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MOLECULAR BEAM STUDIES OF SCANDruM HONOFLUOR]])E 

David W. Green 

Inorganic Materials Research Division, Lawrence Radiation Laboratory,. 
Department of Chemistry, University of California, 

Berkeley, California 

ABSTRACT 

The molecular beam method used previously to fix the electronic ground-

state of lanthanum monoxide has been modified and extended to scandium mono-

fluoride. King furnace equilibrium studies of the intensities of the green 

~-~+ and red 3¢_36 transitions have given the relative transition pro-

babilities from both absorption and emission. From this data the expected 

relative intensity of the transitions in the molecular beam has been calcu-

lated assuming no radiative intersystem decay. The relative fluorescent 

intensity at various molecular beam path lengths indicates that both the 

~+ and 36 states of ScF persist at least as long as 10-4 seconds. A maximQ~ 

energy separation has been estimated to be 3,000 K (cm-l ). 

The thermodynamic 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 ~+ and 36 states. In addition, an 

1 
unobserved 6 state should be thermodynamically important. Free-energy 

functions have been calculated using the best data available from this work. 

It has been estimated that the ~_16 transition has a small f-value and . 
will be weak in emission compared to the ~-~+. 

of the' 3¢_36 to tr~t of the ~_l~+ is Oo8±3. 

The ratio of the f b value a s 
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I. INTRODUCTION 

A very successful model has been developed for atoms which predicts 

the lowest-energy electronic configuration. The lowest spectroscopic 

state arising from a given configuration may be obtained by applying Hund'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 o In some cases, energy levels of several positive ions have 

been determined from their spectra. 

In striking contrast, few energy levels are known for most diatomic 

molecules. With the possible exceptions of N
2

, CO and other ten valence 

electron molecules, most diatomic molecules have relatively low-lying energy 

levels which have not been spectroscopically observed. In many important 

molecules even the electronic 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 important high

temperature vapor species, yet only a few of the molecular states arising from 

ground-state atoms have been spectroscopically 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 neithe~ 

is presently capable of accurately resolving cases of nearly degenerate 

levels. This is especially true for the transition metal oxides and halidei 

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. 



-2-

In high-temperature systems such as plasmas, jets or flames the 

chemistry is quite different from the more familiar room-temperature 

chemistry.1 Unusual valence states have been observed. Diatomic mo1e-

cu1es which are essentially non-existent at lower temperatures can become 

dominant vapor species at elevated temperatureso 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 data are lacking for many systems, in part due 

to the experimental difficulties of high-temperature stUdies. Free-energy 

functions obtained from· statistical mechanical calculations are often more 

accurate than experimentally determined values. A third-law experimental 

approach normally makes use of a calculated partition function to obtain 

heats of formation. The free-energy function may be calculated from the 

partition function, Q, as follows for a diatomic molecule. 

o 0 

~ ( F ~ HO) ::: R 1n Q (1) 

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

lationa1 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: 

= ~ 
all 

state s 

g. exp( -E. /kT) 
~ ~ 

(2) 

C:,-I 
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th In Eg. (2), gi is the electronic degeneracy of the i electronic 

state and E. is its excitation energy. Normally only a small number of 
1 

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 ~ 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 states~ 

For example, for scandium monofluoride the lowest known triplet state 

is a 
3 ~2 

6 and the lowest known singlet is ~. If the singlet's contribu-

tion to the partition function were negligible because the tr~plet were 

considerably lower in energy, then there would be an electronic contribution 

-1 -1 of 3.58 calories degree mole to the free-energy function. On the 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 rotational and vibrational components. Since the vapor pressure of 

a species is 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 function. 

Another example of a slightly different kind is magnesium oxide where 

1 + 3 
the lowest observed state is assigned ~. Molecular orbital considera-
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tions l predict a low-lying 3rr and 32:+ with degeneracies 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 

function at high-temperatures if they are low-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. 

Scandium monofluoride was chosen for study primarily for three reasons. 

Scandium is the lightest element with a d-electron in its ground-state 

atomic configuration. In aerospace applications and other high-temperature 

systems metals undergo chemical reactions with gaseous oxides, halides and 

nitrides. Diatomics and polyatomics are formed which involve bonding by 

d-electrons. The role of d-electrons is not well-understood and accurate 

predictions of the energies of low-lying electronic states is not possible. 

It seems incumbent to understand well the behavior of scandium in forming 

simple diatomics in order to allow some estimates to be made of the thermo

dynamic and bonding properties of all transition metal high-temperature 

species. Scandium fluoride is isoelectronic in valence electrons with 

titanium oxide. The TiO spectrum 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 relatively low temperature is required for obtaining 

significant SCF vapor concentration. Many experimental errors increase 

rapidly as the temperature is increased so that low working temperatures 

are desirable. 
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II. PREVIOUS RESULTS 

Ao Methods of Determining Electronic 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 "forbiddenll intercombination transition. This method is applicable 

to those molecules where sets of transitions of different multiplicity 

have been analysed. Such is the case inScF 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. In 

heavier diatomic molecules where Hundfs coupling case c is more closely 

approached, the selection rule 6S = 0 is not rigorous.
4 

This means that the 

intercombination bands will have a larger transition probability. The strong 

visible bands of I2 are, in Hundfs coupling case a nomenclature, a 3rr_l~+ 

electronic transition which would be a forbidden transition if the coupling 

were pure Hundts case a. However in diatomic molecules of the first transi-

tion series, it is expected that most molecular states will be closer to 

Hund f s case.s a or b rather than case co The selection rule of 6S = 0 has 

applicability and intercombinations 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 allowed 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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posure times required would blacken the photographic plate with lines of 

allowed transitions. 

Even though it does present experimental difficulties of some magnitude, 

analyses of intercombinations is an exact method. Not only can the elec-

tronic ground-state be determined, but the relative energies of all observed 

states will be known. The thermodynamic free-energy function is then sub-

ject only to errors caused by the neglect of unobserved states. 

A second method which also has the advantage of determining relative 

energies as well as the identity of the ground-state is an analysis of 

rotational perturbations. This method is also applicable to diatomic mole-" 

cules where sets of transitions of different multiplicity are obse~ved. 
When rotational energy levels of two electronic states have about the 

same energy at the same J values, they interact subject to certain symmetry 

and overlap restrictions.4 This interaction is a mixing of the two energy 

levels such that each one takes on some of the characteristics of the other. 

These hybrid states repel one another resulting in the appearance of spectral 

rotational lines at energies other than what would be expected from the ob-

servation of lower and higher rotational levels. One of the selection 

rules is that the electronic states should have the same multiplicity.. As 

in the case of intercombination bands, 6S = 0 breaks down as the mass of the 

diatomic molecule increases. It is these forbidden perturbations Which 

yield information about the relative energies of states of different multi-

plicity. High resolution spectroscopic instruments allow measurement of the 

positions of rotational lines to within .02 K in most spectral regions. A 

Kaiser (K) is equivalent to wave numbers of cm-l • Very small interactions 

can be detected by accurate measurement. 
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This method has been utilized successfully in the analysis of the 

5 6 spectrum of C2 ' where shifts of equal magnitude and opposite direction 

were observed in the At 3:6- and the x ~+ states.. In this relatively light g g . 

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 it 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 a vibrational band 

that can be analyzed. Despite these limitations, this method seems to be a 

potentially useful tool for molecules other than C
2

" 

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, nand m, is given by a product, 

-11, m 4 
J.. ex v em nm exp ( -v. hc /kT ) n 

where v is the frequency of the transition, Rnm is the matrix element of nm 

the transition and v is the absolute excitation energy of the upper state, n. 
n 

This intensity may be compared to the intensity of another transition 

between states nt and mt where nt and mt are of different mUltiplicities 

than nand mo Let R(Tl ) and R(T2 ) be the ratios of intensity of the two 

transitions at two different temperatures. 

K e = 
exp[-vn (1/T1 - 1/T2) hc/k] 

exp[-vnf (l!Tl - 1!T2 ) hc/k] 
(4) 
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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 ~v,. the energy difference between the two upper emission ~' 

states. 

This method has been applied to Ti07 where the energy separation be

tween the l~ and 3~ has been determined. 

Principal errors of this method are concerned with the measurement of 

accurate temperatures and intensities. A knowledge of the experimental con-

ditions is required in order to interpret observations. Equation (3) 

assumes an equilibrium at temperature T which is never exac~ly true in a 

high temperature system.. Line shapes and self-absorption corrections must 

be applied. There are also other temperature-dependent errors which can 

lead to erroneous interpretations of data. 

A study of relative intensity vs temperature is, in principle, a good 

method for determining not only the electronic ground-state but the energy 

separation of states of different multiplicity. The experimental problems 

are great and accurate results are difficult to obtain. If the previously-:

mentioned methods cannot be applied,. then this method serves as an indica-

tion of which states might be law-lying. In cases of large energy separation, 
", 

this method may, despite its limitations, give the electronic ground-stateT 

and the energies of excited states accurately enough for the determination of 

the partition function at most temperatures. 

