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ABSTRACT

The ground electronic states of many high-temperature molecules
are in question. A new method has been devised to establish the ground

state of a high—teﬁperature molecule by examination of the fluorescent

spectrum of a molecular-beam. An apparatus'to form a molecular beam

has been constructed and a beam of lanthanum monoxide generated. The

new method has been sucéessfully applied to establish the groﬁhd state

as that designated as XAZ in earlier spectral studies. |
Thebsuitability of ﬁhe Lao Beam for use in thg_determinafion of

the radiative lifetime by means of the phase-delay technique is discussed,

~bogether with a consideration éf the light‘sources that might be(used

for such a measurement. The lifetime of the BEZ state of La0 was esti-

mated to be on the order of lO—7 sec. .
The known electronic spectra of La0, ScO, and YO are discusséd and

an extension of the moleculdrébeam fluorescence technique is proposed-ﬁo

séttle a problem of the location of an excited state.
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I. INTRODUCTION

In the investigations of the chemistry of high-temperature gaseous
systems such as flames, plasmas, stars, etc., there is a need for reli-

able thermodynamic data fof the chemical species of importance. Histori-

:cally, the need for thermodynamic data has been satigfied by applying the

the classical techniques of thermochemistry. At higher temperatufes,
however, many of the problems of thermodynamics can be better approached
indifectly, by calculating thermodynamic. functions from a knowledge of
the energies and degeneracies of the allowed states of the molecule,
which ha#e,been determined spectroscopically.‘

In the calculation of the partition function to determine thermody-

namic functions, the allowed levels are weighted according to their

degeneracies and the energy separation of the individual states from the
ground state of the system. Thus the determination-of the order of energy
levels and their multiplicitieé, especially the identification and char-
acterizing of the lowest energy level, is a siénificant.problem of high-
temperature thermodynamics. | |

For most high-temperature molecules,.elecfronic transitions'have beén
observed in some type of electric discharge. Such é discharge is capable
of producing high excitation so it is impossible to say whether the lower
level of the transition is the electronic gfound state. At high‘tempefa;
tures_there is the ﬁoésibiiity that there is substantial population of |
low-lying electronic states, so the presehce of the same band syétems in
absorption would not be an uﬁaHMiguoﬁs confirmation of the.ground state.

In a molecular'beam, however, there.is little_opportunity for the .
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re-excitation of higher states by collision; thus, if the lifetimes of
the excited states are shorter than about lO—11L sec, there should be no
substantial population of these higher energy states after the molecules
have traveled a few centimeters. This upper limit on the lifetimés of
the higher states would be reasonable for heavier molecules for which
selection-rule prohibitions to intercombinations of states of differing
multiplicities become much less rigid. This principle has been applied
in the work reported here to the determination of the ground state of /
the molecule La0. In the actual performance of the experiment, however,
the fluorescence'excited”by the absorption is observed rather than obser-
" ving the absorption directly. It is not only experimentally more‘con—
venient to work inrthis way, but it allows an opportunity to extend the
ﬁethod'to the estéblishing of the location of states other than the.l
grouﬁd state, as will be shown. |

Thé molecular-beam apparatus constructed for a ground staté determina-
tion experimgnt has other important applications,Aaang them use in a
radiative 1ifetimé measurement. Lifetimes are easiiy related to the os-
cillator strengths of the transition studied. These oscillator strengths,
in effect, allow a determination of thevabsolute concentration.of a
material from its measured spectral intensity. in high-temperature sys-
tems there is often no other way to determine concentrations of individual
species than through the observation of spectral intensities; certainly
this is true for stars for example., This is important thermodynamically,
since some measure of the pressure is needed for the determination of free
energies by the third-law technique.l

The molecular beam is a particularly suitable systeﬁ in which to

measure lifetimes. The problem of a cell that would contain high-



temperature molecules and still allow thé passage of 1light into ana out
of the system is eliminated. ©Since collisions in the systém are;reduced,
‘quenching of fluorescence and related proceéses that would tend to give
an experimental lifetime other than that of significance in calculating
an osqillator strength would be considerably reduceq.e' This suitability '
was another important consideration in the decisioﬁ to-construct'a
molecular-beam apparatus and the choice of the moleculé that would be
produced in the first experiments. In this work, light.sources for use
in an. La0 lifetime experiment will be discussed, along with.so@e antici-
pated experimental difficulties.. The oscillator étrength.of LaO has been.
estimated -from a consideration of the intensities of fluorescence observed

in the molecular beamn.
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II. MOLECULAR-BEAM APPARATUS

All of the work reported heréin was carried but b& QbserVing-flubr-.
escence in a molecular beam. Tﬁe equipment has to méet>severalbreQuire-
ments in order to be sultable for the desired experiments. Thé pumpiné
system used to evacuafe the molecular-beam chamber'had to be adequaté to
maintain a'background pressure in the system that was iow'enough to avoié
inﬁerference With the beam. As the beam was generatéd byvheating.é Knudsen
cell, p?ovisioh had.to be made to heat this cell to temperatures up to
2000°C. A continuous control over the entire temperature range was de-
sirable to avoid heating too fast. The arrangement Qf'the system;had to
‘be such that the améﬁnt of light scattered into the-spectrbgraph, both
from the furnace and from the.exciting lamp, could Be reduéed to a toléf-

able level.

