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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 

Berkeley, Ca~ifornia 

ABSTRACT 

A comparison of the observed molecular electronic states of magnesium 

oxide is made to the states predicted oy theoretical considerations. The 

observations reported are incomplete and considerable uncertainty exists 

about the states below 10 kK(lO,OOO cm-l ). Low-lying triplet states are 

predicted on the basis of atomic states of the separated atoms and semi-

empirical molecular orbital considerations. 

Assignments are made to a number of observed but previously unassigned 

band heads in the violet spectrum of ~~O. The (0,0) sequences of the C~-_AlTI 

and DlD._AIn transitions as well as the (0,,1) sequence of the Dl~_AlTI have 

been observed in the arc spectrum of magnesimll oxide. 

Additional band systems with sequences beginning at 3672 and 3637 1 

have been observen and measured. Band heads are observed in the region from 

2600-2800 1 which cannot be attributed to a known transition. 

The possible assignment of the C and D states of magnesiQ~ oxide to 

triplets is consideredo 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 rotational lines. Intensity cal~ 

culations are performed for the branches of a 3L_3 rr electronic transition 

with the 3rr state intermediated between ~und's coupling cases a) and b). No 

clear conclusions are dr~Nn about the location of electronic triplet states 

in the MgO molecule. 
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I. INTRODUCTION 

',., 
The study of equilibrium and non-equilibr~um high temperature systems • 

is of increasing importance. Astronomical mechanisms of stellar and plane-

tary evolution require a knowledge of the' thermochemical behavior of high--

temperature systems in order to explain obse~ved spectra. The exploration 

of the upper terrestrial atmosphere and outer space requires thermodynamic 

data and a knowledge of vaporization processes for such problems as atmos-

pheric re-entry and metallic resistance to oxidation. 

Accurate thermodynamic functions allow the calculation of equilibrium 

behavior over large temperature ranges 0 The relative abUndances of all 

constituents of a vapor system as a'function of temperature would be known 
\. . 

. if the thermodynamic data were 'complete. Some systems have been well char- . 

acterized, but many important systems are uncertain due to inadequata data. 

High temperaturev'aporization processes can become complex due to 

multiple competing reactions. The magnesium oxide solid-vapor equilibrium 

is an example of such a system. The calculated vapor phase composition at 
.; 

high temperatures is extremely sensitive to the thermodynamic properties of 

the various species. 

Generally atomic properties are well-known. Diatomic molecular proper-

ties are amenable to study by spectroscopic mean~. A knOl'Tledge of the 
'"'-

molecular.energy levels allows' the calculation of the molecular partition 

function from which all the thermodynamic.properties may be derived. For 

" many molecules the known energy levels, although far from complete, are 

sufficient to determine the thermodynamic functions over temperature ranges 

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

first row of the periodic table. For diatomic molecules formed from transi-
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tion metals,onl¥ a ffIW of the·ma.ny expected low-lying·molecular 'energy 

levels have been spectroscopically,observed. In fact,the electronic 

ground state is not unambiguously known in most cases. 

Polyatomic species require considerably more spectral analysis in 

, order to determine their thermodynamic properties accurately. Relatively 

few molecules have been adequately analyzed., 

Vapor systems of alkaline earth oxides, especially MgO, have been 

studied.1-3 Yet,considerable uncertainty still exists in large part due 

to incomplete knowledge of the alkaline earth oxide diat~mic vapor properties. 

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

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

4-7 ' . L+ L 4-11.· . 
spectrum attr~buted·to B~ -KH,. a gre~ spectrum attrlbuted to 

B~+-X~+ and a complex violet spectrum. At least two emitters give band 

heads in the region from 3600 1 to 4000 X, namely MgO and MgOH. Extensive 

overlap has made early analyses difficult and only unassign~d band heads 

, 2,9,12-18 . . . 19,20 have been reported. Recently hlgh resolutlon studles have . , 

assigned two MgO electronic transitions within the violet region. The 

lower state is A 1rr and the upper states have "'been assigned as eli.:- and 

,n1
6. Figure lshows the states which give rise to these transitions. 

'No triplet system has been assigned fov MgO despite the prediction of 

several low-lying triplet states.2l,22 It is possible that MgO has a triplet 

,ground· st~te.2l. Probably the triplet states are low'enough in energy to 

raise the possibility that the large electronic deg~neracy of the triplet 

states could dominate the electronic partition function and have a con-

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

partition function and reSUltant thermodynamic properties of MgO are sub-

•• ",. f', ;.: ......... : .•.••.... ..... '": .... ,I" 
. .. ,' . :. ' 
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Fig. 1.· Known magnesium oxide electronic states and transitions. 
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ject to:~?~:rtainties until' these triplet states can be observed and 
". . S~~<\I~:~t 

cha.racteoc-i;zed. 
-~~~". '.;. , ~,. 

cai~.f~ oxide and strontium oxide suffer similar deficiencies.23,24 , 
.. ' .. - . '. 

", 'Triplet states have not been assigned in Be.O, MgO, CaO, SrO or 'BaO. Ab-
',' 

"sorption from a 3II has been reported25 for BeS indicating low-lying triplets 

in this molecule. 

The search for triplets has been complicated by the stability of 

alkaline earth hydroxides. Experimentally the removal of traces of water 

in a high-temperature spectral source has proven difficult. Deuterium 
. ~~ , 

~sotope work' has ·shown that some observed features of the MgO violet 

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

2 14 has been suggested. ' 

Additional interest in the MgO spectrum was created by the reported 

" spectroscopic constants of the C:s::- and D16 eiectronic states. 20 Table I 
, 20 

summarizes the data from the most recent papers on the violet system, 

the , green and the red systems.6 The'nearly identical spectroscopic con

stants raise the possibility that t'he C:s::- and D16 are not singlets at all 

,but n components of a tripletv 26 Recent.work on Se2 indicates that the 

observed "Singlets" are actually the Hund's case + + c) 0 -0 and 1-1 

'. i h • a)3~-_3~- . trans~t ons of t e Hund's case ~ ~ transit~on. 

In light of recent progress in high resolution analysis it seemed 

reasonable to re-examine the complex violet system in medium resolution. 

The spectroscopic constants of the three states involved in the known 

'violet transitions allow the calculation, 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 

j 

I 
/ ! 
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Table I. 

Spectroscopic constants ,for known magnesium oxide electronic states (K) 

"-; 

.r:: . 

'" , 

Constant 

T e 
(J) 

e 
(J) 

e 

B e 

a e 

x 
e 

D X106 
e 

/3 XI0
8 

" e 

H X10
12 

e ' 

' .. 

, ',,-. 

'!', , 

, 
'I , 
" 

.' , . 

· ,i 
c . 

'. t:; 
· .' 

~ 

I 
· ; 

xiIt 

0.0 

185.06 

5.18 

.5143 

.0050 

1022 

200 

0.0 

A1n B1 + .E ' 

3563.21 19 983.95 

664.44 824.08 

3.91 4.16 

.5050 , .5822 

' .0040 .0045 

1.165 1.14 

1.0 ,. ~ 2.5 
\ 

5.9 0.0 

c1~-

. 
30 080.55 

632.5 

5.3 

.5014 

.0048 

1.245 

3.0 

5.0 

29 851.63 

632.4 

5.2 

.5008 

.0048 

1.255 

3.0 

'4.8 

" , 
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n triplet components if the C-Aand D-A tra.nsiti~ns are portions of a 

triplet"':singlet or triplet-triplet transition • 

The ultra-violet spectral region from about 2800 1t.to 3300 X as well 

as other regions 'throughout the ultra-violet'and visibl~ regions have 

strong OH transitions.27 In any arc system wh~ch uses 92 this contaminant 

is particularly difficult to remove. Inviewot; the large number 'of ex-
.' '. 
pected MgOtransitions e~tra effort to remove this impurity might well 

reveal an unanalyzed electroI),ic transition of MgO which ,could yield 

information about the unobserved triplet sta~es. 

'.' .. " 

. . 

~ ... ' 

' .. 

