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ABSTRACT

The construetion and operation of mierowave exeited hafnium discharge
tubes is described. The elestrodeless discharge, excited by uicrowaves at
a frequency of 2,50 MHs., provides a steady and intense emitter of the
hafnium spectrum free of impurity lines. The wavenumbers of s\ imfrared

HE I lines, falling within 1.0 - 2.5 ) have been measured to an average
accuracy of 0.05 n“. The relative intensities of these lines which lie

outside the strong water vapour absorption regions, have been measured und
corrected for the varying wavelemgth respomse of the deteetor,

Two hundred and twenty spectral lines have been assigned to the known
energy levels of Hf I; the greatest difference between the observed and the
caleculated wavenumbers is 0.1 a.1. The intensities of the lines have been
used to confirm the term assignments. 4 theorstical calculation (assuming
intermediate couplimgs) of the positions of the levels of the even comfig:
urstions 56", ’6: and 5&2632 of Hf I is presented. An empirical relatiom
which gives & better fit with the observed levels of the ecomfiguration
562632 has been derived and mow levels have been assigmed to the
configuration SdBGn.
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CHAPTER X LOUNDUIN N/
IRTROLUCTION

Hafnium was the last but one stable element to be discovured in the
earth's crust; its discovery was annoumced by Coster and Van Eunly in
1923(56). Betwesn 1925 and 1954, extensive analysis of the hafnium speo~
trum in the mear UV and the visible regions was carried out to deturaine
the HI' I energy level scheme. Tihe Zecman patterns of 200 limes were
messured to classify the terms. Volume III of the Atomic Hasrgy Lwols(ﬁ)
lists 109 even and 104 odd levels of HI I the total orbital angulay
smomentum quantum nusboer of all the levels and most of the Lende g=values
have also been listed.

The analysis of the hafmium spsetrum before 1954 was hespered by
impurities in the hafnium samples used, the wost serious impurity being
sireonium. This early work was curried out by burning samples of hafaium,
or hafniuw oxide, im silver ares opersted in air. The hafaius spectrum
wss obscured over large speotral regions by atrong and complex band systems
of hefnius oxide. In 1958, Corliss und lugan(w) resnalysed the hafnium
speotrum in the wavelength range 1284.85«120,3.08 R using & hafnium sample
of relatively high purity such that only the styongest impurity lines wers
obaerved. In this work & microwsve exvited eleotrodeless discharge im
hafnium halide lamps was used and the overlepping oxide bands were sbsent.

In the research prograsme desgribed im this thesis, the hafnium line
list was extended to 2.5 g since the spectrum up to 9.0 ps bsd been
analys ed by previous -mm(‘é). the present work was confined to wave=
lengths longer tham 1.0 um, Corliss et. n.(‘s) had investigated the
spectrus in the wavelength ruglon 1.0 = 1.2 um using photegrepbic methods,
The sensitivity of photographic emulsions falls repidly sbove 1.0 pm and,
by using s cooled lead sulpbide detector it was possible to detect some

of the weak limes missed by the photegra hic methods., It was 68 ublished



by comparing the wavenumbers of the more intense limes observed by
Corliss et. al.(16) with the present measurements, thut the overall
acourasies of the two sets of wavenumbers vere comparable.

The infyrared spectrum of hafnium was obtained using a one metre
Cserny-Turner spestrometer and a cooled lead sulphide cell detestor; the
source was a microwave electrodeless discharge in a quarts tube containing
hafnium iodide. The sample of hafnium sponge used to prepare the hafnium
iodide contained 3% sireconium; use of such a sample could lesd to serious
diffieulties in identifying the hafnium limes, but the difference between
the sublimation temperatures of the hafnium and sirconium iodides was used
to obtain pure hafnium iodide in the lamps, The detailed preparation of the
lamps is deseribed in Chapter 2., The intensities of wost of the lines were
measured (Chapter 3) and put on a uniform seals in order to aid the classifi-
cation of the speotral 1inu(57'58).

The term designations have been msade by previous wurkorl( i2) for only
e few of the 109 even energy levels of Hf I, The term desigmation eof

levels can be very useful in comparing the observed intensities of the
speotral lines with the calculated intensities and thus ald level classifi-
cetion of lines. The lewest even configurations of Hf I are probably the
configurations 5‘2632. 543& and 54" ud, since these configurations are
probably mot perturbed by other configurations, the positions of the lovels
of these configurations were uloﬁlatod. These oaloulstions, based on the
assumption of intermediate coupling, are described in Chapter L.



CHAPTER 2
BQUIPMENT
2e1e Introduction

An intense, stable and relatively long lived spectroscopic source can
be obtained by microwave excitation of an elestrvdeless discharge in & tube
oA Eing the Balida of an elewundii e mes ahont Ry Bovrester ste nlit))
that for microwave excited mercury discharge the output optical power was
high for input electric power, The microwave exolted dschurge was ideal
for accurate measurement of wave-numbers as the speotral lines emitted by
the discharge are quite marrow,

The method of comstruction of the sources has been evolved by a
number of workors(z’ 1"""5'6). Tomkins et. aﬁ; )oamtmud & number of
sources containing various elements in the form of halides; the socurces
were filled with an inert gas to initiste a discharge, These workers
indicated a number of ways of exeluding the impurities present in the samples
of the elements, from the discharge tuwbes. The method of Tomkins et. al.
formed the basis of the method used for preparing the hafnius sources ami
is described in Section Z.2.

A Czerny-Turneyr spectrommter was used to msasure the wavenumbers of
the hafnium lines, This spectyomster exhitdts a large fraction of the
theoretically possible resolution and was ideal for accurste measurement of
wavenumbers of spestral lines. T& basic optisal system of a Csermy~Turner
spectrograph was deseribed as early as 1889, The optical arrangement of
this spectrograph forms a perfect imamge as the light rays trevel the same
distanse from the object (entrance slit) to the image. The corrective
property of the optical system applies only to one line in the focal plane
(the line which is the same distance as the entrame slit from the
spectrograph axis) and the speotrograph forms sharp images only in a very



narrow spectral range. The optical system was, therefore, not suitable
for photogrsphic spectroscopy but was most attractive for use in a
monochrometer. A systematic analysis of the optical arrangesent was
carried out by Faatie (1952)(8) y who showed that the aberration corrective
asrrangenent of the spherical airrors left only astigmatism as o serious
aberration. The effects of astigmetisw snd image curvature can he removed
by use of matched curved slits. A Czerny-Turner spectrometer was modified
for higher resolution and for use in the 1.0-2.5 pa region by replacing
the original straight slits by a metched pair of curved slits and by
eaploying an improved galibration system, The operation of the spectrometer
to obtain the infrared spectrum of hafmium is ceseribed in Scotion 2.3.

In photogrephic spectrosecopy the unimown spectrum and the calibration
standards are recorded on the sawe photographic plate and the wavelengths
of the speotral lines are determined by ianterpolation between the standards,
The wavenumbers of the infrared lines can be meusured by similar inter-
polation techmigque using the molecular emission smd sbsorption bands and
the overlapping orders of the imert gas spectrs as stendardss 7The methed
is of limited spplication in the 1.0-2.5 pm region becasuse of lack of
acourate and well distributed standards., In the infrured region, the
spectral limcs are recorded by scenning the speotyum across ‘he exit siit
by rotating the grating and the lines are recorded on & moving chart. The
accuracy of the wavenumbers of tho lines depends on the smoothmess and
precision of the mechsnical drives which rotate the grating asd move the
charts In order to minimise the dependence om the grating and the chart
drives, it is necessury to have as many closely spaced stamderds as possible.
The Rdser-Butler fringes recorded simultansously with the unknown spectrum
provide an acourate closely spaced wavenumber scale, The details of
producing and recording the Edser-Butler fringes are given in Scotion 2.4,
of this chapter.
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2424 Light Sources

The vacuum system used for preparing the hafoium lemps was as shown
in the block disgram of Fige Ze1e The mercury ciffusion pusp was cspable
of pumping the vacuum system down to e pressure of 1.0 x 19’6 torre The
pert of the vacuum system vhore the lemps were prepared (Fig. 2.2., the
trep Tp was comnected at poimt P showm in Fig. 2.1.) was isolated from the
diffusion pump by licuid nitrogen coolud ‘raps. This was to prevent
mereury from diffusing into the tube and contavinmating the discharge.

The silica tube shown im Fig. 2.2., wns cleosned by dboiling concentrated
nitric scid in the tube; the nitrogem dioxide liberated from the hot nitric
acid had a powsrful cleansing effect om silicas The tube was washed about
ten times with distilled water to remove all the acid., The tube was
degassed by heating it to sbout 1000°C by a furmece, whils it was maintained
under high vacuum, A R.F, discharge in peon was started in the silios tube
after it hsd been degassed for about an hour and the meon spaotyus was
monitored by a direct visior spectrometer. The neon ges wes pumped out
after 15 mins. if impurity bands wore observed im the discharge. A fresh
batoh of gas was introduced in the tube and discharged and the spectrum
was monitored; this process wss yepeated till no impurity bands were
observed.

Hafnlum iodide wes used inm the sources prepsred during the present
projot as the sources filled with the lodide of an clement were more
stable and long-lasting than sources filled with other hali&u“’. Ths
hafaius iodide was prepared in the glass capsule ¢ (Fig. 2.2.). The
capsuls was cleaned with hot nitrio acid, dried and filled with 50 =g. of
hafnius and 150 mg. of iodine and was pumped down to apPut 1.0 x 10‘5 tore
snd sealed., The mixture of hafnium and iodine was beked for sbout an hour

at 400°C to produce the iodide of hafnium und of the impurities present in
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sample of hafmiume The spectruscopio analysis of the hafuium syonge,
scquired from KooheLight Laborstories Lide, is glven in Tavle 2.9. (only
impurities with more them 10 ppu. concentration have been listed).
Glreonium, magnosium, tantalus asd % were the most sericus impurities
and preonutions hod to be taken to ensure that the Lodides of thuese elewents
were kept out of the tube T (Fig. 2.2.)s The sublimation temperature of
hefalus jodide and the lodides of the major impurities in the hefnium
sponge are givem in Table 2.2
TABLE 216
The major ispurities in the hafnium sponge

Hafmium  99.64

Zircomium .08

lsgnesium 540 ppu.

Hiobium 100 *

Iron % *

Jentalus 200 "

Alusinius 45 °

Copper W "

Silicon w "

Kickel 400 *

The end of the capillary tube of capsule C wae opened under vecuus
and the capsule was warmed by & bunsen burmer till hafnius lodide am
sublimed. The iodides with melting points below 400°C., the excess iodine
and some haofniue fodids wers pusped out as the capasule C was warmed. Thess
iodides condensed in the trep Tp (Fige Zede)e The cupsule ¢ was then soved
Up to the tubes T and & thin fils of hefuium lodide (Just encugh for the
tube to appesr coloured) wus sublimed into the tubes. The capsule C was
warmed, t411 4t was Just possible to sublime the hafaius lodide is order to
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TABLE 244e
Helting and sublimation temperatures of sows iodides

Hefnium iodide under vacuum,sublimes at a.oo“c
Ferric lodide melts and desomposes

Cuprous iodids selts st 605°C

Zireonium iodide decomposes at 600°C

Mugnesium iodide decomposes at 700°C

Nickel iodide melts at about 250°C
Niobium iodide B e "
Tantalus iodide O S "

Aluminium iedide o s o
Silicon iodide 5 Pc 2

exclude from the tubes T the lodides with melting points highey than
400°%. 4 RoF. discharge in 'speg=pure’ argon or meon was started in
tubes T and mitong\ with o direct vision speotrometer. The discharge
was maintained m&;i!‘niu speotrum was just visible; the gas was then
pumped out to remove the icdime produced by the decomposition of hafnium
iodide. 4 fresh batch of ‘speo=-pure’ gas at & pressmure of shout Z torr
was introduced in the tubes and the tubes were sealed off, A nusber of
hafnius sourees, two at & tise (5 sm bore and 10 om. long), containimg
argon, neon or no {iller gas at all were zade and operuted suscessfully.
The discharge in the sourcaes filled with argon or neon was staried
by & tesla soil. The sources without any filler gas had to be wersed, to
build up 4odine vapour pressure, before a discharge could be indtisted.

The operation of the sourt®® to obtain the infrared speetyum of hafnius

is described in the next chapter.



The sources were opera'ed suceessfully for several periods of about
10 hourss Ths argon fiiled sources feiled sfter about seventy hours of
operation, Tnis may have beon due to the drop in the pressure inside the
tube dus to the absorption of argon by hot siliu(“‘). The spectrum in the
visible and ncar ultrasviolet, of the light emitted by the hafnium sources
was photegraphed using a Hilger medium guarts speetrograph. There was no
dif'ference bLe¢twesn the spectrs emitted by the neom and the argon {illed
sources, but the spectrum emitted by the sources without any filler gas was
slightly brighter. With & Hortmann dlsphragm, the ﬂfan spectrus was phote-
graphed on either side of the hafnium speetrum and the hafnlum linss were
identified with an securascy of & 1 2. using ﬂ':m lines as stundards, WNone of
the lines ¢ould be aseribed to the major iapurities preseat in the hafnium
sponge, nor could any lines be identified &s mercury linss,
2¢5« Dispersive System

The spectrometsr used to obtain the ianfrared spectrum of hafmium was
e one metre, £/6 plane grating spectrometer in & Cserny-Turner mounting,
The 15 x 12 ems., 600 lines per uui., Bausch cnd Lomb grating was mounted om
a lesd-sorew driven turnwtsble with which the spectrum could be scanned
soross the exit slit., The grating (No. 35=53«17«5/) was blased for
2.5 pm in the first order and the grating orders could be selested by
manually retating the turn~table through large angles relative to the
lever arms The spectrometer was originally rather semsitive to vibrations
as the deteetor unit and the optics were moumted on separate bases. In
order to minimise the ef'fects of vibrstions the two units were aet up om
& single firw base end were housed in light-tight boxes to eliminate
strey light.