Another method which has been applied to several diatomic molecules is 

matrix isolation. High-temperature species are "isolatedll at law temperatures 
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by surrounding the molecules with "unreactive" atoms or molecules, usually 

a rare gas. In this manner the gaseous phase is simulated at liquid hydro-

gen (200 K) or liquid helium (4°K) temperatures~ The Boltzmann excitation 

at these temperatures is small such that only low rotational levels of the 

first vibrational level of the lowest electronic state has any appreciable 

population. Light absorption by the isolated species 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 

8 
phase, differences larger than 1000 K have been reported 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 interactions appear to bea complex sum 

of several factors including geometry, molecular size relationships, polar-

ization effects, and energy transfer within the matrix system. 

A particularly troublesome case is that of C2 where the gaseous phase 

excitation of the x3rr is approximately 600 K. In matrix isolation studies, 
u 

8 absorption transitions have been reported involving both this state and the 

gaseous phase ground-state, x~+. 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 isolation. 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 diff'erent host matrices 

,,,here 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 matrix would 

probably eliminate any possibility of simultaneous Boltzmann excitation 

of the two electronic states. 

Until more theoretical and experimental data are available, matrix 

isolation techniques have severe limitations for this kind of high-tempera-

ture problem. It is not clear, for example, what the relative interaction 

of two electronic states of different multiplicity might be.. In cases of 

nearly degenerate electronic states, it is not clear whether the lower 

state in the gaseous phase always remains the lower state in matrix isolation. 

As with the method involving the temperature dependence of intensity, matrix 

isolation should determine the electronic gaseous-phase ground-state in 

cases of large energy separation. 

It should be pointed out that no information is obtained from matrix 

isolation about the excitation energy of other low-lying states. In Order 
. . 

to determine the partition function of a vapor species, it is necessary to 

know in some cases the excitation of low-lying states. If, for instance, 

the electronic ground state of ScFwere ~+, the partition function could 

still be dominated by the 3D- state because of its large degeneracy if the 

3D-were within a few thousand wave-numbers of the ~+ in the gaseous phase. 

Matrix isolation is a potentially useful tool. It frees the spectrum 

of much complexity and overlap because of the small degree of thermal ex-

citation. The method has been applied to several diatonilcmolecules in 

several host matrices and does appear to have wide applicability. It may 

well be possible to extend the scope of useful high-temperature information 

available from studies of this type when accurate interpretations become 

possible. However, until this happens, interpretations of gaseous phase 

:,., 
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properties of diatomic molecules from the observed matrix isolation spectra 

should be done with regard for the limitations of the method. 

Computers have made possible quantum mechanical calculations 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 of atomic orbitals in a 

molecular orbital scheme. A full discussion of this field is beyond the 

scope of this paper.10 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 energies in 

those cases where levels of different molecular orbital configurations are 

nearly degenerate. Correlation energies, which form a substantial portion 

of the total energy, are semi-empirical estimates of factors not accounted 

for in the molecular calculations and are subject to sizable errors in 

some cases. The quantities af 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 

. 2 11 12 13 assoclates .. ~ , , 0 Partial rotational analysis has been completed on 

transitions involving seven singlet and four triplet electronic states. 

Their experimental work was done in a carbon tube furnace at temperatures 

around 2000o C. The spectra were observed both in absorption and thermal 

emission. The lowest observed states of each multiplicity are ~+ and 36 _ 
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The energies of the singlets relative to one another and the triplets 

relative to one another has been well established.2 Absorption was seen 

at 20000 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 0 

Matrix isolation of ScF has been accomplished by McLeod and weltner14 

using an inductively heated tungsten cell containing scandium metal and 

scandium trifluoride. They studied absorption from neon matrixes at 4°K 

. 

and correlated their observations with the gas eous phase singlet transitions. 

Matrix shifts up to 500 K ,were observed although most were smaller 0 Extra 

features especially in the infrared were attributed to multiple sites in 

the matrix lattice and to other fluorides of scandium. .Some features ob-

tained in fluorescence in the matrix were not explained. It appears 

reasonable to conclude that the matrix isolated state of ScF corresponding 

to the gaseous phase ~+ state is the lowest .electronic energy level in the 

neon matrix. 

. .. 15 
Calculations for ScF were done by Carlson and Moser using the method 

of Roothaano Their preliminary results gave a 36 electronic ground-state, 

but an extended basis set with corrections for correlation energy applied 

gave a ~ + ground-state. Calculations we!'e simultaneously done for the 

isoelectronic TiO molecule and comparisons were made for the three lowest 

states. 2 1 + From the a molecular orbital configuration We get one state, L:, 

while the low-lying aD configuration gives both 36 and 16 molecular electro~ic 

states. The values calculated by Carlson and Moser for the T values (term 
e 

energy of the e1ectronicstate 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 Io Calculated15 term energies for ScF and TiO in K. 

Molecule State T (calc.) T (calc. + corr.) T (obs.) e e e 

1 
176 2610 6, 

ScF 36, -4540 460 

] + 
L: 0 0 0 

16, 4430 2150 580 

TiO 36, 0 0 0 

~+ 13240 6690 2290 

The ~+ is chosen as the zero of energy in ScF while it is the 36, in TiO. 

The first column is the term energy calculated using their extended basis 

setb 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 involvedo 

The third column contains the observed values where they are known. The 

~+ state of ScF is taken to 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 ~+ and 36, in TiO assuming the experimental values 

to be correct. If the same magnitude of error applies to ScF, then the 

ground-state could well be either 36, or ~+. If the errors are larger in ScF 

than in TiO, the electronic partition function at most temperatures is un-

certaino Its error could easily 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-

tronic in valence electrons and it would be expected on the basis of 

molecular orbital considerations that their electronic spectra should show 

similarities. The electronic spectrum of TiO has been known for some time 

and its spectrum has been well studied.7,16-33 ZrO is less studied, but 

its spectrum is also reasonably well~known.24,31,34-38 The correspondence 

of the electronic states of these three molecules is shown in Fig. 1. The 

data are assembled from previously mentioned references. Data are not 

available for all the energy separations so some estimates were made. For 

TiO the 36~16 separation was taken from the work of Phillips. For ZrO neither 

L + 1 " "h' L + 3 t'" 'kn Th 1",+ t ha the ~'- 6 separation nor t e "~ - 6 separa ~on ~s own. e ~ sate s 

'been seen in matrix isoiat ion38 so .it was chosen as the ground-state. It is 

expected from Hund '8 rules that the 36 is lower in energy than the 1,6 since 

both states arise from the same molecular orbital configuration. This 

separation was taken to be the same !;l.S in TiO and the 36 was arbitrarily 

put at 1000 K. For ScF the ~+ and 36 were both put at the zero of energy. 

1 
The .6 has not been observed in this molecule and was put at 2000 K. 

The similarities are noticeable from this energy level diagram. The 

three low-lying states are probably nearly degenerate in all three molecule s. 

The second excited observed singlet state is a luforall molecules if we 

assume that the unobserved 1,6 state is below about 5000 K in ScF,. The first 

observed excited triplet is a 3¢ and a 3n lies slightly above in all three 

molecules. 
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Using the TiO and ZrO energy levels, we might predict ~or ScF the 

3 ~-+ . I near degeneracy o~ the 6 and .~. There should also be a low-ly1ng 6 

state possibly within 2000 K o~ the ground-state. Perhaps there is a 3 b. 

excited state near 20,000 K. Care should be taken in empirical correlations 

o~ this sort. It is by no means clear ~rom these considerations what might 

be the electronic ground-state. This correlation does appear to be use~ul 

as a starting point ~or suggesting use~ul experimental methods to resolve 

some o~ ~he energy di~~erence questions o 

It is use~ul in many molecules to consider what molecular states arise· 

~rom the combination o~ low-lying atomic states. The electronic ground-state 

o~ ~luorine is 2po ~rom the Is22s22p5 co~iguration. The ~irst excited state 

is over one hundred thousand wave numbers higher in energy39 and need not be 

consideredo 
. 2 2 . 

The ground-state of scandium is n ~rom the 4s 3d open-shell 

configuration. Furthermore scandium has low-lying electronic levels ~rom 

the 4s3d4p and 4s3d2 configurations which may well combine with the 2po 

state of F to give low-lying molecular states. Figure 2 shows those states 

.of scandium below 30,000 K. Table II lists the states which arise from the 

combination o~ ground-state F with the low-lying states of Sc.4 

There are eighteen molecular states arising ~rom ground-state atoms 

alonE~o It is di~~icult to predict ~ priori which of these states might be 

stable. There are, furthermore, a multitude of electronic molecular states 

arising ~rom low-lying excited atomic states. In addition, the three molecu

lar states arising ~rom sc+C3n) + F-ClS) should be considered. In a diatomic 

molecule formed ~rom atoms o~ such di~ferent electronegativity, these i0nic 

states could be quite low in energy. 

I. 



