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MOLECULAR BEAM STUDIES OF SCANDIUM MONOFLUCRIDE
David W. Green
Inorganic Materlals Research Division, Lawrence Radiation Laboratory,.
Department of Chemistry, University of California,

Berkeley, California

ABSTRACT

The molecular beam.method.uSed previously to fix the electronic gfound-
state §f Janthanum monoxide has been modified and extended to scandium mono-
fluoride. King furnace equilibrium studies of the intensities of the green
lH-lZ+'and red 3¢—3A transitions have given the relative transition pfo—
bébilitiés from both absorption and emission. From this data the expected
relative inﬁensity of the transitions in the molecular beam has been calcu-
lated assuming no radiétive.intersystem decay. The relative fluorescent
intensity at various molecular beam path lengths indicates that both the
¥Z+ and BA states of ScF persist at least as long as lO—h seconds. A maximum
energy separation has been estimated to be 3,000 K (cm-l).’

The thefmodynamic free-energy function is dependent upon the degen-
eracies and energies of these low-lying electronic states. This work in-
dicates the partition function should include electronic, vibrational and
rotational contributions from both the 12+ and 3A states. In addition, an
unobserved lA state should be thermodynamically important. Free-energy
functions have been calculated using the best data available from this work.

It has been estimated that thé lH-%A transition has a small f-valué and

| . + :
will be weak in emission compared to the lH-lZ . The ratio of the fabs value

+
of the- 3¢-3A to that of the 1H-lz is 0.8%3,



I. INTRODUCTION

A very successful model has been developed for.atoms which predicts
the lowest-energy electronic configuration. The lowest spectroscopic
state drising from a given configuration may be obtained by applying Huﬁd's
rules.  Furthermore, optical atomic spectroscopy has established not only
the lowest energy level, but‘the energies of a multitude of excited states
for many atoms. In some céses, energy levels of several positive ions have
been determined from their spectra.

In Striking contrast, few energy levels are known for most dlatomic
molecules, With the possible exceptions of Nz, CO and other ten valence
electron molecules, mqst diatomic molecules have relatively low-lying energy
lévels which have not been spectroscopically observéd.' fn many important
molecules even the eléctronic ground-state is not known with certainty.

This is especially true of species whose study is hindered by the relative
difficulty of working at high-temperatures.

Diatomic oxides and halides of the transition metals are lmportant high-
temperature Vaporvspecies, yet only a few of the molecular states arising from
ground-state atoms have been spectroscopicaliy observed.

In addition, no universally applicable model or set of rules has been
established for diatomic molecules. There are at least two useful models
which predict approximate positions for molecular energy levels, but neither
is presently capable of accurately resolving cases of nearly degenerate
levels. This 1s especially frue for the transition metal okides and halides
where the elements have a multitude of low-lying atomic and ionic states.
The factors which lead to the stability of molecular states in these cases

are not well-understood.
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In high-temperature systems such as plasmas, Jets or flamés the ' ]
chemistry is quite different from the more familiar room-temperature
chemistry.l Unusual valehce states have been observed. Diatomic mole-
cules which are essentially non-existent at lower temperaturesvcan become_‘
dominant vapor species at elevated temperatures. Containers and impurities
become important parts of the systems. Oftentimes erroneous conclusions
have been made from experimental data because of neglect of the effect of
graphite or metallic‘containers upon the activity of the species under
study. Vapor species resulting from impurities or the container can be a
significant component of the total vapor in a high-temperature system.

Accurate thermodynamic date are lackihg'for meny systems, in part due
to the experimental difficulties of high-temperature studies. Fiee—énergy
functions obtained from statistical mechanical calculations are often more
accurate than experimentally:determined values. A third-law experimental
approach normally mekes use of a calculated partition functioﬁ to obtain
heats of formation. The free-energy function may be calculated from the
pértition function, Q, as follows for a diatomic molecule.

1+] o
_(F -I%
: T

) =R 1n Q | (1)_

The partition function can be approximated as the product of a trans-

gx
<

lational part, a rotational part, a vibrational part and an electronic part.

&

In this case the free-energy is the sum of separable contributions. The

.electronic partition function is written as follows:

D
a, = Fy 8 ew(-e/kT) (2)
states

& * 8 exp(-el/kT) * ooes
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In Eq. (2), g; is the electronic degeneracy of the 1* electronic
.state and € is its excitation energy. Ndrmélly only a small number of
terms give appreciable contributions to the electronic partition function.
In many molecules at low temperatures. the only contribution is from the
electronic ground-state. Since many common gases have 12 ground-states
whose degeneracy is one, there is no electronic contribution to the free-
energy function. On the other hand, for high-temperature species, where
there are often a number of states appreciably populated, this contribution
to the free-energy function is very dependent upon the precise location of
all the low-lying molecular statess

For example, for scandium monofluoride the lowest khown triplet state

2
+
BA and the lowest known singlet is lZ . If the singlet's contribu-

is a
tion to the partition function were negligible because the triplet were
considerably lower in energy, then there would be an electronic contribution
of 3.58 calories degree—l mole_l to the free-energy function. On thé other
hand, if the triplet's contribution to the partition function were negligible,
there would be no electronic contribution to the free-energy function. It
should be added that there is an additional effect in the total free-energy
function of ScF due to the unequal contributions‘of the singlet and triplet
to the rotatién&l and vibrational components. Since the vapor pressure of

a8 species ié dependent upon the exponential of free-energy, errors of this
sort are most apparent in the vapor pressure. Calculated vapor pressures
could be in error by a factor of ten or more due to the neglect of the con-
tribution of one electronic state to the partition funection. |

Another example of a slightly different kind is magnesium oxide where

+ D
the lowest observed state is assigned lZ . Molecular orbital considera-
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tionsl predict a low-lying 31'[ and Z+'with degeneracles of six and three
respectively. No triplet transitions have been observed. The large de-
_ generacies of the triplets might be expected to dominate the partition
bfunction at high~temperatures if they are ldw—lying.
It is clear that accurate thermodynamic data for a diatomic molecule

requires, most importantly, the electronic ground state and in many cases

a precise knowledge of other low-lying electronic states.v

Scandium monofluoride was chosen for study primarily for three reasons.

Scandium is the lightest element with a d-electron in its ground-state
atémic'configuration. In aerospace applications and other high-tempéfature
systems metals undergo chemical reactions with gaseous oxides, halides and
nitrides. Diatomics and'polyatomicsiare formed which involve bonding by
d-electrons. 'The'féle of_d-eleéfrons iSAnot'Well;understood and accurste
predictidns of the energies of low-lyiﬁg eiectrbhié states is not poéssible.
It seems incumbeﬁt to understand well the behavior of scandium in forming
simple diatomigs in ordef to allow some estimates to be made of‘the thermo}
dynamic and bonding properties of all transition metal high—teﬁperature
species. Scandium fluoride 1s isoelectronic in valence electrons with
titanium oxide. The Ti10 speétrum has been observed in M-type stars and

is important for understanding some astrophysical processes, The ScF and
TiO spectra are quite similar and analogies may be drawn between the two;

A more complete knowledge of ScF should aid the interpretation of energy

levels in TiO.' Also a relativéiy low temperature is required for obtaining

significant Sc¢F vapor concentration. Many experimental errors Increase
rapidly as the temperature is increased so that low working temperatures

are desirable.
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IT. PREVIOUS RESULTS

A. Methods of Defermining Flectronic Ground-States

The electronic ground-state of a diatomic molecule may be determined
in several ways.. The most direct method is the observation and analysis
of a “"forbidden" intercombination transition. This method is applicable
to those molecules where sets of transitions of different multiplicity
have been analysed. Such is the case in ScF where seven singlet electronic
states and four triplet states have been identified.2 The singlet energies
are well-known relative to one another and the same is true for the triplets,
but the energy of the group of singlets relative to the group of triplets
has not been established.

The Vegard-Kaplan bands of N2 and the Cameron bands of CO are examples
of observed intercombinations in relatively light diatomic molecules. 1In
heavier diatomic molecules where Hund's coupling case c¢ is more closely
approached, the selection rule AS = O is not r:‘Lgorous.LL This means that the
intercombination bands will have a larger transition probability. The strong

30 1k

visible bands of I, are, in.Hund‘s coupling case a nomenclature, a 2

2
electronic transition which would be a forbldden transition 1f the coupling
were pure Hund's case a, However in diatomic molecules of the first transif
tion series, it is expected that most molecular states will be closer to
Hund's cases a or b rather éhan case c. The selection rule of AS = O has
applicability and intercoﬁbinations may be considerably weaker in intensity.

In order to analyze a forbidden intercombination the transition must
lie in a spectral region which is relatively free of allqwed transitions.

In the case of transition metal diatomic molecules which have so many allowed

electronic transitions, this is extremely difficult since the greater ex-
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posuré times required would blacken the phdtographic plate with lines of

-l

allowed transitions.

Even though it does present experimental difficulties of some magnitudé, *
‘analysés of intercombinations is an exact method. Not only cah the elec- | |
tronic ground-state be determined, but the relative energles of all observed
states will be known. The’thérmodynamic free-energy function is then sub-
Jject ohly to errors caused by the neglect of unobserved states.

VA second method which also has the advantage of determining relative
ehergies as well as the idéntity of the grouhd-state is an anélysis of
rotational perturbatiohs.' This method ié alSo:applicable'to diafomi;vmolea »
cules where sets of transiﬁiéns of different mulfiéiiciﬁy éie'bbséfved,‘

When rotational energy leyels_of two'electroniﬁ”étateé:have'about the
same energy at the same Jivalues;-they‘interact'sﬁbjecf to certain‘symmetry
and overlap restrictions;u vThis inﬁeractiqn is a mixiné of the fwo‘énergy
levels such thaf each one takes on some 6f‘the:characteristiés of the other.,
These h&brid states repel onevahothér resulting in the appearance of spectral
rotational lines at enérgiés other than ﬁhat would be:expectedvfrdm the ob- "
servation of lower an& higher rotationai levels. One of the Seiection  . |
:ruies is that the'électronic states should have the same multiplicity. As
in'the case of ihtéréombination bands, AS = 0 bresks down as the mass”of the .
diatomic molecule increases. If is these forbildden perturbatiéhs which
yield information about the_relative energies of states of different muiti; s
plicity. High resolution spectroscopic instruments allow meaSurement'of the
positions»of rotational linesvto within .02 K in most spectral regioné. A
Kaiser (K) is equiﬁalent to wave numbers of cm_l. Very small interactions

can be detected by accurate measurement,



This method has been utilized successfully in the analysis of the
spectrum of 025’6 where shifts of equal magnitude and opposite diregtion
were observed in the A' BZé and the x 12; states, In this relatively light
molecule shifts of up to .32 K were observed so that in heavier molecules
perturbations might be even more easily detected.

This method has the disadvantage that if requires accurate analysis of
a number of bands in most cases. The lines exhibiting shifts from perturba-
tions by other electronic states must be free from overlap of other lines
of the same band, atomic lines, impurity lines or bands and lines from other
bands of the same molecule. In addition, they must be in é vibrational band
tﬁat can be analyzed. Despite these limitatioﬁs, this method seems to be a
potentially useful tool for molecules other than C2.

A third method for determining the relative energy of two electronic
states involves the variation of intensity with temperature., The intensity

of a transition between two states, n and m, is given by a product,

Pyt B2 exp(-y, hofer) (3)

where Vim is the frequency of the transition, R™™ is the matrix element of

the transition and Vo is the absolute excitation energy of the upper state, n.
This intensity may be compared to the intensity of another transition

between statés n* and m* where n' and m' are of different.multiplicities

than n and m. ILet R(Tl) and R(TE) be the ratios of intensity of the two

transitions at two different tempersatures.