A. Pumping;System-

The fore pump for the system, which servés also aé a rough pump, is a
Kinney KC-15. The diffusion pump is a 6-in. NRC model HS6-1500, type 162.
The manifolding and cold trap, which make up the remaining parf of the |
pumping system, was specially built by the NRC Eqﬁipment Corporation.
Considerable difficulty was encountered with a preliminary apparatus that
~ had inadequate pﬁmping speed. The system described‘hére, hdwever,.wés
adequate for all further work. ' o %

B. TFurnace Assembly

The heat for generationvof the molecular beam is supplied by a re-
sistance-heated element. The arrangement of the Knudsen cell, the heating o

élement, and the radiation shielding is shown in Fig. 1. The entire
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assembly éan be looked on as a series of concentric Qyiinders. .The inﬁer-
.mosf cylinder is the Knudsen cell itself. The cell is 2.5 cm long'and

1.9 cm in diameter. A cell of about twice this length has‘alsﬁ been used
in those circumstances where it has been desirable to avoid opening the
vacuum system to refill the cell. The end caps of.the cell are machined
with protruding péints to help minimize contéct of the cell with thel |
heating element. Such contact would allow‘the cell to conduct a éubétan—
tial amount of the heaﬁing current, and thus would reduce the heating in
this region. One of these end caps is removable in order to fiil the
cell. The cell orifice is a 5lit 10 mm long and 1 mm wide.

The pext cylinder out from the center is the heating element. This‘
element is formed from a rectangular piece of 6-mil tantalum foil — with
an opening above the cell orifice — which is held in its cylindricéi.
shape by copper "cups" over the ends. The walls of the cups are tapered
slightly and tantalum plugs of a matching taper are used to fégce the
foil into good electrical contact with thg cup walls: These plugs are
threaded through the centers so that they can be pulled into place by.
inserting a screw through a hole'in the Base of the cup and tightening
it. When tLe plug is forced into place the scfew can be rémoved before
the asserbly is piaced in the vacuum chamber.for use. The cell and the
heating element are held in place in the chamber by'clampiﬁg the copﬁer
cups to the tops of the electrodes, which supply the heating power. Thé
copper cups and the clamps are cooled by circulating Water through the
-inside of the electrodes. A safety interlock wduld.Shﬁt off the heating
. power supply in the event of a dangerous drop inithe water flow rate!
The outermost component of the entire aséembly is a copper cylinder

about 1.3 cm thick and 10 ¢m in overall diameter, with an opening at the
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top to allow fhe passage of the beam. This cylinder is cooled internaily
with circulating water and has the same safety interlock feature as the"
electrodes. This cooling jacket is held in place by a veftical<post | |
which passes throﬁgh a Sealastic seal in the bottom of the vaéuum chamber.
The water inlet and outlet lines are contained within this post. Seal-
astic seals are also used for the electrode pass-throughs, sc that the
entire heating assembly can be adjusted through a range of heights within
the chamber. |

Between the héating elemept and fhe cooling jacket are a series of
radiation shields. These shields are made of 6-mil tantalum foil that
is spot welded.into concentric cylinders. These cylinderé are held apart
with spacers, and the group of shields fit snugly into the cooling jacke%
so that there is noléontact with the heating élement. - The' size of the
openings in the radiation shields above the cell orifice is used to regu-

late the solid angle of the molecular beam.

C. Heating System Power Supply

The resistance heating element of the fufnaceican be supplied.with a
voltage of up to about 10 V. When the usual 6-mil foil is usea, about
1200 A is drawn at this voltage. Two No. 00 welding cables connect each
of the system's electrodes to a 41.5:1 tranéformer, manufaétured by
Electrotransformer, rated at 20 kVA. The.primary circuit of this trans-
former is-connected through a powerstat and a Stabiline v;ltage regulatér :

to a 208 V power outlet.

D. Geometry and'Optics of the System

The general arrangement of the system is shown schematically in Fig.

2. A tungsten lamp operating at a brightness temperature of 2910?0, a
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Sylvania type DWY quartz-iodine lamp*»is used fo excite the fluorescence.
This fluorescence is obsérved at right angles tovthé exéiting beam. A
"15.9-cnm focai-length lens is used to focus the light into a Steinheil
three-prism spectrograph. Since the fluorescence is too dim to be seen
by eye, the focusing is done by placing a sméll lamp in the vacuum chamber
and focusing a point in the center of the beam onto the slit of tﬁe spec-
trograph.

_ The Steinheil spectrograph is a glass-prism instrument with an optical
speed of £/10. Thevcollimating and camera lenses are both 650 mm in focal
length. The reciprocal dispersion in the green and yellow, the regions
of principal interest in the work reported here, varied from approximately

l. The resolution with the slit widths and film used in

20 to 35 A m
most of this work was on the order of 2'to 4 Xr Osram mercury/cadﬁium
and potassium lamps were used to calibrate-the wavelength fegion of in-
terest. The spectrograph has been adapted tb take a Polaroid-Land hXS
film holder No. 500, so Polaroid type 57 film can be.used; this film>has
a speed of ASA 3000, so 1t is particularly uéeful for low 1light levels..

- The brass, éopper, and aluminum parts of the vacuum chamber and the
cooling jacket aré chemically or electrochemically blackened to reduce
scattered.light. A section of tﬁe stainless steel trap in the pumping
system is exposed t0 the chamber. To cut down_scattering from its highly
‘ reflective Surface,‘the exposed side of the trap was painted with an
Aquadag graphite suspension, and an infrared lamp was used to bake off .”

the solvent.. While this does not eliminate scatfering from this surface,

it significantly reduces it.

X . .
" A discussion of the spectral distribution of the quartz-iodine type
lamps is given by Studer and Van Beers.) "
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The vacuum chamber is a éylinder 30 cm in diameter and 45 cm high.
The windows used for excitation and detection of fluorescence aré 7.5 cm
in diameter. Extension arms were made 15 cm long sihce it was desirable
to collect light for the spectrograph from such a distance to minimize
the amounf of scattered light seen. These arms were made with supports
for mirror mountings, for use in multiple-path ébsorption experiments.
Tﬁe removable mounts were similar in design to those of Conn and Eaton.

