserted into the cavity. This split the previous untuned brdadband
into about 15 lines about 5'.2 apart. With an optical filter in the laser cavity
the lasér emitted a line approximately 20 R wide at 5880 & with a 60% energy
reduction compared to the untuned case.

| A specially constructed Fabry Perot etalon was then purchaséd .*
This was of the optically contacted type with permanently stable alignment
(Bradley et al. 1971). The gap between the ?eflecting surfaces was 6},\ m
wide. The plates were polished to a flatness of 2 /40 and had a broadband
dielectric coating of 70% reflectivity over the region 5700 - 6700 R. with

the etalon in the laser cavity the energy output was reduced by 35% compared

I.C. Optical Systems Ltd., Franklin Road, London SE20.



to the untﬁn_ed case but was spectrally narrowed to a line of width (F.W.H. M)
2.2 K.

The laser output wavelength could be conveniently changed by
rofating the Fabry Perot with respect to the laser axis. The tuning range
was 5770 - 6010 & using rhodamine 6G, 6380 - 6660 & with cresyl violet;
both at the optimum dye conceniration. These waveleﬁgth ranges can be
extended somewhat by changing the dye concentration. These measurements
were recorded phetographically uéing a spectrograph,
Laser Chirp

For a fluorescence experiment it is important for there to be no
systematic frequency shifts (chirps) during the course of a laser pulse.
The apbaratus described in Chapter IV was used to check this. A black
card was positioned in the laser béam and light scattered irom this was
collected, mdispersed with a monochromator ard detected with a photomultiplier.
A double beam Tektronix 551 scope was used to display this, wavelength
resolved, signal together with a wavelength integrated signal from a photo-
diode picking up stray lighf. The second signal was used as a time marker
By scanning the monochromator across the laser line a picture of the time
and wavelength dependence of the laser was built up over a Series of shots.
The results are shown in Fig.3.5. The laser spectrum becomes more
concentrated near the central wavelength as the time in the pulse progresses.
In other words the laser duration is shorter in the line wings, Atkinson et al,
(1973) have computed theoretical estimates of spectral line widths of flashlamp
pumped dye lasers, They solve numerically rate equations for molecular
state populations and mode photon densities including the effects of inter-

system crossing to triplet states. The predicted line width narrows during
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the laser pulse in a way very similar to the present results.

No systematic frequency shifts in the laser spectrum Were observed.
A high resolution scan over the cgntral 2,5 X (corresponding to 10 times
the line width (F.W.H.M.) of the He 5876 X line in the fluorescence
experiment) showed a smoothly varying spectrum.

Laser Polarisation '

In the early stages of the experimental work thé windows at the end
of the dye cell were Brewster angled to produce a polarised output. However
when it became clear that a second dye laser which also had Brewster windows
was only pal'tially polarised (Chapter XVI), the windows of the coaxial laser
were changed to ones nearly perpendicular to the laser axis. They had a
one degree angle to the normal to avoid any possibility of them forming a
laser cavity. This greatly cased alignment probiems. With these windows
the laser polarisation was found to be completely random.

Divergence

The outstanding advantage of lasefs over conventional light sources
is high brightness. This is inversely proportional to the square of the laser
divergence expressed in radians.

The divergence of the laser was studied by various methods:

1 A burn pattern was formed when the laser beam hit a piece of
exposed polaroid film. The pattern was approximately the same size at
different distances from the laser but decreased in intensity with increasing
distance.

(2) The radial intensity distribution in the laser beam was measured
at two distances from the laser by placing a variable iris in front of a

calorimeter. The results are shown in Fig.3,6.
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FIGURE 3.6 LASER RADIAL INTENSITY DISTRIBUTION
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The energy incident on the 1" diameter sensitive area of a

calorimeter 1 metre away from the laser was measured as a function of

laser cavity length, It was found that cavity lengths of 45 -90 cm gave

40% higher energy into this area than a 35 cm cavity, although the 35 cm

cavity gave the highest total energy

(4)

The laser output beam was photographed by recording the scattered

light from a matt black card. The distance of the card from the laser was

varied and the following features were found :

(Y

A central bright spot staying the same size but getting fainter as

the distance from the laser was increased.

(if)

The central sbbt was surrounded by a dark region.



(1ii) Surrounding this dark region there was an area of diffuse
illumination of increased brightness,

A'measuremént of the divergence including all three regions gave
a value of 20 milliradians half angle full beam. This is to be compared
with the theoretical diffraction lir.nit on the divergence of the system of
only 0.05 n;1i11iradianvs and the maximum angle of light thét can pass
through the dye cell v;rithout deﬂectior’x, 40 mradians half angle. Removal
of the 100% rear reﬂectq'r on the laser cavity showed that regions (ii) and

(iii) were not due to superradiance. These regions appear to be due to a

type of axial mode involving reflection from the dye cell wall, as shown

in Fig.3.7.

FICURE 3.7 OFF AXIS LASER MODES
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At the angles of incidence involved the reflection coefficient of
the walls of the dye cell is 75% so that the losses involved in these m.odes
are not prehibitively large. The predicted angle on this explanation at
which the '"halo" would be expected to diverge from the axis is in good
' agréement with its observed size.

To check this hypothesis a wire spiral was fitted inside the dye
cell in order to produce large losses.in any modes involving reflection
from the dye cell walls. This caused the large halo to disappear, but a
substantial amount of light outside the central axial spot remained.
Quantative comparison of the energy output in the different modes was
impossible because insertion of the wire also reduced the power output of
the laser in the central axial mode as it z_a.bsorbed a substantial part of the
flashlamp illumination.

Laser Brightuess

The brightness of the laser was measured d{rectly by using a lens
in conjunction with a variable iris and calorimeter. With the iris in the
focal plane of the lens (Fig.3.8) the light emitted at varying angles was
measured by recording the energy passing through the iris when it was set

to different apertures.

FIGURE 3.8 MEASUREMENT OF LASER BRIGHTNESS
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FIG, 3.9 LASER BRIGHTNESS
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Result‘s were obtained for rhodamine 6G and also a mixture of
cresyl violet aﬁd rhodamine 6G using a solvent of either aleohol or soapy
water, _

For multi-mode lasers the divergence should always decrease on
increasing the laser cavity length., However if the total output energy
decreases still faster there is a net loss in brightness. The total energy
inside a given solid angle was measured as a function of laser cavity length,
(Fig.3.9). For hoth rhodamine 6G and the cresyl violvet/rhodamine 6G
mixture the laser brightness increased with increaSing cavity length even
though the total energy output went down. The half energy full angle
divergence for an 80 cm cavity was 8 mradians. The results for rhodamine 6G
in soapy water were substantially better, The solvent was distilled water
with 10% by volume of a liquid soap knov;rn as Ammonyx L. O, added. This
.solvent is used in CW dye lasers. Because of its higher thermal conductivity
the inhomogeneities caused by heating effects are much reduced. (In fact
CW dye laser operation has nct been reported'for alcohol solutions of dyes).
In the coaxial laser with an 80 ecm cavity 90% of the total laser energy was
emitted inside a full angle of 4 milliradians, an increasq in brightness of
" a factor of 16 comparéd to the case of alcoholic solutions.

The position of the absorbtion and fluorescence bands of the dye
molecule is influenced by solvent interactions. The bands in rhodamine 6G
dissolved in soapy water are shifted to longer wavelengths compared to
alcoholic sclutions. The fluorescence experiment required a laser operating
at 5876 X and a solution of rhodamine 6G in soapy water would only lase at
this wavelength at a reduced concentration. This caused a decreased laser

output energy and a rapid dye deterioration. A solution of rhodamine 6G in



alcohol was retained for thé fluorescence experiment.
The mixture of rhodamine 6G and cresyl violet in soapy water
was tried but it barely lased with an extremely low energy and so was

unuseable. Table 3.4 shows the normal operating conditions for the laser.

TABLE 3.4

Normal Operating Conditions for Laser

Flashlamp fill pressure 50 torr

Input electrical energy 38J
Total output energy _ 50 - 100 mJ
Laser duration | 250 - 300 nS
Cavity length ‘ 80 cm
Divergence (hailf energy full angle) 8 mrad.
Dye: Ilhodamiﬁe 6G in ultrapure methanol
continuously circulated 80mg/litre
Laser line width ( with Fabry Perot ) 2.2 8 (F.W.H.M.)

Laser mirrors -

(1) 5 M radius of curvature 99% reflectivity
over range : 5700-6700 &

(ii) plane 30% reflectivity over range : 5700-6700 X

A confocal flashlainp pumped dye laser is described in chapter XVI
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CHAPTER IV

" THE HELIUM FLUORESCENCE EXPERIMENT

Description of the Apparatus

The experiment essentially involvéd illuminating a plasma of
excited helium atoms with a laser and recording the fluorescence proddced.
The coaxial dye 1gse1- used for this exporiment has been described in
Chapter.III. The recombination phase of a linear pirch was used as a
source of excited helium atoms. This plasma source has been much used
for lineshape studies (e.g. Burgesé and Cairns 1970, 1971; Burgess and
Mahon 1972; Mahon, Lee and Burgess 1973). The clectron density Ng» and

temperatur:e Te, are accurately known both from the mecasurements in the ]
papers cited ﬂébove and from spatially resolved Thomson scattering
meaSuyements along the discharge axis. (MahOn,. R. Ph.D. thesis,
University of London 1973, and Smith, C. unpublished). The variation of
Ne and Te with time is shoxx;n in Iig.4,1. Thomson écattering measuremer:s
along the pinch axis at dista‘nces of 3, 10, 35cm (centre) from onec electrode
gave';he same valué for the electron density to within the experimental
error (15%).

The discharge vessel w.;is a quartz tube 70cm long with an internal
diameter of 5¢m. Electrical energy was supplied by a l/x T capacitor.
The capa‘citor voltage was set at 20kv and the discharge was initiated by a
-25kv pulse applied to the trigger pin of a series spark gap, Witha 2 2
series resistor the current had a.critically dambed' thne‘history. The
discharge current, as moyitored by a Rogo'wski coil, reached a vpeak of
5 kA in 2/u S, and became negligably small after G/AS. The usual pinch

fill pressure was 0,45 torr, the gas being continnously flowed through the
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FIGURE 4.1
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discharge tube. The shot to shot plasma r.eproduci'bi‘lity, as gauged by

the tirhe histories of the light output for both line and continuum emission,
was better than the shot noise on the traces which was typically of the order
of 3%.

The light from the pinch was imaged on to the entrance slit of
"Monospek 1000" Czerny Turner monochromator. The grating used was
10 cm square blazed at 7500 & and had 1200 lines per mm. The dispersion
was 8 X pef mm, '

The detector was an RCA C31034 photomultiplier normally run at
1200 volts cathode E.H,T, The signal lead from the photomultiplier was

terminated with a 505. load,

Optical Arrangement

' The optical arrangement is shown in Fig.4.2, Because the

fluorescence and laser beam are at the same wavelength but are many orders

of magnitude different in intensity it is necessary to take particular care to
avoid stray light problemsr An OB10 blue glass aperture ard beam dump,
developed for Thomson scattering experiments, were used for this reason.
The aperture limited the laser beam inside the pinch so that reflections at
the walls were prevented and the beam dump ensured very little light was
scattered back into the pinch. An aluminium mirror directly beneath the
centre of the pinch reflected light emitted at approximately 90° to the pinch
axis to a 5cm diameter quartz lens, This provided a 2x demagnified
image of the plasma at the entrance slit of the monochromator. The axis
of the pinch was imaged along the length of the slit so thét the light detected
came from a narrow region along the pinch axis. The collected light over-

filled the grating thus ensuring the maximum detection efficiency.

49



50

FIGURE 4,2 EXPERIMENTAIL SET-UP
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PLATE IV - THE FLUORESCENCE EXPERIMENT

he dye laser may be seen to the left. The linear pinch is on the right.
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The design of the laser input optics was aimed at producing a
sharply defined region of uniform illumination down the length of the pinch.
Because the plasma is radially homogeneous at least in the central 2cm
(Mahon, Ph.D. thesis, University of London 1973) the signal/background
ratio can be maximised by illuminating as large an area of thelplaéma as
possible within the limits imposed by stray light considerations.

Spatial Variation of Laser Intensity °*

Th‘e spatial variation of the laser intensity was investigated in situ
by placing a black card inside the pinch at 45° to the pinch axis. Laser
light scattered from the card was collected and dispersed in the monochro-
mator. By limiting the l;eight of the entrance slit of ﬁhe monochromator to
1,0 mm a picture of the spatial variation of the laser intensity across the
pinch could be built up by moving the black card along the axis of the pinch
(Fig.4.3). The monochromator sampled the central 1 R of the laser

spectrum. The most uniform illumination was obtained with no lensqs at all
in the laser beam (Fig.4.4). The width of the illumination was 1,4 (f 0.1) cm
measured out to 20% of peak intensity. This corresponded to the internal
' diameter of the blue glass aperture, also of 1,4cm. The variation in the
intensity of the lase: beam was 50% in the central region. This was to be
expected as the burn pattern formed when the laser heam hit a piece of
_exposed polaroid film next to the output mirror revealed that the laser
intensity was not uniférm across the width of the dye cell. 1In particular the
edges of the dye cell, being closer to the flashlamp, emitted more intense
light than'the centre,

Iaser Reproducibility

The reproducibility of the small part (in space and wavelength) of the

laser output recorded in this way was worse than the reproducibility of the total.
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FIGURE 4.3 - SPATIALLY RESOLVED LASER INTENSITY
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With the monochromator entrance slit height and width set so that the
scattered laser light detected was that part in space and wavelength. '
responsible for the fluorescence the reproducibility was found to b_e abogt
+10%. ( Plate Vv1.,) The variation in the laser pulse length(F. W, H,M.)
measured in the same way was found to be 3%. At least part of the
variation is thought to be due to a variation in the laser beam direction
caused by thermal lensing effects in the dye. As discussed in Chapter VI,
when the laser saturates the helium transition the fluorescence
produced is virtually independent of variations of the laser intensity in time
and space. All that is required for unambiguous results is for the laser
intensity to be sharply delimited, i.e. have a large dI and dI at the point
dx dt
where the intensity, I, is just sufficient to saturate. The laser intensity
distribution inside the plasma was further modified by optical depth effects -

this is discussed in Chapter XI,

Photomultiplier Linearity

The linearity of the photomultiplier was checked by recording the
pinch emission and fluorescence at different monochromator
~ entrance slit widths. The en&ance slit was subsequently set at about half
the value at which non-linear effects first appeared.

Optical Transfer Efficiency

The proportion of the total energy output of the laser that passed
through the pinch was measured by replacing the beam dump in the pinch
with a calorimeter and comparing the energy recorded with the energy

measured directly in front of the laser. The transfer efficiency was found

to be 30%. Thus a total laser energy of e.g. 100 mj in a pulse of F.W.H. M.

X -3
250 nS produced 2 total intensity of 100 x10 x 0.3 = 120 kilowatts inside
250 x 1070

the pinch.
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2
Total area illuminated = T (1.4 = 1.54cm
2
Power density inside pinch = 120 = 79 kilowatts cm >

1.54

The laser power in the pinch for the fluorescence experiments was normalily
in the region 30 - 80 kwatts cm_z.

Electrical Setup

| The design requirements were twofold (i) to trigger the pinch,
laser and oscilloscopes at precisely defined times, and (ii) to ensure the
signal from the photomultiplier suffered from a minimum of electrical
pick-up. Two oscilloscopes were used, a Tektronix 551 dual beam 30 MH,
oscilloscope and a 7704 single beam 160 MH, oscilloscope. The 7704

instrument had facilities for displaying a delayed sweep using 2 second time

base.. As'the laser pulse length was shorter by a factor of about 10-3 than the
plasma lifetime, fluorescence could be studied under different plasma conditions

by varying the timing of the laser with respect to the pinch. After some

initial problpms with pick-up, etc., the basic sequence of events was fixed
as follows :

1) The pinch was manually triggered, the discharge occurring at a
random delay of a few microseconds (p S) after this.

2) The pinch current pulse detected by a Rogowski coil triggered ard
was displayed on the 551 oscilloscope.

3) The gate output from the 551 oscilloscope triggered an external
delay unit. After a controlled delay this produced two simultaneous output
pulses - (i) 2 TTL pulse triggered the 'A' time base of the 7704 6scilloscope,
and (ii) a higher voltage pulse (12v) triggered the laéer trigger unit.

4) After a fraction of the sweep of the 7704 'A’ time base the internal

delaying facilities were used to trigger the 'B' time base at a higher sweep rate,
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- 5) The lziser fired and the photomultiplier signal was displayed on
the 7704 oscilloscope.
With careful adjustment of the spark gap pressure and charging voltage the
jitter in time of the laser could be reduced to 50 nS.
The delay unit was calibrated by displaying the laser monitor signal
together w_ith the pinch current on the 551 oscilloscope.
Initially the photomultiplier signal suffered from a high level of
electrical pick-up. This took the form of a 30 MHjy oscillation produced
by the laéer spark gap and it. seemed impervious to all the traditional methods
of reducing pick-up, e.g. screened boxes, removal of earth loops. However
the insertion of a 5 M.Q. _ series resistor into the laser H.V. charging lead
greatly reduced the pick-up indicating that the interference was coming from
this. The loss in speed in charging the laser capacitor was of no consequence
as only a low repetition rate was required.

Lining-Up Procedure

Before the experimental runs the apparatus was prepared in the
- following way:

A helium neon laser beam was arranged so that it passed exactly
down the axis of the pinch, The dye cell, mirrors and Fabry Perot etalon
were then positioned ceﬁtrally in the “laser beam and the mirrors aligned
using multiply reflected spots. The dye laser beam was thus exactly
coincident with the helium neon laser beam. This method is much more
accurate than the procedure of observing the position of the laser burn marks
necessary with lasers incorporating rooftop prisms or gratings. A small
neon probe light was then inserted into the centre of the pinch and the
longitudinal position of thé collection lens adjusted so that a sharp image of

the probe light was formed on the monochromator entrance siit. A second,



helium necon laser with co-linear . beams was positioned
inside ‘the morochromator so that the beam was on -axis petween
the centre of the entrance slits and the collimating mirror. This second
beam passed through the collection system in the reverse direction to usual
and intersected the first helium neon laser beam from the dye laser. By
placing a piece of paper at the pinch centre it was simple io adjust the
transverse position of the collection lens so that the two beams intersected
exactly ensuring the optical system w'as lined up to an accuracy of less than
a millimetre.

After this the pinch was evacuated with a double stage rotary pump
and the oscilloscopes and photomultiplier power supply turned on. After
allowing at least an hour warm-up time the gas supply to the pinch was
vturned on a_md the supply rate adjusted to give the correct pressure. The
pinch was fired about 100 times to remove any remaining impurities in the
discharge vessel. The wavelength setting of the monochromator was set
to the centre of the desired line by using a helium lamp for most of the lines
as the wavelength shifts preduced by the plasma were negligible.  Stray light,
measured by firing the laser but not the pinch, was undetectable under normal
conditions. Howéver by raising the cathode voltage of the photomultiplier,
from 1200 to 1700 volts stray light could be observed. This was used as
a convenient way to tune the vlaser exactly to the same wavelength as the
atomic transition. Leaving the monochromator fixed the Fabry Perot in
the laser cavity was adjusted until the stray light was at 2 maximum. The
photomultiplier cathode voltage was then returned to 1200 volts.

The laser energy was frequently monitored during an experimental

run with a calorimeter.
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CHAPTER V

PRELIMINARY FLUORESCENCE RESULTS

This chapter is primarily devoted to a description of the dye laser
induced fluorescence of the 5876 & 23P—33D transition in helium obtained
as discussed in Chapter IV,  The basic form of the results is shown in
Plate V., Photograph1 shows the time dependence of the current in the
discharge, and the 5876 R emissions Photograph 2 shows the laser intensity
as a function of time, sampled in wavelength and space to correspond to that
part of the laser beam actually producing the fluorescence as described on p_52

It can be seen that the laser duration was much shorter than
the plasma recombinatior; phase, Photographs 3-5 show the 5876 R plasma
emission with and without the laser at various times in the atterglow., The
trace of the 5876 & emission without the laser shows that plasma conditicns
are very close to being constant on a time scale of the order of the laser
duration, The form of the plasma emission with the laser was not as expected
from simple ideas about equalisation of level populations. The fluorescence
rose rapidly to a peak and then decayed exponentially to an enhanced plateau
value finally reverting to the previous value at the end of the laser pulse.
The exponential decay rate was observed to decrease with decreasing electron
density. By recording the fluorescence on a fast time scale it was possible
to accurately measure the decay rate from peak to plateau. This was done
with the laser being ffred over a wide range of delay times corresponding to
different electron densities. The results are shown in Fig.5.1, The
fluoresce;lce was also studied at a reduced laser power, and in this case it

more closely followed the variation of the laser intensity in time (Photograph 6).

The emission from other transitions was also monitored (Fig.5.2).
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PLATE V - PRELIMINARY FLUORESCENCE RESULTS
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Lower: 23p-33D 5876 R light. producing the fluorescence).
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FIGURE 5.1 - FLUORESCENCE DECAY RATE (Pased on Thomson seattering electron density measurements)




Photograph 7 shows the emissioﬁ from 3]D - ZJP, 6678 & during laser
excitations of the 5876 R transition, This "sensitised fluorescence"
shows 2 very similar time history to the 5876 R results. Similar results
were observed on all the n=3 or 4 to n=2 fransitions. Emission from
transi.tions between n=5 or 6 and n =.2 was unaffected by the laser.
These results prompted a reconsideration of the processes occurring in
resonance fluorescence. It was soon realised that the fluorescence traces
were show[ing relaxation effects in the atomic level populations after their
eciuilibrium had been disturbed by the laser and that these results
demonstrated new possibilities for the measurement of collision rates and

radiative transition probabilities. The simple mathematical model devised

to acccunt for these results is described in the next chapter.
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FIGURE 5,2 HELIUM ENERGY LEVEL DIAGRAM
25 _
Continuum
1 1 1 3 3
‘ 5% 5P 5D 5F 3 53 5°D 5 F
24 | S 9°S il —_— —
1 3
A dp 4 ¥ £p 4£p  £F |
1 1 3
3p 3D 3 3D
1 — 3°p-.
23 4 3's -
) : 3%
Energy
(eV)
22
1
2P
3
21 2P
1 .
28s
20 A
238

. 1 1
Helium Energy Levels 28 — 53F (with 1 S shown not to scale)



CHAPTER VI

THEORETICAL CONSIDERATIONS - TWO OR THREE
LEVEL ATOMS

In this chapter the'basic theory of lasér scattering from two and
three level atoms is described. ’ New possibilities for the measurement
of coll-isim; rates and A-values are discussed. We discuss first the form
of the fluorescence e;xpected from a two level atom,

- I) Laser Scattering from Two Level Atoms

With conventional low power light sources fluofescence can he
described by a simple linear scattering équation.
| A F]'\O.fescenc.e = Cross section x Intensity input.

However, this no longer holds when the incident light intensity
becomes sufficiently high that the stimulated emission probability becomes
comparakle to the spontaneous emission probability. In this case the level
populations tend to become "equalised" or saturated, i.e. are in the ‘ratio
of their statistical weights. As the fluorescence is pr0por£ional to the
excited state population it is clearly limited by this and a situation arises
where ever increasing input light intensities do not lead to a corresponding
increase in the fluorescence. This intensity level is easily achieved by
pulsed lasers, Rayleigh scattering is subject to exactly the same limitation
but here the lase_r intensity required to produce the same scattered flux is

much higher than the case of resonance fluorescence.

Laser Power Required for Saturation

(i) Collision rate << Radiative Transition Rate.

Mitchell and Zemansky (1934) give the following relation between the

stimulated and spontaneous emission probabilities.



A1(0V)  _ gny?

where B 21( v ) is the stimulated emission probability at frequency v
in terms of the intensity (assumed isotropic) per unit solid angle per unit

frequehcy interval of unpolarised light. The other symbols have their

usual meanings, This leads to :

5
By(d) %
Ay (A) 8717 c2h

where 321 () is now in terms of the total intensity at wavelength A .
I(A). For the case where I(7A ) is constant over the atomic line this
equation can be integrated to give the total stimulated emission probability
Woy o

A d 5
Wor A I

Ao1 87t c?h AR,

where I is now the total light intensity and A A;  is the bandwidth of the

laser light. We define the intensity, Isat , needed at the saturation
threshold, in the absence of collisions by the condition W21 = A21 ,
8 rc o2 A
1 - Jt ¢ h A r'4
“sat 5
A

(The corresponding formula in Seigman (1971), p.224, appears to be in error
by a factor of 3/2)

for A =58768 amd DAy =221,

I = 471 watts em 2
sat

Note that this is independent of the oscillator strength, atomic line width

and neufral atom density».
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The intensity of the fluorescence essentially reflects the upper
state population and this may be determined by rate equations. We define

the population difference, £\ N(t), by

€1
A N(t) = nl——é; n,

where ny and n2 are the lower and upper state populations and g1 , g2

their statistical weights. These states are connected by collisional

tr‘ansmons at rates E 19 E21 and radiative transitions at rates A21 ,
W21 and le.
FIGURE 6.1
2

E W12 E

, 21
“21

1
At t < 0 we take Wy1s Wy, = zeroand then A N(t) isat
an equilibrium value, A N
t <0 N(¢t) = AN

o

At t = 0 we switch the laser on and le, W21 instantaneously

assume constant values.
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A N(t) is'given by

&

d - AN Y - 2
S OANY = - (B, +Ep+ A ) (NG - AN W21(1+gl

) ANt)
dt

with a solution

g
2
) = - - ANo - + + + —= ¢
Ni(t) AN, (AN0 AN, ) exp {Em E21 A:21 (1 +gl)W21
where
AN, = ' A No 6.2
1. (e /e Wy
Ejg * Egy + Ay
The steady state solution is plotted in Fig.6.2 for the case 8= 2y We
define the saturation threshold by the condition
Wor = Fig + By + Ay 6.3
For the case A21 >> E12_ + E21 and say g1 = gz this value of W12
gives :
AN, = 14N
3 )

i.'e. the population difference is reduced to one-third of its previous

equilibrium value,

(ii) Collision Rate >  Spontaneous Radiative Transition Rate

In this case E12 + E21 > A21. The saturation threshold

condition is given by equation 6,3. To our knowledge a value of the

3
collisional quenching rate E,)1 for the He 2°P - 33D transition is not

available in the literature, However an upper limit may be obtained from

the calculated Stark line width., The Stark line width cannot be smaller than
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the total (elastic + inelastic) collision frequency. Griem (1964) gives

a value of 0,186 R for the (half) half Stark width of the 23P - 33D transition ,
at.an electron density, n(; = 1016 cm_3 and electron temperature Te of
10* K. Tnour conditions: n_= 10" em™, T, = 10 x, the (half)
half width in angular frequency units is
0.186 x 1070 x f—‘f— x2T1%¢
n, 2\ 2

= 1,015 x fOlO sec_1

According to Sobelman (1972, P.387) this corresponds to the total
collision frequency. From detailed balance considerations we estimate the

collisional excitation rate to be

12 21 g, kt

which is negligible in the present approximation. The upper limit on the

saturation condition is therefore

Wig = Ay + Ey
= 0.706 x 10° + 1,015 x 10°°
= 145 x A21
From equation 6.1
) | = 145 x 471

sat

= 68 kilowatts cm_2
In practice because the major part of the total collision frequency
is due to elastic collisions, and collisions between sublevels, the intensity

required to saturate is likely to be much less than the above value.
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The two level model does not predict any relaxation effects during
the laser pulse and is inadeguate to describe the observed fluorescence.