-17-

30 

25 

25 ------2p 
20 2G 

4p dsp 
2D 

kK 
2F 15 

4F d2s 10 

5 

o 
\ 2 
ds 

XBL6711- 5677 

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 Multiplicities 
State State of ScF 

2D 2po ~+(2), "Z,-, TI(3), 6(2),¢ 1,3 

4F 2po + 
"Z,-(2), TI(3), 6(3),¢(2);. r 3,5 "Z, , 

~ 2po + 
~-(2), TI(3), 6(3),¢(Z), r 1,3 ~ , 

4
F

o 2po ~+(2),):,~, TI(3), 6(~),¢(2), r 3,5 

4
D

o 2po "Z,+, "Z,-(2), TI(3), 6(2),¢ 3,5 

It Ehould be evident that this approach gives little usefui informa-

tion about which molecular states are low-~ing or which state might be 

the ground-state. In general, this is not true, but for transition metal 

diatomics this is often the case. The d-electrons give rise to atomic 

states of high angular momentum. Coupling of these momenta to those of the 

P states of oxygen or a halogen gives a large number of molecular states. 

The proximity of the s, p and d orbitals complicates this approach since 

low..;~ing molecular states may dissociate to excited atoms. And finally, 

the molecular states arising from ionic configurations cannot be neglected. 

These considerations demonstrate well that the spectra of diatomic 

molecules formed from transition metals can be expected to be complicated. 

There will be numerous allowed transitions. In a.ddition it is expected that 

interactions causing perturbation and predissociation will be common. 

A different approach is to consider the molecular orbitals involved. 

Neglecting the inner filled main shells of scandium and fluorine, the 01'

bit.als of importance should be the 2poand 2p7r from fluorine and the 4so, 

4.prr, 4po, 3do, 3do and 3d7f of scandium. It has been shown15 that this 

-. 

'" 
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population analysis is a good approximation to the molecular orbitals of 

ScF. Table III suggests molecular orbital configurations for the observed 

states of ScF. All states observed, with "the exception of the highest 

energy 16 , can be accounted for by considering the Sc 3dcr, 3dn, 3do, 4pcr 

and 4pn orbitals as low-lying. The lowest three states come from the 

nearly degenerate 3dcr and 3do orbitals. All excited states are various 

combinations of other low-lying orbitals with these two. 

This method is a useful approach to ScF in some respects. As applied 

here it is used after states have been observed. It might equally well 

have been used to predict the ScF energy levels by looking at the observed 

TiO 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 approach is also limited in accuracy 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 to the thermodynamic properties'of ScF. The unob~ 

served 16 should be within 5000 K of the ground-state and perhaps even lower. 

A 3rrstate which is unobserved in. TiO, ScF, and ZrO should, by Hundts rules, 

be lower than the ~ 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 Experimental Approach 

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

acteristic is the A3¢_X36 with (0,0) heads at 6523, 6540 and 6558 ~.13 It 

is red degraded and free of significant overlap from other bands of the same 

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

Molecular Orbital Molecular Approx. Observed 
C oni'igurat ion State Energy (kK) 

2 2 4 'da 3Ll 0.0 pa sa PIT do 
III 

di <~T. 0.0 

dO' . drr 3rr 
1rr 10.6 

do d7r \p 15.3 
3rr 18.3 
l¢ 

~ 20.3 

da 'pa 3Lt 
~+ 16.1 

da PIT 
3rr 
~ 26.8 

do ·'PIT 3¢ 27.2 
3rr 
l¢ 

~ 34.9 

(0,1) head of the E~"'X~+ transition at 5115 1 is also strong in low re-

solution.. These two transitions involve the lowest states of, each multipli

city, namely the ~+ and the 36• The relative intensity of these two trans-

itions depends upon the population of the states involved, <th€ oscillator 

strength or f-value of the transition and the method of excitation. 

The strengths of these transitions were compared in a King furnace 

which is a good approximation to thermal equilibrium. They w~re again com-

pared in a molecular beam coming from a cell of the ,same temperature after 

a transit time of approximately 10-4 seconds. Should intersystem radiative 

< •• 

fi" 
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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 Hundt s coupling case c the 3 ~ to :s::~ 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 ~+ (or 36 ) is dependent on the degree of case c coupling and the energy 

separation of the two states. Rough estimates indicate the lifetime could 

-4 be either 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 I 

,. (6) 

R is the ratio of intensities of any source at two particular wave-

9 3 3 1-_1-+ lengths, namely, the 6558 A ScF ¢- 6 (0,0) band head and the ScF -IT ~ 

(0,1) band head (~5ll5 1). All intensities are given in terms of number 

of quanta per second per square centimeter 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 particular wavelength after passing light from a 

lamp at a temperature T2 through a column of gas at a temperature Tg is 

given by: 

I = I _ I lamp + I .. 
observed lamp,T

2 
abs em 



l~~:P is the intensity of light coming from the lamp that is absorbed ". 

by the gas. self I is the intensity of emission of the gas and I b is the em a s 

absorption by the gas of the emitted light. 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. 

l
net = 
abs 

= 

I lamp, Tp' lob served 

l lamp _ I 
aba em (8) 

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

used in the King furnace 

l(sing1et) . KF T = l(singlet) b KF T em, 'g' . as,., g 
a.nd 

l(triplet)em KF T = l(triplet)abs ~, T 8~ 
, 'g ,!U, g -

R KFT =Rb KFT T· em, 'g a s, 'g = .£ 

This is a statement of the reversal condition. net 
labs becomes z.ero in 

Eq~ (8) or I is equal to lIa T _ T in Eq. (7). " observed mp, g - P. 

At each wavelength, a is the absorption coefficient. 

a = 
r:unP 
abs 

I 
lamp,T P. 

(10) 

Now a i8 directly observable only when I is negligible compared to em 
. I lamp or from Eq. (8) when ~bet 

abs a s 
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If a blackbody at the gas temperature were used as a lamp, then from 

the reversal conditions for either wavelength: 

a = 
I em,KF,Tg 
I 

BB,Tg 

(11) 

The relationship between King furnace absorption and emission is now 

established. Experimentally a lamp at T2 is used instead of a blackbody 

at the gas temperature, but the relationship of lamp intensity at T2 to 

blackbody intensity at T is easily calculated from the Planck equation g 

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. 

a = 

Ilamp 
abs,KF,T 

g 
I -
lamp,T 2 

:: 

I -
em,KF,Tg 

I 
lamp,T 2 

I lamp,T 2 
lBB T 

r g 

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

aCt) 

Rem,KF,T = aCs) 
g 

= 

l(t)BB T 
. 'g 

l(S)BB T 
, g 

(J2) 

(13) 

The letters sand t represent the two wavelengths of interest (6558 

and 5115 1). By a similar consideration of Eq. (J2), the ratio of ex values 

may be obtained from King furnace absorption studies. 

R em,KF,T 
g 

= 

Rlamp 
abs,KF,T 

g 

Rlamp,T 2 
(14) 
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It should be noted here that in the ratio of a' s the dependence of' a 

upon the absorption path length and gas density will divide out if' the same 

system and geometry are used for both the singlet and triplet intensities. 

Thus, the a ratio depends on1:y upon the relative triplet and singlet tran-

sition probabilities. 

In the molecular beam, fluoresce-nce is observed at right angles to an 

exciting light source. If we assume no significant population change of 

the lowest singlet and the lowest triplet during the beam transit time, 

then the equilibrium relative intensity measurements of the King furnace 

may be applied to determine the- expected. relative intensity in the beam. 

The fluorescent intensity observed depends upon the transition probability 

to the upper state of' each system and the intensity of' the exciting light 

at that wavelength. In addition there is a geometric factor which includes 

the differences between the geometry of the beam and that of the King fur-

nace as well as the fact that f'luroescence takes place in all directions. 

This geometric f'actor is the same f'br singlet and triplet so it will divide 

out in the intensity ratios. The ratio of' fluorescent intensity in the 

beam is given by: 

a(t) I(t) 
R ex = a(s) I(s) f,B,T g ex 

= Ra Rex (15) 

Rex is the ratio of' exciting light intensities at the triplet and 

singlet wavelengths. 

oj .. 

'. 
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An implicit assumption in this 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 these two factors. This correction factor involves the Franck-Condon 

factors within the states under consideration 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 Franck-Condon factors will tend to cancel in part. 

The transition from the lu state to the unobserved l~ may be of sufficient 

intensity to change the expected relative intensity. This correction factor 

may be distinguished from intensity change due to intercombination radiative 

decay by studying relative intensity asa function of the molecular beam 

path length o Whereas radiative decay isa fUnction of the beam transit 

time, this correction factor is the sum of factors which are only functions 

of the molecule's relative transition probabilities. Except under unusual 

circumstances, this correction factor will not be a function of the beam 

tranalittime. Therefore this correction fa.ctor" 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 prediction of the 

singlet intensity from the observed triplet intensity. 

I(singlet)f B T = 
, 'g -

I(triplet)f B T 
, , g 

L 
R· R -. ex ex 

(16) 
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So the expected singlet intensity in the molecular beam may be cal

culated from the e:i-..'Perimental quantities: 1) the beam triplet intensity; 

2) King furnace emission or absorption 0: value ratios; and 3) the beam 

exciting light intensity ratio. 