R(Tl) exp[—vn (l/Tl - 1/T2) he/k ]

K= R(T,) = exp[—vn? (1[Tl - 1/T,) he/k] ' (%)
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This comparison results in the cancellation of all terms except the
Boltzmann excitation factors at the two temperatures. This equation may

then be solved for Av, the energy difference between the two upper emission

states.
-T, T
Ay = 22 X ok (5)
. T2 - Tl he

This method has been applied to TiO7 where the energy separation be-

5A hés been determined.

tween the %A and

Principal errors of this method are concerned with the measurement of
accurate tem@eratures and inténsiﬁies. A kﬁdwledge of the experimentaliéon;
ditions is required in Orde£ to interpret observations. Equation (3)
assumes>an equilibriumvat temperature.T which is néver exacply'true in a
highitempéfatﬁre systemg ‘Line shapes and éelf-absorptionicorrectiohs must
be applied. .Theré are also other tempefature-dépendent errors which can
lead to érroneoﬁé intérpretations of data.

A sﬁudy.ofbrelatiﬁe intensity vs temperature is, in prineciple, & good
method for détermining not énly‘the elécfronic ground-state but the energy
separatidn of states of different multiplicity. The experimental problems'
are great and aécurate results ére difficuit tbvobtaiﬁ.‘ If_the‘previouslyf

'ﬁentioﬁed'methéds éanﬁqt be éﬁplied, then this méthod serves aé an indica-
tion -of which states might be low-lying. In cases of large energy separation,
this method may, despite its limitations, give the electronic ground-sta.tve
and the energies of excited states accurately enough for the determination of
the partition functioﬁ at most temperatures.

Another method'which has been applied to several dlatomic molecules is

matrix isolation. High-temperatﬁre species are "isolated" at low temperatures



by surrounding the molecules with "unreactive™ atoms or molecules, usually

a rare gas., In this manner the gaseous phase is simulated at ligquid hydro-
gen (20°K) or liquid helium (4°K) temperatures. The Boltzmenn excitation

at these temperatures is smsll such that only low rotational levels of the -
first vibrational level of the lowest electronic state has any apprecilable
population. Light absorption by the isolated specles should then correspond
to gaseous phase absorption from the ground-state.

The disadvantage of this method is the interpretation of interactions
between the isolated species and the host matrix. When comparing matrix
isolated electronic transitions to the "same™ transition in the gaseous
phase, differences larger than 1000 K have been reported8 in more than one
case, Shifts between 200 and 1000 K are common. The interactions which
are the origin of these shifts are not well-understood and predictions are
subject to many exceptions. The interactiqns appear to be a complex sum
of several factors including geometry, molecular size relationships, polar-
ization effects, and energy transfer within the matrix system.

A particﬁlarly troublesome case is that of C2 where the'gaseous phasge

3

excitation of the X'II  is approximately 600 K. In matrix isolation studies,
absorption transitions have been reported8 involving both thls state and the
gaseous phase grouﬁdfstate, xlz+. If experimental interpretations are valid,
then this case is of particular interest. The satisfactory explanation of
this phenomenon could allow predictions of the behavior of other high-temper-
ature species in matrix isblation. At present, there is no adequate explan-
ation. It seems that accidental degeneracy as an explanation can be‘

eliminated because the transitions are observed in different host matrices

where the interactions are considerably different. A separation in energy -
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between the two electronic states of more than 100 K in the matiix would
probably eliminate any possibility of simultaneous Boltzmann excitation
~of the two electronic states. v o B
Until more theoretical and experimentél-data aré availgble, matrix
isolation techniques have:severe limitations for this kind of high-tempera-
ture problem. It is nof.cléar, for example, what the relative intersction
of two electronic states df'different multiplicity might be, In cases of
_hearly degenerate electronic states, it is not clear whether the lower

state in the gaseous phase always femains the lower state In matrix isdlatioh,
As with the méthod involiing thg tempefaturé.dependence of intensity,'matrix
isolation should determine the elgctroﬁic gaseous-phase ground-state in

cases of large energy separation,

T4 should be pointed out that no information is obtained from matrix
isolation abqut théiexéitatiOn enérgy of otherllew-Lying stateé, In_drder
to_detérmine the partition function of é vap6r.species;‘it is necessary té_
khdw in some éases the excitétion éf low-lying sﬁates. If, fof'instancé,_
the electronic ground sfate-of ScF were i2+; thé partitioﬁ function équld

'still be dominated by the -

3

A state because of its large degeneracy if the

A were within a few_thousand ﬁave-numbers of the 12+ in the gaseous phase;
Matrix isélatiqn is a ﬁotentially uéefulbtools It frees the Spectrum

of much complexity and oﬁerlap because of the small dégree of thermal‘ex-. |

citétipn. The method has.been applied td se#eral.diafomic’molecules in | a

- several host matrices and does‘appear to havejWide appiicaﬁility. It may

well be poséible tp extend the scope ofvusefu;_high-temperature information

availabie from studies of this type when accurate interpfetations bécome

'possib}e. However, until_this happens,'interpretations of gaseous phase
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properties of diatomic molecules from the observed matrix isélation spectra
should be done with regard for the limitations of the method.

Computers have made possible quantum mechanical calculetions of mole~
cular properties for a great many diatomics, In‘particular, the total
energy of molecular states can be calculated by the self-consistent field
methods of Roothaan9 using linear combinations qf atomic orbitals in a
molecular orbital scheme. A full discussion of this field 1s beyond the
scope of this paper.lo An evaluation of the results of the work pertinent
to scandium monofluoride is contained later in this paper.' Suffice it to
say that although great progreSS-has been made in recent years, molecular
calculations are not capable of accurately resolving relative energles in
those cases where levels of different molecular orbital configurations are
nearly degenerate. Correlation energiles, which form a substantial portion
of the total energy, are semi-empirical estimates of factors not accounted
for in the molecular calculatlions and are subject to sizable errors in
some cases., The quantities of interest are differences of large numbers
causing the percentage uncertainty to be much greater in the difference than

in the numbers themselves.

B. Summary of Previous Work on Scandium Monofluoride

Gaseous phase analysis of ScF has been done primarily by Barrow and
associatés€’11’12’13a Partial rotational analysis has been completed on
transitions involving seven singlet and four ﬁriplet electronic states.
Their experimental work was done in a carbon tube furnace &t temperatures
around 2060°C. The spéctra were observed both in absorption and thermal

' +
emission., The lowest observed states of each multiplicity are lZ and BA.



The énergies of the singlets re;ative to one another and the triplets "
relative to one another has been well_established.2 Absorption was seen

at 2000°C from both the lowest singlet and the lowest triplet, A diagram

of the term energies obtained in their work is presented later in this
paper. _ | _

Matrix:isolation of ScF has been accomplished by McIeod and Weltner:f'h
using an inductively heated tungsten cell cbntaining scandium metal and
scandium trifluorides They studied absorption from neon matrixes at 4°k
and correlated their observations Withbthevgaéeous phase singlef transitions.
 Matrix shifts up to 500 K were observedvaltﬁéugh most were smallerf‘ Extra
features especially»in the infraréd Were>attributed'to.multiple sites in
‘ _the matrix latfice and to‘other flubrideé of scandiﬁm.  Some'features ob-~
tained in fluorescence in the.matrix were not explained¢ It appears |
reasonable to conclude that fhe matrix isolated state_of,SéF corresponaing.
to the gaseous phase 12+ state ié'the ldWest_elecfronic énergy level in the
neon matrix. |

15

" Calculations for ScF were done by Carlson and Moser ™ using the nethod

3

of Roothaan, Their preliminary results ga#e a “A electronic ground-state,

but an extended basié set with corrections for correlation energy applied
gave a 12 ground-state, Calculations were simultaneously done for the

isoelectronic Ti0 molecule and comparisons were made for the three lowest

. + ‘
states:s From the 02 molecular orbital configuration we get one state, lZ s

3

. while the low-lying od configuration gives both A and ;A molecular electronic

states. The values calculated by Carlson and Moser for the Té values (term
energy of the electronic state relative to the electronic ground-state) of

these three states in both molecules is summarized in Table I in units of K.
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Table I. Calculated ™ term energies for ScF and TiO in K.

Molecule State Te(calc.) Te(calc. + corr,) Te(obs.)
lA 176 2610
ScF A -4540 460
st 0 0 0
lA 4430 2150 580
710 A 0 0 0
]>:+ 13240 6690 2290

BA in TiO.

The ;Z+ igs chosen as the zero of energy in ScF while it is the
The first column is the term energy calculated using their extended basis
set, The second column is a corrected term energy which neglects core
polarization and relativistic effects but includes configuration inter~
action estimates obtained by a consideration of the atomic orbitals involved.
The third column conteins the observed values where they are known. The
lZ+ state of ScF is takenvto have a zero observed energy on the basis of the
matrix observations. The observed values for TiO are based on the work of
Phillips.

It should be noted that there is an error of about 4400 K in the cal-

+
culated separation of the %E and 5

A in Ti0 assuming the experimental wvalues
to be correct. If the same magnitude of error applies to ScF, then the
ground-state could well be éither BA or lZ+. If the errors are larger in ScF
than in TiO, the electronic partition function at most temperatures is un-

certain. Its error could éasily be a factor of six based on these calcula-

tions.
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III. THEORY

A. Predictions for ScF

Scandium fluoride, titanium oxide and zirconium oxide are isoelec-

k tronic in valence electronsvend it would be expected on the basis of
molecular orbital considerations that their eleetronic spectra should show'
similarities, The electronic spectrum of Ti0 has been known for some time

7,16-33 Zr0 is iess studied, but
2)4') 51)5)'"'38

ahd its spectrum has been well studied.

its spectrum is also reasonably well-known. The correspondenée

of the electronic states of these three molecules is shown in Fig. 1. The
data are assembled.from'pfeﬁiously mentioned references. Data are not

‘available for all the energyAsepafations so some estimates were made. For

TioO fhe'5A¥;A eeparation:was taken from the work of Phillips. For ZrO neither

: ' + 1. : S + L 1+
the_%Z‘-%ﬁ separation nor the 12 —5A separation is known. The 12 state has

‘been seen in matrix iSOIation38 so it was chosen as the ground-state, Tt is

3

expected from Hundfs rules that the “A is lower in energy than the lA since
both states arise from the same molecular orbital configuration. This
geparatibn'was taken to be fhe same as in TiO and the 3A'wa.s arbitrarily

5Awere both put at the zero of energy.

put at 1000 K, For ScF the lz+ and
Tﬁe lA has not been‘observed in thisvmolecule and was put at 2000 K.

| The similarities afe noticeable from this energyblevel diagram. The
three‘low—lyingistafes are probably neerly degenerate in all thfee molecules.
The second excited observed singlet stete is a ;H'for‘all molecules if we
‘assume that the unobserved'%ﬁ state is below about 5000 K in ScF. The first
‘observed e#eited'triplet:ie a 5¢ and a 3H lies slightly above in all fhree

moleculese.
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Figz. 1 Ziectronic energy levels of isoelectronic Ti0O, Zr0O and ScF.
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" Using the TiO and ZrO energy levels, we might predict for ScF the

near degeneracy of the 5A and ;Z+. There should also be a lcw—lying %A
‘ state possibly within 2000 K of the ground-states Perhaps there is a 3A

excited state near 20,000 K. Care should be taken in émpirical correlations
~of this sort. It is by no means clear from these_considerations what might
be the electronic ground—sfate. This correlation does appear to be useful
'as a starting point for suggesting useful éﬁperimental methods to resolve
some of the energy.difference questionsa.