We now discuss the effects of including a third level in the analysis,

II. Laser Scattering from Three Level Atoms

In this model there is a third level in addition to the two levels
interacting with the laser, Before the laser is turned on these levels
are in some kind of equilibrium coupled by collisional and radiative
processes, When the laser is turned on it redistributes the atoms in
levels one and two and the net rate of transfer from levels one and two
level three is changed, The levels then reach a new equilibrium in
which the total population in levels onec and two may be considerably
different to that originally.

This may be described by the following simple mathematical

model:

Three level model with arbitrary laser intensity

Assume the population of the third level is sufficiently large
so that it is unperturbed by changes in the populations of the other two
so that there is a constant supply of atoms from level three to levels

one and two at rates C1 and C_, respectively, C, and C2 include both

2 1

collisional and radiative processes, The transfer rates per atom
(collisional and radiative} from levels one and two to level three are

similarly D1 and Dz. E21 and E12 are the collisional rates per atom

w and A are the usual

between levels one and two. le, 21 91

radiative rates,
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FIGURE 6.4

THREE LEVEL MODEL

The symbols 1 and 2 indicate the

populations of levels 1 and 2 respectively.

The

Time increases from left to right.

laser is turned on at t = zero.

ANt

R VI YO )

Pelalalh e B R R I R R R R R R R
NN TNV NNS AN I NI s,

R e R
ULV R VI S VYY)

-y
Ny

-
AN

hINNl

686"
9nL0°F

+
+

.
r*1

L]
71}

(4e56CG°T= JeX=aT2UlP T 4
(196629 °'T= }dXIeG90°T +

€0-30C20° 6L=Z0040° n0+4790L0°

213
2¢1°702

123 Za
T«2°700 2 1NG*103

ro+300620°"
10
T Ine*10%

[(QYPA
TulE "
TELE
P O
£olE
able
G646
hat®
[PV
1190
nobl
fhep
LI66°
trA X
T Y
yres®
Eheep®
ULt
Tvyd *
tleE "
TtHhe ¢
by
yuldoe 'l
FYdli*T
(G SR
£1c¢0'1
FASTER )
RURINTRS ¢
LCASIURS 4
ageELs
+LCT*T
cue Ty
UL P
wole't
£1E2 1
buli"1
camttt
ees
Gedy Y
gres e
nees e
oIy Ngry
TLvis
UlidAn

(LalgY0 '~
(Lei€H(°~

00+3%020°
<3
2 01700

g
QQJ
g
gy
a2
*ae
et
M3
-1
¢
oo
h *tl-
PR P *4q1-
LUV INGNY
%S SQNOLTIR0nYM
ENLIVA Tell

) IXKFeEEBS " = 2N
YdXk3¢B£99"° = IN 3I LOILNTOS

lL+30020° T0+39040° 00439020°
72 I?218 v
T 01°700 "WWI'NILS "WHA®HOIS



FIGURE 6.3
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The general solution for the case where the laser intensity in time takes

the form of a step function is deduced in Appendix 2, It takes the form -

nz(t) P, exp(Lt) + Q.exp(Mt) + R

ni(t) S.exp(Lt) + U.expMt) + V

where P, Q, R, S, U, V are functions of the rates A21, le, W21,

Cl’ Cz’ Dl’ Dz’ E21, E12' A similar solution was derived by Measures
(1968) in the context of localised plasma diagnostics. Equations 6.4 and
6.5 were plotted with the aid of 2 computer for various values of the fate
coefficients. Fig.6.4 shows one solution which is similar to the observed
time history of the fluorescence. The dynamics of the physical processes
involved may be easily visualised with the aid of a water tank model
(Fig.6.5).

In the case where D2 > D1 opening the valve between tanks one and

two leads to an initial rise in the level of two followed by a fall caused by

the increased rate out of one and two taken together.
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FIGURE 6,5 - WATER TANK MODEL
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Three Level Model with Laser above Saturation Intensity

The analysis may be much simplified if the laser inteﬁsity is
sufficient to equalise the populations of levels one and two.  Let the laser
be .turned‘on at t=0 and instantaneously rise to a value sufficient} to
saturate the transition. Note that this does not require a very carefully
shaped laser pulse provided the saturation intensity is reached rapidly since

further variations in intensity for 1 > Isa do not then alter the populations

t
of levels one and Itwo. Note also ond important distinction from other
excitation methods whether beam foil, optical or otherwise in that so long

as the lasef remains on the excitation and decay rates between levels one

and two do not enter into the analysis thus simplifying interpretative problems.
Let the level populations before the laser is turned on be N10 and N20'

Then consider the equilibrium situation under the laser illumination for the

joint system of the two levels one and two.

t ¢ o C1 +. C2 = N10'D1 + NZO.D2 6.6
g
t > o N, (t) = it N, () 6.7
82
We define g = _g_l
8o
\ = - -
&% (N () + Ny C; +C - N;D - N, D,
adT Nz(t) (1+g) = C1 + C2 - Nz(g.D1 + Dz)
with the solution
N, +N C. +C gD_+D
Nz(t)=_10 20 1 2 exp  _ 1" Y2 ¢
: 1 +g g,D1+D2 1 +g
+
_El___(iZ___ 6.8
+
gD, *D,
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Using equation 6.4 this may be written -

(N, -8.N,) (D, - D)) g.D, + D,
10 20) 72 7TV o 1 T2

Nyt = t
(1+g) (g,D1 + D2) J 1+ g
C, + C
v A2
g.D1+ D2

Hence the fluorescence has two possible forms. If D2 > D1 the
intensity rises very rapidly from the.initial background level corresponding
to N2 0 to a peak value and then decays exponentially with a time constant
determined by both D1 and D2 levelling out at a new steady enhanced value
for as long as the laser remains on, Or if D2 4 D1 after the initial rise
the fluorescent intensity continues rising to a new equilibrium piateau value .
(With the exception of lasers, N10 -g N20 is always positive in practic?.)

In either cése the following information is available from a single time history

of the fluorescence. The height of the initial spike against the background

gives the ratio of the initial populations, _I\Ig(_) . The exponential decay gives
N

10
the combined decay rates out of the two levels weighted by their statistical

weights since with the laser on decays from one level effect the population

of.the other level. The final equilibrium gives the ratio of the decay rates

C,+¢C
determined from the exponential decay to 1 2 . Combination of these
20
values with the initial equilibrium equation 6.6 then yields scparately
Dy» Dy v a0d —x—
10 20

New Possihilities for Collision Rate Measurement

In discussing the implications of the above analysis one should first

point out that the decay of fluorescence radiation has long been used to measure

6.2



total deca.y rates whether collisional or radiative for the upper state of the
fluorescing transition and with the advent of high power tuneable dvye lasers
such measuremenis have become possible on reilatively hot dense plasmas
(e.g . Kuﬁzé al;ci Burell, 1971),  The classical use of fluorescence relies
on é. short excitation pulse ﬁnd therefore dye lasér systems pumped by ruby,
neodymium ,or N2 lasers, or mode locked flashlamp pumped dye lasers, have
attracted much attention. Hdwever; from the above analysis it is clear that
it is unnecessary to use a short pulse since decay rates can still be deduced
just as easily from the relaxation of the fluorescence with the laser still on
and indeed much more information is then obtained since the fluorescence
also yields the decay rate of the lower state of the pumped transition.

-In many cases it should be possible to deduce for example the
A-value of a VUV resonance line for instance in the first_ ionisation stage
in a coronal plasma by pumping on a visible transition out of the first exc;ited
state and thus determining Dl' Previous plasma measurements have not

permitted the determination of A-values as opposed to collisional excitation

rates for high ionisation s'tages (for which coronal equilibrium usually applies;).

Conversely, this technique allows determination of collisional de-excitation

rates from first excited states to ground in high density LTE plasmas where
spectroscopic measurements normally yield only A-values, The te‘chnique
also provides information on collisional excitation rates via C1 + C‘2 .

We now examine the limits on the validity of this model.

Validity of Three Level Model

1. Third Level Population

The population of the level not interacting with the laser is assumed

to be sufficiently large that the supply rates C1 and 02 may be assumed
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constant, For most cases this will be satisfied if the third level corresponds
to the ground state or continuum. In the present case these have populations
x 10 higher than the 2°P state (Cairns 1970).

II. . Very High Laser Intensities

In the quantum theory of particles and fields the total Hamiltonian
may be wr{tten in two parts corresponding to the radiation field and the
particle (see, e.g. Griem 1964). The second part is split into two terms,
~ one independent of the electromagnet;c field and one term containing the
interaction with light. The last term is considered small and perturbation
theory is appiied to the time dependent Schroedinger equation to derive the
form of the radiative transition probabilities. However at a sufficiently

large laser intensity the interaction term will no longer be small and simple

concepts like stimulated and spontaneous emission will need correction.

We now estimate the laser intensity at which this effect will becoine important,

To avoid lengthy calculations based on quantum field theory we use practical
criteria in order to calculate an order of magnitude estimate of the laser

intensity required. One possible criterion is to calculate the point at which
the electric field due to the laser becomes equal to the electric field between

the nucleus and electron, i.e.

where P is the laser intenéity in watts m 2
£ permittivity of free space
a bohr radius
e electron charge

¢ velocity of light
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The condition is
2

p=2 e
9

2 4
4r)® e a

3x10%x (1.6x107%) 2

327t2x8.85x 102 x (5,20 x 10 1) %

3.5 x 102% watts m™2

= 1016watts cm-2

- A less demanding criterion is to calculate the Vlaser inténsity at which the
dynamic Stark shift is equal to the energy spacing betweeﬁ the atomic
levels. Bradley (1969) measured a stark shift of 0.075 cm_1 on the
potassium 7699 R line at 2 laser intensity of 25 Mwatts cm—z. This stark
shift is proportional to th;e square of the electric field (i.e. is linearly
proportional to the laser intensity) and is inversely proportional to the
energy differeﬁce of the two states in the transition. The laser intensity
at which a stark shift of 5876 & is produced in the 5876 & transition may be
extrapolate& from the above figures: | |

5)

1
Laser intensity = 25 x 106 x 7699 x 5876 10
5876 .075

= 1013 watts cm-2

This is 9 orders of magnitude above the laser intensity in the fluorescence
experiment and clearly the standard quantum theory is valid. (Of course

a much lower laser ititensity (109 watts cm—z) would shift the atomic line to a
wavelength at the edge of the laser spectrum and S0 cause considerable
complicaéions) . However, in practice the laser intensity is far below

this value. For an account of the laser-atom interaction at ultra high

17 2 -
(>10" watts/cm”) laser intensities see Geltman et al. (1974).

1
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It Laser Coherence Effec'ts

In the three level theory outlined above the coherent nature of
the laser illumination was not taken into account. Mecllrath and Carlsten
'(19‘72) haw}e examined the conditions in which laser excitation of atomic
systems may be coﬁsidered asa ,simple two-body process, They conclude
tﬁat as long as the dephasing time of the atomic system is sufficiently short
coherence effects of the kind discussed by Dicke (1954) and Arecchi et al,
(1870) do f‘10t occur and the laser-atolm interaction redubes to a two-body
collision. The dephasing time is the average time an atom remains in the
quantum state to which it has been excited by the laser. This time must
be short compared to the time required for the laser to equalise the relevant
atomic 'levei populations. 1In the present caée the dephasing time is given
by the electron impact line width which is comparable ‘to the tolal stark
width of 1010 sec_l, corresponding to a time of 10_10 sec. The time taken
to equalise the lew'rel populations is the fluorescence rise time of 1,5 x 10~8 sec,

Clearly in the present case the effects of the laser coherence are negligible.

(Sée also P, 97).

Theory of Absorption at High Light Intensities

The fluorescence is dependent on the local laser intensity at the
point observed in the plasma. The laser intensity in the plasma is a function
of the absorption coefficient. The intensity is given by the equation of

radiative transfer:

dI - -KI +j (6.10)
dx -

where K is the effective absorption coefficient (including stimulated emission)

j is the intensity of the spontaneous emission.



In general j and K are functions of I and an exact solution is
difficult to obfain. In the next chapter we describe experimental measurements
~of the intensbity of the laser beam observed after transmission through the
plasﬁa. The geometry of the experimental set up allows us to make some
simplifying assumptions regarding the spontaneous emission term in the
radiative transfer equation, At laser inteﬁsities far below saturation the
spontaneous emission intensity is unaffected by the laser as the laser does
. not significantly perturb the level po;‘mlations. We may subiract the
spontaneous emission from the total intensity observed and the solution for
the laser intensity alone yields an exponential decay with distance,

'At laser intensities in the region of the saturation threshold and
above, the observed intensity is dominated by the laser. The energy absorbed
from the laser beam reappears as spontaneous emission and as kinetic energy
from inelastic collisions involving the laser excited state. Eveu if all the
energy is re-emitted as spontaneous emission only a small fraction (10-3 in
the present case) is emitted in the direction of the laser beam and hence
does not coﬁtribute significantly to the intensity observed. We therefore
neglect the term j in equation (6.10). Spontaneous emissioun is not
eﬁtirely neglected as it is implicit in the definition of K.  For a finite
value of K, with steady state plasma conditions, the energy lost from the
laser beam must reappear as spoutaneous emission; the essential point is

that most of this is not observed in the direction of the laser beam.

dl (x,v) = K(v) I(x,V)
dx

where K(y) the absorption coefficient is given by: (Griem 1964, P.173) :

K(v) = k(y) |1 -— x =

(6.11)
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k(V) isthe small signal absorption coefficient for the low temperature

(gl N2 << g, Nl) case.

' 2
= 27 2)
k(v) 27t r, ¢ f21 N1 L(cw) , B (6.12)
with r, classical electron radius.
fzi - oscillator strength.

N2 (Nl) the upper (lower) state population.

i
gi (gz) the upper (lower) statistical weight.
L(w) the normalised line shape.

We use the result

AN
0

g
(1 + é) Wo1 (6.2)

E12 + E21 + A2

1 +

1

here A N is the population difference

AN = (N, - & N, )

The subscripts o and e correspond to t < o before the laser is turned

onand t with the laser on. We use a two level model with N1 + N2
constant and NZO = Zero.
g1
ANe = Na - /8 Ny,
AN
° N10
- g '
- Nieo /gy Nowo - (6.13)
N]_oo + Nzw

Combining equations 6.2 and 6. 13 we have

1 -8 Np, = 1 (6.14)
82 N 1+ 1

where 1 is the laser intensity expressed in dimensionless units :
Wo1 (%)
+ E

I(X) =
. E

12 ¥ Egp + Ay
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I(x) is also known as the degree of saturation. From equation

(6.14)
K(v) = k(v)
1+ I(x)
di(x) = I(x) k(v)
dx 1+1(x)

The solution at x = L is given by

I ' L -
1+ I(x) -
— = - ) d
f (%) J vz
I.
in o)

In.I.E+.I-I.

- k(v)L (6.33)

In the limit I << 1 the equation becomes

In L - - kw)L
Iir\

the standard small signal result for the case where I does not include
spontaneous emission. For T > 1 we have
IL-Iin = « k(v)L
a linear fall of intensity with distance. This is due to the energy lost by
| spontaneous emission. As there is no simple analytic solution to tke

complete equation (6.15) it was necessary to substitute various trial values

of Iin’ IL in the equation and a graph was plotted of those values which

fitted to better than 1%. A solution was plotted for the case of small sjgnal
optical depths (k(v)L) of 14, 5 and 1,4. (¥ig. 6.6).
The solution for optical depth = 1.4 is discussed in Chapter 3I1, The case

for optical depth = 14 corresponds to the 5876 8 transition at delays of



FIGURE 6.6
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30 and 60 pS and k(v) = 5 to adelay of 100 pS after peak current
(Chapter XI),

This theory suffers from several limitations. First it is only
applicable to a two level atom in the presence of a constant laser intensity.
In practice the presence of additional atomic levels and the finite laser
duration will lead to departures from this model, 1In addition, equation 6,2
is only valid if the laser spectrum is constant over the atomic line. This
 will only be a good approximation when the laser transmiésion is high,

i.e. the laser intensity is above saturation, On the other hand for the case
where the laser intensity is below saturation equation 6,2 has little effect
on the sclution (equation 6.15) and so in general equation 6.15 is valid for
laser intensities above or below saturation but not in the region of the
saturation threshcld. An exact general solution is difficult to obtain butA

it is hoped that the above mo.del is of assistance in visualising the physical
processes occurring, Fortunately, in practice, laser intensities above

saturation are not difficulf to attain.



CHAPTER VI

EXPERIMENTAL MEASUREMENTS OF THE DEGREE
‘ OF SATURATION

The most straightforward method of estimating the "degree of
saturation" is to record the fluorescence over a range of laser intensities.
Above saturation the fluorescence should be more or less independent of the
laser intensity. In the present case:this picture is complicated by optical

* depth considerations.

Fluorescence as a Function of Laser Intensity

Fluorescence traces were recorded over a range of laser intensity.
This was done at delay times of 30, 60 and 100 PS' Figs. 9,1 and 9.2
show a plot of the peak intensity (and plateau intensity for the 30 ]S case)
and the duration of the fluorescence as a function of laser intensity, With
increasing laser intensity the fluorescence intensity first rises rapidly and
then becomes relatively insensitive to further increases in laser intensity.
At low laser intensities the fluorescence duration (F.W.H,.M.) tends to a
value of 300 nS corresponding to the laser duration, the fluorescence
re’sembles the sﬁape of the laser pulse and the "spike" observed at high
intensities is no longer apparent (Plate V). The fluorescence intensity in
the plateau region is less dependent on the laser intensity than the fluorescence
peak.

These results suggest that at the intensities normally used in the
fluorescence measurements the laser intensity is sufficient to saturate the
transition. However a quantative assessment must take into account the

opacity of the 5876 & transition.



FIGURE 7.1 - TFLUORESCENCE AS A FUNCTION OF LASER

8.

Fluorescence

INTENSITY

Intensity. | '
, Delay 30 uS
(Arbitrary 4 y K
Units) 1
-] ga 8
0 T T T
30 40 60 80

X ~ fluorescence peak

o - fluorescence plateau

16

12

Fluorescence

Intensity

16

12

Fluorescence

Intensity

8 |

- Laser Intensity kW cm~2

Delay 60 uS

20 40 60 80
Laser Intensity kW cm™2
X *
X
Delay 100 pS
20 40 60 80

Laser Intensity kW cm™2



_ ' _ 86

FIGURE 7.2 - FLUORESCENCE DURATION AS A FUNCTION OF
| LASER INTENSITY
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5876 A Transition Optical Depth

A simple absorptilon experiment revealed that, in the absence of the
lasef illumination, the optical depth, sampling the central 0,3 X of the line,
was 1.0 across the 5 cm diameter of the discharge. This corresponds to v

an optical depth of 14 along the 70 cm long axis of the discharge.

Laser Transmission

The transmission of the laser beam by the plasma was measured
under a range of plasma conditions. * A quartz window was substituted for
the beam dump and the monochromator position changed so that it viewed
light emerging down the pinch axis. The optical arrangement used by

Mahon (Ph.D. thesis 1973) was adopted for this (Fig. 7.3).

Figure 7.3 - Collection Optics used in Jaser
Transmission Experiments,
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The monochromator slits were set so that the instrumental width (F.W.H.M.)
was 0,18 X to isolate the absorption from the surrounding laser continuum.

The instrument function was measured using the Cd 5145 R line and no light

was detected heyond 0,3 R from line centre. Neutral density filters were



placed before and after the pinch to control the laser intensity inside the
pinch and also lo prevent overloading of the photomultiplier. The peak
transmitted laser intensity was measured at different delay times. Fig.7.4
shows the laser transmission as a function of laser intensity. The time
history of the laser intensity also changed on transmission through the
plasma. The overall shape remained the same but the F, W, H, M. duration
was reduct_ad by up to 50 nS, the largest reductions occurring at low laser
powers, ’By triggering the oscillosc;pe time base with the signal from the
laser monitor photodiode and comparing the transmitted laser time history

with and without the plasma it could be seen that this reduction originated

both at the beginning and end of the laser pulse.

Estimate of the Degree of Saturation

Comparison of the theoretical and experimental results, Figs.6.6
and 7.1, lead to. an estimate of the degree of saturation (I), (P.80)
corresponding to the experimental laser intensity, In this

way a power level of 40 kW cm-2 can be seen to correspond to ;

I = 53 at 30 pS delay..
50 " 60 ps
33 '100 ps "

It is surprising at first to find the degree of saturation higher at
earlier times in the recombination phase when the collisional quenching rate
should be high. However the present treatment is only valid for two level
atoms. As we have seen the observed fluorescence indicates that the presence
of other levels cannot be ignored. The fluorescence decay observed at delays
of 30 and 60 pS is due to the loss of atoms from the levels interacting with

the laser, to the third level. This will clearly lead to a reduction in the
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absorption experienced by the laser and is the reasén for the high values of
the estimated degree of satui'ation at early times, This is true even if the
laser is»below saturafion. Here the small upper state population has little
effect on the absorption. Loss of atoms from the levels interacting with the
laser will lead to a reduction in the absorption due to the reduced lower state
population. |

At 100 PS délay there is little fluorescence relaxation and the two

:

level model is valid. Taking the value I=33 as being essentially correct

we estimate the degree of saturation at earlier times by assuming the quenching

rate to be proportional to the electron density. This gives a valueof I=11

and I=22 at 30 FS and 60 }.IS delay respectively.

Time Dependent Effects

In addition there will be other time-dependent effects because it
takes a finite time for the laser to change the leve_l populations. A rough
estimate of this time may be made in the following way. At the instant the
laser is turned on (assumed to be a step function in time), but before the
level populationé have changed, the distanée, y, the laser beam travels

before it is reduced to the saturation threshold value is given by

ln (1)
k(v)

y:

We assume that inside this region the laser is unattenuated and caiculate the
1
Wiz

large W1 2) . Assume that this time must elapse before the laser intensity

time needed to change the level populations (roughly given by for

can penetrate to the next region from y to 2y where the same process will
be repeated. In this way the time delay experienced by the laser beam in

travelling a distance, L, may be estimated as

T =
dela — )
y y 2 Wyo

o0



-1
For our case: L=70cm, I=10, k(v) = 0.2cm , 1 £ 0.7 nS
2Wyo
and the maximum delay is 5 nS, As we have seen the delays experienced

were larger than this.. The explanation arises from the saturation process
emphasising 'the peak in the laser intensity time history and in addition the
relaxation effects already discuséed, reducing the absorption during the
laser pulsc;. The delay in the laser rise at 60 pS delay was longer than the

delay at 30 }JS,supporting- this contention,

Laser Intensity inside the Plasma

The change in the laser beam due to the plasma at the point in space
Where the fluorescence is observed will, of course, be only about half of the
changes de. cribed above. In fact, for the laser intensities normally used
in the fluorescence experiments the reduction in laser pulse length and
intensity was at worst only 10% at this point. Inview of the fact that the
saturation factor was at least 10 ’this could have very little effect on the
fluorescence.

In addition to reducing the rise and fall times of the laser the
absorption will also affect the edges of the laser beam leading to a spatial
intensity distribution that is even rmore well defined than that given on Fig.4.4.

Finally, it should be noted that the above model does not take into
account the wavelength variation in the laser intgnsity caused by the
absorption. The theoretical degree of saturation worked out above will

need adjustment due to enhanced contributions to W

12 from the line wings

where the laser absorption is less. The experimental value of the degree
of saturation arried at with the existing graphs will therefore be an over-
estimate. As the absorption at line centre for the laser intensity used in

the calculation of I was only 30% this does not add significantly to the

existing uncertainties,
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In conclusion

1) The high obtical depfh of the 5876 & transition causes severe
attenuation of the peri-pheral low intensity regions of the laser spatial
intensity distribution, increasing the degree of collimation of the laser beam.
It also attenuates the leading and .trailing edges of the laser timé history
slightly shc;rtening the laser pulse.

2) The small aBsorption of the central part of the laser beam leads to
slightly reduced fluorescence intensity. -The amount of this absorption is
reduced by relaxation effects in the atomic level populations,

3) The laser intensity used in the fluorescence experiments corresponds
t.o a degree of saturation of at least 10 and the simplified model of the
fluorescence described oh Page 73 1is a very good approximation to the

experimental conditions.
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CHAPTER VII

FURTHER FLUORESCENCE RESULTS

Preliminary fluorescence results were described in Chapter V. In
this chapter we describe further experiments designed to reveal all the
experimentally accessible aspects of the fluorescence.

Geometrié Effects '

To explore the possibility of any unexpected geometric effgcts the area
in the pinch illuminated by the laser was -changed by adjusting a variable iris
.immediately in front of the pinéh. Over a range of plasma conditions (30,
60, 100 ,uS delay) the fluorescence intensity proved to be proportional tc the
illuminated volume as expected (Fig.8,1). This is also further evidence for
the homogeneous nature of the plasma, |

Spectral Distribution of the Fluorescence

' To obtain the optimum signal to noise ratio the monochromator slitwidth was
normally set at 100 p.m. giving an instrument function of width 1 X (F.W.H,M.),
The predicted line width of the 5876 & transition is 0.3 & (F.W.H.M.) and
so the observed fluorescence originated from the whole 5876 R line,

To obtain the spectral distribution of the emission and fluorescence of
the 5876 & line the slits were narrowed to 10 pm. Previous work had
shown this to give an instrument function of width Ov.18 R (F.W,H.M.),
However, it was later discovered that the exit slit jaws had become misaligned
and the instrument width was then measured to be 0,27 X This was
subsequently corrected but in this experiment the instrument width was
0.27 X (F.W._H.M.). The spectral distribution of the fluorescence was

obtained using three different techniques by varying the monochromator

wavelength settiﬁg and/or the laser wavelength,
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Method (i)

- The monochromator setting was left fixed at line centre while the
laser wé.velength was scanned across the line, A line profile was obtained
on a shot to shot basis. This is really another form of the ﬂuoreécenee V.
laser intensity experiment (P. 84 ), The experiment was done ata 100 ps
delay time. The line profile obtained (Fig. 8.2) had a F.W.H, M. of 7 R
as compared to the width of the laser spectrum of 2,2 p's F.W.H.M,
confirming that the laser intensity w’as above the saturation threshold. In
the line wings the fluorescence had a shorter duration corresponding to the
lower laser pulse length in the line wings.

Method (ii)

The monochromator wavelength setting was varied leaving the laser
wavelength fixed at line centre.
Method (iii)

The monochromator wavelength setting and the laser wavelength were
simultaneously scanned across the 5876 line, the wavelength setting of both
being equal ﬁt any one time. A line profile was obtained on a shot to shot basis.

Methods (ii) and (iii) yielded the same rgéults. This was expected
. as the fluorescence is produced by the centre of the laser line where the
intensity is relatively independent of wavelength, The fluorescence was also
compared to the ordinary emission profile at 100 psS delay and the two were
found to be identical (Fig. 8.3). (These line profiles have not been deconvolved
with the instrument function), A scan acr‘oss the fluorescence line at 30 pS
delay alsp revealed no large scale wavelength dependence in the time history
of the fluorescence.

The 5876 R line is predominantly doppler broadened with a calculated

(whole) half width of 0,23 £ at 30 pSdelay (n_= 10"%em™, T_= 1eV).
e -
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The calculated (whole) half stark width for the same conditions is 0,037 &
(Griem 1964). TUnder these circumstances no difference in the emission and
fluorescence line profiles was expected but it is noteworthy that the signal to
noise ratio_fof the fluorescence is 2% times better than for the emission line
profile.

The 5876 R line has fine structure with the mairi components in two
groups 0,37 ] apart. Ina helium lamp the longer wavelength component is
about 10% of the intensity of the othc-,:r component. This accounts for the

slight asymmetry in the line profiles.

