JOURNAL OF RESEARCH of the National Bureau of Standards—A. Physics and Chemistry

Franck-Condon Factors to High Vibrational Quantum

Vol. 664, No. 3, May-June 1962

Numbers II: SiO, MgO, SrO, AlO, VO, NO

Franck-Condon factor

R. W. Nicholls*

(February 12, 1962)

arrays have been computed numerically to high vibrational

quantum numbers for the band s
astrophysics and atmospheric physics

stems of the following diatomic oxides of interest in

Si0: (ANI—X1z+)
MgO: (BiZ— AlTI)
MgO: (Blz—X!I3)
SrO: (Al —X13)

AlQ: (A2z+—X23+)
VO: (A2A—X24A)

NOg: (B2II— X2II)
NOy: (A2z+— X2IN)

1. Introduction

In the first paper of this series [Nicholls, 1961]
which is referred to below as (I), the influence of the
Franck-Condon factor ¢, ,..=|S Y ¥,drl* in deter-
mining the probability of a »’<>»"” molecular transi-
tion and in particular the intensity of the radiative
transition was discussed.

A review was given of the methods which have
been developed since the original work of Condon to
compute arrays of the factors for molecular band
systems. In particular a method of direct computa-
tion of arrays of Franck-Condon factors for “Morse”
molecules by numerical integration using an elec-
tronic computer program was described and ¢, -
arrays for a number of transitions of N, and N7
were reported. The program has also been used to
compute ¢, ,-arrays for the ()) Schumann-Runge
[Nicholls, 1960] and N7 (2I1,— A211,) [Nicholls, 1962a]
systems.

In the present paper further results from the use
of this program are presented for band systems of a
number of diatomic oxides.

)] <—+(~”

2. Basic Data

The computations were performed upon the 704
electronic digital computer of the National Bureau
of Standards using a program written by Miss I.
Stegun and Miss R. Zucker of the computation
laboratory. The input data for this program are
We, Wel'e, Tey M4, Umax LOr both states of the transition
involved.  The notation is standard [Herzberg

*Department of Physics, University of Western Ontario, London, Ontario.

1950].  The transitions treated here are:

S1I0(AUT— X132 T)
MgO(B'Z— AlIl)
MgO(B!Z—X!'Z)
SrO(A'z—X1Z)
AlO(A%Z+— \:"“*')
VO(A2A—X2A)
NOB(B*I1— X*1I)
NOvy(A2ZT—X210)

some of which (VO, AlO, SrO, MgO) are of impor-
tance in the spectra of stellar envelopes [Hynek,
1951] and others (NO) of which are of importance
in the spectrum of hot air [Daiber and Williams,
1961].

The basic input data for these transitions is listed
in table It was taken from the compilation of
Herzberg [1950] or from original papers of analysis
of the band systems. The v, entries correspond to
the highest spectroscopically identified vibrational
level of the electronic state involved.

3. Results

The eight Franck-Condon factor arrays appear in
tables 2 to 9 inclusive. In these rectangular, double
entry tables, data are of course given for many more
bands than are commonly observed. Entries which
are at a local maximum, relative to their neighbors,
have been italicized and the loci of these maximum
values (Condon loci or “parabolae’) are indicated by
dots between the columns. In these tables, the
power of 10 by which the entry is to be multiplied
is indicated by the negative number in each entry.
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4. Discussion

Most of the band systems reported here were
studied because of a need to interpret in our labora-
tories spectra produced by shock excitation of pow-
dered oxides [Nicholls and Parkinson, 1957; Parkin-
son and Nicholls, 1959]. As has been noted above
a number of the systems are also of importance in
astrophysics and atmospheric physics.

TaBLE 1. Basic Data

It was pointed out in (I) that the prime limitation
in the use of such tables is the realism of the Morse
model for the respective molecular potentials in-
volved. Such tables as 2 to 9 are therefore to some
extent interim results to be used until comparable
tables derived from wavefunctions from numerical
“real”’ molecular potentials become available[Jarmain,
1959, 1960, 1961 ; Fallon, Tobias, and Vanderslice,
1961 ; and references therein].

