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Table 9. Vibrational Energy Levels and Molecular Constants for CO2 (Contd)

20012
12211  c
12211 d
20011
01121  c
01121  d

21113  c
21113  d
1,312 cd
21112 6
21112 d
13111 cd
21111  c
21111  d

3Wl.
22213 c
22213  d
30013
22212  c
22212  d
30012
22211 c
22211 d
30011
11122 c
11122  d
00031

31114 5
31114  d
31113 c
31113 d
31112 c
31112  ”
31111 c
31111  d
01131 c
01131 d

40013
40012
10032
10031

0 0 0 0 1

01101 c
01101 d

10002
02201 c
02201 d
l o w l

11102 c
11102  d
03301 cd
11101  5
11101  d
oooll

20003
12202 c
12202 d
20002
04401 cd
12201 c
12201  d
20001
n1111  c

21103 c
21103 d
13302  cd
21102 c

4987.3% 0.m6a.7 1.4,
4939.80 .36631 1.44

1.40
4991.350 .3%705 0.94
5166.600 .394695 1.33

.365305 1.33

5357.004 36%14 1.50
:390106  1 . 6 9

5397.09 .39978 1.30
5519.%4 .39,036 1.16

.396206 1.30
5599.17 .39907 1.44
S662.269 .3%637 1.10

.397936  l . w

5951.600 .39%40 2.326
5970.949 .39%13 1.57

1.33
6119.618 .36754d I.786
6155.37 .38852 1.36

1.30
6241.964 .385859 1.113
6326.049 .399103 1.04

1.35
6363.616 .397033  0 . 9 0 6
6374.49, .36521 1.46

.36607 1.56
6790.215 .311353 1.33

6552.954 .3*0959 1.63
.39a9% 1.63

6736.6% .397x9 1.63
.399906 1.59

6692.054 .3963,9 1.33
.397,06 1.m

7046.029 .38W% 1.23
.396236 0.93

,39,.599 .381903 1.33
.362391 1.33

7481.510 .395435 0.33
7600.130 .38%55 0.63
7981.1~0 .3922,5 1.52
9ce9.040 .,a0735 1.26

IDtom b29
0.00 .366164 1 . 1 1

662.36A .,6.95cm 1.13
.369129 1.13

1259.430 .369114 1.26
1325.15 .369520 1.20

1.16
13665.645 .36%02 0.962

1901.748 .,6045 1.23
.36925 1.26

1%9.326 .370162 1.20
2049.346 .36860  1 . 0 6

.36954 1.01
2332.112 .36526, 1.11

2SOO.776 .366463 1.44
2549.425 .36954 1.25

1.27
2614.235 .36780,  1 . 0 4
2651.975 .37095 1.22
2729.264 .36966  1.30

1.07
2727.229 .369039 0.77
2%2.106 .365,0, 1.13

,127.,1 .36855 1.34
.36 67 1.43

3200.15 .3 r23 1.28
3291.07 .36917 1.14

21102 d 32*1.07
13301 cd 3d04.93
21101  c 3453.99
21101 d
10012 3571.143
02211 c 3632.52

d
'Wll 3675.130

3cco3 3056.65,
3wo2 39.7.610
11112 E 4261.19
11112  d
03311 cd 4293.35
11111  c 4346.13
11111  d
00021 4639.502
20013 4791.260
12212 c 4936.63

d
2w12 4904.%0
12211  5 5012.55

d
20011 5041.s70
01121  c 5277.147

d
21113 c 5406.069

d
21112 c 55%.553

d
21111 c 5727.046

d
10022 %%.022
02221 5 J9lS.23

d
10021 5959.5%
30014 W92.591
30013 6127.792
30012 62%.  592
30011 6429.172
-31 6922.210

10032 6120.104
10031 9220.363

0.36916 1.12
.370,, 1.2-a
.36aBl O.%
.37007 0.90
.361294 1.27
.366595 1.19

1.1s
.365524 0.95

.36,405 1.24

.369174 0.91

.36%66 1.23

.366423  1.m

.36726 1.19

.365716 1.05

.366%9  1-w

.362372 1.11

.365734  1 . 5 0

.366707 1.25
1.27

.3648.4 1.11

.3%735 1.26
1.06

.366126  O.%

.36%69  1 . 0 6

.I363356  1.m

.36%93 1.41

.3%904 1.31

.%5311 1.10

. %a60 1.10

.365949 1.11

.%I136 0.01

.361490 3.357

.%376 1.18
1.15

.362605 0.0%

.366337 1.79

.364495 1.31

.365274  0.94

.366616  0 . 6 0

.35%79 1.10

.359694 1.25

.35%56 0.95
I.o-  627

w o o l 0.w .37%41  1 . 2 0 s

01101 c %4.,35
01101  d

10002 1271.975
02201 c 1329.97
02201 d
10001 1376.29

11102 5 1916.31
11102 d
03301 cd 1995.%
11101 e 2062.41
11101 d
00011 2340.01

20003 2523.58
12202  c 2%6.33
12202  d
20002 2641.26
12201 c 2743.66
12201 d
2wOl 2776.00
01111 6 2992.310
01111 d
10012 3590.%
02211 c 3645.02
“2211 d
lWl1 3693.64

.379065 1.22

.37%39 1.22

.379736  1.40

.YoO61 1.24
1.22

.37(*01  1 . 0 4

.37903 1.27

.37%9 1.32

.37977 1.22

.37994 1.15

.37%7 1.10

.37%59  1.20

.37924  1 . 6 0

.360129 1.35
1.25

.37614 1.18

.3mo5 1.20
1.2 ,

.37927 0.8s

.376103 1.22

.376664 1.22

.,‘I%35 1.38

.377091 1.24
1.22

.375754 1.06

11112  c
11112  d
11111  E
11111 d
00021
20013
26012
20011
21112 a
21112 d
00031

01101 c
01101 d

10002
02201 c
02201 d
10001
00011
mQQ2c
01111 c
01111 d
10012
02211 c
02211 d
10011
00021
20012

owol
01101 c
01101  d
ldOO2
02201 c
02201 d
10001
WOll
01111 6
01111 d
16002
10001

00001
01101 c
01101 d
10002
OJ2olC
02201  d
ldOO1
00011
01111 c
01111 d
10002
10003

00001
01101 e
01101 d
oooll

4223.33 0.37616
.377w

4367.09 .3,600
.376%

4655.205 .372674
4921.500 .3x411
4939.350 -375131
5064.910 .376321
5593.645 .37%as

.I76759
6M5.610 .36%91

I -  6 %
0.w . Wlrn

643.23 .36657
.36912

1244.9, .36620
llM..M .36951

1342.37 .36644
2265.973 .3653%
1996.43 .36779
299,. M . MS79

.36633
3490.39 .365%
3529.59 .36671

3567.54 .36515
6S06.749 -36260
4814.570 .364610
z- 637

0.00 .37%5.
645.72 .379036

.37%27
1254.93 .37900
1292.90 .3owo

1355.52 .3,*49
2274.33 .375,9
2910.36 .37617

.37675
3509.07 .37643
3609.05 .,‘I%0

ImotoP9 am
0.00 .3u799

6S7.33 .347224
.347736

1230.20 .34620
1315.w .3UlZ

1347.22 .34776
5313.97 .34412
2959.06 .34415

.34sM
3125.205 .343Mo
3639.067 .34d4%

1Mop  726
0.00 .3%95

659.70 -35737
.35799

1322.52 .3%19

1.31
1.34
1.18
1.15
1.20
1.62
1.21
1.00
1.22
1.22
1.20

1.11

1.12
1.12

1.30
1.14
1.11
0.90
1.11
1.04
1.12
1.12
1.26
1.14
1.12
1.01
1.11
1.11

1.21
1.22
1.22
1.40
1.22
1.22
1.04
1.21
1.22
1.22
1.41
1.11

1.04
1.04
1.04

1.10
1.04

1.04
1.04
1.04
1.16
0.907

1.07
1.09
1.00
1.07
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this scheme, v2 is always equal to J! .) The desirability 01 lahclling the states in

Fermi resonance by the same symbols except for r is to emphasize the very

important role played by the Fermi resonance, which is very nearly exact for most

of the groups. It must also be emphasized very strongly that the long-established

custom of calling the upper level of the (10’0, 02’0) resonance at 1388.18 cm
-1

,

pl, and the lower level at 1285.41, 2~~. is not only confusing the issue, but is

wrong, since the now ten year old work of Amat and Pindert (19651 has shown that

the unperturbed position of 2~; lies above that of yol, in the 626 isotope. This is

also true in 627, 628, and 828, but in 636, 637, 638, it lies below. It seems vastly

preferable always to label the upper level 10001 and the lower 10002.

4.2.2 LINE INTENSITIES

The intensity data (summarized in Table 10) are based on quantitative studies

of resolved lines where such exist; and where not, on total intensities in a given

region. The relations between the strengths of the principal band in a region and

its associated weaker “hot” and isotopic neighbors were based on computations

relating the transition moments to the vibrational eigenfunctions, taking into ac-

count terms up to the quartic in the molecular constants, with particular attention

to the degree’of Fermi mixing in the states, and an approximate calculation of the

“unperturbed” (before Fermi mixing) transition moments. This procedure appears

to give fairly good agreement for the ground-state and “first-hot” transitions in

such Fermi groups as 2001-0000 and 3001-0000, and seems adequate for estimating

strengths of higher unobserved hot bands. However, when experimental data are

available (Burch, 19701, as for the 12201-11102 band at 828.28 cm -1 , these were

used.

For the isotopic molecules, empirical data were again used where available,

as for 628 bands which are forbidden in the symmetric molecules. When the iso-

topic bands overlap stronger bands of 626, the abundance ratios were used to

estimate the total strength of a group, but the particular Fermi parameters were

used to divide the strengths.