The Polarisation of the Fluorescence

The degree of polarisation of the fluorescence was measured by inter-
posing '"polaroid" polarising filters in the fluorescence collection optics,
The polarisation produced by reflection ét the aluminised mirror (Fig.4.2)
was corrected for by measﬁringbthe apparent degree of polarfsation in the
light from a helium lamp. No sign of polarisation ( < 5%) was detected in
the fluorescence. Even though the laser is of random polarisation the
fluorescence might be expected to be pﬁlarised as it is observed in a direction
at 900 to the laser beam and the laser cannot excite a dipole whose axis is
in line with the direction of the laser beam. The absence of any polarisation
in the fluorescence implies a high rate of depolarising collisions. This
confirms that the dephasing time, as discussed by Mcllrath and Carlsten
(1972), is short enough to eﬁable us to neglect any effects due to the coherent
nature of the laser illumination,

Fluorescence "After Effects"

As may be seen in Plate V, the emission intensity at the end of
the laser pulse does not always coincide with the value of the

emission recorded in the absence of the laser illumination. In some
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cases this may be simply due to a small degree of irreproducibility in the
plasma emission. However by observing the fluorescence traces with the
oscilloscope set to h{gh voltage sensitivity but long time scales it was
observed that thé plasma emission did not always regain its original value
immediately after the laser pulsé. For delay times in the 60 - 80 pS range
/ ,
it remained enhanced by about 4% of the peak fluorescen(;e value for a few
hundred 'nanoseconds;. The absence. of this effect at other delay times

showed that it was not due simply to electrical pickup. This phenomena will

be discussed in Chapter XI,

Fluorescence Plateau

Even at early delay times it was observed (Plate V) that in the plateau
region the fluorescence intensity was not quite constant. This is not |
predicted in the three-level theory of Chapter VIII' where the plateau region
is reached with a.time constant given by the decay rates out of leveis one
and two and no subsequent changes occur until the end of the laser pulse.
This effect will be discussed in Chapter XV.

Fluorescence as a Function of Neutral Helium Density

To determine if the fluorescence relaxation was due to resonance
radiation and hence was a function of optical depth, some experiments were
done at a reduced neutral helium density.

The first experiment tried was to run the pinch in a mixture of hydrogen
and helium at the normal fili pressure. In this way it was hoped to reduce the
helium density whilst keeping the electron density comparable to the case for
a pure helium plasma. Howeﬁer in practice very little helium was excited
and this method had to be abendoned. This effect is not well understood but

is probably due to the lower ionisation potential of hydrogen limiting the
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electron energy to a value below that needed to excite the helium.
To avoid this problem the pinch was run at a much reduced fill pressure
.055 torr instead of-450 torr. At this pressure the plasma lifetime was reduced
by half and the irreproducibility increased to as much as 50% at late times
in the afterglow. However, both direct and sensitised fluorescence was
observed of the same form as the previous reéults. The corresponding

shapes occurred at different delays as listed below.

Fill Pressure

0,055 torr 0.450 torr
Delay Time Fluorescence Shape
9 ps 8 uS No fluorescence

16 27 Distinct spike

20 45 Concave fall

25 80 Straight fall

30 100 Convex fall

35 ' 150 Step function

40 200 Step function

The next step was to measure the electron density of the ,055 torr plasma,

Measurement of Electron Density At Reduced
Initial Gas Pressure

This is difficult experimentally at the expected densities of around
1014 cm—3. Here the Thomson scattering signal would be small, and Ashby
Jephcott techniques (Mahon. Thesis 1973) would produce only a fraction of a
fringe for the whole time variation,

The only practical way is to measure the Hpg profile using a small

trace, 0,01%, of hydrogen in the plasma. An emitter follower witha 2 uS

integration time was used to amplify the photomultiplier signal.. The optical
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arrangement used is on P.87, Because of the low signal/noise ratio and
the increased plasma irreproducibility only rough estimates of the electron

density could be made. TUsing the tables of Hill (1964) :

Pressure 0.055 torr
Delay Time ' Ne
15 pS z.;: 0™ ( f509)
30 pS a0 1 x 1014 »

Because of the experimental uncertainties in the electron density it is dirfficult
to make a causal link between the fluorescence reiaxation and the neutral
helium density.

n = 3 Sublevel Populations

The intensities, I, of ali the n=3 - n=2 {ransitions were recorded
using the -arrangement of Fig.4,2. The wavelength dependence of the
photomultiplier sensitivity and monochromator efficiency was measured with
a tungsten standard lamp. The relative intensity emitted by then=3 -» n=2
transitions was obtained bsr correcting the recorded intensity for the wave-
length dependence of the photomultiplier/monochromator efficiency, g .

The number of pﬁotons emitted per unit time for each transition was calculated

by multiplying the emitted intensity by a factor proportional to the wavelength

of the trénsition. In the absence of radiation trapping the n=3 sublevel
relative populations are given by the number of photons emitted per unit time

divided by the appropriate statistical weight and radiative transition probability :

Sublevel population o Ix A
B X Ay X €

In all but one case the optical depth of the n=3 » n=2 transitions

was less than 0,3, For the 5876 & transition the optical depth was 0,9 across
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tile diameter of the discharge and this accounts for the lower apparent
population of the 33D sublevels, The monochromator instrument width
was ?.t leasﬁ 3x the atomic line width for these measurements and thus
corrections due to the different line profiles of the n=3 » 2 transitions

were not necessary.

TABLE 8.1
Upper State Wavelength " Optical Depth Sublevel Population
R (P.145) Relative Units
33D 5876 0,9 8.8 + 7%
33P 3888 0.3 14 "
3
38 7065 © .05 39 "
L
3D 6678 0.1 16 "
1
3P 5016 .05 18 "
1
38 7281 .05 38 "

Even.for the opticaliy thin lines the sublevel populations are not equal
indications that the levels are not in 1., T. E,

Quantative Fluorescence Intensifies

The intensity of the emission and peak fluorescence was recorded as
a function of delay time for several transitions. The level of
the total emission originating from the region illuminated by the laser was
calculéted by multiplying the total emission by a geometric factor of 1.4/5 (P.52).
Fig.8.3 shows the intensity of the local emission and fluorescence as a function
of electron density. The intensity of the emission and sensitised fluorescence
from all the n=3 and 41D, 43D levels was also recorded. Adjustments
of the monochromator slit width enabled a satisfactory signal/noise ratio to

be obtained for each transition. = The enhancement of the emission during
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the laser pulse was calculéted as follows :

Enhancement =

Peak Fluorescence Intensity

(1.4/5.0) Emission Intensity

103

To enable comparison to be made of the relative enhancement of a transition

at different delay times, compared to the enhancement of the ‘5876 R

transition we also show figures normalised to the 5876 R resuits,

Fluorescence Enhancements

TABLE 8.2

The experimental uncertainty in the unnormalised

value is

10%.

Delay
Time 30 pS 60 puS 100 nS 30 pS 60nS 100 uS
 Wave- Upper
length Level (normalised)
R
5876 33D 3.3 6.7 9.8 . 100 100 100
I 2,0%* 60 *
3888 33P 2.8 5.9 9.0 85 88 92
2 :
7065 3'S 1.5 3.7 6.8 45 55 69
1
6678 3D 1.5 2.7 4,6 45 40 47
5016 3P 1.3 3.1 4.6 39 46 a7
7281 318 1,73 2.9 5.0 52 43 51
4471 43D 1,0 1.95 2,0 30 29 20
4921 41D 1.0 1.56 1.7 30 23 17
*  These values are the enhancements in the plateau region.
fluorescence

local emission

Care is needed in interpreting the normalised

enhancement figures as for instance the value of 30 for the 4471 & transition



at 30 uS delay means that no increase in emission was recorded in the
presence of the laser illumination. As we are calculating the ratio of
the emission intensity with and without the laser it is not necessary to take
differing 'A‘ values, etc. into account to calculate the relative population |
enhancements,

The overall pattern may be described as follows, The population
enhancement of the 33P level is almost equal to the enhancement of the
33D level directly excited by the laser., The n= 3 singlet level populations
show roughly half the enhancement of the 33D level, The 41D and 43D
population enhancement is approximately one-fifth the 33D enhancement.
The value of the normalised enhancements increase with the delay time.
This is unexpected as it was considered that the lower electron density at
long delay time would result in lower excitation transfer rates,

Sensitised Fluorescence Rise Time

The rise time of the fluorescence observed at 100 uS delay time in
the 5876 & , 06678 8 and 5016 & transitions was measured. The rise time
in all three cases was 20 © 4 nS, This shows that the collisional transfer
time between the n= 3 levels was less than 20 nS even at the lowest

. 14 -3 ) .
electron densities (10" " cm ) used in the fluorescence experiments,

Effect of Finite Laser Rise Time on Fluorescence Relaxation

The finite laser rise time will have greatest influence on the observed
fluorescence rélaxatibn time for the case of a high' electron density when the
two times are comparable. On a typical fluorescence trace observed at an
electron density of 10,6 x 1014 cm-3 the exponential decay rate to the
fluorescence plateau was measured in the period 20 -40 nS after the start

of the laser pulse, From Plate V, photograph 2, it may be seen that the
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laser intensity reaches the saturation threshold (1/10 of the peak intensity)
10 nS after the start of the laser pulse. In the period 20 -40 nS after the
start of the laser pulse, the laser intensity increases from 6 to 8x the
éatufation threshold value, Fig.7.1 shows that an increase in laser
intensity of 6-8 times the saturation threshold value leads to an increase
of 10% in the peak fluorescence intensity but has no effect on the fluorescence
intensity in the plateau region. The, effect of this change in laser intensity
on the fluorescence decay rate (measured in.the region between the peak and
plateau) will therefore be less than 10%. As the experimental uncertainty
in measuring the short relaxation times at these high electron densities is
approximately 10% this effect is negligible. For the rest of the range of

electron densities used in the fluorescence experiment this effect is

even smaller.
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. CHAPTER IX

POSSIBLE DECAY PROCESSES - I, RADIATION

Although we have established the suitability of the three level

model for the present case we have not so far assigned specific atomic

states to Iévels one, two and three, or identified the nature of the decay

process involved,

On the basis of the sensitised fluorescence results (P.61) we will, for

the moment, assign level one to all the n=2 states and level two to all

the n=3 and n=4 states. This assumption will be discussed further

in Chapter X1.

1)
2)

3)

by‘

A)
B)
c)
D)
E)
F)

G)

The possible routes of decay are
Decay to the ground state,
Decay to the high n levels,

Decay to the continuum,

Radiative transitions.

Electron collisions.

Normal atom collisions.

Excited atom collisioﬁs.

Helium ion.collisions.

Tonised helium molecule collisions,

Collisions with impurities.

In this chapter we discuss radiative decay to the ground state, and

photoionisation,
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Radiative Decay to the Ground State

The three possible transitions are

Aot (x 10° sec ™} T
olp_1ls 5w f 17.99 0.5550
s'p - 1ls 537 & 5.66 1.767
dp-1ts 522 8 2.46 4.065

Here T is the atomic lifefime not the decay time for a plasma of
excited atoms. The plasma decay time is related to the atqmic lifetime by
the optical depth of the atomic transition. We calculate the optical depth
from the ground state atom number density and the line width,

Helium Density

As the density of doubly ionised helium atoms is extremely small
the neutral atom density may be obtained using the gas laws, For a pressure
of 0,45 torr and room temperature this gives a total helium density of
1.59 x 1016 cm_3. Subtracting the helium ion density (equal fo the
electron density) gives a neutral helium density of 1.5 x 1016cm. This
is for a delay time of 30/u S but the density changes little at other delay

. times,

584 & LINE WIDTH

i) Resonance Broadening

Griem (1964) gives the following relation for resonance broadening

1
Wo = 3t ! ] ezf
< = o1
&9 47CE, W m

W is the (half) half width in angular frequency units.

gl(gz) the lower (upper) statistical weight.

e, m, electron charge and mass,
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E, dielectric constant of vacuum.

w angular frequency of the tra.nsition (for resonance lines only).
f oscillator strength.
N atom number density.

For the present case this gives:

O o 1.2 x 108 radians secd

2o x10° &

1]

ii) Stark Broadening

Estimates of stark broadening parameters for neutral helium are
1 -
given by Griem et al (1962), At an electron density of 10 5 cm 3 the

predicted electron impact (half) half widths are

584 & 16.2 x 10°° &

537 R 433 x 10°° R

522 & 1780 x 10°° }
iii) Doppler Broadening

The normaliced line shape for the case of doppler broadening is

given by
2
L(W) = 1 o em- (w—wo\)
Aw, (rn)? Aw,
where Awy = Wo Vm
c 1
2
v__ the most probable speed = 2kT )
o m

For the 584 & transition

Wo = 3,23 x 1016 radians sec-:l
m = 4 x proton mass = 3,75 x 109 ev
atom leV at 30 uS delay (Cairns Thesis 1970),

giving a doppler width of

= 7,45 x 1012l radians sec-l
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' ' 1
The doppler (half) half width = (In2)® A w,

6.21 x 1011 radians sec_1

112 x 102 R

Clearly for the 584 8 and also 537 & and 522 & transitions,doppler
broadening is dominant, TIrom equation 6,10 the absorption coefficient
at the centre of a doppler broadened line (assuming a large population

difference) is

27tr, c f21 n

1
A wp ( T"C) 2
in the present case this gives

k(o) =

a -
kG84R) = 5.23 x 100 m *

Radiation Trapping

Because of the large amount of reabsorption the lifetime of excited
atoms in the plasma is much longer than the simple radiative transition -
time. The problem of the imprisonment of resonance radiation has been
treated extensively in two articles by T. Holstein (1947, 1951). He shows
that a sirnp;e diffusion approach to the problem is inadequate. This is
because of the impossibility of defining a mean free path for a photon due
to the variation in absorption coefficient over the atomic line. He shows that
the frequency spectrum of the radiation emitted by a given volume element

is proportional to the absorption coefficient for the case of doppler and

pressure broadening. (L.T.E. considerations are not sufficient here as
the radiation leaks out through partially reflecting walls.)

Holstein obtains the result that, for the optically thick case, the excited
atoms decay as exp - (~g_-§t— |
where A . T is the radiative lifetime
g is the escape factor equal to the reciprocal of the

number of emissions and absorptions of a photon

prior to its escape from the plasma.



The value of g depends on the line shape. Holstein gi(res the

following results for a cylindrical geometry (radius R)

A - Doppler Broadening

1,60

kyR (7T In kyR)

(&

B - Impact Broadening

¢ = 1:115

(7T kL R)%
where kD or kL is the absorption coefficient at line centre,

'The radiation escape process may be understood roughly by
considering that only radiation emitted far out in the line wing where
k(w)R € 1 may escape, and the radiative transition probability must
be multipiied by the probability that emission will occur in this region
to obtain the effective decay rate. The applicability of result A or B
for a line both doppler and impact broadened is determined by the form
of the line Shape in the reéion k(w)R x> 1.

First for a doppler broadened 584 R transition we work out the
. point on the line Qing where kD (w)R =1, bThe doppler broadened

absorption coefficient is
2
ky (w) = - exp-(&’;;.‘:t’z)
Aw, (re)2 : A w,

where (U, 1is the angular frequency at line centre, and C is given by

the integral absorption relationship

’ 2
C= /k(w)dw = >\°Ng2 ¥
, 8 7T &

where ¥ is the radiative emission probability.

110
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‘ ' 2 -1
In our case, kD(wo) = 5,23 x 10 cm

R

2,5 cm

1.31 x 103

kD (co) R

kD(w’) will equal 1 at the point where

, 2
- L) — o 1
exp - (___) = _
A Wy 1,31 x 103
W=we = 2,68 Aw,

= 2,00 x 1012 rad.sec—1
For the impact broadened case we need to work out the absorption

coefficient at line centre considering all the atoms to be stationary.

1
k. (W) = ¢ < 9.4

here ¥ ;, s the (half) half width in angular frequency of the impact
broadened Lorentzian line. By comparison with equation 9.3 we see that

A Wy
(re)=

for our case the impact (half) half width is 1,62 x 107 8, (Page 108)

k(W) = k(Wo)

Y . = 8,9 x 10% angular frequency
L ; g
k; (w,)R= 6.15 X 10°

2
using kL(w R = kL( w, )R X

(W=~ wo)? + Y2
' 12 -1
we get for the case (w —W,) = 2 x 10"~ rad.sec
kL( w'—w,)R = 0,123
So we se€ that the absorption at the point in the line wing where the radiation

escapes is controlled primarily by doppler broadening.



The escape factor g is hence given by equation 9,1.

1.6

[N

1.31 x 10° ( = log 1.31 x 103)

= 2.57 x 1074

and radiation lifetime T = 2.16/.4 ]
g

—

If the escape had been controlled by a Lorentzian line shape we

apply equation 9.2, i.e.

g = 1,115 1
(7T k (wo)R)*
= 8,02 x 1072
N radiation lifetime = 0.693/uS ]

The stark widths of the transitions 31P and 41P to 118 are much
higher. Using exactly the same procedure as above we determine the
radiation lifetime. The results are summarised in the Table 9.1

From consideration of the value of kL( w' - w,)R it can be seen
that for thé 31P - lls transition the choice between the doppler and impact
case is uncertain. For the 41P - 118 transition the impact broadening
férmula is preferable. The excitation decay time is a function of electron
density and temperature as reflected in changes in optical depth, The decay time
at long delay times should be increased as the line width will be reduced

while the ground state level population remainé approximately unchanged, It is
clear that a more rigorous treatment using Voigt profiles is needed
for accurate results especially for the 31P - lls case. (See e.g. Bieberman

et al.).
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TABLE 9.1
Transition 21P - 118 31P - IIS 41P - 118
Wavelength 584 & 537 & 522 &
T 0.55 nS 1.77 nS 4.1 nS
11 11 11
: 7.45 x10 8.1x10 8.33x10
A wD ’
3
k(e )R 1.31 x 10 321 128
(W' = w,) 2.0 x 1012 1.95x1o12 1.83x1012
' 8.95 x 10° 2.83 x 1017 1.23 x 10"
5 13
ki ( w, R 6.15 x 10 5.18x 10 4,89
kL(u'_ w,)R 0.123 1,09 2.2
-4 -3 -3
g Doppler 2,567 x10 1,17 x 10 3.2x10
Broadening
-4 -3 -2
g Impact 8.02 x 10 8.74 x 10 2,84 x 10
Broadening
Excitation} oppler 2.16/u S 1.51 uS 1.27}.1 S
Lifetime J {Impact | 0.69 ps 0.202 48 0.143 u'8

Symbols defined in the text.
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In Ageneral the above results will be an underestimate of the
decay time for in the preseﬁt case the radiation is excited only in the centre
of the plasma. |

The excitation lifetime ranges from 5-60 times longer than the
observed fluorescence decay tim‘e and it is clear that radiative transitions

to the ground state are not a major factor in the decay of the fluorescence.

Photoionisation

One possible decay route for excited atoms is by photoionisation by
the intense laser radiation, Dunning et al. (1974) have used a molecular
beam apparatus in conjunction with a dye laser to determine absolute crdss
;ections for the photoionisation of helium 31P, 41P, 51P, 33P, 43P, 53P
atoms excited optically from the 21’38 metastable levels, The photoionisation
cross section for each of these states is determined at the wavelength used for
its excitation from the metastable state, In order to calculate an ionisation
rate for the 33D level we assume that fhe 33D photoionisation cross section

is approximately the same as the values given by Dunning et al, for the 3™ P

- -2 '

and 33P states, i.e, = 10 17cm . The total laser energy transmitted
1
through the pinch is typically 15 mdJ correspording to 5 x 10 6 phofons at 5876 3.
Thus in a laser pulse (typically 250 nS duration) the average number of ions
. 16 -17 . e e e

preduced per atom is 5 x 107 x 10 = 0,5 correspording to an ionisation
rate of 2 x 106 sec_l. This rate is 20x slower than the observed fluorescence

decay rate and hence photoionisation processes cannot account for the observed

fluorescence relaxation.




CHAPTER X

POSSIBLE DECAY PROCESSES II COLLISIONS

Collisional transfer is a strong possibility for the explanation of the
observed decay in the fluorescence. In this chapter we explore the possible
routes of éollisional fransfer and estimate collision rates for the various
processes. For this we need cross sections and we first briefly review some

previous papers in this field. The experimental papers fall into four main
groups.

(a)  Excitation of helium with an electron beam of energy above the excitation
threshold., '

(b)  Excitation by optical pumping with conventional light sources,

(Both (a) and (b) measure the excitation rate by monitoring the radiation from
visible helium trgnsitions). |

(¢) Excitation with an electron beam near the excitation threshold - obtaining
the cross section by measuring the flux of slow electrons produced in the
collisions.

(d)  Excitation with two electron beams. The first electron beam excites

an atomic beam to a metastable level and the second ionises the metastable
atoms. From measurements of the ion flux an ionisation cross section for
metastable atoms can be deduced.

(a) Electron Beam Experiments (far above threshold).

Papers in this group include Lees (1932), Thieme (1932) and Gabriel
and Heddle (1960). It was realised early on (Lees and Skinner (1932)) that
various secondary processes have to be taken into account in the interpretation

of the results of these experiments, viz.
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(i) imprisonment of resonance radiation,

(ii) collisional excitation transfer - atom-atom collisions producing transfer
between levels of the same principal quantum number, in particular
transfer between singlet and triplet systems, e.g.

1. 1 ' 3 1
He(1'S) + He(n P) —> He (n D) + He (1'S),
(iii) radiative cascade processes. (See also Phelps (1958) ).

(b) Optical Pumping Experiments

Collisional transfer processes have also been studied by optical pumping
techniques using conventional light sources to excite helium atoms from
metastable states in a helium plasma, viz. Maurer and Wolf (1934, 1940);
Bakos and Szigeti (1968); Teter and Robertson (1966); and Wellenstein
and Robertson (1972). Wellenstein and Robertson measure cross sections
for electron and atom collisions, taking account of associative ionisation

+
He (3'D) + He 1'y) —> He;(z Zu) + e

There is however disagreement between the above papers for the value of the
collisional transfer cross sections probably due to uncertainties regarding
radiative cascade processes (see van Raan et al. 1974), the worst example
being the cross secﬁon for 41P - 41D transfer by atom collision, estimates
. -15 -15 2
ranging from 67 x 10 (Wolf and Maurer, 1940) to 0,28 x 10 cm ,

(Bakos and Szegeti, 1967).

(¢) Electron Beam Experiments (near threshold)

Maier-Leibnitz (1935) measured the attenuations of the flux of an electron
beam passing through a helium collision chamber as a function of incident
electron energy and hence deduce collision cross sections. They found a
peak cross section for excitation of the 23S level by electron collision of

-18

3.7x10 cm2 * 2(5%. Similar experiments have been reported by Schulz

and Fox (1957); 'Fleming and Higginson (1964); and Brongersma et al, (1969)
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with less than a factor of two disagreement on the exact value of the cross
section. Brongersma et al. (1972) use a double retarding potential

difference method to obtain high resolution graphs of the variation of 238 and
218 excitation cross sections near threshold, with incident electron energy.
They normalise their results with the absolute value for the 23S cross section
given by Brongersma et al, (1969),

(d) Double Beam Eleciron Excitation Experiments

Vriens et al, (1968) reported an experiment in which two electron beams
intersected an atomic helium beam. The first electron beam excited the
atoms into the 218 and 23S states and the second beam ionised these atoms.
By detecting the flux of ions produced it was possible to measure the energy
dependence of the ionisation cross sections of the 218 and 23S states of
helium. Long et al, (1570) in a similar experiment, measured the absolute
electron impaét ionisation cross section of He (233) atoms., Above threshold
the cross section rises with increasing electron energies up to about 8 eV,
From 8 eV - 16 eV (the limit of experimental measurement) the cross section

16 cm2 +30%. Schearer-Izumi et al. (1974)

is fairly constant at 6.5 x 10
describe a similar experiment and compare the relative cross sections they
obtain with those of seﬂ'eral other workers revealing some disagreement in the
energy dependence of the cross sections, They also describe an increase in

the electron impact excitation function for the case of the (first) exciting electron
beam energy of 23 eV and above. They interpret this increase as being caused
by an increased contribution to the ion flux due to the ionisation of helium atoms

in higher ‘excited states but are unable to assign cross sections to specific

states.
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Theoretical Work

Burke et al, (1969), and Oberoi and Nesbet (1973) havé presented
theoretical estimates of the excitation cross section near threshold. Their
calculations successfully predict the resonances in the cross section found
experimeﬁf;ally by Brongersma et al. (1972) but are about 50% larger in

absolute magnitude than the experimental results, The discrepancy may be
due to an error in the normalisation of the experimental results. | Burke
et al. (1969) also estimate cross sections for eléctron scattering by the
ﬁ= 2 levels. The cross sections range from 10_16 cm2 - 10_13 cmz. The
'results are only partially in agreement with the experimental results of
Neynaber ¢ al. (1964).

Recent Experiments using Dye Lasei's

Collins et al, (1972a) describe an experiment in which a dye laser is
used to study excitation transfer in a flowing helium afterglow. The beam
from a flashlamp pumped coaxial dye laser was frequency doubled to 2945 R
and used to excite the 53P state of helium by optical pumping from the 23S

metastable level. The neutral helium density was 1018 - 1018 em™ ang

1 -
electron density 1010 -10 2 cm

3 . They interpret the observed decay of
2945 & fluorescence (decay time~33 nS) as being due to de-excitation through
neutral atom collisions and direct radiative decay from the 53P level. They
mention no correction due to the finite fall time of the laser which is especially
important as they are operaﬁng below saturation, Also they do not take into
account the additional possibilities for radiative decay through collisional
transfer to other n=5 levelé and subsequent radiation, which would
drastically affect their resulis.

In a subsequent paper Collins et al, (1972b) study the rotational relaxation

of molecular heiium. They observed spiking behaviour in the fluorescence
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at high laser powers similar to the present results. They suggest that this
is due to cooperative phenomena of the kind discussed by Arecchi et al.(1970)
bu-t do not present any justification for this assertion. Arecchi considered
the coherent interactibn of a radiation field with an assembly of otherwise
independeﬁt two level systems. He treated the case of the atoms which have
been prepared in a properly phased super—radiant (Dicke, 1954) state in the
vacuum oé photons. By comparing the enhanced spo'ntaheous emission rate
for an assetﬁbly of N atoms and the limit on the size of this assembly, also
a function of the enhancéd emission rate, he obtains a maximum value for

‘N, (Nc) if all the atoms are to cooperate in super-radiant emission and also
a corréspoﬁding maximum super-radiant emission rate, Y o

: 1
N, = (224)E2)°

c” 5y
2 1
){c=%(c/oXA)2

where A is the area of the (cylindrical) sample
/ atom number density
¥ the spontaneous emission rate of an isolated atom .

To compare this to the case of Collins et al. we assume an excited state
population density of 1011 cm_3 (based on their stated metastable population
density of 1012 cm_s). with ¥ = 3x10%sec™, A = 2045 &, we
calculate a value of Yc of 1.5x 10% sec™?, It is difficult to see how ,

a high spontaneous emission rate would produce the spiking behaviour of the
fluorescence obs;arved by Collins et al. Also, as in fact the observed
fluorescence is used to determine collision rates it is unlikely that the
dephasing collision rate discussed by Mcllrath et al. (1972) (see P.78), is
small enough to allow the production of a super-radiant state. TFinally, it

should be noted that it is not necessarily the case that coherent laser illumination
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produces a "Dicke" super-radiant state and, in fact, the treatmen.t of Arecchi
et al. specifically excludes the presence of an external radiation field ami
sov is. not directl!y applicable to problems of laser induced fluorescence.
Similar considerations may be used in reference to the present
experiment and it is clear that coherence effects play no part in the observed
fluorescence decay.
Burell and Kunze have described a fluorescence experiment on a cold

helium plasma with a laser pumped dye laser tuned to the 4471 X 23P - 43D

. 1 - .
transition. The plasma conditions were helium number density 5 x 10 6 cm 3

and electron number density 3 x 1012 cm_3. With a short duration laser
pulse (11 nS F.W_H.M.) they observed relaxation in the fluorescence and
sehsitiéed fluorescence at the end of the laser pulse on several helium lines,
They observed transfer between singlet and triplet systems at the same ;'ate
(3 x 108 sec—l) as fransfer within the triplet system bhut are unable to assign

this specifically to electron or atom collisions.

