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ABSTRACT 3255 ©

This report contains a set of vibrationally identified spectrograms of the Blue-
Green (4 2Z-X 23) system of AlO. A compilation of all the available molecular
data on the states involved, a brief description of the appearance, occurrence and
history of the system and a selected bibliography are also included.
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PREFACE

During the past decade, spectroscopic methods
and techniques have been increasingly employed
for a wvariety of research purposes in many
branches of physics, chemistry, aeronomy and
astronomy, and a need for a working knowl-
edge of spectroscopic methods has been felt by
many whose main field of research is not spectros-
copy per se.

Positive identification of spectroscopic fea-
tures is the first and most common requirement
in any application of spectroscopy to research,
whatever its orientation. Wavelength lists of
many atomic lines and some molecular bands are
of course available and well known. Wavelength
coincidence alone, however, is not always suf-
ficient for positive identifications and photo-

graphic atlases for direct comparison with
experimental  spectra  are alwavs extremely
useful.

Such atlases are neither common nor compre-
hensive. The purpose of the present series of
reports is thus to provide photographs (at two
or three commonly used dispersions) of impor-
tant band systems, to each set of which vibra-
tional numbering and a wavelength scale have
been added for direct comparisons with experi-
mental spectra for which identifications are
sought. The reciprocal dispersions most com-
monly used in the reports are: high (~150
A/mm), medium (~15A/mm) and low (~53
A/mm). In addition to the identified photo-
graphs each report includes brief comments on
the character of the spectrum, its common
conditions of occurrence and excitation, some
historical background of the relevant research,
a bibliography of papers which have been found
most valuable in the compilation of the atlas,
and a tabulation of essential molecular data.
Emphasis is placed on vibrational rather than
on rotational structure as it is with vibrational
structure of band systems that the first problems
of identification usually arise in practice.

The most valuable single aid to identification
of molecular spectra is of course, Pearse and
Gaydon’s indispensable work “The Identification
of Molecular Spectra’” (1941, 1950, 1963). The
tables in this are arranged with the practical
spectroscopist in mind, and the photographic
reproductions of a number of common and
important molecular spectra are particularly use-

ful. The comparable work ‘“Données Spectro-
scopiques’’ edited by Rosen (1951) presents the
wavelengths of many band systems in Des-
landres tables, essential molecular constants and
a very complete bibliography (up to 1950). Two
significant compilations of molecular spectra
which are important in astronomical and aero-
nomical applications have recently been pub-
lished by Wallace (1962a, b). He has the user
very much in mind and gives very useful
bibliographies.

Phillips and his colleagues at Berkeley (1963)
are making distinguished contributions to the
detailed compilation of rotational structure (to
high quantum numbers) of band systems impor-
tant in astronomy. Bass and Broida (1953, 1961)
have produced valuable spectrophotometric at-
lases of OH and CH in which the rotational
structure is clearly identified. Dieke and his
colleagues (1959, 1962) have done a similar ser-
vice to N, and OH band systems. Herman and
Hornbeck (1951) published an article some years
ago in which vibrational identifications were
made of many of the spectra commonly met in
combustion spectroscopy.

While the present series of reports is not as
ambitious as some of the above works, it is
hoped that it will fill a gap which many have
felt existed in the reference literature of molecular
spectroscopy.

R. W. NicHoLLs, Editor.

REFERENCES

Bass, A. M. and Broipa, H. P,, 1953, N.B.S. Circular 541,
U.S. Gov't Ptg. Office, Washington.

Bass, A. M. and Broipa, H. P., 1961, N.B.S. Monograph
24, U.S. Gov't Ptg. Office, Washington.

Diexg, G. H., and Heats, D. F., 1959, Johns Hopkins
Spectroscopic Report No. 17, Baltimore, Maryland.

DiekE, G. H. and CrosswHITE, H. M., 1962, Jour. Quant.
Spect. Rad. Transf. 2, 97. (Previously available as
Bumblebee Report 87, Johns Hopkins University,
Baltimore, Marvland, 1948.)

Hervan, R. C. and HorxBick, G. A., 1951, Industrial
and Engineering Chemistry 43, 2739.

Prirsg, R. W, B. and Gavypbox, A. G., 1963, Identification
of Molecular Spectra, 3rd Edition, Chapman and Hall,
London.