" These mountings were not needed for any of the work feported here, but
will be available for future work with this aﬁparatus if needed; some
types of experiment§ may be more suitably done in absorption.

One window-retainihg flange was threaded so that a filter-holding
device could be screwed onto it for experiments in which it was necessary
to filter the exciting light. - A'cylindér in which a 2-in.-diameter
photomultiplier tube can be pldced can also be screwed onto this flange.
The filter-holder is threaded on both sides'sp it can be used between
the window and the photomultiplier without space for leakage of light‘

from the outside.
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III. GROUND STATE OF LANTHANUM MONOXIDE.

- The problem of the determination of ground states is of particular

importance for diatomic molecules involving the transition metals. For

:compounds of this group no workable scheme has been established for pre-

dicting the order of the many energy levels that can be pfedicted from
the molecular-orbital ornthe separated-atom approaches; these.techniqueé
are proving more useful in the case of diatomic molecules consisting of
atoms whose valence electrons are all in é and p orbitals at lower ener-
gies. The establishment of the ground state for transition-metal diatomic
melecules may be.useful not only directly, but possibly may lead to the
development of such a scheme for prediction.l

A logical place to search for.a.model system for the development of
the molecular-beam technique for ground state détefmination is amongiﬁhe!l
compouhds of the first column of transition metals, those involving one

d orbital in the ground state of the atom. The homologous series of

. cxides Sec0, YO, and La0 have all been investigated previously, so quite

a bit is known of their spectra although their groﬁnd states have not

been previously established. Thermodynamic calculations were made to

-determine the optimum reducing agent to convert the solid oxides of

these metals of the type M203 to the_corresponding monoxide gases. These

- calculations indicated that a sufficient pressure of LaO. to form a

molecular beam for these experiments could be obtained at 2 lower tem-

Perature than the other monoxides. . The most suitable reducing agent was

found to be lanthanum metal.
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Features of the LaO: spectrum have been known since the early’éart of
the century. Band systems have been observed in the red, yellow—greén)
blue énd ultra-violet. All these trénsitions‘involve'the level suspectéd
to be the ground state. A more detailed discussion of the electronic
transitions and energy levels of this molecule will follow in é~later
section, in light of the results of the work reportea here.

Meggers and Wheeler5

gave a vibrational analysis of the red, yellow-
green, and blue systems, designating them.AQH —>X22, B221—>X?Z » and
Cgﬂ—aX?Z, respectively. Their paper reviewed ail of the earlier work on
this mélecule. More recently Akerlind6 has given a rotational an;lysis

of three bands each.of the red and yellow-green systems; and has re-
designated tﬂe lower state of these transitlons as XAZ iﬁ order to explain
a constant splittiné of the features of 0.5 cm-l. This unusual aséign—
ment was a'further reason for the determination of the ground state; the
guestion of whether the newer assignment is correct will be discussed
later.

The X state of LaO has generally been conéidereé-to be the ground -
state, hence its designation. The spectrum is easily exéited in an arc,
and some of the bands have been seen in absorption in S-type stars.7—ll
Neither of these observations, however, is a proof of the ground state,
since in the arc‘highvexcitation is possible, and in the revérsing layers
of stars.temperatures are high enough to populate low-lying energy levelél

other than the ground state; thus the molecular-beam:technique was applied

to settle this gquestion.

A.  Experimental

In order to observe the absorption of radiation by a molecular
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_beam of La0 directly, a multiple-reflection path and careful shielding

of the spectrograph from extraneous light would bevnecessary. It wa.s
found to be experimentally more convenient to excite the begm with an
intense light source and observe the fluorescence at right angles to the
exciting light as the molecules return to the ground state.  This nof
Only~aVoided the problems associated with the alignment of mirrors for
a multiple-path experiment, but also the loss of overall light inﬁensity ’
in such a system, which would make the intensity of scattered light a
more serious limitation;‘ An absorption.exﬁeriment is also very sensi-
tive to the correét length of exposure. Too short an exposure results.

in an overall low level of change on the film emulsion; too high a level

- would result in a washing out of the density difference owing to an

absorption as the response of the film to the light becomes noniinéar.
In photographing fluorescence, as long as the scattered light level is
well below the fluorescence intensity, the exposuréS'can be made quite
long in order to bring out weak features. In this work exposure times
up to 1 hr have been used.

The.dangey of using the fluorés¢ence approach 1s that shorter-
wavelength light might_possibly.populate a more highly excited state
directly from the gfound state of the molecule, with fluorescence |
appearing at a longer wavelength és the molecules fluoresce to an intér-
mediate excited state. This can be avolded by filtering the exciting
light with a shoft-wavelength cutoff filter_that allows no iightvto Ee
supplied to the molecules of higher energy than thé transition being
observed. Thus the transition observed in flﬁorescence must involve

the same states as the absorption responsible for the excitation,

making this experiment fully equivalent to the experimentally less
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convenient multiple-path absorption. In some types of ekperimenté the
ability to populate a level that gives a transition observed gﬁ an
intermediate energy is desirable. |

The beam of La0 for these experiments was formed by heating a
molybdenum Knudsen cell containing a mixture Qf La and Lago5 in the
furnace assembly described above. The spectrograph was focused to
observe the yellow-green system; the red band system was below the
cut-off of the film's sensitivity. At about 1650°C the (0,0) and.the
(1,1) band heads of the system appeared in exposures of 30 minutes.
The equilibrium pressure of lLa0 at this temperature is about lO"5 m :
Hg. With the Knudsen cell used, the pressure in the beam is. approxi-
mately 10—6 mm Hg. As the temperature was increased, more features .
began to appear. ‘ L

