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SPECTROSCOPIC PROPERTIES OF METAL MONOXIDES AND

HYDROXIDES IMPORTANT IN THE IONOFPHERE

A. INTRODUCTION

The monoxides, monoxide ions, and hydroxides of Mg, Ca, and Fe are

important species in the ionosphere. Spectroscopic information about these

species, needed for atmospheric modelling, is either incompletely available or

the subject of controversies. This program of research was originally planned

to characterize the lowest lying states of MgO, CaO, and FeC and to provide a

direct spectroscopic measure of the dissociation energy of MgO.

Although several projects dealing with the low lying states and

electronic structure of CaO 1,2,3 and CuOl were completed during the period of

this contract, the present report will deal exclusively with the MgO

molecule.
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B. SUMMARY OF RESULTS

1. MgO B'i:+-a3Ujj System

The d- ii state is the first excited state of MgO. It was first

identified through its perturbations of the X E+ state.) Although the aIij

state is an important "reservoir state" in Mg oxidation reactions and the

e~z--a 311i system has been suggested as responsible for a K < 320nm continuum

(.forming Mg IS + 0 3P atoms)b, no suitable scheme exists for monitoring

populations in specific MgO a3ii rotation-vibration levels.

The main thrust of this program was to record, assign, and deperturb the

MgO Bl - a3 ii intercombination system. Although nominally forbidden, the B-a

system borrows oscillator strength from the BIF-Alii and Blz -YIXZ+ systems

through spin-orbit interactions of the a31 state with At1' and XI.+ . The net

result of the A'a mixing is that the B'x'-a 3)j(d = 1) sub-band is computed to

h,,e - 1/450 of the oscillator strength of B-A bands. However, a surprisingly

lange excess population in the a311 e-parity levels has made recording parts of

the 8-a system much easier than initially expected. Unfortunately, the

extremely small populations in f-parity levels and the weakness of transitions

out of , = 0 and 2 components have made characterization of the MgO a u state

unexpectedly difficult.

Table I shows the J = 0 - 50 lines of the complete B - a (0,0) band. Two

complementary techniques were used: cw and pulsed dye laser fluorescence

(BI": +  XIl + , Av = 0) excitation spectroscopy (FES). The lower intensity cw

laser only weakly saturates the B-A system, thus the relative B-A/B-a inten-

sities sample populations times line strength factors. The high intensity

4



c msi~s 8-Cwa,-ri-Praa

.L .44 i 4 si Lt ' 3.4i. .i . . . . S . . . . . (3 . . . .

-~ ~~~~~~~~~~~~~~~~~~~ .Lir~t rQ~ .CiCir.nC-.i~ro..p ..Q.htj~ Ui,~-. .p ii . ~
oi a~t ~ 4 a c4i - ~ xr r n .,.ofc r Q., Q @ t-.a4, 40 ~ CiSC>.(.-*.i

X 'oC~ C . C r h- P. r.. nc~aeccr- a~an -<on , - -. no -- ,a
01, ~ ~ ~ ~ ~ ~ ~ ~ ~ C .....OC)~fl~-.al .. .cCa-.)4~--ii;,--- . .S- . . Vl-U -a'