It is usefui in man&‘molecules to considér what molecular stétes afisé'

from the combination of iow-lying atomic states. The elecﬁronic grouﬁd-staté
5

of fluorine is'ePP from the ls22s22p configuration. The first excited state

59

is over one hundred thouéand wave numbers higher in energy”” and need not be
-consideréd;; The grouhdhstate of scandium is 2D from the MSEBd open-shell
‘configuratibn. Furthermore scandium has low-lying electronic levels frém
the Ls3dlp and hsde configurations which may well combine with the 2pe
state of F to give low-lying molecular states. Figure 2 shows ﬁhoSe states
!of scandium below 30,000 K. Table IT lists the states which arise from the
~combination of ground-state F with the low-lying states of Sc.

There are eighteen molecular statés arising from ground-state atoms
alone. It is difficult to bredict a priori which of these states might bé P
stable, There are, furthermore, a mﬁltitude of electronic molecular states |
arising'from low-iying excited atomic statess In addition; the three molecu-
lar,states ariéing from Sc+(3D) + F-(lS),should be considered. In aldiatomié

molecule formed from atoms of such different electronegativity, these ionic

states cbuld be quite low‘in energy.
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Fig. 2 Electronic energy levels of scandium atom.
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Table II. Molecular states of ScF from atomic configurations.

Sc F Molecular states Maltiplicities
State State of ScF
%D 2pe s¥(2), =7, 1(3), A(2),é 1,3
L‘F 2pe .z+, 3 (2), I(3), A(3),4(2),.T 355
r °r £, @), 1), A3),6(2); T L3
by 2 5°(2), %, 1), AGB),6(2), T 3,5
o “p° st, 57(2), T(3), A(2),¢ 3,5

Tt shoild be evident that this approach gives little useful informa-
tion about whiéh molecular states are low-lying or which state might be»
. the ground-state. In general, ﬁhis is not true, but for transition metal'
diatomics this.is often the éase; The d—electrbns give rise to atomic
.states of high(angular méméntum; CoUpiing of these momentavto those of the
P stgtes_éf oxygen or a halogen gives a large number of moleéular stétes._
| The proximity_of the s, piand d orbifals gomplicates this abproach since
low<lying molécular states may dissociate to ekcited atoms.  And finaily,
the molecular statés arising from ioniec configurgtiéns cannot be neglected.

These considérations demonstrate well that the spectra of dilatomic
moleéules fbrmédvfrom transitién'metals éan'be expected to bé éomplicated.
There will be nuﬁerous allowed transitions. In addition‘it is expected that
interactions causing perturbation and predissociation will be common.

A different approach is to consider the molecular orbitéls»involved.
Neglecting the inner filled main shells qf_scandium and fluorine, the or-
- bitals of importance.shouid be the 2po and 2pw from fluorine and fhe hsc,_

Lpr, 4po, 3do, 3d5 and 3dw of scandium. It has been shcwn15 fhat,this
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population analysis is a good approximation to the molecular orbitals of
ScF. Table IIT suggests molecular orbltal configurations for the observed
states of ScF. All states observed, with the exception of the highest
energy %ﬁ, can be accounted for by congidering the Sc 3dg, 3dm, 348, Hpo
and bYpr orbitals as low-lying. The lowest three states come from the
nearly degenerate 3dc and 3dd orbitals. All excited states are various
combinations of other low-lying orbitals with these two.

This method is a useful approach to SeF in some respects. As applied
here it is used after states have been observed. It might equally well
havebbeen used to predict the ScF‘energy levels by loéking at the observed
Ti0 states to determine the relevant orbitals. Then using.the results of
calculations to predict trends, the states of ScF could have been estimated.
However, the apprdééh is also limited in éccuracy and it is of questionable
use in predicting the electronic ground-state ScF.

There are two electronic states predicted by this consideration which
could well be important fo the thermodynamic propértieé'of Sc¢FP, The unobs
served ;A should be within 5000.K of the ground-state and perhaps even lower.

A

Tl state which is unobserved in Ti0, 8cF, and ZrO should, by Hund's rules,
be lower than the lH state at 10,600 K in ScF. The prediction of these
unobserved states makes this approach of great value. As a larger number

of electronic states become known, the energies of the unobserved states

can be predicted with a reasonably high degree of accuracy.

B, Outline of Experiméntal Approach

"In low resolution the triplet band system of ScF which is most char-

A with (0,0) heads at 6523, 6540 and 6558 1.5 1t

acteristic is the A§¢-X
1s red degraded and free of significant overlap from other bands of the same

electronic transition as well as bands of other electronic transitions. The
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Table III. Molecular states of ScF from molecular orbitals.

Molecular Orbital Molecular Approx. Observed
Configuration State Energy (kK)
pc2 .sc2 'p7rh 4% ‘do 3A 0.0
. lA |
do dm | 3II :
o _ 10.6
a8 “drm %% 15.3
| I 18.3
l¢ .
A 20.3
do po §Z+
' ¥ 16.1
do  prw ‘BH
' 26.8
- 3
1
®
il 34.9

(0,1) head of the ElH—XlZ transition at 5115 & is also strong in low re-

‘solution, - These two transitions involve the lowest states of_each multipli-

._city,-namely”the 12+'ehd the 3A. The relative intensity of these two‘trghe~
itions depends upon the population of the states involved,’the'osciilator
strength or f-value‘of the transition and the method of exditétion.

The strengths of these tran81t10ns were compared in a Klng furnace
which is a good approximation to thermal equlllbrium. They were again com-

.pared in a molecular beam coming from a cell‘of_the,same temperature after

:a transit time of ea,pm'oxim,a,téaly.lO_')+ seconds. Should interSystem radiative
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decay occur within this time, the effect would be noticeable as an appar-
ent decrease in intensity of either the singlet or triplet band system,
In this manner the electronic ground-state can be determined experimentally
while avoiding many of the temperature dependent errors of other methods.

In Hund's coupling case c¢ the 3A1 to %Z; is an allowed transition.
ScF is a reasonably heavy diatomic molecule and should have a large enough
degree of case c¢ coupling to make this transition possible., The lifetime of
the‘lz+ (or 5A) is dependent on the degree of case c¢ coupling and the energy
separation of the two states. Rough estimates indicate the lifetime could

be elther longer or shorter than the beam transit time of 10'“ seconds,

C» Relationship of Absorption, Emission and Fluorescence

Define an intensity ratio, R, as follows:

e e o ®

R is the ratio of intensities of any source at two particular wave-
lengths, namely, the 6558 & ScF ~¢—-A (0,0) band head and the ScF st
(0,1) band head (~5115 K).v All intensities are given in terms of number
of quanta per second per square ceﬁtimeter normal to the source per unit
solid angle per unit wavelength interval,

In a high-~temperature equilibrium source such as the King furnace, the
“intensity observed at a partigular wavelength after passing light from a
lamp at a temperature T£ through a column of gas aﬁ a temperature Tgvis
given by: .

_ lamp self
Tobserved = Ilamp,TE " Tavs ' Tem * Taps ° (7)
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Iiizp is the intensity of light coming from the lamp that is absorbed
| by the gas. Iem is the intensity of em1ss1on of the gas and Isilf 1s the
absorption by the gas of the emitted lights The self-absorption will be
small for small gas densities or path lengths and will be neglected here.
Arguments will be presented later to justify this approximation.

An alternative expression is in terms of the observable apparent or

- net absorption.

net
Iabs = Ilamp, Tl_ Tobserved
-®eL, o ®

‘abs’ em

When a lamp With a brightness temperature equal to the gas temperature is

used in the King furnace

I(Singlet)em5KF,Tg = I(singlet)abS KF,T .and
I(triplet)  yn n = I(triplet) abs, KF, T 8?

: - g g

R L = R . - : '
eanF,Tg abs,_KF,Tg ='Tl (9)

This is & statement of the reversal conditions 'IZEZ becomes zero in

qu (8)'03 Tobservea 1S equal to I

lamp, Ty =T, in Eq. (7). . 7”?'1

At each wavelength, ais the.absorption coefficient,

Ia.bs : : | (lO)

Q
1t

Now @ ig directly observable only when Iem is negligible compared‘to

~ _lamp - ' et lamp
_‘Iabs or from Eq. (8) when Ist ~ Trs

L 4
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If a blackbody at the gas temperature were used as a lamp, then from
the reversal conditions for either wavelength:

Iem,KF,Tg

Tgg, T

(11)

24

The relationship between King furnace absorption and emission is now
established. Experimentally a iamp a8t T}z is used Instead of & blackbody
at the gas temperaturé, but the relationship of lamp Intensity at Tz to
blackbody intensity at Tg ié easlly calculated from the Planck egquation
and the emissivity of the lamp filament, Then at each wavelength the

following two equivalent relationships may be used to determine the ab-

sorption coefficient.

Themp I S
abs,KF,T em, KF, T lamp, T
a = 7 & . 5 £ 5 ! (12)

The ratio of emission intensities is now given from Eq. (11) by:

a(t) I(t)gp g
: , _ g
R =
em’m‘}Tg Ol(s) I(S)BB,Tg .
R, RBB,Tg : (13) .

The letters s and t represent the two wavelengths of interest (6558
and 5115 ). By a similar consideration of Eg. (12), the ratio of o values

may be obtained from King furnace absorption studies.

R lamp _
em, KF,T abs,KF,T :
= g _ g N
By = R - R (14)
' BB,Tg ' lamp,Tl
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It should be notéd.here that in the rétio of'a's the dépéndence of
upon the absorption path length and gas density will divide out if tﬁevsame
system and geometry are used for both the Singiét and triplet intensities,
Thus, the & fatio depeﬁds only upon the relative triplet and singlet trans
sition probabilitiesa

~ In the molecular beam, fluorescence 1is dbsefvéd at right éngles'to an
éxcitingvlight source., If We.é8sume no Significant'pbpulation change of
the lowest singlet and tﬁe lowest triplet dﬁring the'beaﬁ trgngit_time, |
then the equilibrium relativé intensity measurements of ‘the Kingbfurnace
- may be applied to determine the expected relative intensity in the beém;
The fluoresceht-inténsity obgerved depends upon.the'franéition probaﬁiliﬁy
" to the upper state of each System énd the intensiﬁy of thé éxcitinngight
at that wavelengtha :In.additibn there is é geometfic:féctor which includes
theldifferences between the géomgtry of thé beam and that of thé Kihg fur -
nace as.wéll as.ﬁhé fact that fiuroeséence ﬁakes place in all diregtions. E
This geometric factor is the same for singlet and triplet so it will diﬁide
"oﬁt in thé'intensity ratios. The ratio of fluorescént intensity in the
beam is givenvby: |

) a(t) I(t)ex_

aisi IZsi _—
\ “ex

R
f£,B,T
’7 g

= R_R - ) a (15).

a_ex

' ‘R, 1s the ratio of exciting light intensities at the triplet and

singlet wavelengths,
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An implicit assumption in thils formulation is that fluorescence

occurs at the same wavelength as the absorption of light. In addition
it is assumed that there are no additional methods of populating the
upper fluorescent state. A correction factor must be applied to account
for thése two factors. This correction factor involves the Franck~Condon
factors within the states under considerétion and the loss of light due
to other electronic transitions., A consideration of the internuclear
distances of the four states involved in these two transitions suggests
the corrections due to Frénck-Condon factors will tend to cancel in part.
The ﬁransition from the ;H state to the unobserved ¥A may be of sufficient
intensity to change the expectéd relative intensity. Thils correction factor
may be distinguished from intenslty change due to»inﬁercombination redigtive
decay by studying relative intensity as a function of the molecular beam
path length, Whereas radiative decay is a function of the beam transit
time, this correction factor is the éum of factors which are only functions
ofvthe molecule's relative transition probabilities. Except under unusual
circumstances, this correction factor will not be a function of theiﬁeam
transit time. Therefore this correction factor will only be considered in |
" the final application of these.equations.