PraiLLIps, J. G. and Davis, S. P., 1963, Berkeley Analyses
of Molecular Spectra. University of California Press,
Berkeley and LLos Angeles.

Rosen, B. {ed.), 1951, Données Spectroscopiques Con-
cernant Les Molécules Diatomiques, Herman et cie,
Paris.

WALLACE, L., 1962a, Astrophys. J. Suppl. 6, 445.

\WALLACE, L., 19625, Astrophys. J. Suppl. 7, 165.



[

1. INTRODUCTION

The blue-green system of aluminium oxide lies
in the wavelength range 5700-4200 A. 100 red
degraded bands in the sequences —4 < Av < 6
are known. Their wavenumbers are displayed in
a Deslandres array in Table I1. The most com-
monly observed bands occur in the sequences for
which —2 < Av < 3 and for the vibrational
quanta 0 < ¢’ < 10 and 0 < 9" < 9. However
in the (0,0) sequence no bands are normally
observed beyond (3, 3). The most prominent
band heads are:

Approximate
Relative
Band Wavelength (1) Intensity
1,0 1648.1 2
0,0 1842.2 10
0,1 5079 .4 1
The system arises from the transition

A 22-X 23 (ground state) as shown in Figure 1
which relates this transition to the other known

cm™y  ————=- ?
40000r ?
35000¢ g
______ ?
300001 Red Three very uncertain
System, levels reported by
250001 Coheur and Rosen
o s (1941)
AT
200001
150001
Blue Green
10000 System
Ultra Violet
5000k System
0

Ground State X°T*

Fig! Energy levels and band systems of AlQ

AlO transitions. U'nder moderate resolution each
band appears to consist of one P branch and
one R branch. The origin of each band is never
completely clear. Under higher resolution each
“line” of the P and R branches is found to
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consist of two strong components; the doublet
nature of the transition is thus clearly indicated.
Weak lines belonging to the satellite #Q and #Q
branches have not vet been observed (a full
discussion of the rotational structure of a *=Z-2%
transition is given in Herzberg 1950, page 247).

Klein-Dunham, or realistic, potentials for the
A and X *Z states are shown in
Figure 2.

energy

T

20000

10000

T

1 i L A A
1,2 1.3 LA L5 18 1,7 8 1,9 2,0 2l

1 1

' Klein-Dunham Potentials.
for AIO.

2. OCCURRENCE

The blue-green system of AlO is very readily
observed both in emission and absorption. Many
different types of spectroscopic source excite the
system in the emission. Examples of commonly
used sources are (1) an envelope of an are running
between aluminium eclectrodes in air or oxygen
(King 1925, Lagerqvist, Nilsson and Barrow
1956, 1957, Shimauchi, 1958), (2) exploding
aluminium  wires in an oxidizing atmosphere
(Rosen, 1944, 1945, 1946, Loginov, 1959), (3)
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shock excited AlLO; or Al 4 O,. Thermal excita-
tion in a shock tube provides a spectrum par-
ticularly free of atomic lines (Nicholls, Parkinson
and Reeves 1963).

Other laboratory sources which have been used
to excite this system include a carbon arc con-
taining aluminium compounds (Tawde and Tri-
vedi 1939) and a high current hollow cathode
containing pellets of an Al-Al.OQ; mixture
(Goodlett and Innes 1959). ]

The system is also of astrophysical importance
as a contribution to the spectra of some stellar
atmospheres (Davis 1947). It also plays a role in
contemporary aeronomical research as a con-
tributor to the emission spectrum of the lumi-
nous trails resulting from seeding the high
atmosphere with aluminium containing com-
pounds in rocket experiments (Armstrong 1963,
Authier et al. 1963).