. '.~' 
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II. THEORETICAL PREDICTIONS 

A. ~ected 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 

only triplet molecular states arise from ground state atoms. Figure 2 shows 

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

gies have been taken from Moore.28 The lowest atomic configuration which 

gives singlet electronic molecular states is 15.9 kK (15,900 cm-l ) above 

the ground state atoms. A singlet molecular ground state from neutral 

atoms would be expected only if the bonding energy between magnesium ls 

and oxygen ~ is at least 15.9 kK larger than the ·.bonding between magnesium 

lS and oxygen 3p • 

The number of molecular states arising from the magnesium 3p 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 sugges~ the possibility of a large number of 

perturbations and predissociations as well as many allowed electronic tran-

sitions. 

Using an ionization potential of 7.64 e~v. for magnesium28 and an 

electron affinity of 1.47 e.v. for oxygen29 (1 e.v. = 8.067 kK), the 

ground st~te ions lie about 49.8 kK above the ground state of the neutral 

atoms. This is low enough to have a considerable effect on the character 

of the low-lying electronic states if it does not in fact give rise to 

the molecular ground state. 

Herzber~O has suggested the following empirical rule. If r , the s 

internuclear distance at which the Coulomb attraction energy is equal to 
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.i . Fig. 2 Magnesium oxide electronic states arising'from 

atomic energy levels. 
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... the difference between the ionic ground state energy and the neutral 

.atomic ground state energy, is greater than twice r , the equilibrium . e 

internuclear distance of the molecular ground state, then the ground 

state is ionic in character.. In other words, an ionic ground state will 

occur when the Coulomb potential curve can "cross" the potential curve of 

neutral atoms at a distance where the neutral curve is nearly at the 

dissociation energy. If r is less than 1·.5 times r , the curves will 
. s e 

not cross. This rule seems to have validity when applied to some nine

valence-electron diatomic molecules31 including the alkaline-earth mono-

halides. 

The value of r is approximately 4:;'1 1 for MgO which exceeds the r of 
s e 

. the X~+': (1.749 1)6 by over. a fa~tor of two~ This suggests that the ionic 

states ~+, 1rr, 3~+ and 3n will be of considerable importance to the spectrum . 

of MgO and to the thermodynamic partition function. It is possible that one 

of these ionic states is the molecular electronic ground stafe .. 
• 

21 h" . 1 1 . Brewer as compared the electron1c energy evels of severa e1ght-

valence-electron molecules including MgO. The basis of comparison is system-

atic trends of the relative energies of different molecular orbitals as the 

nuclear chargois changed. Table II reproduces his compilation and predic-

tioni. The lack of data for the alkaline earth oxides is apparent. The 

homonuclear molecule C2' which has been well studied, has six"electronic 

states with an observed T value of 20 kK or less and two additional states e 

are predicted within this energy rangew Only three states have been ob-

served for MgO with an energy of 20 kK or less. The selection rules are 

less stringent for MgO than for C2 which has additional symmetry require

ments on allowed transitions.30 States which. are inaccessible from the 

ground state in C2 could be seen in MgO. 
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Table ,II. 

Energies, of electronic levels of some eight-electron molecules in kK.21 ... ' 

Molecular Electronic Observed oi'Predicted' Electronic Energy kK 
Orbital State C2 Beo MgO CaO SrO ~, 

',Configuration 

2 4 lE+ , " 
aaTra 43.2 (35±5) (30), 28.8 28.5 i 

" 

3E+ 13.3 (20±7) (20±5) (18±5) (18±5) 

2 2~ 2 a a a .In 34.3 (30±5) (28±4) 25.9 24.0 
, 

3rr 20.0 (20±5). (20±10) (19±5) (18±5) 

2222: 1 +" 
(20±2) , 21.}, 20.0 ,11.5 10.9 

~ ;' 

aa1l'cr I E ~ 

1A (13±5) (14±5) (15±5) , (8±5) (6±2) 

3 - ' 
E 6~~4 (7±3) (8±5) (:~±5) (1±1) 

! 

2 2~ a a a In 8.4 9.4' 3.6 (3±2) (2±1) , 

3rr 0.7 (l±i) (-1±2) (-1±2) (-l±l) 

2 2 4 lE+ 0 0 0 0 0 aaTr 
f-·· 
; , 

t, 
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It should be pointed out that comparisons based on the molecular 

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

tion energies are comparable or varying smoothly with nuclear charge. It 

wo~ld be expected that the alkaline-earth oxides should show trends. 

These trends should be useful in predicting unobserved electronic states' 

energies. The use of C2 as a basis for the prediction of energy levels of 

... MgO requires care. The correlation energy may be estimated from atomic 
',. :' 

. ' 

correlation energies by doing population analyses of the molecular orbitals. 

The population analysis is a computation of the probability density of an 
. , 

electron in a given m~lecular orbital relative to .the two atomic configura-

tions. For the molecular orbitals involved in comparing C2 to MgO, the 

population analysis will be quite different due in part to the ionic 

character of MgO. In order to satisfactorily predict the electronic 

energies of MgO from those of C2, account must be taken of these differences. 

22 
Ab initio LCAO MO SCF calculations have been performed for three 

molecular orbital configurations of MgO. Table III' summarizes the results 

obtained for the molecular electronic term values including a semi-empirical 

. correlation energy correction. It should be noted. tha.t before application 

of this correction term, both the 3rr and 3~+ states were lower in energy 

than the ~+ state by.about 12 and 9 kK respectively. The uncertainties 

involved in proper application of the correlation energy correction term 
. 

make the final term energies uncertain to such a degree that the identity 

of the ground state is not conclusiveo It should also be pointed out that 

these authors' conclusion that the experimental failure to observe triplets 

is not surprising, is valid if'no other triplet states are within about 

40 kK of the ground state.· Their conclusion is apparently based on the 

1 
( 
I, 



'," 

,: .. ' 

,.} :. 

>.". 

,/ 

", ' 

'.- .' 

,. 
-.", 

,.' 

:.', 
..... .'.: 

, Table III. Low-l.yingmolecular orbitals of magnesium oxide " ' 

\ " ~:.' .:.'.,. 

==================================== 
Configuration 

':':""1 2 2 2 3 ',2 l7r' 4 4 2 5'2 r:-04 6 2 . ," ,0 " 0 0 ' 0 0 COli 0 

.. ' .. ;', 

, >: ,; .. , .. ' 

,', 
! .. 

, ' 

" 

_ ~'2 " 
27r" 60 70 

4' " 
2:(r 60 70 

Electronic' 
State 

1+ 
E 

2:(r2 602 702 3t -

.... ~ .: 

-,~ 2 
'27r" 60 ,70 

, . 
" 

'. :,' 

'1 
'6 

1 +,' E ;, 

1- .: ~".' -.rr 

'1+ 
, E 

: CalcuLited Energy' 
(k~)22 

'.:, 

". ,'. 

",. 

0.0 

2.3 

4.6 " 

'2.3 

12.8 

,r ,.' 

,., 
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· calculated near degeneracy of the two triplet states arising from the 

three molecular orbital configurations they considered. Table 3 lists 

other molecular orbital configurations and the resultant molecular elec-

· tronic states which might be expected to be important to the electronic 

spectrum ~ithin the photographic limits. All these states arise from 

different populations of the same molecular orbitals which were considered· 

, in the calculations 0 Rough estimates of t,heir energies may be obtained 

fram the calculated term energies. Tt would seem surPrising if there were 

not ~t least two other triplet states, 3z- and 3IT, below 40. kK. It should 

be noted that none of the molecular orbitals considered give a lZ- state. 

The energies obtained by calculations of this type for the separation 

of electron~ states of the same molecular orbital configuration are more 

accurate, in general, than the difference in energies of different molecular 

orbital configurations. If the lowest calculated 1z+ and lIT correspond to 

· the two lowest observed states of MgO (see Fig. 1), then from the 3IT_1IT 

3 '1 + separation of Table J;:Q:,the IT should be less than 1 kK above the X Z • 

This is of extreme thermodynamic importance since the contribution of the 

3IT state to the electronic partition function is a factor of six whereas it 

L+ 
is only one for the ~ • 

A recent molecular calculation determined ,the 3IT_1IT separation of BeO 

to be less than 1 kK.32 The authors suggest that the comparable splitting 

should be 'even les.s in MgO. 
, 

The linear Birge-Sponer extrapolation is often an effective method for 

estimating molecular dissociation energies. It generally tends to give 

slightlyiarge dissociation energies.33 . If the molecular vibrational energy 

levels may be reasonably represented·by Eq. (1), then the convergence of 
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Table IV. 
Dissociation energies 'of observed magnesium oxide electronic states. 

