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ABSTRACT

A rotational analysis has been made of four bands of the red system of K2 which
had been photographed under high dispersion. The principal molecular constants of
the ground state ('Z, +) and of the upper state ('II„) are as follows:

80"=0.05611 r,"=3.91&10 8 a"=0.000219
80' =0.04812 r,' =4.22&10 8 0. ' =0.000235

The magnitude of the A. type doublings of the 'll state agrees with Van Vleck's for-
mula for it. The relationships between the molecular constants show that all rota-
tional levels, with both even and odd values of J„are present. Alternating intensities
are observed, the lines with odd J"being stronger. It is concluded that the nuclear
spin of X"is de6nitely not zero, and that the nucleus obeys ihe Fermi-Dirac statistics.

'HE red absorption bands of diatomic potassium were photographed,
with the cooperation of Professor R. W. Wood, primarily with the object

of determining whether or not the nuclear spin of the principal isotope, K",
was zero, as had been concluded by two independent observers" of the hy-
perfine structure of arc and spark lines respectively. We were able to report
immediately4 that an inspection of our plates showed conclusively that this
could not be true, for alternating intensities were clearly apparent in the well
resolved branches; and moreover the spacing of the lines was such as to pre-
dude the possibility that alternate ones were missing, as they must be if the
spin were zero. This latter statement was based on a comparison of the ob-
served spacing with that estimated by extrapolating the known spacings of
the coI responding bands of Li2 and Na2.

A rotational analysis of four bands of this spectrum has now been com-
pleted and thoroughly checked by the combination relations, with the result
that our earlier conclusions are veri6ed, independently of the extrapolation
from Li2 and Na~.

As stated in the joint paper, ' the spectrum was photographed in absorp-
tion in the fourth order of the Tuxedo forty foot spectrograph with a par-
ticularly 6ne seven inch plane grating with 15,000 lines per inch. Sunlight
was used as a background and the solar lines as a comparison, their wave-
lengths being obtained from the revised Rowland's Table. ~

The red band system of potassium is expected to be, like the green ones of

~ The University of Illinois.
~ Schiiler and Briick, Zeits. f. Physik 58, 735 (1929).
~ Frisch and Kronig, Naturwiss. 19,444 (1931).
4 Loomis and Wood, Phys. Rev. 38, 854 (1931}.

Revision of Rowland's Preliminary Table of Solar Wave-lengths, St. John, Moore, Ware,
Adams and Babcock. Published by Carnegie Inst. of Washington (1928}.
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lithium and sodium, a 'll —~Z transition and this is con6rmed by the an-
alysis, since each band is found to consist of one P, one Q and one R branch.

The analysis was carried out in much the same way as that' of the green
bands of Na2. The lines belonging to the branches were found, where possible,
by picking out series of regularly spaced lines by inspection and the assign-
ments were checked and completed by the construction of graphs similar to
Figs. 2 of the paper on sodium. ' In this way three series were found in each
band, though there were some regions where two or even three series coalesced.
The Q branches could be identified by inspection becau.".e of their greater in-
tensity. The P and E branches were identified and triple. i of lines with com-
mon values of J"were picked out from them and the Q branches by applica-
tion of the PQR combination relation

R(J") —Q(J") = Q(J" + 1) —E(J"+ 1) .

It is true, of course, that this relation is theoretically not exact, since there is
h. type doubling in the upper state and hence the initial levels for the Q lines
differ from those of the P and R lines and there is a "combination defect". In
the case of potassium, however, this combination defect is so small that it is
barely detectable and the I'QR combination relation is quite sufficient for the
identi6cation of the lines in the three branches which have common J".

The measured frequencies of the lines of the (1, 0) (1, 1) (0, 1) and (0, 2)
bands, with the quantum numbers assigned to them, as described below, are
given in Table I.

Txaz, E I. Measured frequencies of band lines.