3. HISTORICAL SURVEY

The intense blue-green system of AlO has
been known for many years. It was first ob-
served by Thalen in 1866. Many lines of the
system were measured by Hasselberg in 1891
and further work was done in 1903 by Lauwartz.
The vibrational analysis of the system was
achieved independently by Birge and by Mecke
in 1925 and in the same year Mulliken (1925)
proved conclusively that AlOQ was the emitter
responsible for the system. Mecke based his
analysis on the measurements of Morkofer
(1925) and this reference is also said to contain
a good review of the work on the system prior
to 1925. It is however rather difficult to obtain.
Bodson and Dehalu (1937) reported observing
tail bands in the Av = 0 and 2 sequences and in
1939 Roy made precise measurements of a large
number of band heads including many new ones.
The most complete vibrational analysis pub-
lished is that of Shimauchi (1958) who has ex-
tended the observed levels to v = 12 for the
X 2% state and 9 = 16 for the 4 2T state. She
considered that the v = 9 level of the X2
state is raised about 10 cm™! by a perturbation.
More recently Bécart and Mahieu (1963) have
reported some 12 new bands.

The correct rotational analysis of the system
was accomplished by Pomeroy who, in 1927,
analysed the (1, 0), (0, 0), (0, 1) bands. He also
corrected the earlier analysis of Eriksson and

Hulthén (1923). Sen (1937) and Dehalu (1937)
extended the rotational analysis further.
Dehalu (1937), Coheur-Dehalu (1941), and
Rosen (1944, 1945, 1946) have reported various
perturbations and predissociations in both states
basing their observations on intensity anomalies
in microphotometer traces of the rotational
structure of some bands. However Lagerqvist,
Nilsson and Barrow (1956, 1957) have shown by
reanalysing some bands and extending the analy-
sis to the (1, 3), (2, 4) and (3, 5) bands that these
anomalies are an instrumental effect and do not
represent either perturbations or predissocia-
tions. Some values for the spin doubling constant

are given by Lagerqvist, Nilsson and Barrow
(1957).

4. MOLECULAR DATA

The fundamental constants of the X 2¥ and
A 2T states of AlO are displayed in Table I.

TABLE 1

= 10.0452

X T.=0cm™!
we = 979.23 cm™!
weXe = 6.97 cm™!
B, = 0.6413; — 0.0058; (v + ) cm™
D, =[1.0840.02 (v 4+ 3] X 108 em™!
re = 1.6176 A

Az . = 20688.95 cm™!
we = 870.05 cm™!
WeXe = 3.52 cm™!

» = 0.60405 — 0.0044; (v + 1) cm™!
D, =1.16 X 1078 ¢cm™1
re = 1.6668 A

(1) Nomenclatureas used by Herzberg (1950).

(2) These constants, taken from the work of
lagerqvist, Nilssonand Barrow (1957) are hased
on band origin measurements.

(3) The dissociation energy D, of the X state
is 5.0 & 0.2 ev (Drowart et al. 1960) from mass
spectroscopic measurements. No reliable data
appears to be available from spectroscopic
methods.

(4) The ionization potential is 9.5 & 0.5 ev
(also based on mass spectroscopic data, Dro-
wart et al. 1960).

The band head wavelengths (in air) and the
band head wave numbers (in vacuo) are dis-
played in a Deslandres array in Table II. The
wave numbers of the band heads are best repre-
sented by the formula
y = 20699.25 + 870.0 (v/ + 1) — 3.80 (v' + 1)2

— 9782 (v +3) + 7.12 (v + })?

Wavenumbers (in vacuum) of band origins
observed by Lagerqgvist, Nilsson and Barrow
(1957) are displayed in Table III.
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TABLE 1I

1 \v” 0 1 2 3 1 5
0 4842.18 5079.37 5337.03 5615.88
20646.1 19682.0 18731.8 17801.7
1 4648.08 4866.23 510201 35357.75 5635.60
21508.3 20544.0 19591.7 18659.1 17739 4
2 4470.38 4671.91 4888.83 5123.08 5376.93 5652.21
22363.2 21398.4 20449.1 19514.0 18392.8 17687.3
3 4307.21 4493.82 4694.40 4910.02 5142.60 5394.27
23210.4 22216.6 21296.0 20360.8 19410.0 18533.0
1 4156.80 4330.39 4516.21 4715.50 4920 1% 5160.62
24050.2 23086.1 22136.1 21200.7 20282  19372.1
5 117978  4352.64  4537.57 473592 4946.0%
23918.0 22068.1 22032.1 21109.3 20213
6 1041.2  4201.81 4373.78 4557.41 4754.04
21738.2  23792.6  22857.1 21936.0 21028.9
7 10620 4222 85 1393 .81 4576.26
2600 .1 23674.0 22752.8 21815.8
8 1082.7 141258
244867 22656 1
9 41026 4262.03
23679 234564
10 41216
24235 .6
11
12
13
1
15
16