"State De (kK) T (kK) Total Energy(kK) e " 

X1E+ 29.7 0.0 29.7 

A1r 28.3' 3.6 31.9 

B~+ 35.7 "20.0 55.7 

C~- 19.2 30.1 49.3 

D16 ,18.9 29·9, " 48.8 

I has the largest De value and is the only state with a total energy (relative 

'"" . to the X~ +) greater than the difference between ground sta.te neutra.l atoms 

and ground state ions. The energy difference between the 30 kKlimi t "of the 

" x~+ and A1r states and the 49 kK limit of the Cl~- and D16 is near the 15.9 

kK energy difference which was sought. Because of inherent inaccuracies of 

this method of calculation of De it·is not safe to draw any conclusions from 

Table IV. However, any proposed scheme of dissociation products must be con-

sis'tent with the data contained in that table. 

In summary, lOW-lying triplet molecular states for MgO are extremely 

probable .and the ground state could be either a singlet or a triplet based 

on theoretical considerations. The relatively low-lying singly charged 

atomic ionic states lead to the likelihood that the ground state is ionic 

in character. No unambiguous calculations or predictions are available 

concerning the nature of the molecular electronic ground state. 

!'" 

I¥' 
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these levels represents the dissociation limit given by Eq. (2). 

G(v) = CJ.) (v + 1/2)- CJ.) x (v + 1/2)2 e e e . 

2 CJ.) 
e 

4CJ.)X 
e e 

(1) 

(2) 

The Mors~ potential function34 given by Eq. (3), when put in the 

. molecular Schrodinger equation gives a formula forthe:vibrational energy 

levels. which is equavalent to Eq. (1). Thus, Eq. (2) represents the 

dissociation limit of a Morse potential. 

vCr) = D e (3 ) 

Although many analytical functions have been suggested to represent 

the. potential curve of molecular vibratio~,35 the Morse potential has 

sufficient a~curacy for many purposes without undue mathematical compli-

cations. It does often give a reasonable estimate of the dissociation limit. 

Care must be taken in applying·Eq. (3) to states which may be ionic in 

character, . It has been shown33 that this simple formula is valid only when 

the force of molecular attraction is. proportional to a power of '(l/r) greater 

/ 
2 than four. Clearly a Coulomb attraction, (1 r) , is not represented well by 

Eq. (3). 

Equation (3) was applied to all known states of MgO using the constants 

of T~ble I without regard to possible limitations imposed by expected ionic 

character. The purpose was primarily to se~ if the 15.9 kK energy difference 

between the atomic states which give rise to .molecular triplet states and 

those a.tomic states which give rise solely to molecular singlet states (see 

I + Fig. 2) could be observed. ~bleIV summarizes the results. The B ~ state 
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B. Computer Program 

. Program "Heads" was written to predict the wavelength of band heads 

belonging to transitions between known electronic states. The program is 

explained in detail in Appendix A. 

The complex violet system of MgO-MgOH has two assigned transitions, the 

C~--Aln and the D1A_Aln of MgO. .Only the (0,0) and (1,1) .vibrational bands 
. I . 

: .of each transition have been rotationally analyzed.19,20 In order to pro-

, ... perly assign other band heads in the spectral region 3600-4000 jt, accurate 

calculations were needed for, the wavelengths of other vibrational bands of 

.these known electronic' transitions. 

The rotational energy of MgO requires three terms in the expansion of 

. J(J + 1) in order to adequately represent the observed rotational energy 

. levels at high J.
20 

Many band heads of the violet systems occur at high J 

. due to the similarity or' B • and B ". Program "Heads" solves the third . . v v 

order polynomial for the J of the head. The results have given the desired 

accuracy. Howe.ver, the linear equa~ion for the J of the head (i.e., neglect 

of D terms) gave erroneous results for the wavelength. In some cases, the v . 

linear equation even gave a head in the wrong branch. 

Because of the large density of band heads in the violet spect~al region, 

accuracy is essential in order to unambiguously assign observed band heads. 

Results ·of the application of program "Heads~' to the violet· systems of MgO 
" 

will be presented with the experimental results. 

It'should be m~ntioned that program "Heads" is particularly applicable, 

to molecUles where accuracy is required and the band heads occur at high J. 
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III. EXPERIMENTAL 

,A. Spectrographs and Photographic Materials 

. ,.,'~ The principle spectrograph used in this work was a 0.75 meter Spex. It 

ha.s a. Czerny-Turner kinematic mount for interchangable gratings. A one 

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

of ,he violet band systems. The resultant reciprocal linear dispersion 

was about 7.1 ~/rom and with a ten micron slit width, the resolution was 

.07~. For the ultra-violet region at wavelengths shorter than 3000~, a 

5000 1 blaze grating wtth 1200 lines/rom was used in second order. The 

reciprocal linear dispersion was about 5 l/rom corresponding to a resolution 

of 0.05 1. This same grating was used in first order for' study of ~oth the 

red and green systems of MgO. The instrument aperture is f/6.8. 

Kodak 103 a-O photographic plates were used to photograph the spectral 

region from 2500-4500 1 and KofuUt 103 a-F plates were used from 4500-6500 ~. ' 

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

"ten seconds in acid stop; five minutes in, Kodak Rapid Fixer and thirty 

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

A Steinheil prism instrument was us'ect. in part of the work in a Raman 

spectral arrangement •. The 'collimator focal length was 195 millimeter and 

the camera focal length was 255 millimeter. The instrument aperture is f/4. 

Both a thfee-glass-prism and a two-quartz-prism ~rrangement were employed. 

The reciprocal linear dispersion varies considerably with wavelength and with 

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

dispersion varied from about 10 l/mm in the violet to over 100 ~/mm in the red. 

The dispersion for the two-quartz-prism arrangement was smaller. 

" 

, 
,> 

i 



':",- . 

" 
;', 

' ..... / 

, , 

'Kodak l03a-F 35mrri film WS:s:used inacurved-f?cai plane holder to 

8.llow simuJ.taneousfocus of all wavelengths. The spectral sensitivity of 

, .... this film varies within a factor of about three over the wavelength range 

, ,i of interest. Development procedures were identical t6those for'the 

.photographic plates. 
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B. Magnesium Oxide Vacuum Arc 

The primary experimental problem is the elimination of traces of 

water from the system. A, v.acuum arc w~sdesigned to produce the MgO 

spectrum while minimizing 'OH and MgOH spectral impurities. Figure 3 

shows a'schematic diagram of the entire arc system including. the arc 

,power supply. 

The arc electrodes were tungsten rods passed through pyrex with Kovar 

seals. A ground glass seal allowed easy removal of the electrodes for 

replacement of the magnesium and cleaning •. Two centimeters of copper 

• tubing 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. 

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

conditions. Usually exposures were t~en in about thirty second intervals 

to prevent over-heating of the anode. The pyrex surrounding the arc was 

cooled with an air flow. 

A variable resistor was connected in series with a Kepco Labs voltage 

regulated 300 volt D.C. power 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. 

Backg~ound pressures of 6 X 10-1 torr were obtained with a four inch 

oil diffusion pump. The entire glassware system was heated several times 

to remove adsorbed water. 

A pho~phorous pent oxide trap was placed between the oxygen supply bulb 

and the arc. P205 is one of the better drying agents and the residual water 

vapor is on4r 2 X 10-5 mg/liter at 25°C.36 Gla.ss wool prevented the P20
5 
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Fig. 3 Vacuum arc apparatus tor producing the electronic spectrum 

,ot magnesium oxide. 
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'. from entering the area of the' arc. A liquid nitrogen trap' was also em-' 

. ployed to condense out any water contaminant in the oxygen. The liquid· 

nitrogen trap was placed between the oxygen supply and the P205 trap to 

". prev~nt 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 

manometer measured the oxygen'pressure and the typical pressure was about 

one torr. 

The arc was run in a closed system to prevent unnecess~y consumption 

of oxygen. The image of the ,arc was focused by a 12.5 centimeter focal 

. length lens with a magnification of about three onto the spectrograph slit. 

In most spectral regions the characteristic green color of the arc was put 

on the slit and the blackbody cathode radiation:was focused just off the 

slit. In the ultra-violet the arc was refocused with the filters removed 

between exposures since the point of arcing changes as the magnesi~ is 

consumed. 

