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The Band. Syectrum of OH+

F. %. LooMIS AND W. H. BRENDT, University of Illinois

(Received October 17, 1935)

Two bands at 3332 and 3565A discovered by Rodebush
and Wahl in the electrodeless discharge in pure water
vapor, and two new bands at 3695 and 3893A, are shown
to be, respectively, the (1,0), (0,0), (1,1) and (0,1) bands
of OH+. Rotational analysis establishes that they corre-
spond to a 'II~'Z transition in which the 3II state is
inverted, with coupling intermediate between cases a and
b. The nine strong branches to be expected in this type of
transition are found, and also enough satellite branches
(nine in the 0,0 band) to determine the multiplet intervals

in both states. The A type doubling is large and there are
exceptionally large perturbations in the 3b, 2u and 1b
levels of the v'=1 state, with maxima at approximately
E'=18.5, 14.5 and 10.5, respectively. These perturbations
are attributed to another 'Z state. The 'Z state concerned
in the transition and the perturbing state are molecular
levels which dissociate into the ground states of 0 and H+
and 0+ and H, respectively, but one cannot tell which is
which. The 'II state probably dissociates into the ground
states of 0 and H+.

I. INTRQDUcTIoN

N the course of an investigation of certain
- - problems in the chemical behavior of the OH
radical, Rodebush and Wahl' discovered two new
bands with heads at 3564 and 3328A, degraded
to the red. Their source was the electrodeless
discharge in very pure water vapor, and the
bands have the coarse structure characteristic of
diatomic hydrides, so that it seemed very likely
that the carrier of these bands is some form of
OH, probably the ion OH+. However, the
spectrum of OH has been the subject of numerous
investigations and it is a little surprising that, if
these rather strong bands are due to its ion, they
should not have been discovered before. More-
over, it is to be expected that the bands of OH+
will be analogous to those of the isoelectronic
molecule NH. But the latter are known and are,
superficially at least, very different, since they
are of the headless type, while the new ones are
sharply degraded to the red. It was clear that the
question could best be settled by a detailed
investigation of the rotational structure of the
new bands.

A, preliminary investigation' disclosed the fact
that the bands have an extraordinarily complex
structure and that the resolving power of a large
grating would be necessary for their analysis.
This was undertaken, using some modifications
of the source described by Rodebush and Wahl,
the principal change being the use of a D-shaped

' Rodebush and Wahl, J. Chem. Phys. j., 696 (1933).' W'ith H. M. Pepiot.

discharge tube with the exciting coil wound
ar'ound the curved part and the spectrum viewed
along the straight part. A rather critical adjust-
ment of the pressure in the discharge tube was
necessary. If the pressure was too low, the con-
ditions were apparently too spark-like, the dis-
charge appeared purple and spectrograms showed
that most of the energy went into the oxygen
spark spectrum. If the pressure was too high, the
discharge either did not occur or, if it did, was
bluish white and the new bands were not intense.
The actual pressure used was not measured, but
was probably a few hundredths of a millimeter.
The discharge was red and the .Balmer series
prominent. The "water" bands appeared with
great intensity, nearly all of the lines which have
been reported in the literature and which occur
in the region measured being observed. An im-
portant advantage of this electrodeless discharge
is the suppression of the hydrogen continuum,
which ordinarily practically obscures the region
where the new bands occur. This is due to the
fact that, in the complete absence of a metal
catalyst, the hydrogen molecules are not formed.

Satisfactory photographs were obtained in the
first order of a 6-inch 30,000-line/inch, 21-foot
concave grating with a dispersion of 1.25A/mm
with 20 hours exposure. To increase the intensity
a slit width of 0.04 mm was used which is too
great to give the full resolving power of the
grating. The photographs disclosed a new band
with its head at 3983A, which is the (0,1) band
of the system of which those discovered by
Rodebush and Wahl are the (1,0) and (0,0)
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TABLE A. 8'ave-lengths of OIJ+ band heads.

3565
3332

3893
3695

bands. The analysis showed that the wave-
lengths of the heads of the bands, as reported by
Rodebush and Wahl, are slightly too low, because
of a fortuitous accumulation of other lines in the
neighborhood. The analysis also disclosed many
of the stronger lines of the (1,1) band, especially
of the Q branches, intermingled with those of the
(0,0) band. The correct wave-lengths of the
heads of these four bands (the R& branches) are
given in Table A, that for the (1,1) band having
been computed from the four band combination
relations for the R3 branches.
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II. ANALYsI s

I. Strong branches

Observation of the bands reveals that the
stronger lines occur in series of groups of three.
This indicates that the states involved are
triplets. By analogy' 4 with NH and PH one
would expect to And bands in OH+ belonging to
a 'll —&'2 transition with the 'll state approaching
case a for low E values and case b for high E
values. The analysis shows that this is the case
and that the 'H state is inverted. The possible
transitions from a 'll to a 'Z state are shown in
Fig. 1.The full lines represent strong transitions,
the dashed lines weaker ("satellite" ) transitions
and the dotted lines very weak transitions.
There are nine strong branches, three I', three Q
and three R. Most of these branches were found
by inspection and extended by second differences.
A few of the branches could not be accurately
assigned before enough was known about the
quantum numbers to use combination differences.

The three lines in each of the distinct triplets
into which the strong lines arrange themselves
at some distance from the origin are known to
have the same value of E, since case b is here
closely approached. The clue to the relative
numbering of the lines lies in a consideration of
the internal triplet spacings in the several

3 Batsch, Ann. d. Physik 410, 81 (1933).
4 Pearse, Proc. Roy. Soc. A129, 328 (1930).

Fj:o. 1. Schematic representation of possible transitions
between a'll and a'Z state. Full lines are strong transi-
tions, dashed lines are weaker transitions and dotted lines
are very weak transitions. The character of A type doubling
is indicated qualitatively for K values(13.

branches. That is, the quantum numbers X' and
X" can be assigned, except for a single additive
integer, common to all branches, from a study
of the magnitudes of the intervals Q3(M) —Qq(M),
Q&(M) —Q&(M), etc. Neglecting the presumably
small variation of the internal spacing of the
triplet levels in the 'Z state with E", and also
the variation in the internal triplet spacing with
h. type doubling, the same value of E' was
assigned to triplets in each of the three sets of
branches which have the same internal spacings;
and similarly, neglecting the variation of the
internal '2 spacing with v", the. same value of E'
was assigned to corresponding triplets in the
(0,0) and (0, 1) bands. The P, Q and R bra. nches
could then be distinguished by the criterion
vz(X) )vq(X) )vz(K). Subsequently the assign-
ments were fully checked by the combination
relations which are wholly independent of the
above approximations. The assignment of rela-
tive K values to the (1,0) band was similar
though less certain, but was eventually checked
by combinations.