Present Experiment

To relate the published cross sections to the present experiment we

deduce the value of the collision rates from the relation

w = fv Ny, vdv (13.1)

where W  is the total collision rate per atom;
v speed of the incident particle;
G cross section at incident speed v ;

N number density of atoms with speeds in the range v » v+ dv.
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Collisions with Ground State Helium Atoms

- 2
Wellenstein ct al. (1972b) report a cross section of 4.5 x 10 16 cm”

for associative ionisation :

3 1 + '
He(3' D) + He(1' S) — Hez + e

In this case all the atoms can participate and j Novdv = Ntotalo- vaverage

As the atom (and electron) velocity distributions are Maxwellian the average

atom speed is given by

=

1
v = (8 kT)2
T m

For a temperature of 1 eV Vavr =7,81x 105 cm/sec. The neutral heli}xm
density is 1.5 x 1016 o3 (P.107). The collision rate is therefore

5.3 x 106 sec—l. This is too slow to account for the observed fluorescence
relaxation (Fig.5.1).

Exchange Collisions

These are collisions of the type
He 1ls) + He2®s — HE(2Ys) + He als
-15 2
Evans et al. (1969)gives a cross section for this processof 1.,4x10  cm ,
The collision rate may be estimated in the same way as above to be
7 1 '
1,6x10 sec ., This process of course does not lead to any reduction in
the number of excited atoms and will have no effect on the fluorescence,

To our knowledge there are no other published cross sections for processes
involving neutral atoms that would deplete the n=2,3,4 levels in helium.
Collisions with other excited atoms are not expected to be significant as the

11 15 , |
densities are so low ( ~ 10 ¢f 10  electron density). The same argument

applies to collisions with helium ions. In general, the rates for atom-atom

and atom-ion collisions are much smaller than the rates for electron collisions
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for plasmas having a degree of ionisation exceeding a few percent (Cooper,
1966). We now consider electron collisions.

Electron De-excitation to the Ground State

As described earlier there have been several experimental énd
theoretical estimates of the electron excitation cross section from the ground
state to n= 2, with some disagreement over the absolute magﬁitude. In
order to get a'collision rate we arbitrariiy choose the theoretical estimates
of Oberoi and Nesbet (1973) and approximate their detailed cross sections

by a step function,

h
7

E bhreshotd 'electron energy

We take the threshold to be 20 eV and crm for cach transition as :

Transition T m
i's - 2ls 1.5 x 1028 cm?
's - 2% 3 x 10718
's - olp 1 x 10728
1's - 2%p 0.5 x 1078

We estimate the total excitation rate by using -

oo

W = fo:,, N(v) v dv | (10.1)

V= Vinreshold

and use the principle of detailed balance to obtain the de-excitation rate.
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For a maxwellian velocity distribution (Sears, 1952) -

o, 2
dN(v,dv) _. 4 (1 ) v exp —(v) dv
W — -
- Niotal (r0)% Ym ‘m
where Vin is the most probable speed.
1
2
v - ( 2k T )
m m ,
Substituting this in (13.1) we have
oo
o 2
Excitationrate = 4N o J \'A exp —( v ) v dv
73 v
(Ft) Vthresh m m
With the substitution
2
y= %
. Vm
and y = A when v = vthreshold

this becomes

Excitation rate = 4N o Vi jy exp ° dy

1
(revyz 2 A
integrating by parts
= 2 No v [exp-Az](Az-i-l)
1 m
(rv) 2
2
A = Vthresh = Ethresh = Ethresh
v zm Vv kT
m . m
3/ E E
Excitationrate = 2 N o (ZkT) ( thresh , 1 ) exp -( thres'n) (10 2
' (7T )2 kT kT
We obtain the de-excitation rate by detailed balance considerations -
e es _ B E cees
De-excitation rate = °1 exp (ETI‘ ) excitation rate
EH)
3 ,E
=2 N o‘(sz) ( thresh 4 1 ) ! (10.3)
———1 —— A ——— ) —
“_L)i m ‘ kT g2
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In the present case

g, = 16 (the sum of the statistical weights of the n = 2 levels)

gl/g‘2 = 1/16
N = 1015 cm-3
e
'kT = 1eV
Ethresh = 20 eV .

O the excitation

cross section = 6 x 10_18 cm

-1
the de-excitation rate (n=2 » n=1) = 5,28x 105 sec .

As E /KT > 1 the rate scales as Ne to a good approximatioi.

thresh T 3

e
We calculate the de-excitation rate over the range of electron densities and
temperatures observed for the pinch (Fig. 4.1). The de-excitation rate is
shown as a function of electron density in Fig. 10,1.

It can be seen that the decay rate is 50x too low to account for observed
relaxation 6f the fluorescence (Fig.5.1). During the pinch lifetime Ne is
roughly proportional fo Te (Fig.4.1), so that the de-excitation rate scales
abproximately as Ne%' Even if the cross sections of Oberoi and Nesbet
were in error the dependence of the collision rate with Ne would still be in
disagreement with the form of the experimental results.  Theoreiical estimates
of the 438 and 338 excitation cross sectior{s (Mathur et al. 1974) indicate
that the de-excitation rate from the n=3 and n=4 levels to the ground
state is lower than the n=2 - ground rate. We conclude that collisional

de-excitation by electron impact is not responsible for the observed

fluorescence relaxation.

4
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Collisional Tonisation

‘Before using vari.ous éheoretical estimates to determine the collision
rate we need to determine the ionisation pdtential, taking into account the
lowering of the ionisa.tion potential of an atom due to interactions with the
rest of the plasma. Cooper (19&6) gives the relation

2
AE, = e’/py

where /)D , the Debye length is given by :

: 15 -3 . _ _ -5
In the present case Ne =10 cm , k'le =1 eV, PD =2,18x10 cm
and AF; =6,6X 10“3 eV. This is a totally negligible correction. The
average (weighted by the statistical weights) jonisation potential for the

n=2, 3 and 4 levels in helium, En ,is (Martin, 1973)
En
-12
3.812ev (6.11x10 ergs)
1,563 eV (2.5 x 10712 ergs)

0.868 &V  (1.39 x 1072 ergs)

8 BB
1
> W N

Seaton (1964) gives the following relation for the rate coefficient for

ionisation of ions in the solar corona

+ 8 3 -(’5-%2 Ep
q, (X ™ _g.0x10” E_fg T8 10V T ANesec—l
- 'n
where S is the number of electrons in the shell from which the ionisation
takes place -

En is the ionisation potential in eV

T is the temperature in °k
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4 0
In our case for kT =1ev, T=1,16x10 K

and E == 1eV for n=3 electrons
f =36 for n=3

this gives a rateof 2,8x 1010 sec_1 . This is much too high to be
compatible with the present results. If suggests any increase in the n=3
level would be transferred to the continuum on a timescale of 3 x 10-11 sec.
We conclude that the rate given by Sqaton does not apply to the n=3 and 4
excited states of neutral helium,

Hinnov et al. (1962) in calculating recombination coefficients, derive

a formula for ionisation from excited levels using the classical Thomson

relation (J.J, Thomson, 1924).

2 4 A
a“= ¢ 1 (l -_1_) (10.4)
S E E; E -
where d32 is the impact parameter
e electron charge
E incident electron energy
E ~ energy transferred to atom
Hinnov gives an ionisation rate of
4 4, 5, ¢ N E |
z e( ) < exp(*.ﬂ ) (10.5)
5 MTmkT E, kT

In the present case E is given on P,126 , kTe = 1eV,

T = 1,16 x 104 K; and the predicted ionisation rate is

jonisation rate 1.01 x 107 sec™?  n=2
23.4 x 107 n=3

C 7
84.2 x 10 n=4

From Equation 6.9 it may be seen that the higher ionisation rate for
the n=3 and 4 levels compared to n= 2 is consistent with the fact that

the observed fluorescence decayed ( cf. the de-excitation rates to ground
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(gllgz) Dl + D2
1+ (g,/8y)

state, P.124), | The decay» rate predicted by Eqn.6,9 is
where D1 and D2 are loss rates for atoms in the lower and upper levels
inﬁeracting with the laser. With the above figures for the ionisation rate

the predicted decay rate (taking all the n= 2 levels as the lower levels and
all the n =f3 and 4 levels as the upper level) is 5 x 108 sec—l. ~ This
compares o the observed decay rate (Fig.5'.1) at Ne = 1015, kTe =1Ev
of 3.1x 10" sec™ (A”_'_' 7%). The disagreement is not too surprising in view

of the rudimentary nature of the approximation used (Eqn.10.4).

Published Ionisation Cross Sections

As mentioned on P.117, Long et al, (1970) measured the absolute
ionisation cross section of the helium 23S level. We approximate their

form of the energy dependence of their cross section by a series of step

functions.
FIGURE 10,3
1\
6.5 - -
5
23S ionisation cross section
(after Long et al, 1970)
units 10'16 cm2 5
. —# T T >
} 5 6 8 Energ)/

We use Equation 10.2 to obtain an ionisation rate

excitation rate = 2_, N a(ZkT)“( thresh + 1 | exp -(_thresh ) (10.2)
(rR)2 . m kT kT

and sum the contributions from the cross section as given in Fig.10.3.
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 x 10_16 cmz Etbresh jonisation rate
- ev sec™t
5
2 5 5.41 x 10
5
3 6 3,49 x 10
' ' 4
1.5 8 3.03 x10

(total 6,5 at 8 eV)

The total ionisation rate of the 238 level is 9.20 x 105. Unfortunately,

to our knowiedge no ionisation cross sections for the n=3 and 4 levels

in helium have been published. However, we may use the energy dependence

" . E
in Equation 10,5 (ratecc El_ exp - EI% ) with the above value of the

n
3
2 S ionisation rate to deduce ionisation rates for the n=3 and 4 levels.

This gives :
ionisationrate = 2,13 x 107 n=3

7

= 7,68 x 10 n 4

While this procedure is far from satisfactory there is, unfortunétely,
no rigorous way to oktain these rates. Thesé rates are the same order of
magnitude as the observed fluorescence decay rate.

We now calculate the electron temperature and density dependence of the
" ionisation rate for an érbitrary cross section and compare the results to the
observed fluorescence decay rates.

Temperature and Density Dependence of Ionisation Rate

The collisional ionisation rate is highly temperature dependent because
the collision rate is a function of the number of electrons with energies above
threshold. We use Equation 10.2 to calculate the ionisation rate for an

arbitrary cross section with energy dependence :



Cross
section

Ethreshol d Incident electron energy

Fig.10.2 shows a plot of the collisional jonisation rate of the n=3 and
4 levels calculated in this way for an arbitrary cross section taking account
of the observed density and temperature behaviour of the linear pinch (Fig.4,1).
The graph shows a remarkable similarity to the experimental fluorescence
decay results (Fig.5.1) and Fig.10.4 shows a plot of the theoretical n=3
and 4 level ionisation rates for an arbitrary cross section of 1 x 10_15 cm2
together with the experimental results. Eqn.6.9 predicts a fluorescence

(g,/8,)D; + D

decay rate of 2 where D_. and D_ are the loss rates per atom

I (g,/8,) o
from the lower and upper levels interacting with the laser. In the present
1
. - . A oy
case the gy D1 term is negligible as D1< ,D2 and the 1/g2 factor

(0.16 if all fhe n=2, and all the n= 3 + 4 levels are grouped together)
further reduces the contribution of D1 . Considering the arbitrary form

of the cross section th_e agreement shown in Fig.10.4 is surprisingly good

and supports the conclusion that the observed fluorescence decay is due to
ionisation of at<')ms inthe n=3 and 4 levels, and that average ionisation
cross section is 10-15 cmz. It is not possible to distinguish between
ionisation from partibular n= 3 or 4 levels but it is clear from the density
and temperature dependence shown in Fig.10.4 that the threshold for

the decaj.r process must be close to 1 eV. Multi-step processes, i.e.
n=3-»>n=4-sn=5-+>n=6 etc. » continuum are likely to have thresholds

much less than 1 eV and so are expected to be negligible on the present

evidence , To our knowledge no collision cross sections for transitions of

this kind in helium have been published.
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Estimation of Populating and Depopulating Rates

The' theory deseribed on P.73 also demonstrates new possibilities
for deducing the populating and depopulating rates C1 + Cz, D1 + D2 for a
three level atom. In the present case because of the differring enhancements
of the n=3 and 2 levels it is not possible to perform an unambiguous
calculation of these quantities, However, using an average value of the
enhancement we calculate the C + Cz, D D rates for va'rious groupings
of the n= 3 and 4 levels, This treatment involves a slightly inconsistent
treatment of the g 1/g2 factor in Eqn.6,9,  Eqn.6.7 states that when the
laser is on the upper and lower levels have pogpulations in proportion to their
statistical weights. However, for n= 2 and 3 levels other than 23P and 33D
this is not the case (Table 8,2), and hence Eqn.6,9 is not strictly valid. In
the calculation of the expected decay rate due to ionisation (P.130) we as_sume
the 1+ gl/g2 factor to be approximately one because of this difficuity.
Taking first the 23P and 33D levels alone we have -

(gl/g ) D, +D

3.1x 10‘7 (irom Fig.5.1)

1+ (g /8,)
e -_1.,2__ : : (10.6)
Ci.e. -9 D, +D, = 5.0 x10° |
15 2

From Table 8,2

4,3

I
|

also

N2 plateau

N2 0

I
.
o
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ife. C. +C
l\I Z 10:»{107
Nao

Before the laser is turned on we have Eqn.6.6.

N
1 2 - _10 D, + D

2
N20 N20

(10.7)

7
3 = +
.10x 10 4.3 D1 D2

combining Eqns.10,.6, 10,7 we have

]

D 1.3 x 107 sec_1

1
D2 = 4,2 x 107 sec-1
C, + 02 3
We also obtain values for <~ D1 and D2 by grouping (i) the 3.S,P,D )
20

levels, (ii) all the n=3 levels (no enhancement is detected in the n=4
levels at 30 pSdelay). As the signal/noise ratio in the sensitised

fluorescence recorded at 30 pS delay is moderate we obtain the N plateau

N20

values for the sensitised fluorescence by comparison with the

N
_2peak observed for the 5876 X transition using the fact that the time

N2 plateau

histories of the sensitised fluorescence are identical to the fluorescence

directly excited by the laser, The results are summarised in Table 10,1,



TABLE 10,1

3 ' 3

Levels . 2°p 2°S, P All n=2 and
~ 33D 338, P, D n=3
e 9 12 16
gy 15 27 36
N
2 peak (average) 3.3 2.5 2.0
N20
N
2 plateau (average) 2,0 1,5 - 1.2
N20
f_;_g 4.3 2.65 1,92
N20
C.,+C, . - )
1772 (%107 sec™h 10 6.7 5.4
N20
: 7 -1
D1 (x10 sec ') 1.3 1.0 0.61
7 -1
D2 (x10 sec ) 4,2 4.0 4,2

For the different groups of levels used the rate coefficients turn out
to be approximately the same. However because of the difficulties associated
with the gl/g 9 factor these values should only‘be regarded as provisional.

As a plateau was only observable at high electron densities a study of the

. :

variation of C1 C2 with electron density is not possible, One possible
N20

process corresponding to C1 and 02 is three body recombination to the n= 3

and 2 levels, either directly or through intermediate highly excited states.

134
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Roberts (1973) has measured effective three body recombination coefficients
by studying the decay of an helium arc plasma. At Ty = 104 degrees he

, | o . | 28 6 -1
estimates a recombination coefficient K of 4 x10 cm sec , In the

absence of doubly ionised helium and associative recombination K is definedby

*

2
dN = _K N N
dt e

*

Qu

E 3
In the present case, N , the ionised helium number density, is equal to the

electron density

-2
dN - _4x10%%% @o'®?

17 -1
= —4x10 sec

The collisional excitation rate from the ground state is (P.124)
-2 -
2x10 sec 1. Multiplying this by the ground state number density leads

to a value of the net populating rate due to excitation of ground state atoms of

1 - -1
3x104cm 3sec .

In the present case we take

1772 -~ 5x10° sec T
NZO

We deduce a value of N_ . from Fig.8.1, Table 10.1 and the

20
absolute value of the 23P population measured by Cairns (1970)

11 -3
= 0
NZO 5x1 cm

thus 9 -1

1
+ = 1,7x10
Cl C2 X sec

Thus it would seem that the process responsible for C1 + C‘2 is

either atoms cascading from higher excited levels or associative recombination,

These problems are further discussed in Chapter XV.
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To conclude: the similarity hetween the observed 5876 X fluorescence
decay rate and the predicted ionisation rate strongly suggests that the observed
fluorescence decay is due to collisional jonisation from the n=3 and/or 4

levels with an averagze cross section of 10-.'15 cm2,
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CHAPTER XI

EXCITATION TRANSFER BETWEEN THE
He n=2, n=3 AND 4 LEVELS

OPTICAL OPACITY MEASUREMENTS

At the beginning of Chapter X we made the assumption that all the
n=2 and' n= 3 and 4 levels behaved simply as a two level system, fast
collisional processes among the levels '"locking' the level populations to
a fixed ratio. We now examine this assumption in detail. First we discuss
collisional processes among the n=3 and' n=4 levels. Then we describe
an experimental investigation into the opacity of the plasma towards radiation
arising from transitions from n=3 and 4 to n=2, This enables usto
estimate the rate at which atoms leave the n= 3 levels., It also reveals
changes in the n= 2 (other than 23]3') level populations during the laser pulse.
Finally, we deduce collision rates between the n= 2 levels from some
recent cross section calculations and consider the kind of equilibrium

established during the laser pulse.

I. Transfer among the n=3 .and n=4 Levels

The presence of sensitised fluorescence on all the n=3 and 4 to n=2
transitions of exactly the same shape as the 5876 R fluorescence implies a
collisional transfer rate between these levels that is faster than the rise time
of the fluorescence (20 nS) (see P.104 ), We compare this rate to the results
of Wellenstein and Robertson (1972a). Their cross sections for collisional

. . 1 3 -16 2
transfer between singlet and triplet states 3’ D -3 D are 0.02x 10 cm
S + -16 __ 2 .

for atom collisions and 3.0 -1.5x10 cm for electron collisions, In

our case this corresponds to a transfer rate of 2 x 104 sec_1 and 4.5 x 106sec-1

at a delay of 100 pS; much too slow to account for the sensitised fluorescence.
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The alternative of transfer between the n= 3 levels via the continuum would
not explain the ahserce of sensitised fluorescence from n= 5- > n=2
transitions. As it is most likely that electron collisions are responsible
for the transfer we deduce a lower limit on the cross section for transfer

among the n=3 and 4 levels by electron collision of

I} > rate
density x velocity

= 1
20x10 7 x3 x 1014 x 5 x 107

4 x 10"15 cm2

II. Opacity of the Visible Helium Transitions

In this section we describe studies of the optical opacity of taue visible
helium transitions in the plasma with and without simultaneous iaser excitation.

Experimental Set-Up

A "Garton type' flashtube was used as a continuum source. (Wheaton,
1964). This produced a 2-3 pS pulse of radiation which in the visible region
of the spec;trum closely corresponded to a blackbody with a temperature of
30,000 °k. The light was focussed at the éentre of the pinch and then
céllected and dispersed by a monochromator, The optical path was at right
angles to the pinch axis (Fig.11.,1) . Initially a completely independent
monochromator was set up so as to permit simultaneous observations of the
fluorescence and absorption, However the s;econd monochromator proved to
have a very low efficiency and thié system was abandoned. Instead the
flashtube was arranged so the light from it was collected and dispersed by
the monochromator used in the fluorescence measurements. The absorption

and fluorescence were then recorded on different shots.
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The flashtube was continuously evacuated by a single stége 1;otary pump
with a cold trap. It was powered by a 10 pF capacitor connected to the
flashtube by low inductance strip leads. The capacitor voltage was set to
7_kV before each shot, The flashtube was triggered by the same pulse
from the external delay unit that triggered the laser as the formative lag
between the trigger pulse and the initiation of the discharge was roughly the
same in both cases. However, for the best results it was necessary to
synchronise the laser with a part of the flashtube timé history when the
intensity was changing relatively slowly. This was difficult to achieve as
the formative lag of the flashlamp was a sensitive function of the capacitor
voltage and the pressure, flle last being a function of the length of time since
the last shot, This synchronisation was achieved through careful manipulation
of the fla;htube pressure as the difference in time between the laser and-
flashtube was shorter than the minimum delay available from an elecirical
delay unit. It was especially important to avoid timing jitter as this would
appear as intensity variation on a fast oscilloscope time scale. During a
run the flashtube was fired at intervals of exactly 30 seconds, and in this way
the timing jitter was reduced to an acceptable level (Plate VI), For each
getting, four traces were recorded: (Plate VI) :

(i)  The flashtube alone.

(ii) The flashtube with the plasma.

(ili) The flashtube with the plasma and laser.
(.iv) The plasma and laser without the flashlamp.

The difference between traces (i) and (ii) is 2 measure of the absorption.
In order to obtain the besf signal/noise ratio the absorption was measured

as a function of monochromator slit width. Although the proportion of light
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PLATE VI -

OPTICAL OPACITY RESULTS

Garton Flashtube
Intensity

3 shots

Absorption at 5876 £
60 }IS Delay.

{) Flashtube only

il) Flashtube with
plasma and laser

tif) Flashtube with
plasma

iv) Plasma and laser
alone on same
scale

LASER REPRODUCIBILITY AND TIMING JITTER

[otal laser intensity Laser Intensity
3 shots (That part producing the
fluorescence)
3 shots

LASER FLASHLAMP CURRENT AND LIGHT EMISSION

TIME_HISTORY

500 nS/cm Laser Ilashlamp
Upper: Current Light emission,
Lower: Light emission

Laser capacitor voltage set to 25 kv

(Fast oscillation is due to electrical
pick-up)



absorbed decreased with increasirg slit width, in absolute terms the amount
of absorption increased up to the point where the photomultiplier response
became non-linear., The slit width was set at about half this value or less
fovr these experiments (i.e. at 35 pm or 10 um). The slit height was
reduced to 3 mm to exclude as much of the fluoresceﬁce as possible,

The monochromator wavelength was set using a helium lamp as the
pinch emission intensity was low. .This leads to slight errors for linés with
appreciable stark shifts (e.g.4471 X ) but the monochromator instrumental
width (0,27 K) was large enough fo malke this negligible,

The light intensity of the flashtube was much too small (of the order of
milliwatts cm ™2 & —1) to necessitate any correction due to the excitation of

fluorescence by the continuum illumination.

Results ; Opacity

No absorptiou ( < 5%) was detected on the following transitions :

ols - slp
ols - 4lp
~olp - 3lg
olp - 4ls
olp - 4lp
23p - 3%
23p - 433

Absorption was detected in the transitions listed in Table 11,1,

The optical depth of the 5876 X transition as a function of delay time
is shown,in Fig.11.2, It can be seen that the degree of optical trapping is
small.

We now estifnateﬂthe decay rate for atoms in the n= 3 and 4 levels to

the n= 2 levels., Atoms which decay to the 23P level are immediately
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re-excited by the laser so we do not include those transition rates. We
also do not take into aécounf radiative decay from n=4 levels as the n= 4
enhancements are much smaller than in the n=3 case. The single atom
radiative decay rates for the transitions in Table 11,1 will need slight
adjustmen; because of the finite 6ptical depth. Holstein's theory, discussed
on P.109, ’does not apply in the present case as the optical depth is not large.

An overestimate of the modification of the radiative decay rate is :

_ ~-kx
Aeffective - Aij ©

where kx is the optical depth. This only decreases the average radiative
‘decay rate by 5%. Taking the single atom 'A' values then we weight the
radiatilve décay probability for a particular level by the relative probability

of finding an atom in .that level. In the presence of the laser illumination
the latter is given by the product of the statistical weight, the relative sublevel
population (P. 1oi ) and the fluorescence enhancement (P. 103). The average
radfative decay rate calculated in this way for the case of a 30 pS delay time
is- 2,16 x 107 set::_1 corresponding to a lifetime of 46 nS, As the total
duration of the fluorescence is 450 nS it is clear that the 23]? population
at least, will be cycled between the n= 2 and n =3 levels at least 10 times
during the fluorescence pulse. This has implications for the collision rates
between the n= 2 levels,

n = 2 Level Populations (Without Laser)

Estimates of the relative populations of the n= 2 levels were obtained
from the absorption measurements. As the n= 3 to n= 2 transitions are
predominantly doppler broadened the line widths are approximately the same,

We obtain relative populations by dividing the optical depth by the f-value of the
transition. It was only possible to deduce an upper limit for the le'population

as no absorption was detected on transitions from this level,
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TABLE 11.1
Wavelength Traunsition | f-Vvalue Delay Transmission Optical
K ' Time (Spectrometer Depth
slits set to
10 pm)
1 1 + +
6678 22P-3D .71 20 pS 9 - .05 11 - .05
30 ps .87 L 05 A4 F 05
60 pS 9t .05 A1 % 05
3 3 + +4
3888 25-3P .06 30PS 75 T .05 .29 T ,05
. 60 pS .73 £ .05 .31t 05
3 3 + +
5876 2P-3D .61 30 pS 4 T .05 92 T .08
60 pS 4t 05 .92 * .08
3 3 + , +
4471 2P-4D .125 60 pS 93 T .05 07 T .05
Relative Pcpulations of n=2 Levels
30 puS Delay 60 pS Delay
23P 1 1
23 3.1+ 0.5
olp 0.1 (* .05) d F 05
215 0.2 (t .05) 0.2 (* .05
. . , 11 -3
Cairns (1973) gives a value of 3.7 x10° " cm = for the absolute number

density of the 23P level at 30 pS delay, ( He also gives a lower limit of 1013

on the 23S population from measurements of the optical depth along the pinch
axis but later states that this is too high as he could detect no absorption in a

transverse direction to the pinch axis.)
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n = 2 Populations (With Laser)

The absorption was measured during the laser pulse to record any changes
in.the n = 2 populations. For the 215 - 31P and 2'p - 31D transitions
no change was observed. This is not surprising considering the small amount
of absorption and thé small proportion of the plasma being illﬁminated by the
laser. For the 23S - 33P, 3888 X transition however a very small change
was apparent at a delay of 60 uS. Possible changes due to the presence of
sensitised fluorescence, or the increased 33P population in itself reducing
the absorption could not account for this. | The decrease in the plasma absorption
must have been due to a decrease in the 23S population during the laser pulse.
After correction by a geometric factor to account for the fact that only a part
of the pinch was illuminated by the laser the results revealed a large decrease

(50 - 100%) in the local 23S population during the laser pulse.

5876 & Opacity

Typical results are shown in Plate VI. - In the second photograph four
traces are shown :
()  The flashtube intensity without the laser or plasma.
(ii) The flashlamp intensity transmitted through the plasma with the laser
being fired a short time after the start of the trace.
(iii) The flashlamp intensity transmitted through the plasma in the absence
of the laser.
(iv) The fluorescenée produced by the plasma and laser alone.
It can be seen that the total intensity detected rises during the laser
pulse anc; that part of this is due to the fluorescence. Similar results were

observed over a range of delay times.
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An unexpected feature is the continuation of the enhanced transmission
of tﬁe flashtube light detected after the laser pulse, This was especially
apparent for delays from 60 - 80 pS, the enhanced level countinuing for abo;lt
290 - 300 nS.

