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Several new absorption bands of the a’ *2+*—X'3* and e *X~—X'Y" transitions in CO have been
observed and analyzed. Vibrational levels of both the a’ 3%+ and e 3%~ states are now known to within
0.4 eV of their dissociation limits. Isotopic bands of 3C1%0 in natural abundance have been analyzed
for both transitions. The vibrational numbering of the ¢ 3%~ state must be increased by one unit. New
bands of the '2X~ —X!%+ and D'A— X!+ transitions are also reported.

Key words: Absorption spectrum; CO; electronic transitions; rotational analysis; vibrational analysis;

vibrational and rotational constants.

1. Introduction

In this paper we report rotational analyses of several
mmportant new bands observed in the absorption spec-
trum of carbon monoxide. These analyses extend the
observed data for four excited electronic states,
a’ 33+, e 33, 13-, and D 'A. which have previously
been characterized in the literature.

Herzberg and Hugo [1]!' first characterized the
forbidden a’ 33+ —X'3+ and e %~ —X'X* absorption
systems of CO. For the a’ —X system they analyzed
thirteen bands ranging from v" = 2 to 23 of the a’ state.
Krupenie [2] has pointed out the need for further
experimental work to determine whether the upper
state of the two emission bands at 2670 and 2980 A,
tentatively associated with the f32+ —a?ll transition,
should be interpreted in terms of low vibrational levels
of a separate electronic state, 3%, or interpreted in
terms of high vibrational levels, namely v=231 and 35
of the a'3%* state as originally proposed by Stepanov
[3]. One objective in this work was to try to extend the
observations of the a' state to higher vibrational levels
beyond the v=23 level observed earlier. Although we
observed five new a’'—X bands terminating on low
vibrational levels of the @’ state, only one new band was
observed terminating on higher vibrational levels. The
latter band at 87428.4 c¢m™' has been assigned as
a'—X (38-0). Based on this assignment, arguments
will be made in favor of Stepanov’s assignment of the
emission bands to the a' 3% *—a 31l transition. Herzberg

and Hugo [1] analyzed six bands of the e— X system,

ranging from v'=2 to 10. We have analyzed eleven
additional bands of this system that extend the obser-
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! Figures in brackets indicate the literature references at the end of this paper.

vations to v’ =27. One of the new bands was on the
long wavelength side of the bands observed earlier,
indicating that the vibrational numbering of the e
state should be increased by one unit. All statements
concerning the e state in this paper have taken that
numbering change into account.

The new vibrational numbering of the e state and the
original numbering of the a' state were both confirmed
by the analyses of *C!%Q isotopic bands.

Previous papers have characterized the forbidden
['3-—X 3+ [4] and D'A—X '3+ [5] absorption
systems. We report here the analyses of two new bands
of the I-X system and one new band of the D—X
systems. These new bands involve transitions to high
vibrational levels of the I and D states.

Revised vibrational and rotational coefficients and
equilibrium constants have been determined for the
a', e, I, and D states by combining band origins and
B,-values from the earlier studies with similar data
from the new analyses given here.

2. Experimental Procedure

Two sets of high-resolution absorption plates were
used in the analyses. One set was taken at the National
Research Council, Ottawa, Canada. The region 1550
to 1220 A was photographed in the seventh, eighth, and
ninth orders of the 10-m vacuum spectrograph de-
scribed by Douglas and Potter [6]. The continuum light
source was a Lyman discharge through argon. Over-
lapping orders were separated by a lithium fluoride
prism-cylindrical lens combination described by
Brix and Herzberg[7].

The second set of plates was taken at the U.S. Naval
Research Laboratory. The region 1800 to 1060 A was
photographed in the third, fourth, and fifth orders of a
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6.6-m vacuum spectrograph. The reciprocal dispersion
was 0.42, 0.32, and 0.25 A/mm in the third, fourth, and
fifth orders, respectively. Microwave excited rare gas
lamps were used
No auxiliary means of order separation was used other
than the limited range of the rare gas continua (Xe.,
1800 to 1525 A; Kr», 1600 to 1250 A; Ar.,, 1260 to 1060
A (see Wilkinson and Byram [8])).

The strong Schumann-Runge absorption bands of
the Os molecule occur in the same region of the spec-
trum as the first few weak bands on the long wave-
length end of the a'3%*—X'2* system of CO. To
remove traces of molecular oxygen, the CO gas ob-
tained from Matheson was passed over a hot zinc trap
directly into the tank of the spectrograph which served
as the absorption cell with a path length of 12 m.

Pressures up to 6 X 10° N/m? were required to photo-
graph the weakest bands of these systems. Wave-
length reduction and band analyses were performed
by techniques that have been described earlier [4, 9].

as sources of background continua.

3. a3 —X!3+ System

The rotational structure of the ¢’ — X bands consists
of four branches; two closely spaced R-form branches
(*R and ®Q) and two closely spaced P-form branches
("P and Q). The appearance of the bands is well illus-
trated by the spectrogram of the 50 band at 1634.2 A
reproduced in figure 2 of ref. [1] by Herzberg and Hugo.

We have been able to measure and analyze six new
bands of this system that were not accessible on the
earlier plates analyzed by Herzberg and Hugo. The
analyses of these bands, for which v'=0, 1, 8, 12, 14,
and 38, are given in table 1. The vibrational assignment
of the band at 87428.4 cm~! as (38-0) is somewhat
ambiguous since it requires a very long extrapolation
from v’ =23. When the band origins available between
v'=0 and 23 are fit to a 4th order expression in (v+ Y2),
the (38—0) band is predicted at 87473 ¢m~!. Since the
difference between the observed and calculated posi-
tions is only 10 percent of the vibrational spacing at
this level, the above assignment is the most reasonable
one.

