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ABSTRACT

This thesis describes an investigation of the,plasnias producved
by flash heating of solids with the aims of determining their composi-
tion, density and temperature and their possiblé use in the measu’remvent
of oscillator strengths.

After preliminary experiments on the effects of varying suéh
parameters as input energy, gas pressure and form of solid sample
ahd on the time dependence of the vapour, the number densities of dif-
ferent types of atom in different states of excitation were investigated
quantitatively by the hook method. For this purpose the pyrolysis tube
was placed in one arm of a Mach-Zehnder interferometer and a back-
ground source of continuum was triggered at a pre-set delay time after
the pyrolysis flash, The hooks formed by the interference fringes near
an absorption line yield the product Nf of the population of the lower
level of the transition N and the oscillator strength f of the line. Using
lines of known f—vélue one can obtain relative number densities in
the vapour of elements introduced in known proportion in the solid form.
The results were not sufficiently reproducible for use in the determina-
tion of absolute f-values. However, the measurements on relative
populations of different excited states for a single species of étom
established that these followed a Boltzmann distribtuion at a temperaturbe

of about SOOOOK. The technique may therefore be used to determine



rélative f-values. A comparison of Nf values for atomic and ionic
lines of the same species indicated that Saha's equation for ionization
equilibrium is not applicable to this type of plasma, for which the
electron density is Qf order 1013 to IOMC:m_3 .

TFinally, the feasibility of determining reiative f-values by the

flésh pyrolysis - hook technique was demonstrated in the case of

yttrium. Results are ‘gi,vch for six lincs of Y 1.
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CHAPTER 1

THE TECHNIQUE OF FLASH PYROLYSIS

1.1 Introduction

Atomic and molecular spectroscopy require atoms and molecules
in gas or vapour form, Apart from the very high teniperature devices
for producing a high degree of ionization, the most usual sources are
arcs, sparks, various forme of glow discharge, shock tube and furnace.
The last source is more suited for absorption spectroscopy. The
upper limits of temperature reached in a furnace are set by technical
considerations, in particular the physical and chemical characteristics
of the furnace materials, which have restricted the temperature to
below 30000K. For example, in the King's type high temperature
vacuum furnace, owing to the rapid reaction of the vapour with the
graphite tube to form carbide, the temperature cannot be raised above
2500°K. Within this limited range of temperature, many elements of
low boiling point have been studied, but it is difficult to produce vapours
of the refractory elements at sufficiently high concentration, With a
shock tube, it is possible to reach very high temperatures, in excess
of IOOOOQK, but there are often difficulties in vapourising powdered

solids by this method.



Refractory elements can be vapourised with relatively modest
equipment by the technique of flash pyrolysis. An energy of some
thousands of joules is discharged through a helical flash lamp, in a
time of order 1 m sec, producing an intense pulse of light whicil
vapourises suitably prepared solids contained in a trax_xslucent cell
within the helical flash lamp. The temperature of the vapours reaches
several thousand degrees in a fraction of a milli-second. There already
exist some studies of the general behaviour and temperature of flash
heated vapours, but more quantitative information on vapourisation and
excitation is required if the technique of fl;'ish pyrolysis is vto be used to
produce vapours for quantitative work, such as measurement of transi-
tion probabilities,

The aim of this work was to investigate the flash heated vapours
by measuring their density, composition, temperature, etc, and to
assess their suitability for determination of oscillator strengths.

Among the experimental methods that are suitable for these tasks,
the hook method of Rozhestvenskii was employed as it could be applied
in many cases to obtain results on the concentration of atoms in different

states with a much higher accuracy than other methods.

1.2 The Heating Effect of the Flash Lamp

There are many different types of flash lamp. The simplest form

consists of a transparent tube, sealed at both ends by electrodes and



filled with an incrt gas a‘t about one-tenth of the ntmospheric pressure.,

The tube may be bent inté a U-shape or a helix, In flash pyrolysis

work, the helical type is generally used and the tube is'made of quartz

and filled with Xenon gas. When a capacitor discharges through it,

the energy stored in the capacitor is rapidly dissipated, producing an

intense pulse of light.

The intensity, duration and spectral distribution of the light pulse
depend on such factors as:

(a) the design parameters of the flash lamp: the length, the diameter
and the shape of the tube, and the type and pressure of the filling
gas.

(b) the power supply parameters: the capacitance of the capacitor
and the voltage to which it is charged, and the inductance and |
resistance of the discharge circuit.

A number of inv‘estigations have been undertaken to study these
factors (1, 2, 3, 4). The main conclusions may be summarised as
follows:

(1) At sufficiently high current density of the order of a few kilo
ampere per sq cm the light pulse is mainly a continuum extending
from the far infrared to the ultraviolet cutoff of the quartz tube,
The intensity varies with both the wavelength and the time during
the flash. The spectral distribution in the visible region corres-
ponds approximately to a black body at a temperature between

6000°C and 7000°C.




(2)

(3)

(4)

®)

The shape of the light pulse, or the brightness~time characteris-

tic, as measured by a detector with a flat spectral response
throughout the whole spectrum of the radiation, depends on both
the input energy and the inductance of the discharge circuit., The
peak brightness is proportional to the square of the voltage and
tends to be independent of capacitance at higher values of capa-
citance,

Xenon is the most efficient of all inert gases. The total light
output would at first increase monotonically with pressure and
then remain constant, whereas the brightness, after reaching a
peak value, would drop about 30% at higher pressure,

The duration of the light pulse depends on the values of capaci~
tance and inductance. The dependence of duration on capacitance
changes from C% to C2 as the value_ of C increases. Increased
inductance would reduce the magnitude of the peak brightness and
lengthen the duration. However the total light output from the lamp
is not significantly reduced if the corresponding increase in resis-
tance in the discharge circuit is small,

The total radiant energy (integrated over the whole pulse), as
measured by the amount of heat absorbed by a black body calori-
metér, is proportional to the amount of input electrical energy.
For the same amount of input energy but with different power supply
parameters, the radiant energy is increased as the duration is

shortened, The use of a reflector may increase its value by 50%.

10




(6) The light pulse is reproducible to within 2-5% and the ageing of

the lamp is slow, efficiency being reduced by about 5% after

every 1000 discharges.

The flash lamp is one of the most efficient deviceé known for con-
verting electrical energy into optical energy, with an efficiency of over
60%, over half of which is in the visible part of the spectrum (5). The
uses of the flash lamp are extensive and applications include illumination
in photography, flash photolysis, optical pumping for solid state lasers
and many others, |

The peak luminous energy emitted by a powerful flash lamp may be
as high as GGkW/cm2 which is at least an order of magnitude higher than
that of the largest éolar furnace (6), and the light pulse has been found
to have a very strong heating effect on a light absorbing body with a high
surface to mass ratio., The term flash pyrolysis is used to describe the

vapourization of solid materials by a flash lamp.

1.3 A Review of Past Works on Flash Pyrolysis

Most of the original work on flash pyrolysis was done by L S Nelson
and N A Kuebler, The flash evaporation of tungsten was investigated by
kinetic absorption spectroscopy and high speed photography (6, 7, 8).
The solid samples were black oxide coated wires of 13 /U diameter
and bright strips of 14/‘ thickness., A helical flash lamp was used
which, when operated with a capacitor baunk of 1300 /«F charged to 4 kV
giving an inpﬁt energy of 10400 J, had a radiant output of 32 J/ cmz. The
brightness reached its peak about 400 /,. sec after the start of the flash

and its duration was about 1500 /a sce.



There was a threshold of input energy at about 5000 J (650 /u F
at 4 kV) below which very little evaporation took place for the wire
sample. The only effect was the removal of some surface oxide. The
threshold was somewhat higher for the strip sample, ‘At energies
near the threshold, only part of the sample evaporated, Evaporation
increased as the atomic weight of the surrounding gas was increased
or its pressure was reduced.

At an input energy of 10400 J the wire and the strip evaporated
completely, regardless of the type of the surrounding gas or its
pressure, With nitrogen at atmospheric pressure, very little evapora-
tion was detected in tge first 300 /u sec, Near the peak of the light
pulse at about 400 /u sec the sample expanded and tungsten lines
appeared and increased steadily with time, At 750 /« sec droplets
appcared, indicating that the solid sample had changed into a liquid
phase and shortly after, at 900/1 sec, the most complex absorption
spectrum was recorded. Absorption lines from states as high as
22000 cm-1 above the ground state were observed. Then absorption
decreased steadily, with excited states depopulating more rapidly
than lower states.

Impurities of lower boiling point appeared earlier and also re-
mained longer in the vapour phase. Emission lines from states at

55000 cm—1 above the ground state were also detected.

12
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The evaporation and excitation of the tungsten vapour was found
to be predominantly a thermal process, although the phom—chemical
and shock processes could play a secondary role. From the assumption
that at any given time the number of atoms in a particular energy state
is proportional to the number of detectable absorption lines from that

| state, tﬁe distribution of the energy levels was found to follow the
Boltzmann law, The temperature of the vapour leaving the boiling
tungsten was found fo be about 7200°K. | |

The techniqué of flash heating had also begn successfully applied
to the evaporation’-of many other elements such as Al, Au, B, Dy, Eu,
Pb, either as metals or salts deposited on thin graphite strip, provided
the metal absorbers had a very high surface to mass ratio (9). As
impurities present in other elements, some of the strongly absorbing
elements like Al, Cu, Mg, were found to have limits of detection as
low as 1 p.p.m. Hence the technique could be used for the detection
of some elerﬁgnts difficult to obtain by other methods.

.The vapours produced by flash heating have been compared with
those produced by radiation from a ruby laser in the case of coal and
differences have been found (10). Flash heated vapours were also
founﬂ to differ from those produced by high temperature carbonization..

~ For example, the vapours produced by a light flash contained 65% of
H2 and 16% of CO as compafed to 45% of H2 and 149 of CO with the
laser beam. The corresponding figures for high temperature carboniza-

tion were 55% and 7%. However it was not certain whether the differences
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were due to the different temperatures, ranging from 90000 by
carbonization to an estiméted temperature of over IOOOOC by the
light flash and 700000 by the laser beam, or to differences in the
nature of the radiation,

Under éertain conditions the flash heated vapours may react
with the surrounding gas, When a loose wool of tungsten or grids of
carbonized rayon were flash heated in methane, a gas which does
not absorb light of wavelength greater than 1200 2 , the gas decom-

posed into the methyl radical CH

3 and hydrogen. But when the gas

was flash heated alone, it did not decompose (11). The orange A

and B band systems §f FeO were observed when Fe was flash heated
in oxygen, by direct reaction of the metal with oxygen (12). Some
hitherto unrecorded features in the spectra of copper and scandium
hydrides were discovered when the metals were flash heated in hydro-

gen (13). The flash pyrolysis of BeH,, in oxygen produced products

2
like OH, ‘BeH, BeH+ and BeO, the relative proportions of which changed
during the flash (14). The technique permits the preparation of
molecular species that cannot be obtained by flash photolysis as it is
basically thermal and not photo—éhemical.

Flash pyrolysis can also take place in a liquid of a transparent

solid (15).
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The technique of flash heating has also been successfully applied
to the study of combustion of liquid metal droplets (16, 17). This
allows the study of phenomena that are purely thermal in the absence
of strong electric fields, and in a welvl controlled atmosphere. The
technigue also seems to be a promising method in the study of any
processes that may involve intense surface heating of solids such as

re-entry into the atmosphere and the physics of comets and meteors.