Discussion of 5876 R Opacity

Because the laser is operating above saturation with the 23P and 33D
level populations equalised no absorption takes placé in the region of the
plasma illuminated by the laser, This, of course, means that no direct
‘measure of the 23P population during the laser pulse is possible, The
reduction in the observed absorption is a measure-of the proportion of the
plasma illuminated by th;e laser. Inorder to deduce this factor the observed
flashtube intensity during the laser pulse needs correction because cof the
presence of the fluorescence. The optical depth in the absence of the laser

is given by

where I . is the intensity shown on the (i)th trace as described on P.140.

(1)
The optical depth with the laser on, after correction for the fluorescence is
T
ln(I(u) (iv) )

Li)

We define a quantity, < , by the following relationship -

) lay C Ty |
S B /
& = 1 — (1)

I...
1n {_(iii)
(Im |

This represents the proportion of the plasma illuminated by the laser.
In practice, as the optical depth was small, « was given to a sufficient

accuracy by the fractional decrease in absorption with the laser on.



The value of o over a range of plasma conditions is given in TFig.11,2.
On average o was akeut 0,25, close to the factor expected from the ratio
of the diameter of the laser beam to the internal diameter of the discharge
vessel (0.28).

The continued enhancement of the fiashtube transmission after the laser
pulse must he due to the relatively slow relaxation of the 23P pepulation back
to its original value. This is shown by the following model. For convenience
the laser is assumed to illuminate the whole plasma and the 23P and 331)
pooulations are assumed to be 24 and zero respectively before the laser is

turned on, The laser is a step function in time,

Laser

Intensity

Tiine

The 33D population as a function of time may be obtained from the
fluorescence traces as the optical depth is small. Experimentally, at a deiay
time of 60 uS,the 33D population is a third of its peak value just before the
end of the laser pulse. While the laser is on the 23P and 33D populations

are in the ratio of their statistical weights,

15

33D population I\
5 b \l

24

Time

3
2 P population

[¥V]
]

S «
“Time

15

Qo



149

At the end of the lacer pulse the 33D population decays to the 2313 level

by radiative transition so the 23P population is increased to 8, Subsequently
it i‘egains its former equilibrium with the rest of the plasma with a time
constant given by the decay rate out of the 23P sfate per atom (D1 in the

notation of Chapter VI. See also Appendix 1.)

A

24

33D

population
8
3 -

L
1 4

end of laser pulse Time

]
The transmitted flashtube intensity is governed by the 2°P population and

also displays this decay rate.

N~

Intensity

LNy

] >
end of laser pulse Time

The beha;ziour of o<, with time gives a measure of this decay rate, The
pulse length of o« is given in Fig,11.,4, As & is obtainéd by considering
the differences between four traces it is not éossible to estimate this rate to

a high accuracy even in the absence of timing jitter. The results at a 60 pS
delay show a decafy rate similar to the decay rate observed in the fluorescence
(approximately 107 sec—l). Assuming this similarity alsc holds at 30 pS
and 100 pS delay we explain the apparent lack of relaxation effects in the

flashtube intensity at these times as follows, At 30 pS the relaxation is



too fast to he detected. At 100 P‘S the relaxation is slow but small in
amplitude - few atorms have been transferred from the 23P-33D system -
and is hence unohzervable in the shot noise.

Fluorescence " After FEffects"

The continuation of an enhanced level of plasma emission observed
in the fluorescence traces after the end of the laser pulse (P.97) may be
understood in exactly the same way.. The delay times at which this i;q, most
apparent in the fluorescence correspond exactly to the times when this effect
is observed in the flashtube absorption traces. 1In the absence of the laser
the 5876 & light from the far side of the discharge has to pass through the
plasma, of optical depth 0.9, before heing detected, When the laser is on
the central region becomes transparent and this leads to an increase in ihe
5876 R l{ght observed, This increase will last until the 23P populatior;
relaxes back to its original value.

We conclude -

1) Optical depth measurements show that the radiative decay of n= 3 and 4

| states to n= 2 1is unimpeded by radiation trapping.

2) Observations of the optical depth of the 23S - 23P transition show that
the 238 population is reduced during laser excitation of the 23§ - 33D
transition,

3) Relaxation effects observed in the absorption after the end of the laser

pulse provide an independent measure of the decay rate out of the

23P level.

We now consider the transfer of atoms among the n= 2 levels necessary

to sustain a fluorescence pulse longer than the radiative lifetime of the n= 3

levels.
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T, Collisions Between n= 2 Levels

As we have secen, when the laser is turned on about half the 23P.
popul.ation ié excited to the 33D level, transferred among other n= 3 and
4 levels, and then decays down to the n= 2 levels, If there were no
transfer between the n= 2 levels the 2313 population would quickly be
exhausted and no further fluorescence would be observed. Theoretical
cross sections for transfer between t'he n= 2 levels have been calculated
using the close coupling approximation by Burke et al. (1972). Their cross
sections show a complex resonant structure near threshold. We convert
these cross sections fo collision rates using the formula derived on P.123
We approximate the complex shape of the theoretical calculations by a
series of step functions, the main contribution to the rate coming {rom the
region near to threshold.

We obtain the de-excitation rates from consideration of detailed

balance

- B
de-excitation rate = _lOWer exp AE  x excitation rate

8upper KT

where the g's are statistical weightsand A E is the energy difference

bétween the two levels,

1 E. E
Excitation rate =E 2 No.(2kT2 | 1 4+ 1 lexp~ (L
ation (7—{7% 0-1( m ) kKT Xp (kT)

i

where the cross section, o , is represented by

N
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/
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The dashed line represents the theoretical cross section of Burke
et al. The excitation ard de-excitation rates are calculated for the plasma
coﬁditions at 30 ,uS and 100 pSdelay. The results are shown in Table 11,2
and in Figs,11,3 and 11,4, The latter also show radiative and other
collisional rates deduced previously and also the observed n = 2
level relative populations, The uncertainties in the (de) excitation rates
due to approximating the cross sectibdns is estimated to be 30%.,

In general it is hard to visualise the behaviour of all the level
populations because of the many simultaneous processes. One important
factor is the coupling befiwveen the 23S and 23P populations. If these levels

were in LTE the ratio of their populations for kT =1 eV would be

3 g9
2P =4 exp(—_P__): 0.96
23s 8 kT
. . 3
in practice 2P - 32
ZSS )

so it is cleér that 23S is overpopulated (or 23P is underpopulated) co;npared

to the LTE case'. Also comparing the 23P and 21P populations it is clear

that 23P is overpopulated compared with 21P. The reason for this is not

clear as the collision rates between the n= 2 levels are faster than the

radiative rates including the effective radiative decay to ground 21P-128 (P.154),
The observed reduction in the 23S populatioﬁ when the laser is on is consistent
with a close coupling between the 238 and 23P levels, At 30 uS delay the

n= 2 collisional transfer rates are sufficiently fast to permit the rapid cycling

of atoms from 23P -» 33D -» other n=3 levels -» n=2 levels —» 23P

necessary if the fluorescence is to be sustained throughout the laser pulse,



TABLE 11,2 -

CALCULATION OF COLLISIONAL TRANSFER RATE BETWEEN n=2 LEVELS FROM

THE CROSS SECTIONS OF BURKE ET AL, (1972)
30 uS Delay 1100 uS  Delay
N_ = 9.9x 10 em™ N_=3.4x10M om™
T = 0.802eV | T 0.345 eV
. e e
Cross Above an
Transition Threshold gl/g2 Section Energy of Rate Up Rate Down Rate Up Rate Down
ev (rra ?) eV
3 3 6 6
2’8 - 2P 1.14 1/3 18 1,22 51.8x10 2(.8x10
50 1.86 85,3 1.7
15 2,72 11.6 6 5.91 ' 6
: Total 149 205 x 10 4,57 41.5x 10"
3 1
2SS - 2P 1.40 1 2 1.56 4.4 25.2 0,141 8.17
23S - 21S 0.796 3 11 0.9 39.7 321 3.44 104
23p - 2'p 0.25 3 2.0 0.33 9.77 40 1.77 11
1 3
2’8 - 2P .35 1/9 35 . 166 27.9
less 17 1,0 57.3 4.3
Total 109 18.5 23.6 7.23
ols - olp 0.6 1/3 50 .79 194 19.6
200 1.54 447 14.8 .
Total 641 451 34.4 65.3 a
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FIGURE 11.3 - HELIUM : POPULATIONS AND COLLISION RATES
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FIGURE 11.4 - HELIUM : POPULATIONS AND COLIISION RATES
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At 100 RS however the theoretical 23S -—>23P rate is slow (5 x 106 sec—l).
The de-excitation rate 23P — 238 is similar to the rates for other routes

of decay for the 2313 possible when the laser is on, e.g. 23P — 33D

31D - 21P - 218 - 23S, and so the slow excitation rate is not necessarily
inconsistent with an almost constant intensity fluorescence pulse at 100 RS
delay tifne.

As a further check on the coupling of the n = 2 and 3 levels two
experiments were performed. One step faken was to investigate the
fluorescence in an atom without these complications - namely hydrogen
(see Chapter XIII). Also, the fluorescence produced in helium with the

laser wavelength tuned to another n =3 - n =2 transition was investigated.

The latfer is described in the following chapter.
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'CHAPTER XU

FLUORESCENCE AT 6678 &

In order to discover whether or not the n=2 and n= 3 or 4 levels
could be regarded as single unité in the interpretation of the ohserved
fluoresceﬂcq experiments were performed at the equivalent singlet transition
to 58'%6 X-, namely 6678 R , 21P - 3‘1D. The same procedure as for the
5876 & case was followed. First the laser performance at this wavelength
was measured., Then the laser light transmitted by the plasma was examined
to discover the time history of the light actually producing the fluorescence
and also to estimate the degree of saturation achieved., Finally, the
fluorescence was studied over a range of electron densities and laser energies,

Laser Performance at 6678 X

The wavelength range of rhodamine 6G does not extend to 6678 X
A mixture of cresyl violet and rhodamine 6G however lases over the range
6350 - 6700 X with about -half the efficiency of rhodamine 6G. The laser was
therefore operated with a solution of

128 mg Rhodamine 6G

% in 1 litre of '"Ultrar" methanol.
48 mg Cresyl Violet

The dye was filtered through a sintered glass filter (2 pm pore size) before
use,as this improved the performance. A dye conéentrati.on lower than the
above would not lase at 6678 R .

To offset the lower efficiency of the cresyl violet/rhodamine 6G
solution the laser was run at an increased voltage - 20 kV instead of 16 kV,

The output energy was typically 30 mdJ in a pulse of duration (F.W.H.M,)

200 nS giving an illumination of 32 kW cm-2 inside the pinch. As shown
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in Fig. 3.6, the spatial characteristics of the laser beam are the same as in
the case of rhodamine 6G.

Laser Line Width at 6678 A

The laser line width,was measured using the arrangement of Fig.4.3,
With the intra cavity Fabry Perot at a fixed angle to the laser axis the mono-
chromator was scanned across the Ias_er line and a line profile built up on a
shot to shot basis, The wavelength resolved photomultiplier signal was
displayed on the 7704 'scope, The scope time base \Qas triggered by the
signal from a photodiode monitoring the total laser output, 1In this Way any
wavelength change of the laser during the course of a single pulse ( "chirp")
would be revealed, Thé same line narrowing during the laser pulse as
observed for the 5876 ] transition was apparent and no wavelength shifts
were detected, The (whole) half width of the laser line profile at the instant
of peak intensity was 5.0 Y 0.5 R This compares to 2,2 X for the
5876 R case, The difference is due to the lower finesse of the Fabry Perot
at 6678 8. The F.W.H.M. of the transmission band of the Fabry Perot
was 32 & at 5800 & and 45 & at 6500 &.

Saturation at 6678 &

In comparisoh to the 5876 X case the increased laser line width at
6678 8 increases the total laser power needed for saturation, The radiative
decay rate of the 6678 X transition is similar to 5876 R, Wiese et al (1966),
The calculated stark width is 2x larger, Griem (1964). The measured
optical depth is 9x lower (P.145),

The transmission of the laser through the plasma was measured over
a range of laser intensities and plasma conditions, The results for a 100 pS

delay time are shown in Fig.12,1,
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FIGURE 12,1 - LASER TRANSMISSION AT 6678 &
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The time history of the laser pulse did not change on transmission
tbrdugh the plaéma. This confirms that the changes in the transmitted laser
pulse at the 5876 ] wavelength (P, 88 ) are associated with the high optical
depth at 5876 f?_ The theoretical estimate of the transmission at different
laser powers is shown in Fig.6,6 (P.82; case for optical deptﬁ= 1.4), The
theoretical and experimental results are similar except that at high laser
intensities the observed transmission is higher than predicted, probably _
because of deplétion of the number of atoms interacting with the laser due to
relaxation process to other levels, In practice the laser power density
inside the pinch had to be reduced below 10 I«:W/cm2 before any reduction
in the fluorescence was a;pparent.

At 100 pS delay time the fluorescence intensity is nearly constant
with time and .the two level model (P.63) is applicable, By comparing
Fig.12,1 tp Fig.6.6 (optical depth = 1,4) it may be seen that the saturation
threshold corresponds to 0,3 kW/cmz. Thus at typical laser intensities in
the plasma of 30 kW/cm2, the degree of saturation at 100 uS delay time is
approximately 100, Assuming the collisional quenching is proportional to
the electron density th_is corresponds to a degree of saturation of 30 at
30 puS delay.

Fluorescence at 6678 X

Using the methods described in Chapter IV fluorescence traces were

recorded over a rangé of delay times. Typical results are shown in Plate VII,

Unexpectedly, they are not similar to the 5876 & results. As inthe 5876 ]

case sensitised fluorescence on all other n= 3 and 4 transitions are observed.

The sensitised fluorescence closely followed in time the direct fluorescence

from the transition excited by the laser, No polarisation was detected in the
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fluorescence. | Fig.12,2 shows .the observed fluorescence decay rate as a

~ function of electron density. As ro plateau region was observed the decay
rates were calculated assuming an exponential decay process tending towards
the initial 6678 & intensity.

Of course, as the decay rates are measured in slightly different
ways an exact comparison is not possible, but it can bé seen that the decay
rate is about 10 times lower than for the 5876 X case and shows a different
variation with electron density. Thc; time histories of the direct and
sensitised fluorescence were identical within experimental error, The
enhancement in the emission of the n=3 or 4 to n=2 transitions was
recorded, The lower intensity of the enhancement and in addition the increased
electrical pickup caused by operating the laser at a higher voliage meant that
the experimental uncertainty in the degrée of enhancement was higher than

the 5876 R case, The following figures are thé average of three experimental

runs. With the laser tuned to 6678 & the enhancement ( Fluorescence

previous local emission

of the 6678 & transitionwas 1.6, 3.3, 3.7 (©25% atdelay times of

30, 60, 100 pS respectively, The enhancements of the other singlet
transitions was 3/4 +1 x the 6678 ' enhancement, The enhancement

- of the triplet transitions was about 0.4 of the 6678 X enhancement, The
lower enhancement in the direct fluorescence compared to the 5876 X case
must be due to a pre-existing population difference between 21P - 31D lower
than the 23P - 33D case, In general the sensitised enhancements were a
similar proportion of the direct fluorescence enhancement when compared

to the 5876 R case,

We discuss the 6678 X fluorescence results and their relation to the

other fluorescence date in Chapter XV,

()

1y
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PLATE VII

6678 8 FLUORESCENCE

" 6678 X Direct Fluorescence 6678 .2 Direct Fluorescence 6678 X Direct Fluorescence
(1) with laser- (i) with laser (i) with laser

(ii) without laser (ii) without laser (il) without laser

Delay 30 PS Delay 60 }.xS Delay 100 }IS

H o FLUORESCENCE

Hex Fluorescence H o¢ Fluorescence He Fluorescence
Delay 34 FS Delay 44 FS Delay 54 }IS
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CHAPTER XIII

Ho« TFLUORESCENCE

Compared to helium, hydrogen has a very simple atomic structure.
Instead of the twelve helium transitions from n=3and4 to n=2 hydrogen
has only twc;, He ard HA , The fine structureof Hec and H A ranges
over less than. 0.1 X, all the sublevels of the same principal quantum number
interact with the laser, The cross sections for a wide range of collisional
processes are well known and the problem of interpreting the fluorescence
traces is at once simpler and more susceptible to verification by comparison
x;rith published cross sections, The same experinﬁental procedure was

followed as for the 6678 X and 5876 X cases,

ILaser Performance at H e

The mixture of cresyl violet and rhodamine 6G dyes used for 6678 R
also lased at H o (6563 X). The laser performance at H~ was identical
to the 6678 R case described on P, 157,

H < Saturation

The stark width of He. (0.5 X Vidal et al, 1973) is larger than
the stark width of 6678 R However it ic difficult to make any statement on
the quenching rate compared fo helium on this basis alone,

The optical depth of H = (without the laser illumination) was measured
using the method described on P.138. Because of the lower flashtube
intensity at H« compared to 5876 X, the signal/noise ratio with the

monochromator slits set to 10 ')um was poor,
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Delay Time ' Electron Monochromator  Optical Depth
Density Slit WwWidth
ps  x10tem™ p.m.
34 4.7 10 1.2 ¥ 0,2
20 1.0t .05
44 1.5 20 0,78 * o0.05
. 54 | 20 0.49 * 05

It can be seen that the optical depth of He is similar to that of the
5876 & ‘transition in a helium plasma.

The laser trgnsmission was measured as a function of laser powe: and
a sharp cut-off was cbserved at laser powers less than 5kW/cm2 fora 30 pS
delay time. The ﬂuorescence intensity was approximately constant with time
at deiays exceeding 80 puS. However as no experimental values of
the electron density are available for this delay time it was not possible to
extrapolate to a value of the degree of satﬁration at the lower delay times
u’sed in the fluorescnece experiment. The laser pulse length was reduced on
transmission through the plasma in much the same way as the 5876 X case,
At the intensities used in the fluorescence experiment the laser beaﬁa was

completely transmitted by the plasma.. At a delay éf 34 pS, a 50% reduction

in the laser intensity from its normal value of 30 kW resulted in a fall in peak
fluorescence intensity of only 10%.

The calculated laser transmission is shown in Fig. 6,6 (optical depth : 14)

and it is clear from this graph that the degree of saturation is. at least 20,
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Hydrogen Plasma

The discharge vessel was filled with hydrogen to a pressure of
0.45 torr, The plasma conditions were slightly different from the helium
cése. The electron density decreased faster but from a higher initial value
when compared to the case of helium (Fig.14.2_) . No experimental data is
available for the electron temperature, However, theoretical estimates using
either a coronal or LTE model both,give a temperature of 1x 104 0K ;'11: an
electron density of 1015cm3 (Mahon 1973),
The technique described on P,100 was used to determine the ratio
of the n=3 to n=4 populations by measuring the Hoc and HA  emission
intensities. The experinient was performed with an instrument function of
Width (F.W,H. M) 8 R and 16 X The same ratio was obtained in both
cases indicating no correction was necessary due to emission in the far line
Awings. At a delay time of 30 pS the apparent ratio of the n=3/n=4 sub-
level populationswas 2,7, Asno correctiox_l was made for the optical depth
of He< the true value is likely to be higher than this, The ratio of the
sublevel pooulations expected if the two levels were in LTE is given by the
Boltzman factor exp (—?'T% =1.9, Thus we conclude that lew}els 3 and 4 are
| not in LTE.

H <« Fluorescence Results

Using the same techniques as in the helium case, the He emission
was recorded with and without laser excitation over a wide range of delay times.
Typical results are shown in Plate VII, The fluorescence rises rapidly to a
peak then ‘decays exponentially to an enhanced plateau level, subsequently
reverting to its original level at the end of the laser pulse. In order to best

display the time history of the fluorescence the oscilloscope traces are offset



from zero, The time histbry of the fluorescence is very similar to the
587 6‘ g case, A plot of the decay rate (peak to plateau) against electron
density is shown in Fig. 13,1. The form of this graph is completely
different to the results for 5876 R (P.60),

No polarisation ( < 5%) could be detected in the fluorescence using
the method of P.97. The intensity in the plateau region at 34 pS delay was
constant in contrast to the 5876 & results.

Sensitised fluorescence of the same form as the Ho« fluorescence
was observedon Ha and HY . There wasa very small indication of

sensitised fluorescenceon HY but noneon He .,

TABLE 13,1

Hydrogen - Sensitised Fluorescence Enhancements

fluorescence + 1
local emission

Delay Time He Hp HY
puS pezk plateau peak plateau peak plateau
34 7.8 4,9 2.1 1.5 1.3 1.3
44 18,4 7,7 4,7 2.3 2,3 1.6
54 21.4. 8.9 4,6 2.2 1.9 -

Photomultiplier Temporal Resolution

At the electron densities of 1,6 x 1015 cm—3 the total duration of
the fluorescence transient spike was only 20 puS. It is important to ensure
that the photomultiplier response time is less than this in order to deduce the
fluorescence décay rate. The anode r‘ise time quoted by the manufacturers

for the RCA (C31034 photomultiplier is 2,5 nS. No figures are available
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for the transit Spfead time, i.e. the scatter in time at which electrons
simultaneously emitted from the photocathode arrive at the anode due to

their different path lengths through the dlynode chain, With the co-operation
cf the Applied Optics group an experiment was arranged in which the same
photomultip;lier used in the fluorescence experiments was set up to detec‘t a
train qf pico-secdnd pplses from a mocielocked ruby laser. A Tekironix 7904
oscilloscope of 0,8 n$ rise time was used to display the photoraultiplier
signal, The pulses could easily be resolved, the total duration of a single
pulse being measured to be 5 nS. Thus, the observed time histories of the
fluorescence are not limited in any way by the photomultiplier.

H o« TFluoiescence : Discussion

The lack of any polarisation in the fluorescence confirms that any
coherence effects due fo the laser excitation are negligible. The variation
of observed decay rate with electron density is scmewhat like Fig.10.1, where

the de-excitation rate to the ground state is plotted. Using the 3-level model

of the fluorescence (P.73) we calculate values of the populating and de-

populating rates Cl’ Cz, Dl’ D? of levels of principal quantum numbers

two and three for the case of Ng = 1015 cm ., We neglect the small
enhancement in the n=4 level.
From Fig.13.1 we have .

(g;/8,) D, + D,
1+ (g,/g)

9 x 107 secn1

© [
=)
+
=)
N
i

13 x 107
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From Table 13.1 -

2 peak = 7.8
NZO
N
10 = 10,3
NZO

Nz plateau = 4.9

sz \
Gt
g
N A D. +D )
20 ( g9 1 2
thus
c. + C
1 72 - 4.9 x 13 x100
N20
= 6.4 x108
also before the laser is turned on
+
“17% - Mo p 4p
N N 12
20 20

6.4x10° = (10.3 x D,)+ D

1 2

solving Eqns.13,1 and 13,2 we have

-1
D1

[}

5.1x 10'7 sec

D 10.7x 10° sec t

2

It should be noted that here we are deducing the collisional depopulation
rate for the n=2 ievel by observation of the fluorescence from the n=3
level. This is only possible because the laser pulse lasts longer than
the relevant decay times, We now estimate the collisional and radiative decay

rates using published cross sections in order to cbmpare the predicted decay

rates to those deduced above.

- (13.9)
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Radiative Decay to the Ground State

Here we follow the method of ChapterVIX. At a temperature of 1 eV

the doppler width is

1 i}
.é% - (_21.]1.;1)2 = 4.62x107
For Lyman x at 1216 & A, = 0.056
9 =
2 1025 & Ap = 0047
Y o928 Ap = 0.045

The stark (half) half width estimated from the tables of Vidal et al

(1973) at Te=104 K and N_ = 100 em™ s

Ly o .0004 &
Ly A .03 R
Ly ¥ .0075 &

The theoretical stark profile for Ly/ﬁ has a central dip and is not
Lorenzian in shape. We take the case of Ly e first. The absorption
coefficient for the case of a doppler broadened line is given by

) 2
ky(w) = ¢C - exp — a2l
()2 A wp 4w,

v is the angular frequency at line centre and A wp s the

doppler width defined by

|bes

2
AWy

(&Y m

- 2kT>
(o]

and C is given by the integral absorption relationship

- Jutwraw = 2o ()

8 To | g

where X is the radiative emission probability in angular frequency units

(2.95 x 10° sec™? for Ly o),
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N is the lower state number density (1.5 x10 cm )
: (g,) ‘the lower (upper) statistical weight;2 and 8 respectively
for Ly«

i 1 -1 -
For Le« , C = 1,04x10 50m radians sec

1 -
w = 2TC = 1,55x10 6raclianssec 1
° A
3
11 -1
Ahi) = W (2.52) = 7.16x 10 rad, sec
(0] m ]
hence
C -1
ky(@) =-—1——— = 89cm
(rc)? Owo

We now use Holé;teins results to calculate the escape factor g for
a plasma of cylindrical geometry of radius, R.

Inour case R = 2,5 cm.

optical depth kD( wo) R = 2,05x 103
The point on the line wing where the optical depth =1 considering doppler

broadening alone is given by

' ol
exp — cuuo,) 1 5
Huwp 2.05 x 10
/
w -~ L")o = 2.76 Aw
D
12 -
= 1,98x10 radians sec1
!
AN =7\, = 0.155 &

On examination of the stark broadening tables of Vidal et al (1973)
we find that at this point the doppler and stark contributions to the line proiile
are corhparable. We first calculate the radiation escape factor using

Holsteins result for the case of a doppler broadened line.
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1.6
g = . %
k(w) R (70 In k(w)R)
= 1.6x10 "
radiation lifetime = 1 = 13.5 pS
& Ay

For the case of a stark broadened line we need to estimate the
absorption coefficient at line centre.

The tables of Vidal et al comprise normalised stark profiles with
and without con\;olution with the appropriate doppler profile. At line centre the
absorption coefficient is governed by the doppler profile, We obtain the
absorption coefficient for the stark profile at line centre for the case where

all the atoms are stationary, by multiplying the doppler absorption coefficient

by the ratio of the stark to doppler line profile peak height.

stark peak height
doppler peak height

kL( ) X kD (w)

3.78 x 104

R kL( wo)~
For the next step we need to assume the line profile to be Lorentzian and we

use Holsteins relation to calculate the escape factor, g.

_ 1.115
g Ry
2
(7c kL( w,) R)

= 3.24 x 1072

The lifetime of a group of excited atoms in the n=2 state is given by

Lifetime = 1 __ = 658 nS
& Ay

Decay rate = 1.52 x 106 sec-1
Thus in both cases the effective radiative decay rate is too slow to

account for the observed fluorescence relaxation.



Lyman /

The stark profile of Ly/4> is not Lorentzian, The radiative
transition rate is 56 x 106 sec-l, too slow by itself to account for the observed
fluorescence decay rate even in the absence of radiatioﬁ trapping. To estimate
the decay rgte in the presence of. radiation trapping we follow the method used
for Ly ««¢ .‘ The point in the line profile where the opticai depfh is1 is
outsidé the central dip. We approxir.nate the line shape to a Lorentzian with
a peak height corresponding to the peak height of thé stark profile. The decay
rate calculated in this way is

2,43 x 106 sec“1
. Bezausc of the approximation to the line profile this can orly be regarded
as a rough estimate, However it seems likely that Ly A radiation is not

responsible for the observed fluorescence decay.

Tyman 3,8, ¢

The radiative transition rates are

Ly g 13 x 106 sec—1
Ly § 4,1 x 108
Ly e 1,6 x 106

The decay rates after taking account of optical trapping are smaller
still, Radiative decayby Ly § , Ly & and Ly € is much too slow to
account for the observed fluorescence.