The band origins v, and B;—values for the a'—X
system are given in table 2. Six of the bands reported
by Herzberg and Hugo have been remeasured on the
plates used in this study. The v, and B,-values deter-
mined from these analyses have been included in table
2. Our results agree well with those of Herzberg and
Hugo within the estimated experimental uncertainty.

Table 3 contains the revised vibrational and rota-
tional constants for the a' state. The methods used to
determine these constants and the reasons for includ-
ing two separate sets are discussed in the last section
of the paper. The analyses of the (0—0) and (1-0) bands
have led to improved equilibrium constants.

Four @' —X bands of 3C'%0O have been observed in
natural abundance with sufficient intensity to be meas-
ured, viz, (4-0), (5-0), (6-0), and (7-0). The rotational
analyses of these bands are given in table 4. The ob-
served isotopic band origin shifts of 90.0, 113.9, 134.5,
and 156.0 cm~! for the v’ =4 to 7 levels, respectively,
agree well with the corresponding shifts of 90.0, 112.9,

134.9, and 156.1 cm™! calculated from the constants
reported in table 3. Similarly, the observed B ,-values of
1.2107, 1.1981, 1.1743, and 1.1638 for the isotopic
bands agree reasonably well with the corresponding
calculated values of 1.2106, 1.1949, 1.1794, and 1.1640
cm™!, respectively. These observations confirm the
vibrational numbering of the a' state given by Herzberg
and Hugo [1]. -

The six perturbations between the «' X" state and
the Al state, for J-values accessible in absorption,
have been described by Simmons, Bass, and Tilford
[9]. It is of interest to note that the perturbation be-
tween a', v=14 and the A, v=4 levels occurs in the
vicinity of /=0. The derived ¢’ —X(14—0) band origin
is shifted by a small amount toward lower energy and
the rotational constant Bj, is larger than the cal-
culated value (see table 2). This perturbation is
similar to the one between A'Il, v=1 and d3A;,
v=>5 [9, 10]. Therefore, we suspect that emission
from the v=14 level of the «' state should also be
observed in the perturbation spectrum of CO (see
Slanger and Black [11]).

Ger [12] and Stepanov [3] have observed and
analyzed the two CO emission bands at 2670 and
2980 A. These authors proposed that the bands were
part of the a’ 3¥*—a 3l transition involving high
vibrational levels of the a'#%* state. Garg [13] and
Gaydon [14] considered this interpretation doubtful
and proposed instead that the bands should probably
be assigned to a new transition, tentatively designated
32 —a 311 by Krupenie [2]. B

The analysis of the (38-0) ¢’ —X band fixes a band
origin and B-value for a high vibrational level of the
«' state rather more accurately than did the earlier
studies of perturbation data. It is, therefore, interest-
ing to re-examine the merit of the earlier interpreta-
tion for the emission bands in the light of these new
data. Theé upper states of the two emission bands are
strongly perturbed by v=0 and v=1 levels of the
b 3E* state. Gero [12] and Stepanov [3] have performed
separate rotational analyses on Geri’s experimental
data using different techniques to deperturb the
B.-values and term values. The term values are given
with respect to X 'X+, v=0, J=0. Assuming the
vibrational numbering of Stepanov and correcting the
term values by +36 c¢cm~' to account for revised
a—X data according to Krupenie, Gero’s analysis
vave the values:

B;;] = 083 cem!
E31 =83744 cm™!

B3;=0.75 cm!
E35=285969 cm!.

Stepanov’s analysis, which differed from Gero’s, gave:

B;;l - 0800 cm !
E;=83755cm™!

B:;,’, = 0711 cm!
E35=85960 cm 1.

These values agree reasonably well with the interpo-
lated values of the same quantities obtained in this
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TABLE 1. Observed wave numbers in the a' 33+ —X 13+ system of CO