Absolute Xvalues were determined by plotting
62F2"(M) and extrapolating to zero at X"=
The set of components, F2, was used since 62I'2"
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LEVEI.
PERTURBED

Feb
F2
FIb

K OF MAXIMUM
PERTURBATION

18.5
14.5
10.5

BRANCHES
INVOLVED

Pg, R3
Q2

Pg) RI

The perturbation in the Ii2, level involves only
the Q~ branch and there are no exact combina-

tions to check the assignment. However, since

the Q branches are quite intense and since the Q2

branch is the middle branch, this perturbation
shows up strikingly on the figure and the assign-

ments are evident by observation. Fig. 5 shows

this perturbation. In the case of the I'3, R3 and
I'&, R& branches the intensities are not sufficiently

greater than those of neighboring lines to
establish the assignment beyond doubt. How-

ever, all attempts to assign smooth branches in

these regions were unsuccessful and Tables II
and V show that the intensities as assigned are
smooth and that the A~I'" values agree to within

experimental error with those of the (0,0) band.
These two factors make the assignment seem

quite valid.
Accompanying a perturbation there should be

faint lines due to transitions to the perturbing
state. These lines may well be present but cannot
be assigned because of the great number of faint
lines in those regions.

3. "Satellite" and. very weak branches

The assignment of "satellite" branches will be
discussed in connection with multiplet splitting
in the '2 state. When all branches corresponding
to full and dashed lines in Fig. 1 are known, the
fainter branches can be accurately predicted by
combinations. ' Of these only the 8R» branch of

'For the notation used here and for an exhaustive list
of combination relations in 'll —'Z bands see Naude, Proc.
Roy. Soc. A136,&114 (1930).

involves no term in f;(K, J K—). See Eqs.
(2)-(5).

2. Perturbations

There are three perturbations in the 'II level

(v=1). These appear only in the (1, 0) band,
since the branches of the (1,1) band are too
weak for observation in the perturbed regions.
These perturbations occur as given in Table B.

TABLE B.

the (0,0) band was observed. No "satellite" or
very faint branches were observed in the (0,1)
band since this band is comparatively weak.

From a consideration of the low lying states
of 0 and 0+ which might, according to the rules

of Wigner and Witmer, ' yield the Z and 'II
states involved in the spectral transition, and
which might, according to Kronig's' rules,
perturb the 'II state, one finds that only four
states may be concerned: namely, a 'Z state
which dissociates into 4$' of 0+ and 1'$ of H, a
'II state which dissociates into 'D' of 0+ and
1'S of H, and a 'Z —and a 'II state which dis-

sociates into 'I' of 0 and H+. One concludes that
the 'Z state observed is one of these 'Z states,
that the 'II state observed is one of these 'II
states and that the perturbing state is either the
other 'Z or the other 'II state. It is very likely
that the perturbing state is 'Z since it could

produce just the perturbations observed, whereas

a 'II state would be likely to produce more. If the
heats of dissociation which can be calculated
from the values of oi and co@ given below can be
relied upon even very roughly, within say 3
volts out of 4 and 1, respectively, one may con-
clude that the 'II state which dissociates into 0+
'D' cannot be concerned in the transition ob-

served. One may then conclude that one of the
two 'Z states which dissociate into normal 0
and H+ and normal 0+ and H, respectively, is
the ground state of the OH+ molecule, the other
being the perturbing state; also that the observed
'lI state is the one which dissociates into 'P of 0
and H+.

III. DATA

The frequencies of lines which have been

assigned to branches are recorded in Tables l—
III. The intensities are visual estimates made
while measuring plates; d after the intensity
indicates that the line is diffuse. A number in

parenthesis indicates that the line has been
assigned that number of times. Since the "water"
bands overlap the (1,0) and the (0,0) bands, not
all of these occur twice in the tables. Except in
the region of the (0,0) band, there are numerous

' |At'igner and Kitmer, Zeits, f. Physik 51, 859 (1928).' Kronig, Zeits. f. Physik 50, 347 (1928).
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TAI3I.F. I. Branches Of I'0,0) band.

K IWT.

1 1
2 2
3 2
4 1
5 4

5
7 2
8 4
9 5

10 3
11 3
12 5
13 2
14 2
15 4
16 1
17 2
18 2
19 2d
20 2
21 2
22 1
23 1
24 id
25 1
26 id
27 od
28 1

1 2
2 1
3 4
4 4
5 3

7 5
8 20
9 7

10 5
11 7
12 6
13 5
14 6
1S 5
16 5
17 6
18 5
19 8
20 4
21 4
22 2
23 8
24 3
2S 4
26 1
27 0
28 00
29 2
30 0

1
2 5
3 1d
4 1
5 1
6 7
7 2
8 2

i (vac)

Rg

28040.55
044.96
044.41
039.73
030.18
015,28

27994.49
967.61
933.89
893,85
846.65
792.76
731.09
662.24
S85.69
501.32
408.91
308.36
199,07
081,45

26954.72
818.90
673.66
518.52
353.65
178,59
993.11
796.44

(2)
(2)

(2}
(4)

(2)

27933.89 (4)
876.56
8 15.19
749.84
680,96 (2)
607 ~ 22
S28.8?

28008.20 {2)
27982.69

9S3,OS (2)
920.05 (2)
882.45 (2)
840.22
?92.76 (2)
739,78 (2)
680,96 (2)
616.24
S4S,21
467, 70
383.66
292.92
195.25
090,64

26978.80 {2)
859.71
732.94
598.73
45{).55
305.72
147.53

25980.85
805.23
620.32
426.31
222, 89
009.93 (2)

24?86.04

IN T.

1
5
5
2
2
2

4
5
4
3
3
4.
io
2
2
2
1
2
2
3
1

Oc1

1
0

5
2
5
3
5
3
5
6
4
6
6
7
6
7
6
6
5
8
5
4
3
8
3
2
1
1
2
2

i (vac}

Rg

28009.23
015.28 (2)
014.72 (2)
008.20 (2)

2?995.89
977.17
95 1.96
920.05 (2}
881.19 (3)
835.18 (3}
782.09 (2}
721.81 (3)
653.64
578.15 (2)
494.23
402.40 {2)
302.55
193.88
076.66

26950.43
815.08 (2)
670.18
51S.68
350.83 (2}
175.03

27930.80 (2)
909.00
881.19 (3)
848.36
809.54 (2)
764.94
7 14.39
657.42 (3)
594.36 (2)
524.69
448.47
365.S9
275.87
179.12
075.33

26964.23
845.82
7 19.77
586.17
444.51
294,79
136.68

25970.38
795.01
610.75
417.17
2 13.90
001.14 (2)

27884.97 (2}
835.18 (3)
779.65 (2)
720.53
6S5.93 (2)
585.69 (2)
509.80

1
3
5
5

5
3
2

2(1
3
2
2
2
2
2
2
2
2d
2
2d
id
1
id

2
3
4
5
5
20
7
6
io
3
7
6
6
8
6
6
5
8
5
4
3
5
2
2
1
1

i (vac)

R1

27954. 13
968.45
9?5.66 (2}
975.66 (2)
96?.61 (2}
953.05 (2)
9;30.80 (2)
901.33
864,68
820.60
76i9. 1 S
7 10,08
643.34
568.66
485.96
395,20
296.05
188.28
071.75
946.19
811.47
667.27
S12.81
349.28
176.70

Ql

27864.68 (2)
855.02
837.66 (2)
812.35 (2)
779.65 (2)
739.78 (2}
692,86
638.99
578.15 (2)
S10.79 (2}
436.28
354.85
266.39
170.84
068.03

26957.80
840.15
714,87
581.?7
440.78
291.54
133.96

25968.07
793.17
609.38
416.32

P1

27798.26
766.07 (2)
724.44
674.79
617.52
553.25
482.03

K IwT.