D. Intensity Measurement and Photographic Equi~ment 

Photoelectric equipment was not used in this work because of the 

extreme~ low light level in the molecular beam and because simultaneous 

measurement had to be made of four light levelso A photographic plate can 

integrate intensities over long periods of time and they are superior for 

the detection of weak sources at two wavelengths simultaneous~. Inter

pretation of results requires a knowledge of that part of the intensity 

due to background. 

The subject of photographic response is a complex subject and is not 

completely understood. The relationship between the density of silverob

tained on a plate from the reduction of silver halide and the intensity of 

light causing the response may be studied in general terms. Experimental 

data are available on deviations from general response in particular ex

posure conditions. 

The amount of light incident upon a photographic plate may be controlled 

by either changing the number of photons reaching it within a given time or 

by changing the time of exposure. A quantity E is defined to measure the 

amount of light and is called the exposure. It is defined as the product 

of the light intensity and exposure time and it gives the total number of 

photons incident upon the plate. The optical density, D, may be measured 

on the plate for a series of different exposures o The resUlting plot of 

:.oi, 
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optical density against log E is called an "H and Dfl curve or a Itcharac

teristicfl curve. 

Figure 3 shows an example of a characteristic curve which was obtained 

for 103 a-F photographic plates at 6558 1. This curve was plotted on a 

log I scale since all the data points were obtained with equal exposure 

times. The units of log I are arbitrary. The relative scale is ~ccurate 

and, for example" the density can be predicted for an intensity If from a 

knowledge of the density produced by an intensity I if the ratio 6f I and 

If 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 1011 (17) 

Figure 3 shows a linear region of response from a density of .4 to at 

least 2.0 which is the limit of measurement with the equipment used in this 

work. If log i represents the hypothetical intercept of this line with the 

log I axis, then the relationship between density and intensity may be ex

pressed in mathematical fo~ 

D ~ 'Y (log E - log 1) (18) 

Generally, useful information can be obtained about the exposure on~T 

near the linear region of the characteristic curve. In this region experi

mental errors are minimized since a given exposure difference results in 

the largest optical density difference on the plate. 

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

and a photosensitive material. Different emulsions give access to different 
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spectral regions. Variation of silver halide grain size within the 

emulsion is used to get different sensitivity within a spectral region. 

The characteristic curve is dependent on both these f.actors as well as on 

the wavelength of the light. 

Plates manufactured at different times have slight variations in their 

emulsions and consequently slight variations in their characteristic curves. 

Even within the same plate the emulsion is not completely uniform, but this 

is not generally an important source o~ error. 

It has been experimentally demonstrated that ~ is a strong function of 

both the time of development and the temperature of the developing solut1011.4q4l 

For this reason ~ is often referred to as the development factor. It is also 

a function of wavelength. 

There are several deviations from the general conditions discussed above 

even if the shape of the characteristic curve is well controlled. One of the 

. 40 41 more important is called the trrec~procity effect. Tt
; A given exposure, E" 

does not result in the same optical density if the intensity and the exposure 

time are varied over large ranges. This effect becomes appreciable at very 

high or very low intensity levels where the plates show an apparent loss of 

sensitivity. For photometric work this plate characteristic requires identical 

40 exposure times for comparison of intensities. It has been shown that for a 

constant plate density, ItP is constant where p is a constant of the order of 

0.8. This is not valid over a large range, but is relatively good for a time 

interval of several minutes to a few hours. In this work the effect should 

not be appreciable, but can be entirely eliminated by using a constant ex-

posure time "iihile varying the intensity. Since only relative intensities 

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

importance and this should be small .. 
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In the measurement of optical densities from a plate, the Eberhard effect 

must be considered. The chemical and physical processes occuring at the 

boundary between a light and dark area of the plate cause anomaloUs effects. 

If an intensity step function of height from zero 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 rapidly rise above the density corres

ponding to Aas the step function is entered and then fall to A giving a true 

reading. This effect is attributed to migration of developer solution from 

the low density region to the high density region.40,41 The developer is 

exhausted in the high density region and the migrating fresh developer 

results in ~verdevelopment there at the expense of the low'density devel-

opment. Thi~ means sharp lines could give inaccurate characteristic curves 

While a continuum source at the same wavelength and intensity should be 

better .. 

A method of pre-exposure was used on mo.st photographic plates in this 

work. A tungsten filament bulb, run from a variable transformer and a timer, 

was used as the light source. The entire plate was e:xposed to a level of 

light such that it was brought close to the linear region of the character-

istic curve. In this manner, optimum use was made of any additional light 

falling on the plate. Weak features could be seen better sirice the region 

of maximum photographic response was used. The gross fog of the plate is 

increased, but since interest in this work is in the accentuated weak 

features, this loss of contrast was unimportant. 

In some exposures a longer development time was used. This procedure 

also results in an increase of gross 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 the optical density 

of a photographic plate to the intensity of light causing 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 irrterest 

is nearly constant. Furthermore,. photographic plates produced at the same 

time have negligible variations in photographic response when used in an 

identical manner. This means that a characteristic curve should 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 

variation. 
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IV. EXPERD1ENTAL 

A. Spectrographs 

Two spectrographs were used in this work. A 0.75 meter Spex was used 

only for identification of spectra obtained from King furna.ce emission. The 

Spex has a Czerny-Turner kinematic mount for interchangable gratings. A 

reciprocal linear dispersion of about 10 l/rrrm. was obtained in first order 

using a 5000 1 blaze grating with 1200 lines per millimeter.. Its aperture 

is f/6~8. This instrument is readily converted to use with several photo

graphic and photoelectric detectors. Polaroid type 413 infrared film rolls 

were used in the red spectral region. Polaroid type 57 four inch by five 

inch film packets which have .a speed of 3000 (ABA equivalent) were used for 

detection in the green spectral region. Polaroid type 55 four inch by five 

inch film packets give a negative as well as So positive which facilitates 

measuring of spectral features. Both types of polaroid packets have a pan

chromatic type B spectral response. Polaroid film and packets were used for 

prelimina~y work. More permanent exposures were recorded on Kodak 103 a-F 

photographic plates whose spectral response is nearly uniform throughout the 

visible region. 

Quantitative results were obtained. using a Steinheil three-prism in

strument. Several interchangable configurations of prisms and lenses are 

available with the Steinheil and this work made use of a Raman arrangement. 

Its; aperture is f/4. The collimator focal length is 195 millimeters and 

the camera focal length is ~55 millimeters. The reciprocal linear dis

persion varied with wavelength from about 30 l/mm at 5000 1 to about 110 l/mm 

at 6700 i. The entire visible spectrum appears 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 i~terest using the cadmium red and green lines. 

The resulting prism positions and other instrumental adjustments Were kept 

identical throughout the 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 

A full description of the King furnace appears elsewhere.42 -44 Figure 

4 is a photograph of the external features of the furnace. 

Figure 5 shows a schematic diagram of the electrical connections. In 

typical operation there was a potential drop o:f 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 em in 

length with a hot-zone of 15.0 c~ A taper on the tubes in the hot-zone 

minimized thermal gradients. It was observed that temperature variations 

at 21000 C were normally less than 20° throughout the hot-zone. The tubes 

were lined with .0025 em thick tungsten foil next to the graphite to 

minimize the effect of reaction of scandium with graphite. Inside the 

tungsten, .0025 cm thick tantalum 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 063 cm were used 

to achieve a sharp temperature gradient to the water-cooled electrodes. 
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XBB 672 -5 80 

Fig. 4 External view of the King furnace. 



440 V 

IOOA 

7.5 kVA 
Top 1256 
Powersta t 

-II) o 
o 

100A 

7.5 kVA 
Botfoml256 
Powerstat 

-35-

1:40 

1DL-f--+---L..-4-....j...-.I 

GE.6kVA 
Prim: 460 
sec: 80160140 

000000000 
9 10 II 12 13 14 15 16 17 

000000 
I 2 3 4 5 6 

Ki ng furnace 

20V 

100 kVA 
Prim: 480 
sec: 7 1/2-15 

XBL67"-5672 

Fig. 5 Wiring diagram of the power supply 
for the King furnace. 
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Rare gas was added to the King furnace to hinder material loss to the 

cold regions of the furnace, aid temperature equilibration in the hot-zone, 

and, primarily, to prevent the acceleration of electrons. At 'the operating 

temperatures used, concentrations of free electrons are such that apprec-

iable excitation of the species under study could take place.. A potential 

difference of ten volts is sufficient to accelerate electrons to high 

energies relative to molecular energy levels. A pressure of sixty to one 

hundred torr of argon at room temperature prevented non-thermal molecular 

exCitation at high'-temperature. 

Temperature measurements were made with a Leeds and Northrop optical 

pyrometer, cat'alogue number 8622-C-S. Corrections were applied for windows 

.. on the King furnace6 The pyrometer was calibrated against a pyrometer with 

known scale corrections in order to obtain the true temperature from the 

scale readings. Reproducibility of measurements was better than five de-

grees.Calibration uncertainties 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. 