A Corning color glass filter 7-59 was used in violet spectrai region to 

. prevent second and fourth order lines from overlapping the third order band 

heads. The plate sensitivity removed first order features •. A nickel sulphate

cobalt sulphate filter37 was used below 3200 ~ to attenuate visible light. 

Corning color glass filters 7-54, 0-53, 0-52 and 3-68 were used in the spectral 
'. 

regions 3000-3400 1, 4000-5000~, 4500-6000 1 and 5500-6500 X respectively , 

to prevent overlapping of different order. 

Hg/Cd, 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

athermy ·power supply to give lines below 3000 X. Combinations of the lamps were 

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

addition, magnesium line internal standards were used where available. 
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" 'C. Measurement of Plates' 

" -. 

The photographic plates were measured with a William Gaertner and Co. 

,comparator. All stB:lldard line wavelengths in air were taken from the 
·38 

M.I.T. Tables. Program "Stand" which is described in Appendix B cal-

culated a least~squares fit for the wavelength in terms of the measured 

comparator distance using the known wavelengths. This polynomial was then . 

", applied to the comp~rator measurements of the unknown spectral features • 

. : Both wavelengths in air and wavenum'bers (K) in vacuum are reported. 

The formUla of Edlen39 was used with an additional correction term of 

'l'X 10.5 in the refractive ind~x of" air as an estimate of the maximum 

water vapor correction~ The errors in the ,estimated correction factor 

effect the' reported wavelengths less than experimental measurement errors. 

All numbers reported are an average of at least five independent meas-

urements. Second order polynomial fits were used since the plate dispersion, 

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

comparator measurements. 
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IV .:RESULTS 

L 1· 1 1 . 
~ C-~--A TI and D ~-A.TI Band Heads 

Tables V and VI compare the results of. the computer calculations and 

heads w . ~ 9 to those observed by PeBic, Verhaeghe, Barrow and Cra~·!ford, 

Pesd..c 
. 14 

and Gaydon and the experimental measurements of this work. . No 

previous workers attempted to assign the band heads. All heads are given 

as Qv'v" etco, and the J at which the P or R-heads occur is given. Figure 

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

1 - "1 The (0,0) sequence of the C Z -ATI has been observed by all previous 

workers. This sequence overlaps the (0,0) sequence of the D~-Alu near 

the R55 head. The 1~_1n sequence has had fewer reported heads. The agree-

ment between the computer calculated band heads and those observed is . , 
always within 1.0 K and usually wtthin 0.2 K. A noticeable exception is 

the n44 head of the ~--1n. The 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. 

The assignment of the (0,1) sequence of the C-A band system is 

difficult due to overlap from some violet degraded features that do not 

appear to form a regular series of heads. No previous workers have reported 

heads that correspond to the calculated heads of this sequence. Special 

. attention 'wes directed toward the observation and ,measurement of this 

sequence, but all photographic plates taken in this work gave obscurring 

features in this wavelength region. Part of the problem is the similarity 

of B t and B " for this transition. The Franck-Condon factors of the (0,0) 
e e 

sequence are. very much larger than those of the (0,1) sequence for the D-A 

transition40 and by inference for the C-A transition also. Much greater 
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exposure tinies were required and overexposure of some features. resulted in <_ ... 

the obscurring of the weaker ones. Impurities that are present in only 

trace amounts give observable spectra with long exposure times. Only the 

Q-heads of the '(0,1) sequence were observed because of the high J value 

of,the head of the first few members of the sequence of R branches. Figure 

5 shows the (0,1) sequence of the D-Atransition. 

No other sequences of either the C-A or D-A transitions were observed • 

. '; The computer calculated band heads are:included,in Tables V and VI. for other' 

sequences which might have the same order of intensity as the (0,1) 

sequences. No heads ~re listed 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 about 

0.1 K for the strong fe~tures and is slightly greater for some weaker ones. 

An uncertainty of about 0.2 K should be attached to the leading members of 

each sequence. 
W .' W: 

Pesic has reported band head measurements on the MgO molecule. 

His 
" . 18 

failure to find co~respondence of the observed heads in the 0 with all 
, . 16 . , 

those in 0 was of interest. Often an. isotope shift will place previous,ly. 

obspurred features into spectral regions where observation is possible. 

Oxygen con~aining 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 region. 

Program ''Heads'' was adapted' to calculate isotopi,c band heads for MgO. 

The effect of isotopic substitution on' the spectroscopic constants of 

molecules is well-known. 30 Tables VII 'arid VIII'list the'results of the computer 
. . 18 

calculated heads in comparison with the observations of Pesie for MgO ,. 
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All assignments of weak features' are tentative. ,The !'lgreement of the 

first few members of the (0,0) sequences of the C.,.A and D-Atransitions 

, and the (0,1) sequence offtheD-A transition is good. Attention should 

again be called to the R44 head of theC-A transition. The ,difference, ' 
, , , 16 

between the calculated and observed heads is large as it was for the}l~ . 

molecule. In general, the agreement between calculated and observed values 
, 'W ~' 

is not as good for MgO band heads as it is for MgO • 

Naturally occurring magnesium has three stable isotopes. Mg25 and 
26 ' , , 

Mg constitute little more than 10% each and might be expected to con-

" tribute weak features' to, the violet spectrumo Tables IX and X show the 

, expected positions of these isotopic band heads as well as the calculated 

isotopic shift. No observed heads could be assigned to either of these 

, ", isotopic species. 
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" Head J 

'HOO 77 
Rl1 68 
QOO 
Qll 
R22 62 

, ' Q22 , " 

" R33 56 
, " Q.33 

R44 51 
" , Q44 

R55 47 
, , Q55 

, , R66 43 
R66 

. " RIO 47 . ... 
" 

' , , " QlO • R21 43 : " 
~ . Q21 

R23 93 
. ',: . QOl 

" ~ Q,12 .. " . ,-, 
R34 83 
Q23 

" , R20 32 
Q20 
R31 30 
Q31 

. , 
. ' Q02 

Ql3 
Q24 

. " 

, 
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, Ta.b1e v. 16 ~- 1rr ' MgO - bruldheads, 

Ca.lcu- Calcu- PeniI:: Vcrhll.c~he furro'l' 
1ated 1 lated K Il.nd 

Cr .... v'ford 

3766.1 26 51',5.0 26 5'+5.1 26 543 26 545.9 
71.8 504.7 505.0 502 505.1 
72.4 500.8 501.3 500.9 
77.3 ' 466.2 465.7 459 466.0 
77.8 ' 463.0 462.9 459 462.7' 
82.6 42901 428.9 431.8 
84.0 419.4 , 418.2, 4~5 419.? 
88.3 389.2 388.4 

" 
.. .. 

90.5 ' 374.0 371.0 : 368 373.2 
94.4 346.8 

' 97.4 326.3 
,3800.9 301.8 

04.6 27-6.5 
07.8 254.2 

3682.5 27 147.8 
85.9 122.8 
88.9 100.6 
92.0 770 8 , 

3867.9, ,25 846 0 4 
68.2 844.2 .' 
72.3 817.4 
74.0 " 805.9 

' 76.7 " 788.1' 

3602.4 27 751.3 ' 
04.6 . 734~4 
09.8 694.8 
U.8 ,679.0 

3967.8 25 195.4 
, i 

70.8 176.4 
. 74.3 ' 154.8 . 

., f~ " 

" I' 

", ..... \.' 

'I 

rlo:;i(~ ~I:i i:: 
und. ",fori:. 

G~yllo:-. 

26 5l'5.2 26 ~ll).O 
505.0 505.1 
501.3 500.6 
465.8 465.0 
462.9 1~3.1 
429.0 428.8 
418.2 418.6 

' 388.4 388.8 
371.0 371.7 

346.3 

~ 

" 

~ 

'. l , 
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I 

",. r 
; 



, 
" 

-27-

" , ' Tab1eVI Mg016 1 In ' 
~- band headn. 

