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ARC SPECTRUM OF MAGNESIUM OXIDE
‘ David W. Green
Inorganic Materials Research Division, Lawrence Radiation Laboratory;

and Department of Chemistry, University of California
o ‘Berkeley, California

ABSTRACT

A comparison of the observed molecular electronic states of magnesium
oxide is made to the states predicted by theoretical considerations. The
observations reported are incomplete and considerable uncertainty exists
abou£ the states below 10 kK(10,000 cm’l). Low-lying triplet states are
predicted on the basis of atomic states of the separated atoms and seml-
empirical molecular orbital cogsidérations.

Assignments are made to a number of observed but previously unassigned

band heads in the violet spectrum of MgO. The (0,0) sequences of the CIZ--AIH

lAeAlH have

and DlApA;H transitions as well as the (0,1) seguence of the D
‘been observed in the arc spectrum of magnesium oxide.
Additional band systems with sequences beginning at 3672 and 3637 }
have been observed and measured. Band heads are observed in the region from
2600-2800 & which cannot be attributed to a known transition, |
The possible assignment of the C and D states of magnesium oxide to
triplets is considered. Relative intensities of the violet, green and red
band systems of MgO are reported., Second differences for the C and D states
are calculated from the previously reported rotatioﬁal lines. Intensity calQ
culations are performed for the branches of a 32-3H electronic transition
with the 5II state intermediated between Hund's coupling cases a) and b). Mo

clear conclusions are drawn about the location of electronic triplet states

in the Mz0 molecule, ~
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| I. INTRODUCTION.
Theistudy of equilibrium and non-equiliﬁrigﬁ'higﬁvtemperéture systeﬁs . _Vb
,tis‘of inCreésiﬁé.importanéé. Asfronomical mechdniéﬁs of stellar and planéé,: ‘
- tar& evoiution require.a knowledge of the thermochemical behavior of high--f
.temperature systéms in order to ekplain prepve& spectra.: The explorétion 3
*"of the upper ierrestrial atmosphere and outer space iequires thermodynamic
"!data and a khowledge of vaporization processes for such problems as atmosf o
pheric re-entry and metéllic resistance to oxidation.

Accﬁrate thermodynamic functions allow the calculation of equilibrium
behavior over large temperature ranges. The relative abuhdﬁncés of All
'«v‘coﬁstituenté ?f a vapor system as & function of temperatupe ﬁould be knowﬁ :
;if the'thermodynamic daté were -complete, Some sysféms have been‘wéll éhar--'v
acterized, but many iﬁportant systems are uncertain due fo iﬁadequatéidata.

High temperature‘vaporization processes can become complex due to
multiple competing reactions. The magnesium oxide solid-vapor equilibrium

is ;n exaﬁple of such a systeﬁ.. The calculated vapor phase éomposition at
v high températures is_extremely'sensitive to the thermodynamic propepties of
the'varioﬁs species. |

Generally atomic‘properties_are weil-known. Diatomic Qolecular prOper;
-ties‘ﬁre;amenable to study by spectroscppic means.- A.knowledge of the
molecular;energy levels allows the calculation 6fithe moleculér partiﬁion
function from which all the thermodynamié.prOPerties may be derived. For
. many moleéhles the known energy levels, although far from complete, are :
sufficienévto determine the thermodynamic fﬁnctions'over temperature ranges

of interest. This is true generally for diatomic molecules formed from the

first row of the periodic table., For diatomic molecules formed from transi-



';, levels have been spectroscopically observed. - In fact, the electronic B

[ tion metals, only a few of the many expected low-lying molecular energy S

v)\' _‘

ground state is not unambiguously known in most cases,
Polyatomlc species require cons1derab1y more spectral analysis in
tl'torder to determine their thermodynamlc properties accurately. Relatively
few_molecules have been adequately analyzed,. N |
| Vapor systems of alkaline earthvoxides, especially MgO, have been
'studied.; -3 Yet considerable uncertainty still ex1sts in large part due.
| ;to 1ncomplete knowledge of the alkallne earth ‘oxide diatomic vapor properties.»

The spectra of the alkaline earth oxides are of interest partially be~

E Ecause they are so incomplete. For example, the MgO molecule has a red

ISk

-7 attributed to B quH _a green spectrum attributed to

spectrum
ettt
B2 =X and a complex violet spectrum. At 1east two emitters give band
' heads in the region from 3600 4 to Looo i, namely MgO and MgOH. Extensive
_overlap has made early analyses difficult and only unassigned band heads

59,12-18 19,20 |

have been reported. Recently high resolution studies
assigned two MgO electronic transitions within the violet region. The
lower state is Alﬂ and the upper states have ‘been ass1gned as C Z and
.D%A. Figure 1. shows the states whlch give rise to these trans1tlons.

) No triplet system has been assigned for MgO despite the prediction of

21,22

,several low-lying triplet states. . It is possible that Mg0O has a triplet

' ~ground state.el_ Probebly the triplet states are low enough in energy to
raise the possibility that the large electronic degeneracy of the triplet
states could dominate the electronic partition function and.have a coné

siderable effect on the thermodynamic free-energy function of MgO. The

partition function and resultant thermodynamic properties of MgO are sub-

- B o
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 :ptginties until these trip;ef'Stdtes can be observed and

Calc1um ox1de and strontlum ox1de suffer 81m11ar deflclencles.

;y.fTrlplet states have not been a831gned in BeO, MgO, CaO, Sr0 or BaO. Ab-
i.sorptlon from a 3II has been reported 25 for BeS 1ndlcat1ng 1°W-1y1ng trlplets el

’“}c;ln this molecule.

The search for trlplets has been compllcated by the stablllty of
‘alkaline earth hydroxides. Experlmentally the removal of traces of water'
.:in a high-temperature spectral source has proven difficult. Deuterium

lh’16_has-shcwn that some observed features of the MgO violet

- spectrum can be atfributed to MgOH. The existence of molecules such as

Mgeoé has been suggested.a’lu

- Additional interest in the MgO spectrum was created by the reported |

‘ spectroscopic constants of the clz‘ and D%A,eiectronic states.20 Teble I

Summarizes the data from the mosﬁlrecent papers on the violet system,eo
- the green and the red systems.6 The'nearly identical spectroscopic con- -
.-stants raise the p0851b111ty that the 012 and D¥A are not singlets at all

,but @ components of a trlplet. Recent .work on Se 26 indicates that the

2
»observed sihglets' are actually the Hund's case c) O+-O+ and l;l
tra.n31tions of the Hund's case a)32‘. 52 transition,
In light of recent progress in hlgh reselution analysis it seemed
- reasqqabie to're-examine the complex violet system in'medium reeolution. '
,.The spectroscopic constants of the three states involved in thevknown :
v:violet tfensitions allow the calculaﬁion, in principle, of all features :

. due to these electronic states. Any additional features may be due to

_other electronic transitions, other magnesium molecular species or other

25: LL_" N

@

e
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Table I-f."vJ |

' Spectroscopic consténts‘for knownvmagnesium'oxide'eleétronic stétés (K)‘v%”
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'f~7tr1plet-s1nglet or trlplet-trlplet tran31tlon.

'b’f. The ultra-violet spectral reglon from about 2800 R to 3300 ﬁ as well
:ig’as other reglons throughout the ultra-v1olet and v131ble reglons have
“sfis particularly dlfficult to remove. In v1ew of the 1arge number of ex-
‘,;pected MgO transitlons extra effort to remove th1s 1mpur1ty might well
:;fareveal an unanalyzed electronlc tran31t10n of Mgo which .could yield :

;g’informatlon about the unobserved triplet states.vlf7

: *5519 triplet components if the C-A and DqA transitlons are portlons of a :1'»”'

}strong OH tran81tions. 27 1In any arc system whlch uses 0 ‘this contamlnant?'wf‘v;




II. THEORETICAL PREDICTIONS -

A. Expectéd'Electronic States

One of the most striking results of a consideration of the molecular

‘states arising from various atomic states of magnesium and oxygen is that

'1} only triplet molecular states arise from ground state atoms., Figure 2 shows - -

. the molecular states of MgO from low-lyihg atomic states. The atomic ener-

' gies have been taken from Mobre.es The lowest atomic configuration which

" gives éinglét electronié molecuiar states is 15.9 kK (15,900 cm-l) above
the ground state atoﬁs. A singlef molecular ground state from neutral
atoms would be expectéd-only if the bonding energy betﬁeen magnesium lS

. and oxygen lD is at least 15.9 kK larger than the bonding between magneSium
1S and oxygen 3P.