The influences of vibration-rotation interactions on line intensities has been

measured  in some cases. As a generalization, it can be said that these are usually

negligible for the parallel bands (f ’ - I!” = 0) but become of considerable impor-

tance for all the perpendicular bands ( 1’ - 1” = t 11 except those in the 15 pm-
region. For all the other bands, Coriolis-type resonances are responsible for

inducing a large part of the transition moment in the R- and P-branches, thus

“borrowing” intensity from the stronger parallel bands, while leaving the Q-

branches unchanged. Accordingly, the latter may remain very weak (or in some

cases be unobservable - for example, the 410 group). We have used the approxi-

mate equation Sm = So, (1 t m Cv12 to correct for this interaction, with the values
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Table 10. Band Origins and Intensities for CO,
L

Ud "P9w -r 'so- & .t 296s
Ce8lt.r ‘.".I La".' top mulCiPlY  by
vo 10-21 -1
tdl, -2 &I,-' i

471.435 20x13
479.929 13302
494.537 ~2202
506.141 12*02
510.337 2,103
526.423 1,102
535.903 11102
542.1% 2,102
544.2.3 11102
546.275 13302
557 A42 1.402
561.097 12202
564.999 20002
569.m. 13302
570.97 ,2202
573.536 13302
576.599 31102
579.605 21102
579.95 2mO2
5.1.424 22203
581.76a 12202
565.297 12202
596.44 11102
569.46 21102
594.2% 2ooo2
595.65 21103
596.444 1,,03
597.062 low2
597.34, 1,102
599.028 *OQo3
599.22, 1,102
601.70 low2
607.14 lOW2
607.27 20003
607.993 20902
6ce.926 10012
609.1, ,OOO2
611.01 20003
615.810 IO003
617.336 loa
616.033 lOW2
619.78 11103
433.170 21103
636.754 01111
637.56 13302
640.670 1,102
642.319 11102
643.23 01101
644.435 11102
645.72 01101
446.11 0220,
647.056 lllO2
646.494 01101

11101 626
12201 626
11101 436
11101 626
20002 626
10001 636
10001 628
20003 626
10001 626
04401 629
0550). 626
03301 62e
11103 62.
044Ol 626
03301 627
04.0, 636
0220, 629
,220, 626
1*101 627
13302 626
03301 626
03301 636
02201 627
12201 6%
11101 626
12202 636
12202 626
0,101 628
0220, 626
11102 628
02201 636
01101 638
01101 427
11102 627
11101 636
01111 626
0111, 637
11102 626
11102 626
01101 636
01101 626
2OaO3 636
2ooo3 626
oooll 636
12202 636
,wO2 636
1ooo2 628
00001 638
lOW2 627
OoWl 637
01101 637
10002 626
OO"O1 636
01101 636
0220, 636
03301 636
04401 636
,,,02 627
1,102 626
ow11 626
12202 626
poou' “29
ooM111 120
13102 624
OOOOI 72”
LIZ”, 636
ooooi 62H
0,101 626
,l,Ol 636
0220, 628
0330, 628
00001 627
01101 627
02201 627
lOoa 636
00001 626
01101 626
0*201 626
20002 626

0.0097
.Wll
.00079 Q
.0516
.W.O
.035
,011 p
.OO?ll

2.723
0.00026 Q

.00253

.WY

.0043

.07,6

.Oca92  p

.OO,,s

.I69

.0376

.ooon  *

.0094
1.934

.034

.0439

.00055  *

.900

.W38

.257
5.19

52.09
0.0031

.?I32

.055
1.17
0.021
.Olll
.0,75
.0106
.I02

6.99
20.5

1410.
o.Oce5

.649

.a21

.O,3
2.60
0.76
3.57
0.,5

.642

.055
212.
960.

73.4
4.69
0.266

.01<2

.0111
16.52
0.995
0.970

.343

.0277

.0442

.I3635

. 0055
330.
26.2
0.104
1.50
0.079

62.2
4.69
0.365
1.56

i 62590.
64%.

392.4
0.332

36.41
0.976
.on

666.109 0330,
666.227 2,,02
669.452 04.01 03301 626
6%.7*5 0550, 04401 626
6 4 9 . 1 0 6  r&601 0550, 626
679.916 12201 11101 629 .060

BUd "PPW -r Iso- sor .t 296x
C.8lc.r Iw.1 -1 top (U'W'Y 4
"0 10-22 mol -1

km-1l d cm-'1 9

481.27
691.52,
693.501
W3.870
696.13
669.679
696.623
699.14
703.477
703.436
707.993
709.80
710.765
711.W6
712."7
713.397
713.59
720.299
720.909
721.563
724.196
724.95
732.54
733.45
736.643
739.624
739.936
739.855
741.736
748.32
746.5%
753.055
754.334
757.497
765.896
770.355
771.273
m1.172
789.916
790.536
791.060
791.452
603.76
926.516
828.265
929.467
657.250
964.694
863.15,
996.542
913.423
915.564
917.627
927.15,
932.760
%I.731
952.310
960.959
963.73
M4.267

1017.670
1023.744
1043.734
1066.135
,071.544
1072.602
LO74.27,
1mo. 356

,239.360
1244.93
1259.430
1271.675
1342.37
1365.645
1376.29
rM6.971)

1946.321
1959.02
1960.232
1965,607
1660.901

,220, 11101
1330, ,220,
11101 10001
32203 Ino1
11101 10001
11101 1ooo1
2220, 21101
10001 01101
1ooo1 01101
21101 20001
20001 111Ol
10001 01101
10011 01111
loool 01101
20002 11102
20001 11201
20001 111Ol
ZWO, Ill01
loaol 01101
1ooo1 01101
11101 02201
2OOO2 1,102
11101 0220,
1120, 2000,
loo02 11102
l1101 0220,
,220, 03301
2110, ,220’
11101 02201
,220, 03301
20002 11102
13301 04401
2,,02 12202
,220, 03301
13301 04401
,330’ 04401
11101 10002
1.40, 05501
11101 low2
11101 mOOa
21102 20903
11101 ,0002
12201 11102
1220, 11102
,220, 1,,02
21101 2WC3
13301 12202
2oool 1,102
01111 11101
02211 12201
OWI, 1OWl
21101 12202
10011 IO001
01111 11101
011,' 11101
10012 20002
2110, 20003
ooo11 10001
ooo,l looo1
00011 moo,
OOOII ,mO2
01111 1,102
owl1 looo2
OwIl ,OOO2
01111 11102
oooll 1ooo2
0221, 12202
01111 1,102

11102 01,Ol
10002 OOOOI
1ooo2 oaool
10002 ooool
loool OoOOl
looo1 oowl
loool ooool
11101 OllOl

21103 0220,
20003 01101
3WO4 11102
3ooo3 11101
2WO3 01101

627
626
626
626
627
626
626
6M

626
629
637
626
627
62.
636
627
626
626
636
628
627
627
636
626
636
636
626
626
627
636
628
626
626
634
626
636
626
626
627
6.26
626
636
639
624
626
624
626
636
626
636
626
626
624

626
626
626
427
639
636
636
6%
627

--

629
638
628
627
636
629
627
629

626
636
626
626
626

.m392  *

.460

.77
9.05
0.13

'II.8
0.0195
.O%

9.20
0.246

.024

.W94

.0202
1.24
0.013
.047
.oom

4.794
,953.

17.9
0.315

,002. p
.0474
.002, Q

3.021
0.70

.0,57

.I76
79.01
0.0025 Q

.0376

.OOOSB  0

.I607 -
3.296
0.00,73 *

.I351

.I%

.w51

.O%

.OIO Q

.0546
11.23
0.0052
.- Q
.201
.OSW
.OllO
.0432
.00495
.0132
.06,4
.w195 Q
.om7
.3556
.w335
.OllU
.-Q

4.910
.w32
.0195
.O?%
.00072

6.324
.0%7
.540
.0295
.a27
.00243

0.035,
.wm
.382
.0220
.OW.6
.%I
.0323
.0516

.ooo33 -.,5

.ow16  -.I5

.oooo4 -.I2

.oooo? -.I2

.0166 -.20
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Table 10. Band Origins and Intensities for CO2 (Contd)

M “ppr  - mo- &.t2969
caltar -1 -1 teQm (IlUPlY by
v, lo-” -1-1
CCr’l cm2 cm-‘, s

1993.146 12202
'"9.514 22203
1*96.490 11102
le%.O% 21303
l%l.?U 11102
1905.435 33M2
1917.‘27 13202
3930.99, 22202
1932.470 11102
19s1.153 21102
1996.602 20002
2003.734 20602
~004.211 23102
2010.022 3ooo3
2037.093 11P31
2049.346 11101
20%-e.. 32203
2062.41 11101
2075.360 22202
2076.965 11101
2093.356 12201
2394.M' 2ooel
2101.996 20001
2107.127 13301
2112.461 21101
2119.119 14.01
2320.546 22101
2327.235 12212
2129.775 20001
2149.245 30001
2157.673 10012
21‘5.461 21103
3170.946 11312
2190.676 20012
2102.507 10033
2205.299 100'2
2224.647 30012
2225.05 05511
2227.99 13312
2229.724 21113
2230.234 21112
2236.2x 04.u
2236.55 12211
2239.355 13212
2240.556 20013
2240.9, 2Wll
3242.264 20012
2242.776 ooo21
2242.73 02211
2245.17 10011
2245.46 10012
2249.356 01121
22U.361 03311
22M.602 11111
2250.744 11312
2251.01 022‘1
2253.24 10012
2253.53 10311
2254.35 03111
2260.045 62231
2260.062 0021
2261.920 10012
2262.66 01111
2262.I)M 10011
22‘5.973 ooo‘l
2271.763 01131
2374.33 00011
2r.367 06611
2291.696 22213
3262.69 04.31
2293.496 WB311
2294.296 122‘1
2296.7,9 05531
2297.305 ‘2212
2299.3s2 13311
3290.615 20012
2290.494 20013
2290.735 13332
2293.420 21112

01101 636
11102 626
00001 636
10002 626
00001 628
Ol2ol 626
01101 626
11101 ‘24
00001 624
loo03 626
01101 636
01101 626
02201 626
lllO2 6%
00001 636
oooo‘ 429
01101 6N
ooool 627
13,02 626
ooool 626
01101 626
OllOl 626
01101 636
02201 626
loool 626
03301 624
11101 626
1220, 626
01101 626
1‘101 626
10001 636
02201 426
lllO1 626
am, ‘26
-2 626
10001 626
1oool 626
05500 636
13302 636
2‘103 636
21102 636
04401 636
1220, 436
12201 636
20003 636
2oQol 636
2ooo2 636
oooll 634
02201 636
30001 639
10002 63(1
01111 636
03301 636
1110‘ 636
11102 636
Of201 637
10002 437
low1 ‘37
03101 *,I3
03201 636
ooo11 636
lOOo2 636
01101 637
loo01 616
ooool 629
"LlOl 636
wool 637
06.501 626
22203 626
04401 626

000031220, :ii
0%01 626
12263 629
13301 626
20002 626
2ooo3 62a
13302 ‘26
21102 626
21103 6262293.621 21113

2296.7" 11111 11‘01 629
ZZ95.022 03311 03301 62.
2m.239 04.33 04401 626
2296262 01211 02211 626

0.00149 -.%
I

2299.442 11313
.w127  -.m 2301.041 12211
.Ol.J -.06
.01101  -.o,
.02976 -.%
.I?% -.%
.4226 -.055
.Ow92 -.m

4.092 -a62
.m707 -.%
.0015 -.M
.oml. -.o,
.0011. -.o,
.00013 -.o,
.l% -.05
.0372 -.Ol
.m2 -.o,
.0052 -.035
.ooes -.o,

22.32 -.041
3.9% - .038
0.0055 -.o.