Head J Co.lcu- Ca1cu- Pesic , Verhaeghe Ikl.rrovT Podc T:iiz 
1atcd jt 1atcd K Cl.nd ~nd v:or~ 

C~avrrord G~JclG~ 

. , 

26 320.6 ROO 83 3798.2 26 320 26314 26 320.2 26 320.5 26 320.4 
,,'" Rll 74 3804.2 279.3 279.6 273 279.1 ,279.6 27,).0 

QOO 05.2 272.0 271.8 271.8 271.9 271.7 
Q11 10.3 23703 237.2 231 237.4 237.3 237.4 . 
R22 66 10.4 236.5 
Q22 15.7 ' 199.8 200.l 200.8 200.1 200.2 

, R33 60 16 0 9 192.0 186 195 192.0 
Q33 21.6 159.5 l60.3 160.1 
R44 54 23.7 ' 145.4 " l.39 145' 144.3 
Q44 " 2709 ' 116.4 116.9 
R55 50 30.8 96 0 6 
Q55 34.7 70.5 " , ' 

R66 45 38.4 45.4 " 

, " " Q66 41.9 21.8 

ROl 49 3713 0 6 26 920.4 
QlO 17.3 893.9 
R21 45 20 0 2 872.7 
~1 23.5 81,0.6 

Q01 3902 0 8 25 615.1~ 25 616.7 ' 25 600 25 616.7 . 25 615.6 , 
Q12 06.9 ' 588.5 589.0 59l 589.1 588.2 

, R34 89 08.0 581.4 
..... ',' Q23 '11.4 ' 558.8 559.2 561 559.2, 558.4 

R45 80 14.6 538.4 ' 
' ' 

, . 
" , . Q34 16.4 526.3 526.5, 519 526.5 526!2 

R56 72 21.4 494.1 ' 
Q45 21.8 491.0 490.2 480 490.3 490.8 
Q56 27.7 452.9 " . ' 454 452.3 
R61 65 28.4 448.2 . . 
Q67 ,34.0 ' 432.0 

. '" . R20 3~ 3632.3 27 522.9 
Q20 ' 34.6 505.2 , 
R31 3l 3909 465.1 I 

;- , Q31 ,42.0 449 .. 3 I 

Q02 4004.2' '24 966.6 
'", Ql3 07.3 947.5 
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Table VII Me018 ': ~" .. ln btllld heads. 
;.: 

Head J Calculated Calculated Pesic Calculr.j.tcd rj;,~; r: r-/,=:d .' 

1 K I::;otope ~:;c,tope 
, , .. - Shift ,.- .~.r- ... 

...:,(, ........ # 

ROO 78 ~766.4 26 543.1 26 543.1 . - 1.9 .. 2.0 
Rll 70 71.9 504.5 504.4 - .2 .. .6 

" 

QOO ·12., 501.4 5Ol~0 .6 - .3 
Q;Ll 71.1 . 468.1 468.5 ~L9 3.2 
R22 63 71.6 464.5 .464.0 1.5 1.1 
Q22 82.2 432.3 428.1 3.2 - .8 
R33 57 ' 83.5 422.8 421.1 3.4 2.9 

, Q.33 81.6 394.1 . 392,.4 4.9 4.0 
",' . 

R44 52 89.8 
... 

319.3 . .' 376.8' 5.3 5.8 
.. 

.. 
;' Q44 93.5 ,353.5 6.1' 

48. " 96.3 1.6 R55 333.9 
.,. 

8.7 . '". Q~5 99.1 . 310.5 ' . 
H10 J~8 ,6H!).I~ 27 J.,~G .1" ; ..... ~1.}~ 
QlO 88.6 102.6 .. 20.2 . . .' '. 

; . R21 44· 91.5 . 81.3 -19.3 . 
, .. .... 

Q21 94.5 59.{5 . -18.2 . , !: .. . , 

.. . 
94 , 3864.8 25 861.3 

. , 
R23 20'.9 . 

, , Q01 .64.8 ' 866.9 25 866.6', 22.1 '. 
Ql2 68.·1 . 840.8 23.4 " 

, .. . R34 '84 :. 10.6 828.6 .\ 22.1 
. . ' 

Q23 73.0 812.3 24.2 
R45 76 : 76.5 189.0 24.3 

3601.7 -41.0 
~ 

R20 33 ~ 27 110.3 
'i 

9.8 694.1 -40.3 Q20 \ ! . 

R31 31 '14.1 656.5 -38.3 ..-

Q3l 16.1 641.4 -31.6 
• 

Q02 3960.9 25 239.6 44.2 
Q,l3 .63.9 220.8 44.4 

, 
{, 

. . ' 
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Table VII. 18 1 'In '. 
~O '6- . band heads. 

Head J Calculated Calculated Pesic Calculo.tc:d (Jk;f::!"'1~rl 
.:" 1 K . I,:;o~~(jJ?e I:;v t., (J;'(: . .. Shift =:;~.i:~t 

ROO 85 3798.5 . 26 318.6 26 318 - 2.0 -2 
.' . . . 

; i 

R11 75 3804.2 278.9 ,'., 278.1 .4 -1.5 
,. . QOO 5.2 272.6 271.8 .6 0.0 

Ql1 10.0 239.2 238.1 .7 .9 
R22 67 10.2 238.0 .238.1: ·1.5 .9 
Q22 15.3 203.1 202.0 3.3 ·1.9 
R33 .61 16.4 195.4 195.3 3.4 6.8 

, 
161~.5 Q33 20.9 5.0 

R44 55 22.9 150.9 4.5 

\'. Q44 26.9 123.2 6.8 
. R55 ' 51 29.7 104.3 7.7 

Q55 . 33.4 79.3 .. 8.8 .... 
, 

3716.5 -21.4 RIO 51 899.0 
. QlO 20.0 .. 873.7 . -20.2 

R21 46 22.9 853.4 .. 19.3 
, . . ~ " 

Q21 26.0 830.4 -18.2 
Q01 3899.3 25 638.1 . 25 638.3 22.7 21.6 
Q12 3903.3 . 611.9 . 611.6 ,~23 .4, 22.6 

R34 91 ~ 4.5 603.9 22.5 . 
" Q23 7.7 .... 583.2 582.6 24.4 23.4 

R45 # 81 10.8 562.7 24.3 
Q34 12 •. 5 ~51.8 . 551.3 25.5 . 24.8 

.. R56 73 17.3 520.3 26.2 . . 
Q45 17.7 517.8 516.5 26.8 26.2 

. \0' Q56 . j • '23.3 . 481.2 28.3 

H67 67
1 24.1 476.4 28.2 

R20 34' 3637.7 27 h81.8 -41.1 
I 

Q20 , 40.0 465.0 -40.2 
321 R31 45.9' 427.5 -38.2 

Q.31 47.0 411.7 -37.6 
Q02 3997.1 25 010 .. 8 44.2 
Q,13 4000.2 24 991.9 4l~.4 



Head 

ROO 
nIl 
QOO 

,. 

Ql1 
RIO 

, 
Q10 
Q01 
R20 
Q20 
Q02 
ROO 
R11 
QOO 
Q11 

..... '. ~ 

RIO 
Q10 
Q01 
R20 

., 

Q20 
,0 Q02 . 

' ., 
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1 
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Ta.b1e DC. 
25 .. 

Ma 0 band heads. 

Upper J Calculated 
Sta.te 0 

A 

1:::.. 84 :5798.:5 
6 74 :5801~.2 

6 5.2 , 
I:::. 10.2 
I:::. ',50 ' :5714.:5 
1:::., 17.9 

. I:::. ' :5902.0 
. , 

:56:5:5.6 ' .1:::. ,4 
1:::.' • :55.9 
I:::. 4002.5 " , 

1:' 
.. ' , 077 . 3766~2 .... 

1: " ,·'".69' 71.9 
1: ' " 72.4 ' 

E 77.:5 
E 47 . 3683.2 
1: 86.5 ' 
1: 3867.4 
1: 32 :560:5.7 . 
E 5.,8 
1: :5966.2' 

Ctl.1cu1t1.tcd Ctl.lr,;\;.!.:.:.t'~d, 
,~ .. 