Although the approximations made in the treatment of the line profile
leads to 2 small degree of uncertainty in the above anal&sis it seems clear

that radiative decay is not an important factor in the observed relaxation of

the fluorescence,
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Photoionisation

The photoionisation cross section for hydrogen may be obtained from
Woolley and Stibbs (1953). Taking the Gaunt factor to be oné¢, the photo-
o i, _ g ; -17 2
ionisation cross section of the n= 3 level at 6563 is1,2x10 cm ., The
total number of photons transmitted through the pinch is 5 x 1016 in a 250 nS

- -1
pulse. The ionisation rate is therefore 2 x 106 sec . This is much slower

than the observed fluorescence decay,

Hydrogen Collision Rates

In this section we caléulate hydrogen collision rates corresponding to
the various published cross sections and compare the predicted collision rates
to the decay rate observed in the fluorescence. In Chapter X the experimental
values of electron temperature and density were used to scale the predicted
collision rates according to the plasma conditions, Although no e:\'perirf;ental
values of the electron temperature, Te’ are available for hydrogen it seems
reasonable to assume the variation of Te with delay time follows the same

pattern as in the case of helium,

n=1 - n=2,3,4 Transitions

The electron collision cross section for 1s -» n excitation of |
hydrogen has been investigated experimentally and theoretically by a number
of workers, e.g. Fite et al (1959), Kaupilla et al (1970), Johnson (1972),
Felden et al (1972), McDowell et al (1973) and Williams et al (1974). Thke
results are in general agreement, We calculate the excilation rate using

Equation 10,2 for the case of Ne = 1015 cm-3, kTe =1leV

1
z2 [ E E
'012 = 2 Nq(sz) thresh . 1)exp -( thresh) (10.2)
m kT kT

(rT)

(S



Because of the exponential factor the excitation rate in the present V
case is governced by the value of the cross section near threshold. We
approximate the results of McDowell et al. and Williams by a cross section

in the form of a step function for the total 1s — 2s, 2p cross section

0.4

(rvcao)2

>

10.2 Eiectxfon energy

~ The predicted excitation rate is 9.8 x 102 sec_l. The de-excitation

rate is given by detailed balance

E
= g thresh
Co1 = Cia (L) exp (=25
g, kT
_ 6

6.6, x 10

| Thé excitation cross section for n=1 -» n=3 transitionsis 0.1
near threshold; lower thanthe n=1 -» n= 2 cross section, and the
de'-excitation rate calculated in the same way as above is 9 x 105 sec»_l.

We calculate the predicted fluorescence decay rate using the theory of P.73
assuming the fluorescence relaxation is due to de-excitation to the ground state,

Decay rate =

(g,/8) + 1

(4/9) 6.6x 10°

+ 9x105

1.44

3x10% gect

This value is approximately twenty times less than the observed

fluorescence decay rate, A more fundamental objection to the hypothesis



tha_t the observed fluorescence decay is due to collisions to the ground state
is the fact that the observed fluorescence decayed implying by Eqn.6.9 that

the depopulating rate out of the upper state is dominant,

Collisional Transfer between Excited Levels

Johnson (1972) has presented semi-empirical eleciron excitation
cross sections for n=3 > 4, n=6 > 7 and n=10 - 11 transilions.
The cross Jsections are in agreement with several other workers including
Saraph (1964). The célculations of Saraph show that the cross sections for
transitions n -» n+ 1 scale roughly as n4,

For the n= 3 -» 4 transitions the cross section given by Johnson
is apprdximé.tely 100 rtai near the threshold energy of 0.66 eV, The
excitation rate was calculated using Eqn.10.2 to be 5,05 x 1¢° sec-l, This
is consistent with the rapid transfer observed in the H ﬁ fluorescence.
Scaling the n » n+1 rate with n4 this gives rates of 1.6 x 109 sec-:l for
the n=4 - 5 transition; 3.9x10° sec™ : n= 5 — 6 8.1 x 10° sec -
n=6-7. Itisdifficult to use the theory of P.73 to calculate the expécted
fluorescence decay rate on the basis of n '_) n+ 1 transitions since in practice
the level to which the atoms decay does not have a large population and the
populating rates n+ i — n are also enhanced when the laser ison. We thus
interpret the observed fluorescence decay rate as the net rate at which atoms
are transferred to higher excited levels.

| For any particular transition we may scale the transition rate with
electron density and temperature using Eqn.10.2 by assuming that the time
dependence of the electron temperature follows that of the electron density.
The results are shown in Fig.13.4. The theoretical curves do not bear any

resemblance to the density and temperature dependence of the observed

176
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FIGURE 13,4 - COLLISIONAL EXCITATION RATES
FOR HYDROGEN

Excitation rate

(Arbitrary units ) =3-»n=4

n=3 -
continuuin

0.2 0.4 0.6 0.8 1.0
kTe in eV

ad N x 1015 o



178

fluorescence decay rates (Fig.13.1) and thus we conclude that either the
electron tempefature varies as a function of delay time in an unexpected way
or that the fluorescence decay rate is not governed by a single process alone
bﬁt rather by a combination of transitions, e.g. n > n+1 - n+2, ete.

Wé may estimate the populati.ng rate C1 + C2 by assuming that the
n= 2 population is similar to the case of helium at the same electron density
(i.e. ~ 10%? cm'3). This gives C, +C, = 6.4 1018_ From P.171, 175
the excitation rate for ground state atoms to the n=1 -level is the density x
rate per atom = 1,6x 1018 cm—3 sec_l.

The Cz- rate from ground to the n=3 levels is apbroximately
0.4x 1017. We concludeé that excitation of ground state atoms isa

major populating process for the n=3 and n= 2 levels.

Collisional Ionisation Rates

Omvidar (1965) has used the Born approximation to calculate
ionisation cross sections for excited states of hydrogen. He gives an average
n=3 iom'sation cross section of 56 m ai for an electron impact energy of
2.2 eV (near threshold)., We calculate the ionisation rate using Eqn.10.2
tobe 1.17 x 108. This is comparable to the observed fluorescence decay
rate, However, if the fluorescence decay was mostly due to ionisation one
would expect a variation of decay rate with electron density as shown in Fig.13.4.
This is not observed in practice. Cross section calculations near threshold
using the Born appro:{imation often overestimate the true cross section.
Comparison of the excitation cross sections of Cmvidar (1965b) for the
n=3-> 4. transition with the results of several other workers including
Johnson (1972) show that Born approximation near threshold yields a cross
section four times too farge. Thus the ionisation rate is likely to be lower

than that calculated above.
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To conclude, it would appear that the observed relaxation in the
H o« fluorescence cannot be described exactly by a 3-level model, Further
discussion of the H o< fluorescence resulis is given in the context of the

helium fluorescence results in Chapter XV,
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CHAPTER XIV

LONG TERM VARIATION OF PLASMA PARAMETERS

One oi the most useful properties of laboratory plasma sources is
long term reproducibility. Ten years experience with linear pinch devices
by other workers in this Department had fostered the belief that the long term
reproducibility of these devices was excellent. The pinch used for the present
experiment had reproduced virtually the same electron density over a period
of six years, (Cairns 1970; Mahon 1973). During the HAZ line profile
measurements described on P.99 a check was made of the HZ profile at
the normal helium filling pressure ( 0.45 torr). Unexpectedly, repeated
measurements at a delay time of 30 uS gavea (wholé) half line width of
1.4 R corresponding to an electron density of 6 x 1014 cm—3 . Previou-s
measurements of the electron density at this delay time by Ashby Jephcett
interferometric or Thomson scattering methods had given an electron density
of 9.5 x 101_4 cm—3. Pr&ious measurements of the HS  line shape had also
given an electron deunsity counsistent with this figure. At the end of the
present experimental work the electron density was remeasured by the

interferometric technique and the results confirmed that a change had

-3

b

occurred, the electron density at 30 pS delay time now being 7 x 1014 cm
broadly consistent with the latest HA resulf;s. The pinch capacitor voltage,
filling pressure and oscilloscope time bases were checked against other
equipment and all found to be functioning as expected although, of course,

no cross checks with the previous experimental conditions are pbssible.

The only changes that were made to the apparatus were that the capacitor
power supply had been replaced with a more modern unit and the re-entrant

windows on the discharge vessel were not used. Previous measurements had
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shown that the re;entrant windows had only made a slight ( < 10%) difference
to the electron density. The discharge vessel was thoroughly cleaned but the
original electron density was net regained. The reason for this change in
eiectron density remains unclear. We now describe the electron density

measurements in detail.

Electron Density Measurements

The method followed was exactly the same as used by Mahon (1973).
A Helium Neon laser operating at both 6328 R and 3.39 p simultaneously
was set up so that the beam travelled dbwn the axis of the pinch (Fig.14.1).
An optical filter prevented the 6328 R radiation from traversing f;he pinch,
the transmitted 3.39 pn rgldiation being reflected back along the same éxis
by a plane mirror. An RCA 7265 photomultiplier, arranged on the opposite
side of the laser, detected the 6328 R radiation. A 6328 & optical filter
(bandpass 10 X) prevented the plasma light from reaching the photomultiplier.

A neutral deunsity (ND2) filter attenuated the beam and prevented saturation

of the photomultiplier. The photomultiplier anode current was typically 200 pA.

The laser was operated with 5M and plane mirrors, a 3mm aperture
restricting the output to a single traverse mode. The photomultiplier was
operated at a cathode voltage of -18 kV an;:l the photomultiplier signal lead
was terminated by a 1 k) resistor and the signal displayed on a Tektronix 551
oscilloscope.

Variations in thé phase of the 3.39 p radiation reflected back to the
laser modulated the 6328 & radiation as both lasing lines have a common
upper levél. The Fabry Perot type cavity was aligned by observing the fr_inges
due fo mechanical vibration on a slow (5 mS) oscilloscope time scale. The

changes in electron density produced a variation of the refractive index of
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FIGURE 14,2 - ELECTRON DENSITY RESULTS
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the plasma and hence modulated the laser beam. The use of 3.39 u probe
radiation enabled a x6 increase of sensitivity to be ob'tained while infra red
detection problems were svoided by observation of the visible 6328 2 beam,
- . . . . 14 -3
One fringe is equivalent to a change in electron density of 4.75 x 10 " em .
Fig.14.2 shows electron density results for both helium and hydrogen.

There is a substantial (30%) change from the previously recorded figures in

terms of the density expected at a given delay time.

Fluorescence Results

The problem remains of estimating the electron density at the time
the various fluorescence experiments were performed. The 5876 R
fluorescence results (Iig.5.1) were obtained during the same week as the
Thomson scattering measurements of the eiectron density were made, and so
the fluorescence results can be confidently linked to the electron density.
Subsequent measurements of the fluorescence showed a decay rate reduced
by 15% at a delay time of 30 pS although the functional dependence of
fluorescence decay rate on~ electron density remained unchanged. The
fluorescence enhancements presented in Table 8.2 were measured after the
Hp profile had i;ldicated a change in electron density.

The 6678 & and He fluorescence measurements were obtained at a
time between the HB electron density measurements and the latest inter-
ferometric results and are presented with the ‘electron density as obtained
from the latest interferometric results,

It is clear that in future work on linear pinch devices it would be advisable

to check the electron density before and afier a set of measurements in

order to detect any further changes in electron density, as indeed was done
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in the previous line profile work (Cairns 1970; Mahon 1973), The rate of
change of electron density with time remains unchanged. All the evidence
points to a sudden change due fo some undetermined variation in experiniental

circumstance rather than a gradual drift or general irreproducibility,
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CHAPTER XV

CONCLUSIONS

SUGGESTIONS ¥OR FUTURE WORK

In this chapter we examine ail the fluorescence results described in
previous chai:ters. We summarise the experimental work and compare the
results to those predicfed by the three .level theory of P.73. We discuss
aspects of tﬁe fluorescence which do not readily fit the theoretical model and,
finally, we suggest future experiments which should shed some light on these
problems,

’ Firstly we have demonstrated a novel design of coaxial dye laser which
has proved to be very reproducible and reliable over three years of intensive
-use on a plasma fluorescence experiment, We have established that the laser
is not subject to any frequency shifts or gross spatial homogeneities that would

make it unsuitable for fluorescence experiments, Laser intensities above
saturation,even for plasmas of optical depth 14, have been routinely achieved.

Fluorescence has been observed under a range of plasma conditions at
three laser wavelengths for helium and hydrogen plasmas of high electron
density (1015 cm-3). A simple three level theoretical model was devised
which qualitatively agreed with the observed _time history of the fluorescence
and suggested new ways of measuring upper and lower state collision rates from
a single fluorescence time histbry. Observations of the laser beam after
transmission through the plasma showed that the time history of the laser

"pulse was not appreciably affected by the plasma. Opacity experiments iﬁ
the helium plasma revealed the volume of the plasma illuminated by the laser,

and changes in the n= 2 populations as a result of the laser pulse. These
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changes enable estimates to be made of the collision rates affecting the n= 2
levels. The rates for a wid‘e range of collisional and radiative processes
(including collisional excitation from the ground state, transfer between excited
levels and optical trapping coefficients) ha‘ve been calculated from published
cross sections and some agreemént found between the predicted fluorescence
decay rate ;md the observed decay rate, However, it is clear that some
puzzling features remain unexplained;

The most unexpected feature is the dissimilarity of‘the time histéry of
the fluorescence originating when the laser is tuned to the 5876 X or 6678 R
transitions in hélium. Other features are the slight decay observed in the
plateau reg’ »n of the 5876 R fluorescence at 30 pS delay and the observation

that the enhancements of the sensitised {luorescence are a larger proportion

of the 5876 R fluorescence at conditions of low electron density.

Plasma Equilibrium

"In order to understand the changes in the plasma induced by the laser it
would seem desirable to fully understand the nature of the pre-existing
equilibrium in the plasma. Regarding thé n= 3 levels, the 318 sublevel
population is twice the population of a 31P sublevel. This would imply a
populating or depopulating process selectively favouring one or other level.
Radiative cascades from higher levels are more likely to increase the population
of the 31D and 31P levels. The radiative lifetime> of 318 (55.2 nS) is very
close to that of 31P (54.6 nS) when the optical trapbing of the 31P—IIS transition
is taken into account (impact broadened line P.113). Similar arguments apply
to the 338, 33P levels. It would appear that either the collisional de-excitation

rate for the 3P is larger than the 3S, or recombination processes selectively

favour the 3S level. 'i;he selective populating or -depopulating process must
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be comperable to the transfer rate between the n = 3 levels; known io be
2 50 x 106 sec_.1 from the identity of the sensitised fluorescence traces,

The 238 and 2315 levels are also overpopulated compared to the 21P level
even though the calculated transfer rates between the n= 2 levels are much
larger than the eifective 21P - 11‘S radiative decay rate. This suggests that

the 21P radiative decay rate, allowing for optical trapping, may be higher than

that predicted on the basis of Holsteins theory (P.109).

Fluorescence

With regard to the fluorescence results, the similarity of the sensitised
fluorescence time histories from singlet and triplet transitions implies a
collisional teansfer cross section ( 4x 10_15 cmz) at least an order of
magnifude larger than previous estimates (e.g. Wellenstein et al 1972).
Transfer via the continuum would not account for the observed fluorescence
as even if the total n= 2 population was ionised the free electron density would
only increase by one part in 104. However, the differring fluorescence
enhancements of the n=3 - n= 2 transitions indicafe that the transfer rates
are comparable to the decay rate out of the n= 3 and 4 levels,

The fluorescence time histories observed in the 5876 & transition in helium
at a delay of 30 uS show a slight decay in the plateau region, Itis Iikel& that
this slow decay reflects photoionisation induced by the intense laser radiation.
Another possibility is collisional processes not included in the three level model
of P.73. We consider the case where an additional level is loosely coupled
by slow collisions to the levels interacting with the laser. If the population
of this level is not large the rate at which atoms are supplied to the levels
interacting with the laser will change with time, and hence further changes in

the fluorescence may occur after the initial transient spike.
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The 23S level seems the most likely candidate for this additibnal level.
However, the collisional excitation rate 23S - 23P at 30 pS (1.5 x 108 sec-l)
seems ample to ensure close coupling between the populations of the 23S and 23P
levels and indecd the decrease in the 23S population observed during laser
excitation of the.23P level confifms this.

We now consider the dissimilarity between the fluorescence observed
when a helium plasma is illuminated by laser radiation tuned to the 5876 R or
6678 X transitions., This is difficult to explain as the same n= 3 and 4 levels
are populated indirectly by the laser in both cases. One difference is that the
n= 2 levels in helium are spaced over an energy range of 1 eV and transfer
rate of atoms between the other n = 2 levels and the n= 2 level excited by
tne laser may be slightly different in the two cases. However, the observations
that a nearly constant ( ~ 25%)‘ fluorescence pulse is observed for bhoth Ia_ser
wavelengths at low electron densities indicates that eificient circulation of
atoms between the n = 2 levels does take place.

The 5876 R results aione strongly suggest that the observed decay is
due to collisional ionisation of the n= 3 and/or n= 4 levels. In considering
co;lisibnal transfer out of a particular level it should be noted that the
collisional transfer rate must be multiplied by the probability of finding an
atom in that level in order to deduce the effective fluorescence decay rate of ail
the n= 3 levels, Thus, in general the fluore_scence decay rate is a function
of the enhancements in the sensitised fluorescence produced by the laser. If
we consider the case where the ionisation cross section of one particular level,
e.g. 43F, is much larger than for the other n= 3 and 4 levels, the fluorescence
decay rate would depend on the enhancement of the 43F level, If the enhancement

was 10x less when the 6678 R was excited by the laser this would account for
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the much lower fluorescence decay rate observed for this case, As the
enhancement of the n = 4 levels is low at high electron densities this is
difficult to check experimentally. Also, the 43P level is not accessibie to
visible spectroscop ic techniques. It has been suggested by Lin et al (1961,
Am.Phys.15, 461) that singlet = triplet transfer occurs primarily through
nF levels because of substantial singlet/triplet mixing in the nF wave-
functions, .

This might also explain the increased sensitised fluorescence enhance-
ments (as a proportion of the direct fluorescence enhancement) observed
at low electron densitiesv(P.103).. The singlet-triplet transfer rate would
depend on the 4F enhancement. At low electron densities this may be larger
and so the transfer rate increased.

We observe sensitised fluorescence on n= 3 and n= 4 levels but not
onn=5, Thecollisional raten - n+ 1 scales roughly as n4 (Saraph 1964)
and hence atoms are clearl'y being supplied to the n =5 levels at a high rate,
The depopulating rate for n =5 levels must also be high as no increase in the
n= 5 level pooulations is observed. If the chief depopulating process for the
n = 5 levels was collisions to higher n levels, the 2313 population excifed by
laser would quickly be transferred to the continuum raising the free eiéctron
density but by an undetectable amount. A fluorescence pulse could rot then
" be sustained for longer than 10 nS or so unless atoms were being supplied

to the n= 2 and 3 levels at a rate sufficient to offset this.

Suggestions for Fufure Work

It can be seen that because of the many simultaneous processes it is
not easy to develop a complete model that describes all aspects of the

fluorescence observed so far, However, it is straightforward to extend the
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work described here in several ways thus leading to a more complete knowledge
of the various factors affecting the fluorescence. It would be interesting to

see if the fluorescence excited with the laser tuned to transitions other than

5876 & and 6678 X displayed the same form as fluorescence from other levels
of the same spin quantum number.  Fluorescence excited with the laser tuned

to the 3888 & 23S - 33P transition would be particularly interesting as the

large 23S Iﬁopulation implies that a high degree of enhancement would be produced.

Similarly, exciting several lines in the same series, e.g. 33D - 23P, 43D - 23P,

53D - 23P would lead to conclusions regarding the effects of the levels in LTE
on the fluorescence. Lasers with pulse lengths of a microsecond or more
would enabl: the variation of plateau height cver a range of electron densities
to be determined. A further possibility is the simultaneous excitation of two
or more levels using several dye lasers. Tor instance it would be possible
to introduce a short pulse of 5876 A radiation during a long pulse laser excitation
of the 6678 & transition.

With a laser line width narrower than the atomic line width, fluorescence
Iiné shape studies would yield valuable inférmation on radiative redistribution
and radiative transfer.

Due to the large optical depth of the 5876 R transition, opacity studies
at 5876 R in the presence of the laser excitation of the 6678 R transition would
clearly reveal changes in the 23P population due to the laser and this would
provide additional evidence for the collisional rates between the n = 2 levels.

Because of the intrinsic simplicity of the atomic structure of hydrogen
it would seem that further fluorescence studies on hydrogen plasma are most
likely to lead to unambiguous conclusions regarding specific collisional

processes., The whole Balmer series is accessible to dyve lasers and it would
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be very inferesting to see how the fluorescence §aried as a function of the
upper principal quantum number. It is possible to run the linear pinch in

a gas mixture of hydrogen and helium still exciting the hydrogen (in contrast
to the helium, P,98) and thus it is possible to determine if the fluorescence
decay rate for a given electron density is independent of the ground state
density. This would provide an experimental check on the effects of optical
trapping of resonance radiation and o'n atom-atom collisions, However, in
the analysis of the results it should be remembered thaf the fluorescence
decay rate is a function of the sensitised enhancements,

On the theoretical side further consideration could be given to the
possibility of collisions between excited atoms and molecules and also three
body processes., A Ly absorption experiment would determine the density
of ground state h'ydrogen atoms and hence the molecular hydrogen number

density,

A twe'nty level numerical model for hydrogen has been devised in order
to predict the time history of the fluorescence; pulse produced by either Ly &«
or H o< laser radiation (V. Myerscough - private communication), Initial
computations for the case of Hox show the same general form of the

' fluorescence pulse as fhe present results but with approximately 4x lower
enhancements and decay times | 10x faster than those observed in the present

~experiment. It is clear that further investigation of these phenomena both by
computational studies and experimentally by fluorescence measurements
over a wide range of laser wavelengths will yield much valuable information

on collision rates between excited states, recombination processes and general

problems of plasma equilibrium.
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CHAPTER XVI

THE CONFOCAL DYE LASER

Introduction

One of the original aims of the work deécribed in this thesis was
to develop ncw plasma diagnostic techniques made possible by the advent
of tuneable lasers. In particular it was hoped to measure the magnetic
field direction in a large toroidal plasma machine situated at the United
Kingdom Atomic Energy Laboratory at Culham, Berkshire. Although,
due to circumstances beyond the author's control, no positive results were
" obtained on the plasma,. much useful information was gained from the
preliminary work done in measuring the laser performance arnd in
investigating Yar.ious optical systems used for the fluorescence experiment.
The work is described in the following three chapters. The present
chapter contains a description of the laser system used at Culham. In
Chapter XV]I-the fluorescence experiment is described. Chapter XVIII contains
a theoretical discussion of a new mecthod of measuring magnetic fieid
directions,

The Confocal Dye Laser

In this section we describe the performance of the commercial dye
laser system used at Culham Laboratory.

The dye laser (Model SUA9) was manufactured by Electrophotonics'
Ltd .* It was of the confocal type with the flashlamp and dye cell placed at the
foci of an elliptical cavity. (Fig.16.1). The flashlamp was a continuously
evacuated quartz tube operating in the wall ablative mode. 1t was powered

by a 5 m.f.d. capacitor. The capacitor voltage was normally set at 20 kv.

*  The Cutts, Dunmurry, Belfast.
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" FIGURE 161 THE CONFOCAL DYE LASER
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The laser was.ﬁred by a lhigh voltage pulse applied to a trigger pin set in

one of the flasﬁlamp electrbdes and the light from the flashlamp was
reﬂecfed to the dye cell by the polished walls of the elliptical cavity. The
dye cell had windows at each end set at Brewster's angle and was surrounded
by a jacket of alcohol in order to filter out short wavelength radiation harmful
to the dye. The laser cavity was made up of a totally reflecting roof prism
and a 30% reflectivity cerium oxide coated m%rror. The laser wavelength
was controlled by a narrow gap ogtically contacted Fabry Perot, To prevent
damége to the Fabry Perot by the intense radiation inside the laser cavity a
2x beam expander was positioned between the Fabry Perot and the dye cell.
The specification of this laser quoted an untuned output of up to 2 joules using
rhodamine 6G, and 400 mj using a mixture of cresyl violet and rhodaminz 6G
with the laser output tuned to a 3 A band at 6563 8.  This is about 3x the
energy of the éoaxial dye laser but because of the Jonger pulse duration the

peak laser power is reduced by a factor of 3 compared to the coaxial laser.

Time History of Flashlamp and Laser

The time history of the flashlamp current was measured with a
Rogowski coil. The current showed an oscillatory behaviour witn a2 period
~ of 12 PS’ there being'roughly two cycles in the total pulse length of 24 uS.
The second maxima was about 50% of the first. The flashlamp light intensity
was recorded with a photodiode The light rose to a peak in a time of 2 pS
and slowly decayed. - The (F.W.H.M.) durationwas 15 pS.

The laser time history was also recorded. A photodiode detected the
light scattered when the laser beam was incident on a white card. The signal
received was thus averaged over the whole laser beam and was spectrally

unresolved. The signal had a 1 pS rise time and duration (F.W.H.M,)

of 3 PS‘



Laser Efliciency

The laser output energy was recorded over a range of input electrical
energy, The results are shown in Fig.16.2. The laser efficiency,
expressed as:

increase in output energy
increase in input electrical energy

decreased at input energics above 800 joules. This behaviour was also
observed in a confocal dye laser system developed at Imperial College where
the limiting factor was found to be the flashlamp efficiency and not any
saturatioh effects in the dye (S.J. Fielding, private communication).

Dye Concentration

The dye concentration recommended by Electrophotonics
for opération at Hx was 48 mg of each of rhodamine 6G and cresyl violet
in 1 litre of "Ultrar" methanol, In practice, a concentration of 70 mgﬂof
each per litre gave a 30% higher energy (500 mJtuned to 6563 X) and this
was used in the subsequent experiments. The dye was filtered through a
sinteréd glass filter (2 M ‘pore size) before use.

Reproducibility

" The shot to shot reproducibility of the laser output was
good (approximately 5% variation). However over many shots the pérformance
continuously deteriorated by about 5 mJ per shot (Fig. 16.,3). When left
unused for a few days the performance partially recovered butA the original
energy output was only recovered ’when the dye sclution was replaced. This
deterioration appears to be due to thermal lensing effects due to the heat
absorbed from the flashlamp and/or microscopic air bubbles pr‘oduced in the
dye cell, and also photo-décompositiou of thedye (P.33 ). The useful life-

time of the dye was thus severely limited, the typical dye half life being

60 shots.
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Laser Specfrum

The laser wavelength was monitored by means of a Monospek
spect;ometér similar to that described on P. 49 . The spectrometer had
a poloroid camera atiachment. This was used to compare the laser spectrum
to the spectrum emitted by a low pressure hydrogen lamp., Using a small
aperture slit for the dye laser spectrum and a long slit for the hydrogen lamp
it was possible to tune the centre of l';he laser emission band to well within
1 X ofj Hoe . Time resolved measurements were then made of the laser
spectrum by means of a photomultiplier attached to the spectrometer. A
5 mm diameter fibre optic light guide was placed sc as to transmit part of
the laser beam to the monochromator entrance slit. The wavelength setting
of the monochromator was scanned across the laser spectrum and a line
profile built up or a shot to shot basis, The laser energy deterioration
was not corrected for as it was impossible to measure the enex:gy' and specirum
simultaneously. However this deterioration was only of the order of 15%
during a sipgle scan and d';ld not lead to significant error. A dual beam
Tetronix 556 oscilloscope was used to record the wavelength resolved signal
fxfom the photomultiplier together with the signal from a photodiode which
detected the laser light scattered by the Fabry Perot, The latter enabled
the wavelength resolved signals of many shots to be compared on an absolute
time scale.independent of laser timing jitter. A time resolved laser spectrum
was recorded with the laser tuned (i) by a Fabry Perot etalon, and (ii) by an
interference filter.