(0-0) Band (1-0) Band
J "P(J) QW) "R{J) *QJ) "P(J) "QU) RR(J) *QW)
0 55358.44 *55361.14 56565.50
1 55352.73 *360.10 *362.11 56559.74 *56567.38 *56568.27
2 55346.84 347.97 *360.10 *362.11 554.97 *567.38 *568.27
3 340.78 341.89 359.34 *361.14 56548.16 548.50 566.41 *567.38
4 333.35 334.60 357.38 359.34 540.71 541.02 564.26 565.26
5) 324.78 326.10 354.13 355.77 531.89 532.26 560.84 561.68
6 315.10 316.44 349.80 351.34 522.06 522.40 556.17 557.08
7 304.19 305.57 344.22 345.75 510.96 511.31 550.33 551.23
8 292.11 293.55 337.48 338.96 498.65 498.96 543.28 544.21
9 278.87 280.35 329.58 331.05 485.09 485.51 534.98 535.92
10 264.47 265.96 320.50 321.92 470.34 470.71 525.51 526.47
11 248.89 250.42 310.25 311.65 454.40 454.82 514.67 515.81
12 232.14 233.71 298.85 300.18 437.19 437.60 502.88 504.03
'3 214.23 215.81 286.24 287.60 418.76 419.25 489.72 490.80
14 272.48 273.80 399.23 399.68 475.40 476.53
15 257.59 258.74 378.41 378.88 459.82 460.94
16 241.56 242.58 356.44 356.94 443.03 444.18
17 224.40 225.24 333.21 333.64 425.09 426.24
18 308.74 309.26 405.78 407.01
19 283.15 283.66 385.43 386.63
20 256.28 256.80 363.78 365.01
21 340.92 342.18
(8-0) Band (12-0) Band
J "P(J) "QW) "R{J) *Q() "P(J) *R(J)
0 *64448.13 *68522.12
1 64442 .55 449.08 64450.88 522.92
2 64436.58 437.45 448.60 450.19 68510.61 SR
B 429.84 430.84 446.64 *448.13 503.58 519.57
4 421.65 422.70 443.24 444.67 495.05 515.52
5 412.03 413.09 438.43 439.79 484.84 509.93
6 400.98 402.07 432.10 433.50 473.22 502.82
7 388.40 389.49 424.34 425.72 459.99 494.17
8 374.45 375.59 415.18 416.51 445.14 484.12
9 359.00 360.16 404.51 405.84 428.75 473.22
10 342.21 343.31 392.43 393.75 411.07 456.68
11 323.80 325.04 378.93 380.22 392.38 442.14
12 304.02 305.30 364.11 365.25 368.36 425.66
13 283.04 284.25 347.70 348.87 346.10 407.43
14 321.95 387.69
15 366.44
16 343.49
(14-0) Band (38—0) Band
J "P(J) Q) "R(J) *Q) "P(J)+"Q() "R+ Q)
0 70445.60
1 70440.33 *446.33 70447.96
2 435.26 445.30 447.03
83 70427.02 428.30 442.53 444.18 *87410.51
4 418.32 419.66 438.26 439.73 *398.77 *87410.51
5 407.97 409.30 432.28 *433.61 *398.77
6 396.00 397.29 *424.86 426.12 *368.28
7 *382.41 383.64 *415.52 416.83 348.28 367.60
8 *367.30 368.24 404.55 405.90 326.68 348.98
9 350.10 392.01 393.33 302.31 BAR22
10 379.69 275.90 303.01
11 362.05 363.29 246.84 276.57
12 215.56 247.63
13 216.24
14 182.35
*Blended lines.
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TABLE 2. Band origins and B-values for the
a' 3% =X 137 system
v' Vo(0bs) vo(cale) f B/(obs) | Bj(cale)'| Footnotes
em ! em ! cm! cm™!
0 55355.75 55355.58 1.3350 1.3352 ()
1 56563.26 56563.30 1.3165 1.3169 )
2 57750.16 57750.22 1.2995 1.2991 &)
3 58916.49 58916.51 1.2823 1.2818 ®)
4 60062.64 60062.36 1.2658 1.2647 (19)
5 61187.95 61187.98 1.2480 1.2479 ()
6 62293.64 62293.59 1.2307 1.2313 ()
7 63379.44 63379.42 1.2143 1.2149 ()
8 64445.71 64445.72 1.1993 1.1985 (@)
9 65492.53 65492.70 1.1813 1.1823 ()
10 66520.49 66520.57 1.1649 1.1661 ()
11 67529.52 1.1499
12 | ©(68520.0) 68519.70 | ©(1.131) 1.1338 )
11 69491.36 69491.26 1.1171 1.1176 ()
14 ©70443.55 70444.28 1.1053 1.1015 (*)
15 71378.82 1.0855
16 72295.04 72294.92 1.0691 1.0694 ()
17 73192.56 1.0533
18 74071.67 1.0373
19 74932.04 74932.17 1.0206 1.0213 ™
20 75773.91 75773.91 1.0037 1.0053 Q)
21 76596.73 0.9892
22 77400.42 9732
23 78184.77 78184.74 0.9580 9570 (&)
24 78949 .42 .9408
25 79694.18 9245
26 80418.69 .9080
27 81122.64 8911
28 81805.71 .8740
29 82467.56 .8565
30 83107.88 .8384
31 83744 83726.37 .83 .8196 (S5
83755 .80
32 84322.77 .8001
33 84896.84 7796
34 85448.41 .7579
35 85969 85977.35 75 7349 (-9)
85960 711
36 86483.62 7104
B3I 86967.26 .6840
38 87428.42 87428.42 6556 .6556 ()
# Data from transitions reported in this paper.

b Data from Herzberg and Hugo [1].

¢ Data for upper state levels of transitions for which line assignments were reported by
Herzberg and Hugo [1]. The constants and band origins given here are from measurements
and analyses of new high resolution plates.

¢ Term values and B-values given by Krupenie [2] for the upper states of the emission
bands at 2670 \ and 2980 \.

¢ Band origins and B/-values not included in the least squares fit.

" pcale) and Bl(cale) were caleulated from polynomials for which the coeficients are

siven in column 1 of table 3.

study by using the high order vibrational and rotational
coefficients given in the left column of table 3, namely:

B:n =(0.8186 cm™!
E;;=83726 cm ™!

By;=0.7349 ¢m !
FE.;=85977 cm!.

Also, if one allows for the strong interactions with the
b state, the observed triplet splittings reported by
Gero are consistent with the splittings of other a’
levels. From the above considerations, it does not

seem necessary to invoke a separate electronic state
other than @’ *2* to explain the emission bands.

4. Thee®I% —X'37

4. The System

The rotational structure of the e — X bands consists
of five branches; SR, °P, 9Q, °R, and “P. The appear-
ance of these bands is illustrated by the spectrogram of
the (4-0) band at 1471.0 A reproduced in fizure 3
of reference [1] by Herzberg and Hugo. The Q-form
branches lie very close together and the ®R and 9P
branches are not resolved.

Herzberg and Hugo [1] observed four e-X bands,
v'=2., 3, 4, and 10, and unresolved Q-form branches
for two others, v'=6 and 8. We have observed and
analyzed eleven additional bands of this system.
The assignments for these new bands plus a more
extensive listing of the previously reported (6—0) band
are given in table 5. As in the case of the «'—X
system, we have also remeasured the (2-0), (3-0),
and (4-0) bands of the e —X system from the present
plates. Band origins and B/ -values for all the observed
vibrational levels are tabulated in table 6. New spec-
troscopic constants have been determined for the e
state to take into account both the new data observed
and the change of vibrational numbering of the e
state (see below). These constants are given in table 7.