1.4 The Use of Flash Heating in Spectroscopy

As a method of producing high temperature vapours, flash heating
has many advantages over the conventional furnace method. Itis
possible to study temperature regions far beyond those attainable with
static furnace techniques and the reaction of the flash heated vapour
with the container is usually very small or negligible as the heated
vapour comes into contact with the container for just a few milli-seconds,

By flash heating it is also possible to study those species that are too
reactive or too unstable to be observed in a furnace. TIor example, the
absorption spectrum of sulphur I in the region 750-1500 2 has been recently
obtained by flash heating (18), and the fechnique seems promising in
the study of other non-metallic elements. The main disadvantages are
the difficulty of knowing the temperature and the uncertainty of length

of the vapour column.



Although the technique of flash heating employs essentially the
same design of apparatus as flash photolysis (19) and enjoys many of
the same advantages, there are fundamental differences., In flash
photolysis only a selected wavelength band of the radiation from the
flash lamp is used for photo-dissociation and photo-excitation,
whereas’ﬂash heating is initiated by the absorption of the whole spec-
trum of radiation, Hence by the technique of flash heating it is
possible to produce (eg: by thermal dissociation) species which do

not occur in photo-chemical reactions,

16
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CHAPTLER 2

THE THEORY OF THE HOOK METHOD

2.1 Refractive Index and Nf-value

The refractive index of a transparent medium is a function
of wavelength, The rate of change of refractive index with wave-
length is normally smail and negative except near regions of
resonance where it undergoes a sharp variation of magnitude and
slope. The existence of a large discontinuity in the dispersion
curve as it crosses an absorption region is known as the anomalous
dispersion. The general dependence of refractive _index on wave-
length can be derived from either the classical or the quantum
theory of optical dispersion (20).

In the neighbourhood of an isolated absorption line of a gas,
where the effects of other absorption lines can be assumed negligible,
the refractive index can be expressed by Sellmeier's classical

dispersion formula:

K
) — Jo . N 1
-l 21 Aene NjTjK .

. where j refers to the lower state and k the upper state of the line A, ,

and fjk is its oscillator strength. Nj is the number of atomsper unit

2

<

volume in the lower state j and r_ is the classical electron radius —8—2- .
0 mce
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The dispersion formula obtained from the quantum theory differs
from Sellmeier's formula by the addition of a negative dispersion
term, giving rise to the factor:
|- 9 Nk
9« N §
where Ni and Nk are respectively the number densities of the atoms
in the states j and k, and g]. and g, are theif statistical weights, At
a temperature of a few thousand degrees, the negative dispersion
term may be neglected as it is of the order of 10—4,
Thus the pr;duct ﬁf, or one of them if the other is known, can
be determined by measuring the magnitude of the anomalous disper-

sion in the vicinity of the absorption line,

2.2 The Hook Method

In the hook method of Rozhdestvenskii , the Nf-value is measured
by an interferometer crossed with a spectrograph. The conventional
experimental set-up uses a two-beam interferometer, such as a Mach-
Zehnder , from which horizontal fringes are focussed on to the slit of
the spectrograph. With zero path difference between the beams, the
interference fringes observed in the focal plane of the spectrograph run
horizontally across the spectrum, If, however, one of the beams passes
through a gas with an absorption line, the interference fringes trace out

hyperbolae on either side of the line (Figure 1a).
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Figure 1: (a) Dispersion; (b) Hook




When the optical path in the second beam is increased, as by
inserting a pla;ne-parallel glass plate, the fringes are of a high order
of interference and slope diagonally across the spectrum. The gradient
of these fringes is opposite to the gradient due to anomalous dispersion
so that a superposition of the two phenomena leads to the formation of
a 'hook' on either side of the absorption line, at the places where the
two elfects cancel to give zero slope (Figure 1b), Theoretical analysis
(21, 22) shows that the positions of the hooks are determined by the

equation
L —Z,—/% = —K @
where L is the le.n_gth of the gas column, and K is the fringe order, a
constant which depends on the path difference between the two beams.
By combining the Sellmeier formula for the refractive index near
a single line with the equation determining the hook positions, the Nf-
value for a single line can be obtained immediately.

-_— 7T . KAZ (]
NT =51 ®

where A is the wavelength separation between the hooks defined as
A = /\+—-— )\—

The constant K is given by

P Ao
_ (4)
K )\7—)\(




where P is the number of fringes crossing a wavelength ravge A,~ A,
centred on A _ , as shown in Figure 1b, and s¢ may be determined
experimentaily from a region of undistorted fringes near the absorp-
tion line in question.

Thus the ook method reduces the measurement of Ni-valuesg
to a measurement of distances on the photographic plate, which can
be done with great accuracy. This is the main advantage over the

sfraig

[

' Gvrward apsorption methods. The other advantuges ave tha

there is no resirziction on the resolving power of the spectrograph or

the optical depth of the absorbing gas, and the sccuracy is unaffected

by scatiered light or continucus absorption by impurities, The hook
method permits easy measurement of the Nf-values of lines widely distri-.
buted gver the spectrum and of greatly differing intensity.

However the hook method is abhout an ovder of magnitude less
sensitive than the absorpticn methods, Ancther deficiency ig ils limifa-
tion to photographic detection, Recently it has beon shown that the
sensgitivity of the hook method could be entianced by using a series
type interferometer in which muliiple beam interference {ringes of
equal thickness were observed (23). A modification of the series type
interferometer allowing the use of photo-eleciric detection hae alsc
been suggested (24), but neither of these modifications appear as yet

to have been put to practical uge,

B

o
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The main applications of the hook method have been,in conjunction
With a furnace, to the measurement of relative and absolute f-values of
atomic transitions, and only recently, at Harvard College Observatory,
has the method been used with a shock tube to measure f-values in the
spectrum of iron. At Imperial College, the hook method has been extended
to measure f-values of the (0,0) and (1,0) bands of the ultraviolet system
of the hydroxyl radical and the (0,0) band of nitric oxide (25, 26). As a
diagnostic tool, it'has been applied in the investigations of the excitation
arnd ionization processes in a King's furnace (27, 28), of stationary and
non-~stationary plasmas in a gas discharge (29, 30), and of gas dynamic

processes in a shock tube (31, 32).

2.3 Some Computation Formulae

In the cage of two neighbouring lines, both may contribute to the
refractive index in the neighbourhood of either. There are two cases
to consider (33).

When there are hooks between the lines (Figure 2a), the two Nf-

values are given by:

Sl

—_ 4’7er . . 55 34-
N'-F‘ o Yo L N é'éz 1—{— €*—55,— 6564

é;éz
€7 —8.6,— 3554

Nzit AJT_KZ éé

nL oy 1T



(a)

(b)

Hooks of Two Close Lines

Figure 2:
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where all quantities not previously defined are indicated in I'igure 2a.
When only the outer hooks are measurable (Figure 2b) as is often

the case in a close doublet, the Nf-values are given by:

LI s L

¢
LN 1+ %) -+ %, 7
(6)

NE = AT (14 %) - ) e
212 roLz)\i (] + 6/§4>2—(|+ é/é‘>'2

The accuracy of measuring Nf-values of two close lines by the
hook method has been discussed (34) , and the solutiong for three close
lines and for an arbitrary number of lines has also been given (35) .

The practical application to a molecular band spectrum requires a

lengthy re-iterative procedure (25).
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CHAPTER 3

EXPERIMENTAL: APPARATUS AND TECHNIQUE

A schematic diagram of the arrangement of the apparatus is
shown in Figure 3. Light from a source of background continuum

(6), collimated by the two mirrors R, and Rz, passed through the

1
interferometer to the spectrograph (10). In one arm of the inter-
ferometer, the helical flash lamp was placed concentrically around

the absorption tube which contained thé solid material to be vapourised;
the flash lamp in its turn was surrounded by a cylindrical reflector
coated with aluminium oxide. In the other arm was the 'compensating
tube'. Both tubes were closed by identical plane parallel quartz
windows,

The helical flash lamp was fired by applying a high voltage
triggering pulse to a wire running along the sufface of the flash lamp.
A photo-diode pick-up circuit (3) detected the light from the pyrolysis
flash and initiated the delay pulse generator (4), the output of which
triggered the continuum background light source (6) after any desired
time delay (eg: a few hundred micro-seconds). The interference

fringes from the recombined light beams were then focussed by the

lens (1) on the glit of the spectrograph.



Fi9.3 SCHEMATIC DIAGRAM _OF APPARATUS
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| In this chapter a detailed description of the apparatus and

the method of its operation will be given.,

3.1 The Optical System

(a) The Mach Zehnder Interferometer

The interferometer consisted of two beam splitters and two.
total reflectors, arranged at the four corners of a rectangle with the
planes of all four parallel and inclined at 45° to the sides of the
rectangle,

Both the beem spli?ters were 7,64 cm diameter dises, 1.91
cm thick, made of Spectrosil 'A', The surfaces were finished to
a flatness of one-tenth of a wavelength of green light, parallel to
0.5 second of arc and matched to 2 micron thickness. One surface
of each beam splitter was coated with aluminium, to give 50%
transmission at 2000 & and 45° incidence, The reflectors were
finished to the same specifications except that their surfaces were
aluminised to be opaque to that wavelength,

The whole interferometer was mounted on an anti-vibration
chassis . However in this experiment vibration was not a problem as
the spectrum was recorded in a few micro-seconds,

A detailed description of the construction of the interferometer
and the procedure for setting it up, using a laser and a high bressure

mercury lamp, has been given by F P Banfield (36).



The stability of the interferometer was very good and no
major adjustment was needed to obtain the white light fringes
after the first alignment more than five years previously.

(b)  Background Light Source and Auxiliary Optics

The background source of continuous radiation was a 'Garton-type'
flash tube (37). This consists basically of a ceramic tube of about
5 mm ID, through which a high voltage low inductance capacitor is
discharged. The plasma is contained by a magnetic pinch resulting
in negligible wear of the tube and a long term rceproducibility,

The flash tube operates at a pressure of between 5 and 24 microns
in air and can be triggered anywhere in this range. The upper limit,
at 24 microns, is approximately the Paschen breakdown of the tube in
air fora voltage of 7 kV. The tube does not trigger reliably at less
than 5 microns pressure. A rotary pump with a cold trap is used to
maintain the pressure in this range. Changing the filling gas to argon,
helium, etc, has no effect on the radiation from the flash tube except
that of decreasing the opacity of the system in the far ultraviolet.

The flash tube is connected to a 10 BT rapid discharge capacitor
(supplied by Hivotronic Ltd, Basingstoke, England) by means of a
parallel plate transmission line to reduce the inductance of the discharge
circuit. In operation, the capacitor is charged to 8 kV by a 100 milli-
ampere DC power supply (7 in figure 3) and the flagh tube is fired by

a triggering pulse of 8-10 kV negative.

28



Radiation from the flash tube consists of a continuum extending
from the visible to about 400 p's , overlaid with emission lines which
are faint in the visible and become more and more dominant in the
vacuum ultraviolet region. The duration of the light pulse is about
2 }xsec. and the flash tube can be fired with an accuracy of 1Psec.

Debris from the discharge is ejected on to the window of the
flagh tube, and as:result regrinding and polishing of the window is
needed after about every ten discharges. |

The two collimators Rl and R2 were aluminised gpherical
mirrors of focal length 12,5 cm. An advantage of using reflectors
wagp their freedom from chromatic aberration, It was, however,
necessary to keep the angles of incidence small to reduce astigmatism.
R1 focussed an image of the source at the aperture (A in figure 3)
where a 4 mm stop was used to limit the angular spread of the colli-
mated beam formed by R2. With the interferometer adjusted for
fringes at infinity (one pair of parallel plates slightly inclined to the
other pair of parallel plates), the lens (L) focussed both the source
and the interference pattern on the slit of the spectrograph. This
lens was an £/12 quartz-fluorite acha%nat whose focal length (from

the visible to about 3000 & ) was 25.5 cm.