The optics of the Czerny~Turner spectrometor has baen discussed hy
Pnntio(7'8) and it has been showu(17)that by using &« straight entrance alit
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the image at the exit slit is parabolics The length of the entrunce slit
which can be used to obtain the theoretically possible resolution is given

w'®,
L= 1o>~(r/‘s)3 2.1,

and the wavelength error from the centre to the end of the exit alit is
AN = N/8(#/L)* 2.2,

where L is the length of the slits
is the wavelength of the radiation
¥ is the focal length of the collimating sirror
W is the distance between the entrance and the exit slits.
For radiation of 2 pm,streight slits no longer than 0.;5 cms could be used
to obtain the theoretically possible resolution., With/straight exit slit

' vetween

2 oms long there could have besn e wavenusbor errvor of 0.04 om
rediation emerging from the centre and the end of the exit slit. The
astignatism and the wavenumber difference between ths radiation emsrging
from the centre and the end of the exit slit cun be correeted by using a
padr of matched,curved entraice and exit slits, For the 15 cms wide grating,
Hilger and Watt curved slits, 2 oms long and radius of curvature of
1125 oms (4e5 ins.) were useds The slits were placed so that the light
beams passing to the ecllimeting mirrors were aot obstructed by the grating.
The infrared rediation in the 1.0-2.5 pm range was detesced with a
cuvoled lead sulphide cell. The Kodek “"Ektron™ lesd sulphide gell
(Type K2) was 1 » 5 mms in size and was mounted on & quarts bases The
cell was mwounted on the end of & 1 ia, dismeter coppey rod, Fige Zelderand
cocled by dipping the rod in a smixture of solid carvan dioxide and avetone
slored in o dewer flaske 70 maintain the low temperature of the cell the
dewar flask was refiiled with solid earbon diexide once every hour. The
surface of the cull was kept five of uonéﬂuﬁ water vapour by enclosing
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the cell in a glass tube, the air inside the tube was dessicated with
phosphorous pentaoxide. The end of the glass tube was ¢losed by & quarts
window which was kept slightly above room temperature by a heater wound
along Lts circumference.

The output from the lead sulphide cell was of the order of 1 Mo
This signal had to be amplified to drive a pem recorder and amplification
of at least 100 db.was necessary to record most of the weak lines. A
Barr and Styoud frequency selective amplifier with a maximum gain of about
120 db centred ot 20 Hz was used. To obtain an alternating signsl the
1ight beam was ‘chopped’ at 20 s by a sectored disc rotsted at 10 s .
The signal to noise ratio could be inersased by using a phase sensitive
amplifier (manufactured by Brookdsal Elestronics Ltd.), but the time
constant of the amplifior was too high for the aaplifier to be useful at
the scanning speed used to record the haufmium speotrums In the present
systes,tho limiting time~constant (sbout 1 sec.) was that of the pen recorder
and for the scanning speed used (0.35 R/ sec,) almost 99% of the signal
amplitude was developed,

The optical system used for 'chopping' the light bem was as shown in

the

Pige 244 The light from the spestisl source SS was focused by/airror Gl‘l

on to the chopper blade CH. The mirrer CH,, fooused the Leam on to the
entrance slit, The chopper motor revolved at 10 s~ and the ) termate
quadrants of the blade were cut eui to let the spectral beam pass onte the
mirror Clzo T he mirrors Cl' and Clz reflected the light beam in opposite
directions as this arrangement reduced «u(n. giving a better image at the
entrance slit.

The vertical tilt of the slits was adjusted by visually observiang

the strong neon lines (between 5000 % and 6500 %) as they were

scanned across the exit slit. The lines were scanned in both

directions and the slit mountings were rotated in the plane of the
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slite till the images, at the exit slit, matohed the slit. The "tilt

adjustment' was repeated for lines observed in four grating orders and

with slits narrow enough for the lines to be Jjust visible. 1In all the
cases the images of the limes were matched with the slit. The neon lines
were then detected by the lead sulphide cell and the slits were rotated
perpendicular to the plane of the slits (the axis of rotation coincided
with the slits) till the output signal was maximised. The vertical tilt
of the slits was then readjusted.

The calibraticn spectrum or the fringes are generally recorded by
(10, 41, 42),

1) Illuminating a small portion of the entrumce slit with the calibrating
beam and reflecting the emergent beam onto a detesctor.

2) Illusinating, elternstely, the whole of entrance slit with the
calibrating or the spectral beam and separating the beams at the exit
slit, The alternate illumination of the entrance slit and the
separation of the beums at the exit slit cun be achieved by two choppera
rotated synchronously.

In the first method the two beams have to be well separated at the
entrance slit to prevent the overlap of images at the exit slit. The
overlap can shift the peaks of the spestral lines which can result in large
errors in the wavemumbers of the lines. In this method,the detectable
rediation flux is decreased because of the short lemgth of the slit
available for the spectral beam, The main disadvantage of the second methed
is the decrease in the signal to noise ratio cuused by the stray radiation
in front of the detector cell being chopped at the same fregquency as the
spectral beam, The two methods also require two detectors and twe
anplifiers for the spectral sand the calibration sigmals reapectively. The
second method has the advantage of asllowing the use of tho entire length
of the slits for both the beams. This method can be modified by replacing
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the chopper at the exit slit by a "AND gate system" to separate the
anplified outputs dus to the two beews, The two beams can them be detected
by 2 single cell and the signals amplified by a single amplifier,

A system of “AND" gates, using six diode 5ates(50’31) (Fig. 2.5)
was bullt to separste scctions of & waveform by synchromous switching of
the gates., The cperation of the gates can be seen from Pig. 2,6, where the
waveform A represents a 20 Hz square wave used to test the gutes, A smell
10 Hs signal was input to the Schmidt triggoer, the two outputs from the
Schmidt trigger were amplified (Fig., 2.6. B and C) and were used to trigger
the gates. The gates were able to separate slternate "topehats" of ths wave-
form A to produce the waveform D and Bs Tho two outputs were rectified and
smoothed and input to the two-pen recorders The gate outputs were linear up
to 2 V peak-to=psak input. This was the order of ocutput sigaal voltage
expeated due to the two besams and the gate system was well suited fer
separating a wavefors produced by the two light beams,

The gate system was (esled by Jetecting the spectral and the calibration
beanss To ebtain & signal due 1o the calibration beam the "ealibration
optics” shown in Fige Zebe wers setl upe Front aluminised sdrrors were mounted
on the uncut quadrants of the chopper blade (B, whieh reflected the
ealibrating bean from source C8 onte the conecave mirror eﬁa, #hsch fooused
the beam on the entrance siit. When the blade (B was rotated, the spectral
end the culibrution beams were alternately focused onte the entrince slit,
The trigger pulse for the Schmidt trigger wus obtained from a yhﬁctrunsiﬂtor
mounted opposite the point where the chopper blade intercepted the speetral
beam, The phototransistor was illuminmaied by & small lamp, light from
whieh was chopped by the blade CB. For test purposes the Febry-Parot
intorferomster PP (Fige Zele) was removed snd a strong signal from the «

source CS was detected by the lead sulphide gells ANGLO2 £ noon line was
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WAVEFORMS OF THE SIGNALS USED

+TO TEST THE"AND GATES.
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also detected by the same lesad sulphide c¢ell and the combined signal was
amplified by & wide-band amplificr (manufactured by Brookdesl Elsctronics
Ltde)e The waveform of the amplified signal was as shown in Fig. 2.6.F.
There was appreciable overlap of signals in the two output channels and
the overlap increased when one of the signals was avsent., The signal
waveform in such a case was as shown in Fige 246,65 in this case the overe
lapping signal was of the sawe order as the signal expeetsd due to the
beam and the overlapping signals could not be sliminsted by reducing the
width of the triggering pulse, The overlap of the signals on the two
channels was primarily due to the low frequency distortion of the imput
signals The electronic separation of the signuls was sbandoned as an
amplifier with a good low frequency response was not lumedistely available.

To obtain the calibration fringes,the lower quarter of the entranse
s8lit was illuminated by the calibrating beam, leaving the rest of the
length of the slit for normal use, The beams were separated just emough to
prevent the overlap of the images at the exit slit. To avoid delay in
recording the hafnium spestyum,no changes were made in the optics. The
production and detection of the Edser-Butler fringes used for calibrating
the spectral records is described in the next section,
Zelpe Caulibration System

The intorference method of calibrating speetrometers provides an
accurate method for measuring the wavenumbers of spesectral lines in the
regions of spectrum where no suitsble standards are avaeilable, This is
particularly true of the infrared region (1.0-2,5 pm) in which the number
of interferometrically measured standards are very few. The spestrum and
the interference {'ringes were recorded simultsneously and the nusher of
fringes per record was quite large (ebout one fringe per ocuof chart),
The method does not rely om the long tera stability of the spectromater,



The optical system used for interference calibration of the speotro=
moter was as shown in Fige Zele Continuous radiastion from the quarts
iodide tungsten lamp CS was focused on the pin-hole disphrags U by the lons
L‘. The eollimsting lens Lz directed a parallel beam of light on to the
Febry-Parot etalon FP. The raedistion emerging from the etalon was focused
on the chopper blede CB by lens x.3. The front aluminised yusdrents mounted
on the chopper blade reflected he bean onte the conesve mirrvor cuz which
focused it on the lower gquedrater of the eatrance slit. The radlation
emsrging fron the upper quarter of the exit slit was reflected onto the end
of a flexible light gulde which conducted the light to the photosultipler
Ps  In ovder to record the Edser-Butlor fringes, the photomultiplier was
commected to & pemwrecorder via a cathode follower.

The etalon can be considered to be an interfurence filter having
saxisus transparency for radietion satisfying the wavelemgth relation

B N\ = zdnCosd 2eJe
where 'ue is the etalon interference order

A is the wavelemgth of the radistion
d is the stalon spscing
n is the refrsctive index of the medius between the plates
¢ is the angle between the oollimated beanm direction anmd
the etalon normal,
This relation can be expreased in terms of the wovenusber ¢ of the radistion
transmitted with saxisum intensity by

o =g

i e dew

A = (2ancosg )™
To registey fringes of sultsble ohursster, the fiducial constant A hed to be

watohed to the dispersing and resolving power of the speotwvometer and an
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etalon spocer 1 wm thick was neGessary. Three steel ballebearings,
1/16 ins. diameter, held in & thin aluminium somulur disc formed a
suiteble spucer, With the etalom in axial position for maxivum light
intensity, s typical velue of A was 3.1644 & 0.0005 eln-1a A 10 cme
focal length lens was necessary as a collimator before the etalon. A
good quality quarts lens was used,us this leas detorzined the fringe
definition.

The interference {ringes provided a set of fiduclel marks whose
separation corresponded to & constant wavemumber difference expressed by
the constant A. Bquation 2.4. can be rogarded to be a dispersion
relation glving the wavenumber of any speotral lino whose position could
be referred to the scale of the fringes. The wavenumber (), of & speotrul

line of order N, can be expressed as

1

oot (’ﬁ\ (Baey +ey) 2454
ﬂ1 ﬂ' N°

where 0 is the agcurately known wevenumber of & neon standard
K is the order of the standayd line
A is the fidueial constant
ey andey are the additional fractions of a fringe,
m is the integer numbor of fringes between lines o3 and 0%
R° is the grating order of the band of continucus radistion
used to produce fringes.
Two standard lines were recorded,one at oach ond of & record; the wave-
mumber of the standards oz substituted for o“1 and 0% in the Bge 2.9
to caleulate A.
In BEqe 245., the unknown wovenusbers were vxpressed in terms of a
constant, A. Thisz oonsiant was a function of the refrective index of the
wedius between the otalon plates, sir in the present case. The refractive

index of air cen vary with tesperature and pressure. 7This change over an
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extended run can introduce sericus errors la the wavenumbors f the lines.
To raduce the sffact of the teaperature and the pressurs changs of the aly
t9 a2 negligible proportion, the atalon was housed in an gvasuated chamber.
A seeand factor controliing the value of the constant A was the axpansion
and the contrasction of tho etalon spager. 7he heat conduction from the
base of tho vacuun chumbor to the etalon end the spucer was reduged by
sounting the etalon on braszs reds tapered to a4 point. 7Ths spestrometer und
the assoglated calibration aystem used to moasure the wavenumbers of the
hafniun lines enitted in the 1.,0«2,5 um region was as shosn in the
photograyh of Pig. 2.7,
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CHAPTER 3
EXPERIMENTAL PROCEDURE

5ets Operation of Sources

The discharge im the hafnium iodide filled sources was excited hy
microwaves at a freaquency of 2,50 MHz. The miorowaves were generated ;
continuously by a Mullard JP2«02 magnetron which could be operated at a |
maximum power of 200 watts. A D.C. potentisl difference of about {1 kV had
to be maintained ecross the magnetron., This potential difference was
constant at sbout 1 kV for any current (in miA) drawn by the magnetron and ;
provided a rough indication of the sicrowave power (in watts) output. !
The microwaves were passed by a coaxiel cable to & tueable cavity exeitor(zo) »
via a refleocted power meter manufactured by Flestromediosl Supplies (ZuS),.
The cavity (designed by Dr. B, B, Y. Steers of Horthern Polytechamic,
London and supplied by EMS) was of silver plated brass and one imch in
diametors The cavity and the coaxial conncotor on the cavity was water
cooled by cireulating water through § in, bress tube soldered round the
cavity and the socket. The water cooling was necessary to prevent damage
to the cavity and to the insulation of the socket when the sources were
operated at high power.

The intensity of the discharge and the tuning of the cavity varied with

the position of the sources in the cavity. The optimum tuning i.e. minimum
reflected power, was possible when the tubes were held along the axis of

the cavity. In order to ensure the axisl position of the sources,the
channel in the upper tuning stub of the cavity was machimed to &« diameter

o e

of 6 nmse The portion of the sources (0.Ds 5 mss) proJjecting inside the
tuning etub aligned the sources with the axis. The sources rested on s
glass rod inside the cavity.

To obtain the hafnium speetrum a hafnium fodide filled source was
placed inside ths cavity and the magnetron current was inorsased to 100 mA.