The analysis of a "C'%0 e—X band observed in
natural abundance is given in table 8. The band origin
and B,-value for this band are 65842.43 c¢m~! and
1.1838 ¢m™!, respectively. The band origin for the cor-
responding '2C'%0 band is 65877.91 cm~!. The observed
isotope shift for the band origin of 35.5 em~! agrees
well with the calculated shift of 35.4 cm~! if both bands
are assumed to be (2-0) bands. If, on the other hand,
the bands are assumed to be (1-0) or (3—0) bands, and
the spectroscopic constants are changed accordingly,
isotopic shifts in the band origins of 11.6 and 59.2 cm™!
are predicted, which differ markedly from the ob-
served value. Similar calculations for the isotope shift
in the B/-value also lead to the conclusion that the
bands in question are the (2-0) bands. These results,
along with the fact that we have observed one new band
on the long wavelength side of the bands reported
earlier, indicate that the vibrational numbering for the
e 3%~ state reported by Herzberg and Hugo [1] must be
increased by one unit.

Perturbations between the e 2~ and A 'll states
have been reported earlier [9]. It should be noted that
the interaction between e 2~ v=1 and A 'll, v=0 is
particularly strong. In fact, the intensity of the entire
(1-0) e—X band is much greater than for any other
band in this system. Therefore, this perturbation will
surely play a significant role in internal energy transfer
processes in CO.

5. The '3 —X'X* and D'A — X '3+ Systems
The forbidden I — X and D—X transitions have been

characterized in two earlier papers [4, 5] of the present
investigation. Both systems are observed in absorption
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TABLE 3. Vibrational and rotational constants for|the a'3%* state ?

Y9 = 1.3446 =0.0016 cm !

Y5 = (—1.8921 £0.1163) X 102 cm !
Y = (3.4542 +2.4550) X 10+ cm!
Y(3) = (—2.2037 £2.0532) X 105 cm !
Y(3) = (7.2205 +7.1937) X 107 cm™!
Y(3) = (—9.4737+8.6378) X 10~ cm~!
T(6) = 54743.90+0.30 cm~"!

T() = 55825.49+0.30 cm~"!

Y(8) = 1228.604+0.230 cm~!

Y{§ =—10.4675+0.0710 cm !

Y9 = (9.0719 =9.3079) X 103 cm~"
Y= (2.5910 =0.5757) X 103 cm~!
Y= (—1.0168 =0.1646) X 10+ cm~"
Y8 = (1.0100 =0.1727) X 10 -6 cm~"

Be=Y{:»=1.3430+0.0012 cm~!
—a, =Y{:*=—0.0173+0.0007 cm™!
Too=55355.75+0.30 cm~!
Te=55826.0+1.8 cm™!
we=Y{%3=1227.8+1.1 cm™!
—xwe=YZ3=—10.22+0.38 cm™!
PD=6.0x10"6 ¢m!
1.=20.842 X 10~ g cm?
re=1.353 A

@ Note that two sets of rotational and vibrational constants are given in the table. See the section of the text entitled, “‘Determination of vibrational and rotational constants” for a dis-
¢ussion of the methods of determination. limitations, and applications of the two sets. The superscripts on the Y’s are labels to indicate the order of the least squares polynomial fit from
which the Y’s are determined. The error limits on the high order coefficients are one standard deviation as given by the NBS least squares subroutine ORTHO. The method for determining
the uncertainties on the equilibrium constants is described in the text.

b Constant D-value used to determine B -values.

TABLE 4.  Observed wave numbers in the a' *%* — X 'X* system of *C'%0
(4-0) Band (5-0) Band

J PO+ "QW) | TR+ RQWU) "PUY Q) | "R +RQA)

0 *59974.94 61077.10

1 59969.80 *976.19 *078.50

2 963.99 976.19 +078.50

2) 958.61 *974.94 61060.44 075.70

4 *949.35 /2824 073.08

5 941.74 968.38 042.99 069.06

6 932.80 *063.99 *032.74 063.95

7 920.48 956.87 021.24 057.35

8 *908.32 *949.35 1008.77 049.50

9 895.45 940.34 0995.01 040.38
10 *929.94 979.94 030.09
11 863.28 918.94 018.37
12 845.87 *907.41 945.98 *004.36

(6-0) Band (7-0) Band

J "P) "QJ) “R(J) QW) "P(J) "QU) “R(J) QW)

0 *62161.81 *63226.44 *63224.77
1 62163.43 *226.44 *224.77
2 62150.68 *161.81 *161.81 63215.60 *63217.28 *226.44 *224.77
3 *144.42 *62144.42 160.26 *161.81 *208.08 209.31 *224.77 *224.77
4 *136.87 *157.33 158.66 200.82 201.75 221.58 223.18
5 *127.63 153.21 154.65 191.74 192.62 N8 *219:39
6 117.05 117.85 *147.37 *148.73 181.28 182.44. 211.51 212.96
7 105.17 106.29 140.71 141.97 169.30 170.70 204.34 205.95
8 132.52 *135.97 156.40 157.43 196.02 *197.18
9 122.97 124.36 141.91 142.97 186.11 187.45
10 112.17 114.11 126.09 127.12 *174.56 176.19
11 108.89 110.01 162.42 163.69
1122 090.47 091.41 *148.42 *149.69
13 070.54 071.62 *133.19 *134.52
14 049.37 050.43 116.80 118.11
15 026.86 027.79 099.02 100.13
16 *002.86 080.82