45 . . . It has been shown that the temperature measured from the King furnace 

walls approximate well the temperature of a blackbody. Therefore the 

emissivity of the King furnace walls is nearly one and no corrections were 

applied for this effect. ',j 

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 16 0 7 cm focal 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~he collimator 

lens inside the Steinheil. A HeiNe laser was used to assure accurate 

alignment of all optical components on the optical axis. Visible checks 

of the focus of the lenses could be made prior to heating the Ki~g furnace. 

Blackbod'y wall radiation, which could be minimized for accurate photo ... 

metric studies, is of importance in the King furnace .. Direct radiation 

from walls as well as light scattered from particles and dust within the 

hot-zone must be considered. The optical system of'Fig. 6 shows several 

photographic cardboard light stops which were used to prevent stray light 

from entering the optical path. A variable iris diaphragm with a minimum 

opening of .5 mm was placed at the focal point of the image of the center 

of the furnace so that most of the wall radiation can be eliminated. 

Figure 7 shows the schematic wiring diagram for the absorption lamp. 

A General Electric SR ... :8 tungsten strip filament which has adequate light 

at both wavelengths was usedo It also has the advantage of having 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 to coritrol lamp condi

tions since it was felt that the temperature could be more accurately 

,reproduced in different experiments by duplication, of power input. Any 

deterioration of the lamp filament which results in a small resistance 

change would result in different power levels if either the current or 

voltage were kept constant. Line voltage fluctuations were eliminated 

with a constant voltage transformero A power level of 215 watts was chosen 
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Fig. 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 measured current to the 

lamp was 20085 amperes with variations less than .1 with different lamps 

and with the same lamp in different experiments. 

Emission experiments used the same optics as absorption experiments, 

thus geometrical errors were avoided in comparison. Temperature could be 

measured during the course of an experiment through the window used pre

viously for the absorption lamp. It was shown that temperature variations 

with time were small and at no time greater than 20° during the course of 

several exposures. 

Thermal equilibrium could be reached within ten minutes or less, but 

normally at least fifteen minutes of warm-up time were allows. Repro

ducible temperature measurements before beginning exposures assured thermal 

equilibration. 

Chromatic abberations in some lenses used gave slightly different 

focal points for the wavelengths studied. This resulted in large varia

tions of relative intensities upon small variations in lens, positions. 

This problem was eliminated by trial and error tests of many different 

lenses and optical arrangements. The final errors from this source were 

negligible. 

The purpose of these studies in the King fUrnace was to relate ob.;,. 

served equilibrium relative ScF electronic transition intensities to those 

of the molecular beam. In order to avoid errors due to the reciprocity 

effect 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 of in

terest were recorded. These filters were then put in the optical path 

before the iris diaphragm 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 

intensity. Experimentally the triplet becomes over-exposed at about the 

same exposure that the singlet approaches the linear region of the char

acteristic curve. Three methods were used to make intensity comparisons 

possible at the two wavelengths. By putting a 1.0 neutral density filter 

in the optical path on alternate exposures, the singlet and triplet wave

lengths 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, it was 

not the most satisfactory. Next a Corning color glass filter 4-97 or a 

Wratten 38 was used outside the Steinheil slit. Calibration of the 

Corning filter showed it to have a difference in transmission at the two 

wavelengths of interest equivalent to a density of 1.26 at the triplet 

wavelength; the Wratten filter was equivalent to a density of .81 at the 

triplet wavelength. Some exposures employed this procedure, but the rapid 

variation of transmission as a function of wavelength in the red caused 

background l:i.ght interpretation problems. The most satisfactory method 

employed i'i. 1.0 neutral density filter which was physically placed inside 
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the Steinheil infr.ont of the photographic plate such that it covered 

only the red region of the spectrum. In this manner simultaneous meas-

urements could be taken at both wavelengths. 

A series of ScF absorption exposures were taken on a plate at a 

measured furnace temperature of 2100°0. The same exposure time of three 

minutes was used for all exposures while different calibrated neutral 

density filters from .lto .9 were used to vary the exposure. Similarly 

a series of emission exposures were obtained either within the same ex-

periment or entirely independently.. The tungsten strip lamp through the 

identical geometry was used to obtain both the characteristic curves at 

the two wavelengths and the measured relat ive intens ity of the lamp. 

C. Molecular Beam 

The molecular beam apparatus was first used byWalsh46,47 for work of 

this :type. His beam work on gaseous lanthanum monoxide46 was repeated. 

Substantial modifications of the apparatus were required for this work 

due to the differences in vapor properties of ScF and those of LaO. 

The stable room-temperature fluoride of scandium is ScF
3

• Calcula

tions based on estimates 48 of the thermodynamic properties of the fluorides 

of scandium indicate that ScF
3 

is the principal vapor species even in the 

presence of scandium metal. Furthermore, ScF2 is also an important vapor 

component., However, the percentage composition of the vapor changes such 

that ScF becomes a ,more important constituent as the temperature is increasedo 

It was found using the unmodified molecular beam apparatus that all the 

SCF
3 

vaporized and the electronic spectrum of ScF was not observed. A 

double crucible arrangement was developed which would allow control of 

y 

''t 



the total vapor pressure at one temperature and the vapor composition at 

a 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 em in 

diameter and 8.0 cm in length. The top portion of the container was 2.5 

cm in both length and diameter with a wall thickness of about I mm. The 

bottom portion was 1.25 cm in diameter and 5.5 cm in length with a wall 

thickness of about 2 mm. An extension of about 1.0 em of the bottom 

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 ScF3 powder of greater than 99.9% purity from Semi

Elements Inc., D. S. Goldsmith Chemical or Research Chemicals was placed 

in the lower portion of the crucible. Circles of .01 cm thick tantalum 

foil were fitted into the region directly above the SCF
3

• These pieces of 

foil were easily removable for replacement of SCF
3

• This portion of the 

crucible acted as a Knudsen cell with the leaks around the foil 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 large 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 2l00o C, the 

thermocouple read about 10000C 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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XB~ 6711-6666 

Fig. 9 The mol ecular beam crucible "With resistance heating element. 
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about l300°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
3 

can only be estimated. 

The molecular beam chamber was evacuated with a 15 cm diffusion pump, 

NRC model Hs6-1500, type 162. A Kinney KC-15 mechanical pump served as 

both the roughing pump and fore-pump. A liquid nitrogen cold trap was 

located between the chamber and the diffusion pump. A background press-

-6 . ureof less than 5xlO torr could be obtaJ.ned 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 

fuses. A 7.8 KVA Superior Electric Company powerstat type l256c controlled 

power input and an Electro Engineering Works 20 KVA, 41_511 type El1824 

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 em in height and 15 em in length 

formed the resistance heating element. As shawn in Figs. 8 and 9, these 

pieces of foil were shaped into concentric touching cylinders and attached 

to 1.25 em 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 

vQ1tage 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 shielding used. 

Tantalum foil .01 cm thick was the material employed since it is 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 shields 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 crucible was supported bya connecting piece of tantalum to a 

molybdenum rod. A water cooled copper connection as well as the water

cooled 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. 

Figure 10 shows a schematic diagram of the optical path of the mole

cular beam system as viewed from the top of the beam chamber. The light 

source was a General Electric 120 volt, 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 

orifice 

Steinheil slit 

\ 

G rap hit e f e I t 
Tantalum shield 
Filter holder 

0----- Lens. 

,,",-_~_--,I- Water cooler 

o _ .. "..... --- Tungsten filament 

XBL6711-5675 

Fig. 10 Optical system for the molecular beam. 
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The water cooler which contained heat absorbing glass protected the 

lenses and filters by removing infrared radiation. A 7.5 cm focal length 

le~s 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 equivalent to a neutral density filter of .31 at 

the triplet wavelength. 

Fluorescence was observed at right angles to the exciting light. A 

9.7 em focal length lens focused the fluorescence onto the Steinheil 

slit. Optical alighment was attained by placing a mirror above the 

crucible orifice. The 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 24.5 em from the 

entrance window. The Steinheil slit was about 11.2 em from the lens on 

the exit window .. 

Temperature measurement was done with the same optical pyrometer 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 

since the cell should approach blackbody conditions. Corrections 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 filter inside the Steinheil adjusted the light levels so that 

both the singlet and triplet wavelengths could be viewed simultaneously. ' 



In a typical experiment the background pressure rose to approximately 

-4 lxlO torr where the mean ~ree path for ScF in air is the order of 100 cm. 

The temperature inside the crucible was 2080 to 21000 C and 25 to 30 amperes 

were drawn ~rom the source. Twelve minute exposures were taken. All the 

experimental details.varied ~rom experiment to experiment so that com-

parisons between any two different experiments are invalid, but there is 

little effect of these variations on the relative ScFrluorescent intensity. 

D. Photographic Methods 

Kodak 3-1/4 by 4-1/4 inch 103a-F photographic plates were used. 

Their spectral sensitivity is nearly identical at the two wavelengths 

studied. There is a sharp red cut-of~ beginning at about 6700 1. The 

photographic speed was experimentally determined to be comparable to the 

Polaroid type 57 packets.·· 
.. 00 

A constant temperature water bath was maintained at 20 C within .2 & 

Kodak D-19 developer, Hunt sa~ety acid stop and Kodak Rapid Fixer were 

kept in 1.5 gallon stainless steel tanks in the bath. The acid stop was 

used to rapidly terminate development at ~our minutes. A~ter ten seconds 

the. plate was put in the ~ixer bath for five minutes. Then the plates. 

were washed ~or at least thirty minutes. 