The sample spectrum shown in Fig. 3 (a) was taken at 1935°C, with
an exposure time of 15 min. This corresponds to an equilibrium
pressure of about 1 mmAHg, and thus a beam pressure, of about J_O-5 mm
Hg. In this photogreph the (i,o), (2,1), (3,2), (0,0), (1,1), (2,2),'
(3,3), (4,4), (0,1), (1,2), and (2,3) bands are visible, and possibly
others. :Also visible are several atomic lines that are all due to
transitions involving the ground state of elemental lanthanum. -Figure
3 (b) shows a comparison spectrum used to establish the fluorescence
as the de;ired yellow-green system of LaO. This spectrum was generatedx
by running a dc carbon arc in air; the ‘arc's lower electrode had been |
drilled out to form a shallow cup to contain La metal. Because of
the greater intensity of the arc, it was possible to use a narrower

s1lit on the spectrograph; thus in the comparison spectrum there is

slightly better resolution of the features.
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When the exciting light beam was filtered witﬁ a Corning_5584
the fluorescence spectrum was found to be unchanged.in intensity. |
This filter substantially reduces the light intensity below 5100 R,
thus establishing the fluorescence transition as equil&alent to the
absorbtion tranéition that populated the higher state. ,

In further work it was possible to see the blue system of ILaO
in fluorescence. Due to some extent to the reduced film-sensitivity,
transmission of the optics, and exciting—lamp intensity at this wave-
length, this fluorescence required longer exposure times and was less
intense than the yellow-green system. Figure 3 (c), a 30-min exposure
af about l935°¢, shows the blue system.

Light from the furnace and Knudsen cell’becomes intense enough at
about 2100°C to excite fluorescence in the yellow-green system wiﬁﬁéut
an external exciting lamp. Changing the effectiveness of the radiation
shielding varied the intensity of fluorescence due to thié light source,
but as some light must always pass along the same path from the orifice
of the Knudsen cell as the molecules in the beam, there will always be
some excltation from this source. As long as the exciting lamp is
kept appreciably brighter than the Knudsen cell, excitation from this

source is‘not substantial -enough to complicate the application of
this method of ground-state determination.
B. Conclusion
These experiments establish the level designated XAZ as the
ground state of lanthanum'monoxide. It seem likely that the analogous
lower states of the corresponding systéms of the scandium and yttriﬁm

monoxides are also the ground states.
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IV. APPLICATION OF MOLECULAR-BEAM TO LIFETIME MEASUREMENT

One.of the important reasons for the constrﬁctibn of the molecuiar—
beam apparatus was to provide a system in which the lifetimes of high-
temperafure molecules could be measured. An apparatus for the determina-
tion of electronic lifetimes by the phase-shift technique has been ﬁnder
development in these laboratories for a number of_yea¥s.2’ll-lu Since
a moleculaiAbeém of lanthanum monoxide was available in connection with
the detefmination of the ground state, some experiments were undertaken
to investigate some of the experimentalldifficulties that wouid arise
in a La0 lifetime measurement. The questions considered are, a) would  .
a sodium lamp be a suitable source for the excitation of fluorescence in
a lifetime eiperiment, b) how significant a problem ié light écattering

in the apparatus, and what can be done about it, and c) can a fough

value of the lifetime be estimated in order to determine which light

© . modulating system should be used in a La0 lifetime experiment. .

A. Light Source for Excitation_dflﬂanthanum Monoxide

The red, yellow-green, and blue éystems are each possibilities -
for a lifetime measurement. Because theryellow-green was the most
accessible with the experimental arrangement used for the gfound-state
determination; it was used for preliminary studies of the suitability_
of the La0 beam for a lifetime measufement._‘The first-probiem fo be
considered is the choice of a light source for‘the excitafion.

In previous measurements of lifetimes with the equipment in

_these laboratories, an atomic line source was used to excite the

. ./'
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molecules to fluorescence. In general, a lamp was chosen with an atomic
line that overlapped a grqﬁp of.rotational lines in one band of the band
system under investigation.* Filters were used to block out other
atomic lines. The first approach to finding a light soﬁrce'was, thus,
to find an appropriate atomic overlap. Such an overlap appeared likely
to.exist for one of the sodium D lines. In fact, before the molecular-
beam apparatus was constructed the pqssibility of such an qverlap_made
Lao dne of the early choices as a_high-temperature molécule suiltable

for a lifetime measurement. As it became apparent thét Ia0 was also
most suitable as a ﬁest moleculé for the ground—state—détermination
techniQue, the possibility of such an overlap was a further inducement
to generate a beam of this molecule.

* The (1,2) head of the yellow-green system lies, by Jevons' measure -
mentsl6 at 5895.#&.; This is the first of a close double head. The
sodium D lines lie at 5889.95 (D,) and 5895.92 (Dl). The feiation of
these sodium lines to the LaQ spectra can be seen in. Fig. 3 (b), since
an abundance of sodium was present in the carbon arc used to generate a
comparison spectrum. In a head, the rotational‘iines are close together,
so overlap by the atomic line is more likely. To look for such an
ove?lap with LaO rotational lines, a sodium lémp was placed in the ex-
citing-lamp position used for fhe tungstén lamp in the ground-state
experiment. If a single rotational levél éf the v'-= 1 vibrational

level were excited, the fluorescence spectrum would be expected to

Studies are underway to determine the variation of measured lifetime

15

when the fotational and vibrational level excited is varied.