The profiles of primary and subsidiary Condon
loci are indicated. They exhibit the same general
patterns as were noted in (I); viz: the smaller Az,

State we(cm—l)xm—ai o (em=) E AU i re the narrower i.s the'primary parabola and tl_le fewer
. subsidiary loci, while the larger Ar, the wider the

S0, s ‘ . N [N o primary parabola and the more subsidiary loci.
NI 0. 85151 6. 143 1621 10, 18013 10 Both extremes, and some intermediate cases, are to

MgO be seen in tables 2 to 9. Ar, is largest (0.26A) in
Xiz 851 518 1749 9. 50888 7 the case (_)f the NOg system Ior_ which the primary
Biz 8241 76 1737 9. 50888 1 parabola is wide and its vertex is far removed from
. the origin.  The O, Schumann-Runge system [Nich-
e i oy 121 | 13,530 8 olls, 1960] is a comparable example. The MgO

(B'2—X!'2) system has a narrow primary locus.

A o - ‘ NP - ; The AIO(A2Z+T—X23%) system (Ar,=0.049A) is a
Azt (870 3.80 16667 | 100452 7 somewhat similar, though less extreme case.

VO Knowledge of the profiles (in the »’, v’/ plane) of
o oL ¥ B Bt 9 these loci has obvious important applications to the
o definitive identifications of bands. Some prelimi-
X1 1.90385 13.97 11508 | 7.46881 18 nary remarks were made in (I) on a study of the
Sk 2gorLa ot el B 4 geometry of the loci which is elaborated upon more

fully elsewhere [Nicholls, 1962b, c].
TaBLE 2. Franck-Condon factors to high vibrational quantum numbers for the SiO Al — X1Z band system
o
v 0 1 2 3 4 5 6 7 8 9 10
0 142421 @ 2.7781-1 @ 2.7251-1 @ 1.7719-1 _ 8.5166-2  3.2052-2  9.7771-3 247253 525354  0.5335-5  1.4800-5
1 0000 L2251 105204 0.73982 © 1.0065-1 @ 1.6825-1 _ 9.50602 401392 130632 3.45163  7.51934
2 256301 0.80-5 L5l © 010232 @ 281005 745102 © L6151 @ 1.4M0-1  ST6A2 570022 121112
3 1.7571-1 @ 713342 945142  7.1068-3  L.1114~1  5.0843-2  1.8503-3  8.2070-2  1.583-1 @ 1.3120-1 _ 7.3361-2
4 9.48142  15536-1  2.9955-3 @ L0021  2.99052  3.20412  1.0070-1 g 258662 128872  LOW0I-1  1.4530-1
5 4.92788-2  LGG97-1 371642  6.8397-2  2.1371-2  8.4672-2 @ L.1530-3 _ 6.9736-2 @ 7.7408-2 _ 4.6084-3  3.5882-2
6 L67422  LOSO0-1 g LUIT3-1 216153  8.7671-2 4554063 @ 6.4585-2  4.0860-2 _ 0.8485-3  5.5208-2 @ 4.3509-2
7 580913 502832 193991 288142 452312 @ B.60112 484312 @ L2562 | 7.2/822 _ 5.2610:3 4232 @
8 LSUS-3 270052 L0981 g 0.1452-2  6.285-4  7.5850-2 200704  6.8338-2 _ 3.4351-3 518362 _ 4.0914-2
9 5.1098-4  1.0666-2  6.3637-2  L1615-1  2.7202-2  3.2715-2 @ 4.6439-2  2.0283-2  3.7784-2  3.62722  1.1645-2
10 130284 3.72718-3  3.1935-2  0.7557-2  8.0577-2 250496  6.9525-2  6.4808-3  5.922)-2 @ 3.5571-3  5.8006-2
TABLE 3. Franck-Condon factors to high vibrational quantum numbers for the MgO ATl —B'Z band system
S o
N\ 0 1 2 4 5 6 7
N\

0 183061 ® 280201 @ 242051 @ 1,507 @ 902 362022 L4922 572363

1 3.3066-1  8.8133-2  6.1050-3 _ 0.0418-2  1.5503-1 @ 1.3574~1 _ 8.8549-2  4.8027-2

2 2061 263562 L6401 55412 198533 6.250-2 © 114911 @ 113561

3 L3521 @ 207771 31392 6.00252 © LIS 201672 36803 5.3219-2

4 445452 2.9041-1  5.5960-2 | 1.1420-1 468244  8.1395-2 @ T.8915-2 _ 1.1028-2

5 0.8033-3  1.1987-1 @ 211441  8.4334-6 @ L8061 270562 221782 8 9053-2

6 L506S-3 300202 183611 g 1.2679-1  3.3018-2 g 6.3150-2 7.505-2 @ 5.0713-5

7 LOIS4  7.3183  TOUOD L1081 43652 80852 L2038D 871858
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TasrLe 4. Franck-Condon factors to high vibrational quantum numbers for the MgO B'2— X2 band system