Since, for reasons given later in this paper, the triplet transition is
more easily seen, the most useful working equation is the ?rediction of the
singlef intensity ffom the observed triplét intensity.

1

% B’Tg RO.’ Reixj

I(singlet)f’B,T = I(triplet) (16)

g
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So the expected éinglet intensity in the molecular beam may be cal-
culated from the experimental quantities: 1) the beam triplet intensity;
2) King furnace emission or absorption o value ratios; and 3) the beam

exciting light intensity ratio.

D. Inténsity Messurement and Photographic Equipment

Photoelectric equipment was not used in this work because of.thé
extremely low light level in the molecular beam and because simultaneoéus
measurement had to be made of four light levels., A photographic plate can
integrate intensities over long periods of time and they are superior for
the detection of weak sources at two waveléngths simultaneously. Inter-
prétatibn of results requifes 8 knowledge of that part of ﬁhe intensity
due to background. |
| The subject of photographic response is a complex subjectband is nét
' compietely undérstood. 'The relationship betweén the density ofvsilver 6b-'
‘tained on a plate from the reduction of silver haiide.ahd thg intensity of
. light causing the response may be sthdied in general terms., Eﬁpefimental
data are avéilable on deviations from generél.reéponse in particular ex-
pdsure cbnditions.

The amount of light incident upon a photographiec plate may be controlled
‘by either changing the number of photons reaching it within a given time or
by changiﬁg the time of exposure. A quantity E‘is defined to measure the
. amount of lighﬁ'and is called the éiposure. It is defined as the product

bf the light inﬁensity and exﬁosure time and it gives the tqtal number of
photons incident upon the plate.. The optical density, D, may be measuréd

on the plate for a series of different exposures., The resulting plot of



optical density against log E is called an "H and D" curve or a "charac-
teristic” curve.

Figure 3 shows an example of a characteristic curve which was obtained
for 103 a-F photographic plates at 6558 2, This curve was plotted on a
log I scale since all the data points were ob@ained.with equal exposure
times. The units of log I are arbitrary. The relative scale is accurate
and, for example, the density can be predicted for an intensity I' from a
knowledge of the density produced by an ihtensity I if the ratio of I and
I‘ is known.

Density is measured by directing a light beam through the photographic
plate and measuring the intensity I. If IO represents the observed intens-

ity with no photographic plate, then the density is the log of the ratio,

D = log I,/I | (17)

Figure % shows a linear region of response from & density of .4 to at
least 2.0 which is the limit of measurement with the equipment used in this
work. If log ivrepresents the hypothetical intercept of this line with the
log T axis, then the relationship between density and intensity may be ex-
preésed in mathematical form,

D =+ (log E - log 1) o (18)

Generally, useful informatién can be obtained about the exposure only
near the linear region of the characteristic curve. TIn this region experi-
mental errors are minimized since a given exposure difference results in
the largest 6ptical density difference on the plate,

Plates are made from glass coated with an emulsion whid contains a dye

and a photosensitive material, Different emulsions give access to dif ferent
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Fige 3 Characteristic curve for 103 a-F
photographic plates at 6558 .
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spectral regions. Variation of silver hallde grain size within the
emilsion is used to get different sensitivity within a spectral region.
The characteristic curve is dependent on both these factors as well as on
the wavelength of the light.

Plates manufactured a£ differént times have slight variations in their
emulsions and consequently slight variations in thelr characteristic curves.
Even within the same plate the emulsion is not completely uniform, but this
is:not generally an important source of error.

It has been experimentally demonstrated that <y is a strong function of
both‘the time of development and the temperature of the developing solufion}u;hl
For this reason y is often referred to as the development factor. It is aléo
a function of wavelength.

There are several déviations from the general conditions discussed above
even.if the shape of the characteristic curve is well controlled, One of fhe

more important is called the ™reciprocity effect."ho’nl

A given exposure, E,.
does not result in the same optical &ensity'if thé intensity and the exposure
.time are varied over largé ranges. This effect becomes appreciable at very
high or very low intensity ievels”where the plates show an apparent'loss of

- sensitivity« For photometric work this plate characteristic requires identlcal
exposure times for comparison.of intensities.. It has been:shcwnho that for a
constant plate density, Tt® is constant where P is & éonstdnt of the order of
0.8, This is not valid over & large range, but is relatively good for a time
interval of several minutes‘to a few hourss In this work the effect should
not be appreciable, but can be entirely eliminated by using a constant ex-
posure time while varying the intensity.  Since only relative infensities

. are méasured in this work, only the relative reciprocity effect is of any

importance and this should be small,
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In the meesurement of optical densities from a plate, the Eberhard effect
must be considered. The chemical and physieal processes.occuring at the
boundary between a light and dark area of the plate cause anomalots effeets.
If an intensity step function of height from zZero to a finite value A is
used, the measurement of plate optical density will fall below zero as the
step function is approached.» It will rapldly rise above the density corres-
ponding to A as the step functlon is entered and then fall to A giving a8 true
: reading. This effect is attributed to migration of developer solution from

the low density region to the high density region.ho’hl

The developer is
exhausted in the hign density region and the'migrating”fresh‘developer
results in overdevelopment there at the. expense of the low den51ty devel-~

opment. Thisg means sharp lines could give 1naccurate characterlstlc curves
while a continuum source at the same wavelength and intensity should be
better,v

A method of pre-exposure Was used on most photographic plates in this
works. A tungsten filament bulb, run from a variable transformer and avtlmer,
vwas used as the light source. The entire plate was exposed to a lével of
light such that it was brought close to the linear reglon of the character—
istic curves In this manner, optimum use was made of any addltional light
failing on the plate. Weak features could be seen better since the region
of makimum photographic response was useds The gross fog of the plete is-

‘increased, bnt since interest in this work is in the accentuated weak
features, this loss of contrast was'unimportant.

v‘ In some eXPOSunes a longef development time was used, This procedure
also resnlts in an increase.of gfoss fog. There is an increase of <y which

is useful for detecting weak features.
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Because of the difficulties in accurately relating ﬁhe optical density
of a photographic plate to the intensity of'light cgusing the photographic
response, one should in principle calibrate each plate used at every wave-
length used. In practice, it is found that the shape of the characteristic
curve varies slowly as a function of wavelength and that the plate sensi-
tivity for small wavelength intervals in the wavelength regions of interest
is nearly constant. Furthermore, photographic plates produced at the same
time have negligible variations 1n photographic response when used in an
identical manner., This means that a characteristic curve sﬁould be ex-
perimentally found for each wavelength region of interest and this curve
can then be used as a basis for comparison for other plates at the same
wavelength, Extreme care must be taken.to insure duplication of develop~
ment conditions or the apparent photographic response will show significant

variatlon.
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IV, EXPERIMENTAL

A. §Eectrogrﬁphs

Two spectrographs were used in this work. A 0eT5 meter Spex.wés used
only fér identification of spectrs obtained from King furnace emiésion. The
Spgx has a Czerny-Turner kinematic mount for interchangsble gratings. A‘
 récipr6cal lineaf dispersion of about 10 &/mm was oﬁtained in first order
using 'a"’5000 R blaze grating with 1200 lines per millimeter. Its aperture
ié f/6;8.: This‘instfﬁment is readily‘converted to use with several photo-
»graphic and photdelectfic détectors. Polaroid type 413 infrared f£ilm rolls
were usédiinvthe red spectral region. Pélgroid type 57 four iﬁch'by fiﬁe:
inch film packets ﬁhich have a speed of'BOOO (ASA equivalént) Wére used fdr
aetection in the green spectral region. Polaroid_type 55 four inch by.five
inéh film packets give a negativé as Well as & positive which facilitafes
_-méasuring of spectral‘features. Both types;of.polardid packets have g pan-
chromatic type B spectral reéponse. Polaroid film and packets were ﬁséd for
preliminary wérk. More permanent exposures were recorded on'Kodak 103 a-F
phofographié plétes ﬁhose speétral response 1is nearLyUnifoim ﬁhroughout the‘
- visible region,

Quantitative reéults werevobtéined using a Steinheil threeeprism in-
.strumenf& Several interchangable configurations of:prisms and Lensés are
available with the Steinheil and this work made use of a Raman arrangement.
ItéTAPerture is f/h. 'Theicollimator focal lengthvis 195_millimeters and
the camera focal length is 255 millimeters. The reciproéal linear dis-
persion varied'with waveiength from about 30 K/mm at 5000 R to about liO K/mm .
" at 6700 . The entire visible spectrum appesars on the'photographic plate'

in'about six. centimeters. The focus of the instrument is noticeably curved
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in this optically fast arrangement. Simultaneous focus was obtained in
the two spectral regions of interest using ﬁhe cadmium red and green lines.
‘The resulting prism positions and other instrumental adjustments were kept
identical throughout thé course of this study. Kodak 103 a-F photographic
plates were used for detection. A slit size of .010 millimeters was used

in all exposures to insure duplication of the appearance of spectral features.

B. King Furnace

-l

A full description of the King furnace appears elseWhere.hg Figure
4 is a‘photograph of the external features of the furnace,

Pigure 5 shows a schematic diagram of the electrical connections. In
typical operation there was a potential drop of nine to ten volts along the
graphite resistance heating tube resulting in a current of approximately
1400 amperes. A 100 KVA step-down transformer with multiple connections
provided temperature range selection. Fine temperature adjustment was
obtained with a buck-boost variable transformer whose secondary was in
series with the step-down transformer,.

Graphite tubes with a bore of 1.25 cm were approximately 31,3 cm in
length with a hot-zone of 15,0 cm, A taper on the tubes in the hot-zone
minimized thermal gradients. It was observed that temperature variations
at 2100°C were normally less than 20° throughdut the hot-zZone. The tubes
were linedeith »0025 cm thick tungsten foll next to the graphite to
'_minimize the effect of reaction vascandium with graphite, Inside the
tungsten, .0025 em thick tanﬁalum foil was used to simulate the container
described later which was used in the molecular beam studies. At the ends
of the hot-zone, graphite radiation shields with a bore of °65_cm were used

to achieve a sharp temperature gradient to the water-cooied electrodes.
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Fig. 5 Wiring diagram of the power supply
for the King furnace.



Rare gas was added to the King furnace to hinder material loss to the
cold regions of the furnace, aid temperature equillbration in the hot-zone,
and, primarily, to prevent the acceleration of electrons. - At 'the operating
temperatures used, concentratlons of free electrons are such that apprec-
iable excitation of ‘the species under study could take place. A potential
dlfference of ten voltsvis sufficient to‘accelerate electrons to high
energies'relative to molecular energyvlevelst A pressure_of sixty'to one
hundred torr of argon at room temperature prevented non-thermal molecular
exc1tation at high- temperature.