(¢) The Spectrograph and Plate Measurement

The accuracy of the hook method depends primarily on the
measurement of the quantity A , the wavelength separation between

the hooks on the photographic plate. Since the accuracy of setting a



microscope cross wire on the hooks (see below) is limited, it is
necessary to use a spectrograph of reasonably high linear dispersion
which is also stigmatic. |

The instrument used was a Hilger and Watt E1 £/20 automatic
glass/quartz prism spectrograph, of the Littrow type.

The reciprocal dispersion of the spectrograph varied from about
4 X/mm at 2800 X to 12 .R/mm at 4000 X with the quartz optics, and
from about 4 &/mm at 3900 & to 20 &/mm at 6500 X with the glass
optics. An accurate value in each relevant wavelength range was
determined from iron lines. In general the value of the reciprocal
dispersion could be determined with an accuracy of 0.1 % to 0,2%.

It was desirable to use a fine grain emulsion for measuring
distances accurately on the photographic plate, but as the background
light source hadAa duration of only about 2 micro-seconds, a fast
emuision was required. Aithough Tlford XK plate was somewhat
faster than HP3 plate in the ultraviolet region, the grain size was
too coarse. So only HP3 plate was used.

The plates were measured with a Zeiss comparator on which
readings could be taken to the nearest micron, The uncertainty
of setting fhe cross wire exactly on the turning point of a two beam
interference fringe was of the order of 20 microns. Errors of setting
on spectral lines were negligible by comparison. This error in

determining A will be discussed in Chapters 5-7.
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(d) The Alignment of the Optical System

The alignment of the optical system was carried out in two
stagés, ‘the first stagé being without the four quartz windows in position.

An He-Ne laser was first used to define the optical axis of the
whole system: the beam was sent backwards, first through the spectro-
graph, then the interferometer and finally after reflections by the two
mirrors, through the centre of the Garton-type flash tube.

As the continuum light source was a 10.ng discharge tube, viewed
end-on, of pulsed operation, its position relative to the mirrors R1 and
Rz for optimum collimation had to be detefminéd by trial. The far
end of the flash tube was first focussed on to the slit of the spectro-
graph. Then a sodium lamp was placed immediately behind it. By

adjusting the positions of the mirrors R, and Rz, but keeping their

1
separation constant, a well collimated beam of light of about 1.5 cm
diameter was obtained in the region between Rz and the interferometer,
and interference fringes could be observed on the slit of the spectro-
graph., The sodium lamp was then replaced by a high pressure mercury
lamp, which gave off a strong continuum when it had warmed up. This
allowed a check that the fringes were near zero order and that their
spacing was approximately correct, Finally, a series of plates was
taken of the near zero order fringes from the packground) flash tube

for various positions of the mirrors R1 and Rz, It was found that the

'best! position for the mirrors as indicated by observing the fringes

obtained from the flash tube was about 0.5 cm . from that indicated by



the high pressure mercury lamp. TFrom then on the positions of the
mirrors and the flash tube remained unchanged.

The second stage was to place the four quartz windows in the two
arms of the interferometer. The quartz plates, in their ‘window
holder' were held in position by a structure of metal rods, This
structure was so constructed that no one plate could move independently
from the others and the absorption tube could be taken in and out
without disturbing the windows, as described in the next section,

To start with, one quartz window was introduced in each arm
and adjusted so that fringes were obtained with the sodium lamp and -
then with the high pressure mercury lamp, Then the second pair was
added and the process of adjustment repeated. It was found necessary
to use the controls of the interferometer for some fine adjustments of
the fringes, such as their spacing.

The high order fringes were produced by introducing high pres-
sure argon into the compensati.ng tube. This had an advantage over
the use of a conventional compensating plate in that the order of
interference could be varied continuously. The pressure of the

argon varied from about 30 Ib/sq in to 75 Ib/sq in.

3.2 The Flash Heating System

The flash pyrolysis lamp used was a five turn 're-entry' helix

(Figure 4), wound from 12 mm OD quartz tube (ID 9 mm). The diameter

/%]
-
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of the helix was 4 cm and the linear length was about 15 cm. The
active length between the electrodes was 150 cm. The tube was filled
with Xenon gas at a pressure of 10 cm of mercury, as supplied by

T W Wingent Ltd, Cambridge.

The capacitor bank for flash heating consisted of five 1 kilo-joule
(20 1, 10 kV) rapid discharge capacitors (manufactured by Ilivotronic
Lid, Basingstoke). The capacitors were connected in parallel by
co-axial cable and powered by a 10 kV 100 milli-ampere DC supply
(.2 in Figure 3). The applied voltage could be controlled to an accuracy
of 0.1 kV.

The pyrolysis flash was fired by applying a high voltage (about
15 kV) triggering pulse to a thin wire spiralling round the whole length
of the helix from the manually controlled pyrolysis triggering unit
(1 in Figure 3).

Occasionally the flash lamp had a spontaneous breakdown while
the capacitor bank was being charged up. The frequency of spontaneous
breakdown increased with use but rarely occurred before the charging
voltage reached 8 kV,

The duration of the light pulse of the 're-entry' type flash lamp
is ahout an order of magnitude shorter than that of an otherwise similar
'single-coil' type, because of lower inductance. This is of paramount
importance in flash pyrolysis work as, other conditions being equal,

the shorter the duration of the light pulse, the greater the heating effect.
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The light emission from the flash laxﬁp was investigated in a
subsidiary experiment, using a grating monochromator with an EMI
type 9783 photomultiplier, The signals were recorded on a dual-beam
oscilloscgpe, the signal from the pyrolysis trigger unit (1 in Figure
3) being :used to trigger the oscilloscope.

Fi/gures 5a and 5b show the emission of the flash lamp at 3000 ]
and at 6000 X . In each case , the upper curve represents the emission
at 6 kV and the lowefone at 8 kV, and the time scale is 100 Jisec per
division. The intensity at 3000 & cannot be directly compared with that

s

at 6000 ?& because of the‘ change of sensitivity of the photomultiplier

and the different slit Widfhs use:i. The ultraviolet end and the red end

of the emission show nearly similar time dependence. In each case,

the time taken to initiate the discharge of the flash lamp was shortened

from about 60 Jsec to 40 psec when the applied voltage to the capacitor

bank was increased from 6 kV to 8 kV, At 8 kV the intensity of the

light pulse reached its peak value about 60-80 Jsec after the start of

the discharge and then decayed slowly. 500 Jisec after the discharge,

the intensity had dropped to about one-quarter of its peak value, with

the ultraviolet end decaying more rapidly than the red end of the emission,
The absorption tube was made of thin wall quartz tube of 30 mm OD,

allowing plenty of clearance when ingerted along the axis of the helix,

Its lengfh was about 30 cm. As it was necessary to reload the solid

material after every pyrolysis flash, the window holder had tc be const-

ructed in such a way that the absorption tube could be easily detached
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Fig.6 _WINDOW HOLDERS OF THE ABSORPTION TUBE
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from the holder without disturbing the orientation of the windows and
hence the interference fringes. This was done by allowing sufficient
space for one end of the tube to be slid through the O-ring and pivoted
slightly ﬁntil the other end' had sufficient clearance to be inserted into
the second holder, as shown in Figure 6.

In the absorption experiment, the background light source was
fired at a pre-set time after the pyrolysis flash. This was achieved
by using the signal from a photo-diode (of rise time less than 1 micro-
second) to trigger the delay pulse generator (3 and 4 respectively in
Figure 3).

Another photo-diode (8 in Figure 3) was used to detect the flash
from the background light source, and delay between the signals from
the two photo-detector circuits was checked on a dual-beam oscillo-
scope. In Figure 7, the lower trace is the signal from the pyrolysis
flash and the upper one that from the background light source, with a
delay of 500 Jsec. In general the delay was accurate to 2% of the

pre-set value.

Figure 7 - Delay Signals. Lower trace: signal from the pyrolysis flash.
Upper trace: signal from the continuum flash. Time scale:

100}1sec/cm. Delay: 500 psec.



CHADTER 4

THE PRELIMINARY EXPERIMENTS

One feature of the flash heated vapour is the very
short time of its duratipn, of the order of a few milli-
seconds. The preliminary experiments attempted to establish
the feasibility of applying the hook technique to the in-
vestigation of flash heated vapours, the only other com-
parable application being the recent work on shock heated
plasmas. The experiments also investigated the effects
on the vapour density and the formation of hooks of the
various experimental parameters, such as the input energy,
the pressure of the buffer gas, the delay time, the form
and the method of introducing the solid material and its
quantity, etlc.

Some of the preliminary experiments (on gold) were
performed with a medium quartz spectrograph. The spectral
rerion from 2300 % to 6300 § could be covered in one single
experiment. However the dispersion was not adeguate for
gquantitative work, so the large gquartz/glass instrument

wag used thereafter.
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4.1 3Some fQualitative Experiments with Different Elements

The effectiveness of flash pyrolysis depends, among
other things, upon the form of the solid sample and the methods
of introducing it into the absorption tube. The main require-
ment is that the material should be in the form of a very
fhin wire or foil or a very fine powder. The substrate on
which the material is supported also plays an important part.
This is not surprising when one considers that the pyrolysis
process requires either the material or the substrate to be
an efficient absorber of ultraviolet radiation. Moreover,
if the energy is absorbed via the substrate, its heat capacity
must be kept low (see section 4.2a).

In the experiments discussed in this section, various
methods of introducing each element were actually tried, but
only the most successful method is actually described.

In all the experiments the slit of the spectrograph
remained open throughout the whole duration of the pyrolysis
flash. The effect of the emission from the pyrolysis flash
could reduce the contrast of the fringes in some cases, but
not seriously enough to necessitate a high speed shutter
synchronized to the firing of the background source. The
pressure of the buffer gas (argon) in the absorption tube was
aboutb1oo microns for the reasons discussed in section 4.2¢
and the delay time was 400-500 psec (see section 4.24).

Pigures 8-12 show hooks obtained with indium, gold,

Q

tungsten, bismuth and mixture of Ba-Ca-Sr fluorides respectively.
A
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(a) Indium Powder on Carbon Foil

The indium powder had a grain size less than 45 microns
and a purity of 99.99%. The carbon foil was 100 microns
thick and measured 1 cm x 5 cm (supplied by Ultra-Carbon
Corporation, Bay City, Michigan). The foil was coated with
a thin layer of glue ( a compound containing water and carbon)
to adhere the powder. 'Acetone could alsec be used to 'wet!
the carbon foil but it was more difficult fo control the
-anount of powder adhered. No detectable difference was
observed in the spectrum frém the two ways of adherinz the
powder.

In figure 8, (a) shows the anomalous dispersion near
the components of the leading doublet of the sharp series
of In I (4513.31 and 4101.76 2); (b) shows the high order
fringes obtained with the background source only; and (c)
hooks near the 4513 and 4101 & lines. Both (a) and (c) were
obtained with an.input energy of 3000°J., Evaporation of the
carbon foil was very little, of the order of 0.1 mg.

(b) Gold Foil on Copper Mesh

Penkin and Slavenas had reported difficulty in obtaining
hooks of the longer wavelength component (2675.59 2) of the
resonance doublet of Au I with vapour from a furnace at
1700k (38). By the technique of flash pyrolysis, measurable
hooks of the line were easily obtained with g few mill grams

of the metal (figure 9). 1In this case the solid sample was
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in the form of foil of about 0,1 microns thick supported on
copper mesh made of wire of about 1mm diamefer. The hooks
were obtained with an input energy of 2500 J. In this
particﬁlar case the delay time was BOO‘psec, because at 400
Jsec the vapour pressure was too high to give sharp’ fringes
(see seétion 4.2).

sﬁsing the known f-values of the gold resonance lines
the number density of gold atoms in the vapours was found to

171(:111—3.

be of the order of 10

The resonance lines of copper and silver also appear
strongly in the spectrum. Chemical analysis of the gold foil
showed that it contained less that 0.1% of sgilver and 0.,5%
of copper. Resonance lines of magnesium, sodium and calcium
also appeared in the vapour,

After the pyrolysis flash, the wall of the absorption
tube and the quartz windows were coated with a layer of gold,
and visual inspection showed that very little gold remained

on the copper mesh.