(1, 0) band
I' Q

(1, 1) band
I'

15435.34
34.88
34.35
33.80
33.25
32.68
32, 12
31.48
30.89
30.24
29.59
28.90
28.23
27.50
26.80
26.07
25.32
24 ~ 58
23.77
22 ' 97
22. 17
21.32

15438.82
38.45
38,08

37.27
36 ~ 83
36.38
35.94
35.44
34.95
34.45
33.92
33.39
32.82
32.25
31.66
31.05
30.43
29.78
29.14
28.45

27.04
26.34
25.60

15437.39
37.09
36.63
36.17
35.71
35.22
34.68
34.13
33.61
33.05
32.46
31.86
31.26
30.70
30.00

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

45

15345.08
44.63
44. 14
43.69
43.20
42.66
42.14
41.61

40.47
39.91
39.28
38.67
38.00
37.37
36.70
36.00

34.63
33.86
33.13

31.60
30.82
30.00

15341.84

40.75
40. 14
39.57
38.96
38.34
37.71

36.36
35.69
34.98
34.26

15345.08
44.63
44. 14
43.69
43 ' 20
42.66
42. 14
41.61

40.47
39.91
39,28
38.67

6 Loomis and Wood, Phys. Rev. 32, 223 (1928).
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TABLE I. (Continued).

15420.43
19.60
18.62
17.83
16.90
15.98
14.97
14.07
13.09
12.0g
11.09
10.06
09.01
07.99
06.91
05.80
04.65
03.58
02.39
01.21
00.11

15398.92
97.70
96.49

94.00
92.74
91.44

88.82

86.14
84.77
83.40
81.99
80.58
79.15
77.68
76.25
74.75
73.25
71.74

68.68
67.12

63.95
62.31
60.71
59.05
57.40
55.70
54.02
52.32
50.58
48.86
47.12

24.09
23.30
22.47
21.67
20.80
19.96
19.09
18.22
17.29
16.38
15.44
14.48
13.52
12.56
11.53
10.53
09.51
08.47
07.42
06.32
05.22
04. 12
02.97
01.82
00.66

15399.46
98.28
97.06
95.86
94.60
93.33

90.76
89.47
88.15
86.82
85.45
84.09
82.71

78.42

75.47
73.99
72.50
70.95
69.43
67.86

64.69

58.19
56.54
54.84
53.14
51.42
49.69

28.65
27. 97
27.23
26.51
25.76
25 .04
24. 23
23.45
22.64
21.82
20.98
20.11
19.24
18.35
17.41
16.49
15.55
14.59
13.60
12.56
11.63
10.62
09.51
08.47
07.42
06.32
05.22
04. 12
02.97
01.82
00.66

15399.46
98.28
97.06
95.86
94.60
93.33

90.76
89.41
88.10
86.76
85.39
83.98
82.55

79.72
78.20
76.83
75.34
73.85
72.29
70.74
69.23
67.63
66.28
64.49
62.85
61.24

57.94

(1,0) band
Q

15424.85 15429.36 46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107

28.33
27.49
26.60
25.72
24.80

22.94
22.02
21.03
20.08
19.04
18.05
16,95
15.94
14.86
13.75
12.68
11.57
10.44
09.30
08.14
07.01
05.80
04.57
03.36

00.88
15299.60

98.31
96.98
95.72
94.37
93.04
91.64
90.28
88.87
87.50
86.06
84.62
83.17
81 68
80.18
78.70

75.59
74.07

32.80
32.04
31.24
30.45
29.62
28.78
27.94
27.10
26.21
25.34

23.48
22.55
21.59
20.60

18.64
17.62
16.57
15.51
14.45
13.37
12.28
11.18
10.03
08.86
07.71
06.54
05.34

02.92
01.67

15299.14
97.86
96.55
95.22

92.52
91 ' 15
89.78
88.40
86.98
85.54
84.09
82.63
g1.12
79.64
78.15
76.64
75.09
73.54

37.37
36.70
36.00
35.27
34.55
33 ' 86
33.08
32.33
31.49
30.73
29.90
29.08
28.23
27.35
26.50
25.60
24.67
23.75
22.82
21.81
20.88

18.86
17.82
16.81
15.76
14.66
13.60
12.47
11 ~ 36
10.22
09.07
07.91
06.79
05.54

03.07
01.82

15299.31

96.71
95.37

91.29
89.90
88.48
87.06

84. 17
82.71
81.24

(1, 1) band
Q

15329.16 15333.54 15338.00



(1,0) band
0

TABLE I. (Continued).