Temperature measurements Were made with a Leeds and Northrop optical
pyrometer, catalogie number_8622—C-S. Corrections were applied'for windows

_on the King furnaceo The‘pyrometer Was'calibrated against'a pyrometer witn
known scale corrections in order to obtain the true temperature from the
scale readings. Reproduc1b11ity of measurements was better than five de—
grees. “Calibration uncertaintles are also the order of five degrees and
since this pyrometer was not calibrated from a primary standard the un-
certainty'is probably ten‘degrees at the temperatures used. The manufac-
turer’'s specified accuracy is about twenty degrees at'these temperatures.
It has been_shownh5vthat the temperature measured frOm the King furnace
walls approximate well the temperature of.a blackbod&.- Therefore the
emissivity of the King furnace walls is nearly one and no corrections were
applied for this effect. " |

Absorption experiments were done with the optical arrangement of Fig. 6

where all measurements are in centimeters. - The lamp filament was focused

- into the center of the furnace with a 1607 em foecal length lens.,. After

passing_thrOugh the furnace the image was again focused by a 22,0 cm focal
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" Fig. 6 Optical system for King furnace absorption.
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length lens onto an iris diaphragm, A cylindrical lens focused one
plane of the light onto the Steinheil slit while a double lens system
with a combined focal length of 6.5 centimeters filled-the collimator
‘lens inside the Steinheil. A He/Ne laser was used to assure accurate
: alignment of all optical compenents on the optical axis. Visible checks
,'ef the focus of the ienses could be made prior to heating the King furnace.
| Blackbody wall rediation, which could be minimized for accnrate nhoto—
metric studies, is of:impertence'in the King furnace, Direct radiation
from walls as well as light‘scattered from'particles‘end dust within the -
hot-zone must te cbnsidered, The opticai systen’ef:Fig. 6 shows several
' phetographic:cardboard'light stops which were used7to'prevent stray light
ffomventering the eptiCal path. A veriable iris diaphragm with a minimum
epening.of ) mn was placed at the focal point of the imege of thevcenter
of‘the furnace so that most of the wall radiation can be‘eliminated; ‘
Flgure T shows the schematlc w1r1ng diagram for the absorption lamp.
A General Electric SR-8 tungsten strip filament which has adequate llght
at both wavelengths was usedg It also has the advantage of hav1ng a fila-
ment whose emissivity has_been studied so‘that the spectrum can be calcu-
lated for the quantitative work. The lamp was operated well over its rated
six volts and eighteen amps. A”wattmeter was used te contrel iamp condi-
tions since it was felt thet the temperature could be mere.accurately
.repreduced in different expeniments by duplication‘Of'power input.: Any
detetioration'of the lamp filament whicthesults,in a small-resistance
~ change Wouldiiesult in different power levels if either the cuirent or
voltage were kept constant. Line voltage fluctuations were eliminated

withfa constant voltage transformer. A power level of 215 watts was chosen
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IBA 6V SR-8 Filament

Western Transformer Company
.200 kVA; 6-12 volts sec
(used 12 volt lead)

Power stat

—TYIIIIV)  0O-140 volts

f\dN Weston
A\ 0-375 watts

SOLA constant voltage
transformer

(YYTIIIVOGITY 415 volts

XBL6711-5673

Fige 7 Wiring diagram for the tungsten strip lamp.
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because it resulted in sufficient absorption by ScF in the furnace and
this power was used throughout this study. The measﬁred current to the
lamp was 20°85 amperes with variations less than .1 with different lamps
and with the same lamp invdifferent experiments.

Emission experiments used the same bptics as absorption experiments,
thus geometfical errors were avoided in comparison.. Temperatﬁre could be
measured during the course of an experiment through the window_uéed pre-"
viously for the absorpfion laﬁp. It was shown thﬁt temperature variations
with time were small and at noftimetgfeater than‘20° during the course of
‘several expoéures. | |

Thermal equilibrium could be reached within ten minutes or less, but
normally ét leastvfifteeh minutes of warm-up time‘ﬁere alloWs. Repro-
ducible femﬁerature meaéuféments before beginning exposures assured'thermal |
equilibration.'

Chromaficrabbérations in some lenses used gave slightly different
focal points for the wavelengths studied. 'This resulted in largé varia-
tions of relative intensities-upon smail variations ih lens. pésitions.
This probleﬁ was eliminated by trial ahd error tests of many different
lenses andvéptical arrangements, The final errors from thié source weré
_negligible, |

| Tﬂe purpose of these studies in the King furnsce was to relate Qb;
servéd equilibrium relativechF electronic traﬁéitionvintensitiesvto those
of the molecular beam, In order to awvoid errors due to the reciprocity
_effecﬁ of photographic plates, exposure times of the same:order of mag-

nitude were required. Neutral density filters were calibrated with a
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Cary double beam spectrometer throughout the visible spectral region.

In particular, the differences in density at the two wavelengths 6f in-
terest were recorded. These filters were then put in the optical path

before the iris dilaphragm so that exposure times of three minutes could
be used.

There is an apparent intensity difference at the singlet wavelength
(5115 &) and the triplet wavelength (6558 &) from the differences in the
sensitivity of the photographic plate and the differences in blackbody
intensitys. Experimentally the triplet becomes ovef—exposed at about the -
same exposure that the singlet approaches the linear region of the char-
acteristic curve. Three méthods were used to make intensity éomparisons
possible at the two wavelengths. By putting a 1,0 neutral dénsity filter
in the optical path on alternate exposures, the singlet and tripiet wave-

vlengths could be compared. In a series of thirteen exposures on a plate,
compensation could be made for material losses by taking suitable averages.
This method gave reasonable results, but because it is subject to several
errors resulting from the exposures being made at different times, 1t was
not tﬁe most satisfactory. Next a Corniné color glass filter 4-97 or a
Wratten 38 was used outside ﬁhe Steinheil slit., Calibration of the
Corning filter showed it to have a difference in trénsmission at the two
wavelengths of interest equivalent to a density of 1.26 at the triplet
wavelength; tﬁe Wratten filter was eguivalent to a density of .81 at the
triplet wavelength. Some exposures employed this procedure, but thevrapid
vafiation of transmission as a function of wavelength in the red caused
.backérbumd 1ight interpretation problems. The most satisfactory method

employed a 1.0 neutral density filter which was physically placed inside
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" the Steinheil in ront of the photographic plate such that it-coveréd
bnly the ied region of the spéctrum. In this manner.simultaneous meas-
ufements could be taken at both wavelengths.

- A gseries of ScF ahsorption exposures were‘taken oh 8 plate at a
measured furnace temperature of EiOOQC. The same exposure time of three
minutes was used for all exposures while different(calibrated neutral
density filters from .1 to ,9 wére used to vary the exposure. Similarly
a series of emission'ekposures were obtained either within the same ex-
perimeht or entirely independentiy. The tungsten strip laﬁp through‘the
identical-geoﬁetry was used to obtgin béth the éharacteristic curveé at

the two wavelengths and the measured relative intensity of the lamp,

c. Mblecular Beam

| The moleéulaf.beém apparatus was first used‘by'Walshh6’47 for work of
this fype. vHis:begm work ‘on gaseous lanthanum-mdnoxide46 was repeated;
Substantial modifications of the apparatus were required for this work
due to the differences in vapor pr0pertieslof SéF and those of IaOl.

. " The stable'room-temperature fluoride of scandium is ScF Calcula-

3+

tions based on.estimatésh8_of the thérmo&ynamic properties of thé fluorides

of scandium indicate that ScF3 is the principgl vapor species even ih the

presence of scandium metal, Fﬁrthermore, ScF2 is also an imporfanf vapor

»component;. However, the percentage composition of-fhe vapor changés such

that ScF ﬁécomes.g more important constituent aébthevtemperature is incfeased;
it was‘found‘using the unmédified'molecular beam apparatus that all the

~‘BcF, vaporized and the electronic spectrum of ScF was not observed. A

5

double crucible arrangement was developed which would allow control of
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the total vapor pressure at one temperature and the vapor composition at
s second higher temperature, |

Figures 8 and 9 show the shape of the crucible used., The other de-
tails of these two figures will be explained throughout the following text.

In order to prevent leaks due to non-uniform expansion from thermal
gradients, the crucible was machined from one piece of tantalum 2.5 cm in
diameter and 8.0 cm in length. The top portion of the container was 2,5
em in both length and diameter with a wall thickness of about 1 mm, The
bottom portion'was 1.25 cm in diameter and 5.5 em In léngth with g8 wall
thickness of about 2 mm, An extension of about 1,0 cm of the bo@tom
portion went into the top. Thus, liquid scandium could be held in the
top part of the crucible at the higher temperature. The cap of the
crucible was .62 cm thick With a circular orifice one mm in diameter.

In experiments ScF, powder of greater than 99.9% purity from Semi-

5
Elements Ine., D. S. Goldsmith Chemical or Research Chemlcals was placed
in the lower portion of the crucible. Circles of .0l cm thick tantalum

foil were fitted into the region directly above the ScF These pleces of

3’

foil were easily removable for replacement of ScF This portion of the

34
crucible acted.as a Knudsen cell with the leaks around the foll serving
as orifices, Scandium metal of greater than 99.9% purity from Research
Chemicals, Atomergic Chemetals Company or Bram Metallurgical was placed
in the top part of the crucible. |

A largé temperature gradient was achieved using this double crucible.
- In early experiments a Pt vs Pt/lO% Rh thermocouple was used to measure

temperatures at the bottom of the crucible. With the top at 2100°C, the

thermocouple read about 1000°C so the crucible barrel probably averaged
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XBL6711-5717

Fig. 8 The molecular beam heating assembly
with radiation shields.
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XBB 6711-6666

Fige 9 The molecular beam crucible with resistance heating element.



LB~

about 1300°C. No convenient method was available to get accurate meas-
urements except at the base of the crucible which means the effective

temperature of the ScF, can only be estimated.

3

The molecular beam chamber was evacuated with a 15 em diffusion pump,
NRC model HS6-1500, type 162, A Kinney KC-15 mechanical pump served as
both the roughing pump and fore-pump. A liguid nitrogen cold trap was
located between the chamber and the diffusion pump. A background press-
ure of less than 5x10_6 torr could be obtained at room temperature. In
normal operation, at least twelve hours of pumping at elevated temperatures
were required to reach these background pressures,

Power was drawn from a single phase 208 volt source with 30 ampere
fusess A T.8 KVA Superior Electric Company powerstat type 1256C controlled
power input and an Electro Engineering Works 20 KVA, h1.5:1 type E11824
step-down transformer determined the current drawn by the heating element.

A safety interlock system completed the circuit when adequate water flow
was passing through the electrodes for cooling purposes. Two number 00
welding cables carried the current to each of the electrodes. Two identical
pieces of .0125 cm thick tungsten foil 2.5 cm in height and 15 cm in length
formed the resistance heating element. As shown in Figs. 8 and 9, these
pieces of foil were shaped into concentric touching cylinders and attached
to 1.25 cm diameter tantalum rod with small force-fitted tantalum tacks.
The tantalum rod was fitted into a 2.5 cm diameter molybdenum rod. This

in turn was attached to the water-cooled copper electrodes with a copper
screw-on clamp. In operation, between 25 and 30 amperes were drawn at a
voltage of about 250 volts from the source supply after passage through

the variable transformer. $So at the heating element about 1200 amperes

were being passed and greater than 6 KVA of power was being dissipated.
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Extensive heat radiation shielding was required to make optimum use
of the power available. Figures 8 and 9 show part of the shlelding used.
Tantalum foll .0l cm thick was the material employed since it 1s easily
formed and has sufficient structural strength at the operating tempera-
tures. In contrast to the tungsten heating element which became very
brittle after one experiment, the tantalum radiation shlelds could be
used for many experiments. Close spacing of the shields was possible by
dimpling the foil thus allowing only point contact with adjacent shields.
In addition to those tantalum shields shown in Fig, 8, liberal use was
made of graphite felt. The entire assembly including the electrodes was
covered with a graphite felt rectangular box containing a circular opening
for the molecular beam.