(c) Tungsten Wire

The tungsten wire was of 10 microns diameter and-was
wound around a cylindrical grid made of gquartz rods and con-
structed in such a way that when inserted in the absorption
tubé, light could pass through the absorption tube without
obstruction., With an input energy of 4000 J, only part of
the tungsten wire vaporized. At 5000 J the tungsten wire

vaporized completely, and figure 10 shows the spectrum obtained.
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Hooks appeared around the strong lines of iron, copper, .
silver, magnesium and chromium impurities, but none around

. the tungsten lines, although very faint emission lines of
tungsten could be seen at the appropriate wavelengths. The
failure to obtain tungsten hooks was proﬁably due to the low
vapour pressure of tungsten. Although Nelson and Kuebler
(&) suéceeded in obtaining the absorption spectrum of tung-
sten by flash pyrolysis, they used twice as great an input
energy (10 400 J) and a buffer gas pressure of one atmosphere.

(d) Bismuth Powder on Copper Foil

The copper foi} uged was 5 microns thick and had a
purity better than 99.99%. It was coated with a thin layer
of glue and the bismuth powder was sprayed on to it. With
an input energy of 4000 J, the copper foil vaporized com-
pletely. Figure 11 shows hooks in the bismuth spectrum.

The 3067 & line is the resonance line of bismuth. Both the
2989 and 2897 & lines are from an excited state with an energy
of about 11 x 1030m-1 above the ground level. The emission
lines at 2938 and 3034 % are clearly visible in the spectrum.
The lower states of these two lines are about 15 x 10°cm |
above the ground level.

(e) Ba-Ca-Sr Fluorides on Carbon Foil

If an element cannot be obtained in the form of suitable
foil, wire or powder, a salt can be used. In the case of the
alkaline earths, the mixture of =alts was stuck to the carbon x

foil by a thin layer of glue., Acetone could also be used.



Figure 12 shows the spectrum obtained in the range 4100~

4700 % with an input energy of 4000 J., The resonance lines.

of the neutral atom and the ion of all three elements showed
sharp hooks, although the Ca II lines have tob short a
wavelength and the Ba I line too long a wavelength to appear
on this print. The other lines are from excited states of
both Ca and Ba; for example, the 4318 and 4225 % lines
have a lower state about 15 x 10%cm™! above the ground level,

Another method of introducing the solid sample that
has not been mentioned above, but has been tried and found
successful, includes salt solution deposited on a carbon
foil or on metal mesh. One other possible method is to
evaporate a2 thin layer of the element on to a substrate
in vacuum, but this has not been fully investigated because
of lack of time.

The §reliminary experiments established that the
application of the hook technique to the study of flash

heated wvapours is a feasible operation.

4,2 Experimental Parameters Affecting the Vapour Pressure

and the Formation of Hooks

In general, it was desirable to attain as high a
vapour pressure as possible in any experiment so that the hook
separation would be large and weak line§ could be studied.
However, too high a vapour pressure could lead to a blurring
of the interference fringes, and sometimes to complete loss

of fringe contrast. In figure 13, (a) shows the high order
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fringes obtained from the buclcg;round‘ flash only; (b) and
(¢) are two successive flashes using the same filling of
chromium powder, supported on a carbon foil, In each case
the input energy, buffer gas pressure and delay.time were
the same.

The vapour pressure in a particular experiment depends
on {i) the method of inti«oducing the solid sample to the
absorption tube and the quentity used; (ii) the input
energy; (iii) the buffer gas pressure; and (iv) the delay
time. The effect of each of these experimental parameters
will now be discussed.

{(2) The Sample Amount

In the cagse of foil and wire, and to some extent éalt
solution , the amount of sample inserted could be controlled,
but with powder samples it was difficult to control the
amount s0 that the experimental results were difficult to
reproduce.

The effect of the thickness of the substrate was in-
vestigated by studying carbon foils of 100 microns and 1.5
mm thickness coated with a saturated solution of sodium
acetate. Using foils of the same surface area, flashed under
identical conditions, the vapour pressure of sodium obtained
with the 100 ﬁicron foil was found to be about 20-30% higher
than that obtained with the 1.5 mm foil. The thermal capa-
city of the 1,5 mm foil was at least an order of magnitude
larger than that of the 100 micron foil, It was also found
that sodlum acetate vaporized more readily than sodium chlo-

ride. However, when a powder sample was substituted the



evaporation seemed to be less dependent on the thickness
or the type of the substrate.

(b) Input Energy

In general, evaporation increases as input energy is
increased. The threshold energy required to wvaporize a
solid sample depends on the physical dimensions (thickness,,
diameter, grain size) and is different for different elements.
Por example, only 2000 J of energy was required to vaporize
cadmiuvm foil 4 microns thick, but 4000 J of énergy was re-
quired to vaporize magnesium foil of the same thickness.

In the case of a salt, the energy required also depends on
the type of compound used.

For a given flash lamp, the variation of the input
energy is rather limited, due to the lamp design and power
supply parameters. There is an upper limit to the input
energy, above which the flash lamp may explode. In this
experimental sevp the input energy could be varied between
2000 J and 5000 J,

(c) Buffer Gas Pressure

Previous experiments on flash pyrolysis were all con-
ducted with high buffer gas pressure (up itc one atmosphere
pressure,) to reduce the raté of diffusion of the flash heated
vapour from the absorption path, In these experiments the
effect of the buffer gas pressure was investigated using
copper foil., Two 1 em x 5 cm foils 5 microns thick were
flashed at the same input energy of 4000 J and the hooks

wers photographed at the same delay time of 500 psec, but



with different argon pressures in the absorption tube.

Figure 14 shows a series of hooks near the copper resonance
doublet (3273.96; 3247.55 &) with the argon pressure increased
from 500 microns to about 10 cm. A high buffer gas pressure
led to a loss of fringe contrast, an effect similar to that
observed when the vapour pressure was too high. So a buffer

. gas pressure of 100~200 microns was chosen for all future
experiments.

(3) Time Delay

The time dependence of the density of.the flash heated
vapour was inveétigated using gold foil.v Very little evapora-
tion was deteéted in the first 200{psec after the start of
the pyrolysis flash, which reached its peak about 100 usec
after the discharge of the helical flash lamp. The most fully
developed spectrum was recorded at a delay time 400-600‘Psec.
Then the concentration of the vapour decreased, remaining
detectable for as long as 3000 usec. Using the known f-values
of the gold resonance lines, the number density of gold atoms

in the vapour was found to be of the corder of ‘lOchm"3 at a

delay time of 500 usec. This decreased to about 1016(:111"3 at

=3 at 2000 usec. The total quantity

TOOO,Fsec and to 1015cm
of gold present at 1000 usec was about 0.1 mg, about 10% of
the amount of gold foil inserted,

The blurring of fringes also occurred when the hocks

were photographed at too short a delay time., Figure 15 shows.

the hooks negr the sodium resonance doublet obtained from
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acetate solution deposited on carbon foil; (2) was taken
at a delay time of 200 psec and (v) at 500 psec, having
refilled the tube with an approximately equal amount of
salt., The input energy and buffer gas pressure were the

Same.

4,3 The Time Resolved Emission Spectra of Flash Heated

Vapours

Owing to the difficulty of obtaining hooks at a
delay time less than 300}1sec (see section 4.2(d) ) and the
possible error from flash-to-flash variation, the time de-~
pendence of flash heated vapour wasg investigated in a sub-
gidiary experiment by studying the emission from the vapour
uging a photo-clectric detection method.

A grating monochromaztor (Monospek 1000, Hilger and
Watts) was used in conjunction with an ENI type 9783 photo-
multiplier. The signal was recordeé on an oscilloscope.
Although the emission at only one wavelength could be studied
at one time, it had the advantage that the complefe time-
dependence could be studied in one single experiment.

The emission from the flash heated barium vapour was
studied at 5535.48 and 4934.09 £. These two wavelengths
correspond to the resonance lines of the barium neutral atom

and its ion.



The barium vapour was produced from the fluoride salt

)

g described in section 4.1. Figure 16(a) and (b) show a
typical emission spectrum obtained at 5%35 1 and 4934 2
respectively. 1In each case, the time scale is 100 usec

per unit length; curve I represents the emission from the
pyvrolysis flash only (without the barium sample) and curve I
represents that of the excited barium (after deduction of
the emission from the pyrolysis flash). The relative inten-
sity of the emission in (a) and (b) cannot be compared dire-
ctly as the sensitivity of the photomultiplier changes with
wavelength,

The time resolved spectrum shows the time dependence
of the population of the 6s6p 1?3 level of the neutral atom
and the 6p 2P3/2 level of the ion (whereas the hook measure-
ments are concerned with the ground level in each case).

The shape of the emission in the first two to three hﬁndred

microseconds depends on the amount of the sample present.

HJowever it is possible to deduce the following general con-

clusions about the vapour:

(i) the vapour density reaches its peak value at a time
after the peak of the pyrolysis flash and which appea

to vary between 200—400,1880.

(i1) After reaching the peak density the vapour density
decreases slowly over a period of two to three milli-

seconds.
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(iii) Mo significant difference in the behaviour of the atom

znd its ion wag detected although the ion appears to

reacn ity peak and to decay more rapidly.
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CHAPTER 5

FLASH PYROLYSIS OF MIXTURES OF KNOWN COMPOSITION

5.1 Introduction

Apart from %ifetime techniques, which do not require a knowledge
of the number density, measurements of oscillator strengths are carried
out for the most part by (i) the method of emission; (ii) the method of
absorption; and (iiij the hook method of Rozhdestvenskii The product

" Nf ¢an be measured with an accuracy of a few per cent by any of the
methods, provided the conditions that assure the applicability of the
given method are fulfilled. In going over from the Nf-values to the
f-values, it is necessary to know the concentration of the absorbing
or emitting atoms, and the determination of the number density is the
chief source of error in the measurement of f-value by these methods.
For example, the concentration of the absorbing atoms in a furnace
can be calculated from the vapour pressure data if the temperature is
known. However, many of the available vapour pressure data are not
reliable, especially for those elements that require high temperature
for evaporation, and revised vapour pressure data have led to f-values

that differ by an order of magnitude (39).
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The experiments on the"flash pyrolysis of mixtures of different
elements were designed to investigate the relative number densities
in the vapours of these elements in order to determine whether the

method could be used to measure an unknown f-value of one element

in terms of a known f-value of another element, if the two were introduced

in a known proportion,

5.2 Experiment
| Potassium-Sodium tartrate was chosen for study for the following
reasons: the first fﬁree members of the principal series of sodium and
the seqond and third members of potassium are suitably situated in the
spectrum so that they can be photographed in the same plate for the
determination of humber densities; the f-values of these lines are
fairlby well known; and the atomic ratio of these two elements in the
compound is one which would favour the formation of hooks suitable

for comparison. Table 5.1 contains the .Wavelengths and f-values of
these lines.

The absolute values of the oscillator strengths are from

Marr and Creek (40), summarising the results of earlier work.

o7

Table 5.1
Wavelength Transition f-value
Na 5890, 5896 & 3%, -3%._, , 0.975
z 13,3 S
2 -
Na 3302, 3303 R 5%, —a’p | 0.14 x 1071
z 13,3
2 -2
Na 2852, 2853 A 3%, -52%p., , 0.205 x 10
'z 13,3
0 2 2 -2
K 4044, 4047 A 4 8, -5°P_, , 0.868x10
z 13,3
2 2 -3
K 3446, 3447 2 4 8, -6 Pll 1 0.846 x 10
2 22




The compound used was supplied by Johnson and Matthey Ltd,
Eungland, and its maximum limits of impurities were: calcium group
0.0065%, iron 0,0005% and lead 0.0005%.