3

The number of molecular states arising from the magnesium “P with the

' oxygen 3P is very large. Some or even most of these states might be re-
pulsive, In general, the wealth of molecular electronic states arising

from low-lying atomic states suggest the‘possibility of a large number of

perturbations and predissociations as well as many allowed electronic tran- 5

sitions,

Usiné an ioniZation potential of 7.6Mje,v. for magnesium28 and an
elecé;on affinity of Ll.U47 e.v. for oxygen29 (1 e.v. = 8.067 kK), the
ground stgte iqnsvlie about'h9.8 kK above thg ground state of the néutral
aioms. Tﬁis is low enough to have a considerable effect on the charagtér -
of the low-lying electronic states if‘iﬁ does not in fact give rise to
the molecular ground state.

HerzgergEO has suggested the following empirical rule, ’If'rs, the
: internﬁcledr distance at which the Coulomb attraction energy is equal to

i
£

H . ' “
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,' :thejdifference between the ionié ground state.energy and the néutral
;Vatomié ground state enérgy, is greater than tﬁicé re,.the eqﬁilibriuﬁ
internuclear distance of the molecular groﬁnd state, then the ground -
N stéte is ionic in character.. In other words, an ibnic ground state will
‘occur when fhe Coulomb potential curve can "cross" the p&tential cufve of
"1neuﬁra1'atoms at a distance where the heutral curve is nearl& at the
.dissociation energy. If ry is less than 1.5 times Tos the curves will
. not cross. This rule.seéms to have validity when applied to some nine-.

51

.- valence-electron diatomic molecules”™ including the alkaline-earth mono- -

'.:;..halides. | |
o The value oi“vrS is'épproximately 4;1 R for MgO which exceeds the r, of
.: :fhe X (1.7H§ K)6 by over a factor of two. This suggests that the ionic

| states 124; 1H, 32+ and 3H'will be éf cénsidérable importance to the spectrumi‘-
of Mg0 and to.the thermodynamié éartition fuhction,. It is possible that one
of these ionic states is the molecular.electronic ground state.

Brewergl has compared the electronic.energy 1evels of several eight-
valence~-electron molecules includiﬁg MgO. The basis of comparison is systeﬁ-:
atic trends of the relative energies of different mdlecular orbitals as the
: nucle@r charge is changed. Table IIreproduces his compilation and predic-i
.tioné. The.lack of data for the alkaline egrth oxides is apparent; The
 homonuclear molecule 02’ which has been well studied, has six electronic
states Wi£h an cobserved Te vélue of 20 kK or lesé and two additional states
are predicted within this energy range. Only three states have been ob-
served fof MgO with an energy of 20 kK or less. The selection rules are
less,sfriﬁgent for MgO than for 62 which has additional symmetry require-

30

ments on allowed transitions. States which are inaccessible from the

ground stéte in Co could be seen in MgO.



: ‘::w‘fConfiguration

‘Table II,

-Energies. of electronic levels of some eight-eléétron'molécules in kK.2l , :

Molecular Eléctronic " Observed or Predicted - Electronic Energy kK

Orbital ~°  State G, " Beo Mg0 = Ca0 Sro

2 414

C o dfems T w2 (st5)  (30)  28.8 2.3 .

2 13 (e027)  (e085) (1885)  (18%5)

PPl . o sk (30£5)  (28%h) 25,.9 - 2ko
o 31 200 (20t5). (2010) (19%5)  (18%5)

2220 14

ot T (20t2) o213 20,0 0 -1L.5 10.9 .

A (135) (1445) i(15:t5‘), | - (825) (612) )
BT ek (1) (8s3)  (3%5) (1#1)
oo ' n 8.4 9.4 3.6 (3:2)'4, | (2t1)
B 0 9.7' (1) ‘(;1:2) '(-1:2‘)' (.‘1:&1)

2o I .0 - 0o o o0 0
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It ehould be pointed out that comparisons Beéed'oh the molecular

- ‘orbitals of the valence molecular orbitals are valid only when correla-

. tion energies are comparable or varying smbothly with nuclear charge. TIt. .

- ‘would be expected that_the alkaline-earth oxides should show trends.

.- These trends should be useful in predicting unobserved electronic statesf

"”7fl energies. The use of 02 as a basis for the prediction of energy levels of B

'e:MgO reQuites care. The correletion energy may be estimated from atomic :

’ correlatien energies by'doing population enalyses of the molecular.orbitals.
The population analysis is a compﬁtation ?fnthe probability density of an .
electron in a given mqlecular orbitel relative to the two atomic configﬁre- |
tions. For fhe molecular orbitals involved in comparing 02 to MgO, the ,.
population enalyeis will be quite different due in parﬁ to the ionic .
character of MgO. Ip order to satiefactorily predict the electronic
~ energies of MgO from those of 02, account must be taken of these differences,
'ég igiﬁig. ICAO MO SéF calculations have been performed22 for‘three
- molecular orbital configurations of.MgO. Table III swmarizes the ieSults

) dbtained for the molecular electronic term values including a semi-empirical

'f.correlation energy correction. It should be noted that before appllcatlon

34t

of this correctlon term, both the 3H and “Z . states were lower in energy
than the 12 stete by about 12 and 9 kK respectively. The uncerta;nt1es»
involved in pfoper application of the cerrelaﬁion energy correction term
make the final termvenergies uncertain to such a'degree that the identity
of the greﬁhd state is not conclusive. It should also be'pointed'out that
, tﬁese auﬁﬁors' cenclusion that the experimental failure to observe triplets

is not sufprising; is valid if no other triplet states are within about

Lo kK'of_ﬁhe'ground state. - Their conclusion is apparently based on the
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- Table Il Low-lying molecular 6rbitals of magnesium oxide

Molecular Orbital Configuration = - Eléctronic’ '~ :Calculated Energy

Q

P
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el efTe mo e
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fcalculated near.degeneracy of the two trlplet states ar1s1ng from the
three moleoular orbltal conflguratlons they con81dered. Table 3 lists

_:, other molecplar‘orbltal'conflguratlons and-the resultant‘molecular elec; ’
.sbltrohic efates which ;ight be expected to be impertant te the electronic
spectrum within the photographic limits. ALl these states arise from
different'popuiatione of the same molecular orbitals which were coeSidered-ye

Jin the calculations. Rough estimates of their energiesvmay be dbtaiﬁed

i:‘from the calculated term energles. Tt would seem'surﬁrising if there were‘

" not at least two other trlplet states, 32 and 3H below 40.kK. It should

: "be noted that none of the molecular orbltals considered give a Z state.vf»f» 

The energiesiebtained by calculations of this type for the separation‘
,,{ of electronic states of the same molecular orbital configﬁration are more

- accurate, in general,vthan the difference in energies of different molecular

S ) - + : L -
- orbital configurations. If the lowest calculated 12 and lH correspond to

o . the two-lowest observed states Bf Mg0 (see Fig. l), then from the 3I'I-lII

separation of Table III,the 3II should be less than 1 kK above the X z?. |
This is of extreme thermodynamlc 1mportance since: the contribution of the
3II state to the electronlc partition fuqction is a factor of six whereas ;t
is only one for'fhe'lz+.

A recent moiecular caleulation determined~the 3H-lII separation'ef BeO
to be less than 1 kK.32 The'authors suggest that the comparable splitting
should be ‘even less in MgO. |
| .The lineer Birge-Sponer extrapolationlis often an effective method for
estimating moleeuler dissociaﬁiqn energies. It genefaliy tends to give
33

| slightly large dissociation energies. If the molecular vibrational energy

. levels meyjbe reasonably represented.by Eq. (1), then the convergence of
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 Table IV.

Dissociation. energles of observed magnesium oxide electronic states.

. State ) - D (kK) | T (k) _Toﬁal Energy (kK)

, '. xl>:+ o 29.7 oo 29.7

| ‘:A]TI e 28,5 - 3.6 o 31.9
st s 200 s
oA we 0 a o ws

©/ has the largest D, value and is the enly state with a total energy (relative -

. to the Xlz ) greater than the difference between ground state neutral atoms

‘;i and ground state ions. Thevenergy difference betWeen the 30 kK limit ef the

B Axlz and Alﬂ states and the 49 kK linit of the C Z and DlA is near the 15. 9:
kK energy dlfference whlch was sought. Because of inherentvlnaccurac1es of
"this method of calcula@lon of De 1t.1s noﬁ safe to draw eny conclusions from
”Table IV. However, any proposed scheme of dissociation products must be con-
sistent with the data contained in that table. o |

In summary, low-lying trlplet molecular states for MgO are extremely
4probab1e and the ground state could be elther a 31nglet or a triplet based
- on theoretlcal considerations, The relatlvely low-lying singly charged |
atomic ionic states lead to the likelihoed that the ground state is ionic
“in charaeter. No unambiguous calculations bf predictions are available

concerning the nature of the molecular electronic ground state.