The discharge was started by a high frequency leak tester and the magnetron
current was inoreased to its final value, usually 190 mA or 175 mA. The
tuning stubs were adjusted to minimise the reflected power (usually of the
order of 10 watts). The sources were allewed to warme-up for about 15 mins.
before the spectra were recorded. During the first 10 mins, of the warm-up
peried the discharge was unstable and confined to the axis of the souree.
During this time the intensity of the hafnium lines increased while the
intensity of the iodine lines and the bands deoreased. After the first
fifteen minutes no iodine bands were observed and only the strongest
iodine limes ( A51419 % and N6337 3) were seen; the discharge was stable and
filled the source. The magnetron power and the reflected power stayed
constant throughout a rua, usually lasting for about six hours. After six
hours of contimuous operation, the intensity of the speotral lines iﬁ&r&aaod
by about 1% but there was no noticeable change in the width of the lines,
The microwave exeited lamps emit predominantly the fir;t aputmi and
the strongest limes of the seeond spectrum. Several authencé’m) have
shown that the relative intensities of the lines of the first snd the
segond spectrum vary with the vapour pressire of the element im the lamp.
At low vapour pressure the limes of the second spestrum are rolatively
favoured whereas at high vapour pressurs the first spectrum is enhanced.
The vapour pressure in the lamps could be altered by changing the micrewave
power input to the cavity. During the analysis of the hafnium spectrum
two records were obtaimed with magnetron current of 190 mA, and one
regord was obtained with magnetron eurrent of 175 mA, It vas not possible
to record spsetra at lower magnstrom currents (e.g. 150 mA) ss the speetra
were too weak., The intensities of all limes recorded with the mugnetron
current of 175 mA had dropped by a factor of two-thirds coupared to inten-
sities of lines recorded with the magnetron current of 190 mA., no relative

enhancement of any spectral lines could be observed. This seemed to indicate
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& total absence of emission of Hf II lines in the 1.0 ~ 2.5 jim range, this
was confirmed when attempts were made to fit the lines in the final line list
to the known enargy levels of Hf II; only one line could be assigned to the
lovels of Hf 1I, the accurcoy of the fit was about 0,05 em ' and the
assignment was probably coincidental. The details of classification of

the speotral lines are given in Chapter L.

Se2e Mansurement of Tavenumbers

The slit widths nsgessary to detect all the lines esitted by the
hafnium lamps would have decreased the resolving power of the spectrometer
by & lerge factor and it would not bave been possible to resolve either the
hafnjum speotyum or the calibration fringes. GLlits wide emough to Jetect
the majority of spestral lines without & lsrpe decrease in the resolving
power of the spectrometor were selected as follews, With an entrance slit
of 50,1. and an exit slit of ‘u..,n only the strongest hafnium Jines were
detected and the calibration fringes were vary weak. The width of the
entrange slit wss increased to 50 jus and sections of hafmium spestyus were
recorded with imoreasing axit slit width, With am exit slit of 350 J
slmest 90% of the lines emitted by the hafnium lamps eould be deteeted and
the calibration fringes were of reasonable intensity throughout the
1.0 « 2,5 pm range. These slit xidths were used for all the spectys
recurded with the calibration fringes.

Favenusbers of hafnium lines were measured using the first order of
the 600 lines/mm grating of the spootrometer. Two settings of the grating,
relative to the lever arm, wers necsssary to cover the whole of speetral
range investigated during the present project. One grating setting eoverud
thete7 = 2.5 i region and a second setting covered the 1,0 = 1.8,n- reglian.
The blazed side of the grating wae used for the 1.7 = 2.5 pm renge but the
reversed side was used for the 1.0 = 1.8 um region as in this wavelsngth
region the intensity of the light reflegted from the reversed side was
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higher than the intensity of light reflected from the blasged side. A
GrubbeParsons silicon infrared filter was used to eliminate the higher
overlapping grating orders. This filter was also used when the spestium
in the 1.8 = 2.5 po rogion was recorded end the second order 1.0 = 1,25 um
spectrum was recorded on the same ebﬂé't. The two yrating orders were
sorted out by moriﬁng this region ut’? 29aotm using a gorsanius filter in
place of the silicon filter. The wavelength and the transmission charecter~
istics of the two infrared filters were 48 given in Table 5.1,
TABLE Jete
¥avelength and Transmisaion Characteristics

of the Infrared Filters

FILTRR CUT=0FF WAVELENGTH TRANSMISSION
Silicon 1.0 90 - 95%
Germanius ~ a5 pm 90 - 95%

A series of survey speotra (spectrs recorded without calivration fringes)
were cbtained beforehand to identify spectral limes which were strong
encugh to overload the pen recorder. During the final anulysis of the
hafaium spectyum the output fros the ssplifier was attenuated to record
the peaks of these stron; spsetral lines.

Selected neon lines (in the 0.58 = 1.0 um n;;loa(‘%'gs) snd observed
in higher grating orders) whose wavenumburs were kmown to sn accurecy of
0e001 om" ! were used to calibrate the fringes. The stamdards were
recorded during & run by introducing at appropriate times an additional
sirror to reflect the light from a neon source on to the entrence slit.
The neon spectrel source was & microwave excited neon dischurge. Two
standards, one at euch end of the run, were essential and were used to
caloulate the fiduciel comstant A (Eq. 2.5)s Additional neon stundards
were yrocorded im the rogions of the speotyum where no hafnium limes were

observed but where highoer order neon lines were possible. “ﬂm “gaps” in
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the hafnium spectrum were selected from the survey runs and the neon lines
were used to check the scouracy of the wavenumbers of the hafnium lines.

The positions of ths hafnium lines relative to the calibration fringes
were measured on a viewing box which had a metre rule which could be clemped
parallel to the edge of the charts A vertical line soribed on a trans-
parent purspex setsquare was aligned with the peaks of the lines or the
fringes and their relative positions were messured witi a vernier scale
seribed on the setsquare. 7The number of calibration fringes between the
first neon standard and the hafnium lines, the grating order of the lines
and the positions of the lines relative to the adjucent fringes were
punched on a paper tape and the air wavenumbers of the lines were computed
using fge Zede It was not nec.ssary to know the grating order of the "band®
of continuous redistion used to obtain the calibration fringes as the two
neon standards recorded at the begimming and the end ,respectively, of esch
run were used to caloculate the fiducial constunt A. In the rugions of
strong water vapour absorption (1e3 = 1eb pm snd 1,8 = 1,95 um), hafniua
lines ocoincident with the styong absorption lines could not be recorded.
The ebsorption lines olose to the hafnium lines shifted the positions of
saximum intensity of the hafnium lines,reducing the scocuragy of the
wavenusbers of these linss. The details of the accurscy of the wave~
numbers of the hafnium lines is givea later im this section,

A spectral record consisted of a section of hafnium speotrum recorded
by one pen of a two pen recorder and & section of calibration fringe trace
recorded by the sesond pen. The "speetral beam” and the “ealibration besm"

had different puth lengths and the time constants of the two detecting
systems were slso different; & correction was negessary for the "dynsmie
separation” of the two pens. The dynamic pen separation was necessary us
the separation of the two pens held under tension, was different for a

18
woving chart and for a stationary chart. The pen separation was chuC( :
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by recording "artificisl lines” produced by detesting \ 6000 £ neon line

on both the speotrum and the fringe recording systems. The image of the
neon lemp covered the whole of the entrance slit and the grating was soved
panually till the neon line was detected at the exit siit., "he exit siit
was opened to 50 pm snd the output from the two vetecting systess was
monitored. Both signals were then cut-off by intercepting the neon light
bear at the entrance slit. The light bean was allowed to pass for the

time roquired to register a speotrum line (about 5 secs) and the separation
(in oms.) between the two artificisl lines was the recuired correction.

The dynamic pen separstion wus independent of the strength and the duration
of the signal und was treated as a conatant,

Tho slit widths used for recording speotrel charts with calibration
fringes were too small to detect the woak lines emitted by the hafnium
lampse The width of the entrunce slit was inereased to 175 pm to rocord
these weak lines. The purity of the speotrum deterioruted because of the
wide entrance slit and it was impossible tc obtain the calibration fringes.
The wavenumbers of the weak lines were messured by linsar interpolation
butwoen two adjacent styong lines. The strong lines as mesr the weak
lines as possible were used and only limes free of perturbing adjocent
iines were measured, The wiovenumbers of the strong lines wore obtained
froem the charts recorded with uli::vgtion fringes. The accuracy of the
wook lines was less than the accuracy of the lines measured fyom charts
with calibration fringes.

The scouracy of the wavenusmbers of the hafnius lines wes detormined
by the following fsetors,

b o The irregularity in the grating drive
II  The irregularity in the chart drive

III  The human error in measuring the positions of the lines relative

to the fringes




IV  The different time-constunts of the two detecting systeams.

v The dissimilar illuminstion of the grating face by the light from the
neon and the hafnium sourees. This would result in a difference in
shape of the neon and the hafnium speetral lines,

VI The diff.rent effect of the temperaturs and the pressure change on
the neon standards and the hafnium lines recorded in different orders.
The errors due to (I) and (IJ) were reduced by using cal ibr:tion

fringes for measuring the wavenumbers of the speetral lines. The irregu~

larities in the grating or the chart drive wers neglected unless these
ccourred between the fringes used for measuring the positions of the limes
relative to the fringes. BSuch irregularities were noted and the accuracy
of the line in question was reduced. The details of the accuracy code are
given later in this section, The errors dus to (IXI) were reduced by
measuring each lime at least twice; il the two wavenumbers differed by

‘. the lines were remoasured and the erroneous readings

more tham 0,01 em
were deleted. The errors du:/o(lv) were allowed for by addimg the “dynsmic
pen separation” to the measured positions of the lines and the fringes.
Faotors (I-IV) alse affect the sccurscy of the fiducial constant A (and
indirectly affect the accuracy of the waven.mbers of the spectral lines).
From £js 2.5, and the ususl laws of errors in a tructiou(za). the error im

the wavenumber ".(18)

& =005 /1, T (5ynha/m F(alor /ug Me(abe g/ ] Be2e

where

d; is the error im the neon stendard, usually of the orier of

04001 om

N is the grating order of a line with wavenumber of § 4

1



g is the greting order of a standurd line.
m 1is the numoer of fringes vetween o, ando-..
A is the fiduciul constant.
e Qia the error in the fracticnal friage.
ez{count.
A Jia the ervor in A.
Nc is the grating order of the comtinuous radiation.

N1, H.. N° and m were usually of the order of 1, 3, 4 and 800
respectively., The error in the fractional fringe count (€ 4 wd 82)
was sbout 0.02., The error in the fiducial comstant A was the difference
in the two values of A caleulated for esch rum and was of the order
of 0.00001 01'1. The value of the fiducial constant A was of the order
of L0 01.1. Substituting these values in Eqe. 3.2, it can be seen that
the first two terms on the right hand side of the equation can be
neglected and the error ,in the wavenumber of & line can be of the order
of 0403 o-f‘. In practice,mltiple observations have reduced this errer
to about 0.02 om ' The low value of the sotual error was obteimed by
comparing the wavenumbers of the neon lines recorded during & run, with
the interferometrically messured values. Seventy-three neon lines, in
various grating orders, were measured during the present pro ject. The
differences im the wavenumbers divi@ud by the orders im which the lines
were measured are shown in Fig. 5+1s 7The majority of differences lie
witiin ¢ 0.02 n"; nene of the diff'erences exeeed % 0.25 u"‘ which seens
to be the largest imsccuracy. A further indication of the accuracy of the
wavenumbers of the hafnium lines can be obtained by comparimg the average
values of the wavenumbers of the neon lines measured more then twice, with

the interferometric values. The wavenumbers of eleven nect lines were

moasured more than twice; the arithmetic means end the root mean square




10

e
e
=
=
e
b
-
e
g
.
B
-
.-

L e L

HISTOGRAM COF THE

-0l 0.0 O.t 0.2
_ ERROR  em

ERRORS OBSERVED IN THE WAVENUVMEBERS OF THE NEON LINES.

L



38

errors are given in Table Je2s The wavenumbers weasured by the two methods
apree well within the lisdts of accuracy.

The large nusber of lines (86) which could be assigned to the vnergy
levels of Hf I within an wccuracy of 0.02 om » Soemed to rule out any
systematic crrors dus to (V) and (VI)s The correction mscessar; for error
(VI) could not be estimated as the dat: on tempersture, pressure and
humidity in ‘he laborstory were not available but it has been mm(z” that
this error was unlikely to be groater than 0.01 0-.1.

TABLE JeZe

Hean values and the res. ermvrs la the neon lines

A Oy 0up|91/oRD=0"| O Al | Ol O

A on ) on! on ! on!| o
9665 . 42l 10346.,158 2 | 51734079 | 5175612 | 0404 | 0.04
B8783.755 | 143844655 | 2 | 56924327 | 5692454 | 0,05 | 0.01
505244880 | 17086.,750 | 3 |5695.583 | 5695460 | 0u11 | 0.01
58524488 17086.750 | & |4271.688 | 427147 | 0.04 | 0.06
6670,2766 | 14973.925 | 3 |4991.308 | 499140 | 0405 | 0,09
60743377 | 16462.700 | & |[4115.675 | 4115.67 | 0.01 | 0.00
14644200 8610.150 1 |B610.150 | 861019 | 0.06 | 0.04
6506.5278 | 15369.180 | 2 | 7684592 | 768441 | 0,06 | 0.18
B495.3590 | 19771.433 | 2 5885-567 5885.59 | 0,08 | 0.03
8u18.427% | 11878.703 2 159594352 | 5939439 | 0,09 | 0.04
TON2 0150 | 14219.869 | 2 | 7109.935 | 7110409 | 0.41 | 0.16
where

Ay 1is the laterferometrically mussured air wavelemgth

G'I is the iaterferosetrically measured air wavenusber

ORD 4is the grating order im which the linmes were cbserved

Om 48 the msan value of the neon line wavenusber

4 15 the root=seansqusre orror in U
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In Table 3e3.; the hafnium lines in the wavelength reglon 1,0 - 1.20 pa
have bsen compared with the wavenusbers of the same lines measured by

Corliss et. nl.“s). The majority of limes agree within 4 0.05 m"1 and

' Only three lines (11219 %,

practically all lines agree within 0.1 cm
11296 % und 11602 R) differ by as much as 0.2 on~! but the relative
intensities of these three lines differ considerably in these two records,
Two of these lines (11219 £ and 1129 X) wore relatively weak and have
besn assigned the accuracy code D (Tuble 3¢ks) and errors of 0ei = 042 on !
were 1ikely im the present messurement. The diserepancy im the third line
cannot be accounted for as the wevenumber meusured dnring};emsent project
seems to be correet; this line has been assignsd to energy levels of Hf I
with an accuracy of better than 0.01 on ! (level assignmonts given at the
end of Chapter 4). A nusber of wesk lines (intensities { as reported

by Corliss et, al.) were not observed during the present snalysis and some
woeak lines (inteneidles of £ ov beitew) observed during the present analysis
have not been reported by Corliss et, sl.