K 
j.:;(j·#(.iZJ(; 

:.:r,::::'t, 

26 :520.1 - .5 
279.2 - .1 
272.2 .2 

.237.8 .5 

" 
915.4 -5.0 
889.2 -4.7 

25 620.8 5.4 
27 51:5.2 -9.7 

495.7 -9.5 
24 977.1 10.5 
26 544.5 - .5 

504.6 - .1 
501.0 .2 
466.7 .5 

2'('142.7 -5.1 
118.1 -4.7 

25 849.6 5.4 
27 741.6 9.7 

724.9 9.5 
25 ~05.9 10.5 

'., 
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Table 'X.' 
26 .. ; 

Mg O' band heads .• 

··Head 

ROO 
R11 
QOO 
Qll 

. Upper 
State 

.. t::. 

t::.' ' .. ' 

6. 

J 

84 
.... 74 

. ~", 

R10 
.Q10. 

.. Q01'" 

.. " ," 
' .. 

t::. .. , 
t::. ....•.. : 

6 
.. . 

6 ' . 
f ;' 

'. 'I' 

R20 
Q20 

Q02 
ROO " ... , E 

~" . 
. '. ~. . . 

R11 . '.:.0{ 
~ .~ 

E ',-," . ", 

. QOO 

Qll 

34 
. , 

,77 . 

69,·,.' 

R10 . . E . " '., 47 . 

Q10 E 

Q01 E 
R20 E 32 ' 
Q20 E 

Q02 E .':; 
~ 

. I . 

. .,- . 

Calculated 
0 

A 

3798.3' 
3804.2 

5.2 
10.1 

, 3714.9 
.18.5 

. 3901.2 . -, .' 

3634.8 ' 
37.1 

4001.0 ,.' 

3766.2 
71.9. 
72.3 
75.9 

3683.8 . 

87.1 . 
3866.7 

. 3604.8 

7.0 
3964.7 

'. , 

. .', . 

Calculated C~l(;:\...l:iterl . ". 
I:o~v~e 

K r. 6,,! 41 •• :" 

• .... , .... v 

26 319.7. 
' . 

.9 
279.1 - .2 
272.3 .3 ... 

238.2 .9.' • 
,26 910.7 -9.7 

884.7 '. - 9.2 
25 625.8 10.4 
27 504.2 -18.7 

486.9 -18.3 
24 986.8 20.2 
26 544.1 .9 

504.6 .1 . 

501.1 .3 
476.1 .9 

27 138.0 - 9.8 
. 113.6 - 9.2 

25 854.6 10.4 
27 732.6 -18.7 

716.1 -18.3 
25.215.6 20.2 
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B. New Violet Band Systems 

The band heads of sequences of the C1Z-_Al rr and D16~A1rr transitions 

have been calculated by program "Heads" with an accuracy exceeding 0.5 K 

in most cases. All expected isotopic band heads have also been calculated.' 

It may be determined with reasonable certainty if any additional observed 

heads belong to the known electronic transitions.' 

There are a huge number of featUres in plates which over-expose the 

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

,plates and are probably due to MgOH, OH or other contaminants. Some 

features in various plates have tentatively been attributed to CN, N2 

and perhaps CO. Not all weak features could be studied and only the 

apparent band sequences were measured. 

The strongest band heads in this spectral region are the ones at 

'3720.6, 3721.0 arid 3721.4 A (see for example, ref. ~7). These bands have 

an isotope shift in 018 characteristic of a (0,0) sequence and the emitter 

10 is believed to contain only one oxygen atom. These bands were observed 

but not measured in this work. These heads overlap the expected heads 

of the (1,0) sequence of the D-A transition. 

Two other red-degraded band systems are appare!lt in this region. 

Table XI lists the measured heads of a band system previously observed 

W ' 6 by Pesic.' A densitometer tracing is shown in Fig. • Two additional 

members of this sequence have been observed in this work. The isotope 
: 18 

shift in 0 indicates that this is a (0,0). sequence •. The heads are more 

c10sely spaced thanthe (0,0) sequences of the C-A and D-A transitions. 

The following formula represents the six observed band heads with an 

i 
.f 

~ \ 
I 
! 
I 
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Table 'XI.. New violet band ;systemof MgO 

Band Observed Observed Pesie Pesie isotope. 
assi'gnment wavelength wavenumbers observed shift observed '" ' 

(VI,V") (K) (K) (K) 

(0,0) 3612.1 21 224.4 21 224.5 -0.04 

, (1,1) 14.8 204.5 204.9 -0.12 

(2,2) 11.1 182.9 183.3 -0.19 

(3,3) , 80,.9 159.1 . 159.4 -0.28 

(4,4) 84.4 133.1 ' 

(5,5) 88.3 104.8 

". '. .: ~ 

Table XII. Weaker violet band system of MgO 

Wavele~gths in 
air (A) 

Wavenumbers in 
vaeuum (K) 

Difference from 
previous head (K) 

3631.3 21484.5 

38.3 ' 411.0 . 
39.6 461.4 

40.9 451 .. 5 . 
.' ... 

, , 

42.6 444 .. 8 

. 44.4 431.5 

.46.5' 415.0 
) 
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Fig. 6 Densi tometer tracing of the, (0,0) sequence of 
an unidentified transition in the magnesium 
oxide spectrum. 
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average error less than 0.1 ~ 

. . . 2 
\I ... 27 233.32 - 17.50. (v + 1/2) - 1.06 (v+ 1/2) 

If the heads are Q-heads of an MgO transition, then the intercept of 

the equation represents the difference in T values of the two states; e . 

the linear coefficient represents the ·diffe~ence in rue values and the 

quadratic coefficient represents the difference in ru x values. If the e e 

heads are R-heads of MgO, then the coefficients are approximate represen-

tations of these constants. 

Some of the features between the heads in Fig. 6 may be due to the 

(~,¢) sequence heads of the C-A transition. This severe overlap prevents 

the precise measurement of these weaker heads • ... 

Table XII lists the heads of 'What may be an addi~ional band system. 
10 . 

Although agreement between observations of Pesic and this work is not 

as good as for other band systems, it is clear that the same bands were 

observed. Several plates were taken to look at tp.is band system. The. 

intensity of these heads varied greatly relative to other features in 

this region. A densitometer tracing of,a plate of this system is shown 

in Fig. 7 along with some of the heads of the previously mentioned un

identified (0,0) 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 apparent violet degraded system which 
" 

decreases rapidly in intensity at shorter . wavelengths. These violet-degrad'ed 

features appear to vary in 'intensity with the red-degraded ones from 

plate to plate. The doubled heads are included in Table XII because the 

spacing fits the undoubled heads although they may not be members of this 

sequence. 
i 
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Pesic has observed an isotope shift in 018 which· is characteristic 

of a (l,O).sequence of Mg010 for this band system. All of the heads, 

including the doubled ones, shift in a similar manner in 018• 

. r 

., 
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i 
. : 

" 



" 

. ~ . 
. , 

-40 .... 
" 

c. Ultra-violet Band Systems 

The number of expected electronic states below 50kK implies the ex .. · 

istenceof a large number of allowed transitions. The upper state of one 

. of the four analyzed band systems is not even predictedby'consideration 

of the low-lying molecular orbitals. No triplet states have been assigned. 

: For these reasons a systematic search of the MgO arc spectrum was under

taken to see if other band systems might be identified. Of particular 

interest was the region near 3000 A which is obscured by strong OH bands. 
_ ' , 0 

TheOH band heads at 3021.2, 3063.6, 3061.2 and 3089 A were never 

entirely eliminated. They were substantially reduced in. intensity by 

the addition' ;Of the P205 trap to the system. Their openrot~tional 
o . 

structure partially obscured the entire region from 3021 A up to about 
. \ 

, 0 

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-

tially less than the intensities of the known red, green and violet tran-

sitions. 
- I 

Some band heads w'ere observed at shorter w'avelengths which co~d not 
- - 41 

be attributed to OH or any other impurity listed in Rosen's Atlas or 

in P~ars~ and Gaydon's compilation.21 Table XIII lists these, features. , No 

sequence'or progressions were observed among these bands and the nature of 

the emit~er is uncertain. 
o 

The spectral region from about 2400 to 6500 A was searched. No strong 

band heads other those listed in Table XIII and' those attributable to known 

band ,systems were discovered. 

.I...: • 
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* . Intensityz vw i= very weak 

W I:: 'Weak 
m = medium 
s = strong 

~ " 

vs = very strong 

** : Characteristic z. 'R = red degraded band head 
V = violet degraded band head 
U =. unidentified shading 
B = Broad, headless featUre 
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D. Triplet Considerations 

Consideration has been given to the possibility that one or more of 

the observed MgO t~ansitions is a forbidden singlet-triplet transition., 

It would be expected that the f-value of such a transition would be at 
. , 

, .' 2' 
least a factor of 10 smaller than the f-value of an allowed transition. 