.0149 -.03

.353 -.03*

.,12 -.ca

.OlM -.033

.4119 -.o.

.00247
1.302 -4%
.a95 -.I0
.0352
.0595 -.05
.0507
.m3
.OOl?Z
.oosw

1.272
O.W261
.00401
.O%%
.OO2,6
.0632
.0384
.129
.0724
-0122
.0256
.OOll.
.149
.0555
.0916
.02M

l.Sl
O.%
1.9 ‘
0.0%.
0.0146
.009@

3 . u
34.6
0.306
20.3
0.62.
12.3
3a.a

l31..
7.15
0.0%9
.03%
.OlS?

9602.
6.0115
.X%2
.0%2
.11,3
.OlO?
. 0110
.,I25
.I919
3%)

:,a5
..a
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0.076

2301.73 01311
3301.m9 10021
2302.365 10022
2305.340 20013
2306.717 20012
2307.02 13112
2307.37 02213
2307.39 00021
2309.295 10011
2,,1.675 03311
2311.713 100012
2311.715 0112‘
2313.744 ‘1111
2313.97 ooo11
2335.15 02232
2315.243 ,11,2
2317.36 10011
2316.%5 10012
2319.73a 01111
2322.52 oooll
2324.146 02211
2324.162 00021
2326.594 lW11
2327.432 lcaO2
2327.575 01111
2332.112 oooll
2336.637 01111
2340.01 00011
2349. 'IL oool1
2367.097 10011
2415.700 10011
2429.547 20011
2429.349 10011
2429.5% 200‘2
WM.159 11111
2464.942 21103
2 M o . 7 7 6  1ooo3
2523.56 20003
2599.43 20003
2414.235 20002
2618.702 23102
2641.26 20002
2757.229 20001
2776.00 20001
379,.622 21101

3125.32, 3OW4
3154.605 22203
3191.45 21103
3275.1,3 30003
3291.07 21102
3269.71 2,102
3339.340 21,Ol
3340.47, 22202
3396.52,  -2
3399.2% 2,113
3450.75 1331,
3460.534 2,113
3465.433 20013
3473.716 L22,l
3492.239 20013
3442.95‘ 2,112
34%. 3% 10012
3 4 9 7 . 4 6 4  3oool
34%.7% 1,112
3500.590 2130,
3504.320 21103
3504.933 14412
3soe.07 100‘2
3509.207 21302
3511.59 lllll
3517.323 20032
3525.205 10012
3527.703 3W14
3527.740 10012
3527.757 22212
3531.93 20013
3533.%2 11122
3S30.922 11112

11102
12201
0‘10‘
1001‘
10012
2om3
20002
1‘102
02201
000‘1

629
6%
929
6%
6 %
626
626
627
629
629
629
626
629
626
624
92.
627
6 %
627
627
626
729
626
626
624
626
627
626
626
627
626
6 %
baa
6 %
6 %
‘26
626
6 %
62.
627
6 %
629
626
627
626
627
626

616
626
626
626
629
636
626
626
626
624
636
636
626
636
636
6 %
63.
‘34
4.34
626
62a
626
637
62.
626
636

626 .I034
636 %.2
6 % .0374
629 .I.1

ue
6293539.005 2wl2 low'

3542.601 11ll3 11'02 6%
394JA95  4oooz 11102 6%

0.6%
3.,7
0.31
0.0119
0.0473
4.252
2.3%
0. UC

10.5
0.0791
4.47

122.9
7.29
1.793
a.54
3.60
1.91
17.33
O.WS
1.29

2%.
1.35

3mo.
20.%

11(13.
1934.

49.7
3330.

.02*

.0023

.@,S

.OOOl. ..O

.OOO?. .40

.oo%?  .30

.O102 .02

.oool? .,4

.00062 .,4

.a17 .,4

.OO63 .14

.Oom .M

.0%‘3

.0174

.0409

.I?%

.3432

.450

.0134

.463
.O put

7.3,.
.I052 .l.
.O,lO
.0475
.0771

:%Y
.,77
.OSU

.0353
4.449

. 076’
3.147

.o m
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Table 10. Band Origins and Intensities for CO2 (Contd)

03301
oooo1
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Table 10. Band Origins and Intensities for CO2 (Contd)
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ooool
OOW1
OUOl
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6M
626
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of c ” included in Table 9. Note that when cv is larger than 0.01, the total band

strength, if defined as the sum of the Q, R- and P-branch lines, z S , may be
much larger than S”v, its value when <v = 0. The entry in Table?0 ?I Sov, not

“Sm m’
As a higher-order effect of Coriolis interactions, transitions with 1 ’ - L” =

+ 2 also become allowed, the effect increasing as m 2
, so that a few such bands are

intense enough to appear; here we list the value of S”v in the formula
Sm = Sov (lm 1 + m2) exp [(-1.439E”)/T]/Qr.

There are also a few special cases of near-or crossing-perturbations, where

a normally v&y weak band “borrows” intensity from a stronger neighbor. A notable

example is represented by the bands at 4808.186 cm-l , where the 40002-01101 band

with zero intensity, resonates with the 21113-01101 band at 4807.692 cm-l.  The

positions and intensities of the individual lines are here calculated using an appro-

priate Coriolis constant and dividing the strength of 21113 -01101 according to the

degree of perturbational mixing.

4.2.3 CO2 LINE HALF-WIDTHS

The half-widths for CO2 were assigned by a linear function of the rotational

quantum number. The work of Yamamoto, Tanaka and Aoki (1969) gave methods of

estimating half-widths for the 15 pm and 4.3 em regions, but the differences be-

tween their limited comparisons of calculated values and laboratory measurements

did not seem to warrant any more complicated procedure in arriving at a half-width

dependence upon J for C02.

4.3 o%one

The band centers and intensities of all bands included in the compilation are

given in Table 11.

The pure rotational transitions of ozone have been calculated using the mole-

cular constants of Lichtenstein, Gallagher, and Clough (1971) obtained from micro-

wave measurements. Transitions with upper state J less than 61 and intensities

greater than 3.5 x 10-24cm-1/mol-cm2 have been tabulated using a value of fl= 0.53D

for the dipole moment. Lines with Ka less than 10 should be accurate to 0.001 cm-‘.

Multiplets up to K, = 12 (~100 cm-‘) have been observed and the calculated contours

agree within the experimental accuracy (see Gebbie et al, 1966). At higher values

of Ka, the calculations become increasingly less certain. However, even the highest

value of Ka included in the listing ( that is, Ka = 20) is substantially less #an the

value of K for which the calculation is divergent. The mean line width has been

determined to be 0.11 (Lichtenstein et al, 1971).



32

Table 11. Ozone Transitions Included in Data Compilation

sand Center
-1cm

ZiSi

-1cm

mol/cm2

Vibrational Transition

Upper State Lower State

Isotope

0.
700.930

1007.693
1007.996
1021.096
1027.096
1028.096
1042.096
1103.157
2110.790
2785.241
3041.200

4.13 x lo-l9
6.70 x 10:;;

;$j ; $20.
4.23 x 10-l’

000
010
101
001
011
002
001
001
100
101
111
003

000
000
100
000
010
001
000
000
000
000
000
000

666
666
666
686
666
666
668
666
666
666
666
666

For the p2 fundamental of ozone, upper-state molecular constants have been

obtained from microwave data by Tanaka and Morino (1970a). For a discussion

of the determination of the band center see Tanaka and Morino (1970b). Transitions

up to J = 60 with intensities greater than 3.5 x lO-23  cm-‘/mol-cm2  have been

tabulated. The dipole moment constant for the p2 fundamental has been taken as

cwlml2)  92 = 0.048D giving a band intensity of 6.76 10~1gcm-1/mol-cm2  based on

the measurements of McCaa and Shaw (1968).

The y3 and vl regions of the ozone spectrum have been studied by Clough and

Kneizys (1965, 19661, and Tanaka and Morino (1968). The positions of the “1 and

v3 transitions for the main isotope are expected to be accurate to 0.01 cm-l for

J less than 40 and Ka less than eight with a degradation of accuracy for higher

values of the quantum numbers. In conformity with the results of McCaa and Shaw
(1968),  the band intensity of V3 has been taken as 130 x 10-l’ cm-‘/mol-cm2.

Also, more lines have been included than were given in the report of Clough and

Kneizys (1965). Goldman, et al (1970) have found that the absorption by large ozone

amounts could not be satisfactorily explained without introducing the hot bands and

the isotopic bands. Since the energy levels are known for the 101, the 100 and the
010 vibrational levels, transitions for the 101~ 100 and 101~ 001 bands may be

calculated directly. The line positions for these bands with J less than 30 and Ka

less than six are presumed accurate to +O. 03 cm -1 . . The line positions for the

011 + 010 hot band have been obtained by applying a calculated shift of - 2 1.0 cm -1

to the v3 transitions of the main isotope.
-1

For J less than 30 and Ka less

than six an error of up to 1 cm may be expected. For the 002- 001
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hot band, a calculated shift of -15.0 cm -1 has been applied to the u3 transitions of

the main isotope. In this case, the rotational levels of the upper- and lower-

vibrational states are not accurately described, and these lines must be considered

to be useful only for their general contribution to the low-resolution absorption in

the region. These shifis have been calculated using harmonic frequencies and an-

harmonic corrections determined from an analysis of the available vibrational

data.