. A saturated solution of the salt was deposited on carbon foil
100 microus thick and dried in air, The pyrolysis flash voltage was
8 kV and the delay time was varied from 300 psec to 700 Jisec. The
argon pressure in the absorption tube was maintained at 100 milli-
torr. Emission from a carbon arc containing Na and K was super-
imposed on the interference fringes so that the distances from the
outer hooks to the line centres could be measured accurately.

With the quartz optics of the spectrograph, it was possible to
study either the sodium 5890 & and 3302 & doubletsor the 3302 &
and 2852 & doublets with the potassium 4044 X and 3446 & doublets
in one experiment. With the glass optics, it was only possible to
study the sodium 5890 R and the potassium 4044 A doublets. But
ag the {-value of the potassium 4044 R doublet is about two orders
of magnitude smaller than that of the sodium 5890 R doublet, it was
not always possible to obtain hooks of both lines at the same time, -
So effort was concentrated on the sodium 3302 & and the potassium
4044 & doublets.

In all, about 100 sets of interferograms were obtained, out of
which 20 were chosen for measurement, Figure 17 shows the hooks

at the doublets 4044 & and 3302 & .
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5.3 Reduction of Data

In the case of a close doublet, the two inner hooks are not
formed and only the distances from the outer hooks to the doublet
é, and é4 , can be measured (figure 2b). The total Nf-value

of the doublet is given by

_ " K
NF= nL )\3 App) = nL )\3'4/3’

where ﬁ is the sum of the quantities /")' and ﬁ" , which refer to
the short and long wavelength component of the doublet, and are re-

lated to é’ , 34 and the doublet separation ( £ ) by

pl= (17 4/e ) — (e )" 2
(1+ ¢/5,)° — (1+ ¢/64)°

g (1t wefe) = (/e
(1 + ¢/5.0° = (1+ /577

'62

The ratio of the ground state populations of the two elements is

then given by

3

N E N KB

L - -

N2 -f‘; /\? K? ' 52

where the indices 1 and 2 refer to sodium and potassium respectively.

60
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5.4 Results of Measurement and Discussion

The results for the ratio of the ground state populations of

sodium and potassium, obtained from 15 se‘ts of experiments on the

" sodium 3302 R and the potassium 4044 R doublets are summarised
in Table 5.2, The indices 1 and 2 refer to sodium and potassium
respectively. /A is the separation botween the outer hooks (ie:
A= 5,+e + é}), 17 is the ratio of the ground state population
calculated as '7 (4) wi'th0u‘t allowing for the cffect of the doublet
separation and as 77 ( /;‘ ) allowing for the effect by the use of the
ahove equation (7). These cquations are exact, and 7] (ﬁ ) is
therefore the most accurate value of the ratio; 7 (4 ) is included
to show the decrease in the ratio due to neglecting the daublet
structure,

The fringe order (K) was determined with an accuracy of
1-2%. The magnitudes of é, and 54 varied from about 0.4 mm
to 0.7 mm and could be determined with an accuracy of about 4-—6%._ This
leads to an error of about 12% in the ratio of the populations,

The 15 sets of data were obtainéd under the same experimentap
conditions (all at a delay time of 500 Psec). The mean value for the
ratio of the ground étate populations is found to be 0,75 + 0.05.

The number density of the atoms in the ground state (Nao) is

related to the total number density (Na) by the Boltzmann Law:

I Na
NQO— Q(T)



Table 5.2
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Pate| Ky | A | Bk | By | By | (A (R)
L 45.3 877 | 1.382 78.1 684 | 1.129 162.6 0.61 | 0.71
45.4 877 | 1.423 80,0 684 | 1.110 | 160.2 0.67 | 0.73
45.5 877 | 1.229 59.14 | 684 | 0,971 | 113.46 | 0.65 | 0,76
45.6 877 | 1.189 55.47 | 684 | 0.976 | 117.26 | 0.61 | 0,70
45.7 77 | 1.132 19.94 | 684 | 0.895 91.68 | 0.65 | 0.80
45.8 877 | 0.969 34,73 | 684 | 0,783 63.79 | 0.62 | 0.80
50,3 926 | 1.376 77.80 | 743 |1.059 | 141.3 0.69 | 0.78
50.4 926 | 1.458 89.96 | 743 |1.104 | 164.0 0.69 | 0.78
50,5 926 | 1.623 | 108.6 743 |1.188 | 187 0.73 | 0.82
50,6 926 | 1.554 96.98 | 743 {1.174 | 193 0.65 | 0.69
43.5 973 | 1.075 44,50 | 768 | 0,803 82,08 | 0,73 | 0.80
43.6 973 | 1.064 39.80 | 768 | 0,975 70,24 0,74 | 0.83
51.5 926 | 1.408 79.86 | 743 {1.064 | 146.0 0.72 | 0.81
51.6 926 | 1.240 62.52 | 743 | 0.934 | 109,3 0,72 | 0.84
51.7 926 | 1.377 79.34 | 743 |1.027 | 138.9 0.73 | 0.85




where g is the statistical weight of the ground state of the atom and

Q(T) is the partition function of the atom at temperature T. However,

the ratio of the ground state populations of the atoms is not significantly
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different from that of the total numbers of the two atoms, as the statisti-

cal weights are the same and the partition functions also came in as a

ratio which is close to one. The use of Naoinstead of Na ~would not have

led to more than 1-2% diffprence in the ratio at a temperature up to
5000°K.

The conclusion therefore is that in the flash heated vapour, the
concentration of the potassium vapour wag about 25% higher than that
of the sodium,

The ratio of the ground state populations was also calculated
from the Nf-values of the sodium 3302 & and the potassium 3446 R
doublets for six sets of data and the results are given in Table 5.3,

The anomalous dispersion of the potassium 3446 R doublet
was too small for the distances é, and 54. between the two
outer hooks and thevdoublet to be measured with sufficient accuracy
and so only the separation /N between the two outer hooks were
measured. The Nf-values of the 3446 8 doublet were calculated |
without taking into account its doublet structure, while for the sodium
3302 8 doublet the doublet structure was allowed for as in the data
of Table 5.2. The hook separation wé’s measured to an accuracy of

49 and this led to an error of about 8% in the Nf-value.




TABLE 5.3
Plate No: A in m K 7 (4) gg;zjﬁ)
50.3 0.429 915 0.60 7.9
50. 4 0.415 915 0.69 9.1
50,5 0.493 915 0.62 8.7
45.3 0.435 840 0.58 8.2
45.4 0.483 840 0.57 8.3
15.5 0.372 840 0.55 7.5
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The mean ratio of the ground state populations from the six
sets of data is 0.61 + 0.05, compared with 0.75 + 0.05 calculated
from the 3302 A and 4044 & doublet. The ratio of the f-values of
the potassium 4044 R and 3446 & doublets (the second and third
members of the principal series), deduced from the measured Nf—.
values, is given in the last column of Table 5.3 and the mean is found
tobe 8,3 +0.7,

In the case of the 3446 X doublet, where the hook separation
is about 4-5 times that of the doublet separation, first order approxi-
mation shows that the Nf-values, calculated without taking into account
the doublet structure, would be at least 11-17% too low. Applying this
correction would raise the ratio of ground state populations calculated

Aunes
from the 3302 A and 3446 & to about 0.71.

Applying the correction for the doublet structure, the ratio of
the f-values of the two potassium doublets would be raised to about
9.7 close to the value of 10.3 given in Table 5.1,

The cxperiments results show consistently that the ratio of
sodium to potassium in the flash heated vapours was between 0,7 and
0.8, compared to the ratio of 1 in the compound.

The discrepancy may have been due to one of the following
reasons: the absolute f-values of the lines used; the impurities pre-
sent in the compound; chemical reactions among the species in the

flash heated vapours; and different vapour pressure of sodium and

potassium.
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The absolute values of the sodium 3302 & doublet and the
potassium 3446 X and 4044 X doublets in Table 5.1 afe based on the
relative f-values obtained by Filippov and frokof'ev (41,42), with an
accuracy of 5%, together with the absolute f-values of tiue resonance
doublets of sodium and potassium, which are estimated by Marr and
Creek to be accurate to 2%. So the error in the absolute f-values
could at most lead to an error of about 15% in the ratio, compared to
the present 20-30% in the measured values. TTowever, it is by::nenns
impossible that the accuracy of the f-values has been over-estimated.

Although the compound contains less than 0.0065% of all the
elements of the calcium group, the dispersion}around the calecium
resonance line (4227 X) was appreciable and hooks of the lines were
obtained in every experiment. So the effect of impurities was looked

- ' { Toble 5.4)
into. The following lines appear in the regions of interesk The number
behind each line is just a rough value of its relative intensity (obtained
frém the NBS Table of Spectral Line Intensities).

The relatively large value of the measured Nf-value of the potas-
sium 4044 & doublet could have been due to iron impurity, and that of
the 3446 & doublet due to nickel, The ratio of the f-values of these two
doublets, however, agrees well with the experimental values determined
by Filippov. The ratio of the f-values of the sodium 3302 & doublet and
the 2852 & doublet was found to be 25% smaller than Filippov's experi-
mental value as to be expected if the magnesium resonance line were

blended with the latter, the ratio would indeed be reduced ,‘ but the very

small percentage of impurity made such a large effect unlikely.
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Table 5.4
Wavelength Element Intensity

4044 .14 K 32
4045, 82 Fe 300
4047.20 K 16
3446.26 Ni 400
3446.72 K -
3447.70 K -
3302.32 Na 30
3302.59 Zn 90
3302,94 Zn 28
3302.99 Na 15
2852.,13 Mg 6000
2852.83 Na -
2853.03 Na -

The compound Na-K tartrate contains, besides potassium and

sodium, also hydrogen, oxygen and carbon.

At a tempcrature of a

few thousand degrees, the compound may have dissociated completely,

but the atoms may also react with each other to form compounds like

NaOH, KOH, etc.

The similarity of the chemical properties of sodium

and potassium would rule out any large effect on the ratio of the con-

centrations due to any chemical reaction that may take place. This

uncertainty could, however, be avoided by studying an alloy of two metals,
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An attempt was made to study the ratio of zinc and copper in
the vapour formed by flash he ating an alloy in the form of a foil 25 microns
thick, but this was too thick to be vaporized completely with the maximum
input energy available (100 PF at 10 kV). As no other suitable alloys
were available, this investigation was pursued no further.

The present experiments are therefore somewhat inconclusive and

further investigations are needed.
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CHAPTER 6

THE EXCITATION AND IONIZATION PROCESSES IN

THE FLASH HEATED VAPQURS

6.1 Introduction

In measuring either absolute f~values or relative
f-values of transitions that originate from different levels
of an atom, it is necessary to know how the population is
distributed over the levels. The pertinent information in
the literature as regards flash-heated vapours is rather
fragmentary. Only two papers have dealt with the subject.

In an experimental investigation of flash vaporiza-
tion of tungsten (8), Nelson and Kuebler cited evidence
suggesting that the wvaporization and excitation processes
were mainly thermal, The evidence incluées:

i) the progressive increase of the excited state popula-
tions with time as the absorption of energy by the
solid tungsten was taking place; .

ii) the existence of a threshold for the input enerzy
above which the vaporization was independent of the
type and pressure 6f the surrounding gas;

iii) the fact that shielding the absorption éell from any
ionic¢ or field induced processes had no effect on

the observed spectra.