- " . 4 6 
More likely it would be from 10 to 10 times smaller for a relatively 

light diatomic, molecule such as MgO. 

The violet, red and green band systems were photographed simultaneously 

, 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 

B "_B '. For the red sy-stem B II and B' are substantially different so v v v v 

, that the P-heads occur near the origin and the spacing of P lines increases 

rapidly aw'ay from the head. The red and green systems have a common upper 

state so their emission intensities are' directly comparable. The violet 

upper states may have populations which are not easily comparable to the 

'B~" 

It ~y be qualitatively concluded that the four known band systems 

of MgO are of comparable intensity., The experimental results indicate 

f -values of the same order of magnitUde. em 

The most unambiguous determination that two electronic transitions 

have a state in common is a comparison of the second differences. Fbr a 

given vib,rational ~evel the second differences are identical for all 

", .,' 



.". 

:-0.'. 

electronic transitions involving ~hat state even if that state is perturbed 

by other electronic states. 

62F"(J) = R(J-l) ~ P(J+l) 

62F'(J) = R(J) - p(J) (4 ) 

From the available experimental data, second differences were cal-

culated for the lower state of the red system and the tw'o violet systems 

(AlII) for tliev" = 0 and v" = 1 levels. Agreement was found among the 

three sets of second differences within experimental error. Theoretical 

second differences were calculated from known spectroscopic constants. ,. 
:For the AlII these theoretical values agree well with the experimentally 

determined ones. 

The theoretical second differences for the clL- and D16 were found 

to differ significantly from each other only at J'values greater than 
i 

about 65. This is just outside the range of observation. The second 

differences calculated from the experimental rotational lines are found 
. . 1 - 1 

to agree with each other within experimental error for the C Land D 'b.. 

Because of the reported nature of the violet band systems, calcula-

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

. be a series of singlets. The reported strong Q-branches impl~O a transi-

tion of M = ±l. 

lJ2 
Intensity calculations were made using the formulas of Budo for 

the twen~y seven branches of a 'L-'II electronic transition. These HOnl

London formulas or line strengths give the intensity 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 
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various degrees of coupling intermediate between Rund's cases a) and b). 

Fo~ a 3n in ca'se a) the sublevel splittings between the n ". 2,1 and 
. 30 o components are both equal to A, the spin-orbit coupling constant • 

From the observed energy splitting between the C-A and D-A.transition,· the, 
. . 

,:. ~ value of the hypothetical. triplet A value is 228 K for the 3n assuming 

. the splitting to be negligible in the 3Z• 

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

qualitative conclusions were drawn for a J of about fifty. In the case 

b) limit, only the PI' Ql' ~, P2, ~, ~, P3, ~ and 1) branches are of 

significant intensity. In this limit the A value 'is zero. In:the case 

a) .where AiB large, twenty-sevenbranche.shave some intensity and 

twenty-four of them are within a factor. of five· at a J of fifty. Using 

the A value of 228 K and the BO value of/the Alu state, the case a) limit 

is closely approached. . 

The significance of these observations and calculations will be 

discussed later in this paper. 

. . 

I . 
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V. CONCLUSIONS 

~ Violet Head Bands 

Many of' the previously unassigned band heads in the violet spectrum 

of' magnesium oxide may now be considered assigned. All strong heads of 

the C~-A1rr and D1~-Alu band systems have been calculated and observed. 

Some of' the w'eaker heads have been observed and they also agree with the 

wavelengths calculated by program "Heads." -This is experimental verifica-

tion of the validity of the assumptions of' the calculation and the accuracy 

of' the reported spectroscopic constants of' the states. It may be concluded 

. 24 25" 26 
that the other band heads of' Mg 0, Mg 0, and Mg ° which were calculated 

but not observed are also accurate to better than 1.0 K for low vibration-

a1 quantum number. 

These calculated heads will be of great value to further studies of' 

this spectral region. The complexity of the spectrum may hinder observa-

tion of further heads attributable to any isotopic species of the'C-A and 

D-A transitions. However, it may be easily determined if any new observed 

heads belong to these two transitions. 
, 1 - 1 

~e v = 4 level of' either the ~ or IT may have a perturbation 

whlc~ causes the discrepancy between the observed and calculated band 

heads. No differences between the calculated and observed heads of this 

magnitude were f'ound for the l~_ln so if a perturbation exists, it is 

probably in the 1Z-. Neither the (Oil) nor the (1,0) sequences of the 

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

of the existence of a perturbation is possible. The measurements reported 

here and those of Pesie for this band head agree well. Since the '.intensity 
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is relatively weak in this head and the region is appreciably overlapped, ' 

it is unsafe to conclude that a perturbation does exist. Perhaps high 

resolution analysis of this band, if the exposure times required are 

feasible, woUld answ'er this question. 

On the basis of qualitative observations of intensity variations from 

plate to plate and the general appearance of the spectrum, it is proposed 

that the emitter of the band system beginning at 3672 A is MgO. The bands 

have an appearance similar to the C-A and D-A transitions with a smaller 

spacing between heads. The series of six heads measured in this work form 

, a sequence which fits. the expected second, order equation well. From Pesic's 

measured isotope shifts, the bands are a (0,0) sequence. High resolution 

analysis of this system could be of great value for further understanding 

of MgO electronic states. 

The second band system observed in this work extending from 3637 to 
o . 

3647 A is probably due to some emittel'o other than MgO. The very close 

spaCing of heads is like the spectra of many polya~omic molecules. The 

. 'irregUlar intensity variations of this system:,r'elative to other spectra~ 

,features is indicative of an emitter other than MgO. 
o 

It seems likely that the strong features near 3720 A are due to MgO 
~ 

although the structure is unlike any known MgO band system. The substan-
o . 

tial reduction of the OR heads near 3000 A suggests that impurities such 

as 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 nea~ly 

identical ID values since there is no apparent development of a (0,0) , e 

sequence. 

; ......... 
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!.. In view' of the large numJ:)er' of weak unassigned. features and the 
. .' .. 

. . . 

.... observed reduction of impurities in the arc, there may be other band 

systems in this region due to MgO. However, no sequences could be observed •. 

All the strong features, 'With the exception of the bands mentioned, have 

been assigned. 
o 

In the entire spectralregion.from about 2400 to 6500 A no strong 

.... , .' . sequences appear. The natUre of the emitter or emitters of the unassigned 
o . 

bands around 2600 to 2800 A is not clear. Perhaps very long exposure times . 

might reveal additional heads which could be attrib~ted to MgO, but it may 

be concluded from this work that there are no new strong heads due to MgO 

in the visible or near ultra-violet regions • 
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B. Identification of Triplets 

The 3rr and 3,l;- molecular states arising from ground state magnesium 

and oxygen atoms should be low in energy unless they ore both repulsive 

states. Ionic states are likely to be important in MgO including a 3Z+ 

.. ' and a 3rr state. Molecular orbital considerations show a 3,l;+ ,3,l;-and two 

3rr state. None of the 'm61ecu1arorb i ta1s' -considered in this work give 
. 1 - ' 

. '.' , .' rise to a Z state which might correspond to the C state of MgO. It may . 

. be concluded from these considerations that triplet states should be impor

tant to the MgO spectrum and that the existence o~ a ~- state at 30 kK 

- is unexpected. 

The curious problem of the nearly identical spectroscopic constants 

of the C and D states has not been resolved. Some clear statements may 

be made, however, concerning the possibility that these two states are 

triplet components rather than two singlet states. 

It may be concluded that the C and D states are identical within ex-

perimenta1 error.. The second differences calculated in this work for these 

two states are not distinguishable within the range of experi~ental measure-

mente An alternative interpretation of the two MgO violet band systems, 

which is equally justifiable on the basis of reported experimenta1.measure

ments, is that the upper states of the violet systems are common and the 

lower sta~esare separated by 228 K. 

It seems highly unlikely that the five known states of MgO are of 

different multiplicity. If the C and D states are triplet components, 

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

triplet states. The simultaneous observation of the violet, green and red 

band syst~ms 1s quite strong evidence that all the reported electronic 

.~. 
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.... transitions of MgO are allowed. 