For the 668 and 686 isotopes, shifts of -13.1 cm -1 and -34.1 cm -1 respectively

have been determined from force constant calculations using the structural constants

given by Tanaka and Morino (1968). These shifts have similarly been applied to the

original V 3 line calculations, neglecting the isotopic effect on the rotational con-

stants. Consequently, only the general contribution to low -resolution spectra by

these lines is valid. The intensities of the hot bands and the isotopic bands have

been determined by applying the appropriate Boltzmann correction, isotopic abun-

dance factor, dipole moment matrix element value, and degeneracy factor to the

intensities of the V3 fundamental.

Although the addition of the isotopic bands and the hot bands gives improved

agreement between calculated absorption and the observed absorption for large

ozone amounts, it appears that an intensity anomaly still exists. In the P branch

region ( w 1000 cm-‘) the calculated intensity is evidently too low, while in the R

branch region the calculated intensity is too high. Until better intensity measure -

ments are available, it will be difficult to obtain experimental F factors (see Section 3.2).

The ( p1 + Y 3) combination band (101 - 000)  has been observed and analyzed

using the rig:d rotor approximation by Trajmar and McCaa (1964). The value of

the band center was found to be 2110.79 cm
-1

. The resolution and calibration

accuracy of the observed spectra were not good, so that the line positions up to

J = 20 and Ka = 4 are accurate to only 0.3 cm -1 . The error in line position is

expected to be significantly greater for higher quantum numbers. The band inten-

sity for the tabulated lines is 1.19 x lo-l8 GXII-~ .
mollcm2

The ( y1 t v 2 t Y 3) combination band (111 - 000) at 2785.241 has been studied

by Snider and Shaw (1971). The rigid rotor analysis used gives line positions for

J less than 2zOand K, less than 6 accurate to 0.1 cm
-1

. The intensity for this band

is 2.46 x 10 cm-l and was also obtained from McCaa and Shaw (1968).
mol/cmZ

Constants for the 3 U 3 band (003 - 000) have been obtained from a second

order calculation using the results of Tanaka and Morino (1968). The band intensity

has been taken as i.12 x lo-l9 cm’1/molecule-cm’2 from McCaa and Shaw (1968).

The accuracy of the line positions should not be in error by more than + 5 cm -1 .
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4.4 Nitroua  Oxide

Nitrous oxide is an asymmetric linear molecule (N-N-O) with three funda-

mental vibration-rotation bands, y 1, u2, and u3, at 1284.907, 588.767, and 2223.756

cm-l, respectively, for the main isotope. As for C02, ~1 2 2 p2 so that Fermi

resonance occurs between these two levels, causing shifts of the band centers from

the positions otherwise expected. Five different isotopes provide significant absorp-

tion. When no reference to a particular isotope is made, the most abundant one,

446, is implied. The abbreviated notations and natural abundances of each isotope

used to calculate intensities of the isotopic bands are (4461, 99.043 percent; (4561,

0.358 percent; (546), 0.358 percent; (4481, 0.199 percent; and (447). 0.040 percent.

These values differ slightly from those given in Table 4, the difference arising

from slight differences in the oxygen and nitrogen natural abundances taken from

the 48th edition and the 42nd edition of the Handbook of Physics and Chemistry.*

The 48th edition values were used in the construction of Table 4. These abundance

differences are very small, but can be accounted for by modifying the line intensities

accordingly.

4.4.1 LINE POSITIONS

Table 12 lists the constants used to calculate the line positions. Values of the

vibrational energy, G, are relative to the 00’0 level for each isotope and are prob-

ably accurate to a few thousandths of a cm -1 for the 446 isotope. The uncertainty

is much greater for some of the levels of the rarer isotopes. The majority of the

constants for the 446 isotope and a few for the other isotopes are from Pliva (1964,

1968a, 1968b).  Most of the other values have been derived by Benedict (private

communications1 from a variety of data.

Line positions for the P- and R-branches can be calculated by inserting the

constants from Table 12 into Eq. (6). The selection rules are: AJ = 0, +’ 1.; AL = 0,

+ 1; and J = O+ftJ  = 0. The allowed values of J for a given vibrational level must

be taken into account in order to determine missing lines. For example, in a d*A

band (1’ = 3- 1” = 2) the following lines are missing because of rotational energy

levels that are not allowed: Pl, P2, P3, QO, Ql, Q2, RO and Rl.

A few lines of the 10°l, 06O0, 0620,  and loo1 - loo0 bands are shifted from the
positions based on the constants in Table 12 because of Fermi interactions. These

are discussed in more detail below and summarized in Table 15.



Table 12. Vibrational Energy Levels and Molecular Constants for N20

Energy
Level

OOOO

011=0

OlldO

0200

022=0

022d0

loo0

031=0

031d0

033d0

033co

111=0

llldO

04Oo

042co

042d0

12Oo

122co

1 22d0

2000

oo”l

051=0

051d0

131C0

131d0

133co

133d0

G

-1
(cm 1

0

588.767

588.767

1168.134

1177.750

1177.750

1284.907

1749.058

1749.058

1766.958

1766.958

1880.268

1880.268

2322.570

(2331.15)

(2331.15)

2461.998

2474.785

2474.785

2563.341

2223.756

2897.876

2897.876

3046.213

3046.213

3067.749

’ 3067.749

B

-1
(cm 1

Isotope ,446

0.4190113

0.4191777

0.419969 5

0.4199193

0.4201253

0.4201253

0.4172563

0.4196063

0.4210883

0.420674

0.420674

0.4174673

0.4183803

0.4206113

0.4210113

0.4210113

0.4181483

0.4187143

0 .4187143

0.4224193

0.4155613

0.4177633

0.4193783

0.419109

0.419109

D
Multiply

by 1O-7
-1

(cm 1

1.795

1.785

1.785

2.445

1.165

1.795

1.775

2.195

2.195

1.805

1.805

1.765

1.775

4.095

1.350

2.50

2.465

1.210

1.700

1.645

1.795

2.085

2.355

2.145

2.165

1.805

1.805

M & p l y

by lo-l2
-1

(cm )

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

2.20

0.14

1.17

1.17

16.17

1.17

1.17

3.77

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

0.47

1.87
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Table 12. Vibrational Energy Levels and Molecular Constants for N20 (Contd)

211=0

211d0

ollC1

Olldl

14Oo

142=0

142do

22OO

222=0

222d0

3000

02Ol

022=1

022dl

loo1

031=1

031dl

033c1

033dl

lllC1

llldl

4o”o

32’0

2o01

12Ol

122c1

122dl

002

G

-1
(cm 1

3165.857

3165.857

2798.290

2798.290

3620.941

3631.601

3631.601

3748.252

3766.060

3766.060

3836.373

3363.974

3373.137

3373.137

3480.821

4335.798

4335.798

4446.379

4446.379

3931.258

3931.258

3948.344

3948.344

4061.979

4061.979

5105.65

5026.34

4730.828

4630.164

4642.463

4642.463

4417.379

B

-1(cm 1

sotope 446 (Contd]

0.4158333

0.4169163

0.4157723

0.4165473

0.4187873

0.4190143

0.4190143

0.4163273

0.4172013

0.4172013

0.4141473

0.4165443

0.4167523

0.4167523

0.4137843

0.4159193

0.4176813

0.4143703

0.4156713

0.4162253

0.4176843

0.417327

0.417327

0.4140513

0.4149343

0.4131913

0.4143113

0.4121163

0.4147633

0.4151583

0.4151583

0.4120963

D
Multiply

by 1O-7
-1

(cm 1

1.595

1.595

1.795

1.795

3.885

0.375

2.045

2.395

1.200

1.560

1.385

2.445

1.195

1.795

1.745

2.045

2.115

1.625

1.365

1.915

1.925

1.815

1.815

1.775

1.735

1.795

1.795

1.625

2.475

1.315

1.315

1.765

H
Multiply

by lo-;‘”

(cm 1

1.17

1.17

1.17

1.17

14.17

1.17

1.17

2.77

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

1.17

0.14

2.20

1.17

1.17

1.17

1.17

1.17

4.17

1.17

1.17

1.17
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Table 12. Vibrational Energy Levels and Molecular Constants for N20 (Contd)

Energy G B D H ’
Level Multipl

-7
Multiply

by 10 by lo-l2
-1(cm )

-1
(cm 1

-1
(cm 1

-1
(cm 1

Isotope 446 (Contd)

211C1 5319.175 0.4124313 1.675 1.17

211dl 5319.175 0.4134703 1.555 1.17

011=2 4977.695 0.4123583 1.785 1.17

Olld2 4977.695 0.4131183 1.785 1.17

Isotope 456

OOOO 0 0.4189821 1.75

OllCO 575.5 0.419095 1.75

OlldO 575.5 0.419891 1.75

1000 1280.5 0.41719 1.72

111=0 1861.9 0.41734 1.71

llldO 1861.9 0.41820 1.70

2o”o 2554.3 0.41545 1.67

oo”l 2177.659 0.41568 1.75

OllCl 2739.63 0.415855 1.75

Olldl 2739.63 0.416605 1.75

loo1 3430.95 0.41387 1.72

Isotope 546

OOOO 0 0.4048564 1.64

OllCO 585.320 0.4050304 1.65

OlldO 585.320 0.4057724 1.65

loo0 1269.894 0.403269 1.60

111=0 1863.080 0.4034614 1.59

llldO 1863.080 0.4043814 1.57

2o”o 2534.21 0.401870 1.45

oo”l 2201.604 0.401495 1.65

011=1 2745.709 0.4017054 1.65

Olldl 2745.709 0.4024104 1.65

loo1 3443.659 0.399876 1.60
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Table 12. Vibrational Energy Levels and Molecular Constants for N20 (Contd)

Energy
Level

G

(cm -3

B

(cm -5

D
Multiply

by 1O-7

(cmel)

H
Multiply

by lo-l2

(cm -1 1

Isotope 448

OOOO 0 0.395577 1.65

OllCO 584.1 0.39 5749 1.65

OlldO 584.1 0.396461 1.65

loo0 1247.9 0.394057 1.55

111=0 .1839.8 0.39430 1.56

llldO 1839.8 0.39513 1.50

2o”o 2491.3 0.39279 1.31

oo”l 2218.97 0.392317 1.65

OllCl 2786.80 0.392549

Olldl 2788.80 0.393209

loo1 3439.1 0.39078 1.55

Isotope 447

OOOO 0 0.406691 1.72

OllCO 586.3 0.406860 1.72

OlldO 586.3 0.407610 1.72

loo0 1265.5 0.405961 1.67

oo”l 2221.3 0.40334

OllCl 2793.55 0.403 57

Olldl 2793.55 0.40430



4.4.2 LINE INTENSITIES

Each band system contains a main band and associated hot bands that arise

from transitions from excited energy levels with the same changes Avl, A v2, and

Av3 in the vibrational quantum numbers as in the main band. The changed  1 may

be either 0 or + 1 within the same band system. For example, the 0’01 band is the

main band in a system that also contains the hot bands 0111 - OllO,  02Ol  - 02O0,

0221 - 0220, loo1 +- 10°O, and many others from higher excited energy levels. The
relative intensities of the hot bands decrease with increasing value of the lower

energy level because of the decrease in its population. Thus, only a few of the hot

bands are usually significant. Corresponding bands of the rare isotopic molecules

are also part of the system. The main band of the common isotope accounts for

78 percent to 89 percent of the entire system for 296OK  samples, depending on

the band system.