They also attempted to measure the electronic tem-
perature of the tungsten vapour from the relative intemsities
of the absorption lines obtained by photoelectric micro-
densitometry, but the data scattered very badly and meaningful
interpretation was not possible., Instead, by making the
assumption that the number of atoms in a particular state
was proportional fo the number of observed absorption lines
originating from thgt state, they were able to conclude that
a Boltzmann distribution of energy levels occurred in the
flash heated vapours and to obtain an approximate estimate
of the temperature of the tungsten vapour. The temperature
of the vapour was found to be approximately 7200°K, compured
to the boiling point of tungsten at 6300%.

The other known attempt to measure the temperature
of the flash heated vapour was made by Petrella and Spink
(1&). FProm the absorption spectrum of iron obtained by flash
heating graphite strips that were coated with an‘0.02% solu=~
tion of ferrocene (dicyclopentadienyl-iron), the relative
intensity of two iron lines was determined by agmicrodensito~
meter. The temperature of the iron vapour was found to be
at 2477 + 20°K at a delay time of 17.5 psec. In this experi-
ment the pyrolysis flash reached its peak value 6‘yscc after
its start and had a decay time of 35 psec. It was also

found that the relative intensity of the two lines was inde-~

pendent of the amount of material deposited on the strips.
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There was clearly a need for a more systematic investi-~
gation of excitation processes in the flash heated vapours to
see whether any form of thermal equilibrium exists among the
populations of different states of an atom; and if so what
is its dependence on the experimental parameters. The method
adopted was to determine Nf-values by the hook method for lines
originating on a number of excited states, lying within a few

electron volts of the ground state, choosing lines whose

relative f-values were already known, so that the relative popu-

lations could be obtained from the hooks.

The degree of ionization was likewise investigated by
measuring hooks from lines of the ion and the neutral atom %o
see whether fhe degree of ionization followed that predicted
by the Saha theory of thermal ilonization.

The hook method was employed by Penkin to study the
excifation and ionization processes in a King's furnace (27,
28). The relative populations of chromium atoms in the levels
783 and 582, whose energy separation is 7539 cm’1, were deter-
mined by measuring the hooks of the 'S5 —> 7P4’3’2 lines
(4254.3; 4374.8; 4289) and the 582-—6 51’,’,2’3 lines (5204.5;
5206.2; 5208.4) at furnace temperatures from 2100 to 2700°K.
The linear dependence of log (N1f1/N2f2)'(where the index 1
7S and S respectively) on the

3 2
reciprocal temperature (1/T) was used to establish that the

and 2 refer to the levels

atoms follow the Boltzmann law of distribution over the energy

levels.,
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In the case of ionization, Penkin determined the
relative number densities of barium atoms and ions at different
furnace temperatures from 2100 to BOOOOK. The barium vapour
was produced either from the metallic element or its chloride,
The retio Nif?/Nﬁfﬁ (where i end a refer to the ion and atom
respectively) was then compared to the value predicted by the
Saha theory at the relevant temperature. The degree of ioniza-
tion was found to be the same whether the vapour was produced
by the metal oxr by the chloride, and also agreed well with the
Saha theory of thermal ionization.

Preliminary experiments with our apparatus showed that
the dispersion of the spectrograph was too low to disperse the
chromium green triplets sufficiently. In this case to obtain
the Nf-values would involve lengthy numerical calculations.
So chromium was not a suitable element for our purpose.

Experiments on the alkaline earth elements showed that
hooks of the lines from the ground state and excited states of
the atoms as well as from the ground state of their ions were
readily obtained. In this case the relative populations of
more than two states of the atoms could be studied at the same
time. This would enable the distributien of thé atoms over
the energy levels to be studied without an explicit knowledge
of the temperature of the vapour. The degree of ionization of

the vapour could also be studied at the same time.
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The relations describing the populations of excited
states and ionized states in LTE are given in section 2 of
this chapter, and the experiments and results are described

in the remaining sectionse.

6.2 Theoretical Formulation

(a) The Boltzmann Distribution

Under conditions of thermal equilibrium, the ratio
of the number densities of atoms in two levels j and k, N,

and N is given by the Boltzmann law

Ne 9« ~(E-E) [<T
N~ — 4. € (9)
J

k,

where gj and g, are the statistical weights of the two levels,

and Ej and Ek are their energies, k is the Boltzmann constant,

and T is the electronic excitation temperature.

The ratio of the number densities, as described by the
hook method for lines of wavelength )y and A, and
oscillator strengths fj and fk starting from these levels, is
given by

—

Ni K A AL

(10)

where in each case AN is the hook separation and K the

fringe order near the line,



Combined with the Boltzmann law, this gives

K AzK )\j JCJ‘ J— 3:< —(EK-%D/KT

—z- — —e
Kj 'Aj /‘Z fk 3J'

or after re-arranging the terms

[rs ) (o) o T

9F 2 e\ ka? i

Let J be the ground level and k any excited level E, so that

Ej= 0 and E = E. If E is measured in 103<:m"1 and T in

absolute degrees, then changing into logarithmic form (base

’

10), equation (11) becomes

where the suffix o refers to a line starting from the ground
state.

Therefore, if the relative populations of different
levels follow the Boltzmann law, the plot of log ( Kﬂv/gffe)
versus E is a straight line, and the intercept of the straight
line on the ordinate is log ( KAi/gf)? Z). The corresponding
electrénic excitation temperature can be obtained from the

slope of the straight line:

625
7r S/ape
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(11)

(12)
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(b) The Saha Eguation

According to the Saha theory for a single state of
ionization in LTE at temperature T, the number densities of

the atom and its ion, Na and Ni' are related by

Ni'/\/ __(zvmk)g_A Yo QKT) ‘% ’e‘E/KT
e - Qa(T) (13)

where Ne is the number densi’cy‘of electrons, 8e is the internal
partition function of the "electrons, numerically equal to 2,
and Ei is the iénization ehergy of the atom. Q&(T) and Qi('l‘)
are the internal partition fﬁnctidns (or state sums) for the.

atom and ion respectively and are given by

-En KT

QUT) = 2. 9n¢

From the Boltzmann law, we have

Ne =5 Q) Ny=g Q(7)

where Nao and Nio are respectively the number densities of
atoms and ions in their respective ground states, with statisti-
cal welights 8a0 and 816 regpectively. If the electrons are dus

solely to the ionization of this one species of atom, then

N,‘ = Ne



76

and equation (13) becomes

N;: 27rm(<\ 2 9o
Nao ¢ ! G

- S(T) (14)

where

! %o ~EiKT

,'S(T):—ai(—T—)'T

The function S(T) can be calculated from energy level tables.
This‘has been done for barium, calcium and strontium in the
temperature rangé 2500;4000°K, and the curves are plotted in
figure 18.

From the hook experiment, the ground state number

densities of atoms and ions are given by

Tmce? ‘K
Nie= <-ref ) Zlf/\’ >£

7rmc
Noo = ( L)F)\’ /a

where the suffixes i and a refer to the resonance lines of ion
and atom respectively. Substituting these values into equation

(14), we obtain

k7 VG e & KOEOR
S(T)“(QV ) Tmc? )‘29,.‘0‘ L ' A;' Ka'f‘,’.)\f- o)
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For alkaline earth clements and their ioms, g, = 1 end,

Bio= 2. Assuming that the length of vapour column is the

same. for the ions as for the atoms, Li= Ié-= L (a condition

not always fulfilled in a furnace under prolonged operation),
and usifig the following numerical values for the fundamental

constants

m= 9.109 % 10728 g

’ic='1 38 x 10" ~16 erg degm1

‘h=z 6.625 x 10” -27 erg sec

e =~ 4,803 x 10"10 esu

c = 2,998 x 10“10 cm/sec .

we obtain finally

4 2 6

-4 - s
Sl = 5776)(/0 . .AJ' . K . 7?: ?aﬂ
Ao Keo7 N

Hence, 1f L is known, S(T) can be obitained from the,
hooks and the correspondlng value of T can then be read ofF
from +the apnroprlate curve.

The main assumptlon made in equation (16) was that the
electrons were due solely to the ionization of a single species
of atom and there was no other source of electrono, such as

ot
photomonlaatlon, thermal emission, etc. Another uncertainty
wa.s -uhe lerfth of the vapour column. These g¢ifficulties could

be avoided by studylng the ionization of mlxtures. Saha's

equat;qn.can be applied %o each species of atom present, with
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Ne now representing the totai concentration of electrons
resulting from the ionization of all components present.
Consider the case of a mixture of two types of atoms,; 1 and 2:
from equation (13) we obtain the following expression for the

number densities of atoms and ions

Nib Ne Qi (D) Qutr) - C(Eam B[k T
Na: N:‘Z T &m (T) iz (T)

where Ei1 and Ei2 are the ionization energies. Using the
Boltzmenn law, we obtain from the number densities of atoms
and ions at ground level the equilibrium temperature

El" - EIIQ

T = — (17)
K li? 2

where

( A, Aa,)* [ K Ka\ [ ]tm},,\ ( Aot >

Al?Am kK"’ Kau)\ jbz i }\azl\u

In this case the main error in the calculation of the equili-

brium temperature comes from the measurement of hook separation.



80

6.3 PBarium

The bariwn vapour was produced from barium fluoride,
supported on 100 microns thick carbon foil coated with a layer
of glue. The barium salt had a purity of 99.98% and detectable
impurities were sodium, magnesium and calcium.

A%t an input energy of 4000 J (1oo}m at 10 xV), mea=-
surable hooks were obtained for lines originating from the
ground level and several excited levels of hoth the neutral
atom and the ion. With the glass optics of the spectrograph,
the spectral range 4100~-6800 2 could be covered in one single
experiment., Pigure 19 shows the spectrum taken at a delay time
of SOO‘psec. Table 6.1 contains the wavelengths, classifications.
and f+values of the observed Ba I lines and the energy of the
lower state of each transifion. Apart from the resonance line,
there are 20 lines originating from six excited states with
energies ranging from 9000 cm-1 to 13000 cm-1above the ground
gtate. The Ba II lines observed in this speciral range are,
the two resonance lines 4934.09 and 4554.93 % and three lines
(6496.90, 6141.72 and 5853.68 £) from two excited levels.

The hook measurgments on th; Ba I lines were uséd to
calculate the quantity y, where y= Alk/jf)e « The results of
measurements on one set of experimental data are summarised
in Table 6.2, The fringe order (K) was determined to an accu=~
racy of 1-2%. The accuracy in the measurement of the hook
separatibn depended on the magnitude of the. separation. For

the 5535 2 resonance line, the accuracy was 4+ 0,08 mm or about









TABLE 6.1

~Wavelength Trangition J~J E.l O3cm~—1 Jod hig

6595432 54 °D - 6p D | 1-1 | 9.034 0.47
6527.31 54 °D - 6p °D | 2-2 | 9.216 0.38
6482.91 5¢ 'D-6p B | 2+3 | 11.395 5 | 0.39
6450.85 54 °D - 6p oD | 1-2 | 9.034 31 0,11
6110.78 | 5d °D - 6p °P | 3-2 | 9.597 7 | 0.40
6063.12 54 2D - 6p °P | 2-1 9.216 5 | 0,32
6019.47 54 °D - 6p °P | 1-0 | 9.034 3 | 0.26
5997.09 5a °D - 6p °P | 1-1 9.034 3 | 0.25
5971.70 54 D - 6p °P | 2-2 9.216 5 | 0,15
5826.28 54 1D =6p '2 | 2-1 | 11.395 5 | 0.30
5777.62 6p °P - 64 °D | 2-3 | 13.515 5 | 1.0

5535.48 6s 'S - 6p 'P | 0-1 0 1 | 1.59
4726.45 5a 'p-7p ' | 2-1 | 11.395 5 | 0.14
4691.62 | 6p °p% = 6p° p | 2-1 | 13.515 5 | 0,33
4579. 64 6p o2 - 6p? 'p| 2-2 | 12.637 5 | 0.56
4523.24 " 6p 3Po 6p2 3P 222 13.515 5 0,30
4505.92 | 6p 2p° - 6p° D | 1-1 | 12.637 3 | 0.32
4488.97 | ep 2% - 7a %D | 2-3 | 13.515 5 | 0.18
4431.89 6p °p° = 6p% 32 | 0-1 | 12.266 1 1.