17 058.89 060.29

*Blended lines.
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TABLE 5. Observed wave numbers in the e 3%~ —X 12+ system of CO
(0-0) Band |1-0) Band
S
3
J °P(J) Q) “P(J)+*R(J) SR(J) OP(J) SP(J) Q) “R(J) SR(J)
0 63704.45 63711.80 64801.78 64808.81
1 63703.50 703.23 715.66 *64801.43 800.38 812.54
2 63692.83 700.94 700.54 *718.14 64970.17 64797.31 798.76 797.77 814.96
3 683.83 697.05 696.61 *719.45 *781.33 793.33 794.76 793.84 816.01
4 673.52 691.86 691.41 *719.45 770.89 788.10 789.56 788.65 815.85
5 661.92 685.32 684.89 *718.14 759.13 *781.33 783.01 782.35 814.14
6 649.11 677.56 677.07 715.41 746.51 773.51 *775.22 *774.89 811.18
7 634.88 668.54 668.01 711.43 732.39 764.12 *766.21 *766.43 806.93
8 619.11 658.10 657.63 706.00 *717.24 *753.57 *755.83 *758.29 *801.43
9 646.49 645.95 699.72 *701.20 741.63 *744.24 *737.53 794.50
10 584.44 633.55 632.95 691.63 *685.31 *731.75 *725.51 786.23
11 565.35 619.34 682.31 *656.83 713.90 *718.79 776.82
12 544.64 *603.82 671.58 637.37 697.95 *705.67 *766.21
13 522.72 *586.65 680.86 *674.59 *754.33
14 499.60 *568.48 646.36 662.43 *658.07 *741.48
15 474.90 *548.89 *642.93 *639.13 *728.68
16 449.14 *528.35 616.78 *622.49 *618.47 *703.76
17 421.94 *506.36 600.03 *602.05 *596.25 *687.95
18 393.63 *482.91 *569.62 *545.88
19 *458.32
20 *432.52
21 *405.28




19%

(6—0) Band (7-0) Band
J P(J) “QqJ) “P(J)+“R(J) SR{J) °P(J) Q) “PJ)+“R(J) SR(J)
0 69986.22 69992.95 70965.26 *70972.01
1 69985.14 984.78 996.27 70964.37 963.85 *975.12
2 69974.71 982.14 981.62 *998.00 *70953.74 *961.21 960.58 *976.66
83 965.45 977.64 977.10 *998.00 *044.45 956.64 956.07 *976.66
4 *054.67 971.62 971.10 996.72 *033.57 950.49 949.90 *975.12
5 942.52 964.11 963.58 993.92 *921.41 942.81 942.21 *972.01
6 928.81 954.99 954.67 989.59 *9(07.46 933.57 932.94 967.49
7 913.59 *944.60 944.03 983.79 892.10 922.82 922.19 *961.21
8 896.89 932.56 932.00 976.45 875.19 910.54 909.84 *953.74
9 878.68 919.03 918.44 967.49 856.74 896.64 895.93 *944 45
10 858.91 904.01 903.41 957.14 836.69 881.32 880.62 *933.57
11 887.47 886.88 *944.60 815.25 864.39 863.71 *921.41
12 869.47 868.86 792.09 845.95 845.23 *907.46
13 849.89 849.40 825.97 825.27
14 804.55 803.63
(12-0) Band (14—0) Band
J QW) P(J)+“R(J) SR(J) °Pd) “QU)® SR(J)
0 *77300.37
1 *75581.49 *75581.49 299.06
2 *578.58 *578.58 77288.71 295.19 77308.94
3 573.03 572.52 279.04 289.99 308.39
4 *566.39 *566.39 267.94 282.85 305.20
5 557.85 557.29 254.67 274.09 *300.37
6 *547.46 *547.46 240.13 *263.67 294.36
7 535.67 *535.11 223.59 250.97 285.70
8 522.25 521.28 75562.07 205.30 237.19 275.87
9 551.06 185.15 221.21 *263.67
10 203.17 250.62
11 139.36 183.39 235.02
12 114.50 161.94 218.05
13 087.38 139.36 199.30
14 058.50 114.50 179.22
15 7027.95 088.12 157.65
16 6995.59 060.29 133.27
i 7031.04 108.07
18 6999.88

# All three Q-type branches unresolved.

*Blended lines.



TABLE 5. Observed wave numbers in the e 3%—X '3+ system of CO—Continued

(15-0) Band (17-0) Band
. J P(J) Q) “P(J)+“R(J) SR(J) °P(J) Q) * SR(J)
(@1}
[\V)
0 78135.46 *79738.16
1 78128.70 78127.80 137.83 79730.59 *739.92
2 124.92 124.12 138.27 79720.50 726.94. *739.92
3 78108.56 119.51 118.67 137.01 710.94 721.02 *738.16
4 097.22 112.30 111.50 *133.75 699.41 713.66 734.79
5 084.10 103.19 102.46 128.89 686.08 704.45 729.13
6 069.21 092.47 091.53 122.20 670.89 693.06 721.77
7 052.48 *079.87 078.99 113.63 653.80 679.82 713.01
8 033.95 065.34 064.63 103.31 634.84 664.92 701.87
9 049.12 048.31 091.23 514.11 648.17 688.96
10 031.10 030.32 077.13 591.44 629.57 674.44
11 061.31 566.58 608,78 657.38
12 540.51 586.41 638.68
13 512.29 561.87 618.35
14 482.03 535.78 596.12
15 450.02 507.69 571.87
16 416.13 477.72 545.71
17 380.35 445.83 517.79
18 342.70 412.10 487.95
19 303.31 376.50 456.19
20 338.97 422.37
21 218.74 299.58 387.45
22 350.04
23 215.30