(1, 1) band
Q

15268.17
67.64
67.09

65.95
65.35
64.76
64. 14
63.51
62.84
62. 18
61.50
60.79
60.06
59.34
58.58
57.84
57.07
56.27
55.47
54.64
53.80
52.97
52.09
51.20
50.29
49.36
48.48
47.52
46.55
45.59
44.62
43.60
42.57
41.53
40.47
39.43
38.32
37.20
36.10
35.01

15272.34
71.97

71.18
70, /5
70.32
69.86
69.3g
68.91
68.43
67.91
67.39
66.86
66.28
65.71
65.13
64.52
63.88
63.27
62.62
61.94
61.27
60.54
59.84
59.12
58.39
57.63

56.05
55.24
54.43
53.60
52.75
51.86
50.99
50.11
49.19
48.26
47.32

45.38
44.37
43.40
42.36
41.33
40.26

15356.22
54.56
52.86

15265.49
64.97
64.34
63.71
63.07
62.39
61.71
61.01
60.34
59.59
58.81
58.10
57.33
56.53
55.71
54.92
54.06
53.20
52.35
51.46
50.57
49.65
48.76
47.74
46.82

108
109
110

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
6S
66
67
68

15180.08
79.66
79.18
78.78
78.28
77.82
77.28
76.76
76.23
75.72
75.14
74.57
73.93
73.36
72.74

71.45

68.63
67.89
67.16
66.35
65.63
64.86
64.05
63.23
62.40
61.54
60.73
59.84
58.96
58.05
57.14
56.20
55.27
54.30
53.32
52.32
51.30
50.30
49.27
48.20
47.13
46.07
44.97
43.86

15184.77
84.60
84.42
84.17
83.98
83.75
83.51
83, 23
82.94
82.71
82.39
82.07
81.75
81.42
81.02
80.69
80.33
79.88
79.48
79.01
78.58
78.10
77.61
77.12
76.61
76.07
75.52
74.97
74.39
73.79
73.19
72.58
71.98
71.28
70.61
69.95
69.26
68.63
67.89
67.16
66.35
65.63
64.86
64.05
63.23
62.40
61.54
60.73
59.84
58.96
58.05
57.14
56.20
55.27
54.30
53.32
52.32
51.30
50.30

15182.59

81.91
81.53
gi 15
80.69
80.33
79.88
/9 48
79.01
78.58
78.10
7'/. 61
77.12
76.61
76.07
75.52
74.97
74.39
73.79
73.19
72 58
71.9g
71.28
70.61
69.95
69.26
68.43
67.72
66.88
66.20
65.46
64, 67
63.81
63 .04
62. 18

60.42
59.54
58.68
57.76
56.82
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Txm, E I. (Conrieled),

(0, 2) band
Q

15231.50
30.33
29.12
27.92
26.72
25.47
24. 16
22.89
21.60
20.32
18.95
17.65
16.26
14.92
13.51
12, 15
10.72
09.30
07.83
06.39
04.92
03.43
01.94
00.42

15198.88
97.34
95.78

92.53
91.04
89.40
87.77

15239.23
38.16
37.01
35.92
34.80

31.32
30.14
28.94
27.72
26.47
25.2/
23.97
22. 69
21.41
20.08
18.76
17.45
16.07
14. /0
13.33
11.92
10.51
09.08
07.64
06.16

03.16
01.70
00.20

15198,61
97.10
95.53

90 ' 72
89.06
87.44

15245.84
44.86
43.84
42.81
41.80
40.74
39.67
38.57
37.53
36,37
35.26

30.61
29.43
28. 17
26.96
25.68
24.40
23.13
21,84
20.55
19.21
17.87
16.52
15.15
13.74
12.33
10.87
09.50
08.02
06.59
05.14
03.62
02.08
00.56

15199.04
97.47
95.88
94.32
92.69
91.04
89.40
87.77

69
70
71
72
73
74
75
76
77
78
/9
80
81
82
83
84
85
86
87
88
89
90

92
93
94
95
96
97
98

100
101
102
103
104
105
106
107
108
109
110
iii
112
113

15142.72
41.59
40.43
39.26
38.08
36.88
35.66
34.44
33.21
31.94
30.67
29.40
28.10
26.76
25.44
24. 11
22.73
21.37
19.97
18.56
17.14
15.71,
14.25
12.79
11.32
09.82-
08.30
06.79
05.25
03.72
02.12
00.55