In preparing the final line 1ist, given at the end of Chapter 4, only
the lincs recorded on at least two charts were included. The comparison of
two charts wae mecessary to elimimate the strong noise pesks measured as
spectral lines. The wavenumbers of speetral lines in the finsl line list
were obtaimoed by averaging six values for strong lines and four values for
weak lines (two from each of the three charts). The roet-mean-square
error (A ) was caloulated for each lime and was used to demote the accuracy
of the lines. The error code is given in Table 3.4,

All the lines lying well in the water-vepour abserption bands were
assigned the ocode W as the accurasy of these lines was uncertain. The
weak lines measured by linear interpolation between the strong lines were

accurate only to & 0.5 cn"' and these lines have been assigned the code B



TABLE 3.3.

Hf I INFRA~RED LINES, THE PRESENT RESULTS AND THE
RESULTS OF CORLISS et.al.

PRESENT RESULTS CORLISS et.al.

SIGMA  LAMDA  INT QLT LAMDA  INT
am"‘ R 2 R
1 11 IIT Iv v VI II-v
99T6.T4 10LR3 .31 1 B 103,30 2 0.0t
9963.62 10036.51 9 A 10036.53 150 0.2
o912.23 10088.55 20 € 10088.51 4 U0
oBor.e1 10103.86 & C 10103.88 15 “Uo (R
0B89.05 10112.19 & A 11220 10 =000
oB66.48 10135.33 3D 101 35.30 6 0.03
o833.04 10168.86 110 C 106881 20 005
ST96.1 1782 T A 1Ree7.78 8 U0l
g795.48 1wRWB.79 3 € 1HRB4 2 V.05
9TT7+.88 10227.47 20 B 1e27.48 20 -0 .01
oTi6.99 1R59.58 30 B 1R59.67 10 “0.09
066874 10342 .61 3¢ 10342.56 3 V06
ofR6.34 10388.46 10 D 10388 .31 5} “0d5
O61T.78 10397.41 230 B 10397.45 200 0«04
96 10MAL5 1 C Toib09 3 -0 W04
0597.85 1089.00 & D 104889 6 0.1
0503.52 10423.70 230 C 10423.78 400 “0+08
9573.80 1044517 4 B 10547 7 U0
o541 .85 10480.15 200 A 10488021 200 0406
9537.98 1ou84 40 2 B 1048444 3 “0 0%
%6-78 10“%073 -1 A ‘0‘95-77 3 {3 Ol
ohog.d0 1U52T.31 20 B 15728 25 -0.03
oNTT.93 10550.83 10 B 1055085 100 “0 2
9438.53 10594.87 50 B 1059489 50 0.2
S L.26 1062208 6 A 1082244 12 004
olU3.06 1063484 5 A 10634 .81 5 0.08
ohoL.22 10638.05 330 B 10637.93 150 vz
WA 36 1UTRE9 3 B 176268 3 0.0
@830 1UTTR37T 30 A 10772.33 15 V.04
®R15.48 10851.66 10 B 10851465 6 v.0
¢ (o 08

ROl L2

10868.36

40



TARIE 3.3.(cont.)

I I IIr v v Vi II-v
G173.50 1090086 2 B 10900.75 15 001
NER.L9 1091458 20 B 1001447 50 007
NAGHE6 TURIM 6 B 1023.38 2 0.2
945.95 10933.80 20 A 10933.82 10 “U.(R
olh2.29 10535.186 2v B 1093808 2 v.l0
oN20.70 1095326 8 € 1005312 4 Q.1 k4
olThA46 1097158 3680 C 109761 50 =003
QUOVL8 11000 T A 1100000 3 004
9066.05 11030.16 50 A 11030.13 @0 003
9058477 11039.03 20 D 11039.01 4 O
oUsR.23 1104700 80 D 11046497 W 003
NRCTE 110THMHO 40 B 1oteie 5 007
506 110955 3¢ 11002.58 1 =003
8o77.41 11130.07 80 ¢ 11139.05 20 O
8936.48 1119009 2 D 1MIo0a7 1 -0.08
8o13.41 11219.05 10 D 1121928 1 “0.23
8ou6.52 11227.75 230 A 11227.70 10 005
Bous.2 11228.99 460 D 11229.00 15 -2
88o4.99 1124228 40 B 1242.16 3 0.12
8851 94 11296.96 9 D 11206.74% 1 082
8846.80 11303.%2 100 € 1130344 10 008
B798.91 11364.98 610 D 11365.08 25 00l
8TTT49 1139247 10 A 11363.12 ¢ 008
BTI0.31 11480.65 200 A 11480.61 15 004
8618.93 11638 130 ¢ 1H6R A6 4 0.22
849843 11766.88 150 B 11766.95 10 “0407
8360.57 119609 3%0 B 11960.80 2 (LR

12043.08 680 A 6 “0.0l

8303.55

12043.08

41
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and their air wevelengths have been given only to the nearest mgstrom,
The lines recorded during the irregularities in the grating or the chaprt
drive wers also assignod the code B,
TABLE Seole
Acourasy Code
Ry Zrror Limit Errvor Code
0 = A {4 0.02 ou A
4 0.02¢ A (g 005 ou'
2 0.05< A (g 0.10 on"
204< A (& 0.2 e
£ 0.2 A %05 o
5¢3¢ Messurement of Intensities

1

M o o =

1

The cd ibration fringes were not necussary when the intensities of

the hafnium lines were ueasured end the "folded" optical system used te
measure the wavenusbeps of the spectrul lines was modifieds The microvave
source was mounted on an optical bench at I (Fige 2.7.) and the lizht bean
uwas fooussed on the entrance alit by the concave sirror cllz. This optical
system made the entrance slit optics easler to sdjust and hed the additional
sdvantage of improving the image quality. The light guide used %o conduet
the "ealibretion bean® to the photemultiplier was removed snd the 2 cus
length of the slits was used for thy speetrsl besm. The light bess wes
chapped by & seetored disk rotated immediately inm froant of the source.
The pesk intensities of the spestral lines were measursd by having an
entrencs slit of 175 pm width luél}n exit slit of 35 pa width to recond
uniform flat-topped line profiles throughout the 1.0 = 2.5 Jm speotral
range.

The limsarity of the smplifier was tested by replacing ihe microwsve
exoited soures by & Phillips tumgsten ribbon standard lasp (type W2KGVi41).



S
N

The black-body emissions of the lamp at a particular wavelsnzth snd for
different filament temperatures wewe plotted against the corresponding
recorder deflsctions, The true temperature of the filament of the lamp

was obtained from curves (sup.lisd by Phillips) of filament current against
filament temperature., The filament current was messured with e stmdard
anmeter, the current being drawn from a stabilised current supply (Parnell
Stabilised Current Supply = 8§ seriss). The "limearity curves” were obtained
for two emplifier yaims and st two wavelemgths, The black-body exission of
the filament was not corrscted for the tranamission through the guarts
envelope of the lamp as the 93% transmission factor wss known to be constant
between 1,0 = 3.0 um speetral range. The amplifier was sufficiently limear
(Fige 342.) tc measure intensities if allewance was msde for 0,2 oms error
in the pen recorder deflection.

The intensities of the hafnium lines were measured from only one chart
reeorded at each grating setting. The spectra were recorded after the
hafuiun lewp hod been allowed to warme=up for svout nalf an hours The lead
sulphide cell current was maintained at a eonstant value of 25 /M by
interrupting the runs at one hour intervels to replsnish the solid carbon
dioxide used to cool the cell. The microwave poser imput and the reflected
pewer were also kept constants The regions of high water vapour abscrption
were bypassed during intensity measurements, s in this spectral region ne
meaningful indication of line 1ntc£sltios was possible using apparatus
open to sir. The heights of the tops of the lime profiles were measured
with an accurscy of 0.1 ocms; the average backgroumd level in the imxediate
neighbourhood of the lines was used as a reference level,

The intensities of the hafnium limes were put on & uniform seale by
correcting for the varying wavelength response of the lead sulphide cell.
The wavelength response was corrected for by replecing the microwave excited

source by the standard lamp. The black«body emission of the tumgsten
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filament kept st s constant temperature wes recorded 2t 0.1 um intervals,
The backeground level in this case was obtaimed by blocking the light beam
at the entrance slit. /A fourtheorder polynomial was fitted to the pen-
recorder deflections and the black-body emissions by the method of lsast
aquares(27’28), to obtein curves of wavelength against black~body omxissions
and of wavelength against pen-recorder deflections (Fig. 3.3. a,b)s The
polynonisl relations were used to put the hafnium lins intensities on a

uniform scale using the ralation

\ ,
1,2 D) %(B#BAeBA+B R BR) /(e E e n RemXen R) 3476

where 11 is the hafaius line intensity
D1 13 the height of the top of the line profile abeve the
back=ground lavel
By (1 = 0 = 4) are the parameters for wavelength against
black=body exission curve
Hy (L =0 = 4) are the paramoters of wavelength agalnst
pen=recorder deflection curve.
Ths height D, was obtained by correcting the height of the recorded line
profile for the amplifier gain and for the external attenustion, Ths
intensity of the weakest line was set equal to 1 and the intensitles of
the rest of thas lines were scaled nccordingly,

The different rate of change 5: the pen=-recorder deflection in
recording the spectral lines and the standard lamp emissions could have
introduced errors in the intensities but the limit of accuracy of the
measured values was set by uncertainty in the reference baskground level,
The error in the intensities was believed to be about 10% and no corrections

were made for the 1% imorease in the line intensities obsurved af ter six hours

of continuous operation of sources. The error in the back-ground level due
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to the soattered light from the standerd lamp was also ignored. The
temperature characteristics of the discharge were not kuown snd it was

not possible to correct the intensities for selfeabsorption of the spectral
lines. It is shown in the next chapter that the measured intensities

wore sufficiently sccurate to aid the classification of linss.
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CHAPTER &4
DATA ANALYSIS

The 521 hafnium lines observed in the 1,0 « 2,5 pm speetral range
been given in the line list at the end of this chapter. The line
includes in the golumnsi-
The observed air wavenumber,
The corresponding air wavelength.
The vecuum wavenumber,
The intensity of the lines.
The accurscy of the lines according to the code given im Table J.ke
The quality of the lines.
The even energy levels of the possible transitions.

The Jeguantum number of the even level.

9« The odd energy levels of the possible transitions,

10.
1.
12,

Lele

The Jequantum nuabers of the odd levels.
The caleulated vacuum wavenusbers.
The difference between the caleulated and the cbserved wavenumbers.
TABLE 4.1,
The Acouracy of Lines

Number of Lines Aecuraey

110 . A
139 B
123 c
52 »
93 4

Classification of Lines

A computer nrogramre (Appendix 2.1.) in Algol was desipgned to fit the

observed hafnium lines to the cnergy levels of hafnium listed by
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Moore (195&)(52). The line fitting program differenced a pair of odd and
even onergy levels which satisfied the Jeseleotion rule, and compared ths
osloulated savenusbor with the wavenumbers of the observed lines., The
abserved wavesumbey which agreed within & glven error limit with the
caloulsted wavenumsber was printed slong with the emergy levels as possible
transitions. The nusber of asccldentul coincidences in the line fitting
program inereassd with the incresse in the number of lines snd with the
decresse of ascuracy of fit. The error limii was kept low (i.e. high
uoum& of fit) when the nusber of lines was high. Yhe lines fitted at &
particulsr error limit were deleted from the line list before attempting te
fit the resmainder of the limes at & higher error limit (i.e. lewer accursay
of the fit). The number of agcidental coincidences was kept low by
deorensing the total number of lines as the error lisit was increased. The
lavel fitting program wss started with 470 hafnium lines; only lines whose
wevenumbers were measured from charts which had cal lbration fringes recorded
on them were included in the program. 'The wesk lines measured by linear
interpolation betwveen the strong lines wers not included im the level
fitting program as the low accuracy of these lines would have increased the
number of ascoldental coincidences. The accuracy limits, the total number
of lines used and the nusber of lines assignsd ave glven in Table 4.2

1

The error limit as high as 0.1 em ' was used as the aversge aosurasy

of infrared lines was 0.05 on ! and the sccuracy of the emergy lovels

was believed to be 0.05 en '« The scouracy of the snergy levels was
obtained by fitting the visible and near ultze violet lines to the ensrgy
levels; the maximus difference baetween the observed and the caloulsted
wavenumbers was 0,05 u". Since the sccepted enurgy luvels were obtaimed
from the visible and mear ultra violet 1inest’?), the accuracy of the levels

wae essumed té be 0.05 u".



Tﬂﬁva'ﬁ JEQUZG
Aecuracy Limits and Assigoed Lines
Aceuracy Humbey of Pumber of

Limit Spectral Lines Used lLines assigned

+ 0,02 en 470 36
+ 0,05 on” ! 381, 72
4 0,40 on " 32 62

The ascidental coincidsnoes in the sssignud lines eould not be treced,
but the intensities of the linss observed in transitions involving the terwm
designated levels were used to verify the level asrignments. In Table 4.3,
the lines observed ix the transitions 5&3 (“?)685!4%368("?}6;35?0&&

5&’ ("3')635? 454263(“?)6;:53" have been shown. The spectral lines im these

two multiplets fall in the 1.0 = 2.5 pm region and the intenasitiosn of these

lines were measured and put on a uniform s¢ale. Yn Table L.3. the adr

wavenumbeys of the limes, the intensities of the limes, the quantity SE

(= (Intondty)/(ﬂavmunhor)“] and the theoretical line lt"wm.(j‘,)m"

boen listed, The intensitieswere found to obey the following rules for

intensities of lines in wltipl’ﬁtt(“)s

1« The strongest lines are those for which the change in J 1s the same as
that in L « Prineipal lines.

2. The strongest prineipal line is one with the largest J of the initial
level. The intensities of the prineipcl lines decreese with desressing
Je

3¢ Of the remaining lines, the lines im which the change im J is opposite
to chunge in L are wesker than the lines in whieh the change in J ia
the same as that in L.
The line assignments in these nultiplets seem to be corvect. The

intensity rules huve been used to verify line assignments in transitionms
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TABLE 4.3.