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

1 1
2 2d
3 2
4 2
5 2d
6 1
7 1
8 1
9 1

10 1
11 1
12 1d

2 5
3 1
4 1
5 1

5
7
8 1
9 1d

10 1
ii 2
12 1

1
2
3 4
4 3
5 3
6 6
7 1
8 3
9 00

10
11
12
13
14
15

i (vac}

28000.23
011.52 (2)
01/, 29 (2)
017.29 (2}
011.52 (2}

27999.06
980.42 (2)
955.32
923.45
884.97 (2)
838.89 (2)
786.41 (2)

Qp,

27933,89
911.28

27883.86
851.11
812.35

(4)
(2)

(2)

7 17.67
661.06
598.15
528.87 (2)
4S2.29 (3}

27837.66 {2)
782.09 (2)
721.81 (3)
657.42 {3)
586.87
510.79 (2)
429.34

445.29
356.27
261,65
161,29
054.98

2(&942.65
824.26
699.69
568.76
431.35
287.39 (2}
136.68 (2)

25979.29
814.56
642.7 1
463.64
276.?4
082.09

24877.65 (2)

3
5
3
4

6
3

4

3
3
;3
2
1
1
1
od

2d
2d
1
1
5
1
1

1
1
3
id
1
1
1
1
1
1
0
1
0
00

428, 35
341.08
248.03
148.94
043.8 1

269;32.S9
815.08 (2}
691,;34
S61.21
424.46
281.17
131.09

25974.19
810.04
638.67
459.98
273.69
078.84 (2)

RQ,

28042.38 (2}
042.38 (2)
037.82
028.64
O14.72 (2)
993.20
966.44

27933.89 (4)
911.28 (2)
882.45 (2)
849.91 (2)
811.01
766.07

659.19

Qt ~

27795,93
763.38
721.81 (3)
67 1.88
614.49
549.94
478.65
400.75
316.52
225.74
128.67
025.27

26915.56
799.48

2
5
6

6
6
4

4

3
3
2
4
1
1
1
0
1
00
00
1
00

1
id
1
5
1
1d

2
1d
4
5
1
1d
1
1
0

1
0
1
1d
2d
1

i (vac}

Pt

404.33
320. 12
229.6io
132.65
029.43

26919.81
803.75
68 1.2;3
552.21
416.58
274.23 (2}
124.95

25968.7 1
80S.23 (3)
634.73
456.S6
270.67
076.90 (2)

24875, 14
666,35
451.21
228.05
995.68

Qp

27980.42 (2)
949.86
918,29
881,19 (3)
838.89 (2)
789.73 (2)

2 7861.56
8S2.29 {2)
835.18 (3}
809.54 (2)
776.57
736.52
689.40
635.42
574.62

8R,

28112.64
147.34
175.28
197.14
212.41 (2)
220.83

lines which have not been assigned, but none of
them are stronger than intensity "2".

Combination differences are given in Tables
IV—UI I inclusive.

Corresponding values of A~F;" agree to within
experimental error for the (0,0) and (1,0) bands

and corresponding values of AIF;.b', AIF;b, ' and
A~F;b' agree to within experimental error for the

(0,0) and (0,1) bands. Table IV(a) shows ob-

served frequencies of Q branches of the (1,1)
band. Table IV(b) shows the values of these fre-

quencies calculated by 4 band combinations.
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TABLE II. Branches of (1,0) band.

IC INT. u {vac) INT. v (vac)

R2

INT. v (vac)

R1

Z INT. v (vac) INT. v (vac) INT v (var)

1
2
3 1
4 1
5 4
6 3
7 2
8 5
9 3

10 4
11 10
12 6
13 6
14 5
15 5
16 6
17 3
18 3
19 1
20 2
21 1
22 1
23 2
24 1
25
26

30004.72
29993.12

973.20
946.23
911,63
869.27
8 18.78
759.90
692.58
616.70
532.11
438.54 (2)
335.89
224.73
107.47

28958.06
822.58
672.25
510,42
337.69
154.20 (2)

27959.32

1 29964.26
3 947.77
2 923.68

891.52 (2)
3 850.97
6 802.05 (2)
6 744.73
8 678.62
6 603.83
6 519.99
5 427.08
4 324,81
3 213 23
1O O91.96 (2)
3 28960.95 (2)
7 819.84 (2)
3 668,37 (2)
1 506.79
1 334.59 (2)
1 151.31

27956.92
00 751.35
0 534.23

3
2
2
3
5
5

5
6
5
6
8
3
5
2
iod
3
2
4d
2
1

29917.79
926.38
925.04
914.67
89S.14
866.94
829.91
785.03
724.43
662.44 (2)
589.78
507.49
415.96
314.98 (2)
204.60
084.60 (2)

28954. 17
814.04
663.85
SO3.O9 (2}
334.59 (2)

1
2 1
3 1
4 4
5 5
6 5
7 6
8 6
9 10

10 10
11 10
12 8
13 5
14 10
15 5
16 6
17 4
18 3
19 2
20 2
21 1
22 2
23 1
24 1
25 0
26 2
27 0
28 Od
29 3

299S5.22
920.02
879.42
833.41
780.59
72 1.33
654.72
580.78
498.9S
409.40
311.74
206.04
091.96 (2)

28969.40
838.32
698.68
550.38 (2)
392.38 (2)
225.44
049.27 (2)

27863.70
668.01
462.66
246.98
020.5 1

26783.35
534.71
274.23 (2)

2
2
5
3
4
6
9
7
7
10
io
6
6
7
6
7
6
2
3
2d
1
1d
6
1
1
0

29926.38
904.29
875.21
841.16
799.94
751.10
694.78
630.20
558.87
479.18
391,38
295.85
193.27
089.20

28944.99
819.84 (2)
682.33
534,98
378.39
212.41 (2)
037.02

27852.29 (2)
657.42 (3)
452.29 (3)
237.30 (2)
013.57

3 29841.16 (2)
1 835.07
3 819 37
6 795.25
5 761.41
6 718.49
6 666.78
10 606.30 (2)
8 537.37
10 459.84
10 373.87
7 279.36
6 176.45
7 O64.72 (2)
6 28944.25
6 815.01
6 677.18
2 529.97

373.96 (2)
3 208.45 (2)
1d 033.72 (2)
2 27849.91 {2)
1 655.93 (2)
1 452.29 (3)
1 237.30 (2)

5 1 29710 31
6 2 634.08 {2) 10
7 2 550 11 2
8 10 459.84 (2) 4
9 4 362.30 4

10 6 257.96 5
11 3 146.35 2
12 5 027.40 6
13 6 28900.85 (2) 6
14 2 766 87 3
15 2 625.08 2
16 2 476.08 2
17 2 . 319.13 3d
18 2 154.20 2
19 1 27985.97 (2) 1
20 id 786.41 (2) id
2 1 1 602.80 1
22 0 405.30 2
23 0 198 56 5
24 0 26982.58 0
25 1 757 25 1
26 id 522.64 id

29606.30 (3)
525.21
437.55
342.51
240.01
129.89
012.45

28887.19
754.33
613.68
464.90
308.68
143.41

27970.74
789.73 (2)
600.25
402.40
195.25 {2)