15098.96
97.33

15149.27
48.20
47.13
46.07
44.97
43.86
42. 72
41.59
40.43
39.26
38.08
36.88
35.66
34.44
33.21
31.94
30.67
29.40
28.10
26.76
25.44
24. 11
22.73
21.37
19.97
18 ~ 56
17.14
15,71
14.25
12.79
11.32
09.82
08.30
06.79

15155.87
54.92
53.95
52.98
51.96
50.94
49.89
48.90
47.82
46.73
45, 63
44.51
43.40
42, 26
41.11
39.91
38.78
37.58
36.35
35.09
33.88
32.65
31.38
30.07
28.75
27.45
26.15
24.76
23.42
22.06
20.66
19.24
17.84
16.41

After the lines of the branches had been sorted out, the 62F's were ob-
tained and used to determine the absolute values of the quantum numbers
and the magnitude of the constants B' and B"according to the equations:

~&'(J') = ~(~") —I'(~") = 4&'(~'+ 2) + gD'(J'+ 4)' (2)
62F"(5") = E(J" —1) —E(J"+ 1) = 48"(7"+ -,') + 8D"(J"+ -,')' (3)

The higher power terms, 12F{J+-,')' etc. , have been omitted from these
equations because calculation shows them to be negligible in the case of
potass)um. The calculation of the Q s was made by successive

approximat-

ionss and least squares, the D's being determined by the equations

D. = D. + P(s + 2) (4)



—48,'
D e

Ms

0.~ 20~8,' —32m,8,'+
6M' Mg

(5)

(6)

The values of co, and x, in Eqs. (5) and (6) were taken from a paper by Crane
and Christy~ which gives the vibrational constants of the red system of K2 as
follows:

= v + co,'(v' + —', ) —(o,'x, '(v' + -,')' —cu,"(v"+ —', ) + (u,"x,"(v" + —,') '

= 15377.73 + 74.73(v' + —,') —0.327(v' + -,')' —92.64(v" + -,') (7)

+ 0.354(v" + —',)'
The constants n' and n" of the equation

B„=B, —a(v+ -,') (8)

were calculated, after the true J's had been assigned as just described, but
before the 6nal adjustment of the 8's was made, from the variation of the
differences of the Q lines of different bands, according to the equations

Q(1, 0) —e(1, 1) = Q.(1, 0) —e (1, 1) —-"v+ —',) +i "v+-:)
Q(1, 1) —Q(0, 1) = Qo(1, 1) —Qo(1, 0) —n'(J + —')' + p'(j + —,')4 (10)

Finally, the combination defects in the (1, 0), (1, 1) and (0, 1) bands were

expressed by the theoretical relations

~(~") —Q(~") —QV" + 1) + 2'(~" + 1)
= (B~z' —Bo')((~" + 3/2)'+ (I"+ 2)')

=—2(B ' —Bo')(~+ 1)' (11)

and the coe%cient (B'z~ B'o) determ—ined by least squares to be 2.02 X 10 '.
This is in adequate agreement with the theoretical expression for this quan-

tltg
Bpz' —Bo' = 4B'/v('ll 'Z +) = 2 52 X 10 ' (12)

which has been found by Mulliken and Christy' to hold well for the corre-

sponding II states of the similar molecules H2, Li2 and Na2. The combination

+Q. l

v

C +)c g M %(+

& 0 40 ~ 60 60 lOQ

Fig. 1.PQR combination defect. Full circles, hollow circles, )&'s and +'s represent data
from bands (1, 0), (1, 1}, (0, 1) and (0,2} respectively.

defects of Eq. (11) are plotted in Fig. 1. The curve represents the function

4.04X10 '(5+1)'.
7 Crane and Christy, Phys. Rev. 36, 421 (1930).
' Mulliken and Christy, Phys. Rev. 38, 87 (1931).



The rotational constants as above determined are summarized in Table II.

TA.@LE II. Rotgtiolal comments of XP' molecule.