3
1
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v

“.Ai these levels represents the dissociation limit given by Eq. (2).

 _G(v) ‘Q‘.wé (v +1/2) - Ce¥e (i +,1/2)2 i. ' (1)
. e e : o ‘ - ) -

The Morse potential functionjh éiven by Eq. (3), when put in the
 f';moleculdf Schrodinger equation gives a formula for-thé:vibrational energy
levels which is equavalent to Eq. (1). Thus; Eq. (2) represents the

dissociation limit of a Morse potential.‘-‘

V) = b, (e le(er)h® (3)

- Although many analytical functions have been suggeste& to represent
' 35 -

the potential curve of molecular vibration,”” the Morse potential has
_sufficient accuracy for many purposes without undue mathematical compli-
cations. It does often give a reasonable estimate of the dissociation limit,
Caré must be taken in applying Eq. (3) to states which may be ionic in
33 ' ‘

‘ cﬁaracter, " It has been.shown”’” that thisvsimple formuls is valid only when
the fqrce of mblecular'attraction is profortiongl to a power of'(l/r) greater
thanlfour. Clearly a Coulomb attraction, (1/r)2; is not represented well by
Ba. (3). ‘ - .

Equation (3) was applied to all known states of MgO using the constants
of Téble I without regard to possible limitations imposed by expected ionic
character., The purpose was primarily to see if the 15.9 kK energy differenceb
between the atomic states which give rise to molecular triplet states and

those atomic states which give rise solely to molecular singlet states (see

' +
Fig. 2) could be observed. Table IV summarizes the results. The Blz state



'VMﬁ,of each transition have been rotationally analyzed-

26~

il‘B. 'Comtuter Program.nkl 5
Program "Heads" was written to predlct the wavelength of band heads e
‘ﬂbelonglng to trans1tions between known electronic stetes. The program is
explained in detail in Appendix A. | |
| The complex violet system of MgO-MgOH has two a881gned transitlons, the‘
I clz -AJTI a.nd the lD A-ALIT of Mg0. Only the (o,o) a.nd (1,1) vibrational ba.nds.~ '

19’20_ In order to pro-.

.Q~f'perly ass1gn other band heads in the spectral reglon 3600~4000 %, accurate

; calculatlons were needed for, the wavelengths of other v1brat10nal bands of o

- these known electronic trans1t10ns.

K The rotatlonal energy of MgO requlres three terms in the expan31on of f"

‘v~th(J +1) in order to adequately represent the observed rotational energy

- levels at high J.2O Many band heads of the v1olet systems occur at hlgh J

. due to the similarity of‘Bv' and Bv"‘ Program "Heads" solves the third

order polvnomial for the J of the head. -The results heve given the desired
Ieccnracv.’ However, the linear equation for the J of the head (i.e., neglect
:f’_of bv terms) gave erroneous results for the wavelength, In some cases,.the _
~ linear equation even gave a head in the wrong branch.
Because of the large density of hand heads in the-violet speetral region;
accurecy 1s essentlal in order to unamblguously ass1gn observed band heads. |
_ Results of the appllcatlon of program "Heads" to the v1olet systems of MgO
will be presented with the experimental results.

It should be mentioned that program "Heads" is particularly applioable,‘

to molecules where accuracy is required and the band heads occur at high J.
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'ITI. | EXPERIMENTAL

| A. Spectrographs end'PhotographiC'Materialé

N

The principle spectrograph used in this work was a 0.75 meter Spex.“.It

" has a Czerny~Turner kinematic mount for interchangable gratings., A one

micron.blaze grating with 600 lines/mm was used in third order for study

of yhe violetiband systems. The resultant reciprocal linear dispersion
"f'j was about 7.1 R/mm and with a ten micron slit width, the resolution was

.07 . For the ultra-violet region at wavelengths shorter than 3000 ﬁ; a

5000 & blaze grating with 1200 lines/mm was used in second order, - The

. reciprocal linear‘dispersion was about 5 K/mm corresponding to a resolution

‘*fl‘4 of 0,05 . This same grating was used in fipet order for study of both the,

jf; red and green systems of MgO. The instrument aperture is £/6.8.

' Kodak 103 a-0 photographic‘plates were used to phbtograph the spectral
region from 25004500 3 and Kodak 103 a-F plates were used from h500-6500 K |

The standard development procedure was four minutes in Kodak D-19 developer,'-

’ ﬂ,ten seconds in acid stop; five minutes in,Kodak Rapid Fixer and thlrty

minutes in a water wash bath all at 20°c.

"~ A Steinheil prism instrument-was used in part of the work in a Ramana
spectral arrangement, - The collimator focal length was 195 millimeter and
the eemera focal 1ength was 255 millimeeer. The instrument aperture is f/h.
Beth a th;ee~gla38-prism and a two-quartz-prism errangement were employed."

The reciprocal linear dispersion varies considerably with wavelength and with -

the prism-arrangement. With the three-glass-prism afrangement, the reciprocal

‘dispersion varied from about 10 ﬂ/hm in the violet to over 100 ﬁ/mm in the red.

The dlsper81on for the two-quartz-prism arrangement was smaller.
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Koda.k 103 a-F 35 mm film wa.s used 1n a curved-foca.l plane holder to

& a.llow s:n.multa.neous focus of a.ll wa.velengths. ‘l‘he spectra.l sens1t1v1ty of R
' his film vs.ries with:.n a fa.ctor of a.bout three over the wa.velength range PR
of 1nterest. Development procedures were identlca.l to those for the

?Photographic pla.tes. j ;3’ ‘;,ﬁ_l f‘,
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" B. Magnesium Oxide Vacuum Arc -

j The primary experimental problem is the elimination of traces of

R water from the system. 'A.ﬁacuum arc:WgS'designed to pﬁoduce the MgO

';i‘ spectrum while minimizing OH and MgOH spectrél'impurities. FigufeFB

:' shows a ' schematic diagfam of the entire arc system includingwthe arc

| 3'ipowei supply.

The arc electrodes were tungsten rods passed through pyrex with Kovar
" seals. A groﬁnd glaés seal allowed easy femoval of the electrodes for

"VYfreplacément‘of the magnesium and cleaning. Two centimeters of copper

 -fﬁi3tubing was fit onto the end of the cathode and four to twelve pieces of

“thirty mil magnesium wire were fit into the hole drilled in the copper.

- Both tungsten rods were shielded with quartz to prevent spurious arcing.

S This system allowed about ten total minutes of exposure under the operating

:conditions. Usually exposures were taken in about thirty second intervals o
- to prevent over-heating of the énode;’ The pyrex surrounding the arc was

: cooled with an air flow, |
A variable iesistor.was conneéted.in series with a Kepéo Labs Qoltagé
”' _ régulaﬁed 300 volt D.C. powér supply. The resistance was adjusted so that -

© from 1.0 to 1.5 amperes were drawn from the source. The arc was initiated -

" with a Tesla coil,

Background pressures of 6 % 10"1 tbrr were obtained withvé four inch
oil diffusion pump. fhe entire glassware.syétem was heated several times
to remove’édsorbed water. _

A phosphbrous pentoxide trap was placed between the oxygen supply bulb

“and the arc, P,0. is one of the better drying aéents and the residual water

275
vapor is only 2 x 10 mg/liter at 25°C.0°

{
!
|
!

Glass wool prevented the P205
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. from entering the area. of the'are. A liquid nitfogen.trap~was also em-' -
'.;ployed to éondehse out, any water:contaminaht‘in the oxygen. The liquid - =

" nitrogen trap was placed between,fhe oxygen supply and the PO trap to -

275

"Lf?‘”prevent the blowing of ice particles into the area of the arc. A needle

. valve was employed to control oxygen input into the arc. A silicon oil

,f:'manOmeteffmeasured therxygen~pressure and the typical pressure was about
vone torr, | | | -

- The eic was run in a clqsed.system to preveht unnecessaryvconsumption. |
‘of oxygen, The image of the arc was focused by av12.5 centimeter focal
.‘fiislength lessieith_a magnification of about three onto the spectrograph slit.

v: 7'In most spectral regions'the characteristic green color of the arc was put
on the sllt and the blackbody cathode radlatlon was focused just off the .
':ﬂv slit. In the ultra-v1olet the arc was refocused with the filters removed

::between exposures since the p01nt of arc1ng changes as the magnes1um is

3 consumed..
A Corning color glass fiitep 7759 was. used in violet spectral region te ;
;preveht second and fourth order lines f?om overlappiné the thifd order band

- heads. The plete sensitivity removed fifst order features. A nickel sulphate-

'",: cobalt sulphate f1lter37 was used below 3200 R to attenuate visible light.