The crﬁcible was supported by a connecting piece of tantalum to a
molybdenum rod. A water cooled copper connection as well as the water-
ccoled electrodes were all 1,9 cm in diameter and were sealed with Crouse
and Hinds number 396 rubber seals to provide simultaneous vacuum seals
and electrical insulation. All three vacuum inlets were adjustable so
that different molecular beam path lengths could be employed with only
minor adjustments.

Figufe 10 shoﬁs a schematic dlagram of the optical path of the mole-
cular beam system as viewed from the top of the beam chgmber. The light
source was & General Electric 120vvolt; 650 watt movieflood DWY lamp.,

The filament was a tungsten coil with iodine vapor inside the quartz
envelope. The lamp was operated on 110 volt AC power in an aluminum

shield from a variable transformer.
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Liquid nitrogen trap

= Crucible orifice
- Steinheil slit
Lens - \

/

Graphite felt
- Tantalum shield
—=——Filter holder

U.__——-——- Lens -

I

Water cooler

O Tungsten filament
XBL6711-5675

Fige 10 Optical system for the molecular beam,
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The water cooler which contained heat absorbing giass protected the
lenses and filters by removing infrared radiation. A 7.5 em focal length
lens focused the image of the filament through the filter and chamber en-
trance window to a point directly over the beam orifice,

Corning color glass filter 3-72 was used to prevent excitation of wave-
lengths shorter than that of the singlet transition. In this manner cas-
cading effects can be avoided. The combined effect of this filter and the
heat absorbing glass was equlvalent to a neutral density filter of 431 at
the triplet wavelength.

Fluorescence was observed at right angles to the exciting light., A
9.7 cm foral length lens focused the fluorescence onto the Steinheil
slit. bptical alighment was attained by placing a mirror above the
crucible orifice, Tﬁe lamp filament was focused onto the mirror and then
the Steinheil was positioned such that the filament image was on its slit.
The filament was 15,0 cm from the lens and approximately 2L.,5 em from the
ehtrance window, The Steinhell slit was about 11,2 cm from the lens on
the exit window.

Temperature measurément was done with the same optical pyrométer used
in the King furnace work. A glass prism on the cover of the molecular
beam chamber allowed a line of sight directly into the crucible. With
this method no corrections for emissivity of the crucible were applied
sincevthe cell should approach blackbody conditionss 'Correctioné were
applied for the prism,

The slit width, prism positions and other Steinheil adjustments were
identical to those used during King furnace exposures. A 1,0 neutral
density filterbinside the Steinheil adjusted the light levels so that

both the singlet and triplet wavelengths could be viewed simultaneously, -
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In a typical experiment the baékgfound pressure rose to approximately
leo’u torr where the mean free path for ScF in air is the order of 100 cm.
The temperature inside the crucible was 2080 to 2100°C and 25 to 30 amperes
were drawn from the source, Twelve minute exposures were taken. ,Alllthe
experimental details_varied from experiﬁent to experiment so that com-
parisons between any two different experiments are invalid, but there is

little effect of these variations on the relative ScF fluorescent intensity.

D. Photographic Methods

Kodek 3-1/4 by 4-1/4 inch 103a-F photographic plates were used.
Theif spectral sensitivityvis nearly identical at the two wavelengths
studiéd. There is a sharp fed cut-off beginning at about 6700 X, The
phoﬁogféphic épéédeasvéxpérimentally determinedztp be compafable to the
Polaroid type 57 packets, |
| A éonsﬁanﬁ ﬁemperatuféiﬁater bath was'ﬁaintéined at 20°C within .2°,
Kodak D¥l9 deﬁeidpéé;ﬁHunt safety acid stop and.Kodak Rapid'Fixer were
| kept in 1.5 gallbn stainless steel tanks in fhe bathe. vThe.acid'stop was
used ‘to raéidlyvterminate development at four minutes. After ten'éeconds
the,plate was put in the fixer bath for five minutes. Then the plaﬁes
Werevwashedifor at least thirty minutes, |

: Optical»dénsity megsurements were pérfo?med With,a Baird-Atomic Inc.
model CB densitometer andVWere reqorded on a Bristol model 560 strip chart_
recorder. The instrument allows measurement of densities from zero to
E.Q. Expériméntally the dénsityvrecorded is a function of focus and the
choice 6f zero densitys. Although these factors are small their effect

upon weak featuieé could result in unnecessary experimental uncertainties.



Averages‘were taken of several independent readings until the density
was cértain to .02 density units, It should be noted that the graininess
of the photographic emulsion caused an uncertainty of .0l units.
Characteristic curves obtained with the cadmium atomic lines at
5086 and 6438 & from an Osram lamp operated at 1.5 amperes proved sub-
ject to large FEberhard effects., These curves were unsuitable for photowm
metric work., In principle, the ScF emission features could be émpioyed to
obtain characteristic curves. Material losses during the course of re-
quired exposure times and furnace insfabilities make this method Inaccursate.
The tungsten strip lamp was used as the light source using the geometry of
Fige. 6. Since the ScF features are subject to the Eberhard effect to some
degree, this curve 1s a source of error when interpreting ScF features.
Constant exposure times were used while varying the exposure with neutral
density filters which were calibrated to give their true density as a
function of wavelength. :The characteristic curve was then plotted as the
optical density measured from the densitometér agalnst a relative log I
scale, Figure > shows the experimental characteristic curve for the
triplet waveleﬁgth for the photographic plates used. The characteristic
~curve for the singlef wavelength is nearly identical in appearance’with

a different log I scale.



50—

V. RESUITS

A. Methods of Interpreting Experimenfal Data

From Egs. (14) and (16) it can be seen that the beam fluorescence can
be related to either absorption or emission in the King furnace, Experl-
mentally the King furnace absorption and emission are compared through Ry
by using Eq. (14) and Ra is then used to calculate expected beam Iintensities.
It was.found that emission Intensities are more easily measurablé so ab-
sorption was used as a check oh the Ra values obtained from emission studies.

There is a background from the King furnace wé;is as well as scattering’
by optical components and dust in the furnmce. Because this scattering can
not be entirely eliminated and because its variation from experiment to ex-
perimehﬂ is in part unéontrbllable, its interpretation is crifical. The
phétographic response of the plate depends ﬁpon the toﬁal light intensity
reaching‘it including both emission and béckground., The messurable densities
are the peak density at the feature, D , and the estimated background
density, D,, chosen at the violet edge of the 3¢;?A violét-moét (0,0) band
head and at the minimum between the st (0,0) and (0,1) band heads.

From the tungsteﬁ lamp the shape of the characteristic curves aie known
- at each wavelength. The value of Iem.at each Wavélength is of interest and
can be obtained by converting'frbm Dp'and Db to Ip and I in these two sets

b
of relative units, It is known that

Ip = I + Iem. | - (19)
So from the two observed densities and from the known characteristic
curves for each wavelength
Iem = Ip - Ib
- 10lo8 I(Dp) _ 10108 I(Db).  (e0)
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log I(Dp) is the value of log I at the density DP and similarly for
log I(Db).

The blackbody intensity in quants per second per square centimeter
normsl to the source per unit solid angle per unit wavelength interval

(in centimeters) is given by the following form of the Planck equation,

r- % exp[(%ﬁ )_l l-l (1)

The intensity ratio of a blackbody at Tg to a lamp at Tf may be cal-
culated from Eq. (21) by including the emissivity of the lamp filament.

The one in Eq. (21) has been neglected.

I(x)lamp,ml . [ ome (Tg - T,) (o2)
= € 9 exp | - .
le)BB,T . NET T

The temperature of the previously desciibed tungsten sfrip lamp
filament was measured with the calibrated optieel pyrometer. Three in-
dependent trials were made for a power level of 215 watts. The agreement
between trials was as good as the agreement of measurements within one'.
trial. This is experimental proof of ability to duplicate'lamp conditions,
The measured lamﬁ temperature was 2587°C with an average error.of 6°. The
experimental pyremeter correction was such that the brightnees teﬁpefature
of this lamp is 2566°C or 2839°K at the wavelength of observation with the
pyrometer (~65QO ). Assuming a 92% transmission factor for the glass
shield of the strip 1amph9.the true temperature of the lamp may be cal-

culated.

101 ,
‘EE_ -F= - E; In [1,e(N,T)] (23)
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T is the true temperature,TB"the brightness temperature, A the wave-
length of observation, ey the second radiation constant, v the transmission
factor for the glass and ¢ the emissivity., Values for the emissivity of a
tungsten strip lamp have been reported?o as a functioh of the true tempera-
ture at various wavelengths. Extrapolation was required for the temperatures
used in this work, but the errors should be negligible, The true tempera-
ture of the tunésten strip lamp is estimated to be 3255°K‘with an error
of 10°.

For this lamp temperature and a blackbody at 2373 K (the King furnace

and molecular beam operating temperature), Egs. (22) and (12) may be com-

bined to give the working equation for determining Ra from King furnace

emission.

o I(s)
a(singlet) = 10,31 I(S)iuuKF;2;;3 and”
» - , amp, ;

| O I(t) ko |
oftriplet) = 4.88 I(t)i:;Kngzgs o
’ ' ' Dy
R ‘ :
RCZ = ol|'73 RemiKFJEBYB . : (2)4.)
lamp, 3235 o

Invabsorption studies in the King fufnace the observables &re the
density due to the lamp, Dl (chosen in the same manner that Db was chosen
in emission work), andva which is the optical density at the peak of the
absorption.feature. Erom thése two densities, I:SZ may be'obtained in a .
manher analogéus to that used to get Iem from Eq; (20). In order to cal_

culate o, Egs. (8), (10) and (11) are used to correct for that part of

Inet' ..
due to emission. -
abs v
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et Ilamp _
abs,T abs,T em, T
: g g g

Ty g, T , Igg, T,

Ilamp,Tl

I
lamp,Tl
Applying the calculation used in'EQS. (22) and (2Lh) at these tempera-
tures the working equation for determining Ra from King furnace absorption
studies is derived.
"et

322512222,. = .905 a(singlet)
lamp, 3235

= ,795 oftriplet) or

‘ . Rnet‘
R, = 878 LRSILEDD (26)
lamp, 3235

This shows emission makes & substantial contributionlto the 6bserved
optical density on the plate even though the lamp temperature is 862°
greater than the gas temperature, |

By the use of Egs. (24) and (26) the King furnace emisslon studies

are now comparable to the absorption studies.
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The units of an intensity have no absolute ﬁeaning since the char-

acteristic curves were plotted on an arbitrary log I scale.

Thils means

that all intensities obtained from these curves have unknown absolute

- values and, most importantly, the log I scales for the two wavelength

| regions are unrelated., In order to predict the ScF singiet infensity

from that of the triplet in the molecular beam the log I scales must be

" related. The true intensity may be obtalned at each wavelength by multi-

plying by a constant of'by'adding é'constgnt to log I.

log I(fri?let)

log I(singlet)

]

]

log I(triplet) +k |
T - (27)
log I(singlet)m +k i

The subscript m denotes the measured value‘obtgined from the measured

optical density and the characteristic curve. It should'be noted that these

constants include the photographic plate sensitivity.. -

The true value of Ra:may be obtained frdm the meaSuréd'values by

applying‘Eq. (27) to Eq. (14) which relates the true intensities.