THE RELATIVE LINE INTENSITIES AND THE LINE STRENGTHS IN
THE MULTIPLETS OF Hf I

E(en™)
1409 28

14740.68

15673.33

16766.60

17901 .28

l(u" )
20784 87

20508 .42

22199.08

aaﬂlhﬂs

a1

2

-562 68 (“,.)61)5,0

21738.T0 22450.56 2342388 61 2#725 23
1 2
76)‘8 059 8360 '57

573
100
20.2

389
48
104
00016 77197 8710431
575 201
97 21
25.3 15.2

MBSJa
12

677948  TTTT.H1 911446
78 578 3B
22 Gh 33
15.2 39.8 15.8

6683.83 8wR0.85
143 657
43 95
6885 .83
129
34
1.
568 (')6p°n°
2:;955.78 25194.47 25634.21 26305.78
lmo.go h850.69
30 3
96 68

48
114

25.0 19.4
he?’(?) 24 4?27 Ol 5393 83

36 wu
8.3 2.4
Mw.as 5318.88
26
25.9

2612 .53

agHt

9438.53

1.
B303.55
67

100

275164
4

Wavenumbers of the levels of the configuration.
Total angular momentum quantum number of the level.
Air wavenumber of the spectral line.
Intensity of the spectral line.
Experimental line strength.
Theoretical line strength.

# The intensities of the lines marked with an asterisk

were not measured.
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involving classified terms. A number of infrared lines mecessary to
complete some of the transition arrays have been observed; the comparison

of the intensities in such cases have not been unambiguous as the intensities
of the visible lines eccurring in the transition arrays were not on a

uniform scale.

The low lying levels (especially those of the even terms) of hafnium
appear to be LS~coupled as the level separations seem to follew the L&u&;
interval mlo(s 6) « The quanti ty S which is approximately equal to the
line strength can, therefore, be compared with the theoretical multiplet
line strengths given by White and Eliason (1953)(’6”7). In Teble 4.8, ,
the largest value of 8 has been set equal to 100; the other values have been
sharply rounded off to make comparison with calculated line streagths easier,
The experimental line strengths were not obtained as the teaperature
characteristics of the hafmium iodide sources was not studied during the
present analysis of the hafnium speetrum and it was not possible te
establish if an "excitation temperature” eould be used to deseribe the
population of the ensrgy levels, The extent of selfesbsorption of the
speetral lines was also unknown. Allowing for 10% error in the line inten-
sities, the quantity atumci reasonably wall with the theoretical line
strengths exeept for lines lying alemg the principal diagonals This leck
of perfect agreement may be due to the absence of the corrscotions for the
finite temperature of the scurce and the corrections for the self-shsorption
of spectral lines, The lack of agreement ocould also be due to the
departures from perfect LS-goupling and the configuration interaction which
would affeet the intensitics of the lines more than it would affeet the
level spacing.

The lines assigned to the classified levels appeared to be correot and

it seemed reasonable to assume that lines assigned to levels for which only
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the J quantum numbers were known were also correct. Only one line
out of the 220 lines classified during the present pro ject eould be
assigned to two pairs of levels. The speetral line and the two pairs of
levels are given in Tsable 4.8. It was impossible to decide between either
trensitions and this line has been listed as an unclassified line.

Only one infrared hafnium line could be assigned to the energy levels
of Hf II although some strong Hf IT lines were possible in the 1.0 - 2,5 s

1 and the assignment was

region. The accuracy of the it was 0.05 om
probably accidental. The absence of Hf' Il lines was alse indicated by the
lack of change in the relative intensities of lincs in the speotrs recorded
at diff'erent microwave powers.
TABLE 4ol
Two Possible Tremsitions
Wavenumber Ensrgy Levels Wavenumbey 0=
(adr) (vac) iven J 0dd J (Cale)
9201.02 N850 25678.60 3 uBTT.OL 3 9198k “0.06
9201,02  9198.50 47606.29 2 38407.80 3 9198.41 =0.09
The presence of large mumbers of unclassified lines - some quite
strong - seemed to suggest that tuere could be energy levels whieh had .
not been found before. A level ssarehing Mﬁ(ﬁ'j 990) was designed te
look for new levels. The level searching program caleulated all the
combinstions - (level + line) and (level = line) « which were greater than
zero, The levels ware arranged in & descending erder and “"ehains® of
repsating combinations, within 0.25 ﬂld- were printed out. fThe nusber of
fortuitous combinations to be sxpected by Polsson distribution and within
a tolerance less than 0.25 om | wers also caloulated. The nusber of

fortuitous combinations are given by(w)



Kal /o /(H-1)t 0" bote
where ¥ is the nusbey of combinations within a tolerance t

Jess than 0.2% cm.1.

N is the number of cosbinations within 0.25 om s

x = tN/0.25.
A single cosbination repoated four times within 0.:5 ea“'1 was found with
all the unclaessified lines used in the level searching prograa. The lines

and the odd lsvels which combine to give the repeated combination are given

in Table L.G.
TABLE Lebo
A Possible New Level

Coubinction e 2 044 Energy Levels
on! (Vae) om '  (atr) ca! J
22210452 0048 9403.06  31640.80 2
222104 34 7786447 7788.60  29996.84 3
22210437 8192.54 819678 14017.83 1
2221044 T775.28 TITT M AWk35.13 2

The nusber of fortuitous coubinations to be expected within a toler

1 wes ssall (X= 0.1)s The cosbimation 22210.34 om ' wss

amce of 0.05 o
probably & new even level (J = 2), although it was not possible to be
oertain as the number of repeated combimations ras o smalle The value of
this combination was low ensagh for it to be a possible level of the low
even configudotions of Hf ¥ and & theoretical csloulstion of the positioans

of the energy levels of the low even configurations was necescary tw classify
the cosbination found above. The caloulation of the emergy levels is given

in the next section.



Le2se Theoretical Caloulation of the Energy Levels

The configurations 5d2632, 50:13 68 and Bdk probably form the low even
configurations of Hf I(w) end the possible low level found in the last
section was probably & level of one of these configurations. The positions
of the enmergy levels of these configurations were caloulsted assuming both
the electrostatic and the spin-orbit interactions,

In the central field approximation ,the snergy states of & configuration
of an atom are givotythe elgeavalues of emergy matrices (one matrix for each

possible value of the total angular mmtm)(ss’u). The matrix elements

connecting states b and d wmsy be written in the fom(u'“)

Hpg= Eavsbﬁ‘“z‘kiépk( Li1y)te,65(151, )]*Z-dig(li ) ik

if only the eleetrostatic and the spin-orbit interactions are included. The

11 and 1, are the orbital angular momentum quantum numbers of & configuration

J
of incompletely filled subshells. The E" is the weighed average energy of
all states of a configuration definsd as,

Eav=z_li(nl)+z_(pair)E' bedo
where the single electron imtsgral

b *

I(nl )=ﬂ:rzlﬂ xd-i-ﬁ:?l) z—gR:;) - 2ZrRY1Rpy| dr beolse
where

4 is the atomic nusbsr of thu atom

lml is the redial portion of the one eleetron wavefunction.
In Bqe Le3,, :’ is the average interaction emergy o pairs of elestrons in
the incompletely filled subshells and is made up of sombinations of radisl
integrals P* ana ¢¥,

The Coulomb, exchange and spin-orbit interaction paremeters

7", o" and { respectively) are defined in terms of the radial portions



Rn(r) of the one elcotion wavefumction,

k,. o » I :
R (lilj)""'[ R{; (1 )R] 5(rp)Ry; (71 )Ry 5(xp) 2rd rir5 dridr, 45.a.
olg ;;EEH

e5(1, 1) ( (™ (21 )RY, (£,)R:s (25 )Re (2, ) 22K 2202 dr.d
113)=2 [R1i(z )Ry 5(r0)R 5 (2p)Ry 5(ry) 287 »{r5 dridr,y Kebeb.
(L1 5 k+t
Ty

et

g(li)=%f°Rli(ri) le(ri)<ﬂ)ri dI'i “.5'0'
dr:.L

where

r;, is the smaller of r, ond T,

r, 4s the larger of v, amd r,

(= 1/137) is the fine structure constent

V is the potential due to the nmusleus and the sereening elections.

The interaction parameters ean be caloulated if the radiael portion
of the one electron wavefunction is kmown (this e¢azn be caloulsted by the
Hortrea~Pock~Slatar method)., %Thesc parameters are commonly treated as
empirically edjustable quantities to be determined by lsast~sguares from

(45,46)

the ohserved energy lovels In Bqe Le2e, ‘a' L and 4, are

-
coefficient matrices which are fumetions only of the orbital angular
momentum quantus numbers of the basic states b and b! in a chosen represen~
tation. Genersl analytical mstheds for caloulsoting the soefficient
matrices heve besn developed by ﬁa&h‘“ "‘7).

The positions of the levels of the low even confipurations
(542632. 5d365 and 54‘) were caleulsted during the present project. The
levels of the configuration 5&2652 have bee: mm.mea(”) (exoupt 18‘).
bat not all the levels of the eonfiguration 5a3 6's und none of the luvels of
the eonfiguration 5&“ are known., The large number of oven levels for which

no term desizmations had been made suggested that the levels of the
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the conf'igurations 5&563 and 56}' were ropresented. The term designations
of the levels and the positions of unkuown levels can be found by
caloulating the positions of the levels and comparing these with the
observed lavels(3940) . Tho classified levels of the confizuretion
562632 of Hf I appcared to obey the Lande interval rule suggesting good
ILS~coupling in Af I. However, the level schezes of the neighbouring atoms
(Ta X1, 2 = 72(“5) and HY II, Z = 71("9)) indicated intermedinte coupling
to be better approximation,

The goefficient matrices in LS-coupling, of the clectrostatic inter-
action within the configurations d282 and d" were obtained frou tables com=
piled by s:.;m(“’) « The electrostatic intersction matrices for the
econf'iguration a’s were calculated from the matrices for the configuration
dj by Dirasc<Van Vleck's method of vector coupling. The cecefficient

matrices for the configuration d’s are given by

: 2
x(a’s) 5 s(a’) -8 L%m ifs=5 + ¥ Leboty
2
2(a%s) = 5(a”) o (5, + 1) E yr 5 u g - 4 habobse
where

x(c’) is the diagonal component of the coefficient matriees of the
configuration &°.

Bk is the total spim quantus nusber of a multiplet of the
configuration d’ .

8 is the total spin quantum number of & multiplet of the
configuration d°8.

The spin-orbit interaction within & configuration a® 1s givea by(“} )

(dnvsLJlggﬁgli.iil a%vsLJ )“ AoTene
(=) 30)%(avsill v' llatven )w(ssnu; 1) (ry)

and the intersction within a configuretion a"S is given by (0»31)



(a®(vsL)ssLI | {(ri)1i . sida™(vsL)ssLT)
(Y% ¥l (50){" (aPysullvija®vsy)

[(2s 1)(2s l)]‘h"s‘l(SSLL;lJ )w(ssss;;j;l)f (ry)

ho?ob.

These relations were used to calculste the coefficient matrices for the
spin-orbit interaction within the coufigurations 54“ ’ 5&3 S and 5d2682
(Appendix 1)s In Eqe Le7ea and b the ruduced matrix elements
(dnu... II V"“ a® essses) WOIre Obtuined fyrom tables complied dy Slater.
The Kacah function W(abed; ef) is & cosmplicated function of the paremeters
8,b,0,d,6 and f but reduces to simple functions for e ogual to § and 1 and
for simple relations between a, b wnd ¢, d(52,55). Tables of Racah
functions for e equal to § and 1 and for f = 0 to 6 for various combinations
of 6y b and 0y d (¢ege b = 6 + 1, & = ¢ = 1) were computed using the simple
relations, The Racab function: eacountered during the calculation of
coofficient matrices o the syin-orbit intersction were reduced by
symmetry relations of Racab functions to the tubulated functions.

The energy matrices were calculated using the following radial
parame ters;-
3” the weighes aversge anergy of the configurations
1’2(d. d)/4kd the 3later coulomb interaction
#(aa)/sh1  puraseters '
Bz(dl)/ 10  the Slater exchange interaction parameters for the

configuration 56’63 '

{ the spin-orbit imtersotion parameter,
The caleulatioms were performed by the methed described by Ruah(“‘) and
shown in the flow diayram of Figs Lels Ag a first ap)roximation the
pareme ters (3'2 /U, 7"/:.1.1, 62/10 and £ ) of the confizurations

54682. 5«12& and 5&3 of Hf II("” were used to caloulate the snergy
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matrices of HY I. 7The weighed mean energy values i».'“ for the eonfigur-
ations 5d26 sg and 5&56\8 were caiculated from the «nown energy levels of
these configurations. The ?:“ foy the configuration Sd" oould not be
caloulated as none of the levels of this configurstion had been identified,

and the perameter was estimated os follows. The contiguretions 5«13652.

5d5

ratio

65 und 54% form the lowest even configurstions of Ta II (2 » 72)s The

d” - ’s

A 5) = A(54465%)
(where A denotes the helghts of the configurations as definsd by nmah("n
Tor Ta II, (which eguals 0.93) was set squal to the ratio
Byy(56") = 2, (50%:)
R, (54%¢) - B_(50%5%)
for Hf I to caloulats B _(54%).
The enargy matrises weps diagomlised by the Jaoabi-Neussnn methoed'>*55)

L8,

(Appendix 2). The eiganvalues of the energy matrigos were compared with the
known energy levels of the configurations and the parameters were improved
by the method of least tqumo(w) (Appendix 2). The improved paremeters
were used for the next disgonalisationj the proeedure was eontinued till
the parameters converged. The final paraseters wers used to disgonalise
the energy matrices; the elgenvalues snd the Lande gevalues caloulated
from the eiganvectors were output.