'vCornlng color glass filters 7-54%, 0-53, 0-52 and 3-68 were used in the spectral
.v-regions 3000-3hoo R, 4000-5000 &, 4500-6000 & and 5500-6500 X respectively
to prevent overlapping of different order.'
Hg/bd, Rb and Ne Osram spectral lamps were used as standard line sources.

In the ultra-violet a mercury germicidal lamp was powered with a microwave di- .

"athermw.power supply to give lines below 3000 R. Combinations of the lamps were -

used in.speetral_regions where the number of standard lines was small. In

addition, magnesium line internal standards were used where available.




'C...Measurement of Plates;l

The photographic plates were measured w1th a Wllliam Gaertner and Co.vf;;,]f

o :comparator. ALl standard line wavelengths in air were taken from the S

: L'IM.I.T. Tables.ss Program "Stand" which is descrlbed in Appendix B cal-

’"fvculated a least-squares £it for the wavelength in terms of the measured
| “:icomparator distance us1ng the known wavelengths. Th1s polynomial was thenfii-7

.&..applled to the comparator measurements of the unknown'spectral'features. s

Both wavelengths in air and wavenumbers (K) in vacuum are reported.

%ev- The formula ofvEdlen39 was used vith'an additional correction term of

1% 10"5 in the refractive index of air as an estimate of the maximum
" water vapor oorrection; The errors in the estimated correction factor

effect the reported wavelengths less than experimental measurement errors.

All numbers reported are an average of at 1east five 1ndependent meas-

“:urements. Second order polynomigl fits were used since the plate dispersion_l

. is nearly uniform, Higher order polynomials exceed the accuracy of the

comparator measurements.,
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' IV. RESULTS

Al cls™-AMI ana D%A—A%H Band Heads .

: Tébles'v and VI compare the results of: the computer calculations and

o “heads to those observed by Pesic,10 Vérhae'ghe,12 Barrow and Crawfdrd,g

" Pesic and Gajydon:.",+ and the experimentai measurements of this worke = No
previous workers attempted to assign the band heads. All heads are given‘

 'gs Qv'v" etc., and the J at which the P or R-heads oceur is given. Figure

.. 4 ghows a densitometer tracing of the (0,0) sequence of both band systems.

The (0,0) sequence of the clz.-A}H has been observed'by all previous

- workers, This sequence overlaps the (0,0) sequence of the DYA-AT near

the R55 head. The %A-lﬂ sequence has had fewer feported heads. The agree;l

ment between fhe computer calculated band;heads and those observed is

" always within 1.0 X and ustally within 0.2 K. A noticeable exception is

the R head of the Yz -'IL Thé.agreement of this work with that of Pesic
suggests that either an unknown feature in the same region obscurred the
head or that the head is perturbed.

4The assigmment of the (0,1) sééuence of thé C-A band syﬁtem is
difficult due to overlap from some violet degraded features that do not
. appear tovform avregular series of heads. No previous workers have reportéd_.
heads that co?réspond to the calculated heads of this sequence. >Séécial
 , ,attention;nas dlrected toward thevobservatioh éndumeésurement of this
sedﬁence,ﬁbut all photographic plateé taken in this Qork gave obscurring
features in this wavelength region, Part'of the problem‘is'the similarity '
of Be' and‘Be" for this transition. Thé Franck-Condon factors of the (0,0)
- sequence are very much larger than those of the (0,1) sequence for the‘D-A '

transitionuo and by inference for the C~A transition also. Much greater

i
1



' exposure times were: required and overexposure of some features resulted in ﬂli'fi

'“7Vthe obscurring of the weaker ones, Impurities that are present in only '

trace amounts give observable spectra with long exposure times. Only the hft:“
: Q-heads of the (0,1) sequence were observed because of the hlgh J value ;l‘:“‘
- of the head of the first few members of the sequence of R branches. Figur€h<j;

wlh;hS shows the (0,1) sequence of the D-A transition, . ’ ' B

No other sequences of either the C-A or D-A transitions were observed.~~ v

‘ifu;'The computer calculated band heads are: included Ain Tables V and VI for other
vivﬁ\ﬁusequences which might have the same order of intensity as the (o, 1)

'”"f‘;} sequences. No heads are 1isted where the J of the head is larger than 100, .

| Observation of this head is'unlikely due to the high excitation required;: -
The average error of-experimental observation and measurement is aboutrf

0.1 X for the strong features and is slightly greater.for some weaker ones.:,?‘

.’f; VAn uncertainty of about 0.2 K should be attached to the leading members of

each sequence.
' Pesiclo has reported band head measurements on the MgO 8 molecule.

. His fallure to find correspondence of the observed heads in the O18

with all

: those in Ol6 was of interest. Often an isotope shift will place previouslyj‘

' .obscurred features into spectral regions where observation is possible.

B Oxygén containing impurities are often shifted differently than the features |

of interest. Assignment of the observations of Pesic was important to the

' complete understanding of this spectral regilon. | ‘
_Program_"Heads was adapted to calculate isotopic band heads for MgO.

The effect'ofbisotopic subgtitution on' the spectroscopic constants of

30

molecules is well-known. Tables VIii and VIII list the’ results of the computer

calculated heads in comparison with the obgervations of Pesic for MgO

i
|



f:_; All assignments of weak features are tentatlve. The agreement of the B

g first few members of the (O O) sequences of the Cc-A and D-A transitions -i'x"“

“i7f; and the (O l) sequence offthe D-A transition is good. Attention should

'7*”j_‘again be called to the th head of the C-A transition.. The difference ﬁ}v

. between the calculated and observed heads is large as it was for the Mgo 6

v e not as sood'fOr MgO18 band heads'as it is fof Mgo -

"Ag'molecule.' In general, the agreement between calculated and observed values;"ﬁ

16'

, Naturally occurring magnesium has three stable isotopes. Mg;25 and
:,f,N@?6 constitute 1ittle more than 10% each and might be expected to con-

{3_fftribute weak features to the violet spectrumo TablesIX‘and X show thev

.ﬂ;fg'expected positions of these isotopic band heads as well as the calculated |

isotopic shift. No observed headsvcould be assigned to either of these,7‘ht"

“L«.isotopic species. ij»:~vm T
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. Q55

7 R66
o 'lva21

Q23
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. Table V. Mg016 “‘z‘-lﬂ_band heads .
" Head J Calcu- . Calcu- Pesic . Verhacghe Barrow  Pesic  Thiz
- lated & lated K . and and wore
Crawlford  Guydon .
‘ROO 77 3766 1 26 545,0 26 545.1 26 543 26 545.9 26 Sh5.2 .2 26 945.0
R11 68 71.8 - 50k.7 . 505.0 .. 502 505.1 505.0  509.1
QOO0 2.4 - 500.8 501.3 500.9 . 501l.3 . 500.6.
Qll 773 L66,2 hes.7 h59 k66,0 = 465.8 Lk65.8
62 ° 77.8 - 463,0 be2.9 . Ls9 L2, 7 462,9- L63,1 .
82,6 k29,1 428.9 433.8 429.0 428,38
56 840 . L19.4 418.2 k15 4b19.9.  418.2 418.6
Q%3 - 88.3 389.2 -~ 388.4 . R - 388.4 - 388.8
51 90.5 - 3740 37L.0 . 368 37.2 37L.0 37L.7
Qlk - ohkL 346.8 . L L 3463
47 97,4 326,53 ;
, .3800 9 301.8
"R66 43 046 - 276.5
07.8 ~ . 2542
k7 3682.,5 27 147.8 . .. b
Q10 . 85.9 122,88 ,
R21 43  88.9 100.6 =~ .
. 92,0 77.8 = a
R23 93 3867.9. 25 8u6.4 . - | B .
Qo1 68.2 8k, - L ‘
Q12 72,3 817.k - 817.5
8  T4+.0°  805.9
“T6.,7 - 788.1° " T87.3
32 3602.4 27 7513 .
Q20 ok ,6 N1
11.8 679 0
.- Q02 3967.8 25 195.L
Q13 . 170.8 1764
2k 7h.3 . 154.8
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. R66
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TableVI Mg016 L ll'[ ba.nd hea.du.