CO c) c. ~-0- n-p O a -- N~
aa aao si. 'o-iaa.a a1~a-iiii'i ii 4~~~ -q

1
.tt.i

.,,- ~ ( 'I--c --- - --.- a

-, D D w V3o, v2

'V . . .C

lo a co % a c

7z
-l -ac -- -m- C,

~~~~- 7 zi; ;- p Uno n - a c z i . - , - C I' t n a 1 C i n a P

w o a , 5c a a, -'

3 ~ ~ - In w co 11P- lo--.t-- I.-- c>a-~iO~ 1-7,0-
'.4 ' o



'0

+ ID Q
In~

41 c

+1 co ~ :r~'.
V). LO cc-

L. 0 0-

LAn

00

4'C)

In u' c a I. C

0 L LA 
IC-

LU cu *l C- m N n

cc 0

-d 0l 
04-C

C, 00)-

fn U C) l

Lino a 0 C- L c A - C. ~C
'a 'a .-. -. a cc c '. 0OL

C? A 0 * a c. a

(-;P'. 
N L

Cz 
cr C)'



F 19628-79-C-0123 1/19/83

pulsed laser saturates both transitions, hence sampling relative populations.

Although B-a lines are weaker than B-A in the cw laser spectra, the B-A

lines are barely detectable in the pulsed laser spectra! The use of pulsed

laser FES will provide the crucial missing c2 = 0 and 2 lines in the B-a

(0,I) band.

Table II gives the constants for the a311 v = 0 and 1 levels obtained from

the measured lines of the B-a (0,0) and (0,1) bands. Reduction to a set of

mechanically and magnetically meaningful constants required deperturbation of

a311 va with respect to interactions with X'I+ vX = va +3 and AiT vA = va. In

turn this deperturbation model yields precise basis function mixing

coefficients which enable calculation of v,J, u, and e/f dependent B-a

intensity factors.

7
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2. Intensities in the MgO B1Z.-a3I1i System

In order to make quantitative measurements of the relative populations of

a3I1, e vs. f, a3j1Q vs a3TIj1, or Z311Q vs Aln levels, it is necessary to know

the relative linestrength factors. Such factors are never trivially available

for a nominally forbidden band system. Fortunately, the B + a (vB,va) band of

the FES spectrum monitored by B + X (vB,vX = vB ) fluorescence, borrows more

than q99 of its intensity from the B-A (vB , vA 
= va) band. This means that

knowledge of the Aln character in each nominal a311 Va,J,Q, e/f level is

sufficient to calculate the intensity of any B-a line relative to any B-A or

other B-a line. The A111 fractional character varies over several orders of

magnitude, and the mixing fractions obtained from the deperturbation model are

accurate to better than 1 of their calculated magnitudes. The deperturbation

model yields mixing fractions which should be considerably more accurate than

state-of-the-art absolute intensity measurements.

Although unimportant for most purposes, quantum mechanical interferences

between B-A and B--X transition amplitudes can cause certain B-a lines to

behave anomalously. P and R lines from a common J" level would normally have

comparable linestrengths. However, for B + a bands detected by B -* X Av 4 0

fluorescence, the P/R intensity ratio will deviate significantly from 1.

Whether it is greater or less than 1 determines the relative signs of the

B - X and B - A transition moments.

For the first time, populations in the most important "reservoir state"

of MgO, the MgO a3!i state, can be monitored systematically and without

assignment ambiguity. The monitoring transition is in the convenient

Rhodamine 6-G region and had the simplest possible branch structure. Although

8
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the d-a system has been used for monitoring a3il, its complex structure has, to

date, frustrated analysis. The availability of a311 combination differences

should facilitate assignment of the dA-a3ri system and resolution of several

contradictory features of speculative bandhead assignments.,, 7

AL
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3. Relative a iie/a 3iif and a31l/Ala Populations.

deperturbation, it becomes possible to measure population ratios and to

compare these ratios to those expected from a thermal (T - 500K) distribution.

At 1-2 Torr total pressure (99% Ar, 1% N20, 0.1% MgO and Mg), it is reasonable

to expect the metastable X,A, and a levels to to be equilibrated. However,

the a3;, v =O, = 1 levels have more than a factor of 10 higher population

relative to Aiii v 0 than the 950 cm-1 separation of these levels would imply

at 500K. Similarly, the a3il o = I e-levels have more than a fac of 2

greater population than the near degenerate (AE < 0.1 cm- 1) f-!- .. It is

difficult to imagine how such large departures from equilibrium " exist at

such high pressure.

Single collision Mg +N20 experiments, in collaboration with Professor

Paul Dagdigian at Johns Hopkins University, are in progress. The purpose of

these experiments is to determine whether the 1-2 Torr population anomalies

reflect nascent product distributions or complex multiple-collision population

funnelling and removal processes.

10
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4. Dissociation Energy of MgO