‘
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consist of, following Akerlind's analysis6_of the transition, a seriés
of closely spaced quartets of rotational lines. Sets of these lines
would appear in the reéions where the (1,0), (1,1), (i;é), ete. bands
are seen. The quartet of linesrwould be unresolved when obsérvea with
thiswsystem, that is, the Steiﬁheil spectrograph ﬁith Polaroid type 57
film as described ébove. This is_becausé lines in bands involving the v*
v' = 1 vibrational state wbuld be seen, as there is no.selection rule
for v;.the relative intensities would be governed only by the Franck-
Condon overlap of the v' = 1 wave functions with those of the various
v'' levels. On the ofher hand, oﬁly those rotétional transifions would-
be seen in eaéh band that are allowed by the AJ = 0 and AK = £ 1 selec-
tion rules that are applicable in this case. Of course, if the exciting
line were broad enough to populate more than one rotational level in the
excited state, then more rotational lines wouid be seen in decay.

An Osram sodium lamp and a General FElectric NA-1 sodium lamp were
_each used innan éttempt to produce fluoréscence, Wi@h_beam teﬁperatures
at over 1900°C, using exposure times of up»to 50 min, no spectfum wa.s
observed other than a strong overexposure in the regioh of the D lines.
The intéﬂsity of the feature seeh Was'unchanged when the furnace was
cold, indicating that this was simply écattered exciting light. No
features were seen in the regions” of the other~bahds with éﬁ = 1; if .
fluorescence were present, however, it would be expected that decay
- via the (1,1) transition would be e?en stronger than the direct re-
radiation‘in'the (1,2) band which was used for excitation. Tﬁe conclu~
sion is,:éhen, that that the overlap of the D line with rotational
structure Qf the yellow-green band system of Lao.is either missing'or-

very small, so it appears that the sodium lamp is not a feasible light
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source for the lifetime measurement. However, there is a péssibility
that a more pressure-broadened lamp would have enough overlap.

Another possibility for a light source uses a differént appfoach
from that of previous experiments. _With the current availability of
interference filters, it seemed that a continuous light source used“with
an appropriate filter to eﬁcite a small fegionvof the spectrum would be
useful. Sincé, with filters made to order, one cbuld selectively excite
through a band with strong relative intensity, the efficiency of excita-
tion could be maximized.

Several interference filters were purchased, chosen to overlap
large regions of each of the threé intense'sequencés of bands seen in
the yeliow—green system. fhe épproach here is different from that used
in the excitation of a few rotational lines with an atomic line:
Instead of exciting only one, or a few, features with a very intense buﬁ
narrow source, the use of these interference filters would excite many
features yith a broad, moderately intense source. The filters were
chosen so that one of the set could be used for excitation, while
another, which passes a different region of the spectrum, would filter
the fluorescent light. This would assure that scattered excited iight,.
-~ and thus light with zero relative phase which would lower the measured
lifetime, would not pass on to the photomhltiplier, which is used as a
detector. These filters could then be ihterchanged and used the other
way around. All of the combinations of filters could be uéed, thus
determining‘if the lifetime excited in these different way are the'samé.
Although an atomic line has not beénquund that can be used for excita-
fion, interference filters which are made to separate atomic lines are

'being acquired by this laboratory. vAlthough these filters are rather
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broad compared to the atomic lines used for previous experiments, they
are narrow enough compared to the filters acquired for the LalO bands.
that they can be used for narrower excitation in order to compare the

lifetime measured with the more selective population of upper levels

with that obtained by using the broader filters.

The interference filters were delivered promptly enoﬁgh for a
preliminary look at the fluoreécence excited when they are‘used to -
filter the incident light. It appears that they may transmit suitable
intensity for the proposed lifetime measurement. |
»Iﬁ may be well fo consider the possibility of ﬁeasuring a life-
time in either the réd of‘blue systems. While no preliminary work has
been done on these systems as in the case of the yellgw—green system,
this possibility should not be ignored. From the astrdphysical view-
point there is much to be said for a measurement in the red systém.

7-11 only bands of the red

While LaO has been seen in stellar spectra,
system have been specifically identified. It is suspected that the
yellow—greeﬁ system is present in the same stars, but a group of Ca
lines and strong bands of ZrO complicate the observed spectra in the.
regidn of the strongest bands of this system. The speétra_afe seen in'
these stars as absorptions ffom the continuum coming from deeper within
the stars; since these stars are faint red stars there is ﬁot enough
intensity at shorter wavelengths for the blue system to have been ob—‘
served. - Unfortunately, detector sensitivity in the red is a serious
probiem, so it may not be possible to measure the lifetime of this

state directly. The answer to this problem would lie in the determina- .

tion of the relative oscillator strengths of the transitions from the

A?H and BEZ states in another éxperiment, simply by determining the
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relative intensities, correctéd for the sensitivify difference of the
de%ector in the two regions. All of the suggestions regarding the use
of interference filters given with reéard to measurements in the yellow-
green system are applicable to the red or blue systems. In addition,
some atomic lines fall in regions where they may be of use for:excita—
tion in the more usual way.

Iﬁ the blue system, there is a head at 4556.5&, near the very
intense mercury line at h558.5§. A weaker mercury’line, 45&7.5&, lies
slightly to the blue of a band head at 45#8.2£3 this seems éomewhat less
useful. . Unfortunately, however, neither of these bands appear to be
very stréng. In the fluérescence spectra from thié state obtaihed in
the molecular-beam work, these bands were not visibie. The‘calcium B
4425, 48 line falls between the (1,1) and (2,2) band heads of one sub-
system of the transition. - The cesium h595.l§ line falls Véry neaxr the
(3,4) head of the other subsystem, aﬁ h595.8§, butthis is also a weak

band.