6

366662
176423
5109.73
18480.1
3176.75
19311.8
4961 . 7*
20149
4771.26
20953.0
1593 .85
21762 .2
+430.31
22565.5
4280.05
23357.7
41396
211501

7

3679 .45
17602.5
5122.70
18433.9
A191. 44
19257 .1
4975 .5%
20043

A787.10
20883 .6
1610.07
21685.6
4447 .08
224804
4206, 44
23268 .6

8

3690, 20
17569.2
5434.64
18395 .4
5204.25
19209.7
1994 .2

20017.7
-4800.92
20823 .5
1625.20
216146
446233
22403.5
4311.5

23187.3
41721

23062.0

a9

5701.8
17533 .1
3147.0
18353 .6
5218.0
19159 .3
5009 .0
19958.5
4817 . 5%
20752
4540.7
21542.5
4478.2

22321.2

$190.8
238551

10

3704 .41
17525 .4
53153.52
18331.7
5228 4%
19121
5016.9
10927 .1
4829 8*
20699
4630.30
21198.0
4490.38
22263 .6
43410
230207

5708.80
17512.0
5458 .94
18313.5
5235 2%
16096
5024 .1
19807.3

46628

214403
43023
22201.5

1216.5
23708 .6

The band heads in this table are taken from Shimauchi (1938) except those marked * which are from Bécart and Mahiea (1963),

TABLE

11

Deslandres Table of Frequencies of Band Origins {em™)

3

1864413

Deslandres Table of Band Head Wavelengths (in air) (&) and Band Head Wavenumbers (in vacuo) (cm™)

3461.0
18296 .5
52427
190649
5032 .4
19861.9

'U/\av” 0 1 2

0 20635, 18 1966495 18718.50
1 2053304 19581 .44
M)

3

The band origins can best be represented by
the formula

20688.95 + 870.05 (v/ 4 1) — 3.52 (v + 1)2
— 97923 (" + 1) + 6.97 (v + 1)

The position of the vibrational levels (G,
and G,”") and separation between levels AG 41,
are displaved in Table TV, (Computed from the
band head data of Shimauchi, 1958).

Franck-Condon factor and r-centroid arravs

v =

18576G.75
18516. 17

appropriate to Morse potentials are displaved in
Tables \" and VI

Relative intensitics of AlO bands charac-
teristically excited in an A.C. AlO arc are dis-
plaved in Table VIT and smoothed relative band
strengths derived from the data of Tables V', VT,
and VI are displaved in Table V111