Table 13 summarizes the normal band systems containing lines with intensities

greater than 4 x 1O-23  molecules -’ 2cm cm -l. Each band system is identified by

the main band whose center position is given. The intensities are based on recent

measurements of the quantity s (-l/u)ln T dv by Burch et al, (1971a. 1971b.  1971c,

1972). The integration was performed over the entire band system, and u is the

N2C thickness in moi;cules cm -2 . The intensity, SQ, of only the Q-branch of the

band at 1974.571 cm is listed because the P and R branches contain no lines with

intensities above the cut-off. The Q-branch may be significant although each of its

lines is very weak because they occur very close together. Bands containing the

06’0 and 0620 levels are not listed because the band systems are very weak. How-

ever, as a result of Fermi interaction between a few of the rotational levels, the

intensities of the corresponding lines are anomalously high and their positions arc

shifted. These lines are discussed in more detail below.

Table 14 lists the intensities of each of the bands with lines above the cutoff

intensity, nominally 4 x 10 -23 molecules -1 2 -1cm cm . Each line entry in the

table corresponds to a given band, and blank lines occur before and after each band

system. Note that 16 bands are listed for the OO”l  band system, whereas only 1 or

2 bands are listed for some of the weaker systems.

Each rotationallevel within a vibrationallevelfor which quantum number L# 0 is

split into two sublevels normally indicated by “c” and “d” (see section 3. 1. 1). A band

involving two A levels, or two 7r levels, or one of each level consists of two sub -bands,

one from the c portion of the lower level and one from the d portion. The c -c portion

of the first sub-band contains only P- and R-branches, whereas the d l - c portion

contains the Q-branch. Similarly, the d - d and the c - d portions of the second

sub-band contain the P t R branches and the Q-branch, respectively. The intensi-

ties;Sv,  given in Table 14 are the total for both sub-bands.
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Center of

Main Band

(cm-‘)

588.767

696.140
938.849

1168.134
1284.907

1634.989
1749.058
1880.268
1974.571
2223.756

2322.624
2461.998
2563..341
2798.290
3363.974
3480.821
3620.941
3748.252
3836.373
4061.979
4335.798
4417.379
4630.164
4730.828
4977.69 5
5026.34
5105.65

Table 13. Summary of N20 Band Systems

Upper
Level

0110

loo0
0001
02Oo
IO00

03lo  0001

1110
2o"o
oo”l

04Oo
12Oo
2o"o
0111
02Ol
1 o”l
1400
22Oo
3o"o
23lO 1111

oo”2
r 1201

2o01
0112
32’0
4000

Lower

Level

OOOO

0110
loo0
OOOO
OOOO

0110
OOOO
OOOO
0110
OOOO

0000
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO
OOOO

Intensity of System

Multiply by 10w2’

Molecules -’ cm2cm1

118 + 9

0.354 t 0.020
0.254 Ti 0.010
38.5 t-i.5
996 540

0.278 t 0.02
0.241 T 0.02
1.66 ta.08

3
= a.024 f 0.002

5 102250

2.7 t 0.3
33.rt  1.5
135 t-7
9.62-t 0.96
10.6 T 0.5
197 t-10
0.56-t 0.02, - 0.05
4.12 t 0.2
8.15zO.4
0.111 t 0.006
0.1 t 6.1, - 0.07
6.9 t 0.7
O.Sct 0.07
4.4 t-b.4
0.071) t 0.008
0.29 t-b.04
0.29 T 0.03



3and Center

VC
-1

(cm 1

588.767
579.367
588.983
580.924
57 1.308
589.208
595.361
585.320
575.5
586.3
584.1

696.140

938.849

1168.134
1160.291
1154.436
1153.40

1177.750

1284.907
1291.501 -
1293.864
1297.035
1278.434
1297.155

.1300.791
1285.589
1280.5
1286.4
1269.894
1277.760
1247.9
1255.7
1265.5

1634.969

1749.058

1880.268
1886.018
1873.231

1974.571

2181.66

Table 14. N20 Band Intensities

Upper
Level

0110
02Oo
0220
0310
03lo
0330
1110
0110
0110
0110
OPO

loo0

oo”l

02Oo
0310
04Oo
0420

0220

loo0
1110
12Oo
1220
2o”o
13lo
1330
2110
loo0
1110
1000
1110
1000
1110
loo0

00°1

0310

1110
1220
1201

2o”o

06’0

Lower

Level

OOOO
0110
0110
02Oo
0220
0220
1 o”o
OOOO
OOOO
OOOO
OOOO

0110

1000

OOOO
0110
02Oo
0220

0000

OOOO
0110
0200
0220
loo0
03lo
0330
1110
OOOO
0110
OOOO
0110
OOOO
0110
OOOO

0110

0000

OOOO
0110
0110

0110

1000

Isotope

446
446
446
446
446
446
446
546
456
447
448

446

446

446
446
446
446

446

446
446
446
446
446
446
446
446
456
456
546
546
448
448
447

446

446

446
446
446

446

446

41

Sv at 296K

(Multiply by 10e2’

Molecules -1 2 -1
cm cm 1

98.4
4.90

11.26
0.599
0.256
0.958
0.216
0.356
0.356
0.039
0.197

0.294

0.223

31.7
5.72
0.201
0.228

See Note A

872.
100.6

3.16
5.92
3.73
0.390
0.364
0.412
3.15
0.354
3.15
0.362
1.75
0.200
0.350

0.231

0.200

1.41
0.156
0.053

%= 0.024

See Note B
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Band Center

UC

(cm -3

2223.756
2209.523
2195.840
2195.387
2195.914
2182.200
2181.386
2181.711
2193.623
2177.659
2164.13
2201.604
2187.389

2218.97
2204.70
2221.3
2207.25

2322.624
2309.109

2461.998
2457.446
2452.807
2453.851
2463.345

2563.341
2577.090
2580.118
2588.310
2551.466
2534.21
2554.3
2491.3

2474.785

2798.290
2775.207
2784.370
2763.124
2753.508
2770.594

3363.974
3342.491

Table 14. N20 Band Intensities (Contd)

Upper
Level

oo”l
0111
0201
0221
1001
0311
0331
1111
oo”2
oo”l
0111
0001
0111

oo”l
0111
oo”l
01%

04Oo
05lo

12Oo
13lo
14Oo
1420
22Oo

2o”o
2110
2200
2220
3000
2o”o
2o”o
zoo0

1220

0111
0201
0221
0311
0311
0331

0201
03ll

Lower

Level

OOOO
0110
0200
0220
1000
0310
0330
1110
oo”l
OOOO
0110
OOOO
0110

OOOO
0110
OOOO
0110

OOOO
0110

OOOO
0110
02Oo
0220
loo0

OOOO
0110
02Oo
0220
loo0
OOOO
OOOO
OOOO

OOOO

OOOO
0110
OlIO
0200
0220
0220

OOOO
0110

Isotope

446
446
446
446
446
446
446
446
446
456
456
546
546

448
448
447
447

446
446

446
446
446
446
446

446
446
446
446
446
546
456
446

446

446
446
446
446
446
446

446
446

Sv at 296K

(Multiply by 10W2’

Molecules -1 cm2cm -1

5023.
568.
16.8
31.8
10.1

1.958
1.88
1.10
0.201

18.1
2.04

18.1
2.10

10.1
1.15
2.01
0.234

2.11
0.54

27.6
4.68
0.239
0.321
0.192

120.
12.2
0.348
0.648
0.696
0.454
0.384
0.192

See Note A

8.06
0.401
0.912
0.025
0.020
0.078

8.82
1.57
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Table 14. N20 Band Intensities (Contd)

3and Center Upper Lower Isotope Sv at 296K

Level
“C Level (Multiplylby 10e2’

-3(cm Molecules cm’cm -3

3480.821 loo1 OOOO 446 173.
3473.212 1111 0110 446 19.24
3462.030 12Ol 02Oo 446 0.563
3464.713 1221 0220 446 1.064
3445.921 20°1 I o”o 446 0.652
3443.659 loo1 0000 546 0.627
3430.95 loo1 OOOO 456 0.627
3439.1 IO01 OOOO 448 0.348

.3466.54 OGOO OOOO 446 See Note B
3474.65 0620 OOOO 446 See Note A and B

3748.252 22Oo OOOO 446 3.52
3747.031 23lO 0110 446 0.512

3620.941 14Oo OOOO 446 0.492

3836.373 3o”o OOOO 446 7.28
3857.612 3110 0110 446 0.698

4061.979 1111 OOOO 446 0.092

4335.798 23lO OOOO 446 0.083

4417.379 oo”2 OOOO 446 6.07
4388.928 0112 0110 446 0.686

4630.164 1201 0000 446 0.597

4730.828 2o01 OOOO 446 3.90
4730.408 2111 0110 446 0.410

4977.695 0112 OOOO 446 0.058

5026.34 3200 0000 446 0.255
5105.65 4o”o OOOO 446 0.255
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The intensities of the majority of the bands have been calculated from the

experimental values for the entire band systems listed in Table 13. Calculating the

intensity of an individual band from that of the entire band system involves the

population of each energy level, the degeneracy of each level, and the relative

transition probabilities.