9%

(21-0) Band (24-0) Band
J YP(J) Q)@ SR() OP(J) Q) SR(J)
0 82699.11 84685.64
1 82692.41 *700.67 84679.01 *686.15
2 *82682.35 688.31 *700.67 *84668.49 674.69 *686.15
3 672.67 *682.35 698.32 *659.51 *668.49 682.90
4 660.79 674.20 693.69 647.14 *659.51 677.74
5| 646.85 664.13 687.37 632.97 *649.14 670.33
6 631.45 652.05 678.75 616.62 *635.86 660.91
7 613.46 637.89 668.20 598.34 621.06 *649.14
8 593.83 621.75 655.74 577.79 604.01 *635.86
9 572.07 603.10 641.19 555.14 584.73 619.79
10 548.15 583.61 624.74 530.17 563.33 601.68
11 522.40 561.23 606.21 503.34 539.73 581.56
12 494.40 537.08 585.59 474.25 514.00 *558.64
13 464.44 *510.94 562.87 442.94 486.22 534.64
14 432.68 *482.89 538.18 409.62 456.32 507.89
IS 398.97 *452.95 *510.94 374.04 424.00 479.16
16 420.07 *482.89 336.48 389.64 448.24
17 *452.95 353.16 415.16
18 379.85
(25—-0) Band (27-0) Band
J °P(J) QM) ® SR(J) OP(J) “QU) SR(J)
0 85295.04 *86434.92
1 85290.52 297.59 *434.92
2 285.91 206.71 86418.05 *86423.37 433.47
3 *85270.52 279.70 293.39 *407.65 416.26 429.56
4 *258.62 *270.52 288.07 *395.67 *407.65 *423.37
5 *244.23 259.52 280.29 381.97 *395.67 415.34
6 *228.76 246.59 *270.52 364.20 381.26 404.59
7 *209.20 231.24 *258.62 345.08 365.48 391.71
8 *188.42 *213.57 *244.23 323.63 347.06 376.43
9 *165.39 *192.40 *228.76 299.89 327.00 358.89
10 *140.21 172.30 *209.20 273.88 304.17 339.12
11 *112.02 148.89 *188.42 245.59 278.94
12 122.98 *165.39 215.04 251.43 292.47
13 *051.73 *5093.28 *140.21 182.18 221.66 265.89
14 *5017.43 *112.02 147.13 189.46 236.77
15 155.48 205.43
16 4942.82 *051.73 171.74
17 4957.28 *017.43 135.73
18 917.88
19 871.62




TABLE 6. Band origins and B-values for the

e 3T~ —X1Z+* system

The analyses of two new I —X bands and one new
D —X band are given in tables 9 and 10, respectively.
A second new band head of the D—X system, (6-0),
has also been observed at 1398.0 A, but the band is too
overlapped to be thoroughly analyzed.

The vibrational assignment of the new I—X bands
as (21-0) and (24-0) was obtained by a reasonably
short extrapolation of the band origins and B/ -values
observed earlier [4]. The assignment of the (21-0)
D —X band is somewhat less certain since only three
other bands of this transition have been observed,
viz, the (1-0) and (6-0) bands for the '2C!$0O and the
(1-0) band for the »C'60 isotope. The assignment of
the D'A—X!3+ band at 83644 cm™! to the »' =21
level is based upon an extrapolation from previously
reported data [5] and upon the correlation of the spec-
troscopic constants of the D'A state with those of
other states from the same electronic configuration.

The values we, xwe, and a. determined from the
three most probable assignments of the levels in
question are:

v’ 20 21 22
We 1074.0 1094.0 1109.4
xXWe 7.69 10.20 12.11
Qe 0.0175 0.0167 0.0159

v Vé’r(no,bls) V‘é(ncﬁllc) Béil(r?l_)ls) B:::nciillc) Footnotes
0 63704.85 63704.85 1.2748 1.2748 (&)
1 ©64802.74 64801.55 ©1.2582 1.2573 @
2 65877.91 65877.79 1.2403 1.2399 ©
3 66933.75 66934.05 1.2225 1.2225 (©)
4 67970.84 67970.71 1.2048 1.2053 ©
5 68988.08 1.1882
6 69986.64 69986.41 1.1712 1.1712 (2)
7 70965.85 70965.88 1.1540 1.1544 (a)
8 71926.47 71926.63 ¢1.1360 1.1377 (b)
9 72868.75 1.1210

10 73792.28 73792.29 1.1052 1.1045 (b)

11 74697.27 1.0880

12 75583.55 75583.66 | ¢ 1.0636 1.0714 @

13 76451.39 1.0549

14 77300.59 77300.35 1.0404 1.0382 (&)

15 78130.39 78130.37 1.0198 1.0214 @)

16 78941.22 1.0045

17 79732.45 79732.61 0.9857 0.9872 @)

18 80504.15 0.9695

19 81255.38 0.9514

20 81985.69 0.9328

21 82694.39 82694.37 0.9144 0.9135 (Y

22 ©83379.8 83380.56 0.8934 (@)

23 84043.20 0.8725

24 84681.14 84681.06 0.8511 0.8506 (2)

25 85292.60 85292.68 0.8269 0.8275 @)

26 85876.34 0.8032

27 86430.08 86430.07 0.7775 0.7775 (@)

4 Data from transitions reported in this paper.

" Data from Herzberg and Hugo [1].

¢Data for upper state levels of transitions for which line assignments were reported by
Herzberg and Hugo [1]. The constants and band origins given here are from measurements
and analyses of new high resolution plates.

4From observed band head.