26979.82
754.84
520.48

1 29688.87
1 632.45
3 . 566 77
2 492.31
10 409.40 (2)
5 318.31 (2)
6 219.35
10 113.26 (2}-
6 28992.51
5 871.33
3 740.39 (2)
2 601.30
2 454.06
2 298.66 (2)
2 135.00
1 27963.39
1 783.33
4 S94.36 (2)
1 397.36
1 192.07
6 26978.80 (2)

3

5
6
7
8
9

10
11
12

1
0
0
0
1

4
5 6
6 1
7 3d
8 . 2
9 1

10 0
11 00
12 0
13

30002.84
29991.52

971.61
944.61
910.60

817.21
758.79
691.73 (2)

29802.05 (2)
754.22
698.03
634.08 (2)
562.93
482.92
395.75
299.05

2
1

5
id
1
1
0
10

1
1
1
5
6
1
00
00

29967.37
950.81
926.38 (2)
895.14 (2)
854.56
805.95
748.30
682.37
6O6,3O (2)

29792,54
758.79
715.32
662.44 (2)
603.83 (2)
534.41
456.21
370.09

1
1
1
1
1
5
00
3
3d
id

29917.79
877.24
831.49
779.26
719.98
653;82

29686.22
629.62
563.58
489.11
406.08
314.98 (2)
215.67
107.47

28990.79
867,08

These agreements constitute a rigorous check on
the assignments.

IV. CALCULATION OF MOLECULAR CONSTANTS

1. Energy expressions'
In a multiplet state the energy is written' for

case a

T= T'+6+Acr

+g)„j~(j+1)2+P J3(J+])&+.. . . . (1)
Mulliken, Rev. Mod. Phys. 2, 60 (1932).' It should be noted that 8, is a coefficient in the rota-

tional part of the energy expression and is not to be con-
fused with F, used to express rotational energy as a whole.

In case b

T= T'+G+B„[K(K+1)—A'+G']

+f;(K, J—K)+y;(K, J)
+D K( K+1)' +F K'(K+1)'+ . (2)

The multiplet splitting in case a is given by the
term, AAZ, while in case b it is given by
f,(K', J—K). q, (Z, J) and y, (K, J) are both
double valued for any value of Jwhenever A. &0.
The two values are distinguished by the sub-
scripts a and b, as is shown in Fig. 1, the strong
Q branches are transitions from a levels and the
strong I' and R branches are from b levels. The
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T.&231.1'. III. Branches of (0, 1) band.

v (vite) I iNT. v (vac) IN r. p (vac) K INr. p (v 1c) INT. P( vaC) INT. s (var)

1
2
3
4
5
6
7
8
9

10
12
12
13
14

0
0
0
00
0
1
Od
1
1
1
1
1
1
1

25082,09
090.S3
09S.75
097,73
095.75
089.49
078.84
063.2 1
042.70
016.37

24985.53
948.36
905.57
SS6,60

(2) 00
0

{2} 0

(2) 1
1
1
1

{2) 1

25067.38
072.76
073.72
069.81
061.64
O47.72 {2)
028.67
O04.25 (3)

24974.16 (2)
938.09
895.92 (2)
847.91

3
2
1
2d
1
1
2d
3
2
2

2
2
1

24974. 16 {2)
25001.14 (2)

020.83
033.97
040.93
041.82
037.05
026.31 (2)
009.93 (2}

24987.64
959.40
924.96
884.37
8:37.48

15 0
16 3
17 1
18 1
19 Od
20 1
21 0
22 2d
23 0(l
24
25
26
27

801.24
739.36
670.84
595.27
S 12.66
423.30
324.34
218.18
104.58

0
(2) 0

1

0
1d
1

(2} id

793.38
732.35
664.28
589.45
507.15
417.41
320.03
214.80
101.21

23978.85
847.82

1
1
1
2

0
ld
0
1
0
00
0
1
00

784. 10
723.94
657.01
582.67
501.46
412.33
315.70
2 10.86
097.98

23976.13
846.18
708.03
561.92

1
2
3
4
5
6
7
8
9

10
11
12
13

25026.32
004.25

24978. 16
947,87
914.25
877.09
835.59
789.87
739.36
684.08
623.66
558.09

1
(2) 0
(3} 00
(2)

2
2

2
2
1
4

25004.25 (3)
24978.16 (2)

961.24
939.56
913,75
883.66
849.03
810.03
766.12
7 17.38
663.55
604.'4i&

539.97

00
00
1
3
2
2
2
2
2
2
3
3
4

24909.53
911.92
907.34
895.92 (2)
877.65
853.65
823.79
788.50
747.61
701.30
649.49
592.21
529.17

14 3
15 3
16 3
17 3
18 4
19 2
20 2
21 1
22 1
23 1
24 0
25 0
26

487. 11
410.65
328.56
240.59
146.40
046.12

23939.46
826.24
706.05
578.50
442. 10
295.42

3
1
3
4d

2
1
3
1
0
0
00
00

470.03
394.46
313.22
225.94
132.S9
033.03

23926.92
814.04
694.58
567.62
433.37
291.66
142.04

4d
5d
4
3
5
2
id
1
2
0
0
0
0

Qg

460.42
386.09
305.88
219.37
126.81
027.95

23922.3S
810.23
691.02
564.83
43 2.07
289.53
140.;37

5
6
7
8
9

10
11
12
13

Ood

id

1
4d

24815.34

691.57
624.75

479.22
400,35
317.07
229.34

(2) 00 24669.72
605.44

464.13
386.41
304.78
218.18 (2)

Od
1d
1
1

3

24637.38

512.66 (2)
442.90
368.28
288.50
203.72

14 2
15 id
16 1
17 0
18 0
19 0
20 Od
21 0
22

136,87
039.67

23937.55
830.56
7 18.52
600.7 1
477.77
348.94

5
1
0
2&1

0
0
00

126.81 {2)
030.58

23929.22
822.65
7 11.38

471.87

3
3
3d
3
0
00
0
00
00

113.99
019.11

23919.11
824.04 (2)
703.39
587.38
465.62
338.16
204.87

5
6
7
8
9

10
11
12
13
14
15
16

INT.

0
1
2

2
0
1
Od
1d
Od
3
Od

TWI31,r. IV.

(a) Branches of (1,1) band (observed).

~ {vac)

Qs

26898.78
854.99
805.57
750.88 (2)
689.55
622. 13
548.20
467.75
380.59
287,39 (2)
184.90

INT.

Od
00
1
0
2d
0
1d
1d
1d

1

(vac}

26865.48
825.44
779.02
726.64
667.27 (2)
602.24
530.47 (2)
45 1.57
367.66

INT.

0
0
1
2
2

2
1
2d
1
1

v {vac)

Qs

26853.37
826.68
792.65
750.88
702.11
646. 10
582.82
512.81 (2)
435.07
350.83 (2)

159.50 (2}
052.90 {2)

Branches of (1,1) band (calculated by 4 band
cornbznatzons).

Qa Qi Qc

difference y;q(K) —q;, (K) = Ai;i, (K) is known as
A. type doubling.