In some of the band systems, the experimental results indicate that the transi-

tion probabilities are the same for all bands within a given system. However, as

in the 12OO  band system, for example,, the transition probabilities are greater for

the 13lO - OflO  and 14OO - 02OO  bands than for the 12OO  band. These differences

in transition probabilities were found experimentally by comparing the relative

intensities of several isolated lines within the system.

Equations relating the intensities of individual lines to that of the entire band

are given in Section 3. These are applicable to the N20 bands listed in Table 14

with the exception of two forbidden A+ Z: bands, 0220 and 1220, and those listed in

Table 15. The factor ((see Section 3 Eq. (13)) that accounts for the Coriolis

vibration-rotation interaction can be assumed to be zero for all bands in Table 14,

except for the 03lO and 11’0 bands; < equals approximately -0.01 and -0.007,

respectively, for these bands.

Young (1972) has tabulated the relative intensities of the lines within a given

band for which the Coriolis interaction is negligible. A large fraction of the inten-

sity of a band system is in the main band; therefore, uncertainties in the relative

transition probabilities within a band system do not seriously increase the uncer-

tainty of the main-band intensity calculated on the basis of that of the entire band

system. Thus, the percent of uncertainty in the intensity of the main band is

approximately the same as that for the entire band system, whereas the uncertainty

for the hot bands may be greater.

4.4.3 FORBIDDEN BANDS AND PERTURBED LINES

As a result of Coriolis interactions, transitions with 1’ - 1” = + 2 become

allowed. Two N20 bands of interest that arise from such “forbidden” transitions

are the 0220 - OO”O and 1220 - OO”O  bands centered at 1177.750 and 2474.785 cm-l,

respectively. The relationship between the intensities of the individual lines within

a band is different for these bands than’for normal bands. As in the case of CO

the intensities are given by Eq. (151 where Svo q 1.36 x lO-5 molecules -1 2 2’
cm cm

-1

for the 022CO  band and Svo = 9.5 x lo8 molecules-’ cm2 cm -’ for the 122c0

band.

A few rotational levels of the 06’0 vibrational state (centered at J = 461 and

the 0620 state (centered at J = 28) are perturbed by the corresponding levels of

the 10’1 state to such an extent that the normally very weak lines “borrow” enough
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Table 15. Parameters of Perturbed Lines of N20

Line Hand

“0
-1

(cm 1

sJ

x’lo-2o molecules -1

cm2 cm -1

R45
R45

P47
P47

R27
R27

P29
P29

R45
P47

loo1
06’0

1)3508.030 0.207
2)3508.186 0.046

loo1 113430.230 0.136
06’0 2j3430.400 0.031

1 0 0 1 1)3500.040 2.11
0620 2J3499.970 0.0233

1001 113452.330 1.71
0620 2j3452.260 0.0188

1001-1000
1001+ 1000

312226.713 0.0118
312149.246 0.0042

1) The perturbed line positions of the 10’1 band are from observed values
by Tidwell et al, (1960).

2) The calculated positions of perturbed lines of the 06OO and 0620 bands
were determined from known perturbed positions of the loo1 lines and
Toth’s (197la) values of the line separations.

3) The calculated positions of the perturbed 10°l~lOoO  lines were deter-
mined from Toth’s (1971a) results and the positions of the unperturbed
lines calculated on the basis of the constants in Table 12.

4) The perturbed line intensities of the 06’0 and 0620 bands are based on
the intensities of the unperturbed lines of the loo1 band and Toth’s
(1971a) results. The unperturbed line intensities of the 10’1 and
10°lclOoO bands are based on the band intensities given. in Table 13
and Young’s (1972) relative line intensities.

intensity from the loo1 lines to appear, at the same time shifting the positions of

the lines related to these rotational levels (Toth, 197la). The resulting positions

and intensities of the affected lines have been calculated separately and are given

in Table 15. The R27 and R29 lines of the loo1 - loo0 band are not listed in the

table because the changes in their intensities and positions are negligible.

4.4.4 LINE HALF-WIDTHS

Several workers have measured the half-widths of N20 lines broadened by N2,

which is a good approximation to broadening by air. Toth (197lb) has recently

measured the widths of lines in the R branches of the 10’1 and 02’1 bands directly

from observed spectra with a small correction for the effect of the spectrometer

slitwidth. Margolis (1972) has used the same method to measure the lines in both

the P- and R-branches of the OO”2 band. The results of these two workers are in
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good agreement, indicating that there is little, if any, dependence on vibrational

mode. Lewder’s  (1972) recent measurements on the 00’1 band show approximately

the same dependence on J as do the results of Toth and Margolis. although Lowderls

values averaged approximately 10 percent less. Oppenheim and Goldman (1971) have

measured half -widths indirectly by applying band models to low -resolution spectra

of a wide variety of N20 samples. Their results are in fair agreement with those

of Margolis and Toth. Fraley et al, (1962) reported an average value of 0.05 cm-1

a t m -l for lines in the 00’1 band; this value is considerably lower than those

reported by the workers mentioned above.

We have adopted half-widths of N2-broadened lines reported by Toth (197lb)

to be used for atmospheric N20 lines near 296OK. A few values are listed in

the tabulation below; values for other J’s can be found by interpolation and for

other temperatures by assuming the ‘half-widths are inversely proportional to the

0

J cm -1 atm-l

1 0.0915

1:
0.0948
0.0892

20 0.0812
30 0.0767
40 0.0748
50 0.0698
60 0.0604

square root of temperature.

4.5 cub00 Monoxide

For the CO bands, we have depended heavily on the work of Young (1968).

Table 16 provides the rotational constants which were used to compute the line

positions of the main isotope. The positions of the less abundant isotopes were

computed from the appropriate constants for the 26 isotope by applying the ratio

of reduced masses. The accuracy of the line positions in the main isotope is

expected to be about t 0.001 cm-l. The accuracy of the line positions of the other

isotopes will be somewhat less, about + 0.01 cm -1 .

The intensities for the fundamental and first two overtone bands were taken

from Young and are reproduced in Table 17. The intensities for the isotopic bands

were taken to be the same as for the 26 isotope reduced by the relative abundances

given in Table 4 and the square of the frequency. The intensity of the fundamental ’

appears to be known very accurately, perhaps within t 2 percent; the first overtone

is less accurately known to + 10 percent; and the second overtone is known to + 4

percent (see Young and Eachus,  1966); Burch  and Gryvnak  (1967). Half-width

values have been added to the compilation following the work of Hunt et’al, (1968).
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’Table 16. Rotational Constants Used in the Calculation of CO Line Positions

Symbol

Oe
“exe
weYe
Be
ae

Le
Bee

Value

2169.836
13.295
0.0115
1.931285
0.017535
1.01x10-5
6.12~10’~
1.0x10-9

Table 17. Intensities of CO Bands
I\

1-o 2-o 3-o

Intensity, S(cm-l /molecule-em-2) 9.70x10-l8 6.99x19 -20 4.83x10 -22

4.6 Methane

This molecule is a spherical top, in the rigid rotor approximation. It has

tetrahedral (Td) symmetry in the rest configuration of its nuclei. Rotation-

vibration interactions are complicated even for its simplest infrared-active bands.

Starting from the molecular Hamiltonian and the electric dipole-moment operator,

transition energies, selection rules, and intensities may be calculated. However,

the techniques and the results are complex, and it is not convenient to summarize

them here. Therefore, the user is referred to the original papers on this subject

John (1968).  Schaffer et al, (1939),  Hecht (1960).  Moret-Bailly (1961),  Herranz

(1961),  Fox (1962),  Dang-Nhu  (1969),  and Susskind (1972).

For the purpose of the present data compilation, we have established the follow-

ing conventions in notation. The isotopic species 12CH4,  13CH4,  and 12CH3D are

denoted by the digits 211, 311, and 212, respectively, in columns 75 through 77. The

quantum numbers for the initial and final states of a transition are specified in

columns 36 through 69 as follows:

1x 811 1X 212 lA1 111 111 1X 212 lA1 111 111

except for type E symmetry which has for C the format 1X lA1 instead of 1Al 111.

The initial and final state vibrational and rotational quantum numbers have their usual

meanings. To avoid ambiguity, we establish some further conventions for the present

data compilation. The selection rule C’ + C” on Td symmetry is always taken  to be

A1 - A2’ AZ-- Al, E - E, Fl - F2, or F2 + Fl. The numbering scheme for the N’s
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begins with 1, 2, 3 . . . Whenever possible, N increases with increasing ground-

state energy; the stronger lines correspond to the selec$ion  rule, N’ - N” = 0.

This section describes methane spectral data in the 3 to 8.5 Pm region. The

following bands, as summarized in Table 18, have been included: u 2, v 3, v 4, y2+

Y4’ 2Y4’

Table 18. Methane  Bands Included in Data Compilation

Isotope

311

211

211

311

211

211

211

Band

v4
“4

‘ 2
v3

“ 3

2V4
i u2+y4

Center

(cm”)

1297.88a

1305.9138b

1533.289’

3009.53d

3018.9205e

2600f

2818, 2838g

Upper
State

00000s11

00000111

01100001

00011001

00011001

i 00000222

~ 01100112

Lower

State

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Intensity

(cm-l /mole-cm’2)

6.59x10  -20h

5.87x10-18i

8.91x10’20i

1.36x10 -1gh

.l.21x10-17i

1x10’19j

8x10-lgh

a. Kyle et al, (1970)
b. Michelot and Fox (1973)
c. Dang-Nhu (1968)
d. McDowell (1966)
e. Bobin and FOX (1973)
f. Fox (1973)
g. Benedict (1973)
h. l/89 times value for corresponding band of 211 isotope.1. Armstrong and Walsh (1960)
j. 1 /lOO times value for Y 3 of 211 isotope
k. l/15 times value for ~3 of 211 isotope

It is planned to add other weak but significant bands in this spectral region at

a later time.

Many line positions, together with their absolute intensities and widths, have

been included in the present data compilation, even though the corresponding quan-

tum number assignments are uncertain or unknown at this time. It must be

stressed that much odthe needed theoretical and experimental research on spectra

of methane is still incomplete. Consequently, a large portion of the data compila-

tion should be considered tentative and subject to revision at a later time.
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4.6.1 LINE POSITIONS

The band Y 3 at 3.3 pm is the strongest infrared-active vibration-rotation

fundamental of CH4. High-resolution measurements of line positions for

in the range 2884 to 3141 cm” have been used.