The results of ths disgonalisation of the energy satricss of the
configuration 53°65% are given in Table 4.fe Im colusn I the results
obtained by using the known energy levels of the configurstion 5‘2&3 to

improve the interaction parameters are presented. Ths root~mean~aguare

ervor (rms), defined as

LY

¢ = [zAi/(n-m )] : ol
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ENERGY LEVELS OF THE CONFIOURATION 54 Ge~ OF NP I

TERM ORSERVED
LEVEL
bt
3F2 00
3p3 2356 .68
o7, W567.64
3PU 5501 T8
e,  8983.T
: D2 5538 '75
1 G, 10532 54

I
“610
1629
N
4976
SOVl
aus

1eT7
(ARE

TABLE 4.6
CALCULATED

LEVELS

“-1
1 111 v
k25 =550 199
2053 1679 248
But 3019 k668
hdg St49 S8R0
W16k H170 G5
5333 6399 667U
10504 TolRe 11R19%
11204 11319 10599

aTahhe 29M1# 27563« 27583

E,, (5660 ) 61t

¥ (aa)/mn
¥ (aa) /4

g

a

%
T4
1228
@36
9tk

fur @53
” T
93 Th
933 1224
1354 648
Sep 238

109
U.dh

OBS~1IV

em”’

“199
“
“100

2
3

0BS g

V605
1.003
2%
U000

1300
1168
1008

62

® The leovels marked with an asterisk were not ineluded in the

least squares fit of the interaction parasetera and in the

ealeulation of the root mean sguare errore.
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where Ay is the differcnee between the observed and the csleulated
values of the energy levels

n is the number of equations used in the least squares fit

m is the number of paremeters
is 2386 cm"‘ iees 37 of the configuration width. The largest errors are
in the values of the levels 3P2 and 1)32 and the energy values of these two
levels probably need to be interchanged. However, ¢ far more serious
error appears to be in the values of the Coulomb interaction parameters
!2 and i’". The "'Pk ~ {ype" parameters are decreasing functions of k and
it 1s rather strange that in the present caloulation these two parameters
should be equel. The results given in colusm II were calcula ted with the

energy values of the levels 3P2 and !

92 interchanged. The rms, error
veduced to 5% of the configuration width, but judging from the values of
Is‘a and i‘" this caleulation appesrs 1o be quite wrongs The resulis of
colusn III were calouls ted assuming the energy levels 3P2 ad *82 to be
unknown; these levels were deleted from the Tetit squares ocalceulation by
assigning a weight of serc to each. 7The rms.error in this caleulation

decreased to 2,3% of the configuration width und 32

is slightly larger
than l‘ Y« The differences between the observed and the calcula ted values

of the energy levels given im column III, follow u relution of the form
(Fige Le2.)

OF = 210 JL(L + 1) 7 = 12.3 [u(n + 1) 7 2 4e10
where

AE is the difference between the observed and the ealeculated vaiues

of the energy levels
L 4is the orbital momentum quantum number of the levels.
The rms.error between the observed and the corrested values of the

energy levels was surprisingly low (0.4% of the configuration width).
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'3:’@03(59 ) has suggested a correction progortivue. to [ (L + 1) _:’ for the
iron group of elewents. This cerrectiun bas been expluined in terws of

three-body interuction by X« »0&1(50).

The corrvotion of ge L«10 d0ss not
s0eix to have been mentioned in e ddlerutuss wid i1 has not beea posaible
1o axplain this corpection iu terus of wtomic iutsractions. The corruetion
ay be due to the interaction with e nelghbourlieg unknown levele or a
higher approximation of the [ W + 1) carrection. In colusn VI

(Table bed) the ..and‘c g=valuus caloulnted {rom siganvectors outained during
the caloulstion of the resulis of colusn 1II s pressnted. Uhe agroossont
batween the ocobserved sad thv caicuiated g-values is good excopt for lovels
with J & 2. "heo ctiergy lovels with J = 2 of the ground cwﬁemtiqn are
obvicusly very strongly perturbed and the energy val uvs assignsd to these
levels seem (o be wronge Lhe corrsoied vaiuss of the theee luvsls

3
P2

this has not been succussful.

A 'az and 180 Weré used tU outeln Lbe sxaet positions ol these levels but

The results of tue disgonalisatiocn of the saergy matrices of the

conf lguration 56363 are givon in Table LB The positions of the lovels
obtained by using the zunown wiergy lovels of this conliguration in the least
syusres vealeulstdon of tnu parameters are given i colusn I. The s crroy
in this caloulation 43 408 o' L.e. 1% of the configuration width. The
Lende g-valuse are given ia dol:an Il. The approxisste positions of the
onergy lovels givem in colusn I were usol to clussify the even enorgy levels
of HE I by using the new and the old levels in the least sguarss edjustament
of the interaction puramotorse » ousber of obssrved levels with energles
close to the caloulsted positions of the cnergy levels were tyiwd cut and
the coloulations were ropeated till the interaction parasetors bud physically
meaningful vaiuss (ieu. 7 greater than !‘é") and the ras, ervor was minlsdsed,

The reults of this cslouletion are given in ecolusn Iil. Uoven new leveis



TEE 4.3.
ENERGY LEVELS OF THE CONPIGURATION 5435 OF Hf I

TERM J OBSERVED CALCULATED
LEVEL g-value LEVEL O0OBS-CAL g-value LEVEL OBES-CAL g-value
em ! em cm!
I II Iz v v VI
543 (“1)&5! 5 179128 1.4 1702 869 1.30 17052 848  1.37
% 1676660 1.36 1581 859 1.35 16108 658 1.35
3 15673.33 125 15508 169 125 15855 =182 1 2%
2 1ATRUES T 15368 ~R7 1w 15780 =999 1.00
1 1o 28 000 1528 -1149 000 15647 =1555 . 000
543(47)6.3:, 4 23»5.bt 25 2R 146 2975 ™ 12k
= 3 22830.2% 23684 -30% 0.1 22969 -9U 1405
2 237N 000 22772 =534 056 22651 676 V.66
543 (41,)6.5? 3 22199.08 : 2132 86T 0aA7 20826 1773 047
‘ 2 2000842 1.7% 21880 -5T2  1.37 20558 3B 1.8
1 2078487 21254 ~5T0  2.46 20376 &9 2.49
s& (‘p)6s’ K 2 29003 1,37 27575 107
1 28535 046 27480 028
) 29135 100 27652 v
s¢ Cr)sem 6 25400 147 27513 1.06
; 5 2531 06 2758 090
B

27074 Su* 25740 0.38 27T 69T  uJAA

a9



TAELE 4-‘.(mt.)

I T I v v v

saCR)ée'n 5 2926 0.99 30906 1.00
5a3(Ce)6s 8 5 24085.14e 23690 1.03 26081 =199 1.1
8 22616 0.56 25403 0.61

3 25678.60% 22746 0.08 25810 131 0.72

L 27211 087 29438 0.95
s Criesy, & 30545 1.2 31889 1.24
3 3105k .Gh4e 31033 107 31956 -oul 1.07

2  30146.40% 31059 0.66 31975 -1829  0.63

sa3Crlés'r 3 N6 0.9 35397 1.00
5@3(20)6-30, 3 38459 049 M99 0.26
2 3B70% .66 42063 V.ot

1 3286.19% B6R 027  kRe9 2Ti3 0.3

s5a°Cp)6s'n, 2 41298.36% 52466 0.56 45568 -WRTU  0.T8
563(213)6:392 3 26159 0.9 28812 027
2 26110 0.35 28777 v

1 25819 0.9 28622 Q.36

L9



TABLE 4.3.(eont.)

I G XIE v v vI
&339)&192 2 20670 048  R150 073
543(21’)5;3?2 2 25(TT 0.98 27218 0.98
: 25104 1.8 27203 018
o 25112 1.00 27267 .51
543(21’)6.'1’ 1 29404 0.29 30986 0.95
E '(5d363) 25779 27144
"Q(M)/m 65 70
r"(da)/m 4 66
62 (as)/1v 933 868
2ip 180
o 808 1107
1% 2%

* The levels marked with an asterisk were assigmed during the present project.

89
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wers assigned to the configuration 5d361. The rms error was 865 cm

1

i.0¢ 2fo of the configursation width., The Lande g-values obtuined during

this c#lculntiun are given in coluwmn IV. The possible new level found

in the last section falls in the energy range covered by the levels of the

eonfiguration 5d568, but it has not buen possible to classify this level,
The results of dlagonalisation of the energy matrices of the

soaf'iguration 5&“ are given in Toble 4.§e The starting valus of the

paremoter E" was obtained {rom relation 4.8, given previously in this

chapter. The interaction paramsters 1'2, P“ and for the configuration

543

classify the known even levels of Hf I as the energy levels of the

65 were used to caleulste the energy matrices. It was nol possible teo

soufiguration 5&“ in order to Cetermine the exset velue of the interaction

paramsters of this configuration.



TARLE 4.8,
ENERGY LEVELS OF THE COMPTGURATION 4 P u¢ 1

TERM J CBSERVED » CALCULATED

IEVEL gevalue LEVEL, CBS~CAL gevalus
om 1 em !
D 4 33128 1449
3 RHE@ 150
2 2673 1.45
1 RAETT 136
3 0 BRI U
| 6 &OUTs 1.5
5 duuta (P
3 35055 0476
% s 2166 146
1 HAUS0 )
3 837 064
3" s 5’3360 V76
3 52437 Gbl
2 RN V36
, 1058 0e5t
3 “t UoSl
a “nug 0-36
3 3 44672 1.3
2 44629 1.3
i 45713 ({8
% @ 56480 0.18
1 58004 Ul 9
¢ § s o
1 v a0 00t
1 43665 0499
o B 54955 U3
1 4 349 029
o 3 49360 VT
1 v 66738 VSU
1] et
5 (%) 43938
:f('u)/m 55
(aa)/am W
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THE INFRA-RED SPECTRUM OF HA'NIUM I
Key to Column Headings

air wavenusber
air wavelength
vasus wavenumber
relative intensity

aavenumber proeision: A, 4 0,02 01'1; By £ 0405 wﬂ

Cy 4 0410 om ' Dy & Ce20 om '
E 4 0,50 o
W, wavenumber precision uncertain because of
water vapour ahsorption bénds
quality of line:
B broad
AS asypmotric
ASL saymmetric with suspected unresolved line on long
wavelength ’ side 4 |
ASS asymmetrie with suspeeted unresclved line on short
wovelength side
even energy level of possible transition
J uontun nusber of even lywal
0dd energy level of possible transitien
J guantus number of odd level
palmxla ted wavenumber

difference botween observed end culeulsted wavenumber,



PRESENT OBSERVATIONS TRANSITIORS

SIGMA LAMDA SIGHA INT ACC QLT IEVEL J LEVEL J SIGMA DIFP
{A1R) (a1m) (vac) EVEN (§13 1) (caL) OBS-CAL
- & Tm " - o i o’
(1) (2) (3) (#) (5) (6) (7) ) (9) (10) (1) (12)
o851 TR1.43  9976.18 60 C
OU76.T4 10UR23.31 99740t 3 B 567648 & 181128 3 9930 .04 “0.03
0963.82 10036.51 996089 % A 15673.33 3 25634.21 2 9960 .88 0.0t
9R7.66 1WT2H87 9RESE 20 B
9017.85 1008283 9915.43 3 ¢
9915.75 1008497 9913.03 3 ¢
ogi2z.23 1088.55 9909.51 23 ¢ 2508504 5 3300471 & 9009 5T -0 .06
9UT«.98 10RE7 9526 3 ¢
9903.95 10096.98 90Ul 24 3 B
989721  10103.86 989450 5 ¢ 26T15.37 3 36609.85 3 9694 .48 V2
9895.58 1UiIvsSsRe 98RBT 4 ¢
988905 10112.19 9886.34 5 & 225281 4 33139.42 3 9386.31 0.3
9879.78 10121.68 9877.07 3 B
9866.48 10135.33 9863.76 3 » 2508444 2 34047.05 2 9863 .81 -0.03
Big 67 1R Se.97 20 D
g833.08 1016886 d831L5 110 C
SBlu.77T 11288 o98u8.08 1o A B
oT95.41  1@RuTSe 9793.73 7 A 23327.71 2 33121.48 2 9793.77 =004
97548 18T gTRSo 3 €

o793.16 121121  9790.48 5 B

A



Q) @) ) ) (5) (6) (7) @B) (9) (10) (11) (iz)
OTTTS8 1e2TAT 91520 20 B 256T8.60 3 35453.83 3 9775.23 ~U~03
gTER.ST  1WRE320 97T59.90 260 A
9746.99 11@59.58 oT.3R2 3 B 22199.08 3 31943.31 & gT4k 23 0.09
9683.35 1037 9680 .70 3 E
o668.7T8 1034861 09666.09 - e, - 25281 81 3 34947.05 2 9656.14 “0.05
9641 9% T0U3M.36 9639.3v 3V B
963323 10380.7T3 9630.59 57V B
ofe6.3% 10388.16 o&3.70 10 D 28527.97 1 35171 1 962374 -0 .04
OBIT.T6 1039741 9615.16 230 B 1791 28 5 27516.41 & 9615.13 UoR
9613.36 10%R.I9 951073 10 C
G6U9.06 1080685 O6UG.A3 T C
OSEH1 10505 9599.78 S
o597.85 108900 9505.22 5 » 2581 .81 3 3487704 3 9595.23 =001
9593.52 1042370 9Sw.89 23 ¢ 65T2.55 1 16163,35 2 9590.81 0.0
o573.80 10885.17 957118 4 E
955735 10863.15 955473 540 &
o558 A1 TUBGE.TC 9551 .49 1 A
o5 10880.05 953924 200 A 16766.60 & 26305.78 3 9539.18 .06
9537.96 1048440 9535.37 2 B 2TUTH.50 & 36609.85 3 9535.35 vl
Rk T T & 25281 .81 3 348589 & o524 .08 0.09 o