It may be concluded that the coupling of MgO is not intermediate 

between Hund's cases a) and b) if the violet system is to be explained· 

as a 3~_3n transition. The relative branch intensity calculations performed 

in this work indicates that too many branches should have .appreciable in;" 

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

of the two QOO 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 

case b) coupling should hold to a good approximation for the expected 

3n states. 

It is difficult to accept the unprecedented observation of two in-

distinguishable singlet electronic states at nearly the same energy in a 

diatomic molecule. It is difficult to justify on the basis of molecular 
. , 

orbital theory the existence of a 1z- state at the, energy reported for the 

C state of MgO. Alternatively, if the C and D states are triplet components, 

then the green and red band systems should exhibit splittings similar to 

the violet syste~ No such splittings have been reported for these well-

studled band systems .. 

This paradox can only be resolved by further examination of the MgO 

spectr~ Perhaps the analysis of an additional band system will answer 

Bome of the questions. Until the energies of the expected low:"lying triplet 
i 

electronic states can be experimentally determined, the spectral and 

thermodynamic properties of MgO will remain ambiguous. 
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APPENDIX A 

Program "Heads" 

Pro~ram "Heads" was written for the CDC' 6600 computer to calculate 

band heads from the spectroscopic rotational and vibrational constants. 

The program requires as input data (l) , (l) x , (l) Y , ex , ex , D . and f3for . " e e e e e e e e e 

, ' both electronic states as well as tsr for the transition. A flow diagram 
,~ e 

of the prqgram is shown in Fig. 8. Table. XIV, lists the method of data input. 

The vibrational energies and rptational constants for the initial 

vibrational level are calculated for both,states. 

G(v) ~ (l) (v+ 1/2) - (l) x (v + 1/2)2 + (l) y (v'+ 1/2)3 ee e " e e . .. 

BV = Be - exe(v + ,1/2), 

Dv = De + f3e(v + 1/2) 

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 electronic 

transition is a ~-~ where Q-lines are forbidden; this part of the cal

cuiationmay be omitted as explained in Table :XIV~. 

Origin:', = AT. + G' (v) - G"(v) , e (6) 

#The 'computer then calculates 'either a P or an R head for each band. 
t: 

Normally an R-head occurs when Bv" > Bv' and a P-head when By" < Bv r. If 

the B . values are nearly identical in both states, the D values will v v 

determine the head. 

The rotational energy, F (J), of a vibronic state may b~ accurately v 
, I ' 

expresse~ in terms of two constants. The neglect of higher terms could 

affect the J value and energy of calculated heads if J is large. 

j 
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Fig. 8 Flow diagram of' program "Heads". 
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R and P lines may be represented in terms of F (J). v 

: R(J)' = Origin + Fvl(J + 1) - Fv"(J) 

, p(J) = Origin + Fvl (J - 1) - Fv'i(J) 

'(7) 

,(8) 

The value of J at which a P-head is formed is found by solving the 

equation of p(J)/J = O. 

( B t _ B II _ D t + D I~)' 
V V V v 

2(D if - D ,) 
v v 

(B ' + B ") v v 
4(D ,_ D ") = 0 . 

v v 

If D t and D II are equal, the equation becomes quadratic and is treated .v v 

separatelY in the cOIlY?uter. ,An analogous equation is solved for an R .. head. 

Care must be taken to distinguish the physically real root or roots from the 

mathematical ones. It is physically possible to haVe reversal of shading. 

The cOIlY?uter will print three roots if the cubic roots for the J of'the head 

are all real. Normally however, only one root is within the acceptable 

range of J values. 

It should be noted that the D terms are very important in determining v 

the heads in molecules like MgO. Estimates of the J of heads obtained by 

solving the linear equations (only B terms) are greatly in error. In 
v 

addition, 'for some MgO bands the B values are so close that an R-head is v 

formed even when B I > B ". This occurrence is handled, as shown in the v v 

flow diagram, by testing the J'or the head (JMAX) to see if it is positive. 

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

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

, i 
T I 
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,Table XN Data. input for proeram "Hea.ds" • 
. "," 

Section . Column Datum Definition :"(J!,"::,~t 

1. 

2., 

. ;. 

"4. i 

, ~ . 

, • I" , 
: 

.. , 
. , 

>. 

1-10 

1-10 

1-10 

1-10 

1-10 

,1-10 

:1-10 

1 

'OEI 

, OEXEl 

. OEYEI 

BEl 

AEI 

DEI' 

BEEI 

'. VOO. 

ro' I 

e 

rox' ee 

roy' 
e e 

B ' e 

a' 
e' 

" D ' 
e 

13 ' e 

~ .,F ' 

Identical to· sec. 1 with the spectro
scopic constants of the lower state • 

~. for the two electronic states. . e 

VPMA maximum v" 

VPMI" 'minimum v' 

VDMA 

'VDMI 

maximum v" 

minimum v" 

, , 

KS 
. '. 

KS, = ,I will skipQ-head calculation , ' 

, ,FIO.l 

FI0.1 

FlO.l 

FlO-l 

FIO.l 

FlO.l 

FIO.l 

FIO.l 

FIO.l 

, FIO.l 

FlO.l 

FIO.l 

II 

KS = 0 gives Q and, either P or R hea.ds 

" 

. .... 



" ,~ 

", 

• ' ! . 

";"'.,' 

".,.' -

; 
, 

until it'reach~s the chosen limit. Then it sets v,' - land calculates, 

the same' number of band heads for ,this v,. It proceeds in this manner . 
. . . . . . . . 

to the v'limit. Normally the banq. heads :from (0, 0) to (10, 10) were 

, ca.lcUla.ted. 

'" 
",; 

~ . 

" ;... 

".,: 

" 

... 

f" ' 
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APPENDIX :g 

Program "stand" 

Program "Stand It gives wavelengths in A in air and vacuum wave numbers 

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

, length are used as data points for a least-squares curve '. fi ttlng. . The 

polynomial obtained in this manner is applied to the observed positions 

to calculate their wavelengths • 
. 0 

If Ai signifies the wavelength in' air and xi the measured position 

of the ith standard line, then the polynomial to be fitted is of the 

following form. 

(lOr· 

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, the 

equations of the following form must be simultaneously solved • 

etc. 

j' 
1 
1 

! 
~. 

,. 
! 

'i 
I 
f 
1 
t 

(11) 

A flow diagram of program "Stand ".is shown in Fig. 9. Table XV lists 

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 
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Read in data: order of 
polynomla ,; standard 
line positions and wave
lenoths; observation 

Increase 
polynomial 

order by one 

. Fig. 9 Flow diagram of' prog:ram "Stand" 
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Table XV.' Data input for pro~ram "Stand" • 

Column 

1. 1-5 

~ . 
6 .. 10 " 

(. 

, "':11';'15.' 
" .. 

., "" .~16-20 

4. 

5. 

'. 1 .. 10 

'\1-10 ' 

, 1-10 

'11-15 

,1 .. 10 

, , 

Dr.i.tum 

N 

NLAST 

, NU 

NT or 

Dci'bitior,' 

lowest order of fit plus one. 

i.e., N = 2 for linear fit. 

highest order of fit plus one. 

number of standard lines. 

",total number of standard plus 

observed lines. 

415 

YY(I) standard wavelengths (I = 1,NU). FlO.3 

x(:t)", standard l~ne positions (I = 1,NU).' FlO.l 

x(J) , observed positions '(J =NU+l,NTOT). 

COM(J) ,comment,in code for each observation. 

ETOL the tolerable error (true ~.calc ~) 

in standard lines in 1 . 

FlO. 1, 
F5.0 

FlO.l 



highest order used. 

; 

" 

On the highest order polynomial the least'accurate standard line 
" . '.. . . 

(i.e. largest absolute value of the difference between the true wavelength 

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

is eliminated if the error exceeds the tolerable error (ETOL) which was 
o 

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 been determined to be bad. In this manner inaccurate measure-

ments, 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 from 

the calculated wavelength by applying the formula of Edlen39 with a small 

correction for water vapor. 

I, 

1,.. 



.... 

This report was prepared as an account of Government 
sponsored work. Neither the Uni~ed States, nor the Com
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representat{on, 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 

B. 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 ac ting on behal f 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 • 