Optical density measurements were performed with a Baird-Atomic Inc. 

model CB densitometer and were recorded on a Bristol model 560 strip chart 

recorder. The instrument allows measurement of densities from zero to 

2.0. Experimentally the density recorded is a function of focus and the 

choice of zero density.. Although these ~actors are small their effect 

upon weak features could result in unnecessary experimental uncertaintieso 
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Averages were taken of several independent readings until the density 

was certain to .02 density units. It should be noted that the graininess 

of the photographic emulsion caused an uncertainty of .01 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 Eberhard effects. These curves were unsuitable for photo

metric work. In principle, the ScF emission features could be employed to 

obtain characteristic curves. Material losses during the course of re

quired exposure times and furnace instabilities make this method inaccurate. 

The tungsten strip lamp was used as the light source using the geometry of 

Fig .. 6. Since the ScF features are subject to the Eberhard effect to some 

degree, this curve is 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 densitometer against a relative log I 

scale. Figure 3 shows the experimental characteristic curve for the 

triplet wavelength for the photographic plates used. The characteristic 

curve for the singlet wavelength is nearly identical in appearance with 

a different log I scale. 
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v. RESULTS 

A. Methods of Interpreting Experimental Data 

From Eqs. (14) and (16) it can be seen tpat the beam fluorescence can 

be related to ·either. absorption or emission in the King furnace. Experi-

mentally the King furnace absorption and emission are compared through Ra 

by using Eq. (14) and Rex is then used to calculate expected beam intensities. 

It was .found that emission intensities are more easily measurable so ab-

sorption was used as a check on the Rex values obtained from emission studies. 

There is a background from the King furnace wap's as well as scattering 

by optical components and dust in the furnace. Because this scattering can 

not be entirely eliminated and because its variation from experiment to ex-

periment is in part uncontrollable, its interpretation is critical. The 

photographic response of the plate depends upon the total light intensity 

reaching it including both emission and background. The measurable densities 

are the peak density at the feature, Dp' and the estimated background 

density, Db' chosen at the violet edge of the \t>_3t:;, violet-most (0,0) band 

head and at the minimum between the ~-~+ (0,0) and (0,1) band heads. 

From the tungsten lamp the shape of the characteristic curves are known 

at each wavelength. The va~ue of Iemat each wavelength is of interest and 

can be obtained by converting from Dp and Db to Ip and Ib in these two sets 

of relative units. It is known that 

I = 'L+I. p -b em (19) 

So from the two observed densities and from the known characteristic 

ct~ves for each wavelength 

I = I - I em p b 

= lolog I(Dp) _lolog I(Db). (20) 
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log leD ) is the value of log I at the density D and similarly for 
. p p 

log I(Db). 

The blackbody intensity in quanta per second per square centimeter 

normal to the source per unit solid angle per unit wavelength interval 

(in centimeters) is given by the follOWing form of the Planck equation. 

I = 
2c 
-;:+ (21) 

The intensity ratio of a blackbody at Tg to a lamp at T£ may be cal

culated from Eq. (21) by including the emissivity of the lamp filament. 

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

l("-)l T amp, £ 

l("-)BB T 
, g 

= (22) 

The temperature of the previously described tungsten strip lamp 

filament was measured with the calibrated optical 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 lamp temperature was 258t C with an average error of 6°. The 

experimental pyrometer correction was such that the brightness temperature 

of this lamp is 2566°c or 2839°K at the wavelength of observation with the 

pyrometer (-6500 1). Assuming a 92% transmission factor for the glass 

4 
shield of the strip lamp 9 the true temperature of the lamp may be cal-

culated. 

(23 ) 



T is the true temperature,TBthe brightness temperature, A. the wave

length of observation, c2 the second radiation constant, T the transmission 

factor for the glass a.nd E the emissivity. Values for the emissivity of a .>/ 

tungsten strip lamp have been reported~O as a function 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 tungsten strip lamp is estimated to be 3235° K with an error 

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

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

bined to give the working equation for determining R from King furnace . ex . 

emission. 

a(singlet) = 10.31 
I( s) emz KF z 2373 

I( s \amp,3235 
and 

a(triplet) = 4.88 
I(t) emzKF l. 2373 

I(t)lamP;3235 
or 

R . 
473 em, KF, 2373 

• R lamp, 3235 
(24) 

In absorption studies in the King furnace the observablesare the 

density due to the lamp, D£ (Chosen in the same manner that Db was chosen 

in emission work), and D which is the optical 
p 

absorption feature. From these two densities, 

densi ty a t the peak of the 

~bet may be obtained ina 
a s 

manner analogous to that used to get I from Eq. (20). In order to calem 

culate ex, Eqs. (8), (10) a.nd (11) are used to correct £or that part of 

.Jlet d t .. l.b ue 0 eml.SSl.on. a s 



tIet 
abs,T 
. g = 

I 
l.a.mp,Ti. 

,.,.55.". . ' , 

I 1amp _ I 
abs,T em,T 

g g 
I 

l.a.mp',T i. 

aI1amp, T i. - aIBB, T g 

= I, 
lamp,TI. 

lBB T ] , g 

Ilamp,TI. 
(25) 

Applying the calculation used in'Egs. (22) and (24) at these tempera-

tures the working equation for determinigg Ra from King furnace absorption 

studies is derived. 

~et 
abs,2373 

I 
lamp, 3235 

= .905 a(singlet) 

= .795 a(triplet) or 

= 
Rnet 
abs, KF, 2373 

R 
l.a.mp,3235 

(26) 

This shows emission makes a SUbstantial contribution to the observed 

optical density on the plate even though the lamp temperature is 8620 

greater than the gas temperature. 

Ey the use of Eqso (24) and (26) the King furnace emission studies 

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

acteristic curves were plotted on an arbitrary log I scale. This means 

that all intensities obtained from these curves have unknown absolute 

valuea and, most importantly, the log I scales for the two wavelength 

regions are unrelated. In order to predict the ScF singlet intensity 

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

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

plying by a constant or by adding a constant to log I. 

log I(triplet) = log I(triplet)m + k 

log I(singlet) = log I(singlet) + k m 

The subscript m denotes the measured value obt~ined froIn 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 from the measured values by 

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

R
lamp 
abs;T 

Rrv = ~--..... g:..... 
u. R 

lamp,T p. 
= 

I(t) lamp 
. abs,T 

I(s)lamp 
abs,T 

g X 
I(s)lamp· T 

, P. 

I(t)l T amp, p. 
g 

I ( t )lamp 10k 
abs,T ,m 

kt 
I(s)l T 10 amp,.£,m 

= 

= g 
I(s)lamp 10k ' 

abs,Tg,m 

R
lamp 
abs,T ,m 

g 

X . k 
I(t)la T 10 mp, p',m 

(28) 

,," 
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A similar procedure shows R obtained from measured emission results a . 

gives the true Ra. In order to apply Eq. (16) to the experimental results 

the scales must be related. This can Be done with the tungsten strip lamp 

since the relative intensity may be calculated as well as measured from the 

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

log R 
lamp,Tp' 

::: log I(t) + k 
lamp,T p',m 

- log I(s)l T - k10 amp, p',m 

Using the Planck equation as expressed in Eg,_ (21) for the experimental 

conditions used in this study, the value of R ' may be calculated. 
lamp,Tp' 

R [~rmt [ he (l-.~tL - I-.(s) ) ] ::: exp 
kTp' I-.(t) I-.(s) lamp,Tp' I-. s E S : 

.3702 $+ exp [ 6.1~~1a3 ] (30) = 
E s 

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

k - kt = .38 - log R lamp,3235,m (31) 

In order to apply Eq.(16) to the experimental data from the molecular 

beam, one more quantity needs to be evaluated. R may be found graphically ex 

fr'om the paper of Studer and Van Beers5l to be 2.3 in relative number of 

quanta or log Rex is .36. The experimentally determined value is .39 with 

an average error from five numbers of less than .01. 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 Eqo (27) to convert to the measured units we get 

kf + log I(s)f B T = k + log I(t)f B T - log R R • , , g , , g ~-ex 
(32) 

BY applying Eqs. (28) and (29), Eq. (32) may now be written in the 

working form in terms of measured quantities. 

(33 ) 

-·log Rlamp,3235 - .01 

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 filter and water cooler employed of.31o 

B. King Furnace . 

Table IV gives the experimentally determined values of log Rlamp,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,3235 as 1.21 with an average 

error of .01. 

The value of log RN was obtained from the experimental log R by 
u. em 

applying Eqo (24) and using the experimental values of log Rlamp,3235. 