9526.T8

10496.73
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ost4.8e
9499.10
G4TT Ok
5403.24
94TT .93
Ut 006
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940U .22
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(i) ) (3) () () (8) (1) @) (9 (1v) (1) (12)
®@15.18 1085166 RI2H66 10 B AS N05EEE 3 MRET.H 2 ®12.71 005
e L2 10868.36 ANW.S50 s C
o199.482 1087025 9196.90 g €
ATIS0 10056  ATU.99 2 B 51355 2 3251 3 AT L4 -0.05
NER.09 1091458 9150.58 20 B 8983.75 2 18143.37 1 A59.62 -0.04
15466 10R340 9A5R.15 6 B B
N45.95 1093380 AN43.45 220 A 22199.08 3 3351 3 S143.43 v
142,29 1093848 913879 20 B 05464 3 LIOk.AEE 2 9139.82 “0.08
929.T0 1095326 9A2T.20 8 ¢ 25678.60 3 34805.89 & 9127.29 =009
AT4.46 1097158 O111.96 3B0 C 15673.33 3 24785.23 & o111 .90 006
oU%U.88  TTU0L.08  9UB8.39 7. & 20008.82 2 29996.81 3 9UBB .39 000
Q066,05 11030.16 OU63.57 50 A 22860.2% 3 31943.84 2 9063 .60 -0.03
95877 1103003 9U56.29 20 D
9U5R2.23 1T08T.00 OQUEG.T5 & B
SU29.T6 1IUT4.49 L7229 W B 8983.75 2 18U1.05 2 HRT «30 -0 .01
AM5L06  1102.55 SUM2.50 3 ¢
8o77.41 11130.07 897495 B0 C
Boma2 11147 8068 .56 4 E
89T0.50 1114765 BoB.08 26U ¢C 2UTB4 BT 1 297284 2 8967 .97 0T
8935.48 8934.03 2 D ~ »

11190.09



(1) () (3) ) () () (7 (9) (1) (12)
£933.7% 11193.52 8931.29 1 B 36523.8% 3 45455.15 8931 .31 -0
823.27 11206.65 B®e.83 6 C 25084.14 2 16163.36 8%20.78 004
Bo13.41 11219.05 891097 10 D
SouG.52  11227.73 Bo0k.08 230 A
8o5.52 11228.99 8903.08 460 D 5638.62 2 14541 .68 8903.056 0.2
8899.59 11236.47 ©8897.15 W B ET308.97 2 38047.80 869747 -0.01
804,99 112228 88®R.56 4 B 23R7.71 2 14435.13 85 .58 -0l
E851.9% 11206.96 884g9.52 9 D 27UTh.S0 & 18224.99 £849.51 V.00
884660 11303.52 B844.38 1w C 20008.42 2 29752.84 8844 42 -0 0%
8511.2 11348.83 8809.51 3 B 3B11528 2 26305.78 880950 0.0l
E798.96 11364.98 8796.55 610 D 5638.62 14435.13 8796.51 004
6796.48 11368.18 879%.07 610 D :

878620 11381.48 B8783.80 3 B S5TTT S50 35993.70 8763.80 -0.01
8TT7.19 11393.47 B8774.79 10 A 2601844 1 18143.37 1 8TT4.TT v.0l
87247 MM2.70 B759.97 3B C :

874087 11488051 8738.46 3 A 26T15.37 3 35453.83 3 8738 .46 Ul
87.2 114%5u.2 873u.53 6u D 2288028 3 NG00 2 8730.56 =003
8731.75 11452.456 8729.36 3 A 3B11528 2 43844.63 1 8729.35 v.Ul
BTI5.47 1147385 §&n3.8 3u B 2528181 3 33994.86 2 8N 3.05 U3
8713.52 BntJas 10 B 2281 & 3 8711 .43 000

11476.42

14548 .68

gl



() () (3) (#) (5) (6) (7) @) (9 (o) (1) (12)
ETIU.31 1188065 8TUT.93 200 A 147480.686 2 23848.61 3 E70T .93 000
£60525 115W.53 86987 Y . 4063626 2 31943.31 4 6652.¢5 =008
86%R.90 11503.68 860V.52 6 D 2P52.81 4 31983.31 4 &690.50 0.2
8660.90 1153446 B8667.53 1u C 25281 .81 3 339228 3 866T 4T 0.05
8653.67 11555.79 8651 .30 4 B 35115.28 2 26463.93 1 8651.35 )
E650.0% 11560.64 B6AT 6T 5 ¢C ;

864843 1156349 B8645.76 5 C As

862683 1159178 B&4.AT 3 C 23R7.71 2 N9R.25 1 8@4.SE =0T
8618.93 116we.38 8416.57T 13V C 20784.87 1 20401 44 2 8616.57 00U
E614.43 1e08.43 8s12.07 e

8611.78 116812 8609 42 t X

8500.75 11640.43 &s588.w 2 B 36523.84 3 11222 3 858€ .38 U2
6557.40 1168485 8585.14% 7T - £ 3111920 2 3070441 1 8585.21 =07
857726 11658.73 &57%.41 19 ¢ ~

85k3.65 1170%.60 B581.31 8 D 4336028 3 34047.95 2 6541 .33 -0 2
8535.2 1171451 853%.08 5 B 22199.08 3 3073322 & 8534.14 -0.06
B528.65 11725.19 6326.%2 ¥ € » 34991 .58 1 4351785 2 8526.31 0.0t
8525.79 11729.12 8&523.46 5 B 52061 .59 3 33538.15 2 8523.44 v.2
Ba0B.43 1176688 849640 150 B 552176 0 1301783 1 84956.05 V.05
6495.33 849301 7% B soaS.e 2 2 84g93.2 -0 02

NN a7

20401 A4

Ilv /»



(1) (2) 3 ) (5) (6) (1) @) (9 (10) (1) (12)
8ae 68 1177485 8acu.36 4 B 26T15.37 3 18224.99 & 8450.38 ~0.03
8488.98 11779.98 B4B86.66 7T B 3289.38 2 46775.98 3 8486.50 Q.06
B476.57 179722 BaThaS L S
8464.55 11813.08 &a@.23 6 D 2288024 3 N3RS 3 8hae 27 =008
845725 1182547 845408 3 € :
£456.33 1185.46 Bisk.e 2 4 25084.14 2 33538.15 2 8455 .01 0.0t
E458.80 1183600 Baks.49 6 B
S847.35 118303 Bl5.04% 6 ¢ 22650.2% 3 1443543 2 8445 .11 -0 U7
6450.7% 11847.30 843843 4 B 513.55 2 48951.97 2 58438 42 U0l
B84%23.64 11871.35 G&&21.34 2 B 28527.97 1 36%49.29 1 S42t .32 U2
8411.51 11888.47 Bauglt it © 26200.54 2 19791 .30 2 840924 “0.03
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CHAPTER 5
C KCLUSIONS
In the present analysis of the hafnium spectrum wavenumbers of 521
lines of Hf I in the wavelength range 1.0 = 2.5,1! bave been messured
with an average socurscy of 0.05 om 's The intensities of 457 lines, lyimg
outside the strong water vapour absorption regions (1.3 = 1.45 pm and
18 = 1,95 jum) have beeu measured with an average accuracy of 104 swl have
been put on a uniform soale. About 220 observed lines have been assigned
to the known energy levels of Hf I;.The largest difference between the
obssrved anl the calculated wave numbers wss Q.1 cn“. It was not possible
to confirm the line assignments and there were probably soms accidental
coinoidences. The intensitics of the lines assigned to levels of known term
clussification conform t> the intensity rules of wsultiplet transitions and

the "experimental line strengths™ agree with the theoreticel linme strengths.

The positions of the levels of the even vonfigurations Sd", 54363 and
542632 of Hf I have been caloculated assuming intersediste coupling. "The
caleulation of levels of the ground configuration was unsatisfuctory and
the differences vetween the observed and the caleculated values of the ensrgy

levels of this configuration were large. The Coulomb intyraction paramsters
12 and !" were not "well behaved"; l"b being greater than !'2 in soms cases.

The physieally unrealistic values of the Coulomd intersetion parsmetsrs and
the large differsnoes between the observed and the calculated positions of
the energy levels of configuration 542632 were probably caused either by
wrong levels being assigned to this configuration or by the perturbation

of the levels of this configuration by luvels which have not yet been

@i seovered. The perturbation appesred to be largest for lewvels with total

wowmembuwg
°"“3“‘“"/~ quantum nusber of two and the agreesent which the level separations
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huve with the Londe intervel rule is probably fietitious, It has not
been possible to determins ths physical reasons for the large differw
ences belwasn e observed and the caleulatad positions of the configue
ritions 5&2652, although an exmpirienl) relntdion is detemined which gave
a better agrecment botueen the obssrved and the onleulated wavenumbers of
the energy levala,

The positlons of the levels of the configuration Sd‘}éa have been
caleulated using the known energy levels of this configuration to impreve
the iaterzction parameturs by the method of least squares, The Coulomd
lateraction psrameters In this case were well behaved and the root mean
square oroor between the observed m:d the caleouls ted positions of the
cnergy levels was 170 of the coafiguratisn width, The results of this
calculation were used to assign new levels to the confizurstion 5656..
Seven mor. levels have been assigned to this configuration but the root
mean sguare error has iucreased to 2% of the confipuration width, The new
wid the old lovels have been used to obtain better sstimatas of the interw
action parsmetoers of this configurstion, The Couleomb, the axwm, end
the spin-orbit iateraction parsmetors obtained during the caleulation of
the positions of the levels of the configuration 56.365 have besn used to
obtein approximete positions of the lavels of the configuration 5a% but
it bhas not been possible to assign any of the observed levels té this
coni'iguration,

The theorstical calculations of the emergy levels of the hi even
configurations of HE I (54%6s%, 58°6s and 54%) eon be impreved by ineluding
the configuration interaction betwecn thessc thres configurations .‘_«.ﬁ the
calculations of the energy mairicess The culeulation of the exact value
of the interuction purameters would be prestly ’uaahm by sssigning more
levels to these configurations and by locating the unknown levels,
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The experimental procedure to obtain the infrared spestrum of Hf I
ecan be improved considerably. The method used to sublime hafnium iodide
was quite unsatisfactory and @ould have resulted in impurities appeuaring
in the discharge tube. A thermostatically controlied furnsce maintained
at 1.0000 (sublimation temperature of hafnium iodide) would have been a
more certain way of ensuring that only hafnium iodide wes sublimed inte
the discharge tube.

The inaccuracies in the wavenumbers were caused by the spestmum being
scanned unevenly seross the exit slit. The serew and the nut used to
rotate the grating in the speotrometer used during the present project need
to be replased. A merton nut and & new set of bearings to hold the serew
in place would have impreved the smoothmess of the scan resulting in an
improved accuracy of the wavenumbers. 7The accuracy of the wavenumbers
could also have been increased by more closely spaced fringes. A wider
spacer (1.5 mm) for the Febry-Perot etalon to record fringes every 0.5 cms
of the chart would probably have reduced the average inascuracy of the
wavenumbers by a factor of two. The Edser-Butler fringe method of calie
brating & spestrometer has some disadvantages; the main disadvantage being
the limited length of slit available for the speetral beam. This disadvantage
could have been overcome by using longer slits for the spectrometer as with
curved slits astigmatism would not have been & problem, The ideal refine-
ment would have been two independently edjustable pairs of siits, one for
the speotral beam and another for the calibration beam. The problem of
insufficient slit longth for the speetral asnd the calibration beams ¢an slso
be resolved by elestronically separating the output signals due to the two
light beams, The 'AND' gates developed during the present project could
separate different sections of a waveform but were useless without an

amplifier which preduced little or no distortion at low frequencies.
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The intensities of hafnium lines need to be measured with far
greater accuracy than has been possible during the present analysis of
hafnium spectrum, although the present measurements have proved gquite
useful in spectral line classifieation. The uost serious source of error
in the intensity msasurements was probasbly the umcertainty im the true
background level and it may not be possible to eliminate this source of
error completely., The present intensity values could be improved by
multiple measurements and by using a phase sensitive awplifier to increase
the signal to noise ratio although in this case rather slow scanning speeds
may be neeessary. "The accurate estimate of intensities would be mscessary
to determine if the population of the energy levels eould be deseribed in
terms of an excitation temperature. It may be necessary to deturmine the
existence and the magnitude of excitation temperature in various parts of
the discharge to see if local thermodynamic equilibrium conditions hold in
a microwave exeited hafnium diseharge. Preliminary results from experi-
ments with smicrowave excited nson dissharge seemed to indicate that the
discharge ¢ould be deseribed in terms of an exeitation temperature but
in this work neom lines with closely spased upper energy levels were
studied, Similur work on microwave sxeited hafnium dischavges would have
enabled corrections to be made !"or the self-absorption of the emitted
speetral lines. It seems strange that in view of the extreme stability
and sharpness of the speotral lines smitted by miorowave exeited discharges,
that these sourves should have besn completely ignored as far as intensity
and oseillater strength measurements of speetral limes are consernsd,

Finally, the theoretical analysis of the even configurstions should
be extended to other possible even configurations, vis 542692, 5&26&66, to
determine the levels which could perturb the ground configurstion. Similar

caloula tions nesd to be carried out to determine the levels of the odd
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configurationsof HIf I, particularly the lsvels of the configuration
5(1‘56;: as most of the levels of the lowest odd eonfiguration 5d26 s6p

are knowne



APPENDIX 1
SPIN=ORBIT INTERACTION MATRICES OF
CONFIGURATIONS & s and d&*
The coefficlent watrices for spin-orbit interaction within the
configurations d} s were caloulated i‘mm(50’5 1),
(a’(van).s,u l;i._gil a(v's'Lh)ssiL'y)
a(=)¥ L'-s’ =53 (30)¥(a’vs1 || v ||d3 shuYy
x £7(25,41)(28)41) 7 w(ssjLL 'i1ayw(ss,s'siin) /T
whers v and v1 are the scniority numbers of the wmultiplets of the

configuration 4°

S and 81 are the total spin anguler momentum quentum numbers of

multiplet of d}

1

31 and 81 are the total spin angulaer momentum guantum numbers of the

multiplet of djl
L and L1 are the total orbital angular somentusm guantum nusbers of
the multiplets of &°
J is the total omlax. momentum quantum number of the levels of d’l.
The satrices are given in Table Asiels
The coefficient matrices f'or spin-erbit intersotion within the
configuration a* were oaloulsted frm(u‘w)
(a*vsLa Lh g | at's'uly) :
- (=) "’(50)%(4 vsi || V1)) atlsuhya(sstintin) A,
where v and v1 are the siniority numbers
$§ and 31 are the total spin-angular momentum gquantum number
L and L1 are the total orbital angular momentum guantus nusber
J is the total angular momentum guantum number.
The matriccs are given in Tuble A.1.2.