¢ Perturbed band origins and B/-values not included in the least squares fit.

because of Coriolis interactions of the I and D states
with the A'Il state. The I—X bands consist of a
single Q-branch and the D —X bands consist of P, Q,
and R-branches.

TABLE 7.

From a comparison of these constants with those of
the d?A; state and other states of the same configura-
tion the v’ =21 assignment is the most probable.

Band origins and B,-values obtained from the new
bands observed here have been combined with similar
data from the earlier work to determine revised spectro-
scopic constants for the 1'2- and D'A states. The
band origins and B -values for the two states are given
in tables 11 and 12, respectively. The constants are
given in tables 13 and 14, respectively. The constants
for the D 'A state are necessarily less accurate than
those for other systems since so few D — X bands have
been observed.

Vibrational and rotational constants for the e 33~ state®

Y(9=1.2836 £0.0013 cm™!
Y(V=(=1.7528 =0.0657) X 102 ¢cm™!
Y{P=(0.0707+0.9809) X 10~ cm™!

YV =(6.6755+5.4187) X 10~% cm™!
YU = (—2.9415+0.9810) X 107 cm !
T =63148.65+0.30 cm ™!

T\ = 64230.24 +0.30 cm !
Y®=1117.72+0.28 cm™!

Y% =—10.686 = 0.092 cm !
Y®=(1.1744£0.1284) X 10~" ¢cm~!
Y= (—5.5044 +0.8598) X 10-* cm™!
Y%= (1.5900+0.2725) X 10~* cm ™!
Y = (—2.7042 +0.3278) X 105 cm !

B.=Y(-2=1.2836+0.0024 cm~!
—a, = Y119 =—0.0174%0.0005 cm~!
Tuo=63074.85+0.30 cm !

T¢H=64230.9+2.0 cm™!

w. =Y P=1116.5+1.5 cm~!

—xw, =Y23)=—98+0.4 cm™!
°[)'=6.0xX10"%cm!
1,=21.806 X101 ¢ cm?

ro=1.384 A

# See footnotes of table 3.

" Constant )’ -value used to determine B/-values.
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TABLE 8. Observed wave numbers in the
e3Z-—X!3t system of 3C¢0

(2-0) Band

J P(J) 2QJ)* SR(J)
0 65842.06 65849.27
1 841.03 852.29
2 | 65830.95 838.46 854.50
3 *822.33 *834.73 855.33
4 812.25 829.21 854.88
5 800.97 822.82 853.10
6 *814.98 849.98
7 805.86 845.53
8 79533 #839.73
9 783.17

10

11 814.98

“Blended lines.
@ All three Q-type branches unresolved.

TABLE 9. Observed wave numbers in the
[ 13- =X '3* system of CO
(21-0) Band (24-0) Band
J QW) QW)
7 84542.19
8 524.61
9 82680.62 504.66
10 659.83 482.53
11 *637.30 458.09
12 611.72 431.62
13
14 555.50 371.70
15 524.15 338.47
16 490.16
“Blended lines.

TABLE 10. Observed wave numbers in the D'A—X '3+
system of CO

(21-0) Band
J ) Q) R(J)
3 *83643.56
4 *635.16 *83643.56
5 83615.67 *624.79 *635.16
6 601.98 *612.33 *624.79
il 585.32 *597.90 *612.33
8 567.17 *581.34 *597.90
9 547.07 563.23 *581.34
10 524.85 542.50 562.69
11 500.45 *520.07 541.64
12 474.01 495.40 518.73
153 445.53 468.71 493.66
14 415.09 440.04 467.01
15 409.18
16 407.78
*Blended lines.

429-270 O -1 - 5

TABLE 11. Band origins and B, -values for the
[13-—X '3+ system
v’ Vo (obs) vo(cale)? B/ (obs) Bi(calc)“
cm- cm™! cem! cm™!
0 64546.25 1.2613
1 65617.32 65617.24 1.2427 1.2434
2 66667.04 66667.28 1.2268 1.2258
3 67696.60 67696.65 1.2085
4 68706.08 68705.60 1.1915 1.1915
5 69692.39 69694.34 1.1748 1.1745
6 70662.70 70663.05 1.1568 1.1576
7 71611.85 1.1406
8 72540.86 1.1235
9 73450.10 73450.12 1.1060 1.1062
10 74339.65 1.0888
11 75209.42 1.0710
12 76059.70 76059.33 1.0538 1.0530
I8 76889.00 76889.26 1.0347
14 77699.02 1.0160
15 78488.45 78488.37 0.9967 0.9971
16 79256.90 79257.01 9778
17 80004..59 .9582
18 80730.67 .9384
19 81434.80 .9183
20 82116.40 .8979
21 82774.91 82774.87 o511 15 .8775
22 83409.53 .8569
23 84019.61 .8363
24 84604.27 84604.28 .8158 .8158
“ p(cale) and B/(calc) were calculated from polynomials for which the coefficients are

siven in column 1 of table 13.

TABLE 12. Band origins and B, -values for the
D'A—X "3 system
v’ Yy B
cm! cm!
1 66464.65 1.2318
AR
21 83655.40 0.8977

# Band origin estimated from band-head measurement.

6. Determination of Vibrational and
Rotational Constants

The vibrational and rotational constants were ob-
tained from least squares fits of the observed data to
expressions of the following form:

Vero=TW+ YW (0+3) + Y (v +8)2+ . . . +
Y(':‘)(U—F%)"
and nG
B.=Y(W Y (o +3) + VM (v )2+ . . . +

Yoo+ )m,
where n and m are labels on the coefficients to indicate
the order of the power series in (v+%) used to fit the
observed band origins v,_¢ and rotational constants
B, respectively. T, is the energy separation between

465



TABLE 13.