Ground state Mg and 0 atoms correlate adiabatically with the MgO a" and

e3':- states. The e-a transition is predicted to be strong because the e-

state belongs to the same electronic configuration as d', D', and C

Evans and Mackieb have observed a continuum in absorption from shock-heated

MgO at & < 320 nin which they have assigned as e",-, a3'i. If this assignment

can be verified and the long-x limit of the continuum can be located with

greater sensitivity, it should be possible to obtain a direct spectroscopic

upper bound to Do (MgO).
0

Our initial purpose for investigating the MgO B-a system was to develop

and unambiguous a31i population monitor for use in an Optical-Optical Douhle

Resonance (OODR) scheme for assigning and extending the Evans-Mackie

continuum. Laser I destroys MgO a3,j by pumping in the continuum. Laser 2

detects 4gO a311 and shows that the population destruction which occurs when

Laser I pumps in the continuum is specific to a3 : v = 0. If the Evans-Mackie

assignment is correct, then population loss in A!I (monitored by Laser 2 in

the B-A system) will occur at a longer delay after the Laser I pulse than

population loss in a31.

The pulsed laser FES component of this experiment has been demonstrated.

The full OODR experiment will be performed in March, 1983.

11



F 19628-79-C-0123 1/19/83

REFERENCES

1. R.F. Marks, R.A. Gottscho, and R.W. Field, "The CaO D,d 1,A-a: System:

Sub-Doppler Spectrum, Rotational Analysis, and Deperturbation", Physica

Scripta 25, 312-328 (1982).

2. R.F. Marks and R.W. Field, "The Orange Arc Bands of CaO: Analysis

of a D,d 1,3A-a3ll System," J. Chem. Phys. 76, 4689-4691 (1982).

3. J. Norman, H.S. Schweda, R.F. Barrow, and R.W. Field, "The CaO 37(II)-a!:

System," in preparation.

4. 0. Appelblad, A. Lagerqvist, I. Renhorn, and R.W. Field, "The Spectrum of

CuO: Low Lying Electronic States Observed by Laser Induced Fluorescence,"

Physica Scripta 22, 603-608 (1980).

5. T. Ikeda, N.B. Wong, D.O. Harris, and R.W. Field, J. Mol. Spectrosc. 68,

452-487 (1977).

6. P.J. Evans and J.C. Mackie, Chem. Phys. 5, 277 (1974) and J. Mol.

Spectrosc. 65, 169 (1977).

7. J. Schamps and G. Gandara, J. Mol. Spectrosc. 62, 80 (1976).

12



F 19628-79-C-0123 1/19/83

PERSONNEL

1. Visiting Scientists

Dr. Richard F. Barrow, Oxford University

Dr. Bernard Bourguign'on, Paris-Sud (Orsay)

Dr. Guy Taleb, Paris-Sud (Orsay)

2. Postdoctorals

Dr. Keith J. Cross (cw MgO B-a)

Dr. Carter Kittrell (pulsed MgO 9-a)

Dr. Hartinut Schweda

3. Graduate Students

Evan Abramson

Stewart Cameron (pulsed MgO B-a)

Michael Dulick (consultant)
Ph.D., May 1982

Jeffrey Gray (pulsed MgO B-a)

Precila Ip (cw and pulsed MgO, major participant)
Ph.D., June 1983 (expected)

Jeffrey Norman (pulsed MgO B-a)

David E. Reisner

Ph.D., March 1983 (expected)

13



F 19628-79-C-0123 1/19/83

PUBL ICATIONS

The following papers are in preparation:

1. Precila C.F. Ip, Robert W. Field, and Keith J. Cross, "The B ,-a .a

Intercoinbination System of the MgO Molecule," for J. Mol. Spectrosc.

2. Keith J. Cross and Precila C.F. Ip, "The Mg0 BIF+-A'il System. Laser

Spectroscopy and Deperturbation," for J. Mol. Spectrosc.

3. Precila C.F. Ip and Robert W. Field, "Intensity Factors for the

Mg0 Bl1s+-anfi System Based on X1+aFiAi Deperturbation Model," for

Chemn. Phys. Lett.

4. Precild C.F. Ip, Keith J. Cross, and R.W. Field, "Population Anomalies in

an Mg+N 20 Flame. Excess ali1/A'ii and a3 lle/a 3 flf Populations," for J. Phys.

Chem.

14



F 19628-79-C-0123 i/1q/ 3

INTERACTIONS AND PRES[NTATIONJS

6-80 Molecular Spectroscopy Symposium, Columbus, Ohio, P.F. Bernath, P. Ip,

and R.W. Field, "Optical-Optical Double Resonance Spectroscopy of £aF"

(contributed talk MF5).

3-81 Yale University, Symposium on Lasers in Chemistry, R.W. Field,

"Molecular Spectroscopy Beyond Molecular Constants" (invited).

4-81 Discussion of Faraday Society, No. 71, Bristol, England, R.W. Field,

"Tunable Laser Electronic Spectroscopy" (invited).

5-81 International Colloquium on Molecular Spectroscopy, Stockholm, Sweden,

R.W. Field, "Perturbations: Sublime and Ridiculous" (invited).

6-81 Molecular Spectroscopy Symposium, Columbus, Ohio, K.J._ Cross, P. Ip,

and R.W. Field, "Rotational Analysis of the BB;]-aJLi Rand System of

MgO (contributed talk MG).

3-82 Bad Honnef, Germany, conference of the Deutsche Bunsengesellschaft fur

Physikalische Chemie on Small Molecules in the Gas Phase, R.W. Field,

"Electronic Structure of Diatomic Molecules Beyond Simple Molecular

Constants" (invited).

8-82 Gordon Conference on Molecular Electronic Spectroscopy, R.W. Field,

"The Electronic Structure of Ionic Diatomic Molecules" (invited).

Collaborations with Dr. Guy Taieb and Dr. Bernard Bourguignon at Univer-

site de Paris-Sud, Orsay and Professors Yarkony and Dagdigian at Johns

Hopkins University.

15