2. Multiplet splitting in the 'Z state
The energy in the lower state is represented by

Eq. (2) since a Z state is strictly case b. The term

y;(K, J)=0 since A =0. Corresponding to the dif-
ferent values of J, the total angular momentum
quantum number, the term f;(K, J—K) has the
following values. "

J=K+l, f,= —.[i.—3/(2K+3)]+&K (3)

J=K, fg=2e —y (4)

f, = —.[l.y3/, (2K—l)]—p(K+ l) (5)

4
5
6
7
8

10
11
12
13
14
15
16

26898.83
854.62
805.66
750.53
689.69
622,07
548.27
467.70
380.47
286. 15
184.80

26865.33
825.22
778.87
725.84
667.57
602.20
530.24
45 1.84
367.65

160.33

26852.28
826.7 2

792.49
750.79
701.94
645.99
582.99
512.57
435.29
350.77

159.50
052.90

e and y being constants. Subtracting (3) from (4)
and (5) from (4),

6f2, (K) =3&[1—1/(2K+ 3)]—y(K+ 1),

Af23(K) =3e[1+1/(2K—1)]+y(K).

Experimentally Afai(K) and Af23(K) were ob-

served by taking the differences. '
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TABLE V. 62F;"(X)=R;(X—1)—P;(K+I).

61

(0,0) band
b,sFs"(K) AgFs" (K) b,sFg"(K) 62F3"(K)

(1,0) band
hsFs" (K) LBFt"(K) baF3"(K)

(0,1) band
b,2'"(K) hgFy" (K)

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

163.99
229.77
294.57
358.77
422.96
48,6.41
549.20
611.34
672.24
732.46
791.67
850.11
906.83
962.55

1016.93
1069.97
1121.52
1171.68
1219.78
1266.89
1312.01
1355.26
1396.92
1436.43
1476.02

229.58
294.75
358.79
422.51
486,09
548.82
610.95
672.02
732.25
791.37
849.50
906,73
962.30

1016.94
1069.77
1121.23
1171.46
1219.69
1266.62
1311.76
1355.10
1396.49

229.69
293.66
358, 14
422.41
485.58
S48.72
610.68 '

671,73
732.03
791.17
849.34
906.33
962.11

1016.45
1069.38
1120.97
1171.10
1219.57
1266.52
1311.46
1354.91
1396.60
1435.91
1474.14
1510.35

294.41
359.04
423.09
486.39
549.33
611.31
672.43
732.50
791.73
849.83
907.03
962.46

1016.76
1070.53
1121.50
1171.65
1219.'?8
1266.95
1311.86
1355.11
1396.95
1436.68

357.96
422.56
486.13
549.01
610.96
672.16
732.28
791.43
849.50
906.31
962.18

1016.13
1069,82
1121.22
1171.22
1219.59
1265.97
1311.54
1354.77
1396.47
1436.44

228.92
293.93
358.27
422.36
485.74
548.63
610.56
671.77
731.92
791.11
849.39
906.19
961.90

1016.32
1069.60
1121.11
1170.84
1219,68
1266.49
1311.02
1355.79

280.41

404. 18
464.74

583.99
642.35
699.80
756.19
811.49
865,90
919.05
970.68

1020.84
1070.13
1117.50
1163.72

404.00
464.37

583.59
642,26
699.47
755.98
811.28
865.34
918.69
970.73

1020.97
1069.94
1117.98

403.55

524.39
583.41
641.65
699.14
755.68
810.97
865.26
918.37
970.06

1020.55
1069.63
1117.05
1163.30
1207.46

TABLE VI. 6 F; '(K) =R;(K)—P, (K).

K

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

111.07
167.85
224.54
280.34
334.22
387.27
438.74
488.60
537.58
585.00
631.47
676.11
719.59
761.43
801.63
840. 15
877.01
911.68
944.77
975.43

1004.34
1030.95
1054.88
1076.91
1096.50
1115.46

124.26
180.10
235.07
287.67
339.96
391.48
442. 16
491.70
540. 11
587.15
633.15
678.00
721.05
763.07
802.89
841.19
878.09
912.71
945.57
976.24

1005.04
1031.51
1055.70
1077.14

(0,0) band
&~F3fi'(K) 42Fsb'(K)

155.87
202.38
251.22
300.87
350.09
399.80
448.77
497.00
544.56
591.00
636.50
680.65
723.53
764.91
804.73
842.99
879.47
914.05
946.80
977.48

1006.24
1032,54
1056.25
1078.61
1099,80

280.41

387.27
438,46

537.65
585.18
631.29
676.23
719.73
761.57
801.81
840.28
876.75
911.95
945.53
975.30

~2Ft~'(K) ~~F3t,'(K)
(0, 1) band
b.yah'(K)

391.92
442.28

540.12
S87.75
633.31
677.74
721.10
762.80
803, 13
841.63
878.07
912.81
945.54

1005.16

399.67

497.27
544.74
591.12
636.46
680.65
723.49
764.99
804.83
842.97
879.28
914.08
946.71
977.54

1005.99

262.89
312.15
361,52
409.43
456.48
501.94
S46.23
589.30
631.26
671.67
710.81
748.65
788.34
803.86
836.61
885.84
907.62
932.39
955.64
976.74

42Ftf '(K) baF3f, '(K)
(1,0) band
hgF~'(K)

317.38
366.31
413.42
459.54
504.72
548,73
591.38
632.80
672.75
711.13
748.33
783.28
817.54
849.10
878.64
906.54
932.19
956.06
977, 10
996.51

1013.75

b,sFyb'(K)

236.17
282.22
328.37
374.63
420.5 1
466.72
505.08
549.18
597.27
636.16
675.57
713.68
750.54
785.94
819.17
850.65
880.52
908.73
937,23
962.13
984.59

hf2i(K) =Qi(K) —qRim(E)

=~P2, (K) —Q2(K)

=Pi(K) —Q»(K)

= 'Q»(K) —&~(K)

af„(K)=Q, (K) —&P,2(K)

='&»(K) —Q2(K)

= 'Q»(E) —P2(E)

=&3(K) —'Q»(K)

The differences defined in this way are all
positive.

The satellites corresponding to hf2i(K) are
easily picked out by observation while those be-
longing to Df23(K) are less intense and in very
many cases coincide with lines of greater in-
tensity. For this reason, the constants, e and 7,
were determined by averaging all observed values
of Af2i(E'), ignoring coincidences, and fitting the
resulting points by least squares. The values of
e and y were then used to calculate the values of
Afq3(K) The satellite. s corresponding to Afmq(K)
could then be assigned by using relations (9).
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TwaZE .VI I. 41F;b, '(K+-', ) =8;(E)—Q;(E); 61F;,b'(K ——,') =Q;(X) —I', (X).

1
2
3

5
6
7
8
9

10
11
12
13
14

2
3
4
5
6
7
8

10
11
12
13
14

2
3
4.
5
6
7
8
9

10
11
12
13
14

+

&I

32.25
62.27
91.36

119.68
147.73
175.06
201.73
227.83
252.93
277.61
301.44
325.06
347.43
369.32

91.50
119.57
147.88
175.24
201.7S
227.62
252.83
277.51
301.45
324.70
347.48
369.49

84.70
113.70
139.79
165.64
190.30
214.5S
238.00
260.95
283.18
304.96
326.07

48.80
, 76.49
104.86
132.61
159.26
185.54
210.91
235.67
259.97
283.56
306.41
328,68
350.27

132.53

185.50
210,84

260. 14
283.73
306.59
328,75
350.24

123.10
146.5 1
171.22
194.88
218.48
240.99
263.05
284.34
305.19

+

CI

(0,0) band

78.43
106.28
133.53
159.84
186.35
212.23
237.57
262.63
286.83
310.49
333.62
356.22
377.77
(0, 1) band

106.14 '

133.16
159.97
186.15
212.61
237.69
262.55
286.87
310.61 .