.7f‘  Head J

. RoO
o Qo0

~R22

oo

" R%6

Qs

Calcu=~ Calcu- Pesic . Verhaeghe  Barrow Penie | Tais
lated 4 lated X , ’ - and - and Cwvore-
' ) ‘ Crawlord  Guyden : g
85 3798.2 26 320.6 26 320 .26 31k 26 320,2 26 %20.5 26 320.k
7% 3804,2 279.3 279.6 273 . 279.1 .279.6 279.0
05.2 -  272.0 271.8 L2718 2719 271.7
Q11 10.3 - 237.3  237.2 231 23T 237 - 237.4
66 10.4  236.5 . S , _
Q2 © - 15.7. 199.8 200,1 = - . 200.8 - 200.1 200,2
60 16.9 . 192.0 = - 186 - 195 . 192.0
Q33 21,6 159.5 - . : . © 16043 160.1
56 23,7 1bs.h B9 145" 1443
Qlls S 27,9 0 164 - o 116.9 -
- RS55 S0 30.8 96.6 -
Q55 - 3h.7 T0.5
ks - 38,4 - b5k
‘ - l"’lo9 .2108
RO1 49 3T713.6 26 920.L
Q10 1753 893.9
R21 45 20,2  872.7
25,5  848.6 « N _ _
Qo1 - 3902,8 25 6154 25 616 T 25_600 S 25 616.7 25 615 6
Q12 06,9  588.5 589.0 . o 591 589.1 = 588.2
-R3% 89  08.0 581.4 . IR _
Q23 114 .. 558.8 559.2 S6L . 559.2.  558.4
" Rb5 80 1h,6  538.% oo . N
Q3L 16.4 5263 526,5. ~ 519 526.5 526,2
72 21,4 hkok,1 5 S o ’ .
' 21.8 . L491.0 = Lgo,2 - 48O . k90,3  490.8 -
Q56 . 27.7 W52,9 .0 sk e 4523
R67 65 - 28,4 - Lk8.,2 e '
- .3h.0- k12,0
R20 3% 3632,3 27 522.9
Q20 3L . 505.2
R31 31  39.9 465,7
Q31 k2.0 L4h9,.3
Q02 - hook,2' 24 966.6
Q13 073 9k7.5 ‘
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" Table VII M8018 L5~ vana heads.

‘Head = J - Calculated  Calculated :PeSic‘\ .“Cﬁlcdlutéd' 
S S K S - Isotope = Ischtope

. s . DI
Snift - : onily

Guoerved o0 "

RO

Qo0

. R22
Q22

Q33
RUL

S Qb

- R3S
‘ Qo5
R10
Q10

. . Rl

. R23
Q0L

R34
Q23
R4S
R20

R31

QA1
Qo2

78 3766,k
0 719
S

ST
65 1.6
IR .- B
5T 85

87.6

2 89.8 L

J. 935

PRV
S99
W8 3685.h -

88.6

W oL
Cooks5
gk  3864.8
- 648
. 68.7
"84 i 0.6
SRR W

% 6.5

33 ; 3607.7

. 9.8
31 1b,7
16,7

. 3960.9
63.9

26 543.,1

50k4,5
501.4

. 468,11

CNgh5 o
S T S
W22.8
39k
 376.8°

3793

353.5

2653
©osok

.. 501.0
- 468.5
. W6k, 0

3924

31045

81.3

25 867.3 . R
25 866.6 -

866.9
840.8
828.6

o " 812.3

789.0
27 710.3
694,1
656.5
641,k
25 239.6
220,8

27 2264
102.6

]

h28.1
koLl

=19

T
SR

L9
1.5

3.2

k.9

607' lv

7.6

8.7
R ﬁ?l.)l '
o 2002

T 1943
7 a18.2
20,9
22,7 -

234

22,7

24,2
2h,3
41.0
_40.3

38,3

-3706

4h,2

b 4

2.0
- .6

-‘.3‘

3.2
C 1.l
had 08

29
. ko
5.8' .
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Table VII. lv!gOl8 lA-lII band hea,dls.“
Head J Calculated - Calculated  Pesic . Calculated CGuseovred
' : ) K . Ispf‘;ope I:.'"o-",ope
‘ o Snift Cnilt
RO 85 3798.5 - 26318,6 26318  -2.0 -2
ORIl 75 380k.2 - 2789 - 2781 - A L5
Q0 . 5.2 . 2126 . 2118 - .6 ¢ 0.0
S.ooQ1 . 10,0 G 239.2 0 2381 . . W7 . 9 .
Re2 67 10,2 238,00 . 2381 1.5 .9
Q2 153 203 202,033 - L9
< URS3 6L 16 v 1954 1953 - 3. 6.8
3 . 209 o 16h5 C T 50
RM 55 22,9 [27?‘,.'" 15,9 . . - s
Qs 269 0 1320 o 6.8
CURSS cSL 29,7 - 0 10k3 T T
@5 - 334 93 v T 8.8
RI0 51 3716.5 _  899.0 - 18
QO . 20,0 - BB . .. . .20.2
R1 46 2209 . 8.4 1903
Q@1 26,0 .80k . a8 ,
Qo1 3899.3 . 256381 - 256383 . 22,7 ° 21.6
Q2 3903.3 - . 619 611.6 a3k 22,6
R34 OL.. .. L.5 - 603.9 ... S 2250 ' o
@ . T . s83.2  s8e6 2k 23
RMS5_ BL . 108 .. s2r - .oek3
Gk 125 551.8 - 55L.3 25.5 . 2h.8
RS6 T3. 173 5203 . 262 n
Q45 . 1T.7 ; 517.8 1516.5 26,8 26.2
Q6 | e3.3. - heL2 - 28.3 -
R67 67  eh1 . K164 28.2
R20 3“1 3637.7 27 481.8 _ : b1
Q0 i - ko,0 465.0 :  <ho.2
R332 b5.9 427.5 R -38.2
Q3L ~b7,0 B & -37.6
Qo2 . 3997.1 25 010.8 - Lk.2

Q13 . | kooo.2 - 24 991.9 | g b
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Table TX» Mz°20 band headss -

- Head . Upper J Calcuiated; Calculated | Culculated .

: State, . A : T x inotene
. - . . . - ) . A e

. S o znily

8l 3798.3 26 320.1 -5
. 380hk.2 279.2 - - .1
52 22 .2
. 7 w2 237.8 5
S50 3Tb T 9154 5.0
179 889.2 - b7
. 3902.0 - 256208 5.k
a3k 363367 275132 1 9.7
ST 359 kgsT 905
S hoo2ss 2977 L 1045
LT 37662 L 26 5M5 -5
69 T9 . sok6 -1
A 724 00 5010 2
L M3 . W6 -5
b 36832 o 2Tabe.T 0 5.
. 86.5- . o181 - SkT
. . 3867.4 . 25 849.6 R
32 3605.7 27 7HL.6 9.7
S 5.8 T2h9 - 9.5
3966,2° 252059 - 10.5

ROO

R
Q00

QuL

a0
T Qo1
R20
0
Qo2
"ROO -
~ RLL
Q00

Qo
Qo1 !

MM MMMMMMMUDDDDDDDDD D
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" TableX. Mgg 0 band heddﬁ? R

i377;ii»Head-.tf:3iﬁ Upper '],f,f J o 'Calculatéd o quculatéd v; Cachlgtcdﬂ:l*f“y;3f 

. State . - R k. Tzonope

RO
SR
Lo T
f‘Qllf, vf;f%*
R0

U Quol e
QoL
S0 ReO
S R
Qo2

T U ROO
Tj F; Rll'J{f :
ST R R

S50 ambag o 269107 297
L 185 o 8BkT T -9.2

SUUo3h - 363W,8 0 eTsok2 o A18.T
B U 25 N - TR T K S

j@ﬂ};j;f - h001.oif.f;'.‘2h 986.8"“?_;; 20,2
RN ¢ L 3766.2’~j_ft' 26 541 - 9 o

o 72.3.f7f.3?'r_ 501.1A',-;' f ' ,B‘f_f)fﬁ
oo e SRR X (2 N A
N ." R10
oo
,"j#; Qo1 v;‘,
RO i
Q20

3866.7 258546 - 10.k

7.0 761 =183

MMUMMEMMMEEDDDDDDD DD D |

S8k 3783 263197 - .9
CooTw o osBok2 o279 - 2T

C3gone .o 256258 . 10

69 T sob6 -
w3680 0 eT18.0 0 -9.8

- 3 . 36048 27326 -18.7 B

3964-7'3 7”";~25,215.6_.f . f 2o.2,::;“,1ﬁ ' &

S TR (i DU

o et e
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B . New Violet Band Systems’t

R;The band heads of sequences of the C Z - lﬂ and DAA-A¥H transitions ;-” -
L’T?ffthave been calculated by program "Heads w1th an accuracy exceeding 0.5 K
" in most cases. All expected isotoplc band heads have also been calculated.. o

v"iil.It may be determined with réasonable certainty if any additional observed

fdaheads belong to the known electronlc transitions.
There are a huge number of features in plates whlch over-exposevtbe

, stronger features of this region. Some of these do not appear in all

' ii.plates and are probably due to MgOH, OH or other contamlnants. Some

- features_in various plates ‘have tentatively been attributed to CN, Né

. and perhaps CO. Not all weak features could be studied and only the _f~;;x1

apparent band sequences were measured.