Llamp . lamp: 3
Rabs,Tg » I:(t)abs,Tg I(S)lamp,Tz
R = - - = e X
a R, , | lamp I(t)
lamp,Tl I(s)abs,Tg lamp, T ,
lamp kN Kt
I(J"-')abs,Tlg,m 10 I(S)lamp,Tw,m 10
- . v
lamp k¥ 7 ' ¥k
. I(S)abs,'l‘g,m 10 I(t)lamp,Iz,m 10
Rlamp
ahs,Tg,m '
. (28)

. lamp,Tk,m v
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A similar procédure shows Ra obtained from measured emission results
gives the true Ra’ In order to apply Eq. (16) to the experimental reéults
the scales must be related. This can be done with the tungsten strip lamp
since the rélative intensity may be calculated as well as measured from the

aribtrarily chosen log I scales. By applying Eq. (27) we get

= log I(t) + k

log R lamp,Tl,m

lamp,TZ
(29)
14

- lo I(s -ko
g I( )lamp,Tz,m

Using the Planck equation as expressed in Egq. (21) for the experimental

condltlons-used in this study, the value of Rlamp;T

m@y‘be calculated.

]
. ) .
| a(t egt)\ he (A(t) - A(8) )
Rlamp,Tl - [ﬁx S ] c(s): P KT, At) A(s)
r- 3 »
- e S g | 8e190dA0 ] (30)
i ‘

By using the measured lamp temperature the two scales may now be related.

k - k' = ,38 - log R) amp, 5235, 1 : (31)

In order to apply Eq. (16) to the experimental data from the molecular
beam, one more quantity needs to be evaluated. ReX may be found graphically

51

from the paper of Studer and Van Beers”  to be 243 in relative number of
quanta or log ReX is 436, The experimentally determined value is .39 with
‘an average error from five numbers of less than .0l. The experimental

value is used in the following calculations.
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Taking logs of both sides of Eq. (16) which is in true units and
applying Eq. (27) to convert to the measured units we get

k* + log I(s) =k + log I(t)f p.y - log RR_ . (32)
I Lo
g .

f} B’ Tg

By applying Egs. (28) and (29), Eq. (32) may now be written in the
working form in terms of measured quantities.

log I(s) - log R,

£,8,2573 = 208 I(t)¢ 5 o373
- (33)

--log R <01

lamp,3235 ~ |
It should be noted that this equation does not include the correction
term for fluorescence discussed in relation to Eq. (16) or the correction

for the fllter and water cooler employed of .31l.

B. King Furnace .

| Table IV gives the experimentally déte%mined'values of log Rlaﬁp,3235’
All densities are the average of five or more densitometer tracings. The
values of log I are those taken from the arbitrary scales of characteristic
curves with corrections applied for the neutral density filters used.
Within a given plate:(the same number with a different letter in the ex-
posure number), the singlet or triplet intensity should be constant. The
average of these 43 values gives log Rlamp,3255 as 1.21 with an éveragg
error of .Ol.
' The value of log Ra'was obtained from the experimental log Rem by

& ing Eqe (24) and using the experimental values of log R .
epplying By (2k) g D ’ & Ry amp, 3235
Table V gives a summary of the data after densitometer readings were

averaged and gorrections for the neutral density filters were applied.
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Table IV, Experimental values of log Rlamp,3235
Exposure 6558 & Corrected 5115 & Corrected Measured
Number Density log I(t) Density log I(s) log R,
amp

Lo8- TI-A 1.52 3.21 ~ 1.90 2.00 1.21
-B 1.09 3.23 145 2.00 L.23
-C .98 3,21 1.k0 2,01 1.20
-D Rl 3,20 1.16 2,01 1.19
-E .28 3.21 54 2.01 1.20
-F 25 3,22 L6 2.01 1.21
-G .15 3,22 +30 2,01 1.21
-H +09 3.21 .19 2.00 1.21
-I .09 3426 o1k 1.99 1.27
4-28-TI=C 1.4k 3.49 1.78 2,27 l.22
-D 1.15 3.50 1,49 2.27 1.2%
-E .80 3.49 1.23 2.29 1.20
-F LT 3.h49 1,12 2.30 1.19
-G L6 3.51 .79 2,28 1423
-H .30 3,51 55 2.30 1.21
- 025 3.51 H3 2.29 1.22
-J W11 3449 .22 2,29 1.20
- =K .06 3.49 W12 2.28 1.21
4_28-IIT-B 1.5k 3,40 1.88 2.18 1.22
- -C 1,28 343 1.55 2,18 1.23
-D 61 341 1.03 2,21 1.20
-E 3k 3,43 .61 2.20 1.23

-F 22 342 RITe) 2.21 1,21
-G o17 341 o322 2,20 1.21
-H .09 3440 21 2420 1.20
-T .06 3,44 W12 2,22 1.19
428~ IV-A 1.52 3.19 1.90 2.00 1.19
-B .T0 3.18 1.1k 2,00 1.18
-C 29 3420 Bk 2,01 - 1.19
-D W15 3,20 #30 2.01 .-1.19
B .08 3,22 .15 2.00 1.21
4L-28- v-B .39 3426 1.31 2,08 1.18
- =C =58 3.26 1.04 2.08 1.18
-D «36 3,26 67 2,06 1.20
-E W33 3.28 +55 2,06 l.22
-F »20 327 3T 2,07 1.20
-G .10 3,27 21 2,08 1.19

- -H 1.34 3,25 1.4 2,03 1.22
-T .06 3.24 .13 2.00 1.24
-J 091 3.25 1.36 2,04 1.21
-K 17 3.23 3k . 2.00 1.23
-L 19 3.2k .82 1.99 - 1.25
-M 031 3.25 .57 2,02 1.23
Aversge 1.21+,01
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Table V. Experimental values of log R, from emission studies.

Exposure Method Observed Calculated
* . :
Numbe? Used log Ren52373 log Ra
hohs. I-K 1 1.h2 -.12
4 hs5. 1V-C 3 1.29 -e25
o -D 3 1.26 -.28
-E 3 1.29 25
-F 3 1.35 -»19
-G 3 1,37 -.17
-H 5 1058 —016'
-I 3 1.38 -.16
-J 3 1.50 -0k
-X 3 1.47 -207
-1, 3 1.43 -.11
» -M 3 1.49 , =005
hohs. TII-A 2 1.37 S A
L_57- ITI-D R 1.43 -.11
. _ . )+ l.)"'5 L N __.09
-F I 147 : © =07
=G L L.k ' -.07
-H L Lok + -.10
-I I 1.h7 _ ~07 -
R § ok 146 o -.08
L57- 1V-B 3 1.43 : -s11
-C 3 1.4k | .10
=D 3 1.k2 -.12
-E 3 1.48 -.06
-F 3 1.50 -0k
-G 3 l.b2 =2
-H 3 lc’"’l . "013
=T 3 1.45 , -.09
-J 3 1.b47 -.07
, Average -e12+,05
*lo "A 1.0 neutral density used inside Steinheil,
2. A time average with no filters.
3 Corning 3-74 filter in front of exposures.

L, erattén 38 filter in front of exposures.
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The methods employed have been discussed previously in the text. The
average was taken weighting exposure 4-45-ITI-A by four since four time
average exposures were used. The average value of log Ra is -.12 with
an average error 6f’.05 for 32 values. There appears to be no systematic
variation depending upon the method employed to reduce the triplet in-
tensity to that of the sipglet.

Equation (26) was-combiﬁed with the experimental values of log R

~lamp, 3235

net Table VI summarizes the

abs,KF,2373*

data. The average value for log Ra is -.0b with'an average error of ,08.

to ¢ébtain log Ra from the observed R

‘This is in agreement with the value obtained from emlission studies within
experimental uncertainties. Since the absorption features are more difficult
to measure and because the average error 1s larger, the value of log Ra from

emission studies was used for further calculations.

Ce Molecular Beam

Many trials were made with the molecular bedm apparatus. Initial
observation of the triplet ScF transition was'made without filters. Thé
- data reported here wereobtained with a 1,0 neutral density filter inside
the Steinﬁeil and using pre-expoéed plates;

With the results of the King furnace work, Eq. (33) may be applied to
predicf the singlet fluorescent intensity from the measured triplet flﬁor—

escent intensity in the molecular beam.

log I(S)f,B,2373 = log I(t)f,B,2373 - 0477 (34)

TablevVII summarizes the data from threé.experiments with differént
molecular beam path lehgths with average errors of measurement. The root

mean Square velocity of ScF in the beam at 2373°K was calculated from the
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Table VI. Experimental wvalues of log Ra from absorption studies.

Exposure ’ Method Observed Calculated

Number Used® log R obs log R,
Ch oo TeA 1 1.2k . =403
-B 1 1.27 . . .00
= 1 1.33 e .06
B 1 1.05 - ~2k
-E 1 136 .09
F 1 1.3 -0k
-G 1 1,16 -.11
-H 1 1.31 Ol
4h5-  I-D 1 1.6 -1
| E 1 1.16 o 11
-F 1 1.3 ' . 07
445 TTT 2 1.1 -.13
. | AVefage -.04+.08
*l. A 1.0 neutral density used inside Steinheil.
2. A time'average Wifh no filters.
3 Corning 3-Th filter in front of exposures.

L, Wratten 38 filter in front of exposures,
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Table VII. lH-IZ molecular beam fluorescent intensity.

Path Transit Calculated ‘Observed  Difference
Length (em) ~ Time (sec) log I(s) ~ log I(s)
9.2 C 8.2x 107 1,06+ .03 Sl £ .05 W55 t .06
10.2 9.2 x 1077 L.OLt ,02 ~  Ji2 % ,02 59 + 0k
11.8 Ll X zLo'l+ _ 297 LOb W3kt ,0h W63+ ,08

formula of Ramsey”~ to be 1.11x10” cm/sec, The transit time of ScF in the
beam to.thé céﬁtér of'the entrance window was calculéted using this number.
All data in Table VII comec frém measurements of small optical demsity
differences on photographic platess An uncertainty of about .10 should be
attached to the measured differences due to possible systematic errors.

It should be noted that the columns of log I(s) are not comparable since
they were obtained in independent experiments, but the-differences.are.

The apparent chahge in the direction of ;Z tb 5A.decay‘is within éxperi—
ﬁenﬁal uncertainfies. A lifetime of l..5><lO"LL seconds would produce. &
change of .09 units in log I over the extremes of path length employed.

Figure li shows a comparison of the absorption spectrum in £he King
furnace, the emission spectrum.in the King furnace and the fluorescence
spectrum in the molecular beam,

Self-abSorption in emission studies and deviation from the linear
curve of growth in absorption studies could be significant sources of
-error., The small SCF density in the molecular beam would give negligible
errors from these sources., On the other hand, the King furnace studies

are subject to large errors of this kind if the absorption or emission is
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'‘m-'s 3¢-3A
(0,1) (0,0)

King Furnace Absorption

King Furnace Emission

Molecular Beam Fluorescence

XBB 6712-6789

Fige 11 Comparison of exposures of ScFe



,_65_

strong. The apparent a.values were estimated by calculating the spectrum
of rotational lines near the observed heads from the known spectroscopié
constants, By approximating the lines as triangles, the apparent spectrum
and the true spectrum may be calculated as the sum of tfiangles. A com-
puter program was written to add the intensities at intervals of 0.0l K
using the Doppler Width for the true spectrum and the instrumental width,
cglculated from the reciprocal dispersion and the slit width, for the ob-
served spectrum. By comparison of the peak intensities, which were
normalized to identical area triangles, the true O values may be inferred.

23

Both -true & values were less than Th. This gives™ a correction of about
0.2 to 0.5% due to self-absorption, Since interest in this work is in
relative values, the net correction due to self-absorption or deviation

from the linear curve of growth is negligible.