In the relations A.1.1. and A.144. the reduced matrix elements,
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(42 oeee | V‘1|| @" 4ess), were obtained from tables given by
Sla ter (1960)(hj). The Racab fumctions, W (abedjef), ware calculated

for each case.
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SPIN-ORBIT MATRICES FOR THE CONFIGURATION d s
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PABLE A 1.1 .(cont.)
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SPIN~ORBIT MARTICES FOR THE CONFIGURATION d
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TABLE A 1.2.(cont.)
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APPENDIX 2 d L2
COMPUT<R ROGRAMS DEVELOPED DURING THE ANALYSIS OF
INFRARED SPECTRUK OF Hf I

Three mein computer programs were designed during the anslysis of
infrered spectrum of Hf I. The three jprograms, deserived below, ares
1. A progrem to assign the infrared hafnjum lines to the known energy

lovels of Hf.

2, A routine to disgonulise resl sy:metric matrices.

4, A routine to calculate, by least squares, the interaction paramesters;
by comparing the eigenvelues of the energy matrices with the known
enorgy levels of Hf I.

LUVEL ASSIGHING PROGRAM:

The input data were, the obsarved alrewavenumbers, snd the even and
the odd energy levels with their respeetive total anpguler somentum quantum
numbers = J. The program, written in Algol, comprised three steps.
First, the input air wavenumbers were converted to vasuum wavenumbers by
fdlens rmula(” ) + Jecond, a wavenumber of a theoretical line,in the
range 3000-10000 ca” ', was caloulated by differencing a pair of oven and
odd energy levels which satisfied tho selection rule J =0, ¢ 1 with
Jw0 J =0 forbldden, Third, the calculated wavenumber was coxpared
with all the observed wavenumbers. If' the waven.mbers agreed within a
given accuracy, the observed wavenusber and the possible transition levels
were printed. This procedure was repeated for all possible theorstical

wavenumbera. The pxwim ia given balow,.
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"BEGIN
"REAL" "ABRAY" EE, B0 /71 : 1 66_7,8161, 8162 /1 1 5867, 1n0/B15_7;
INTEGER" "ARRAY" FO, JO,PE,JE/T 1 1 6¢.7;
"INTEGER" C1,02,C3,1,J,X,N;
“REAL® §,DIFF,C;
“ERINT* /' L PPTP42",
“L TRANSITION LEVALS OF THE OBSERVED LINES', “L3", “RIS0“;
C13=C2=C3=N150; :
L13C4=Ci+1; "READ" P/ C1 7,08/ ¢1 7,68/ ¢1_7;
*1F* PR/ C1_/"GE" # “THEN® "GO TO" L4}
121C21uG241; "RRAD" PO/ C2 7,30/ C2 7,50/ ¢2 7;
"iF* 0/ G2/ "GE™ 4 "THEE" *GO TO* L2;
L3:C3:=C3+1; "READ" SIGA /7 C3.7;
*IF* 8161/ C3.7 > 1.6 "THEN" "GO 7TO™ L3
C11sCi=1}
C2s=C2=1;
Cl1=C3=1;
_POR® I:=1 "STEP" 1 "UNTIL" C3 “DO" "BEGIN®
/B 7 1=8164/1_7;
"POR" Ni=i "STRP" 4 "UNTIL* 5 "DO" “BEGIN®
/5 s was2 B T/ (44(6032.8,, ~8)+(29u9810:8/ (168 | +48) (100 /F=1.7 2)))+
(25568.8/((41.8, +8)=(1Re /=1 7 2))));
IF INT/Ned_J=INT/N Jc£.001 “THER" *BRGIN®
SIGA/T_Js=INt/F_7; 0O TO"L8; “ERD*; IND; L8:"END";
Nisfl;
"FOR" I:=4 "STEP® { "UNTIL" C{ “DO" “BEGIN®
"FOR" Jis{ "STEP" 1 “UNTIL" G2 “DU" “BEGIN"
5188 (R/"1 780 ) 3
"IF* S “GE® 334d.4 “THEN* "BEGINY
"IF* S "LE" 1146460 "THEN" "BEGIN®
"IF* SR/ T 730/ 3 7 *THEN® “GO 70" Liyj
"Ip* JB1 7=30/73 7~ “THER" "GO TO" L5;
wIpn JB/TI J=J0/ I /+1 “THER* "GO TO" L5;

/Contds



Lis"IF* JB/ 1 Jaf "THEN® “GO TO" 16;

LS$"FOR® Kiwd "STEP" 4 UNTILY G3 “DO" "BEGIN"
DIFFs=(s-8161/ K /);

*IF" ABS( DIFF) "L&" fg.1 "THEN" "BEGIN®

Ny=Ne+1}

8162/ % J1=s161/ K /;

“PRINT® ALIGNED(S,2),(s8162/ W 7)*

(14(6u32.8 , =8)+(2919818.4/( (14648, +8)=(s162/ W 7+ 2)))+
(25508 e/ ((u1 o +8)=(8162 W /n2))))s

SAMBLINE, * S1“,ALIGNED(5,2),8162/ N 7, “ 82 ,p161rs(1),P8/ 1.7,
~ 81" ,016178(1),78/ 1./, #81" ,ALIGNED(5,2),88/ 17, “s2*,

p16178(1),P0/ 3_7, D16175(1),50/ J_/, ALIGNED(S,2),80/ J_7, 82",

ALIGHED(5,2),8, ' 52" ALIGNED(1,3),DIFF;

"GO TO" L6;

*END"; "END¥; "END"; “RND"; L6s"END®; “EBND";
'mﬂ‘
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ROUTIE POR DIAGONALISING REAL SYMMETRIC MATRICES

The methoa of Giagonalising resl sysmetrie matyioes was imvented by
Colele Jacobl and has been reuied quite cxtsusively in the literature.
The aim of the wethod is Lo obtein an orthogonul matpdx J wihlch cau irans-
fors s resl symaetric matris - into a diagomal matrix D. The $th. dlasgonal
siesent of D cau thes ve sdopted as the ith. vigenvalue of A. The mtho&.(ﬁ"”)
vonsists of auninliating in lurs, the sulegled off-dimgunl eloments
(pivotal clesents) of 4 by orthoginel treasformction. £ ¢h tyaasfornstion
affects aany more wiemeats than just thoso ia the pivotal set, and in
gonersl, & single puss through all the pivotal elecents doos not produce
& disgunel satrixe Jucobl's method is thus on fterutive wethod wud has
been shown by Jecobi o cunverge.

in the present wothed the orthogonal tramaforwstion was parforsed on
& pivotal elemsnt if it execeded & certaia t&ruu&am vilues The value of
the threshoid was reduced by & lsctor egual to the order of the metyls,
This provodure was repeated tiil the megnitude of e offediegonal
elements was reduced Lelow & given value. Iu the disgonalising routine,
given below, W was the inputl energy sairix and was output us e diagoaal
matyix, the original matyix veing destroyed. The eigen-functions were output
as matrices and the sagnitude of the off-disgonal clement wus reduced velow
the limit,

where

BHO = 1.0 x 10" 10

The square~root of the sum of squares of tie off-disgonal slements of the
energy matrix was used as & starting threshold valus.
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SUBREUTING DIGM (4,N,RHB)

INTBGER P,Q

REAL INT4, NORM{,NORM2,MU

DIMSHSIeN A(H,N)

commeN Fr(10),5(10,10)

EQUIVALENCE (TRMP,S INTCOST )

D8 1 L=,

De 2 Jwi,R

8(1,7)=0

5(1,1)=1.0

HeRM1 =0

D8 10 I=1,K

D8 99 Jei N

HS=RS+A(X,J)*A(X,d)
CONTINUS

pasDS+A(T,T)*A(1,1)
CONTINUE

RS=8QRT(RS=DS)

IF(RS G0 JNeUM1) NeRMisRS

NeRNw( RHG/ N )P RaRY1

THR=NORN 1

IND=O

THR«THA/N

D8 L Qui,N

1fu®mq

D8 § Pet, 12

IF (THR-ABS(A(P,Q))) 25,25, &

IND = 4

Vi w a(P,P)

v2 = a(P,Q)

V5 = a(Q,Q)

MU = 0e5 * (V1 - V3)

1w (Wu) 6,7, 7

, GICN = 1.0

cs 10 8
SIGN = =1.0

OMEGA = SIGNOVR/S(RT(Vaes2 & WU**2)

/Continued
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20
22

SINI = QMEGA/SQRT(240 “(140+8QRT(AB5(1.0=-0U8GA"22))))
CoST = SQRT(ABS( 1.0 - SINT®*e2) )
DO 13 el
I ( 1=Q) 150%4,15
IF (I=F) 10914p16
rs = a(1,P)
MU = A(X,Q)
TEMP = INT1®SINT + MU*COST
A(lyg) = TEWY
A(Q,1) = THNMP
TRMP w INT19C@ST = MU*SINT
A(1,P) = TRWP
A Pyl) = THEP
CAnTINUE
1P (IV8=1)0 ,13,0
INTY = 8(I,P)
MU = 5(I,Q)
5(1,0) = INT{®SINT 4+ WU®CeST
8(1,P) = INT4%COST -~ MUSSINT
CONTINUR
SINICOST w INT * CosT
Ca5T2 = CasTee?
SINT2 = SINT®®2
AP, P)sVi*COOTZ +VI*SINTL =2,0°V29SINTCOST
A(GpU) sVI*BINTZ »VI*CHST2 +2.0%VE*SLRICOST
TEMP = (V4-V3)*SINTCOST + V2¢(COST2 ~ SINTZ)
A(P,Q)w TENP '
A(Q,P)= TENP
- GeNTINUE
IF (IND) 20,20,21
IND=D
GO T6 5
I¥ (WeRM2 ~THR) 3,22,22
" CONTINUE
END
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ROUTINE YOR IEAST SQUALE ADJUSTMENT OF INTHRACTION PARAMRTERS:

In the central fisld approximation the elements of the energy
matyrices are given by (Eqe Le3.) & relation of the form,

8y 2 (r) 6;3 o Avdets
where cf g ove the elements of the coafficient matrices and Pr are the
intersction paramsters. Tho enorgy matrices set u, with the preliminary
values of the interaction parsmet:rs have the eigonvalues E and the
eigenvector X o The derivatives of the elgcnvalues with respect teo
(45,46)

parameters ars given by,

2 1 .
A%y - (13 )xuixuyCiy 52,2,

where x are the components of the esiganvectors, Since the eignvelues
of the Hamiltonlian are first-order homo;encous fumetions of the para-
meters,
Bq= P (r) 3B« p” Ae2e3e
¥

from Buler's theorem.

Thus the eigeuvalues can be approxzimated as functions of the para-
meters by the following linear formilas, which sre asccurate to firaste
order in the difference between finul values of the parameters and

their preliminary valueas,

B Z(r)Z(ij)[x,‘ixdeij]pr Ae2ede

*Ux) berp® A+2.5
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The correct valucs of the energy l.ovels can be caleulated from
Eqe Ae2sH5. if the correet paraseters for all the possible intersctions
are used to evaluate the eguations. It is, however, impossible to
inelude all atomic internctions in calculating the energy smatriges. It
is also imposaible to know the final veluss of the interaction parameters
unless the corrcot wavefunctions are known. Rqe Ad2:5 con hosever be
used to improve the starting pirameters used to diagonalise the energy
matrices if' the energy lovels E  are known, From Hqe 4.2.54 4t i
possible to get m equations (for n parameters used to form the energy
matrices) if there sare m energy levels in the configurations used to set
up the energy matrices. Usually m is greater tham n (4f less than n
energy lovels ave known the method cannot be used)s Hqe AdZ.5. can be used
to form a set of simultaneous eguations for n unkmown parsmeters, which
can be solved by the method of least squares.

From fge Ae24D+, the error in the odth level 15(“'*’ )
Z(r)bdrpr“E“ ‘02060

the improved parameters are those which minimise the mean square eryor
weighted by (27 4 1) (where J is the total orbital engular momentus
quantum number J of the level), If the redght of & level is J« it 4s
necvssary w minimise the gquantity,

2(x)3a[ Z(x)agrp -3¢]2 AeleTe

Differentiating quantity A.<.7. wils respect to one of the parausters
pr (pi say) and set the derivative egual to sero, it is possible to
obtain the eguation,

2w )[Z(r ) Ju a,ra“i] pr-.-.z(oc)j.,, 8u i Ex PN N
The routine given below sets up the n simul tensous equations from

Ae2.8, The simultansous eguations were solved for n parumeters Wy the
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Gaussianelimination method. The imput to the routine consistad of the
energy levels of the configurstions with their stotistical weights and
the eoefficients & Ay ealeulated from A.Z.% Levels which were not known
or wera doubtful and had to be execluded from calculations of improved

parumeters, were glien weights of gzero.



th

10

11
12

13

SUBROUTINE LSP(A,5,7,1,1)

DIMENSYION (M), 5(u,0),8(%),301),2(10,10)

CouueN FP(10),5(10,10)
e 2 I=1,10

"0 1 K=1,10
H(1,K)=0.0

CBNTINUE

PH{1)=0.0

CONTINUE

DO L T=*,N

DO 3 Ket,li
P1,1)s2(1,1)e3 (K)*a(K, 1)*E(X)
CORTINUE

CONTINUE

DB 7 Lmg,N+1

D8 6 Ist,N

D8 5 Ksi, ¥
P(Ty%)mP(1,L)+J(X)*A(K,L~1)*A(K,1)
CHNTINUE

caNpINUE

CaNTINUE

DO 9 Iwt,N

D9 B Lu2,Net
P(1,L)==P(I,L)
CaNTINUB

CONTINUE

16, KCull

IN=A

D9 42 I=IN,IC

P8 11 Ksi,KC
?(I,K)UI’(I,K)/P(I,KCH)
CUTINUE

CeNTINUE

DO 14 lalied,1C

D& 13 K=1,KC
P(I1,K)mP(1,K)-P(IN,K)
CONTINUS

/Continued
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1%

15

16

17

19

CeNTINUE

IN=IN+1

KC=XC=1

IF(IN-5) 10,0,0

29 15 I=1 N
FP{1)=0.0

CONTINUE
Fo(1)=P(N,1)/P(8,2)
D@ 17 1I=2,N

D@ 16 K=, I=q
FP(I)=FP(L)eP(Net a1 ) (=8 P(K))
COITINUE
FP(1)=P{N=T+1)+¥P(1)
CONTINUE

DO 19 I=1,N
F2(1)==FP(1)
CONIINUR

RETURN

END
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