~ The strongest band heads in thid spectral region are the ones at

'_'3720.6 3721.0 and 3721.4 A (see for example, ref, 27). These bands have -

an isotope shift in 018

characteristic of a (0,0) sequence and the emitter.
is belleved to contain onlv one oxygen atom.lo- These bands were_observed
- but not measured in this work. These heads overlap the expected heads
of the (l,O)vsequence of the D-A transition. | |

_Two other red—degraded band systems arevapparent in this region.
Table XI lists the measured heads of a band system previously observed :
by Pesic.'lo A densitometer tracing is shown in Fig. 6. Two additional
members of this seduence have been observed in this work. The isotope

shift in 018 indicates that this 1s a (0,0) sequence., The heads are more

closely spaced thanthe (0,0) sequences of the C-A and D=A transitions.

‘The fOlloving formula represents the gix observed band heads with an

s e e ooy e e n n s




. Table XI» New vielet band systen -df 'MgO’lsg i

_ Band S '-"Ob_servedi_' Observed Pesic  Pesic 1so'tope"'
‘assignment . wavelength wavenumbers observed . -shift observed

I I B

~ (0,0) f:)__ o 3672.1 27 22h.y - };"27 22&.5 -o.ou'jl4  S

»‘”;j(i*i). ; w8 20ks o coeokg o -0a2

SN CF . (A | 3 182.9,.  183 w09

l .(3:55v‘31' S 80,9 o 1:.1 ;}f}tf;'~ 159.4 ::’,-0.28  : M

1 1<5,5> ’f _-if'f' 88.3  10k.8

Table XII. Weaker violet band system of Mgolé

Wavelengths in Wavenumbers in | Difference from’ o
air (A) . vacuum (X) ~ previous head (K) - '

- 56373 ‘_'- o7 Lgh.5 .
om0 w0 s .
i’ 9.6  ; ,5‘ - b6T. 7_f o 9.6 - :
?ieua.6_-e" S wws
o CoBLs o BS
s oso . 15
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average error less than 0.1 K. ?
v =27 233432 - 17.50 (v + 1/2) - 1.06 (v + 1/2)

If the heads are Q-heads of an Mg0 transition, then the intercept of
~ the equation repregents the difference in Ty valqes of the two states;
;_.the linear coefficient represents the difference in w, values and the
: .quadretic coeffieient represents the differencefin WX, values, If the
"~ heads are R-heads of MgO, then the coefficients eretepproximate represen-
- tations of thesenconstants. | | |
Some of the features between ‘the heeads in Fig. 6 may be due to the
(l O) sequence heads of the C-A transition. This severe Qverlap prevents.
r.the precise measurement of these weaker heads.‘ | ‘ |
Table XII lists the heads of what may be an additional band system.
Although agreement between observations of Pesiclo and this work is not
as éood as for other band systems, 1t is clear thatvthe same bands were
observed. hSeveral plates were taken toviook at this band system. The
. intensityvof these heads varied greatly relative to 6ther features in
this regions A densitometer tracing of.a plate of this system 1s shown
in Fig. 7ralong with some of the heads of‘the previousiy mentioned un-
identified (O 0) sequence. This plate was the only one where these two
systems appeared to have comparable intensity. The first three heads are
doubled.due to overlap with an apparentkviolet degreded-system which
decreaSes rapldly in intensity at shorter wavelengths., These violet-degraded
features appear to vary in intensity with the red-degraded ones from
plate to plate. The doubled heads are included in TableXII because the
| spacing fibs the undoubled heads although they may not be members of thls

sequence.
i
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Fig. 7 Densitometer tracing of the weaker unidentified ,
- transition is the_near-ultraviolet spectrum of
magnesium oxide. 7 v X _
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Peslc has obs‘e_.'rved‘an :Ls_otop_e shift in 01>8 whi_ch is characteristic

. of a (1,0) sequence of Mgolo for this band system. ALl of the heads, -

‘including the doubled ones , shift in a similar manner in 018.

-
;i ..
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T'il c. Ultra-violet Band Systems .

' The number of expected electronic states below 50 kK implies the ex~ *:“tlg

i istence of a large number of allowed transitions. The ‘upper state of one

}:of the four analyzed band systems is not even predicted by consideration =

-i! of the 1ow-lying molecular orbitals. Nb triplet states have been assigned.:

. A For these reasons a systematic search of the Mgo are spectrum was under-

‘,‘taken to see 1if other band systems might be identified. os particular

- 1nterest was the region near 3000 K which is obscured by strong OH bands. N

The OH band heads at 3021.2 3065.6 5067.2 and 3089 A were never

entirely eliminated. They were substantially reduced in intensity by -

i‘"iﬁthe addition of the P,0. trap to the systenu Their open rotational

275
"'structure partially obscured the entire region from 5021 A up to about ‘

"3300 A. No band systems other than OH were assigned in this region. If

any MgO transitions lie in this region, their. intensities must be substan- ij:

tially less than the intensities of the_known red, green and violet trane~'

sitions.

Some band heads were observed at shorter wavelengths which could not ‘;}

be attributed to OH or any other impurity listed in Rosen's A.tlasl'l or

4n PEarse and Gaydon's compilation. 27 Table XIII 1ists these. features.  No

sequence ‘or progressions were observed _among these bands and the nature of .

the emitter is uncertain.

The spectral region from about 2&00 to 6500 A was searched. No strong'

band heads other those listed in Table XIIT and'those'attributable t0 known

band systems were discovered.

o
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D, Triplet Considerationst

} Consideration has been given to the possibility that one or more ofliigir'
Lf}_?the observed MgO transitions is a forbidden singlet-triplet transition.
:Lp;ritIt would_be expected that the f-value of such a transition would be at =

.b;rileest'aviactor'of 162 smaller than the f-value of an allowed transition.tw'l"k'

"'H"Mbre likely it would be from 10h to 106 times smaller for a relatively

7,1h‘light diatomiec molecule such as MgO.

The'violet, red and green band systems werebphotographed eimulteneously'

- on 103 a-F film using the Steinheil. Both the three glass prism Raman
_arrangement and the two, quartz prism Raman arrangement were used.

Account was taken of the film spectral sensitivity, transmission of :

the glass prisms ‘and the variation of dispersion With wavelength. Calcula-_-.

tions show that the number of rotational lines within the resolving power
of the spectrograph is large for the violet and green band systems where

- BV"~BV’. For the red system Bv" and Bv’ are substantially different so

,:f‘}that the P-heads occur near the origin and the spacing of P lines increases

”"rapidly away from the head. The red and green systems have a common upper

vstete sottheir emission intensitles are‘direetly comparable. The violet
o upper states may have populations which are not easily comparable to the

It may be qualitatively concluded that the four known.band systems
of MgO are of comparable intensity. Tne experimental results indicate
fem-valuee of the same order of magnitude.

The most unamblguous determination that two electronic transitions
have a state in conmon is a comparison oé‘the second differences., TFor a
given viorationalllevel the second differences are identical_for all

i

}

i



e
electronievtransitions involving that state'even_if that etatelis perturbed o
f~bylother electronie stetes..

F"(J) » R(J-i) - P(J+l) .
8,F'(3) = R(J) - B(3) )

From the available experimental data, second differences were cal-

., culated for the lower state of the red system and the two violet systems

L j(A.H) for the v" = 0 and v" = 1 levels. Agreement was found among the

three sets of second differences within experimental error. Theoretical V

'+ - second differences were calculated from known spectroscopic constants.

‘y‘r'to agree'with each other within experimental'errorvfor the ClZ— and D7A.