12CH4

See Henryet al, (1970),  and Barnes

et al, (1972). Quantum number assignments for the allowed lines from 2840 to 3167

c m -l were made by Bobin and Fox (1973) on the basis of fourth-order perturbation

theory. Some forbidden lines were assigned by Barnes et al, (1972) using third

order theory. Spectroscopic parameters determined for the ground-state and for

v3 of CH4 are listed in Tables 19 and 20, respectively. The corresponding band

of the isotopic species 13CH4 has been measured from 2873 to 3123 cm-l. The

assignments  of McDowell (1966) with some modifications were used. The corres-

ponding spectroscopic parameters are listed in Table 23.

Table 19. Spectroscopic Parameters for Ground State of 12CH4

Parameter Value (cm-l)

B 5.24059+0.00006a

DS
(1.086+oO~03)x10-4a

Dt (4.403+0.099)x10-6b
.A

a. Barnes et al, (1972)
b. Ozier et al, (1970). The error bar is derived from the

values given by Barnes et al, (1972) and Husson and
Dang Nhu (1971).

The band at 7.7 ,um is the next strongest fundamental of High -

resolution measurements in the 1225 to 1393 cm -1
12CH4.

range made by Botineau

(1972) were used to obtain spectral line positions. Quantum-number assignments

for the allowed lines, to J=12  for the R and Q branches, and J=13  for the P branch,

were made by Michelot and Fox, (1973) on the basis of a fourth order calculation.

For J=13  to 15 in the Q branch only, and for some J=13  R-branch lines, quantum-

number assignments were taken from the work of Husson and Poussigue (1971).

No forbidden lines of this band have been included in the data compilation yet. The

determined spectroscopic parameters are given in Table 21. For u4 of 13CH4,  the

measurements of Kyle et al, (1970),  extend from 1226 to 1359 cm”, and possibly

further. The assignments of Kyle et al, (1970) with some modifications were used;

spectroscopic parameters appear in Table 24.
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Table 20. Spectroscopic Parameters* for u3 of 12CH4

Parameter Value (cm-‘) Parameter Value (cm”)

m 3018.9205 4.265~10-~
n 9.87157 if 8.365x1O-5

9”
-4.0622~10’~ -1.925x10-5
-2.959x10-4 ; 2.509x10-7

t”
4.329x10-5
1.942x10-7

j 5.84~10’~
U 2.605~10’~

X -9.11x10-8
-4.7921x10-2

z -5.39x10-8
V 2’ 1.49x10-6
W 3.622~10’~ 2” 7,08x10-*

*B&in and FOX (1973)

Table 21. Spectroscopic Parameters* for U4 of 12CH4

I

Parameter Value (cm-‘) Parameter Value (cm-‘)

m
n
P
9

t”
X
V
W

1305.9138
5.57 52

-6.4l92x1O-2
1.91x10-3
1.479x10-6

-1.llxfO’6
-1.79x10-8
-5.2263~10’~
2.319x10-5

*Michelot and Fox (1973)

The y 2 fundamental at 6.5 fim is relatively weakly infrared-active, by virtue

its Coriolis  interaction with u4. Quantum-number assignments are based on the

results of Dang Nhu (1969) who developed a fourth-order theory and applied it to

unpublished  spectra of moderately high resolution. Spectroscopic paramettrS

are listed in Table 22.

High-resolution Spectra of v2+ V4 and 2 v4 are available in the region of

approximately 2450 to 3200 cm-’ (Plyler  et al, 1960; and Hall, 1973). Quantum-
number assignments for 2 U4 have been made on the basis of a third-order theoretical

analysis. A partial analysis of u 2+ p4 has been done in analog-y  with the quantum-
number assignments in the work of (Bregier, 1970; and Hilico, 1970), on v2+v3.
Spectroscopic parameters for V2+‘V4 and 2 u4 are given in Tables 25 and 26

respectively.
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Table 22. Spectroscopic Parameters* for U2 of 12CH4

Parameter Value (cm-l)

1533.289
5.319
5.230
5.7x10-5
2.1x10-5
2.9x10-2

-5.2~10’~
-2.8~10-~
-5.0x10-6

*Dang Nhu (1968)

Table 23. Spectroscopic Parameters* for V3 of ’ 3CH4

Parameter

Beif 0
’ R-B

2(D,+Dl)

Do-D1

&3

DJT

clJT

Value (cm-l)

3009.05+0.03

9.963+0.004

-0.0386+0.0008-

(4.2+0.4)x10-4

(2.lf_O.5)~10-~

0.046t0.005

(4.7+2.8)x10-5

(5.4+1.7)x10-5

--

*McDowell (1966)



Table  24. Spectroscopic Parameters* for Y4 of %I4

\

Parameter Value (cm-l)

L

F4s
to44
t134
t224

1297.88+0.02
5.17vto.005
5.194To.005

(1.16t~.02)x10-4
0.477+0.005

!;.g~;;.~2)~10-3

(4:84tO.O2)x1O-4
(-1.46~0.01)x10-2

*Kyle et al, (1970)

Table 25. Spectroscopic Parameters* for Y 2t U4 of 12CH4

Parameter Value (cm”)

PO(Q) 2818, 2838

“Hiliev (1970) - Further analysis, including that of the inter-
action between F1 and F2 substates, is necessary in order-
to obtain more complete values of spectroscopic parameters.

Table 26. Spectroscopic Parameters* for 2 Y4 of 12CH4

L
Parameter Value (cm-’ )

2600.29
5.175
2.520
1.0x10-4
3.1
1.8:~7x10-2
6.579~10-~

*Fox (1962)
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4.6.2 LINE INTENSITIES

Although it is recognized that it would be desirable to include in the data

compilation all methane lines whose absolute intensity exceeds the cutoff specified

in Table 3, it has not been possible to achieve this goal because of present experi-

mental and theoretical limitations.

Absolute intensities for the allowed lines in “3 of 12CH4 were calculated,

starting from the measured values for R(O); R(l), and R(2). The relative intensities

of forbidden lines (Barnes et al, 1972) were used for calculating their absolute

intensities. The absolute line intensities for v3 of 13CH4 were calculated on the

basis of those for V3 of 12CH4,  together with the terrestrial 12C/13C ratio (see

Table 4). Calculated and/or measured absolute band intensities are listed in

Table 18.

Absolute line intensities for V4 have been calculated on the basis of the mea-

sured values for R(O),  R(l), and R(2). For 13CH4, absolute intensities were calcu-

lated as for Y 3. Absolute band intensities are given in Table 18.

Absolute line intensities for v2, have been calculated on the basis of theoretical

relative-line intensities Fd the experimental absolute band intensity in Table 18.

Absolute -line intensities for u 2t v4 were determined from the solar spectra of

Hall (1972),  with an assumed CH4 air mass of approximately 4~10~~  molecules/cm2

and an assumed temperature of 273OK  and a pressure of 0.65 atm.

Absolute line intensities for .2 v4 were calculated from the relative intensity

formula of Fox (1962) together with the absolute band intensity in Table 18. The

latter intensity was taken to be approximately 1 /tOO  of that for Y 3 of 12CH4.

4.6.3 LINE WIDTHS

The J- and T-dependence of methane line widths is taken from the results of

Varanasi et al, (1971, 1972) and Tejwani and Varanasi (1971). The only measured

values of air -broadened CH4 half-widths are for multiples of v 3 and 2 ~3 at T:

295OK.  For Jzl to 5, Y ‘=O.OSl cm
-1 -1 ; for Jzl5 to 17, Y”=0.048  cm -1

atm
-1atm . These results agree with values calculated from Y ’ for CH4-02, assuming

N2 and O2 with their partial pressures in air. Measurements and calculations of

Yo for CH4-H2  in y4 suggest, but do not prove directly, that Y o may be independent

of vibration-rotation band. For the purpose of the present data compilation, we

adopt the valueY O=O.O55 cm -1 atm -’ for all CH4 lines. There are no results avail-
able for the T-dependence of Y o for CH4-air  or even CH4-N2 or CH4-O2  broadening.

From the calculations and measurements for CH4-H2 broadening with T; we assume

the usual T -1 I2 dependence. In conclusion, for the present data compilation, we

use

Y0 = 0.055( %q2 (4. (16)

1
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4.7 oxygen

The infrared atmospheric bands of oxygen have been interpreted by Van Vleck

as magnetic dipole transitions between intersystem electronic combinations, a

singlet-triplet transition alAgcX 3fg. The A v=O (0,O) band at 7882.39 cm -1

(1.27 I has an Einstein A coefficient of 1.9x10m4  sec’l Jones and Harrison

(1958) . The (0,O) band, and the weaker (1,O) band at 9365.89 cm” have been

observed in terrestial atmospheric absorption by Herzberg and Herzberg (1947).

The (0.1) band at 6325.99 cm” has been observed in the twilight airglow  emission

by Jones and Harrison (1958). In addition to these bands there is an electric quad-

rupole (bstg -alA ) transition at 1.908 firn that has been detected in the emission

spectrum of a disgharge  through O2 and helium (Noxon, 1961). Finally, submillimeter-

wave rotational transitions (McKnight  and Gordy, 1968) and spin reorientation

spectra (Zimmerer and Mizushima. 1961) at 60 GHz have been observed in the

ground electronic state. The (a-X) system and the microwave spectra are discussed

below. The atmospheric “A” band at 7619x.  representing the magnetic dipole transi-

tion blz +*X3 2 -
g g

, is also included (Wark and Mercer. 1965; Burch and Gryunak,

1967).

With the molecular rotational momentum designated by g and the electronic spin

vector by g, the total angular momentum 2 is given by

J=K+S.a - -

Thus, for the singlet-delta state J=K, and the energy levels, apart from the vibra-

tion, are given by

F = B,K(K+l)  - DvK2(K+1j2, (17)

where B, is the rotational constant and Dv is the first order centrifugal distortion

constant for the particular vibrational state. The constants for this state, obtained

from measurements of the infrared bands, are listed in Table 27.