333.63
355.95
377.88 '

(1,0) band

123.10
147.83
172,58
196.74
220.77
243.18
265.55
287.24
307.98
326.72
337.88

QN

I

i&l

45.83
73.82

101.54
127.83
153.61
179.2S
204.59
229.07
253.28
276.66
299.53
321.78
343.28

179.31
204.59

253.25
277, 14
299.68
321.79
343.22

144.80
169.57
192.65
216.36
239.17
261.49
283.40
306.08
334.87

89,45
113.43
138,00
163.31
187,96
213.27
237.94
262.34
286.53
309.81
332.87
355.23
376.95

89.22
113.49
138.05
163.28
188.17
213.26
237.81
262.32
286.34
309.91
332.75
355.20
377.06

82,72
107.01
129.79
153.26
176.65
200.16
223.61
247,66
264.59
288.57
310.42
331.04
35 1.24

88.9S
113.22
137.56
162.13
186.53
210.83
234.66
258.03
281.19
303.63
325.42
346.58

186.41

234.95
258.40
281.21
303.71
325.45
346.43

106.38
128.96
151.72
174.47
196.90
219.06
240.49
260,61
286.85
305.12
324.33 '

+

CI

15
16
17
18
19
20
21
22
23
24
25
26
27
28

390.44
410.68
430.11
448.65
466.13
482.72
498.17
5 13.18
526.13
537.67
548.42
558.27
566.80
573.55

370.99
390.95
410.04
428.36
445.55
462.05
477.26
491.16
504.82
517.21
528.49
538.23
548.68

1S
16
17
18
19
20
21
22
23
24
25
26
27

346.58
366.49
386.41
408.79
407.68
430.20
446.81
461.15
473.99
486.19
496.66

325,09
344.32
362.24
379.55
396.18
406.41
439.03
446.47
458.40
469.45
480.08
489,73
497.87

15 390.59 370.98
16 410.80 391.01
17 430.25 410.03
18 448.87 427,88
19 466.54 445.5 1
20 483.84 461.69
21 498.00 477.30
22 5 12.13 490.40
23 526.08
24
25
26

(0,0) band
399.03
418.90
438.17
456.73
474. 11
490.49
505.92
520.29
533.50
545,30
555.82
564.28

364.04
383.99
403.02
421.36
438.60
455.08
470,32
484.75
498.01
510.40
521.32
531.91

(0, 1) band
398.92
419,13
438.34
456,86
474, 12
490.49
505.99
520.22
533.49
545.48
556.16

363.88
384.00
403.29
421.21
438.69
455.05

(1,0) band
379.82 331.31
393.39 354.94
409.63 373.65
425.97 391.57
441.45 407.65
4S5,96 422.68
469.77 436.77
482.30 449.89
493.89 462.17
504.63 4/2. 47
514.05 482.46
520.66 493.09

+

CI

397.82
417.93
437.40
455.90
473.41
489.98
505.41
5 19.93
533.31
544.74
556.11
567.32

398.01
418.06
437.64
455.86
473.51
489.98
505.47
519.84
533.15
545.06
556.65
567.66

370./3
389.59
407,42
424.20
440.08
455.40
469.37
484.68

I

&7

367.09
386.80

.405.59
423.57
440.64
456.82
471.96
486.31
499.23
511.51
522.50
532.48
540.88

366.98
386.77
405.33
423.42
440.57
456.73
472.07
486. 15

342.95
360.95
378.52
394.97
410.57
425. 12
439.36
452.55
463,86
473.49

In Fig. 2 are plotted the average observed
values of Af2r(K) and Af28(K) (including coin-
cidences) against E. The curves repre'sent Eqs.
(6) a,nd (7) with the following values of the
constants:

3e=2.29 cm —', y= —0.132 cm —'.

The approximate agreement of the full circles in
I'ig. 2 with the curve establishes the adequacy of
Eqs. (6) and (7) in this case.

3. Fine structure of the 'll state

u. A type doubling. The A type doubling, as
deducible from measured frequencies, is really
the average of two successive doublings, i.e. ,

2avg, .(K+-', ) =r1rFg,.'(K+-', ) ArF, .t,'(K+ ,')—-

d, r F;b.'(K+ r2) =R,(K) —
,Q;(K),

~rF .~'(K —k) =Q (K) —&'(K)

Av;b. (K+-,') plotted against K is shown in Fig. 3.
These values of the A. type doubling can be

used, as was done in the case of the first positive
nitrogen bands by Naude, ' to determine whether
the 'II level is normal or inverted. According to
theory' the A type doubling in case a should

behave as follows: The 'II() level should show a
comparatively large doubling independent of

J, which should therefore exist even for J=O.
The doubling of the 'IIi levels should be pro-
portional to J(J+1) and that of the 'II~ levels

should be very small and approximately pro-
portional to J'(J'+1)'. In case b all three levels

should show doublings approximately propor-

where

=Av, p.(E)+Av;g. (K+1), '0 Hill and Van Vleck, Phys. Rev. 32, 250 (1928); J. H.
Van Vleck, Phys. Rev. 33, 467 (1929); R. S. Mulliken,
Rev. Mod. Phys. 3, 145 (1931).
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tional to K(K+I). Th'e curves in Fig. 3 do not
correspond to either of these cases but are quali-
tatively in consonance with the assumption that
the 'II state is intermediate between cases a and

b, and that the high frequency set of levels,
'IIh;, h is 'IIo that 'II,d i.s 'lI» and 'II~,

„
is 'II2,

that is, the 'II level is inverted. The method of
distinguishing between these sub-levels by means
of "missing lines" is not applicable here because
of the large number of lines in the neighborhood
of the origins.

The erratic behavior of the A type doubling
in the v'=1 state is due to the perturbations
in that state. The assignments, however, are
checked by 62J'"" combinations.

b Multi ptet s. ptt'ttt'Nt, In the abs. ence of a closed
energy expression for the case of coupling inter-
mediate between cases a and b, it seems that one
can at best obtain a rough value of the coe6cient,
A, by assuming that case a is approximated at
the lowest values of J. Then:

'II (2) —'II (1)='II (1)—'IIo(0) =A+8

where J is the argument' or

PII, (1)—'11,(1)=PII,(1)-'II, (1)=A +8
where X is the argument. A type doubling is too
great to neglect but a fair value should be
obtained by averaging the a and b separations.
These separations are observed by using

'11,.(K) —'11,.(X) =&F„(K)—Q, (K),

'IIp (K) —'lI,.(K) =pIRgp(K) —Qp(K),

Fj:G. 3. A type doubling in the e'=0 and v'=1 levels of
the 3II state. AI;q, (%+1/2) plotted against (X+1/2).
Upper figure is for e =0. Lower figure is for v = 1. Dotted
lines are drawn between points corresponding to the same
component of the 'II state. Erratic behavior of A type
doubling when @=1 is due to perturbations.

PIIIb(K) —'IIpb(K) =~Qp p(K+ 1)—Pp(K+1),

IIpb(K) 11xb(K) = Qip(K+ 1) Fp(K+ 1) ~

These were plotted near the origin and extra-
polated to %=1, when necessary. The values of
A so determined are

'II1 —'IIo, A = —66 cm ',

A = —97 cm—'.