4402,54 6p o2 = 6% | 1-2 | 12.637 3 | 0.34
4350.33 6p °p% - 6p° 32 | 122 | 12.637 3 | 0.28
4283.10 5 'D - 4f 'P | 2-3 | 11.395 5 | 0.25

oo

[\



TABLE 6.2

Wavelength Dispersion ) 22K

in 2 K in %/mm Adnmm| y= gt A log, o{y)
6595 651 23.18 0.426 15.83 1.199
6527 653 22.60 0.464 13.77 1.139
6450 662 21.78 0.330 13.15 1.410
6341 675 20,73 0.358 18.22 1.260
6110 704 18.49 0.580 12.70 1.110
6063 710 18.05 0.464 13.97 1.145
6019 715 17.67 0.340 15,17 1.181
5997 718 17.47 0.451 27.54 1.440
5971 723 17.25 0.433 25,24 1.402
5826 742 15.98 0,407 10.58 1.025
5777 750 15.51 0.514 4.94 0. 694
5535 786 13.56 2.301 283.8 2.453
4726 938 7.94 0.304 7.45 0.872
4691 947 7.70 0.334 3.67 0.564
4579 975 7.08 0.508 4.65 0.667
4505 994 6.69 0.348 6.14 0.788
4488 999 6.60 0.297 4.37 0.640
4431 1014 6.31 0.431 7.83 0.893
4402 1022 6.16 0.357 5.68 "0.754
4350 1037 5.90 10,366 6.99 0.844
4283 1056 5.58 0.459 7.05 0.848
4934 891 9.22 2.206

4554 984 6.95 3.618




4%; Tor the other lines, it was betwecen 4+ 0,02-0.C3 mm or
about 5-8%. This leads to an orror of about 3% for the logly)
value of the 5535 R line and about 8~10% for that of the other
lines. The relafive f-values of the lines are stated to be
known to an accuracy of 10-15% (43) and this itself leads to
an error of 2-3% in the log(y) value. So the uncertainiy of
the log(y) values was 6% for the 5535 2 line and 10-12% for
other lines.

A plot of log(y) versus E (in 103cm-1} for one set

of data is shown in Figure 20. For those cases when there
is more than one measured log(y) value for a given E, the
mean value is used. The plot shows a lineér dependence of
the log(y) values on E, indicating that the relative popuia~
tions of different levels follow the Boltzmann law of distri-
bution, and hence an electronic excitation temperature can
be defined.

From the linear plot, the electronic excitation
temperature can be calculated using equation 12. The resui%s
of calculation for 10 sets of experiments are given in Table
6.3. The uncertainty in determining the slope is about 6%,
corresponding to an accuracy of about ¥ BOOOK in the tem~
perature.

The mean value of the temperature at a delay time of
400 psec is 5435°K and that at 500 psec is 4950°K, showing
a decrease of about 400°K in 100}1sec. It was difficult to

use significantly shorter or longer delay times as at too
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TABLE 6.3

Excitation Ionization

Plate No: Delaz Time Tempgrature Si(fl‘)_2 Tempgfature
psec K x 10 K
41.4 400 5540 5.02 - 4240
41.6 400 5760 4.75 4220
50.1 400 5190 1.12 3870
51.3 400 5250 2,04 4020
32.3 500 4860 5.67 4270
32.4 500 5116 4.32 4220
32.5 500 4993 2465 4070
32.6 500 5000 1453 3950
32.7 500 4971 0.88 3320
37.3 500 4300 3.97 4180
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short a delay time the hooks were blurred and at too long
a delay the hook meparations for the linces originating on
the excited states were too small.

For boith the delay times used the scatter of resulis
is around + 150-200°K. As this is within the error limits,
it appears that the shot-to-shot reproducivility of the
temperature in these conditions is7t 200°K or better,

The degree of ionization in the barium vapour is
calculated using equation 16, and the ionization temperature
corresponding to the calculated funcfion S(T) is glven in
the last column of Table 6.3.

In the calculation of the function S(T), the length
of the vapour column, which is unknown, is taken 1o be equal
to that of the absorption tube (35 cm). This is based on
the considerations that in the experiment two carbon foils
measuring 1 em x 5 cm were used end on, making a total length
of 10 em; and from the mobility of the barium atoms at a -
temperature of SOOOOK thé vapour would have filled the whole
length of the absorption tube in about 1OO‘Psec.

Assuming for the moment that equation 16 is wvalid,
the error in determining the function S(T) arises from
(1) measurement of the hook separation and (ii) the absolute
f~value used. The hook separations of the resonance lines
are relatively large.and can be determined to an accuracy of

about 4-5% and this leads to an error of about 25-30% in the



calculated value of the function S(T). Bouation 16 contains
the f-values in the form fa/:E‘i2 - ie: an absolute f-value
as well as a ratio, in contrast to the Boltzmann relation
where only the ratio is involved. Assuming 10% and 20%
errors for the relative and absolute values respectively,
this will add another 30% uncertainty to the calculated
value of S(T). However, a large variation in the function
S(T) results from a fairly small change in temperature, and

a 50% error in the value of S(T) will lead to an error of

only about 100°K in the corresponding ionization temperature.

The values of thé function S(T) vary by a factor of
5 and this cannot be due to error in the deterﬁination of
hook separations alone, nor to the wvalue assumed for L. It
is likely that the assumption (Ne:: Ni) made in the deriva-
tion of equation 16 is not valid. Impurities like sodium,
calcium and BaFY etc could contribute to the total densiﬁy
of the electrons. A hish electron density depresses the
number of lons and so leads to too low a value for the
equilibrium temperature as calcuiated from equétion 16, On
the other hand, a shot-to-shot variation of a factor of 5
or so in electron density seems improbable, particularly
since the fluctuations in ionization temperature do not
correlate with those in the Bcltzmann temperature. It seems
likely that true ionization equilibrium does not exist and

this point will be discussed further in section 6.6.
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6.4 Calcium

The calcium vapour was produced from calcium fluoride
with a purity of 99.9%. ; detectable impurities were barium,
strontium and sodium. The input energy and buffer gas
pressure were the same as those in the experiment on barium.
In the spectral range 3900-5800 R, hooks were obtained for

3P0 levels of

about 10 lines originating at the 418 and 4
the neutral atoms and the two resonance lines pf the ion.

Pigure 21 shows a photograph of the spectrum and Table 6.4

contains the wavelengths, classifications, lower state energic:

and f-values of the lines.

The results of measurements of one exposure are given
in Table 6.5. The uncertainty in the determination of the
hook separations varies from about + 0.1 mm (or about 3%)
for the 4226 X resonance lines of Ca I to + 0.02-0.03 mn
(or about 7—10%j for other lines.

Prom the relative populations of the 418 and 43Po -

levels, the electronic excitation temperature of the calcium

vapour can be calculated:

P= =~ 625 x (0-15.2)/(2.668 -~ 0,839) = 5200°K

where the value 15.2 is the mean of the energies of the 43PO

levels in 1030m-1, and 0,839 is the mean of the log(y) values
of the six lines originating from these levels. The accuracy

of the temperature depends on the relative f-values of the
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TABLE 6.4

values

of Calciuwn Linegs

Wavelength

4226.73
4283.017
4289,36
4298.99
4302.53
4307.74
4318.65
4425.44
4434.96
4454.78
3933.67
3668,47

&

4

Transition
4'5-4 120
3p9_4p° 37

"

"
n

"

3Po—5 3D

n

o]
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TABLE 6,5

92

Hook

Wavelength Separation Dispersion X 7';3‘;;( Log(y)
4226.73 3.778 5433 1300 | 4.66 = 2.6%8
4283, 01 0.249 5.58 1290 g 6,61 | 0.820
4289.36 0.234 5.60 1265 | €99 1 0.845
4307.74 0.219 5.71 1265 | 5.89 | 0.770 %
4318.65 0.268 5.76 1255 T.40 0.872 i
4425, 44 0.215 6.25 1250 | 7.69 0.886 5
4434.96 0.361 6.34 1240 | 6.43 | 0.808 }
3968.47 0.530 4,18 1200 | - -




lines and the error in the measurement of the hook separations.
The relative f-values were known to an accuracy of 10-15% (41)
15

Athe error in the hook separation, leads to an

uncertainty of about 8%, or about + 400°K, in the value of

and this, added

the temperature.
The electronic excitation temperature, calculated fronm
6 sets of experimental data all obtained at a delay time of

Soolxsec are given in Table 6.6. The =ix zets of rezults

o

give a mean value of 51800K with a scatter similar tc that
for bvarium.

The degree of ilonization in the calcium is calculated
using equation 16. The function S(T) ovtained from the
4226 & and 39684% resonance lines (the 3933 £ line wes not
used as in general the contrast of the fringes was too poor),
is given in the last column of Table 6.6.

The accuracy in the determination of the hook separa-
tions in this case varies from about 3% for the 4226 % lines
to about 5% for the 3968 % line, and this leads to an error of
about 25% in the value of S(7). The derived ionization temf
perature Will also depend on the‘absolute f-values used, giving
another 30% uncertainty to the value of S(T) as in the case of
barium.

The average value of the function S(T) obtained for the
six sets of experimental data is 2.5 x 10-5, corresponding to
an ionization temperature of BZOOOK. As with barium, large
changes in S(T) reflect only small changes in T and an uncer-

tainty of 100% in S(T) leads to an uncertainty of less than

200°K in the derived ionization temparature,
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TABLE 6.6
Calcium
Plate No: A (4226 %) A (3968 R) ?ﬁfiéﬁiﬁﬁie s(T)

7.3 3.778 0.530 5220 2.29 x 1077
8.3 3.408 0.466 5280 1.68 x 1072
8.7 3.356 0.471 5051 1.81 x 1072
10.4 4,100 1 0.592 4953 3.03 x 1077
1.7 3,822 0.585 4990 3.32 % 1072
12.4 121 0.598 5530 3,09 x 1077




The electronic excitation temperature in the calcium
vapour agrees with that in the barium vapour within experi-
mental errors. The degree of ionization shows a similar trend
that is the ionization temperature is lower than that of the
excitation temperature and in this case the difference reaches
about 2000°K. This could not have been due to errors in & s
f-~values or the length of the vapour column. The arguments
about electron density and ionization equilibrium apply as
in barium, and the question will be further discussed in section

- 6.6,

6.5 MNixture of Ba-Ca-Sr Pluorides

The experiment. on a mixture of alkaline earth elements
was to investigate the degree of ionization in the flash heated
vapour without an explicit knowledge of the electron density
and the length of the wvapour column, both of which are re-
quired in the study of the degree of ionization in the vapour
of a single element.