Fig. 16.4 shows the results for the Fahry Perot case. The _

laser bandwidth is at a maximum at 0.5 pS after onset of lasing action.

At 1.0 pS the laser spectrum has contracted from the short wavelength side.
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From 1,0 uS to 2 pS the laser specirum is constant. After 2 BS a gradual
shrinkage in width from the‘ long wavelength side is observed. No gross
frequency changes during the laser bulse were observed. At the time of
peak intensity 1 pS after the start, the (whole) half width of the laser
spectrum was 2.1(%o0.1 R and it was roughly triangular in shape.

| Fig. 16.5 shows the results when the interference filter was
used as a..“'tuning elerﬁent instead of the Fabry Perot. For the first 1,5 pS
the emission gradually became more intense on the long waveleﬁgth side of
the spectrum. After 1,5 ]S this continued with the emission ceasing
completely on the short wavelength side. At 1 pS the (whole) half width of
the spectri m was 5.4 X

This spectral narrowing during the iaser pulse was also observed

with the coaxial dyé laser (P. 39 ) but there the wavelength narrowing was
symmetrical,

Wavelength Resolved Spatial Scan of Laser Beam

In the above measurements the laser light was transmitted to the
monochromator via a fibre optics system which accepted only a small fraction
of the laser beam. A check was therefore made on the uniformitg‘r of the
beam in wavelength as a function of spatial position when tuned by the Fabry
Perot etalon. A 1 mm diameter aperture was positioned in front of the
fibre optics and this was scanned vertically through the centre of the laser
beam with the spectrometer‘ set at 6559 R and 6561 R At 6559 R a
modulation of up to 70% was observed in the time history of the laser intensity
In a particular position the mddulation was reproducible but the phase and
frequency of it showed spatial variatioﬁ. No such modulation was observed

at the 6561 X. wavelength corresponding to the centre of the emission band.
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FIGURE 16,5 LASER SPECTRUM AS A FUNCTION OF TIME
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f‘ig. 16.6 shows a plot of the peak intensity recorded at each

position. Thé two spatial profiles at 6559 X and 6561 A have a similar
shape.
Divergence

The beam divergence is one of the most important factors of
laser performance in plasma diagnostics experiments as it governs the
proportion of the beam which may be' transferred to the plasma machine,
The divergence of the confocal laser was measured usi-ng the method
described on P. 43. The laser beam was focussed by a 1 M focal length
lens. A calorimeter with a variable iris was placed in the focal plane of the
lens (Fig 3.8). At a particular setting of the iris diameter the energy
incident on the calorimeter was recorded. This was repeated over a range
of iris diameters. The divergence was obtained from the angle subtended
by the iris wh;an half the total output energy was incident on the calorimeter.
The measured divergence was 15 (¥ 1) milliradians half energy full angle.
This figure was independent ( < 10%) of : the dye temperature, concentration,
or slight misalignment of the laser mirrors, the total laser energy output,
and the type of dye used whether rhodamine 6G alone or a rhodamine 6G/
cresyl violet mixture.‘ The divergence decreased from 15 to 12 mrad
on increasing the laser cavity length from 55 to 80 cm but the total laser
energy fell by 30% resulting in a net loss in brightness. The laser was
hence operated with a 55 cm cavity.

The measured divergence was double the divergence quoted by
Electrophotonics Ltd. Their estimate was obtained by photographing the

laser beam and comparing the relative intensities of different parts of the

beam close to the laser axis.
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FIGUBE 16,6 LASER SPATIAL INTENSITY DISTRIBUTION
TUNED BY FABRY PEROT ETALON
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The diifering results reveal the importance of measuring laser
divergence on an absolute energy scale, for dye lasers at least, as a
substantial fraction of the total laser output is emitted at highly divergent
angles and is hence not detected in the photographic method.

Pola‘risation

For optimum fluorescence scattering the polarisation direction of
the laser beam must be accurately kx.lown. In making measurements of the
confocal laser an interesting and unexplained effect in this connection was
encountered .. The dye cell of the laser was fitted with Brewster end
windowsrand initially it was assumed these would define a horizontally polarised
laser beam. However measurements made with sheet polaroid showed that
only 70% of the laser output was in the expected polarisation direction.

A Glan Thompson prism was then inserted betwen the 100% reflector and

the dye cell defining a 100% loss for the vertical polarisation. However,
measurement of the polarisation direction, most surprisingly, again showed
only 70% horizontal polari;sation. Only when the Glan Thompson prism was
placed between the dye cell and the output mirror was the beam 100% polarised.
The first explanation of this effect was superradiance. However this was
not borne out by a subsequent experiment. The 100% reﬂecfor was blocked
off and no observable laser-like spot occurred. Energy measurements gave
only 1/ 20th of the normal output when lasing, although to explain the
polarisation measurements something exceeding 100 niJ would have
been expected. This experiment also |showed that other reflecting surfaces
within the laser cavity were not aligned with the output mirror, and hence
forming a resonator giving rise to strange polarisation effects. No positive

explanation of this effect has been forthcoming and no means of increasing



the percentage polarisation of the laser output xvifhout consequent power
loss found. In order to obtain_a polarised laser beam the Glan Thompson
prism was placed out.side the laser cavity directly after the output mirror,
This gave just as high a laser energy as with the prism in the laser cavity,
i.e. about 30% less than with no- polariser.

Anomalous Speectral Output

Befor(_a the SUA9 laser desc.ribed above was purchased some
measurements were made of a smaller Electrophotonics laser of similar
type but with approximately 1/10th of the energy output. A most peculiar
result was discovered in the form of the spectral output of this laser when
tuned with ~ Fabry Perot etalon. The spectrum consisted of either a closely
spaced doublet each line 5 R wide, 15 A apart or a triplet with lines 5 R
wide, 10 R apart. The Fabry Perot was checked by the manufacturers and
performed normally producing single lines on the coaxial dye laser at
Imperial College. As the smaller laser was replaced by the SUA9 which

gave single lines as expected, this phenomena was not investigated further.



CHAPTER XVII

FLUORESCENCE EXPERIMENT AT CULHAM LABORATORY

The aim of fhis experiment was to measure the neutral hydrogen
density in a large toroidal plasma machine at Culham Laboratory. The
plasma machine, known as CLEO TOKAMAK, was one of the large plasma
confinemerilt devices used in the controlled nuclear fusion programme at
Culharﬁ. ( Gibson et 'al.(1973)). Th? plasma parameters were approximately

as follows :-

13 -3

Electron density 2x10 cm
Electron temperature 200 - 240 eV
Ton temperature 200 eV

. | .6 -3
Population of n= 4 level 1.36 x 10 cm
(From HA emission measurements;
(D.D,Summers, private
communication)
External magnetic field 2 x 104 gauss
Plasma duration 100 - 200 mS

The torus minor and major radii were 20 cm and 90 cm respectively.

Design of Input Optics System

Because no other ports were available and because é scattering
optics system already existed on CLEO for Thomson scattering measurements
at the ruby laser wavelength'of 6943 X; it was decided to incorporate the
input optics and a section of the collection optics of this system into the
chain for the fluorescence expgriment, necessarily restricting operation to
one or other of these experiments at a time. Because of the close proximity

of the ruby and Ho< wavelengtins the lens blooming and beam dump,

optimised at 6943 R was still adequate at the Hoc. wavelength of 6563 R.
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This factor was also relevant in the decision to make resonance fluorescence
observations at the He rather than the HB wavelengta.

The geometric layout of the high voltage safety screens around CLEO
made it necessary to feed the dye laser beam in at an angle of 600, in the
horizontal plane, to that of the ruby laser beam. This meant that if a single
reflecting prism was used to reflect the beam vertically up through the plasma,
as in the ruby laser experiment, the polarisation direction of the dye laser
beam would have been mismatched both for the optimum scattering signal
(at least in the abhsence of a magnetic field) and for efficient dumping of the
laser beam. A second reflecting prism was therefore added to deflect the
dye laser beam in the ho_rizontal plane into the same direction as the ruby
beam.

Fig. (17.1) shows the complete input optics arrangement initially
used for fluorescence experiments on CLEO. The two reflecting prisms are
positioned between lenses B and C but have not been shown on the diagram
for reasons of clarity. The dye cell exit wirdow acts as a self luminous
object of 4 mm diameter. Lens A produces an inverted enlarged real
image of the dye cell at lens B, Lens B has two functions, It brings
originally paraxial rays, diverged by lens A back into parallelism with the
axis, and secondly it focusses all rays into the plane of the divergence
limiting aperture. Lens C transfers the image of the dye cell at B to the
point in the centre of the torus where scattering is to be observed. The
acceptance angle of tile system with the divergence limiting aperture removed
is determined by a series of non-adjustable 1 ¢m baiffles just beyond iens C.
The system accepts light of up to 10 milliradians divergence from the laser.
Given the existing constraints on. the design of the optics system this gives

the optimum laser beam brightness inside the plasma.
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Due to the limited access time available on CLEO a duplicate of
this'optics system was set up and the energy transmission of the system
measured with a calorimeter. It was found that when a 1 em aperture
diffraction limiter was used 25% of the laser energy reached the plasma

position,

Spatial Variation of Energy across the Beam

L4

To ensure the Hoc  transition is uniformly éaturated across the
laser beam a rectangular spatial distribution of energy is required within
the beam. Measurements of the spatial variation of laser power were
made by scanning a pinhole aperture photodiode across the beam at the
plasma position in the mock-up of the input optics system. Neutral density
filters enabled measurements to be méde over a wide range of intensity.
The results, Fig.(17.2) show that the laser beam was well collimated to

the required aperture of 6 mm,

The'oscilloscope traces obtained in this experiment showed up
to 70% intensity modulation during the course of the laser pulse. As
already mentioned, this was also observed in a wavelength resolved
spatial intensity scan across the laser beam. Unless the degree of
saturation is very high, this modulation will change the saturation
characteristics of the laser beam during a single shot and so affect the

fluorescence,

He< Line Width in CLEO

The fluorescence produced is dependent on the H < line width

compared to the laser line width.
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FIGURE 17 .2 | LASER SPATIAL INTENSITY DISTRIBUTION
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Doppler Width

The doppler (whole) half width is given by

1
2kT 2
2A(In2 x )
m c2
working in units of eV
kT = 200eV assuming atom temperature = ion temperature

m02= 9.38x108eV
A = 65638 ]

doppler (whole) half width = 7.14 &

Stark Width
: 13 40
The stark (whole) half width of Hec at N,=10 ', T,=4x10 K
is approximately 1072 8 (Vidal et al. 1973). Unfortunately nc tabulated
values have been published for the case of electron temperature of CLEO.
Although the temperature dependence of the stark width ié complex it is
clear that for the plasma conditions existing in CLEO the stark width is

negligible compared to the doppler width.

Fine Structure

-1
The fine structure splitting of the Hoc line is approximately 0.4 cm
(Woodgate 1970) corresponding to 0,17 &.

Zeeman Splitting

B
The magnetic field interaction is of the order of ) where
' he

Py is the Bohr magneton, B is the field, h -Planks constant and c¢ the
velocity of light, At2x 104 Gauss the Zeeman splitting is 0,93 cm—l, i.e.
0.4 4.

Laser Line Width - Broadbanrd Filter

Thus we see that the Hoc« line is predominantly doppler broadened

and laser spectrum is not constant over the whole He< line whether the laser
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was tuned by the Fabry Perot or the interference filter. In this situation
the laser beam only interacts with those atoms whosé wavelength in the
laboratory frame lies within the bandwidth of the laser. As the laser
spectrum changes during a single pulse so the proportions of atoms which
interact with the laser would also v;ary. To avoid the interprefive problems
this would present, a broad band interference filter (FWHM 160 X) was
purchased. (The untuned laser output ( 2= 80 R wide) lay in the region of
6610 R and could not be used for Hec fluorescence). This filter was
substituted for the Fabry Perot in the laser cavity and the laser wavelength
tuned to He= by adjusting the angle between the filter and the laser a);is.
The laser bandwidth was 15 X F.W.H.M. Due tothe limited operational
life of CLEO there was insufficient time to make any time resolved
measurements of the laser spectrum tuned by this filter.

Collection Optics

The collection optics were shared with Thomson scattering
experimenis. Light emitted at approximately 90° to the laser axis was
collected by a system of several lenses and mirrors and directed to 2 EMI
9558QB photomultiplier via a 40 R bandwidth 65% transmission interference
filter with peak transmission at 6563 X |

Fluorescence Experiment

The initial aims of the fluorescence experiments were

(i) to measure the signal to noise ratio.of the He« emission from the
plasma,

(ii) .To measure the stray light level produced by the laser.

(iii) To look for changes in the He« emission at the time when the plasma

was illuminated by the laser.
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Signal/Noise of Hea Emission

An electrical filter with a bandpass of 20 kHz to 1 MHz was used
to remove as much shot noise as possible from the photomultiplier signal.
With this filter the signal to noise ratio of the H« emission was ineésurcd
to be GO at the time of maximum light emission. A high signal to noise
ratio was essential to observe fluorescence as the ratio of the spontaneous
emission froﬁm the laser illuminated yolume observed by the photomultiplier
to that seen from the whole plasma was 1 : 100, Since the laser-produced
fluorescence was estimated to enhance the local emission by a factor of 3
the fluorescence signal would be detectable above the background noise. .
Stray Light

In contrast to Thomson scattering experiments where scattered
light may be detected at wavelengths other than the laser wavélength, the
fluorescence éfoduced by laser excitaticn is af the same wavelength as the
laser, Consequently the stray light reqﬁirements can be more severe than
in the case of Thomson scattering,

Initial measurements revealed that the stray light level was high.
This was probably due to light back scattered from apertures inside the
torus and from the beém dump window which had been damaged by the ruby
laser. An additional aperture was used to reduce the stray light to a level
about equal to the noise level observed on thc H e« spontaneous emission.
The laser intensity in the plasma under these conditions was not more than
38 kilowatts cm-2 which compares to the power density of 300 kW cm_z
measured at the laser.

Fluorescence

A change in the H « signal from the plasma at the time the laser

was fired was observed. However, stray light measurements made after



the current pulse had been applied to the CLEO magnetic windings but
before the initiation of the discharge revealed large variations (up to 300%)
in the stray light level and conse'quently the observations of the change in
Hoc signal could not be attributed to flucrescence. At this point CLEO
was taken put of service and no further fluorescence measurements were
possible. |
Conclusions .

This experiment contrasts rather sadly with the fluorescence
experiments performed at Imperial College. Part of the problem was
unavoidable because operational constraints on a machine of the complexity
of CLEO v ere bound to be more severe. In particular the fact that the
machine was only accessible in the evenings and severely limited machine
time available for fluorescence experiments coupled fo the low plasma
repetition rate oi-once every 30 minutes meant that progress was very slow,
In addition during the times the machine was available the various components
of the dye laser showed an unexpectedly high failure rate, 1In all, the laser
capacitor failed four times, the rotary vacuum pump broke down, the d>ye
cell windows leaked and needed replacing three times, the laser output
mirror suffered damage from the intense radiation field and the entire
trigger circuitry needed replacing as it had an 8 millisecond timing jitter.
Each time a delay was caused of up to two weeks before replacements could
be obtained. This contrasté to the very reliable behaviour of the coaxial
laser developed at Imperial College.

The most limiting constraint however was the necessity of sharing
the optical system with the Thomson scattering experiment coupled to the

fact that the components inside the torus were permanently inaccessibie.
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The dye lascr divergence was much l;':lrger than the divergence of -the ruby
laser, and as the major part of the input optics was designed for the ruby
laser it was impossible to transmit the dye laser beam to the plasma in
the most cfficient manner. As the fluorescence signal was limited by
saturation effecis it was also desirable to illuminate a larger fraction of
the plasma than was arranged for £he Thomson scattering experiments.
Also, as the fluorescence is observegd at the same wavelength as the laser
illumination the stray light requirements were more sevére and the baffle
system designed for the Thomson scattering experiments was not ideal.
The alignment of both the input collection optics was quite difficult and
needed to be constantly checked as there was a considerable judder of the
iron core of CLEO whenever the machine was fired.

In conclusion, there is no reason in principle why a successful
fluorescence experiment should not be possible on the plasmas of interest
at Culham provided the experimental difficulties mentioned above are avoided.
This is confirmed by the successful fluorescence experiment on He
performed at Imperial College with a plasma of higher electron density and
lower temperature than found in CLEO establishing that the laser system
used is adequate in power to overcome the collision rates and to prodﬁce

saturation in the plasmas of interest at Culham.
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CHAPTER XVII '

MAGNETIC TIELD MEASUREMENTS IN HOT PLASMAS

A plasma parameter important to the theoretical understanding of
Tokamak piasma machines and not yet reliably determined is the direction
of the magnetic field zet ap in the plasma. This is governed both by the

external magnetic field coils and also by the current generated inside the

plasma,

Magnetic field meaSuremenés based on Zeeman splitting methods
or Faraday rofation studies are severely limited by line of sight integraticn
effects. The Zeeman Splittihg method is also limited by the large doppler
line width of atomic transitions in the plasma. (D.D. Burgess (1970)).

An alternative method was proposed by Sheffield (1972l). The
method was hased on measurements of the shape of the Thomson scattered
spectrum for scattering wave numbers close to perpendicular to the magnetic
field direction; and uses the result that the spectrum is most heavily
tﬁodulated when the wavenumber is exactly pérpendicular to the field direction.,
This method poses severe experimental problems, the very low scattered
light level necessitating the use of a Fabry Perot interferometer coupled to
- a gated image intensifier tube to detect the modulation.

A simpler method was proposed by Burgess (to be published). The
method was based on measurement of dye laser excited fluorescence and
combined the spatial resolution inherent in scattering measurements with
the virtual lack of any spectral resolution requirements. The method is

independent of the plasma temperature and the number density of scattering

centres (apart from the restrictions on the limiting sensitivity if this density
is too low). However, in the original proposal no accounF was taken of the

intrinsic atomic angular momentum or the interactions of the levels excited

by the laser with the rest of the plasma,
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The in;zthod is discussed in detail for the particular case of
He< fluorescence in the light of the flucrescence results and theoretical
models developed in the previous chapters.
Principle

The method is based on Hanle's third effect (Hanle (1924); Mitchell
and Zemansky (1934) ), Consider the geometrical arfangement in Fig.18,1,
A polarised laser beam is incident along the =z -axis with polarisation
vector in the x ~direction. A magn.etic field B is present with the field
direction lying in the yz plane., We first consider a classical treatment
of the problem. The laser excites a classical dipole at the origin, which
precesses around the field direction. This produces an oscillating electric
field perpendicular tc the magnetic field direction.  Fluorescence emitted
along the x-axis is hence completely pélarised, the polarisation vector
being perpendicular to the direction of the magnetic field. The magnetic
field direction may be determined simply by measurements of the polarisation
direction of the ﬂuoresceﬁce. This model is exact for a classical atomic
dipole excited by electromagnetic radiation but it ignores the effects due to
the intrinsic angular momenta of the scattering atoms themselves, Thué
- 100% polarisation of the scattered radiation is only obtained in cases where
the lower state of the pumped transition is ISO. We consider two simple

cases :

I) Helium 2'S -3'p 5016 &

In the presence of a magnetic field the 31P level is split into three

sublevels with magnetic quantum numbers, m_, of -1, 0, +1 (Tig.18.2).

J’

As the polarisation direction of the laser beam is perpendicular to the magnetic

field (Fig.18.1) the atom is excited ina " o " transition in which m, changes

by one. As the lower state 21s hasan m of zero the my = +1 and - 1 sublevels
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FIGURE 18,1 - HANLE EFFECT : GEOMETRIC ARRANGEMENT
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of 31P are excited. 1Inthe absence of collisional transfer between sublevels
the atom must therefore decay by 2 o tfansition to 218, When observed
in the x-direction {Fig.18,1) the o radiation is polarised perpendicular to
fhe field direction,

Collisional Effects

Collision induced transitions amongst the magnetic sublevels of
31P would depolarise the fluorescence signal, As itis the direction of
polarisation of the fluorescence that matters, this does not c;hange the principle
of the method but only the signal to noise ratic, In the absence of
published cross sections for collisional transfer between the 31P sublevels
we estimate the collision rate from Stark broadening data, The electron
impact produced line width, W, for an atom in a plasma is given by

Baranger (1962) as

W = <NeG‘ v D (18.1)

for the case where the upper state of the line is appreciably broadened, an

excellent approximation for He 218 - 31P and also the Balmer lines of

hydrogen. O, is the total electron impact cross section and Ne and v the

electron density and velocity. For 5016 R the electron impact (half) half

width is 0.28 & at N, = 1018 em ™3, T, = 8 x 107 °K (Griem (1964) ).

1 -
We now scale this to conditions in CLEO : Ne = 2x10 3 cm 3,

kT, = 200 eV (2.3 x 10° °K). TFar above threshold (i.e. in the Born
approximation) cross sections typically scale inversely with the electron

energy, The product (Ne 0" v ) will therefore scale proportionally with

y 1
Ne and inversely with (T)?, This yields:
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o

13 4
0.28 x 2X10 X(leo 6)

1036 2.3x10

1.04 x 1074 R

collision frequency 7.82 x 1(07 sec-1
This is an §stimate of the total collision rate including elastic transitions,
and inglastic transitions other than those between magnetic sublevels, The
frequency of collisiopal transitions between sublevels is likely to be
considerably smaller than the above figures. The radiative transitioﬁ
probability for the 5016 R transition is 1,34 x 107 sec-1 (Weise et al.
1966),

: Th@s, if collisional transitions between the 31P sublevels only
accounts for 10% or less of the total collision frequency,collisional transfer

between the sublevels may be neglected and to a first approximation the

fluorescence is completely polér-ised.

m Magnetic Field Measurements in Hydrogen
Even in the absence of a magnetic field each level in hydrogen is
split into at least two sublevels by the spin orbit interaction. Anatom,

excited by o radiation can thus re-radiate by transitions in which m_ changes

J
either by ¥1 or zero producing o and rt radiation respectively (Fig.18.3 ).
In the geometry of Fig.18,1, 1 transitions produce fluorescence polarised
parallel to the ma;gnetic field direction when observed in the x -.direction

and hence in general the fluorescence is not completely polarised. We consider

the case of H o< in detail.

H« -~ Collisions Between n= 3 Sublevels

We follow the procedure outlined on P219 . For Hec the line

6

(half half widthis 0.6 & at N_= 108 em™, KT, = 20,000 °k (Hill, 1964).
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The majority of thiz lire width is not due to electron impacts but is due to
the stark splifting pr=<uced by the statiz electric {ield of nearby ions
(irrelevant ip the prr:izst situation), Taking 0.25 R as an cverestimate

of the electron impzr® wwidth at the above conditions and scaling the equivalent
transition rate to the corditions in CLEO (P.205 ), we get a total effective
collision rate of 2.7 % 10 ‘sec” . This compares with the H o< transitidn
probability of 4.4 x 167 sec”t, Radiative decay is therefore more iikely
than collisional tranzier hy é factor of two and to a first approximation

collisional effects may he ignored,

Atom Coupling Scherne

The atom - magnetic field interaction is of the order cf ;.1B B

where PB is the IDohr magneton and B_ the field strength. In ihe 20 kilogauss
field of CLEO this is 0.93 c:m-1 compgred to the largest case of the fine
structure split-l:in_g of He by the spin orkit interaction of 0,38 o::m"1
(Woodgate 1970). Hence the magnetic field can be considered to have
de-coupled the spin orbit interaction and the appropriate representation for
the description of thc atomic statesisan 1, s representation. As the
spin does not change in electric dipole fraunsitions in the absence of spin-orbit
| interactions the calculétions can therefore be done with complete generality
by treating the case of mg = +% only.

| Initially the polarisation of the fluorescence was calculated by assuming
all the n= 2 sublevels were equal before the laser pulse. The n=3 sublevei
populations were calculated by balancing spontaneous and stimulated decay
rates and'the degrec of polarisation of the fluorescence deduced from the

n = 3 sublevel populations and the radiative decay rates. This approach is

described in Appendix 3. IHowever the fluorescence results described in the
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previous chapters prompted a reconsideration of the whole problem and a
much improved calculation is described below.

Equilibrium Considerations

In order to determine the change in the various level popul ations

in the presence of the laser illumination we must first establish the nature

of the pre-existing equilibrium in the plasma. On P. 220 we deduced that

the collision rate for_ transfer between the n= 3 sublevels was lower than

the Hec radiative decay rate so clearly local thermodynamic equilibrium

is not present in the lower excited levels. We therefore consider the

criteria for coronal equilibrium considering in the first case a steady state
plasma. ".n a coronal plasma the populations of the bound levels ( np) relative
to the population of the ground state (nl), are controlled by the

collisional excitation rate S1 D and radiative transition probability Ap

!
P = p (18.2)

However at a sufficiently high excited level the collisional de-excitation
rate will be greater than the radiative transition probability and the level
populations will be in LTE with the free electrons. Wilson (1963) discussed
the concept of a '"thermal limit'" : a level in the atom above which collisional
processes predominate and the level populations are approximately thermal
and below which the level populations are approximately coronal. The thermal
limit is defined as the level at which upward and downward transitions are
equally probable. ‘ In the following table we list the radiative decay rate for
level o, b An, + A + (Wiese 1966), together

n~-1 n, n-2 -

with the collision rates C and C - obtained (P.121 ) from
. n, n-1 n, n+1

the cross sections of Johnson (1972).
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_-n__ Cn, n;l An, n-1 Cn, n+1
2 0,01 a7 0.44
3 0.2 _ 10 1,48
4 | 0.83 3 4.6

5 3 1.2 36

All rates x 107 sec"1

C , etc., are smaller than
n,n+2, n,n+3

The collision rates C
“the rates in which the principal quantum number changes by one (see e.g.
Felden et al. 1972), It can be seen that the thermal limit corresponds

approximately to n= 4,

Time Dependent Effects

The plasma lifetime in CLEO was 100 - 200 mS, McWhirter (1965)
has given an order of magnitude criteria for the atomic relaxation time in

" a coronal plasma.

12

T = 10 sec
Ne

In the present case T is 50 mS, less than the plasma lifetime and

so coronal equilibrium was reasonably well established.

Level Populations
| Johnson and Hinnov (1973) have calculated excited state populations
in terms of the gr.ound state population for hydrogen plasmas over a wide
range of density and temperature. They include a term proportional to the
rate of change of the ground state population density
dn

B+ (®.p — To —@ (18.3)
dt

n(p) = r_(p) np(



t
n(p) is the population density of the p B level.
| th
nE(p) is the Saha equilibrium population of the p  level,

T(p) are coefficients listed by Johnson et al.

+ 9 h2 3~ Ep
= exp. ..
np(P) B, M) P G P T

&

"2 -3
12 p cm in the present case.

We assume a steady state has been reached in the plasma and use
Eqn.(18.3) in conjunction with the coeificients of Johnson et al. to deduce
the populations of levels 1 - 3 from the observed n= 4 population, We

use the coefficients for the optically thin case.

n(ly = 3.86x 109 cm-3
'n(2) = 3.24x 106ch—3

n@) = 2.26x 108 em™

n4) = 1.36x10%cm™3 (experimental)

The absorption coefficient for Ly o« calculated (P.109) with the
above value of the n(1) populationis 10—4 cm-l. The absorption coefficient
calculated with the n(1) population obtained by using the ro, ry coefiicients

| for the optically thick éase is smaller still, so clearly the assumption of low
optical - depth is justified.