Table V gives a summary of the data after densitometer readings were 

averaged and corrections for the neutral density filters were applied. 
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Table IV. Experimental values of log Rlamp,3235 

Exposure 6558 1 Corrected 5115 1 Corrected Measured 
"" Number Density log I(t) Density log 1(s) log R1 amp 

4-28- I-A 1.52 3.21 1.90 2.00 1.21 
-B 1.09 3.23 1.45 2.00 1.23 
-C .98 3021 1.40 2.01 1.20 
-D .71 3.20 1.16 2.01 1.19 
-E .28 3.21 .54 2.01 1.20 
-F .25 3.22 .46 2.01 1.21 
-G .15 3.22 .30 2.01 1 .. 21 
-H .09 3.21 .19 2.00 1.21 
-I .09 3.:26 .14 1.99 1.27 

4-28- II";C 1.44 3 .. 49 1.78 2.27 1.22 
-D 1.15 3.50 1.49 2.27 1.23 
-E .80 3.49 1.23 2.29 1.20 
-F .71 3.49 1..12 2.30 1.19 
-G .46 3.51 .79 2.28 1.23 
-H .30 3 .. 51 .55 2.30 1.21 
-I 025 3.51 .43 2 .. 29 1.22 
-J .11 3.49 .22 2.29 1.20 
-K .06 3.49 .12 2.28 1.21 

4-28-III-B 1.54 3.40 1 • .88 2.18 1.22 
-C 1 .. 28 3 .. 43 1.55 2.18 1.23 
-D .61 3.41 1.03 2.21 10.20 
-E .34 3.43 .61 2.20 1.23 
-F .22 3.42 .40 2.21 1.21 
-G 017 3.41 .32 2.20 1.21 
-H .09 3.40 .21 2.20 1.20 
-I .06 3.44 .12 2.22 1.19 

4-28- IV-A 1.52 3.19 1.90 2.00 1.19 
-B .70 3.18 1.14 2.00 1.18 
-C .29 3.20 .54 2.01 1.19 
-D .15 3.20 .30 2.01 1.19 
-E .08 3 .. 22 .15 2.00 1.21 

4.-28- V-B .89 3.26 1.31 2.08 1.18 
'" -C 058 3.26 1.04 2.08 1.18 

-D .36 3026 .,67 2.06 1.20 
-E .33 3.28 .55 2.06 1.22 
-F .0.20 3.27 .37 2.07 1.20 
-G .10 3.27 .21 2.08 1.19 

" ..,.H 1.34 3.25 1.74 2.03 1.22 
-I .06 3.24 .13 2.00 1.24 
-J .. 91 3.25 1.36 2.04 1.21 
-K .17 3.23 .34 2.00 1.23 
-L .49 3.24 .82 1.99 1.25 
-M .. 31 3.25 .57 2 0 02 1 .. 23 

Average 1.21±.01 



Table V. Experimental values of log Rex from emission studies. 

Exposure 
Number 

4-45- I-K 
4-45- IV-C 

-D 
-E 
-F 
-G 
-H 
-I 
-J 
-K 
-L 
-M 

4-45- III-A 
4-57- III-D 

-E 
;..F 
-G 
-H 
-I 
-J 

4-57- IV-B 
-C 
-D 
-E 
-F 
-G 
-H 
-I 
-J 

* 

Method 
* Used 

1 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
4 
4 
4 
4 
4 
4 
4 
3 
3 
3 
3 
3 
3 
3 
3 
3 

Observed 
log Rem,2373 

1.42 
1.29 
1.26 
1029 
1.35 
1.37 
1.38 
1.38 
1.50 
1.47 
1.43 
1.49 
1.37 
1.43 
1.45 
1.47 
1047 
1.44 
1.47 
1.46 
1.43 
1.44 
1~42 
1.48 
1.50 
1.42 
1.41 
1.45 
1.47 

Average 

1. A 1.0 neutral density used inside Steinheil. 

2. A time average with no filters. 

3. COrning 3-74 filter in front of exposures. 

4. Wratten 38 filter in front of exposures. 

Calculated 
log Rex 

-.12 
-.25 
-.28 
-.25 
-.19 
-.17 
-.16 
-.16 
-~04 
-.07 
-.ll 

. -005 
-.17 
-.11 
-.09 
-.07 
-.07 
-.10 
-.07 
-.08 
-.11 
-.10 
-.12 
-.06 
-.04. 
-.~2 
-.13 
-.09 
-.07 
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The methods employed have been discussed previously in the text. The 

average was taken weighting exposure 4-45-III-A by four since four time 

average exposures were used. The average value of log Ra is -.12 with 

an average error of.05 for 32 values. There appears to be no syst:ematic 

variation depending upon the method employed to reduce the triplet in-

tensity to that of the singlet. 

Equation (26) was combined with the experimental values of log Rlamp,3235 

to obtain log Ra from the observed R~~;,KF,2373. Table VI surnmarize& the 

data. The average value for log Ra is -.04 with an average error of .08. 

This is in agreement with the value obtained from emission studies within 

experimental uncertainties. Since the absorption features are more difficult 

to measure and because the average error is larger, the value of log R from a 

emission studies l'las used for further calculations. 

C.. Molecular Beam 

Many trials were made with the molecular beam apparatus. Init ial 

observation of the triplet ScF transition was made without filters. The 

data reported here were obtained with a 1.0 neutral density filter inside 

the Steinheil and using pre-exposed plates. 

With the results of the King furnace work, Eq. (33) may be applied to 

predict the singlet fluorescent intensity from the measured triplet fluor-

esce~t intensity in the molecular beam. 

log I(s)f,B,2373 = (34 ) 

Table VII summarizes the data from three experiments with different 

molecular beam path lengths with average errors of measurement. The root 

mean square velocity ofScF in the beam at 2373°K was calculated from the 

\ 
i 
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Table VI. Experimental values of log Ra from absorption studies. 

Exposure Method Observed Calculated 
\J 

Number Used* log R b log Ra a s 

4-42- I.,.A 1 1.24 -.03 

-B 1 1 .. 27 .00 

:"c 1 1.33 .. 06 
..;.D 1 1.03 -.24 

-E 1 1.36 .09 

-F 1 1 .. 23 ~.04 

-G 1 1.16 -.11 

-H 1 1.31 .04 

4-45- I-D 1 1.16 -.11 

-E 1 1.16 -.11 

-F 1 1.34 .07 

4-45-III 2 1.14 -.13 

Average -.04±.08 
* ·1 .. A 1.0 neutral density used inside Steinheil. 

2. A time average with no filters. 

3. Corning 3-74 filter in front of exposures. 

40 Wratten 38 filter in f'ront of exposures. 
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Table VII. ~-~ molecular beam fluorescent intensity. 

Path Transit Calculated Observed Difference 
Length (cm) Time (sec) log I(s) log I(s) 

·9 .. 2 8.2 x 10-5 1.06± .03 .51 ± .03 .55 ± .06 

10.2 9.2 x 10-5 1.01± .02 .42 ± .02 .59 ± .04 

11.8 
. -4 

.04 .34 .04 .63- .08 1.1 x 10 ·.97± ± ± 

formula of Ramsey52 to be l.1J.xl05 cm/sec. The transit time of ScF in the 

beam to the center of the entrance window was calculated using this number. 

All data in Table VII come: from measurements of small optical density 

differences on photographic plates. 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 change in the direction of ~ to 36 decay is within experi-

mental uncertainties. -4 A lifetime of 1.5xlO seconds would produce a 

change of .09 units in log lover the extremes of path length employed. 

Figure 11 shows a comparison of the absorption spectrum in the 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 sourceso 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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In -II 
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Kino Furnace Absorptton 

; j 
Kino . Furnace Emission 

Molecular Beam Fluorescence 

XBB 6712-6789 

Fig. 11 Comparison of expos ures of ScF. 
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strongo The apparent a values were estimated by calculating the spectrum 

of rotational lines near the observed heads from the known spectroscopic 

constants. By approximating the lines as triangles, the apparent spectrum 

and the true spectrum may be calculated as the sum of triangles. A com

puter program was written to add the intensities at intervals of 0.01 K 

using the Doppler width for the true spectrum and the instrumental width, 

calculated 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 a values may be inferred. 

Both-true a values were less than 7%. This gives53 . a correction of about 

0.2 to 0.3% 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 • 
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VI.. DISCUSSION AND CONCLUSIONS 

The moleciilar beam exposures demonstrate that both the ~ + and 3,6, 

states persist in the beam after a transit time of about 10-4 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 2r;tf, to detect intensity variations with 

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

54 
among the f-:value, lifetime (~) and energy difference is well-known. 

f l' (mc/8rre
2

) 
g2 (...2 (35) = 
gl 0 

1.499 g(~) 2 
= (...0 

g( ) 

This formula is corrected from the reference for current values of 

the physical constants. r..o represents the wavelength of the transition 

in em. It is assumed here that the ~+ is higher in energy than the 3,6, 

although analogous arguments apply if the reverse is the case. The lower 

and upper state degeneracies are represented by g2 and gl respectively. 