Vibrational and rotational constants for the I ' £~ state?

Y(9=1.2705+0.0014 cm~!

Y(9= (—1.8480 +0.0762) X 102 cm~!
Y(9= (29114 +1.2118) X 10~* cm~!
Y(0= (—2.0925 +0.7242) X 10-5 cm~!
Y(h= (3.6358 = 1.4306) X 10-7 cm~!
T()=64002.81 +0.96 cm~!

() =65084.40 £ 0.96 cm~!
T()=1092.218+0.69 cm !
Y()=—10.7043 +0.1572 cm~"!

Y= (5.5376 =1.5139) X 10~2 cm~!
Y= (—1.0798 +0.6418) X 10-3 cm~!
Y(5) = (—1.7895+0.9896) X 10-5 cm~!

Be=Y(!»»=1.2688+0.0014 cm~!
—oe =Y(1»¥=—0.0170+0.0008 cm~!
Too=64546.2 = 1.3 cm~!(calc)
T.2-3=65086.6 =2.5 cm™!
We = Y(120' 3=—1090.0+2.1 cm™!
—xw, =YY% »=—10.1%=0.15 cm™!
PPD=9.0X10-% cm™!
1.,=22.061 X 10-%° g cm?
re=1.392 A

2 See footnotes of table 3.

b Used as constant for all levels (determined from the analysis of the 2-0 band).

TABLE 14. Vibrational and rotational constants for
the D 'A state

Be=Yy=1.257cm™!
—ae=Y;=—0.017cm™!

we = Y10=1094.0 cm™!
—xwe = Y5=10.20 cm™!
Toy=65391 cm™!

the v=0, /=0 energy level of the ground electronic
state, X!2*, and the minimum of the potential energy
curve of the excited electronic state. T, is obtained by
adding the zero-point energy of the X '3+ state to Teo.

Traditionally, spectroscopic constants would be
determined from the empirical fit of all the observed
data to the above expressions. The coefficients ob-
tained would be the Dunham coefficients and the equi-
librium constants Be, w., etc. would be obtained by
applying the Dunham corrections to these coefficients.
Since the Dunham corrections for a molecule like CO
are very small, one would normally set the first few
Dunham coefficients approximately equal to the equi-
librium constants (for example, B, = Yy;).

We have not followed the traditional procedure here
for the a’, e, and I states in CO for reasons discussed
now. For these states the observed data extend over
such a large portion of the potential energy curve that
relatively high order expressions are required to fit
the observed data. The coefficients of the high order
-expressions, however, vary considerably as a function
of both the order of the expression used and the number
of data points included in the fit. Therefore, the first
few coeflicients of a particular high order least squares
fit including all the observed data do not necessarily
represent the best values for the equilibrium constants.

The best equilibrium constants can be determined
by fitting the observed data for the lower vibrational
levels to relatively low order expressions. The disad-
vantage of quoting only these values for the spectro-
scopic constants is that they do not accurately repro-
duce the observed data for the higher vibrational levels.
We have, therefore, chosen to report here two sets of
constants for the states mentioned above. (1) A high
order set of coefficients, which taken as a set reproduce
the data over the entire observed range and which
further: (a) predict rather accurately any missing data

points within the range of observed data, even at high
vibrational levels, and (b) give a smoothed polynomial
for all the observed data from which potential curves
and subsequently Franck-Condon factors can be calcu-
lated. (2) A set of low order coefficients which are
individually meaningful within stated error limits and
which best correspond to the traditional equilibrium
spectroscopic constants.

The set of equilibrium constants were determined
in the following way. First, the coeflicients were ob-
tained for two or more low orders as a function of the
number of data points included in the fit. For example,
the B.-values of the e 33~ state were fit to expressions
of first and second orders. For each order the least
squares fit is performed repeatedly, successively ex-
cluding the highest-v B,-value of the previous fit
until the number of B,-values included is just greater
than the number of coefficients in the expression. Then
the values of a particular coeflicient, for example, Yy,
are plotted against the number of vibrational levels
included in the fits for the two orders. Such a graph is
illustrated in figure 1. The error bars indicated on the
plotted values represent one standard deviation as
given by the least squares subroutine ORTHO. The
quoted value for the equilibrium constant is then deter-
mined visually from the graph and the size of the error
limits chosen to enclose most of the values in the stable
range of the coefficient. Therefore, the value quoted is
relatively independent of the order of the expression
and the number of data points included in the fits.

The set of high order coefficients is that obtained
from a single least squares fit of the observed data to
expressions of the particular order indicated by the
superscript on the coefficients. The limits given in
the tables for these coefficients are one standard devia-
tion. The values of an individual coefficient, particularly
those of the higher terms, are very much dependent on
the order of the expression and the number of data
points included in the fit. For this reason the individual
coefficients are rather meaningless, but the set taken
as a whole is significant to the extent that it gives a
smoothed polynomial that accurately represents the
data over the entire observed range. These polynomials
are very useful for interpolation, but it would be very
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FIGURE 1. Graphical display of Yo-values for the €%~ state de-
termined from least squares fits of the Byvalues to first and second
order expressions as a function of the number of By-values included
in the fit. The error bars on the Yo, circles and triangles, indicate
one standard deviation as given by the NBS least squares sub-
routine ORTHO. The equilibrium constant B, =Y{'? and its
associated error limits were determined visually from the graph.

dangerous to extrapolate them outside the range of
observed data.

We are greatly indebted to G. Herzberg, A. M. Bass,
and F. Alberti for their help in obtaining the plates at
the National Research Council of Canada and to R.
Naber for his help with the experimental work at the
U.S. Naval Research Laboratory.
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