N

- For the A%H these theeretical_values agree well with'the experimentally
determined ones.y ' ' | | |

The theOretical second differences for the Clz- and D%A were.found
. ,to'differ significantly from each other only at J'Va}ees greater than
.:ebout 65. This is Jpst’outside the range of observation.‘ The second
differences calculated from the experimehtal rotationalAlines are found

: L
Because of‘the reported nature of the violet tand systeme, caleula=~

tions were made to see when a triplet-triplet transition might appear to

8 :;:be a series of singlets. The reported strong Q-branches imply50 a transi-"'

tion of AA = %1, N

o Intensity calculations were made using the formulas of Budoue for

' ‘the twenty seven branches of a 3Z-BII electronic transition. These HBle‘
.London fbrmulas or line strengths glve the intehéity of a rotational line
apart from the Franck- Condon factor, the Boltzmann factor and the electronic

-f-value.’ Relative branch intensities as a function of . J were determined for

i
]
i
i
i
i
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'various degrees of coupling intermedlate between Hund s cases a) and b)

N “'Fbr a 3H in case a) the sublevel: splittings between the Q = 2,1 and

*blpiio components are both equal to A, the spin-orbit coupling constant.

50

‘?ff From the observed energy splltting between the C-~A and D-A transition, the.f

'.iftvalue of the hypothetical triplet A value is 228 K for the 3II assuming

' :{{ff the splitting to be negligible in the 32;

The exact relative intensities are a function of J. The following

' fqualitative conelusions were drawn for a J of about fifty. In the case

' b) 1imit, only the Ps Qs Ry Bys Qg Ryy Py, Qp and Ry branches are of

R significant intensitys In this Linit the A value is zero, In.the case

v a) where A is 1arge, twenty-seven branches have some intensity and . B

‘twenty-four of them are within a factor of five at a J of fifty. U31ng ,

‘the-A vaine of 228 X and_the BO value of ‘the A;H state, the case a) limiti

‘18 closely approached. - | | |
The significance of these obserﬁations and calculations will be

discussed later in this papenn



5

V. CONCLUSIONS

A. Violet Head Bands

Many of the previously unas31gned band heads in the violet spectrum 3
'h“of‘magnesium oxide may nOW‘be considered assigned. All strong heads of ‘i
evthe CIEFA;H and D A-A;H band eystems,have been calculated and observed,

' éome of the weaker heads have been observed and they also agree with the
. wavelengths calculated by program "Heads." -This 1is experimental verifica-

‘tion of the validity of the assumptions of the calculation end the accuracy

'ofvthe feported spectroecopic constanﬁs of the states, It may be concluded:
© that the other band heads of Mg2'0, Mg>20, and Mg200 which were caleulated
.. but not observed are‘also accurete to better fhan-l.o K for low vibration-
al quantum number. -
These calculated heads wlll be of great value to further studles of
.this spectral region. The complexity of the spectrum may hinder observe-
tion of further heade'attributable to any isotcpic specles of the C-A and
'D-A transitions., However, it may be easily determined if any new obserﬁed |
heads belong to these two transitions. .
The v = L level of elther the '3~ or lH may have a perturbation

‘ which caﬁses the dlscrepancy between the observed and calculated band
heads, bNb diffefences between the calculaﬁed and observed heads of this
magnitude were found for the %A-%I g0 if a perturbation exists, it is |
‘probably in the 1=", Neither the (0,1) nor the (1,0) sequences of the

C-A transition could be observed and measures so that no confirmation

bf the exastehce of a perturbation islpossible. The measurements reported

here and fhose of Pesic for this band head agree well. Since the intensity
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_,e,is relatively weak in this head and the region is appreciably overlapped’ s
.X"Ifﬁlit 1s unsafe to conclude that a perturbation does exist. Perhaps hlgh

'ujvresolution analysis of this band, if the exposure times required are‘

ST feasible, would ansver this question-

'_ On the basis of qualitative observations of intensity variations from ;'i |

'plate to plate and the general appearance of the spectrum, it is proposed o
t::ibthat the emitter of the band system beginning et 3672 A is MgO. The bandsedvi{:
:'ihave an appearance similar to the C-A and D-A transitions with a smaller‘ .
_vp_'spacing between headss The series of six heads measured in this work formb
a sequence which fits the expected second order equation wells From Pesic‘sv
i'vmeasured isotope shifts, the bands are a (0,0) sequence. ﬁigh resolution v‘
'_'analysis of this system could be of great value for further understanding
"of MgO electronic states. |
o The’second band system observed in_this work extending from 3637 to
3647 A is probably due to some emitter othervthan MgO. The very close
spacing of heads is like the spectra of many polyatomic molecules. The
”irregular intensity variations of this system;felative to other spectral
features is indicative.of an emitter other than MgO. _
Tt seems likely that the strong features near 3720_3 are due to Mgo'
altﬁough the strueture is unlike any known MgO band system. The substan- :
.tial reduction of the OH heads near 3000 R suggests that impurities sueh
- a8 MgOH should appear only as weak features if at all. If the emitter of
this system is MgO, then the upper and lower states must have nearly
identical w, values since there is no apparent development of a (0,0)

; )
sequences. '



A
I;' In view of the large number of weak unassigned features and the
J”537~observed reduction of impurities in the arc, there may be other band

":gsystems in this region due to MgO H0wever, no sequences could be observeda’

:ffﬁ;fiAll the strong features, with the exception of the bands mentioned, have
'aﬂ;f'been assigned." | _ _ | e
In the entire spectral region from about 2h00 to 6500 A no strong -

iﬁ‘sequences appear. The nature of the emitter or emitters of the unassigned

ﬁf'bands around 2600 to 2800 A is not clear. Perhaps very long exposure times
L might reveal additlonal heads which could be attributed to MgO but it may
?:ff‘be concluded from this work that there are no new strong heads due to Mgo

"H‘%tiiv‘in the visible or near ultra-violet regions- ié'.‘

e s Lo e
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B. Identification of Triplets

The }H and 32 molecular states arising from ground state magnesium e

cfliand oxygen atoms should be low in energy unless they are both repulsive_

7istates. Tonic states are likely to be important in MgO including a 32+'

Iigf fand a 51 state. Molecular orbital considerations show a 3Z?',Bz—and two  il1

| T\gf;:3n etate. None of the:moleCularsorbitalswconsidered in this work'give'

" rise to a 'S state which might correspond to the C state of MgO. Tt may = < =

r'f___.‘be concluded.from these considerations that triplet states should be impor-v

:_ taht to‘the MgO spectrum and that the existence of a 15 state at 30 kX

. is unexpected. -

The curious problem of the nearly identical spectroscopic constants
"-of the C and D states has not been resolved. Soﬁe clear statements may N
be made, however, concerning the p0351bility that these two states are
i'; triplet components rather than two singlet statesn., |
( It may be concluded that the C and D states are 1dentical within ex- o
~ perimental error. The second dlfferences caleculated in this work for”these.'
 two states are not distinguishable withih the range of experimental measure-

| ment, An alternative interpretation of ‘the two MgO violet band systems,

- which is equally Justifiable on the basis of reported experimental measure=- -

ments, is that the upper states of the violet systems are common and the
‘lower states are separated by 228 K,

| It seems highly unlikely that the flve known states of Mgo are of

 different multiplieity, If the C and D states are triplet components,

the the green and red band systems must be explainable also in terms of

tripletvséates. The simultaneous observation of the violet, green and red -

band systems 18 quite strong evidence that all the reported electronic
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'-ﬂytransitions of Mgo are allowed. .
_ Tt may be concluded that the coupling of Mgo 18 not intermediate

between HUnd 8 cases a) and b) 1f the violet system 18 to be explained

""ﬁ. as a 32-5H transition. The relative branch intensity.calculations performed: '

in this work indicates‘that too many branches should have appreciable in-

tengity for the value of A obtained from the observed difference in energy

"*p of the two Q00 band heads. In Hund's case c) the components of triplets

‘are independent of one another and the spectroscopic constants are not

»necessarily similar as they are in case a); It would be expected on the
;'basis of the relatively small molecular weight of MgO that case a) or
v»'case b) coupling should hold to a good approximation for the expected
5II states,. |

.It is difficult to'accept the unprecedented observetion of two in-

"distingﬁiahable singlet electrohic stateavat nearly the same energ& in a -
diatomic molecule., It is difficult to Juatify on the basgis of holecular ,cA
“orbital theory the existence of s lif state atlthe.energy reported for the.
, VC state of MgO. Alternatively, if.the C and D states are triplet components,
then the green.ahd red.band systems should exhibit splittinga similar to '
| the violet systems No such splittings have been reported for these well--_
;studied band aystems. | |
| This paradox can only be resolved by further examination of the Mgo
spectrunu Perhaps the analysis of an additional band system will answer
| 'some of the questions, Until the energies of the expected low-lying triplet
‘electronic states can be experlmentally determined, the spectral and -

thermodynamic properties of Mg0 wlll remain ambiguous.-

et e L
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APPENDIX A

Program "Héads"

Program "Heads" was wrltten for the CDC' 6600 computer to calculate R

"Ti’nband heads from the spectroscoplc rotational and v1brat10nal constants. ff‘n

N :The program requires as 1nput data ® IR

: e’ “gye, o or O Dé and Qe forv
_.both electronlc states as well as Am for the tran51t10n. A flow diagram ;_n.-
5"of the program is shown in Flg. 8. Table XIV- lists the method of data 1nput.