Ground state ('zg+)

'V equil. 0
8 0.05622 0.05611
D X10' —8.28 —8.32

0.000219—0.083 X10-8
492 OX10 4'

fs 3.91X10 '
~pB —Jag

1
0.05589—8.41

Upper state ('ll „}
2 equil. 0 1
0.05567 0.04824 0.04812 0.04788-8.49 -8.06 —8.09 -8.17

0.000235—0.074X10 '
573.4X10 4'

4.22X10 s

2.0X10 '

The accuracy with which the values of 8 and D in Table II represent the
62I"s, as well as the precision with which the combination relations hold, is

D~P~ O.O

-Q. l

0 y
0 ~y ~+~~ & ~ O~pU~ '~~

00 4 0

d~f; 0,0

0
0SIXahaOker 0 % e a IS~ "Cg ~~ 0+ O~ W&g) o~0 0

6~~0 0.0

-Q. l

~o
N 4' SSAP i I 0 0 ~

,yr4

+O. l

Q~Pj Q.Q

0 0 oX. 0O Oop- (&%r ~~gw+ss~
0 0

0

6 I=0.O 0
0

lOO

Pl

~ o. ~ ~ &AP
QDO 0

0 0
('O OO

J
Fig. 2. Residuals of 62Ps from those calculated by Eqs. (2}and (3}with constants in Table

II. Full circles represent data from bands (0, 1) and (1, 0), hollow circles data from bands (1, 1)
and (0, 2}.

shown ir. Fig. 2, wherein the residuals of the observed 62Ii's from those cal-
culated by Eqs. (2) and (3) are plotted against J; The fact that these repre-
sentations are within the experiments. l error of observation (which is far
from true of the representations with the quadrupled value of D/B which
would have been called for by Eq. (5) had it been assumed that alternate
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lines of the bands were missing) is additional de6nite proof that the latter
hypothesis is wrong and that the spin of the K"nucleus is not zero. A further
and independent proof of this is that the frequencies of the band lines can be
represented by the formulae

R, J'(J") = so + JJ' + 2JJ'(J" + 2) + (8' —J3")(J"+ —,')2
13

+ 4DI(J'll + 1)3 + (Df all)(JII y 1)4

Q(J") = ~o+ (&' —&")(J"+ 2)'+ (D' —D')(J" + 2)' (14)

in which the constants are those, given in Table II, which were determined
from the 62F's. Had alternate lines been missing the quadratic coefficients in
Eqs. (13) and (14), for instance, would have been twice the difference of the
8's determined as above. It has not been thought worthwhile to include
graphs showing the agreement between measured and calculated frequencies,
but it is within about 0.3 cm ' and systematic deviations could be practically
eliminated by adjusting the coefficients, within the limits of error with which
they can be determined from the 62F's. The result would not, however, be an
increase in the precision of our knowledge of these coefficients, but only of cer-
tain differences between them which are not particularly significant, so it has
not been done.

In Table III a comparison is made between some of the constants of these
two states of the K2 molecule and those of the corresponding states of the
similar molecules H2, Lim and Nam. Data for the upper ('Z„+) states have
been added for completeness. Since the rotational constants of this state of
potassium have not been determined (it would necessitate an analysis of the
infrared K& system) they have been estimated by extrapolating values for
8,/co, and for R = 2m, B,/n and by using these to calculate the others. Values
based on these extrapolations are given in parentheses. The data in Table III
have been compiled from various sources, as indicated in the footnotes. Par-
ticularly in the case of hydrogen, difficulties have been encountered owing to
contradictions and incompleteness with which the data have been reported,
but the data are more than good enough for the purpose of Table III, which
is to show the nature of the variations of the various constants along the
series of homologous molecules.

The alternation of intensities is most obvious in the 0, 2 band and espe-
cially so in the region where for a long interval the lines Q(M) fortuitously
coincide closely with J'(M —6). It is the lines with odd values of J"which are
stronger, just as has been found to be the case with H&, Li2 and Na2."This
signifies that the K" nuclei also obey the Fermi-Dirac statistics. The present
observations were made under conditions that do not permit the determina-
tion of nuclear spin from the ratio of alternating intensities, but it is hoped
to make this determination at a later time.

It is probable that lines due to the molecule K"K"would be sufficiently
intense to be found if they were sought for, but as no particular interest at-
taches to them this has not been done. The lines of the molecule K"K4', which
would be interesting, are probably too faint to be found.

"Urey, Phys, Rev. 38, 107'4 (1931).