The barium and calcium salts were as described in sections
6.3 and 6.4. The strontium fluoride used was of 99.95% purity,
and impurities included calcium and magnesium. The experimental
conditions (input energy, buffer gas pressure, method of intro-
ducing the solid sample and type of carbon foil used) were the
same as‘those in the experiments on barium and calcium fluorides
so that the results are directly comparable. - The spectral range

of the spectrograph was set from 3900-5800 2.
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The number of measurable hooks varied from experiment
to experiment.although attempts were made to standardize the
relative amount of each element used. The variations were
probabiy due to the different grain sizes present inrone type
of salt., The total vapour pressure was relatively high, which
reduced the accuracy in the measurement of the hook separations.
Figure 12 shows -one. of the spectra obtained. Because
of blending of lines of different elements, such as the 4283.10 K
line of barium and the 4283.01 % line of calcium, the number
of sufficiently isolated and measurable lines was greatly reduced.
The results of measurements of one set of experimental
data are given ih Table 6.7. E is the energy of the lower state
of transition of the line in 10°cm™ ' and ¥y = ij?%f)} as before.
The electronic excitation temperature is calculated from the
relative populations of different levels as in section 6.4,
using both the Ba I and the Ca I lines. The results of seven
sets of measurements are given in columns 2 and 3 of Table 6.8.
A blank indicates that the hooks for lines originating on excited
states were too weak for reliable measurements. In two cases
it was also possible to derivé an excitation temperature from
strontium (column 4), using the 4811.88 & and 4783.32 & lines

380 level at 14504 cm™' together with

originating from the 5
the resonance line 4607 3.

The ionization temperature is calculated via the functions
S(T) for Ba and Ca separately from equation 16 (columns 5 and 6)

and for Ba/Ca, Ca/Sr and Ba/Sr mixtures from equation 17 (columns

7,8 and 9). In using equation 17 the main error comes from the



TABLE 6.7

Ba-C

a=-Sr Mixture

E
22K
. —1 . =7 ot N
Element Wavelength in 10°cm A in mm 7 ‘9f%? log10(y;
5535 0 1.576 1.60 2.161
4350 12.64 0.212 2.78 0,444
Ba I 4402 12. 64 0.232 2.84 0.453
4505 12.64 0.214 2.76 0.443
Ba II 4554 0 2.4T7 - -
4226 0 3.280 3.52 2.547
4289 15.16 0.225 6.32 0.801
Ca I 4307 15.21 0.215 5.64 0.751
4318 15.32 0.237 5.79 0.763
4425 15.16 0.269 5.57 0.746
Ca IX 3968 0 0.769 - -
Sr I 4607 0 0.827 - -
Sr II 4077 0 0.529 - -




TABLE 6.8 .
Excitation
Temperature. Ionization Temperature
Eq 16| Eq 16} Eq 17| Eq 17 | Eq 17
Plate No: Ba Ca Sr Ba, Ca Ba/Cal Ca/Sr | Ba/Sr
11.7 4940 | 5042 - 3400 | 3100 | 4500 | 4900 | 4400
21.4 4581 5300 - 3580 | 3100 | 3670 | 3790 | 3920
29.3 - 5013 - 3560 | 2950 | 3270 - -
29.5 - 4992 - 3610 | 2950 | 3600 | - -
31.5 4948 5016 - 3600 | 2900 | 3590 3780 | 3850
21.6 4480 - 5250 | =~ - 3600 | 3800 | 3560
21.7 4800 - 5480 | = - 4070 3450 | 3750
Mean . -
Value 4750 5070 5360 | 3550 | 3100 |3760 | 3940 {3900
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mgasurements of the hook separations (in this case for four
lines). A 5% error for each line will lead to an error of 40%
in the value of z in equation 17. Assuming the relative
f-values of the resonance line of the neutral atom and its
ion to be known to an accuracy of 10% for each element, one
must add another 20% erro; to the value of z. This leads to
an overall uncertainty of about 20% in the value of the
derived ionizatipn temperature.

The excifation temperatures obtained from the three
different elements in the mixture agree with each other within
experimental error and also with the temperatures obtained in
the vapour of tﬁe sinélé elements Ba and Ca (Tables 6.3 and
6.6). The teﬁdency for the calcium measurements to yield
somewhat higher temperatures than the barium is again apparent,
the mean discrepancy in this case being about 300°K.

The ionization temperatures caleculated from the mixtures
are some 500° higher than those calculated from the single
elements but are still about 1000° lower than.the excitation
temperatures. In comparison with the results of the two pre-
vious sections, the calcium ionization temperature is virtually

the same while the barium ionization temperature is some 400°

lower.
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6.6 Summary and Conclusions

The experiments with barium and calcium show that in the
flash heated vapour the relative populations of the energy levels
within a couple of electron voits of the ground state follow the
Boltzmann law of distribution, and therefore a state of at least
partial LTE prevails among the moderately excited states of the atoms.
For an input energy of 4000 J and a delay time of 500 psec, the
excitation temperature was about 5000°K. There was no evidence
of shot-to-shot variation and, within the experimental error, the
same temperature was obtained from calcium, barium, and a mixture
of the two. There appeared to be no difference in behaviour for
metastable and non-metastable levels - for example the 3P1 level
did not differ from 3P2 and 31?0.

The number density of ions can be calculated directly from
the hooks on the ion resonance line and its absolufe f-value, if thé
length L of the vapour column is assumed known, This number turns
out to be about 2 x 1013cm_3 and m‘ay be taken as a lower limit for
the electron density since (i) L may have been over-estimated by
taking it equal to the tube length and (ii) additional electrons may be

produced by the ionization of BaF_ and impurities such as sodium.

2

The criterion for LTE is given by McWhirter (45) as Nz 1.6 Te .

(S

( 1_\E)3 where AE is the excitation energy in volts. For levels of

14

order 1 eV above the ground state this criterion requires N_ >10 cm—s,
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but since the criterion may be relaxed if the gas is not optically thin
the existence of LTE for these fairly low states seems quité reasonable.
Tonization equilibrium, on the other hand, seems much less
likely, because if A E is set equal to the ionization potential the
minimum value of Ne is raised by a factor of order 200,
In fact, the ionization temperatures found in the vépours of
single elements had a rather wide scatter of value, possibly because
of variations in the electron density. The ionization temperatures
calculated from the mixtures which should be independent of N c if
Saha's equations are valid, were found to be closer o the electronic

excitation temperature but still about 1000°K below it.' Tonization

3 3

equilibrium at 5000°K with the known number denéity of ions (2 x 101 cm” )
would require an electron density about 20 times the ion density, which
is extremely unlikely, |
The experiments therefore show that the flash heated vapour
may be used for determinations of ?elative f-values of lines from
different moderately excited stétes of an atom (and probably also of

an ion) but it is not possible without further investigation to relate

populations of atomic states to those of ionic states.
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CHAPTER 7

MEASUREMENT OF RELATIVE OSCILLATOR

STRENGTHS IN THE SPECTRUM OF YTTRIUM

The experiment described in this chapter demonstrates the
feasibility of applying the flash pyrolysis - hook technique to the
measurement of relative f-values. For this purpose it is desirable
to choose an element whose vapour pressure is too low for ordinary
furnace techniques and whose f-values are of intrinsic interest., For
use with this particular apparatus it was also ncecessary that it have
reasonably well-geparated lines in the blue-violet and near ultra-
violet part of the spectrum. These conditions are fulfilled by yttrium.

Yttrium is an astronomically important element, 47 lines of
Y I have been identified in the solar spectrum. No experimental deQ
terminations of oscillator strengths have been carried out for either
the YIor YII lines, The only theoretical determination is by Krueger,
Aller and Czyzak (45), using the Hartree-Fock self-consistent field
wave functions to obtain the transition probabilities of the permitted
lines involving the 5s2, 4d5s, 4d2, 4d5s, and 5s5p configurations of
Y II. The derived gf-values were then used to calculate the solar
abundance of yttrium, which was found to be about two orders of

magnitude smaller than that calculated from empirical gf-values of Y1,
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The theoretical gf-values of Y II were also found to be an o_rder of |
magnii_:ude different from the empirical gf-values obtained by curve
of growth methods for Sirius and a number of A stars with Y IT lines.
There is thus a clear need for accurate experimental f-value deter-

minations.

7.1 Experiment

As no suitable solid samples in the form of foil or powder were
available, yttrium oxide was used., This was in powdered form, and
had a purity of 99.99%.. The sample was supported on 100 microns
thick carbon foil by a thin layer of glue.

Figure 22 shows some of the spectra obtained. (a) (i) (ii) and
(iii) show the spectrum in the wavelength range from 3500—4200 R in
order of decreasing vapour density at a delay time‘of 500 usec and
an input energy of 4000 J (100 uF at 9 kV). The number of observable
lines varies greatly with the vapour density. The six lines indicated
in (a)(iii) are transitions from the ground and the first excited states
of YI, 4d 5s2 2D3/2, 5/2, and are the lines actually measured in this
pilot experiment, (b) and (c) show the spectrum in the range from 3200~
3500 X and 2900-3100 R. In (b) the 3216, 3242 and 3327 & lines are
transitions from excited states of the ion with energies i)etween_..IOOO

and 3300 em™t above the ground state. The complications arising

from blends are illustrated by the lines at 3549 R and 3552 g, one of
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o
which belongs to Y I and the other/\Y II. In (c) the seven lines indicated

are from the ground state doublet, 2D3 /2. 5/2 of Y I (doublet splitting
530 cm_l). The spectra (b) and (¢) were obtained at different vapour
densities. 'Spectrum (¢) corresponds to the vapour density of the second
spectrum in (a).

With the quartz optics of the spectrograph, the spectral range
3500-4200 R is covered on 7 cm of a 25 ecm long photographic plate
and it is estimated that in this spectral range there are well over 60
lines of YI and Y II, including nearly all the strong lines. A complete
and accurate experimental dctcrmination of f-values for all these lines

must await the use of a spectrograph of larger dispersion,

7.2 Results

The six strongest accessible lines of Y I were chosén' for measure-
ment, The resultg of ten sets of experimental data are given in Table
7.1. Column 1 gives the wavelengths of the lines measured. Columns
2 and 3 give the term designations and the energy of the lower state
transition in cm'l. In column 4 the relative f-values of lines with the
game lower state are given. Column 5 gives all the f-values relative
to the strongest line, 4102 X, after taking into account the relative
populations of the 2D levels, assuming an electronic excitation tempera-

ture of 5000°K.



TABLE 7.1
‘ Energy
: f,. . f/
‘Ain 8 Terms Designation | om ™ /ta0m7 f4102
4077.38 - sa'ss? %p, - 4d'se’sp’ 2y 0 100 98+ 7
2 r S ,
4142 .85 4d1582 ZD% - 4(115815131 ZD_g_ . 0 38 21 + 11
7
2 1.1 2
359292 ad'ss ?‘D_,il _ ad'ss'spt %P, 0 58 61+8
2
f
/84102
2 2 |
4102.38 4d15s D% - 4d15sl5p1 ZF; 530 100 100
S 2 2
4128,31 ‘ 4d15S ZD_i - 4d15815p1 D0 530 39 89 + (
o 1 1
3620,94 f 4d1552 2D5— - 4d15S 5p 2P1 530 56 56 +4
% E 3 -

The errors given in the last column are the r.m.s. deviations from the ten results.

L0T



The magnitude of the hook separations was of the order
0.4-0.6 mm, and this was measured to an accuracy of 5-7%. This
leads to an error of about 10-15% for the f-value of a line relative
to the "standard" from the same lower level. The reduction of the
two sets of f~values to the same standard by the Boltzmann distri-
bution would add at most another 5% to the unceftainty in the relative
f-values. Since the levels are separated by only 530 cm'_l, the popu~
lation distribution is not very sensitive to uncertainties in the tem-
perature when KT~ 3500 cm ~.

It should be emphasized that it is possible to obtain f-values
for many more of the Y I lines that appear on the present exposures,
Because of the time involved in making the measurements, however,
it was necessary to limit the pilot experiment to the above six lines,

which suffice to establish the feasibility of the method. Furthermore,
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relative f-values for a large number of Y II lines could also be obtained

from these same exposures. The results of Chapter 6 have shown,

however, that it is not possible at present to relate relative f-values

in YII with those in Y I, Further research into this problem is needed,

it might, for example, be possible to mix yttrium with an element of
closely similar ionization potential and use a procedure similar to that

in section 6.5.
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