66«

VI. DISCUSSION AND CONCILUSIONS ,
oy ' vlz+ 3
The moleciilar beam exposures demonstrate that both the . and “A
states persist in the beam after a transit time of aboutllo-h seconds.
This places a lower limit on the lifetime of the higher'energy of the two
states of from 10‘3:to;10'4 seconds. It would be'possible Within.experi-
mental uncertainties: of about 25 to detect intensity variations with

molecular beam path length for a lifetime in this range. The relationship

S ‘ . 'y
‘emong the f-value, lifetime (%) and energy difference is well—kncwn.5
f1= (mc/8H2e ) = o (35)

1

1449‘9'5‘%1 %
g(’z)

This formula is corrected fron'the reference for current values of
the physical'constants;v'xo represents the Wavelength of the transition.
“1n cme It is assumed here that the 12 is higher in energy than the 3A
although analogous arguments apply if the reverse is the case. The lGWer
and upper state degeneracies-are~represented’by g and gl respectlvely.

In Hund's case c where the selectlon rule A0 = O, #1 applies, the
transition 12 Al would be alloweds - The exposure ‘shown in Fig. 11 was
' taken With'the‘ ¢- A 1ntensity reduced by over a factor of ten»and it does
ot show the three triplet heads clearlys Earlier exposures taken with no
neutral density‘filter inside the Steinheil show that allvthree triplet
heads'appear.in molecular beam fluorescence with roughly the same relative
'intensity‘as in the King furnace. The degeneracy of the 3A1 isvtwo for the
case ¢ allowed transition, 'Equation (35) may then be written in terms of

o . s ) + .
the energy separation, AE in kK, of the 5A and 12' for this case,
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AE = (3.0 X 10'6/f 1)1/2 (36)

A complete discussion of oscillator strengths or f-values for mole-

25

cules is beyond the scope of this paper. The strength of one rotational
line is well-defined, but many measurements involve a band or sequence of
bends. Franck-Conden factors must be accurately known. Experimental dis-

5k, 56

agreements for atoms are éommon and the data for molecules &re sparse.
An estimate of the f-value for the lz+-3A1 transition may be obtained by
analogy to other molecules and a consideration of the coupling expected
for ScFy The f-value of interest here is‘for an electronic transition as
a whole including all vibronicrtransitions.

Table VITI lists combinations of assumed f-values with lifetimes of

+
> seconds to give the Bnergy limit of the %Z above the BA.

1o‘u and 10~
AF, is obtained from Eq, (36) and represents an upper limit since only the
lower limit of v is known from the molecular beam fluorescence. Clearly

the upper limit is very sensitive to the assumptions regarding f-values.

Table VIIT. The energy separation of the 5A and 12+.

. Assumed Assumed Energy
f-value . | lifetime (sec) separation (kK)
02 107 | L
107 - 107 | 505
107 107 | 17,0
107 : 107" | 5540

107 107 .6
107 | 107 | 1.7
107" | 107 | 5.5

1077 : 1072 - 17.0




68-

The f-value of the B3H0u+-12; transition of I2 has been calculated
56

from observed lifetimes’  to be approximately ZI.O-2 assuming a mean wavelength
of 8000 8. This would be the maximum f-value to be expected for ScF. An
anaLysis of thé»mixing of states of different multiplicity in SéF has not _
been done, but.it has been sﬁggested that there are reasonably large effects.l5.
it would seem that in viewvof'the large number of observed and predicﬁed
'chwflying électronic states that a high degreé of configuiafidn interaction
should occur. This would give substantial "triplet charactef“ to‘the.sing-
ilets and vice-#é:sa resuiting in a high f-vaiue for the iniercombinafion
transitién. ' »

It'éhould be noted that additional symmetfy restrictions in & homo-

" nuclear molecule like i2 would prevent miking of.étﬁtes Which'could mix
in an isoeleétrbnié heteronﬁéiear'moleculé.§ ‘Thuézié may be too restric-
tivé a case for determining what the upper limit of the f-Valﬁevmight be
" in ScF.

The'degreé to which a molecule approaches Hund’s'cqupling"case e frém'
cases a or b:may be esfimated in part by its molecular'weight;h Lighter
diatomic mbiééuies formed from'second and third row elements have more and
more evidence éf case ¢ chaxacter. The 3H>12 transitioﬁs have been ob=-
served and‘analyZed in AlBr56'and AlCl,57 The moleéular'wgight of ALCL is
.close to that of ScF and the molecules are somewhatAanalogpus in electronic
strﬁcture. ‘The observation id this case of dvforbidden transition is a
 strong.indicati§n that Alél has a significant degfee of &ase c coupling.
The‘d-orbita;s of Sc lead to a large numﬁer of low-lying atomic enérgy
levels (see Fig. 2) which impliés that ScF should havé a much larger effect
due to configuration interacﬁibn than AlCl. .Thus, ScF should have an f-

value considerably larger than fhat of AlCl.
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An indication of case ¢ character is the dif ference in spectroscopic
of the case a multiplet sublevels.59 In ScF the three rotational constants
of the 3A differ by about two percent. This may be taken as an indication
éf departure of the coupling from case a.

Perhaps the strongest evidence for a strong ScF intercombination trans-
ition.is the observed6o absorption from the 12 ground-state of GaF to both
the I and 3H states, This gives a direct indication of comparable transition
probabilities to the "allowed" and "forbidden" states.' The molecular weight
of GaF is only slightly greater than that of ScF and there are similarities
in bonding.

Frgm the varlous possibilities listed in Table VIII, it 1s felt that
a reasonabie upper limit on the energy separation is about 3,0 kK. This
estimate takes into account the available information indicating an f-value

5

the order of 10 ”. The lifetime could be of the order of seconds, since
only a 1limit has been established; in which case the energy separation 1s
considerably less.

The partition function of gaéeous ScF is probably best represented as
a sum of contributions from thfee states at most temperatures. It is

3

recommended on the basis of this work that the “A and_%ﬁ'be-treated as

-degenerate for thermodynamic purposes. The unobserved %A state 1s probably

from .5 to 2.5 kK above the electronic ground state and its contribution
to the partition function is important at most temperatures.

Table IX gives approximate spectroscopic constants for the three low-
lying states of ScF. The values are calculated from the data of Barrow

+
BA and lZ states. The constants for the lA are estimated

3

et al;2 for the

by comparison of the known lA and “A states of TiO and using the same
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Table IX. Approximate spectroscopic consta nts forchF.

35 | 1+ - o %ﬁ
T, (XK) | 0,0 0.0 | 2,0
'we (k) 68 | 756 | o 7 650
me}?e (k) o ' 5v005 | i 5»8 3 | : o v3'&l
B, (k) = 36823 L3950 . W37
o (k) . .05 . L0026 L0026

vpercentagé différences for ScF. The To values are estimates based on this
worke Table X gives the calculated free—energy function using standard

formﬁlas.6; The harmonic oscillator approx;mation was used.

Table X. The free-energy fUnction of gaseous‘scandium monofluoride

(cal/deg/mole).

T(°)  Trenslation Rotation Vibration" Eiectrbnic - FO;H?
D298 33s8 11T Lbs2 3.867  sR.6Th
1000 39.433 16,576 2,300 34899 62.008
1500 -hl;hhé | 17,129 2.821 : 3.9&8‘} . 65.344
éooo - he.876 17.748 5.209 0 3.997 - 67.870
2500 A43.986' 18,146 34589 Cho38 69.759

3000 41,890 18,506 f 3,892 | BoOTh - TL362

* _ s | 3. I+
Includes contribution from both the “A and 2 .
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Relative absorption intensity in the molecular beam may be calculaﬁed
from an equation similar to Eqe. (34). The relative fluorescence intensity
would be identical to that in absorption if all the light in the upper states
fluoresced to the same energy level from which it was originally absorbed. In
the molecular beam work account must bé taken of the Franck-Condon factors
from the initial state of fluorescence: the v = 0 levels of the lH and 3¢.

The internuclear distance of v = O of the 12?; IH;BA and 3¢ states using

the rotational constants of Barrow2 are calculated to be 1.79, 1.87, 1.86

and 1.90 ).y respectively. Since the change in internuclear distance for

the singlet (0,0) transition is greater than that for the triplet (0,0),

353

it would be expected that the A (0,0) transition would have the larger

Frgnck—Condon factor. Furthermore it is estimated that the Franck-Condon
factor for the J$—oA (0,0) transition should be larger than that for the
lﬂ¥;Z+ (0,1) since the v = 0 level of the lH should have comparable overlap
with several v". This would result in a calculated singlet fluorescent in-
tensity based on the observed triplet fluorescent intensity which is larger
than that which is observed. Table VII shows that this is the cdse; The
singlet transition is less intense than calculated by about a factor of four.
This seems to be a reasonable number to account for the expected Franck-
Condon féctors. |

If there is an allowed electronic transition, further reduction of the
fluorescent intensity from that expected is péssible. Table IIT earlier in
the text shows that there is an unobserved 2 state below the 3¢. The
transition 3¢—3H is forbiddenhvby the case a selection rule AA = 0, 1, In

addition it would be at an energy which is unfavorable relative to the

allowed Jqb-DA transition. Therefore, the 3¢-3H should take 8 very small
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percehtage of the light away from the 5¢-3A; ‘There are no other triplet
transitions to be expected.s

On the other hand, a lH—lA transition is allowed and the unobserved
_lA might be expected to be an important factor in the reduction of ob-
served singlet fluorescent intensity from that calculated.. This work shows
that this is probably nét the case. The ElHHAlA ié*at most of compafable
intensity and more likely Weakgr than the ElH—X¥Z+. In order to observe
the lA stdte, emission transitions involving other upper‘states must be
found. Both the C'3' and Bl have allowed transitions with the E'T
‘but their Wavelengths‘are less favorable. No effect was bbserved from
_thesé two étates.

Discussiéﬁs of experimental errors have beeﬁ included at appropriate
points withinvthe texf. The factor of foﬁr»reduétion'in-éinglet fluores-
cence iﬁtehsity from thaf calculated is felt to be,accuiétebwithin twenty
peréent. “It isrdifficult tovplace accuraéy limits on thé 12+-3Abenergy
separatioh siﬁce.the aséumptions involved with determihingva suitable f-
.falue are more uncertain than experimental errors. | |

As preﬁiouslj discussed, the corrections for éelf—abSOrption are less
fhan'one peréent, Furthermore, the Boltzmann factors Shéuld be similar
vfor the lZ+ and 3A1 states 5ecause of the sizevof kT compared to the energy
separation of the two states. The (0,0) R—hea& of the 3¢2~3A1 occurs at’
about J = 28 and the (0,1) R-head of the “TI-13' at about J =12, Therefore,

the.experimental value of Ra repreSents a ratio of fa values within ex-

bs

'perimental uncertainties and the uncertainty of relative population. Tt

may be concluded that the rafio of the 5 -3A hid value to that of the
: . - abs :

:LH‘]E‘,.'- iS O.8i5 °

-~



Thermodynamically the partition function of gaseous scandium fluoride
is better defined. Three electronic states make appreciable contributioné.
Spectroscopically it would be desirable to khow better the exact location
of these three states. The ScF spectrum is complex, but é careful analysis
of the weasker features may show an intercombination tranéitibn which is
capable of analysis. From the arguments presented, the f-value for the
intercombinations should not be too much smaller than those for allowed
transitions., An analysis of the emlssion spectrum of ScF should be under-
taken to locate the unobserved lA‘and 5H.states. Perhaps an analysis of

13

the observed™ perturbations may reéveal singlet-triplét interactions which

would allow the relative energy of the 5A and ;Z+ states to be better defined.
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