==
0"
N 0 1 2 3 4 5 6 7
N -
® o
0 9.8232-1 @ 175602 1.1034-4  2.7888-10  2.8250-8  9.1065-10 8. 1415-15  3.6788-12
1 L7438-2 @ 9.4488-1 @ 3.7280-2  4.1020-4  1.3180-7  1.2865-7  6.6214-9  1.0805-11
2 2.4248-4 3.6760-2 @ 9.0300-1 ™ 5. 9003-2 1. 0008-3 1. 3207-6 3. 3386-7 2. 7033-8
3 1. 4216-6 7.9743-4 5. 7857-2 ® 8. 5681~1 P 8. 2536-2 2. 0054-3 6. 3316-6 6. 2908-7
4 4.8725-9 6. 6725-6 1. 7456-3 8. 0571-2 Y 8.0651-1 Y 1. 0759-1 3. 5689-3 2. 1258-5
5 3.4746-11 3.0167-8 1. 9510-5 3.1787-3 1. 0469-1 Y 7.6242-1 ° 1. 3381-1 5. 8559-3
6 8.2972-13 2. 3129-10 1.1174-7 4. 5491-5 5. 1980-3 1. 2992-1 Py 6. 9496-1 PY 1. 6073-1

~

1.1138-13 4. 9809-12 9. 0730-10 3. 2099-7 9. 2529-5 7.9185-3 1. 5594-1 6.3468-1
]

TasLe 5.  Franck—Condon factors to high vibrational quantum numbers for the SrO A'Z— X2 band systems

\\p”
"™\ 0 1 2 3 4 5 6
Y . -

0 2.8385-1 @ 4. 1213-1 @ 2.3260-1 6. 3060-2 8. 0206-3 3. 5584~4 2. 6995-7

1 3.1767-1 1. 53372 1. 7306-1 3.1777-1 @ 1.4890-1 2. 5961-2 1. 3265-3

2 2.1239-1 6. 7238-2 1. 3184-1 2. 4405-2 2.8492-1 @ 2.2491-1 5. 1427-2

3 1.0949-1 @ 1.6336-1 4. 4995-4 1.5152-1 @ 2.2954-3 2. 0839-1 2.7890-1

4 4.7922-2 1. 5434-1 5.9129-2 4. 01'.»4&2 1.0119-1 3. 4400-2 1.3327-1 ®
5 1. 8705-2 9. 9330-2 1. 2351 5. 4566-3 8.4073-2 4. 5251-2 7.1056-2

6 6.7007-3 5.1254-2 1.1929-1 @ 6.7125-2 4.3017-3 9.7087-2 ° 1.1110-2

TaBLe 6. Franck-Condon factors to high vibrational quantum numbers for the AlO A*2-X%Z band system

N
VAN 0 1 2 3 4 5 6 7
N

0 7.2982-1 @ 2.3789-1 3.0705-2 1.5771-3 1. 9682-5 8. 9921-8 1.8183-8 7.1036-12
1 2.2444-1 @ 3.5651-1 3. 4285-1 7,1471-2 4. 6854-3 5. 5900-5 9.3316-7 9. 2120-8
2 4. 0241-2 3. 0060-1 1. 6040-1 e 8.7769-1 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 3.7776-1 1.4936. 1 1.2817-2 8.9526-5
4 4. 33434 1. 5266-2 1.2807-1 @ 2.7522-1 1. 9453-2 8.6320-1 1. 8100-1 1. 6406-2
5 2. 0003-5 1. 6954-3 2. 8999-2 1.5887-1 @ 2.3629-1 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 e 3.2174-1
7 2. 3041-7 4.4677-7 2. 84784 7.2186-3 5. 9265-2 1.8748-1 @ 1.6320-1 1. 9966-3

TasrLe 7. Franck-Condon factors to high vibrational quantum numbers for the VO A2A— XA band system