In Hundts case cwhere the selection rule M:: 0, ±l applies, the 

trans it ion ~ + - 3 ~ would be allowed. '. The exposure shown in Fig. 11 was 

taken with the 3¢},6, intensity reduced by over a factor of ten and it does 

not show the three triplet heads clearly. Earlier exposures taken with no 

neutral density filter inside the Steinheil show that all three triplet 

heads appear. in molecular beam fluorescence with roughly the same relative 

intensity as in the King furnace. The degeneracy of the 3~ is two for the 

case c allowed transition. Equation (35) may then be written in terms of 

the energy separation,',6E in kK, of the 3,6, and ~+ for this case. 
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(36) 

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

cules is beyond the scope of this paper. 55 The strength of one rotational 

line is well-defined, but many measurements involve a band or sequence of 

bands. Franck-Condon factors must be accurately known. Experimental dis

agreements for atoms are common54,56 and the data for molecules are sparse.55 

An estimate of the f-value for the ~+_3~ transition may be obtained by 

.ana1ogy to other molecules and a consideration of the coupling expected 

for ScF. The f-value of interest here is for an electronic transition as 

a whole including all vibronic transitions. 

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

-4 -3 L+ 3 10 and 10 seconds to give the anergy limit of the 2: above the 6.. 

6E is obtained from Eq. (36) and represents an upper limit since only the 

lower limit of 'r is known from the molecular beam fluorescence. Clearly 

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

Table VIII. The energy separation of the 36 and ~+. 

Assumed Assumed Energy 
f-value 1ifet ime (sec) separation (kK) 

10-2 10-4 
1.7 

10-3 10-4 5l>5 
10-4 10-4 17.0 
10-5 10-4 55.0 
10-2 10-3 .. 6 
10-3 10-3 1.7 
10-4 10-3 5.5 
10-5 10-3 17.0 
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The f-value of the ~ITou+-~; transition of I2 has been calculated 

from observed lifetimes56 to be approximately 10-
2 

assuming a mean wavelength 

of 8000 X. This would be the maximum f-value to be expected for ScF. An 

analysis of the mixing of states of different multiplicity in ScF has not 

been done, but it has been suggested that there are reasonably large effects.15 

It would seem that in view of the large number of observed and predicted 

low-lying electronic states that a high degree of configuration interaction 

should occur. This would give substantial IItriplet charactern to the sing

lets and vice-versa resulting iIi a high f-value for the intercombination 

transition. 

It should be noted that additional s~etry restrictions in a homo

nuclear molecule like 12 would prevent mixing oi states which could mix 

in an isoelectronic heteronuclearmolecule.4 Thus I2 may be too restric

tive a case for determining what the upper limit of the f-value might be 

in ScF. 

The degree to which a molecule approaches Hund's coupling case c from 

cases a or b may be estimated in part by its moleCUlarweight.4 Lighter 

diatomic molecules formed from second and third row elements have more and 

more evidence of case c character. The 3 IT-~ transitions have been ob

served and analyzed in A1Br56 and AIC1.57 The molecular weight. of AICI is 

close to that of ScF and the molecules are somewhat analogous in electronic 

structure. The observation in this case of a forbidden transition is a 

strong indication that AlCl has a significant degree of case c coupling. 

The d-orbitals of Sc lead to a large number of low-lying atomic energy 

levels (see Figo 2) which implies that ScF should have a much larger effect 

due to configuration interaction than AIClo Thus, ScF should have an f-

value considerably larger than that of.A1CI~ 

\..' 
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An indication of case c character is the d:1f ference in spectroscopic 

of the case a multiplet sublevels.59 In ScF the three rotational constants 

of the 3~ differ by about two percent. This may be taken as an indication 

of departure of the coupling from case a. 

Perhaps the strongest evidence for a strong ScF intercombination trans-

60 ~ 
i tion is the observed absorption from the ~ ground-state of GaF to both 

the IT and 3rr states. This gives a direct indication of comparable transition 

probabilities to the "allowed" and Itforbiddenfl states.. The molecular weight 

of GaF is only slightly greater than that of ScF and there are similarities 

in bonding. 

From the various possibilities listed in Table VIII, it is felt that 

a reasonable upper limit on the energy separation is about 3.0 kK. This 

estimate takes into account the available information indicating an f-value 

the order of 10-3• The lifetime could be of the order of seconds, since 

only a limit has been established; in which case the energy separation is 

considerably less o 

The partition function of gaseous ScF is probably best represented as 

a sum of contributions from three states at most temperatures. It is 

recommended on the basis of this work that the 3~ and l~ be treated as 

degenerate for thermodynamic purposes o The unobserved l~ state is 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 

et alo2 for the 3~ and ~+ states. The constants for the ~ are estimated 

by comparison of the known l~ and 3 ~ states of TiO and using the same 
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Table IX. Approximate spectroscopic consia nts for ScF. 

3D. ~+ 1,6. 

TO (I~K) 0.0 0.0 2.0 

(j) (k) 648 736 650 
e 

(j) x (k) 3.03 
-

3.8 3.1 ee . 

B (k) .3623 .3950 .37 e 

a (k) .. 0025 ,.00266 .0026 
e 

percentage differences for ScF. The TO values are estimates based on this 

work. Table X gives the calculated free-energy function using standard 

f'ormulas.6l The harmonic oscillator approximation was used. 

Table X. The free-energy function of gaseous scandiUm monofluoride 
(cal/deg/mole). 

'I'(OK) * * 
FO -Ho 

Translation Rotation Vibration Electronic . or 
T 

298 33.438 13.917 ,1.452 3.867 52.674 

1000 39.433 16.376 2.300 3.899 62.008 

1500 41.446 17.129 2.821 3.948' 65.344 

2000 42.876 17.748 3.249 3.997 67.870 

2500 43.986 18.146 3.589 4.038 69.759 

3000 44 .. 890 l8.506 3.892 4.074 71.362 

* Includes contribut ion from both the 3,6. and ~ +. 

.If' 

.' 
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Relative absorption intensity in the molecular beam may be calculated 

from an equation similar to Eq. (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 be taken of the Franck-Condon factors 

from the initial state of fluorescence: the v = 0 levels of the 1rr and \P. 
The internuclear distance of v = 0 of the ~ +, lu,3,6 and \p states using 

the rotational constants of Barrow
2 

are calculated to be 1.79, 1.87, 1.86 

and 1.90 ~ respectively. Since the change in internuclear distance for 

the singlet (0,0) transition is grea.ter than that for the triplet (0,0), 

it would be expected that the 3¢_3,6 (0,0) transition would have the larger 

Franck-Condon factor~ Furthermore it is estimated that the Franck-Condon 

factor for the 3¢_3,6 (0,0) transition should be larger than that for the 

~-~+ (0,1) since the v = 0 level of the ~ should have comparable overlap 

with several vI!.. This would result ina calculated singlet fluorescent in-

tensity based on the observed triplet fluorescent intensity which is larger 

than that which is observed.. Table VII shows th~t this is the case. 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 factors .. 

If there is an allowed electronic transition, further reduction of the 

fluorescent intensity from that expected is possible. Table III earlier in 

the text shows that there is an unobserved 3rr state below the 3¢. The 

transition 3¢}rr is forbidden 
4 

by the case a selection rule 6A = 0, ±1. In 

addition it '{QuId be at an energy which is unfavorable relative to the 

allowed 3¢_3,6 transition. Therefore, the 3¢_3rr should take a very small 
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percentage of the light away from the 3 ¢_3 6,;. There are no other tripiet 

transitions to be. expected. 

On the other hand, a lu_l 6, transition is allowed and the unobserved 

16, 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 not the case. The E~_Al6, is at most of comparable 

intensity and more likely weaker than the Elu-x~+. In order to observe 

1 
the 6. state, emission transitions involving other upper states must be 

found. Both the c~+ and Blu have allowed transitions with the Elrr, 

but their wavelengths are less favorable. No effect was observed from 

these two states. 

Discussions of experimental errors have been included at appropriate 

points within the text. The factor of four reduction in singlet fluores~ 

cence intensity from that calculated is felt to be accurate within tw.enty 

percent. It is difficult to place accuracy limits on the ~+ _36. energy 

separation since the assumptions involved with determining a suitable f-

value are more uncertain than experimental errors. . . 

As previously discussed, the corrections for self-absorption are less 

than one percent. Furthermore, the Boltzmann factors should be similar 

for ·the ~+ and 3~ states because of the size of kT compared to the energy 

separation of the two states. The (0,0) R-head of the 3¢2~3~ occurs at 

about J = 28 and the (0,1) R-head of the ~-~+ at about J = 12. Therefore, 

the experimental value of R~ represents a ratio of f b values within ex-
\..<. a s· 

perimental uncertainties and the uncertainty of relative population. It 

may be concluded that the ratio of the 3¢_36. f b value to that of the a s 
L_~.+ II 2: is 0.8±3 .. 
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Thermodynamically the partition function of gaseous scandium fluoride 

is better defined. Three electronic states make appreciable contributions.

Spectroscopically it would be desirable to know better the exact location 

of these three states. The ScF spectrum is complex, but a careful analysis 

of the weaker features may show an intercombination transition 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 emission spectrum of ScF should be under

taken to locate the unobserved ~ and 3rr .states. Perhaps an analysis of 

the observed13 perturbations may reveal singlet-triplet interactions which 

~ould allow the relative energy of the 3~ and ~+ states to be better defined. 
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