;

The red systeﬂ; due to the‘low dispersion of the Steinheil in
thiérregion as well as the absence of sensitivity to red light of the
Polaroid type 57 film, hag nét been seeﬁ in the molecular-beam fluores-
cence studies. Also, there is a substantial problem with detector |
sensitivitylin this region. There is, howéver,-one good. péssibility éfv
an atomic line that could be used. - The rubidium 79&7.6& line lies very
near §ne of the (2,2) heads; at 79%7.9£4 This is thg strongest rubidium
line. Osram rubidium lamps are available and én electrodeless rubidium
lamp similar to that reported by R. Br.ewerl7 has been.constructed. ‘Soon
it Will be possible forvus to investigate the red system in molécular—

beam fluorescence, because a spectrograph which has better dispersion,



3

-23-
higher optical speed, and better resolution than the Steinheil — and

which is equipped to use Polaroid infrared roll film — is'being acquired

by this Laboratory.

B. Light-Scattering in the Molecular-Beam Apparatus

A photomultiplier was set up with the molecular—beam.apparatus in
a way similar to that which would be used for a lifetime measurement.v
This was done in order to determine if the fluorescénce can be‘detected,
and to see if the scattered light seen by the photomultiplier was too-
great. It was found that the scattered-light level from both the exci-
ting beam and the fUrnape was so high that it was impossible to tell if
any fluorescence wasvbeing detected. The use of filters to éut ocut the
red helped considerably. The photomultiplier detects scattered liéﬁt aﬁ
wavelengths diffefing from the fluorescent light without distinguishing
them; +the cruder wavelength rejection of the filters compared to the
spectrograph is a restricting factor. The narrow filters that have been
acquired for the lifetime measurement may give some further impfovement.
There is anothér, optical, reason that the photomultiplier sees more
scattered light than the spectrograph: The light that is focused onto
the slit of the spectrograph.must all originate in a cone that is de-
fined by.the limiting aperture of the optical systeﬁ as projected through
the optical system back into the apparafus.. This cone wasvintentionally
choéen so that it gathered a minimum of scattered light;. In the case of
the photomultiplier the .entire photocathode sufface is capable of |
collecting light, through any angle in which there is a route to this
- surface. Even if a photon is scattered into the’pﬁotdmultiplier at a

small angle with respect to the photomultiplier-tube surface, it is
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detected. Moving the photomultiplier back, of coufse,.decreased the
scattered light, but in a lifetime measﬁrement_it is desirable to collect
as large a solid angle of the fluprescence as possible, because the
inténsity is low to begin with.' The problembpresented by this obséfva-
tion 1s not as serious‘as it first seems. In the actual measurement of
a lifetime, the signal that passes from the photomultiplier to the‘sub;
sequent eleétronics'is filteredvthr§ugh a;frequehcy-selectigﬁ circuit
which shorts to ground those components of the'signal'thét aré not at
the frequency of the light moduiation. However, an excess of exfraneous
scattered light might still tend to saturate the photomultiplier,'limit-
ing the sensitivity of the detecﬁor.to the true signal.

The system.usgd in this préliminary investigétion did hot_dﬁplicate
the optical system that will be used for excitation in the actual measure-
ment of a lifetime. In the lifetime experiment there will be some type
of device that will modulate the intensity ofvthé exciting light. In
fhis case the modulated exciting light will entef th§ vacﬁum chamber
through a much smaller solid angle than the exciting lightvused in these
preliminary investigations, and the scattered 1igﬁt should be severely
reduced. The minimizing of scattered light from this sourcé, then, must
be considered independently with eitherAﬁhevactual lifetime-meaéuring‘
apparatus or a model system which duplicates the incident light angles.
Some type of light baffle may be necessary in the apparatus if this per-
sists as a problem. | |

The problem of light from the furnace isva more serious difficulty.
The scattered light makes its way into the photomultiplier vig several
routes. = First, some'light goes directl& into the photomultiplier from

'the radiation shields. There are not enough shields to prevent the
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outermost shield from getting hot enough to glow. There are two things
that can be done to eliminate this difficulty: (a) Thg3radiation
shields can'be replaced with a larger number of more close}y.spacéd
shields, and (b) the size of the aperfure in the codling jacket can be
reduced to cérrespond to thelsize of those in the radiation shields.
The second éource of scattered light is the open ends of the cooling
jackét and the radiation shiel&s. Much light from the heating tube
comes out through these openings . and is scattered off the surfaces of
the electrodes, the electrode ciamps, and fhe walls of the chamber. The
new radiation shields,should ve made with a series of end caps whibh‘will

¢

contain this radiation.

"C. Estimated Lifetime of the Lanthanum Monoxide Yellow-Green System

s

From the equation connecting the measured phase shift with the
lifetime, given above, it can be seen thét the proper choice of the
modutating frequencj is determined by the range in which the lifetime
is‘expected to fall. There are two differént light;ﬁodulating devices
ﬁvailable for this work:lu-the watér-tank modﬁlator, which makes use of

the Debye-Sears effect, and the rotating wheel, which is unigue to this

~laboratory. ‘The tank modulates at a frequency of 5.2 me, and the wheel, .

depending on the choice of auxiliary controliing electronics, at 100 or-

360 ke. The lifetime of the yelloW—green system of La0 was estimated

from the cbserved intensity of the molecular-beam fluorescence. The
technigque used was a variation of that applied by‘Haganl8 to determine
the oscillator strength of the 02 Swan bands. The principle involved

was to match the intensity of a‘tungsten lamp with that of the fluores-

- cence. The tungsten filament lamp was placed inside the molecular beam

{
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Turnace at the point which was focused:bn the spéctrograph’slit by thé
condensing lens. Light from the lamp filled the optics of the system.
The Steinheil spectrograph remained adjusted to the same slit width

and focal settings that had been used for an observation of Lal fluores-
cence. By varying the lamp voltage and using neutral'denéity filtefs,;
exposures were made oﬁ Polaroid type 57 film whiéh matched in ihtensity
the brightest feature seen in the Lal fiuoreécence. These expoéures were
madé in the same expoéure times as the photographs of LaO fluoresceﬁce
being matched. The temperature of the lamp that gave the correct expo-
sures was measured with an optical pyrometer. The femperature of the
“lamp used'for'fluoreécence excitation was also measured, as seen through
the window of the molecular beam apparatus. Finally, the solid angle

of the light from the excitation source that was being intercepted by
the beam.wés determined by meking a scaled drawing of the geometry.