A point not explicitly taken into account by Johnson et al. is that the
2s 1eve1 in hydrogen is metastable, In most cases this does not affect the
2s population appreciably as it can decay by fast collisional transfer to the
2p levels followed by radiative decay to ground state, However, as we have
seevn in the high temperature, low density conditions of CLEO, the collisional

transfer rates between the n= 3 levels are slower than the Hec radiative

fransition rate.
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We calculate the populations of the 2s, 2p, 3s, 3p, 3d Iévels
separately by haloncing (Eqn.18,2) the coilisional excitation rate from
ground to the radiative decay rate, We take the figure of the ground state
population deduced on P. 224, i.e. 3.86 x 10° cm-3, As this is
estimated from the observed n= 4 level population, problems due to
metastable levels do not arise. We use the collisional excitation cross
sections for the 2s, 2p, 3s',.3p levels of Felden et al. (1962), We estimate
the 3d excitation cross section by comparing the sum of the 3s, 3p cross
sections to the total n= 3 cross section of Johnson (1972),

The most likely de-excitation route for the 2s level is by collisional l
transfer to the 2p level, . No cross sections for this collision process have
been ptiblished but from the arguments of P.220 we estimate a collisional
transfer I:ate of 107 sec-:l . For this level only we calculate the population
by balancing collisional excitation from ground to collisional transier to the
2p level.

The calculated 3s population turns out to he almost equal fo thev
total 2p population, This is clearly unphysical, considering the statistical
weights of the two levels and may indicate that the transfer rate 3s - 3p is
larger than expected, We assume the 3s population is reduced by .stimulated
emission to 2p so that the populations of the 3s, 2p sublevels are equal,

Table 18,1 shows the excitation and radiative decay rates an¢ the
2s - 3d populations,

Time Variation of the n= 3 Levels in the
Presence of the Laser

In the presence of the laser illumination we divide the n= 2 and 3 levels

into two systems unconnected by optical transitions 2s - 3p and 2p - 2s,3d,



TABLE 18.1

Level Excitation Cross Excilation Rate Radiative Decay Population
’ Section for Electron , Rate
Impact Energy of 300 eV
(E =°/2 xT)
Units of 71t a,o2 see sec em™
28 .03 4,44 x 104 107 1,71 x 107
2p .3 4.44 x 10° 6.2 x 10° 2.76 x 10°
3 6 6
3s .003 4.44 x 10 6.3 x 10 (2.72 x 10°) see
' 0.92 x 10° text
4 8 6
3p .05 7.4 x 10 1.89 x 10 1,51 x 10
3d .01 1.48 x 10* 6.46 x 10" 8.84 x 10°
| 7 6
3s, 3d 5.49 x 10 (avr) 1.8 x 10" (sum)

9T
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Using the theoxly developed on P.73 we.calculate the time variation of the
n=3 populatidns for the case of the laser intensity being a step function in
time,

The difficulties found in interpreting the H « fluorescence results
described in Chapter XIII  in terms of this model are not likely to be
~ significant in the present case. The n=2and 3 levels are pcpulated only
by the ground state and as this has a large population the populating rates

are not likely to be disturbed by the laser, The basic equation may be written -

- -D . D
n(f = (nlo g.nuo) (Du 1) exp—-(g 1 " DdJ
u (1 +g) (g. Dy +D) l+g
(18.4)
C. +C
+ 1 u
.D
g 1+Du

n1 s nu are the lower and upper state populations, g is the ratio of the

g
L , D , D are the depopulating rates and C
gu 1 u

are the populating rates given on Table 18,1, 'o'refers to initial conditions.

statistical weights ( P Cu

28 ~ 3p System

The laser excites only the m, = Z1 subleveis of the 3p level.

The initial populationof 3p m, = %1 istaken to be 2/3 the total 3p

1
 population, i.e. 1.0x106. The g factor in Eqn.18.4 is 1/2, The time

variation of the 3p, ml =t 1 sublevels is given by

6 8
n3p,m1=f1 = 10x10° exp ~-(1.,3 x 10)t
+ 2.36x106 —

There is a transient x 12 increase inthe 3p m, = +1 population

1

lasting for approximately 10 nS. Subsequently the population remains

enhanced by a factor of two,  The time dependence of the 3p m, = |

population is shown in Fig.18,.4.
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3p (m, = * 1) population

Populatién

X 106 cm-3
8 -4
4 7 -
- 3s,d population
ap |
—_—— — ] 3p Asymptotic
Value
7 —~y T — .
0 4 8 x 12 16 Time nS
4 Laser turned on
FIGURE 18.4 - 3p AND 3s POPULATIONS DURING A He LASER PULSE

8YT
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2p - 3s, 3d System

In this case we sum the populating and depopulating rates of the 3s
apd 3d levels to obtain the Cu’ Du coefficients, The initial 3s, d
populationis 1.8x 106 cm_3_ For Du we take the average (weighted by
statistical weight) decay rate for the 3s and 3d levels. With the laser on

the time variation of the 3s,d population is

n, d(t) = =1,92x 106 exp - (2.43x 108) t

+ 4.82x10° em3

The 3s,d population shows a fast initial rise followed by an
exponential rise to an enhanced value, The time dependence of the n=3
populations are shown in Fig.18.4. Thg 3b and 3s,d levels thus illu_strate
the two possible forms of the fluorescence time history as predicted by
Eqn.18.4, pro'ducing an exponential rise or fall respectively,

Fluorescence Polarisation

Atoms which decay from the 3p m, = 1 sublevels produce only

1
o polarised radiation, Atoms decaying from the 3s,3d levels will produce

¢ and rt radiation, Initially, as the laser intensity is above saturation all

| the 3s and 3d sublevéls will share the same equal populatioﬁ of the 2p sublevels.
Radiative processes between the 3s,d and 2p levels of the kind discussed

in Appendix 3 wil not change this as the 2p sublevel populations are kept

equal by the fast populating and depopulating rates from the ground state.

Thus, in general the 3s and 3d levels will emit an unpolarised background.

The 3p ml =0 level continues to emit rr radiation. We estimate the

intensity of the 3p m

=t pclarised radiation to the 3p m, =0, 3d,3s

1 1

background by multiplying the level poﬁulations by the appropriate radiative
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transition probability, It is necessary to multiply the total o radiation
emitted by a geometric factor of 1/2 in order to estimate the amount of
o radiation observed in a transverse direction (Woodgate, 1970),

At the instant the laser is turned on the 3p m_= ) population

1
is 12,36 x 106. The radiative transition probability is 2.2 x 107. The

intensity of c‘ radiation emitted in the x-direction is proportional to

X Z.ZXIOZ x 12,36 x 106

nof =

1,36x 1014

TABLE 18.2

Polarisation of H o« Fluorescence

Level ‘s

v Polarisation Intensity Observed

( arbitrary units)
t=90 = o2

b

3p m o= 1 o 1.4 0.26

3p m, =0 T 0.11 0.11

3d \J - 0,78 1.3

. 7T 0,78 1.3
3s _ S .02 .025
" TT .02 .025

=0 t =0
s _ 719, 529
o+ T1C .
g -1 419, 59

T + e

£ Ay N N et b & o



231

After the exponential decay the observed 3p m = %1 intensity is

1

given by
% x 2.36x10° x 2.2 x10°
= 2.6 x 107
The 3p m, = 0 sublevel continues emitting jr radiation at the

1

same level as before., The observed intensities from the various n=3 - n= 2
transitions are shown in Table 18.2, ' At the instant the laser is turned on
(i: = 0) there is a substantial degree of polarisation of the fluorescence.

Signal/Noise Ratio

This will depend on the particular experimental setup used, | In the
H o fluorescence experiment on CLEO described in Chapter XVII the
signal/noise ratio in the absence of the laser illumination was measured to
- be 60. The ratio of the laser illuruinated volume observed by the photomultiplier
to that seen from the whole plasma was 1 : 100, Thus the x3 enhancement
of the H o¢ - emission predicted after the laser has been turned on énd after
the initial transient should be detectable. However, it would be impossible
to detect the small (5%) degree of polarisation as the fluorescence signal is
‘only approximately twice the amplitude of the noise already present, However
in the initial transient period just after the laser is turned on, the situation is
different. The enhancement is approximately x5 and the ¢ polarised signal
corresponds to 70% of this, The angle through which a polarising filter would
have to be turned hefore the ¢ polarised signal was reduced by an amount
equivalent to the noise is of the order of 40°. Thus for the case of CLEO
we would expect to measure t;he‘ magnetic field angle to that order of accuracy.
This illustrates very clearly that, in contrast to Thomson scattering, it is

essential in fluorescence studies fo illuminate as large a proportion of the total
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piaéma voluﬁe as possible in order to m.easure the fluorescence accurately
above the noise in the background emission. With a higher illuminated
volume ratié the accuracy with which the magnetic field could be determined
would be substantially improved.

The degree of polarisation produced with the laser intensity below
saturation may be higher than the above value, especially if the laser
intensity is sufficiently low so as the 2s population was unperturbed. However,
in view of the limits imposed by the existing signal/noise ratio it is unlikely
that the polarisation of the fluorescence would be detectable above the back-
ground noise if the laser was below saturation intensity.

Compared to the above analysis, the polarisation model described in
Appendix 3 assumes that the interactions of levels two and three with the
rest of the plasma are negligible. The n= 2 sublevel populations are
calculated from the spontaneous decay rates from n=3 » n=2. Inthe
model described in this chapter the main factor controlling the n= 2 sublevel
pooulations is shown to be-.the interactions with the ground state atoms and
the polarisation is calculated taking full account of the interactions between
levels two and three, and the rest of the plasma.

An alternative to H o fluorescence would be to seed the plasma
with a small amount of helium atoms and perform fluorescence experiments
using the 218 - 31P transition, This would combine a high initial population
of metastable 218 atoms with (assuming colI;sional processes between the 31P
sublevels to be negligible) 100% polarisation of the fluorescence.

The Ly radiation produced when hydrogen is excited with an
electron beam is up to 25% polarised ( Ott et al 1970). However, it is not
possible to apply this to Tokamaks as the electron beam would be deflected by

the magnetic fields present. A more speculative possibility is Ly« fluorescence,

but this awaits the advent of a polarised Ly laser.
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APPENDIX 1

Single Level Plus Infinite Reservoir

We take the ¢ase of a level of population, n, and an infinite reservoir.
Atoms are supplied to the level at a constant rate, C, and atoms are lost at a

rate, D, per atom.

/ D

.Reservoir

n initially has an arbitrary value n(0), We calculate the variation
of n intime.

dn)y = ¢ — nit)D
dt :

Dt Dt Dt
—;T [n(t)e ]=[%_?_(t_) + n(tyD } e =Ce

t Dt
n(t) eD J C e

- _cieDt + K
D

where K is a constant, n(t) = n(0) when t=20
nty =S 4 Ke
D
K = no0) -C
_ D

Solution c Dt
nt) = (no)y=Lye " + C
(t) (n(0) D) 5

thus n(t) relaxes to a value given by _g with a time constant given by D.
The supply rate, C, to the level has no effect on the rate at which equilibrium

is established.
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APPENDIX 2

We solve the general case of laser induced fluorescence in a three

level atom with arbitrary laser intensity.,

A21 = spontaneous emission rate.

WIZ,WZI = stimulated emission rate.

Cy» C, = total supply rates from level 3 to levels 1 and 2.
Dl’ D2 = transfer rates per atom from levels 1 and 2 to level 3.
E12’ E21 = collision rates between levels 1 and 2,

two
y A
E
three A21 E21 12
v Y v
one

The value of all these rates are constant with one exception : W1 W

2

is zero for t < 0 and constant and positive for t > 0. For t < 0 we

21

assume equilibrium :

dn.lzo_

— = - + + -
T Cp =y Dy ¥y (Ayy + B =1y By

-

R



1 - +E + +
- Dy # Ejp#Wiphny + (A + By #Wopny, + C)

= In1+Jn2'+K

where 1, J, K are defined by the above equation,
similarly

d in
dt

. .

(W12+ Elz) n - (D2+A21+E21+W21) n2 + C

1 2

Fn1+an+H

solveforn,)
a _
— —=I)n = J n + K
(dt ) 1

d— =
(E G)n2 Fn1+H

d d
— -1 - - -
(dt ) (dt G) n, F(Jn2+K) I H

2 dn

d 2 -
n G+I) 2 + (IG=-FJ)n FK-T1H
atz 2 ( ) dt ( ) 2

Complimentary function;

1l
o

d —1(d -m
(dt )(dt )n2

where L, M are defined by
LM=1IG-FJ

L+M=G+ 1

236
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Particular Integral

FK -1H
2T g d
G -nd-m
(dt )(dt )
- FX -1IH 1
LM
1-L4dy:.14d,
C at M dt
- FX-TH @a+l1d_ . Hya+dl 4_..,
LM L dt M dt
_ FK -1H
LM

We define

The complete solution is, therefore -

ny( = P ety g M inr

Similarly

nl(t) = S eLt + U eMt + V
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APPENDIX 3

Magnetic Field Measurements on Hot Plasmas

In Chapter XVIII we described the expected results of a fluorescence
experiment on a coronal plasma designed to measure the magnetic field
direction. ;In this appendix we present, for reference,thé results of an
earlier calculation of the expected degree of polarisation of He fluorescence.
We take théa hypothetical case where ihitially all the 2s, 2p sublevels are
equally populated, the n= 3 sublevels have a negligible initial population.

With the exception of Ly« fluorescence we neglect interactions between
levels 3 and 2 and the rest of the plasma.
'Thle. transition probabilities betﬁreen the individual sublevels of the
n= 2 and 3 levels were calculated from first principles: as tabulated values were
not available in the form required. Matrix elements for the various possible
| nlm} to | n:'l' m' ) transitions were calculated for electric dipole
transitions and the results are shown on P, 239 . The polarisation was then
" calculated by
1) solving a steady state rate equation to determine the populations
of the excited sublevels,
2) multiplying the enhanced sublevel popuiations by the appropriate
transition probability,
3) summing the fluorescence from the o and rr transitions separately.
Unfortunately, whilst the fluorescence from the 3p to 2s transition
is completely polarised this contribution is greatly reduced by Lyman
fluorescence. This effect varies with the laser intensity, Two cases were

treated .
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FIGURE A3.1 - (Complete Transition Probabilities for the
Transitions in Hydrogen
ml = -2 -1 0 +1 +2
3p .
!
2s
3d
3s

T transitions 3 x 64 4 x64\ Vv 3x64
' 25 25

25

|-

2p

3d

3s

O transitions 6 x 64

2p




Laser Intensity below Saturation

For low laser powers the stimulated transition proﬁabilities are much
less than the saturated values, The sublevel populations are found by
balancing the rates of absorption and spontaneous emission. Detailed

results are shownon P.241. Ly £ fluorescence reduces the 3p sublevel

enhancement but the net population of the 2s level is assumed to be unperturbed.

- It should be noted that it is necessary to multiply the total

fluorescense emitted by a geometr.'ic factor of 1/2 to determine the
g fluorescence observed in a transverse direction., Fig. A3.2 shows that
at low intensities the polarisation of the fluorescense is quite high, 30%, most
of the polaris.ation being due to the m; = p 2 sublevels of the 3d state,

Laser Intensities above Saturation

At high laser powers the situation changes. The 2s,3p system is
assumed to be depleted by Ly radiation and no H = fluorescence from
the 3p sublevels is included. The 3d, 3s, 2p levels form two systems
interconnected only by spontaneous emission. For convenience because of

| the shape of the transition array these will be referred to as the V and W
systems (see P.239). For laser powers above saturation the high stimulated
emission probability means that within each system all the sublevels have
equal populations. However, a sublevel in the V system does not necessarily
have the same population as one in W, Atoms transfer between the V and W
systems by spontaneous rt radiation. Thé relative V and W populations
were obtained by balancing the rate of spontaneous transitions in and out of

~each system. The relative amounts of o and rr fluorescence was then
calculated by multiplying the sublevel populations by the appropriate transition
rates. Above saturation the laser mixes the 3d m, = p .2 sublevels with the

1

other 3d sublevels and so reduces the major source of polarisation. The



FIGURE A3.2

FLUORESCENCE POLARISATION OF Hox

(iy Laser Power below Saturation Level
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Transition Population Relative Fluorescence
Enhancement Transition intensity
(relative Probability (arb.units )
, units)
3p-2s 0.107 2x16 1.14
. 3
3s-2p 2/3 1 0.66
3d-2p 1=2 1 12 x 64 30.7
m =%t2 25
I
m, =1 1/2 6 x 64 7.68
: 25
m, =0 1/3 2 x 64 1.70
L ' 25
Total o radiation emitted = 41.8
- Total o radiation observed =  20.9
3p-2s 0.107 0.0 -
3s-2p 2/3 1/2 0.33
+ )
3d-2p m = - 2 1 0.0 -~
ml=f1 1/2 3 x 64 7.7
25
m, =0 1/3 4% 64 3.41
- 25
Total 7t radiation emitted and observed = 11,44

Degree of Polarisation 20,9 - 11.44

= 30%

20.9 + 11.44

- T ¢ o e gtie o A — -
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Transition Relative Transition Fluorescence
Population Probability intensity
(un-normalised) {arb. units)
3p-2s Negligible 2x16 -
3
3d)  V system 0.259 64 L g 3.98
38) | W system 0.370 ( g_g x 14) +1 13.66
Total o radiation emitted = 17,63
Total ¢ radiation observed = §,81
3p-2s 0.04 0.0 -
3d V system . 0.259 E‘;]:_ x 6 3.971
2p 25 '
3 .
°) W system 0.370 (8 xqy+1 3,982
25 2
Total r radiation observed = 7,953

Degree of Polarisation =

8.814 - 7.953 - gg

8.814 + 7,953



results is that for laser powers above saturation the degree of polarization
drops to 5%.

It v?ould appear that for the case where this model is a good
description of the fluorescence process a high signal/noise ratio in the
H o« emission is required before the fluorescence pol‘arrisation may be

detected,

PR
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Dye laser induced fluorescence of plasmas and its application
to measurement of lower state decay rates
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Abstract. A simple but powerful extension of fluorescence scattering methods for the
measurement of decay rates is described together with results of an experiment on a helium
plasma. The technique should allow measurements of A-values and excitation rates for
vacuum UV transitions from observations of visible fluorescence, and reduces the need for
short pulse lasers for decay rate measurements.

The decay of fluorescence radiation has long been used to measure total decay rates
whether collisional or radiative, for the upper state of the fluorescing transition and with
the advent of high-power tuneable dye lasers such measurements have become possible
on relatively hot, dense plasmas (eg Kunze and Burrell 1971). The classical use of
fluorescence relies on a short excitation pulse, and therefore dye laser systems pumped by
ruby, neodymium or N, lasers or mode-locked flash-lamp pumped dye lasers have
attracted much attention. We wish to make the following simple, but powerful and
previously unnoticed point. With laser powers exceeding those required to saturate
the pumped transition, it is unnecessary to use a short pulse since decay rates can be
deduced just as easily from the relaxation of the fluorescence with the laser illumination
still on and, indeed, much more information is then obtained, since the fluorescence also
yields the decay rate of the lower state of the pumped transition. The effects of illumina-
tion with a long laser pulse have been discussed explicitly but in the context of localized .
plasma diagnostics by Measures (1968), and relaxation effects under laser illumination
have been observed by Collins et al (1972). Our very simple mathematical derivation
below yields the same form of fluorescence pulse as derived by Measures. However, as
far as we can ascertain, no discussion of the use and advantages of this technique for
determination of atomic parameters, as opposed to localized plasma diagnostics, has
been given previously, the most important consequence being the possibility of applying
lower state decay measurements from visible fluorescence to the determination of atomic
parameters for vacuum vV transitions.

Consider the following very simple model. Let the laser illumination correspond toa
transition between two levels 1 and 2, with populations small enough that the fluores-
cence process does not materially alter the populations of all the other levels in the
system from which these two states are populated. Let the laser illumination be turned
on at time t = 0, and instantaneously rise to a value sufficient to saturate the transition
(ie such that the ratio of the two level populations become essentially the ratios of their
statistical weights). Note that this does not require a very carefully shaped laser pulse,
since provided the saturation intensity is reached rapidly, further variations in intensity
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do not alter the relative populations of the two levels concerned. Note also oneimportant
distinction from other pulse-excitation methods, whether optical, beam-foil, or otherwise
in that, so long as the laser remains on, excitation and decay rates directly between the
levels 1 and 2 themselves do not enter the analysis, thus simplifying interpretative prob-
lems. Let now the rate at which level 1 is populated from all other levels in the plasma
except level 2 be C, and the corresponding decay rate (per atom) be D,, and similarly
the corresponding rates for level 2 by C, and D,. Let the level populations before the
laser is turned on be 1,4 and n,,. Then consider the equilibrium situation under laser
illumination for the joint system of the two levels 1 and 2.

t < 0 Cl +Cz = n10D1 +n20D2 (1)

t>0  nm()= g—‘nz(t) (2)
82

ny(0)+ny(t) = n* (1)

dnt

TR (C;+Cy)—n Dy —n,D,

n+(0) = n10+n20.

Thus, the equation governing the population of the upper level, and hence the observed
fluorescence intensity is

. dnz(l)(l+g_l — (C1+C2)_112(g—1D1 +D2) 3)
d¢ 82

82

with the solution

nothze  Ci+GC ) [_(81/32D1+D2)] Ci+G )
1+g./82 81/82D0:1+D; 1+8,/g, 81/82D,+ D

Hence the fluorescence has two possible forms. Either the intensity rises very rapidly
from the initial background level corresponding to n,, to a peak value and then decays
exponentially with a time constant determined by both D, and D,, levelling out at a new
steady (enhanced) value for as long as the laser remains on, or if the sign of the first term
in (4) is appropriate after the initial rapid rise the fluorescent intensity continues rising to a
new equilibrium plateau value. In either case the following information is available
from a single time-history of the fluorescence. The height of the initial spike against the
background level gives the ratio of the initial populations, n;,/n,o. The exponential
decay gives the combined decay rates of the two levels, weighted by their statistical
weights, since with the laser still on decays out of one level affect the population of the
other level. The final equilibrium plateau gives the ratio of the decay rates determined
from the exponential decay to (C, +C,)/nyo. Combination of these values with the
initial equilibrium equation (1) then yields separately D, , D, , nyo/hyo and (C; + C,)/n,¢.

The major difference with established fluorescence decay techniques is the presence
of the lower state decay rate, combined with the removal of effects of decays of level 2
due to transitions down to level 1. In many cases it should be possible to determine eg
the A-values of a vacuum uv resonance line, for instance of a high ionization stage in a
coronal plasma, by pumping on a visible transition out of the first excited state and thus
determining D,. The method would have the advantage over eg beam-foil spectroscopy

ny(t) = (
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of greatly reduced problems due to cascades. Note also that previous plasma measure-
ments have not permitted the determination of A-values as opposed to collisional exci-
tation rates for high ionization states (for which coronal equilibrium normally applies).
Conversely, the technique allows determination of collisional de-excitation rates from
first excited states to ground in high-density LTE plasmas where spectroscopic measure-
ments normally yield only A-values. The technique also provides information on col-
lisional excitation rates via C, + C,. :

We have observed such relaxation effects during long-pulse laser illumination.
The experiment used a recombination plasma source much-discussed previously (eg
Burgess and Cairns 1970, 1971, Burgess and Mahon 1972, Mahon et al 1973). The
electron density i, and temperature T, are extremely accurately known both from the
measurements in the papers cited and now from spatially-resolved Thomson scattering
measurements along the discharge axis (Mahon R, PhD thesis, University of London
1973 and Smith C, unpublished), the Thomson scattering data confirming all original
conclusions about n,, T, and the plasma homogeneity. For the present experiments the
optics developed for the Thomson scattering measurement were used, giving a very
low stray light level. A co-axial flash-lamp pumped dye laser similar in general design
to that of Furamoto and Ceccon (1969), but made to be fully demountable, provided a
peak power of up to 1 MW in a 2:2 A bandwidth centred on the 5876 A He1 2°P-3°D
transition, the laser operating on a solution of rhodamine 6G m alcohol. The peak
illumination in the plasma was 30 kilowatts cm~2, and the shot-to-shot reproducibility
of the laser was excellent (+59%). The fluorescence produced from the plasma in a
direction at right angles to that of illumination was observed using a monospek 1000
monochromator and an RCA C31034 quantacon photomultiplier. Figure 1 shows (i)
the laser pulse, (ii) the fluorescence produced and (iii) the background emission level.
Under these conditions the laser pulse is a modest approximation to a step function,
saturation being reached within a few nanoseconds of the laser firing and this illumina-
tion retained for about 300 nanoseconds. Ascan be seen, the fluorescence pulse observed

]
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Figure 1. Time histories of (i) the laser intensity (broken line), (ii) the observed fluorescence,
and (jii) the plasma emission without laser excitation.



L300 Letter to the Editor

behaves essentially as predicted from equation (4) above. The density dependence of the
decay was investigated by varying the delay of laser-firing between about 20-100
microseconds after plasma formation, corresponding to 5x 10'°cm™? > n, > 10'*
cm 3. The decay constant observed proved to be essentially proportional to n,. Ex-
periments at much reduced laser power showed a fluorescence pulse simply following the
form of the laser illumination, as expected. Observations of ‘sensitized fluorescence’ on
other He 1 transitions whilst pumping on 5876 A showed signals of identical form for all
transitions to n = 2 (singlets and triplets) from n = 3 and n = 4 but no observable signal
for n = 5or higher transitions. The identity of these time histories demonstrated that the
decay of the observed fluorescence was not due simply to collisional transitions out of
33D to other nearby levels, since relaxation times for these processes are much faster,
as expected from theoretical estimates and from observed pressure-broadened line
widths. The dependence of the decay rate on n, is shown in figure 2. Error bars became
large at high density, when the decay time is extremely short and comparable to the
rise time of the laser illumination, and at low densities when the decay time is comparable
to the length of the available laser pulse. The decay observed is much too long to be due
to radiative depopulation of the n = 3 levels (in collisional equilibrium with 3*D). This
is not surprising since in the pure helium plasma resonance lines are very optically thick,
and the corresponding radiative contributions to D, and D, thereby greatly reduced.
However the 2'P-3'D transition was expected from other data to be optically thin.
Investigations of the optical depth of this transition during laser illumination are now
under way. A tentative analysis suggests that the levels with n = 3 and those withn = 2
are so tightly coupled by collisions as to behave as a single pair of levels and that the
decay constant involved in the relaxation of the fluorescence is possibly collisional de-
excitation of levels of n = 2 to ground.

x10°® 35
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20r 1 |
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Figure 2. Fluorescence decay rate. Based on Thomson scattering electron densities measure-
ments to be compared with collision rate based on line width = 10'®s~!, Radiative transi-
tion probability 70x 105~ L.
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Detailed analysis of the helium results will be reported in a forthcoming paper, and
studies of the relaxation under long-laser pulse illumination for the Hx transition are
also under way. However, whilst the particular case of He1 5876 is complex, in simpler
systems it is clear that measurements of lower state decay rates should allow many
interesting determinations of parameters for vacuum ultra-violet resonance lines without
the need for absolute intensity calibration in the vuv region. An interesting prospect
seems to be that of pumping 2'S to 2!P transitions in helium-like ions in coronal plasmas,
thus obtaining information on the 1'S to 2!P A-value, and on the 1!S-2'S collisional
excitation rate, and a new method of measuring fast decay rates in such experiments is
being studied. What is already clear is that once power levels above saturation are
available, in many cases it may be disadvantageous to use short or ultra-short pulses for
fluorescence experiments and better to use pulses with lengths exceeding decay times of
interest.

The experimental work described was partially supported under the terms of a contract
from UKAEA Culham Laboratory.
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