0 1 2 3 4 5 6 7 8 9 10
0 3.0928-2 1.2954-1 @ 2. 4157-1 d 2.6538-1 @ 1.9153-1 9. 5916-2 3.4321-2 8.9072-3 1. 6851-3 2.3178-4 2. 2958-5
1 8.7235-2 @ 1.8620-1 1. 0544-1 7. 50724 7.8048-2 1.9703-1 @ 1.9069-1 1. 0569-1 3.7919-2 9. 2638-3 1.5733-3
2 1.3728-1 1.2113-1 3.1658-4 8. 9287-2 1. 0147-1 3.0925-3 6. 8027-2 1.8537-1 Py 1.7237-1 8.7345-2 2.7675-2
3 1.59%—1 3. 55032 4.5040-2 @ 8.7527-2 ° 6.1010-8 ® 8.7320-2 @ 7.4908-2 3. 26744 1.0025-1 @ 1.900/~1 1.4216-1
4 i 53&—1 3. 74934 8. 8995!2 1. 1513-2 5. 8020-2 5. 3506-2 9. 6879-3 1.0033-1 @ 3.4189-2 2.0414-2 ® 1. 49551
5 1.2‘.)7(:1 1.4427-2 6. 947.4—2 9. 3610-3 7.0371-2 @ 5.6613-4 @ 7.7115-2 1. 3265-2 4.8199-2 @ 8.6872-2 1. 5594-3
6 9.9660-2 @ 4.6433-2 2.5870-2 @ 4.9651-2 1. 8685-2 4.4822-2 2.9316-2 i 2.9171-2 @ 6.0335-2 2. 8893-3 ® 9.0264-2
7 7.1387-2 7.1698-2 1. 4666-3 6.3464-2 1.0398-3 @ 4.7909-2 1.7583-3 6.1639-2 2.2407-7 e 6.8278-2 1.2079-2 °
8 4. 8481-2 8.1423-2 5. 2626-3 4. 2520-2 Py 2. 6130-2 2.1511-2 ° 3.7225-2 1. 6006-2 4.0127-2 2.2843-2 @ 3.2756-2
9 3.1602-2 7.7598-2 2. 4512-2 1.4365-2 4. 8605-2 5.1202-5 4. 8816-2 2.9554-3 @ 4.6892-2 ° 5.4919-3 5.2677-2
10 1. 9957-2 6. 59502 * 4 4238-2 5. 1900-4 4.5308-2 @ 1.3106-2  2.2316-2 @ 3.1902-2 8.6597-3 @ 4.2676-2 ° 4. 5603-3
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TaBLe 8. Franck-Condon factors to high quantum numbers for the NO beta (B*I1-X?I1) band system
\\n"
v’\ 0 1 2 3 4 5 6 7 8 9 10
0 22641-5 310954 204603  8.5693-3 256052  5.7994-2  1.0327-1 g 1.4802-1 @ 1.7347-1 @ 1.6190-1 @ 1.5501-1 @
1 1.8507-4  2.0886-3 109332  3.4872-2  7.4613-2  1.1026-2 @ 1.0966-1  6.4327-2  1.1808-2  4.5002-3  5.3120-2
2 T.9208-4 727773 297472 6.9580-2 _ 9.8353-2  7.78352  2.2280-2 142063  4.3261-2 o 8.22/2-2 @ 5.6926-2 @
3 2.3640-3  1.7488-2  5.4452-2  8.8/70-2  7.0117-2  1.4830-2  5.9847-3  5.2637-2 @ 6.0405-2  1.2060-2  7.9982-3
1 5.5206-3  3.2490-2 7.4499»2. 7.5692-2  2.1921-2  3.2797-3  4.7031-2 @ 4.8606-2  3.9214-3  2.0276-2  5.8742-2 @
5 108022 4.9586-2 ¢ 7.9752-2  4.1836-2  3.7156-5  3.3852-2 @ 4.8235-2  4.9012-3  1.9158-2  5.0219-2 b 1.2252-2
6 1.83/2-2 @ 6.4437-2  6.7470-2 107192  1.38/8-2 @ 4.9225-2  1.3360-2  0.9005-3 400812  1.2101-2  1.0996-2
—— S — T— ——— =
N\
U\ 11 12 13 14 15 16 17 18
N

0 9.0304-2 @ 5.0679-2 235972  9.1027-3 288783  T.4584 L5814 250955

1 115541 1.4289-1 @ 1.9329-1  7.9833-2  4.00152 157142  4.8387-3  1.15943

2 715333 @ 123222 78642 ® 190411 @ 1.2986-1  8.86022 440832 163852

3 5.9709-2  5.8318-2 @ 1.8319-2  4.7608-3  6.5497-2 @ 1. 208/-1 @ 1.2901-1 8. 42482