The temperature of the cell used to produce the beam during the
‘photographing of the fluorescence spectrum was known from an optical
system used to observe the cell orifice; usiﬁg this tem@erature and -the
available thermodynamic data the concentration of La0 in the cellbwas
calculated. This equilibrium pressure, togethervwith the orifice dimen-
sions was used to calculate the rate of vaporization of material from
the cell, and thus, the steady-state preséure of LaO'in the beam.

The Planck black-body radiation law Waé used to calculate the in-
tensities of the exciting lamp and the lamp usedvto match the fluores-
cence at the wavelength under coﬁsidération. The calculated intensity
of the matching lamp was reduced by the factor introduced by the neutral

density filters. The intensity of the exciting lamp was multiplied by
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a faétor to correct for the approximate area of the soﬁrcevaﬁd the
effective solid angle of light Irom the‘source that passed through the
_molecular beam. . The logarithm of the ratio of these two intensities
is thus equivalent to log %} in a direct absorption measurement. Sincé
the approximate concentration, and the path léhgth were known, the Beer-
Lambert law was used to calculate a value of the absorption-coefficienﬁ
for the brightest feature in the band systen. | |

Tﬁe ﬁalf-width of aﬁ atomic line observed uhder the éame conditions
was measured to determine the instrﬁmental half-width. With the ihe '
strumental half-width known, it was possible to estimate how many rota-
tional lines contributed to the.observed intensity at the brightest |
point. The relative populations of %hese rotational statés.multiplied
by the corresponding line strengﬁh factérs were summed, and the resqlting
factor wasvapplied to the absofption coefficient, which had been deter—
mined for the most intense feature, to obtain a valuvue for the.entire
band system. An oscillator strength for tﬂe tranéition was then calcu-
leted from this absorptién coefficient. |

The oscillator strength was.found to be on the ofdef of £ =0.1;
the corresponding lifefime is about 5x10f8 sec. If this is correct,

the lifetime should.be measured using the water tank modulator.

D. Conclusion

The fesults of these preliminary investigationsvcan now'be
summarized:l (a) The sodium D line-sourcestested seem to be inadequate
as excitatlon sources for a lifétime measurement; a pressure—b%oadened'
sodium lamp may prove more successful. A more Satisféctory exciting

- source would be a continuous lamp used in conjunction with interference
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filters. (b) ILight scattering from the furnace seems quite signifi-

cant. Some suggestions werée made to improve the situation,'but the

problem can .only be properly considered when measurements are made with - -

modulated light that duplicates the conditions of an actual measurement.
(c¢) A radiative lifetime for the yellow-green system has been estimated
which indicates that the Debye-Sears watef—tank modulator would be the

proper system to use for a lifetime measurement.
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V. SUMMARY OF THE SPECTRA OF LANTHANUM MONOXIDE AND iTS HOMOLOGUES

A. Xnown Transitions and Energy Levels

In light of the determination of the XAZ state aé the electronic
ground state of La0, it is useful to review the known-electfonié spectra. .
In this‘discussion it is appropriate fhat a discussion of the homologous'.
molecules, ScO and YO be included. Excellent reproductions of all of the
band systems for these molecules that are discussed here appeér in the
atlas of oxide spectra prépared by Gatterer et al.lg

" There are foui band systems known for LaO that are transitions
involving the ground state. Three of these transitions were'mentionéd

in connection with the fluorescence experiments used to determine the

ground state. There systems were:

Red system 221 s 6860 to 9730 A
Yellow-green system BEZkiXuZ ' 5015 to 6460 A
"Blue system S cen-»xgz _ 4340 to 4625 A

.

Bands known in the ultra violet (3450 to 3710 K) were measured by
Jevohs.l6 These bands were later partially vibratiohally‘analyzed by
Haufecier and Rosen,go who.assigned all éut one 6f‘the bands to two
overlapping syétems, both going to the ground state. They quite pbssi-
bly are two components of a'doublet system. The‘upper levels are desig-
nated D and F. The energy levels A, B, C; D, and F are shown ééhematie—
ally in Fig. L. | | |

Another, weaker, group of bands ﬁere reforted by Meggers and

Wheeler” in the red (6430 to 6825 K); these bands, unlike the other
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red system, however, are degraded to the violet. In this case, also,
Hautecler and Rosen have analyzed the spectrum as consisting of two band
systems. Here, however, Hautecler and Rosen find the « value of the

ground state to be inconsistent with the structure of the systems,'so

they feel that these transitions are between excited levels. They

designate ﬁhése transitionle - ? and G —» ?. These authors suggest thé
possibility that the upper states of this transition-are identical wi@h
the two componénts of thé C?Hstate, and that the lower level thus lies
at around 7490 to 8210 cm-l. A generalizatioh of .the fechniqﬁe used to
determine thevéround state to test this hypothesis is discussed below.
A dashed line in Fig. L4 shows the.approximate location of this lower
hypothetical level. ‘

Figure 4 alsb shows the known energy levels of ScO and YO.  Two
band systems are known in each.molecule. These are analogdﬁs to the
A?H —aXaz and B221—>X42 transitiohs of La0. It seems reasonable thét
the lower levels of these transitions are the'ground'states of these
molecules, as in the La0 case.  In ScO the A —» X tgansitiqn isaﬁ Qrange 
system. As in the LaO red system, this transition was given a vibra-
tional analysis by Meggers and Wheeler,5 whO‘designatedbit A?H —>X22,
and more recently given a rotational ana;ysis by Akeflind,zl who re--
assigned the ground state, xhzt The blue-green system of Scd was simi-~

5

. 2 ' -
larly called BEZ - X 2 by Meggers and Wheeler,” and later given a ro-

tational analysis by'Akerlind.21 The orange and blue-green transitibns
of YQ were similarly analyzed by Meggers and Wheeler,5 and also inde-

o v o : .
pendently by Johnson and Johnson. e When these bands were given a ro- ..