This considerable disagreement is probably due
to the fact that the pure case a energy expression
is inadequate even for these low values of J.
Similar but smaller differences have been found
in PH4 and in the erst positive bands of nitrogen. '

4. Rotational and vibrational constants

The constants 8„,D„and F„areevaluated by
taking the second differences,

L4F;(K) = F,(K+1)—F;(K—1). (10)

Eqs. (3), (4) and (5) show that in a 'Z state, the
best value of the constants should be obtained
by taking second differences of F2 since the term
f;(K, 5—K) is constant for this component of
the multiplet. Now
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TAM.E VIII. A fype doNMieg.

(K+ I)
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5
9.5

10.5
11.5
12.5
13.5
14.5
15.5
16.5
17,5
18.5
19.5
20.5
21.5
22.5
23.5
24.5
2S.S
26.5

0.25.10
.22
.59
, 71
1.22
1.64
2.15
2.67
3.09
3.72
4.32

5.51
6.17
6.91
7.63
8,29
9.01
9.55

10.35
10.90
11.12
11.81
13.22

—4.70—3.36—2,79—2.29—1.96—1.49—1.05—.58
011.49

1.13
2.12
3.43
6.30

—5.13—4.54
1.43
1.96
2.56
3.10
3.65
4.38
5.04
5.62
6.36
7.11
7.64
8.39
8.95
9.66

—3.65-3.11—2.57—2.02—1,38—.74—.21
.38

1.18
1.73
2.42
3.02
3.80

12.44
9.87
9.03
9.16
9.38
9.59

94
10.06
10.71
11.33
10.38

(0,0) band (0.1) band (1,0) band
Argy(K+g) Avgg(K+-,') dP@g(K+g) dvgN(K+g) hv~~rs(K+-', ) hvifu(K+g) Av~u(K+g) hvgf ~(K+g) Pvtf ~(K+g)

—8.22—7.11 2.30—6.75 2+37 0.31—6.46 2.85 —6.48 :41—5.76 3.11 1,51 .77—5.24 3.55 3.42 0.83 1.50 1.09—4.59 3.82 4.01 2.04 1.63—3.92 4.25 2.20 2.27—3.52 '4.67 4.65 2.00 3.58
-2.97 5.08 4.86 2.03
-2.48 5.48 5.46 1.92 .86
—1.81 5.92 5.92 .95 2.65
—1.42 6.47 6.36 —4.07 3.3S—.83 6.86 7.00 4.14
—.25 7.52 7.46 4.89

.32 7.94 7.92 5.53

.87 8.40 8.56 6.22
1.55 9.06 9.08 6.81
2.04 9.51 9.53 -4.41 7.48
2.73 10.08 .17 8.02
3.50 10.58 1-,37 8.41
4.18 11.14 2.27 10.41
4.46 11.55 3.05 12.39
4.59 11.99 3.49
5.09 11.95
4.80

62F2"(X') =48„"(X+-',) +8D,"(X+-',)'

+12F„(E'+-')'+ (11)

where terms smaH in comparison to 12F,(Z+ —',)'
are dropped. Also

62Fg" (X) =R2(X—1)—F2(X+1). (12)

—t6

lowE k
5'ATE

The calculation is greatly simpli6ed by dividing
A&F2"(Z) by 4(X+2) giving 8„"+2D„"(X+-2)'
+3F„"(X+',)4. The value of F," was deter-
mined by using 3 values of 62F2"/4(X+-', ) and
solving the resulting simultaneous equations.
The values of 3F„"(E+-',)' were then subtracted
from the observed values and 8„"and D,"were
calculated by least squares.

In the 'lI state there should be an expression
for 52F2' similar to Eq. (11) except for A. type
doubling. The theory of A. type doubling for
cases intermediate betmeen 0 and b does not
permit an exact correction for this, but fairly
accurate results should be obtained by using the
average,

62F,'(Z) = (AgF2. '+62F„')/2 where

62Fgg'(Z) =Rp(X) —Fg(X), (13)

AgF2, '(Z) =Q2(X —1)—Q2(X+ 1)
—AgF2" (X). (14)

PPN
TATE

I

5
1 t t .I & I I I I I I I I I I I I I I I

N l$ lo Z$
X

Fyg, 4. Observed values Of ~2+/ I,+)/4{++~/2)
represented by circles. Curves are drawn through values
calculated by using Table XI. In the case of the upper
state observed values of 62Ji2' are the average of 2 2 Ji2 and
62F2I,.

This piocedure was followed in the II2 state
(v=0) with observations from the (0,0) band,
but it cannot be used in the 'IIq state (5=1)
because of the perturbation in the Qm branch of
the (1,0) band (see Figs. 3 and 5). Since taldng
this average simply amounts to adding the dif-

ference of toro A type doublings to 62Fq~', it is
sufhciently accurate to add the same term as
mas added for v=o. The correction is small,

averaging 1ess than 1 cm '. . In Fig. 4 the cirdes
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Flc. 5. The perturbation in the Q~ branch of the (1,0) band. Circles show X plotted against plate position
for all three Q branches. Heads of the OH bands at 3484A and 3428A are indicated hy arrows; the former
being marked I'1), the latter (2).

show resulting values dlvrded by 4(Z+ 2) and
plotted against X. The Hill and Van Vleck"
theory of multiplet separation would lead one to
expect this curve to be almost constant near the
origin and to have an intercept=BO', while the
actual curve bends downward for values of X&5.
This might be due to an error in assignment, but
such an explanation seems improbable due to the
fact that combination relations check well near
thc oI lgln Rnd that lntcnsltlcs of lines Rsslgncd to
all branches run quite smoothly. Also 52Ii2„'and
62F2~' diRer by less than 1 cm ' near the origin
which would hardly be expected if there were an
error in assignment, and the d2F2"(K) values
which are obtained from the same lines 6t the
theory very well.

Values of A~Fg'(X) for X(5 were ignored in
computing constants. The calculation was carried
out in the same manner as for the 'Z state.

The values of all constants are given in Table
XI. In Table IX(a) are tabulated observed values
of $62F2 (E)]/[4(E+ 2) J and values calculated
from the constants. Table IX(b) gives corre-
sponding values for the 'lI state. These data are

"Hill and Van Vleck, Phys. Rev. 32, 250 (1928).

'J3.=8, n, (v+ ', )+--
D =D +P (v+-')+

(15)

(16)

(17)

(18)

Using Table I with Eqs. (15)—(18) gives for the
lower state,

0.,"=0.732 cm-'

P."= —0.053 X 10-' cm '

9,"=16.793 cIQ '

D,"=—1.9S7 X 10 ' cm '

for the upper state,

o.,'=0.841 cm ', 8,'=13.642 cm —',

P,'=very small, D,'=D,'= —1.782 cm '.

plotted ln Flg. 4 with thc culvcs drRwn thI'oUgh

points calculated from the constants. The dif-
ferences 5&F2(E') (obs.) —A~F2(E) (calc.) are also
given in Table IX.

8, and D, depend upon the vibrational
qURntum nUIQbcI' ln thc following IDRnncf:
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TAPLE IX (a).
a,F,"(E)

+2

Alps" (K)
( I (obs.)

hgps" (K) 62'"(K) (Obs. )
4(K+.) ( ' ) —Z F&"(K) (calc.)