Relative band intensities at an infinite tem-
perature (#* poo) derived from Table VITI are
displaved in Table TN,
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TABLE IV
Vibrational Levels and Vibrational Energy Intervals
v G’ AGean’ G."” AGurp
4} 21123.1 em™! 861.2 (863.54) cm™! 487.9 cm™! 964.2 (965.23) cm ™!
1 21084.3 854.3 14521 949.3 (951.50
2 22838 .6 847.0 2401. 4 934.7 (937.36)
3 23685.0 839 .4 3336. 1 921.7
4 24525 .0 832.1 4257.8 907.3
5 25357 . 1 824.0 5165. 1 893.0
6 26181.1 817.0 6058. 1 878.5
T 260981 809.1 6936. 6 864.5
8 27807 .2 802.8 7801.1 859.3
9 28610.0 794.3 8660. 4 826.4
10 20404.3 790.0 9487.3 822.7
11 30194.3 783.1 10310.0 803.9
12 30077 .4 7747 11113.9
13 317521 765.3
14 32517 .4
15 750.2
The hgures in brackets represent energy intervals calculated from the band origin data of
Lagerqvist, Nilsson and Barrow (1957).
TABLE V
I'ranck-Condon Factors
N’ 0+ 2 % % 5 6 1
0 7.20982—1 2.3789—1 3.0705 -2 1.5771 =3 1.9682—5 8.9921 —8 1.8183—-8 7.1036—-12
1 224441 3.5651 —1 3.4285—1 71471 =2 +4.6854 -3 5.5900—-5 9.3316—7 9.2120—-8
2 4.0241 -2 3.0060—1 1.6040—1 3.7759 -1 1.1242—1 8.6846 -3 8.6806 -5 4.4297 -6
3 5.0370-3 8.7939 -2 3.0381—1 6.3203 -2 3.7775—1 1.4936—1 1.2817—2 8.9526 -5
4 4.3343—+4 1.5266—2 1.2897—1 2.7522 -1 1.9453 =2 3.6320—1 1.8100—1 1.6406 -2
5 2.0003—-5 1.6954 —3 2. 8909 —2 1.5887 —1 23629 — | 3.2152—-3 3.4466 —1 2.0728—1
6 3.8435-8 9.9463 —5 3.9698 -3 4.4225 -2 1.7773—1 1.9746—1 9.6592 -6 3.2774—1
7 2.3041 -7 4.4677 -7 2.8478—4 T.2186 -3 5.9265—2 1.8748—1 1.6320—1 1.9966 —3
Data from Nicholls (1962). The negative number in each entry is the power of 10 by which it is multiplied.
TABLE VI
r-centroids ()
) i;\(?'; i) S 717777 - 2 7737 - 7747 - 5 - 6 - i 7
0 1.646 1.727 1.813 1.937 2.215
1 1.574 1.657 1.73% 1.826 1.957 2.295
2 1.505 1.580 1.669 1.752 1.839 1.979 2.411
3 1,424 1.511 1.586 1,683 1.765 1.852 2.003 2. 606
4 1.326 1.436 1.517 1.591 1.713 1.979 i.866 2,030
b} 1.336 1.443 1.522 1.596 1.794 1.881
6 1.346 1.449 1.527 1.600 1.809
7 1.354 1.454 1.531
Data from Nicholls (unpublished work).
TABLE VII
Relative Intensities
N0 12 3 « 5 6 7
0 100 9.4 0.5
1 17.6 14.3 13.8 1.1
2 0.7 25.1 3.9 12.3 1.9
3 4.2 12.6 6.7 1.0
4 5.3 7.1 2.7 0.2
5 4.3 3.4; 1.7
6 3.5 1.1
7 2.2
8 1.0
9 0.4;

Data from Hébert and 7I\tc (71‘,)(;1;).
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TABLE VIII
Smoothed Relative Band Strengths

0 1.00 0.24 0.02

1 0.40 0.46 0.33 0.04

2 0.09 0.51 0.20 0.34 0.06

3 0.19 0.51 0.07; 0.31 0.07,

4 0.28 0.46 0.02; 0.28 0.09
5 0.33 0.39 0.25
6 0.36 0.31

]

Data frOmW}TéBert‘;lrlil(lrTytc (1964).

0.38

TABLE IX

N\ 0 1 B

0 1.00 0.20 0.01
1 0.47 0.45 0.27
2 0.12 0.59 0.19
3 0.26 0.58
4 0.37
5
6
7
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6. SPECTRA

Description of the Plates

Plate 1 shows the appearance of the system
under low dispersion. The spectrogram was taken
on a Hilger f4 small glass prism spectrograph
with a reciprocal dispersion of approximately 80
A/mm at 5000 A. The source was a Mach 5.5
shock wave driven with hvdrogen into argon
containing 5% oxvgen and a finely divided
sample of aluminium. Band sequences and a
wavelength scale are indicated.

Plate Il shows the appearance of the syvstem
under moderate dispersion. The spectrogram was
taken on a Bausch and Lomb 1.5-metre grating
spectrograph with a reciprocal dispersion of ap-
proximately 15 A /mm. The source was the same
as that used for P’late I. The vibrational quan-
tum numbers of the bands and a wavelength scale
are indicated.

Plate 111 shows the appearance of the system
under high dispersion. The spectrogram was taken
on a 3-metre (Eagle NMounted) grating spectro-
graph with a reciprocal dispersion of approxi-
mately 5 A/mm. The source was a high voltage
A.C. arc run between aluminium electrodes in an
atmosphere of oxygen at a pressure of ¥ an
atmosphere. The vibrational quantum numbers
and band head wavelengths are indicated.
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