_ The vibrational energies and rotatlonal constants for the initial -

. vibrational level are calculated for both\states.'

: f" a(v) = '.ibe(v + 1/2) - @ex‘e(v +’.1/2))2_+' w.eye('vv ;;/2)3 .

 € D, = D, t+B, (v + 1/2) | | : g

v

‘ The'Q-head occurs at the origin-and may be calculated immediately.

'_{_There is one Q-head for every band in this program. If the electronlc

nbtransmtlon is a 12 12 where Q-lines are forbidden, this part of the cal-
- culatlon may be omltted as explained in Table XIV,.
origin’ = AT, +G'(v) - €'(v) N )

fThe%computer then calculates either ; P.or an R head for eachrband.n
bNormally an R-head_occurs when B;“ > B;' and a P-head’when B < Bv'; Ir
' the Bv values are nearly identical in both states, the Dv values will
determine the head.

| The rotational energy, FV(J), of_a vibronic state may be‘accurately |
expressed in terms'of two constants. fhe,negleét of higher terms could
affect tne.J value-and energy of calcuiatedvheadsvif J is large.

f
H
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F (J) B J(J " 1) - D J2(J + 1) . (7) .

. ¢ R and P lines may be represented in terms of FV(J).

| R(J)"

. 1 .’. - "
Origin +F_ (0 +1) FVA(J)

. B(3) = Origin + (7 - 1) - Fv"'w) R O

i

i a The value of J at which a P-head is formed is found by solv1ng the |

equa.tlon of P(J)/T =

(D"+D') "_(.B"-B"-D"FD',')' (B'+B")
J3+J2 —ry * T YV —n
. : -D ") 2(D," - D ") h(Dv )
v 'V' V . o v v . ) v

(9)

- If D ' and D, " are equal, the equatlon becomes quadratic and is treated
'separately in the computer. An anglogous equation is solved for an»thead.

"’Care must be taken to dlstlnguish‘the physically real root or roots from the

' mathématical4ones. It is physically possible to have reversal of shading. o

' The computer will prlnt three roots 1f the cublc roots for the J of’ the head

‘ :.vare all real. Normally however, only one root is w1th1n the acceptable

. range of J values.

It should be noted that the DV terme are yery important_in determining'
tthe heads in moleculesvlike MgO. Estimates of the J of heads obtained by :
solyiﬁg the linear equetions (only B, terms) are greatly in error. In
addition,;for some'MgO bands the Bv values are so close that an R-head is
formed even when Bv' > Bv"‘ This occurrence ie.handled, as shown in the
flow,diagram, by testing the J or the head (JMAX) to see if it is positive.

The ribrational limits of the upper and lower states are input data.

The prograh normally begins with v' = 0 and v" = 0 and increases v" by one

i
i
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' .mable XIV Data input for program "Heads",

+ Section

Co‘lumni : Dat‘mn"_ Definition - ok

1 100
110

S 1e0

[jggl-ld,“ f

140

C1e100
S lhae i

De Lo 'f"‘

S a0t

10

OEL
ol

VOO éTe for the:_ﬁwo. éiect'roi.xiqv states.
o

VDMI

KS

_{:"-“Identica.l td«'.Seé;_'l'wiﬁh the spect.roi? ;
g:"_" scopic constants pf the lower state. -

maximum v' =

Sovhinimam v

maximum v'"'

minimum v'

KS.

1 will ‘skip Q-head calculation

i

0 gives Q and either P or R heads




'h unt1l 1t‘reaches the chosen llmlt. Then 1t setsu#!u n1 and calculates

.the same number of band heads for thls v' It proceeds 1n thls manner  ;f}fr'

,__'to the v‘ l:.mlt. Norma.lly the ba.nd hea.ds from (o o) to (10 10) were.

caleulated,




APPENDIX B

' Program "Stand"r.'

Program "Stand" gives wavelengths in ) in air and vacuum wave numbers

o in K for every measured line position. Lines of known position and wave-

i"'-:'length are used as data points for a leaéﬁ-squares'curveifitting. .The

'polynomial obtained in this manner is applied to the observed positions
 to calculate their wavelengths.

Ifii signifies the wavelength in air and x, the measured position

i

- of'the 1th standard line, then the polynomial to be fitted 1is of the

following form._A
: o g n . v » ‘ ’
Ay = Ze xy | . (10) .
N is the order of the polynomial and® can be from one to nine in
program "Stand "
- If there are I lines and positions to be used as standards, thev _'
‘ “equations of the following form must be simultaneously solved.

I : I

SR -1 b 5a0 4
= ¢, +¢ x+c'.x + see
‘ 1 : S Q 1 1 i | 2 1 i v
A I I .. I |
[ 2
3 ‘AZ Ai X, = ¢y = X, + ey ; X; + ¢ ; xz + oo (11)
: i i i i
I, I I, I
2 2 3 .. b
, ? Ai X, = ¢, = x; + ey = x] t'ey = Xy + oeee

i i ‘ i

A flow diagram of program "Stand" is shown in Fig. 9. Table XV 1lists
the method of data input. Several different order polynomial fits may be
calculated in one computer run with one set of input data. In this work a

linear fit was normally the initial order polynomial and a quadratic the

[



. Read in data: order of
polynomial; standard
line positions and wave-
lengths; observation

Y

! Solve for cofficients of
polynomial of order N

3y

-

polynomial-

Calculate R from

3

: } ‘Print ‘
: COefficlenfs :

Calculate K from &

T

Calculate and print
accuracy of fit

"Print.
standord -
lines

‘Find lorgest standard

- line error

Increase
~ polynomial
order by one

Error > ETOL

& No
Eliminate
bad line

l

'XBL 682-124

Fig. 9 Flow diagram of program "Stand"



.

‘? , T@ble XV.'Data input'for progfam “étqnd";-f;,

5

“+ ‘Section .

Column - Dat

Def'inition” -~ .

A N D
B3 ATRVERS

5
R

S.0,

B T T T X(I) o

. 5. . 110 . ETOL

b ' L : 1‘. B ies, N=2 for linear fit.
;x.6flolﬂij NLAST3‘1 highest'brder of fit:pluS'one.
i-l;?l5.?:f NU. - ﬂ;'number of stgndaid lines.-:

*f-€l6-20'fﬂijNTbT " total number of standard plus
O ‘ S

k10 x(D),

lowest order of fit plus one.

'fﬁ-obsgrved_lines.
‘standard Wavélengthsl(I = 1,NU).
‘standard line positions (I = 1,NU).

 observed positions (J = NU+1,NTCT).
" coM(J) . comment in code for each observation.
' the tolerable error (true A.calc A)

"~ in standard lines in R.

e T

F10.3
FlO.L.

F10.1, - -

F5.0

F10.1




.’:Vi »highest order . used,

~ On the highest ‘order polynomial the least accurate standard 1ine L
o (i.e. largest absolute value of the difference between the true wavelength

and the wavelength calculated from the polynomial) is found. ThlB line

:-Ailis eliminated if the error exceeds the tolerable error (ETOL) which was -

.‘usually 0.1 A in this work. The calculations are then.repeated until no .

- standard lines have an error exceeding the tolerable error or until five -
lines have beenvdetermined to be bad. In this manner inaccurate measure-

vments, improperly assigned standard lines or data input errors are eliminated'

‘without requiring the. program to be rerun and without significantly affect-- "
ing the accuracy of calculation of the observed lines wavelength. |

'The vacuum wave numbers in K for each observed line are obtained fnmn'

the calculated wavelength by applying the fbrmula of Edlen39 with a small .

correction for water vapor,



R

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

.

Makes any warranty or representation, expressed or

implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