Asp2" (K)(, (obs.)
Appal '(K)

l
hype" (K) (obs.)-d,spy" (K) (calc.)

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

20
21
22
23
24

16.388
.399
.375.3Q9
.250
.203
.142
.078
.000

15.918
.827
.731
.633.521
,408.282
.150
.017

14.874
.728
.575
.416
.250

16.403
.380
.349
.310
.265
,211.150
.081
,006

15.923
.834
.736
.632
.522
.405
,281
.151.015

14,873
.726
.572
.414
,250

-0„15
.27
.47—.02—.39

—.27—.11—.25—.23—.35
~ 2 7
.06—.06
.20
.07—.07
.16
.08
.17
,27
19

.00

2
3

5
.6
7
8

10
11
12
13
14
15
16
17
18
19
20
21

15.538
.479

.358

.292

.206

.120

.024
14.920

,818.708
.585
.459
.333

15.672
.649
.619
.581
.537
.482
.426

15.359
.286
.205
.118
.024

14.924
.817
.703.585
,460
.328.192
.049

—.04
.25
.05
.10
.00—.23
.06.33
.00—.Q7
.39

—.43

hgpg'(K)
4(K+-') (' ') 4(K+~s) —62F2'(K) (calc.)

&~F~'(K)
4(K+-,')

&~ps'(K).
l

z2ps'(K) (obs.) .

4(K+ )" ' -g.p&'(K) (calc.)

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

12.426
.859

13.033
.064
.059
.040

12,992
929
.850
.755
.654
.545
.425
.297
.158
.010

11.856
.694
,524
.345
. 161

10.968
.767
,555

13.200
.178
.150
.113
.070
.018

12.960
.893
.817
,734
.642
,540
.430
.309
.181
.040

11.890
.728
.554
.369
.171

10,961
.736
.498

—7.74—4.46—2.11-1.08—.31—.42
.96

1.36
1.38
.97
.60
.22—.24—.74—1.45—2. 10-2.52-2.57—2.46—1.98—.90
.75

3.13
5.92

5
6
7

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

12.190
.201
.147
.083
.007

11.901
.819
,708
.592
.459
.332
.183
.038

10.879
.708
.535
.352
.166

9.966
.765
.559

12.359
.337
,308
.272
.228
.177
.117
.051

11.976
.893
.801
.702
.593.475
,348
.212
.065

10.908
.741
.563
.374
.173

9.960
.735.496

—0.99
.66
.88
.99

1..30
.38
.90
.32—.06—.99—1.05—2.03-2.00-2.34-2.60—2.41—1.97—.66
.48

3.04
6.68

The following relation also exists between
constants.

This gives the values

+, =2387 cm i.

By extrapolating the Qq branches to the origins,
and subtracting, approximate values of ~~ may
be obtained where cvq

——~,—2x,a,. These values
aie,

(g;"=2955 cm —', ~)' ——1986 cm '.

By comparison of the values of cv, obtained

from Eq. (19) with those of ~; it can be deduced

that x,"~."=73 cm ' and x,'~, '=200 cm—', .but
it is doubtful whether the constants in Eq. (19)
are known with sufficient accuracy to justify
much confidence in these values of x,,~,. Cer-

tainly estimates of the energies of dissociation

based upon them would be highly precarious.
Ii, is a function of v, but it is not worth while
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TABLE X. Mu/tipEet sp/itting in the lower state. TABLE XI. Molecular constants.

2
3

5
6
7
8
9

10
11
12
13
14
15

2.72
2.71
2.67
2.80
3.06
3.46
3.66
3.66
3.67
4.00
3.70
4.22
4.25
4.27

2.36
2.57
2.74
2,90
3.06
3.21
3.36
3.50
3.64
3.78
3.92
4,06
4.19
4.33

2.40
2.30
1.81
1.52
1,30
1.60
1.16
1.29
.85

2.80
2.36
2.10
1.89
1.71
1.55
1.40
1.25
1,10

Sf'(Z) (Obs.) Sf'(Z) (calc.) hf~~(Z) (obs.) hf23(Z) (calc.)
(average) (average) .

3Z STATE

Bo"=16.427 cm i
De" = —1.931X10 s cm i
Fo"=131X107 cm i

Bi" .15.695 cm i
D "=-1.878 X10 3 cm i
I'i" =1.41 X 10~ cm-i

B "=16793cm i
D '= -1957X10 3 cm i
Crs ~0.732 cm
P&" = —0,053 X10 3 cm i

—1.647 X10-40 g cms
r "=1027X10 s cm

sH STATE

Bo'=13 222 cm i
Do = —1.782 X10 3 cm i
Iio'= —3.21X10 ~ cm i

Bz'~12.381 cm i
Di' = —1.798 X10 3 cm"i
I i' = —2.42 X10-~ cm-i

B = 13.642
Ds' =" Do' = —1.782 X1O-» crn-i
4ss'=0.841 cm &

P&' very small

Is'=2.028 X10 4o g cm~
&s'=1,139X10 s cm

F,"= t.51' l0-7, F,'=0.468X10-7

F,"= t.3& X &0-7, F,'= —3.2& X &0-7,

F,"=1.41 y, 10-7, F,'= -2.42 F10-7,

to distinguish between F, and F,. F, may bc The agreement of F, with F and F is as
calculated by using good as can be expected. F,' does not agree with

the values of Fo' and F1', being of opposite sign.
~~=(D'/&~)l:2 ~.~./6&. '3 (20) This is probably partly due to the fact that the

glvl ng constants used in calculating F,' are not so
reliable as those used in calculating F," and
partly to the fact that the values of F0' and F1'
are erroneous because the observed values of

as compared with 52F2'/4(X+-', ) do not fit the assumed formula
(see Fig. 4).

The constants, I,, and r„were calculated from
8, in the usual manner (see Table XI).
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The Excitation of the Auroral Green Line by Metastable Nitrogen Molecules
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The excitation of the auroral green line in tubes which
show the two new afterglow spectra of nitrogen is described.
The conditions of excitation in the present experiments
are compared with those in the night-sky and in the
aurora borealis. It is proposed that in both of these
phenomena the 'So state of oxygen which is responsible

for the green line is produced by collisions between oxygen
atoms and metasta, ble nitrogen molecules in the A3Z sta.te.
Processes by which oxygen atoms may be excited to the
'So state in the night-sky and in auroras which have been
proposed by other authors are discussed. .

I. INTRODUCTION

1
~~NE of the most striking characteristics of

the auroral green line in both auroral and
night-sky spectra is that, with the exception of
the two relatively weak red lines )6300 and
X6363, it is the only oxygen line present. This
peculiar fact immediately suggests of course that
soIQc spcclR1 pIoccss ol plocesscs Rre lesponslble
for the production of this line. Naturally, many
such processes have been proposed during the

few years since the de6nite identi6cation of this
line Rs the transition So~ D2 ln oxygen. SOIQC

of these proposals will be discussed brieQy later
in the paper. My own feeling has been that the
most conclusive way by which to explain the
excitation of the green line is to produce it in a
laboratory experiment in such a way that both
its RppcRl Rnce and mo(ic of pl oductlon 6t ln
with observed and hypothetical facts about the
upper atmosphere.