1 2.6350-2  1.6224-3 494222 @ 6.5003-2 @ 76962 6.94623  7.5792-2 ® ;54541

5 LOGTT-2 — 5.9768-2 g 2.6914-2  2.0302-3  5.2566-2 @ 6.2060-2 _ 8.4627-3  1.9486-2

6 4.6567-2  1.2174-2  1.1833-2 @ 5.27/3-2  1.8414-2  8.0200-3  6.307,-2 @ 4.6872-2

TasLe 9. Franck-Condon factors to high vibration quantum numbers for the no gamma (A22—X21) band systen.

h N4 0 1 2 3 4 5 6 7 8 9 10
— I \\ T S —
0 1.6535-1 @ 2.6350-1 @ 2.370/-1 @ 160441 g 9.0708-2 _ 4.552-2  2.1077-2  0.1957-3  3.84743 156263  6.2163-4
1 3.2908-1  1.0494-1  7.9150-4  7.2141-2  1.8492-1  1.5391-1 @ 9.8777-2  6.0770-2  3.3341-2  1.6874-2  8.0628-3
2 2.9059-1  1.4641-2 1,.7'45.24 ® ;50310 @0 OITHE 3322 SISED 105651 @ S.09/9-2 | 6.2018-2  3.8710-2
3 o3 ® Loveed  4se @ 3.7233-2  1.1305-1 @ 5.1286-2  5.9967-4  2.2871-2  6.5501-2  8.5495-2 @ 7.9329-2
1 5.0730-2  2.3738-1  3.5401-2  1.9633-1  2.5642-3  5.4756-2 ® e 3als2  LTIE24 18332 523612 >
5 1.1750-2  1.3383-1 @ 1.9759-1  3.6850-3  1.0256-1  5.1254-2  3.8448-3  6.2881-2 @ 6.7906-2  2.2167-2  6.6432-6
6 1.9164-3  4.4331-2  1.9887-1  9.6969-2  5.7545-2 @ 3.4304-2 & 842.-7’72 @ | (8762 178522 6.28,2-2 @ 5.1683-2
7 2.2295-4  9.4994-3  9.4675-2  2.113j~1  1.8953-2  1.0580-1  2.9469-4 @ 7.3269-2 4. 7736-2  4.4879-5  3.0635-2
\L\z’ 11 12 13 14 15 16 17 18
AN _

0 2.4395-4  9.4958-5  3.6824-5  1.4277-5  5.5498-6  2.1683-6  8.5310-7  3.3857-7

1 3.6068-3  1.6455-3  7.1732-4  3.0833-4  1.3137-4 557215  2.3608-5  1.0020-5

2 2.1787-2  1.1505-2  5.7994-3  2.8258-3  1.3435-3  6.2778-4  2.8994-4  1.3205-4

3 6.0374-2  4.0348-2  2.4626-2  1.4076-2  T.6667-3  4.0204-3  2.0628-3  1.0361-3

4 7.116/-2 @ 6.9708-2  5.6355-2  4.0131-2  2.6139-2  1.5953-2  9.2785-3  5.2053-3

5 Lese 43732 6. 04942 @ 6.1481-2  5.2061-2  3.9033-2  2.6849-2  1.7336-2

6 La2r2  Lom4 L4672 B7are2 ® 6eisis @ 5.4475-2  4.7918-2  3.7541-2

7 5.7723-2 @ 5.8890-2  8.9190-3  4.0321-4  1.3398-2  3.2408-2  4.5266-2 @ 4. 8429-2

In addition to the results quoted in (1) and in this
paper, the computer program has also been used to
evaluate g-arrays for the O, Schumann-Runge system
[Nicholls, 1960], the N;2I1,— AII, system [Nicholls,
1962a] and a number of band systems of importance
in the vacuum ultraviolet [Nicholls, 1962¢]. Tt also
has applications to the evaluation of Franck-Condon
factor arrays for excitation and ionization transitions
from ground states. Data for some ionization tran-

sitions were given in (I) for N and by Wacks and
Krauss [1961] for O;. 1In both of these cases only
one or two levels of the lower (ground) state involved
wereemployed as the results were to be used forioniza-
tion of cold gases. Somerecent data have been calcu-
lated and will be published elsewhere for complete
(0<0"" < vr; 0<V' < vy) Franck-Condon factor ex-
citation arrays for a number of transitions between
N,(X'2) and other states of Ny and N .
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In the case of SiO, where an analytic method has
also been used to oompute a limited array (for appli-
cation to shock tube spectra) [McGregor, Jarmain,
and Nicholls, 1961] agreement between the tw o
arrays is excellent.
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