23

tational analysis by Uhler and Akerlind, however, the extra lines

found in the a0 and ScO bands were not found, even though higher
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re.solu’cionel‘L was used to look for them,

B. Ground-State Multiplicity Problenm

Akerlind suggestsgu that the simple. spectra obser&edlfor YO can
‘be explained by assuming that the value of 3e (the mﬁltiplet splitting
term) differs in sign in ScO and LaO. (The analysis gives only the
magnitude, not the sign of 3¢.) 1In this way the value of 5¢ may be
changing sign as the mass of the molecule is increased, and thus be . -
nearly zero for YO. In this‘case transitions involving the AE state

25

would have incompletely resolved structure. Klemperer, ~ has argged, ‘
howevég that the splitting may be caused by the influence of nuclear
spin, and that the oldex 22 assignment may be the éorrect one. g
Molecular orbital'éorrelations establish-that both 22 and'%i
states should exist in these molecules. Table I shows some of the e;-
pected low-lying molecular orbital configurations and the electronic
states ﬁo which they would give riée...A consideration.bf thé low-1lying
states of the nineAvalence—electron diatomic mbleculés'is given by
'Shetlar.26 However, he considers only compounds which do not involve
transition metals. Column 1 of Table-I shows the low-iying configura-
tions expected in the molecules discussed by éhetlar. The oxides of
scandium, yttrium, and lanthanum, howevef, should have additional low-
lying molecular orbitals which are derived from a 4 electron. The
relative order of the new states that derive from the addifional m@lecg-
lar orbitals and their order wifh respect to the states'bf.ColﬁmhjliiS
not known. Column 2 of the table gives expected low-lyiﬁg-éonfigura—

tions involving one ¢ orbital derived from a d atomic orbital; columns

3 and 4 give configurations involving one dm. and one dd orbital



Table I. Low-lying molecular orbital configurations of valence electrons
in scandium, yttrium and lanthanum monoxides
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réspéctively. The order of thé.molecularorbital«configurationé withﬁn
these columns is estimated. In most of the configurations giving rise-
to & 'S term, a "A term is also found. Hund's rules, if they hold for
these molecules, would predict the %A to lie lowervin energy than the-
MZ . Further thé intensity of the X« B band system (approximately . o
f = 0.1, as discussed above) makes it seem—unlikely_thdt_this syétem is.

a quartet-doublet transition. These correlations make it seem likely

that the hZ assignment of the ground state is incorrect.

C. FE and G Transitions of Lanthanum Monoxide

 The suggestion of Hauteler -and Roseneo that the system of bands
which they refer to as the E - ? and G —» ? transitions may actually be
“transitions from the CEH;state can be tested through the usé of a )
molecular-beam fluorecence technique. As was repQrted earlier in fhis

L

work, the 02H — X 2 fluorescence has been produced by excitation ﬁith.

a high-temperature tungsten lemp. Since it is known that»it_is possible .

to populate the C‘ievel, the E and G transitions may-be seen in fluores-

4§ence if the region 6825 to 6430 A is examined. It may be neceésary to.
run the lamp at an overvoltage or use another excitation éourcevto

cause sufficient populatioh of the upper state-for this transition. If

the transition is seen, a series of short-waveiéngth cutoff filtérs

~ could be used to filter the exciting-light beam; thus allowing excitation

only to levels at progressively lower-energies} As fhe'enérgy corre;

sponding to the upper state of the transitions in question are passed,

the band system‘will disappear. If the C staﬁe'is the upper level of ' .

.the transition, the transition should disappear when a filter which

cuts off at about 4625 A should eliminate the band systems. .

i
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VI. SUMMARY AND CONCLUSION:

The molecular-beam fluorescence technique has been successfully

applied to establish the ground state of lanthanum monoxide as XMZ.

The technique can now be applied to many of the diatomic molecules for
which transitions are known, but in which the ground‘state is uncertain,
for example, the oxides and halides of transition metals. This tech- |
nique can be generalized to determine the poéitions of the lower state
of some bands for which an ahalysis i1s not available once the gfound
state is known; this may be especially useful for spectra that have
proven too complex for analysis.. |

The molecular beam appears to be a suitable system for use in the
measurement of radiative lifetimes by the phase-delay technique, and
the groundwork has been laid fdr such a measurement of the yellow-green

system of Ia0. An estimate of the lifetime indicates that the water--

tank-modulator apparatus is the best suited for such a measurement.
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FIGURE CAPTIONS

A crdss—section&l view of the molecular-beam furnace assembly.
A schematic diagram of the geometry of.the molecular—beam
apparatus.

The lanthanum monoxide spectrum. (a) The yellow-green
system in fluorescence. (b) The yéllOWhgréen-system in a
carbon arc. (c) The blue (left) and yellow-green systems
in fluorescence; the lower half shows mercury and cadmium
lines as a wavelength scale.

Electronic energy levels of La0, Sc0, and YO.
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