The expressions for the rotational energies of the rho-type triplet are obtained

from a solution of the Hamiltonian (West and Mizushima, 1966):

H=B$+~A(3S2-~2)+pe.~,7, (18)

where A is the spin-spin interaction coupling constant and ~1 is the spin-rotation

interaction coupling constant.
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Table 27. Constants of the ‘Ag State of O2 (Herzberg and Herzberg, 1947)

t
Constant Value (in cm -5

BO

30

Oe
WeXe
;%/2

e

1.41783
1.4007
4.86~10~~

1509.3
12.9

1483.50
7918.134

Centrifugal stretching effects are approximately corrected for by assuming a

K(K+l) dependence for B. A and fi, namely:

B = Bv - D,K(K+l)  +HvK2(K+1)2,

A=A, - AIK(K+l),  and

fi= u. - pl K(K+l). (19)

For each value of the quantum number at end-over-end rotation, K, the triplet

energies are given by F1(K), F2(K). and F3(K) where J =K+l, J=K and J=K-1.

respectively. Both F1(K) and F3(K) average about 2 cm -’ lower than the F2(K)

component. Values for the constants of the triplet-sigma state, obtained from both

infrared and microwave measurements, are given in Table 28.

The band centers are given by

G(v',v")  = y e Iw&(lJ't1/2) -w&(v'+l/2)2  t . . . -wp"+l/2~ t

w ;x;(v%1/2)2
11 I,

-weye(vW/2)3  t w;z;(v”+1/2)4 t . . .,

where the prime and double primes refer to the singlet and triplet states

respectively.

The selection rules for magnetic dipole radiation are

AJ = 0, t 1

(20)

and

+ -s, - - -, g -g, u- u.



Table 28. Constants for the ‘z-g State of O2

Constant

PO
ccl
Oe
WeXe
WeYe
OeZe
AG1/2

Reference

a
b
b

:
C
C
C

it
b

it
b

Value (cm-l 1

1.4376809
1.421979
4.913x10-6
4.825x1 -6
3.0x10’ OP
1.9847530

-1.950x10-6
-8.4293Ox1O-3
8.01x10-9

1580.3613
12.0730
5.46~10’~

-1.43x10-3
1556.3856

a. McKnight  and Gordy (1968)
b. Babcock and Herzberg (1948)
c. West and Mizushima (1966)

The possible branches and the nomenclature used here for the ‘A
J

c 3’g transition

are shown in Table 27. Since the oxygen-16 nuclei obey Bose-Einstein statistics,

only the positive rotational levels occur. In the ground state this causes an alterna-

tion of lines such that only odd values of the rotational quantum number K are pres-

ent. For the heteronuclcar isotopes of oxygen, however, all rotational levels occur;

the 01701’ molecule  has alternate rotational levels with nuclear statistical weights

of 5 and 7 (Gordy ct al, 1953). In 016016 (and 018018)  there are four branches with

AK=+l. three with AK=O,  and two with AK=+2,  the latter branches being designated

by superscripts S and 0. On the magnetic tape the six quantum numbers of the

transi t ion,  v’. J’, K’, v”. J”, K”. are given in the field of columns 38 through 62.

In addition. the nine branches are listed in columns 64 and 65 with the superscript,

representing the AK of the transition, preceding the AJ designation. A diagram

indicating the transitions involved in the ‘A gb3 zg band is given in Figure 1.

The above description generally applies to the microwave transitions of pure

rotation and transitions between levels of the triplet state. In the latter the

labelling is given as K+ and K-, designating the transitions F2(K) -Fl(Kl and

F2(K) - F3(K) respectively. Intensities have been calculated (see Townes and

Schawlow, 1955). A good summary of the various bands of oxygen molecule

can he found in the recent review article by Krupenie, 1972.



4 5 J’

Figure 1. Transitions in the ‘A t3z- Band of Oxygen
g f?

= K’

J”

K”
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5. CONTINUOUS AHSORPTION BY ATMOSPHERIC GASES

Although not part of the data tape of primary concern in this report, a few

words should be said about the relatively continuous regions of absorption of par-

ticular interest in the atmospheric “windows” near 2500 cm-’ (4 Mm), from

approximately 1250 cm-’ to 700 cm-l (8 flrn - 14 bm), and near 450 cm-l (22 pm)

In other spectral regions the contribution by nearby absorption lines is much

greater than that by the continuum absorption, so that for practical purposes the

continuum effect can be neglected, although it may be greater than in the windows.

This continuous absorption is caused by one or more of the following three

processes: (1) extreme wings of strong collision-broadened absorption lines

centered more than lo-20 cm” away; (2) pressure induced absorption resulting

from transitions that are forbidden for unperturbed molecules; and (3) the possible

existence of the water dimer (H20:H20)  in the case of the 8 to 14 Brn region.

The absorption coefficient due to continuum absorption can be expressed as

k = CsPs + CbPb

where Cs is the self-broadened coefficient and Cb is the foreign gas broadening coef-

ficient, Ps is the partial pressure of species, s, and Pb is the foreign gas pressure.

Figure 3 gives the spectral dependence of Cs for water vapor absorption in the

8 to 14 pm region for three temperatures (Burch, 1970). The Cb value has been

most reliably measured by McCoy et al, 1969, and is found for nitrogen to be Cb=

0.005Cs at room temperature.

Figure 2 gives the spectral dependence of Cs for the water vapor absorption

in the region near 4 pm for four different temperatures (Burch et al, 1971a). Note

that the T=296’K  curve is an extrapolation based on the measurements at higher

temperature. These same workers found the ratio Cb/Cs for nitorgen broadening

to be 0.12 + 0.03.

Figure 4 gives the spectral dependence of the absorption coefficient due to the

pressure-induced nitrogen absorption centered near 2330 cm-l (Rurch et al, 1971a)

Measurements have also been made by Shapiro and Gush, 1966, and Farmer and

Houghton, 1966. Since the foreign gas broadening in this case results from a gas

(oxygen) having a constant mixing ratio in the atmosphere, Eq. (22) reduces to

K = Const. x P (23)

Since the nitrogen abundance in the atmosphere is also directly proportional to P,

the absorption depends on P2 and Figure 4 has as ordinate the absorption coefficien

expressed in the units atm -2 Km-‘.

Since line wings as given by the Lorentz shape, Eq. (l), have been found to be

in error in the extreme wings, an appropriate rule to follow for the truncation of
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2400 -and  2820 cm” for Pure H20 at Four Temperatures
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line wings and the introduction of continuum absorption coefficients in accordance

with Figures 2 through 4 is difficult to state. It is recommended that the user
familiarize himself with this problem (see, for example, Burch  et al, 1969) and

in any case the use of the Lorentz shape beyond 20 or 30 wavenumbers of line

centers is inappropriate (see also discussion on line shape on p. 3).

Figure 4. Spectral Plot of Absorption
Coefficient for Atmospheric N2 at
Four Temperatures
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Appendix  A

Computsr  Pmgfm Listing for &ding Tlpr

PROGdAv  i4U lP( IWIJle  DJTPIJT,  T4PSJ
DI~E\ISIJ.‘J R(4uO)  rTT(l>)

A=0
IEW=0

a?4 tJtJFfE*  lutZ*O)  (?(I) rR(393) J
IF(UVIT  (d) 1 2Sv30,3>

35 PRIYl 76eTTllJ
J6 FO?Y41(*  P A R I T Y  Ek;t3R 4FTtiW ovr12.3)

G O  T O  Z*
3 6  IEOF=IEdF*l

PRIVT  al*IEOF
3 1  FOYY4Tt“ <Of  VD”eI5J

IF(IE:JF.GT.‘I)  53 T3 1001
G O  TO L*

LS DEC0~~~10~39~R~lJJI~ED
ul F~~4AT~F10.3rEl6.3~F5.3~FlO.3~5~~~45~I3rI~tI3~

I=1
3 9  FDRY4TtliO)

L=z
0 0  40 <<=i*IRED
~E~30E~~O~4lrR~~)~~lT~I~~l=A.i~~
PRINT ~Ar(TT(I)rI=lv13)
L=L+d
IF(TT(I).LT.A)  =2IxIl  lS.S~A*TT(l)
A=Tl(I)

153  FORnPT(*  O U T  Df 3RO-19 4’9LFlL.3)
uo CONTIYIJE

G O  T O  Y*
1061 C A L L  ExlT

s TOP
END
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Appendix B
computer Pmgram  for Homogamou s Path Transmittance Calculation

The computer program (Program LBL) provided in this Appendix is intended

for use as a check to ensure that a user of the AFCRL Data Tape will be using the

data correctly. The spectral region chosen for a sample spectrum (Figure 5)

contains spectral lines from four different atmospheric gases. The program was

constructed for’use with constant pressure and temperature paths only, so the

user will be left to his own devices for real atmospheric applications. After

computing transmittance at closely spaced monochromatic frequencies, a convolu-

tion is performed over a triangular slit function whose half-width can be chosen.

Comment cards have been used freely, so no further discussion of this program

will be given here.
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7 3

:
E
c
C
C
C
C
I-”
c
C

:

E
C

C
C

E
C
C
C
C
C
c
C

C
C
C

PROGRPY  LbL(IYPJT*OJTPUt*TAPEZ)
OIuEYSION  W(7)r 2(3LS)t  GNU(300O)v  S(30OO)r A,PH4(3000)*  EDp(3000)
DIMEuS~DN  HOL(3000~t  CAYl(7). OSD(3000)*  FNU(1000)r  T?4YS(1000)
OI*tENS13N  SUM1  (7) 9 CS2(7)

PROGRAY  5.Y R .  YCCLATCHEY.

N O  PUNCr(ED  D E C K S  W I L L  dE OISTQI9JTED.

T H I S  P R O G R A M  GEYERAlES  4 TRA~~JSMITT~YCE  S P E C T R J Y  UITY  O U T P U T  ?ESJUTS
P RI N TE D  EV E R Y  DELY ~~VEVUMBEQS  dETdEEN TdE I N I T I A L  F~ECWEYCVI
Vlr ANO T H E  FINPL’f?EQU:YCY*vZ. CILCULATIOVS  A Q E  pEQF3QWEO  CO9
A UNIFO~Y*  COYST4NT  P R E S S U R E .  C3NSTAYT  TEYPEQ4TURE  pATY  COYT4IUIUG
AyY D R  ILL O F  TIE YDLECJLAR  S P E C I E S  DESCQIBED I N  TdIS Q E P D Q T
Iy AR9ITRAQY  AMDUNTS. qOLECULA7  43UuDAVCES  qJST  i3E SpECIrIE3
I N T-cE t+‘lITS  (M3LECJLES/CHZ). YOVXdROYATIC  CALCULATIOYS  4?‘:
M A D E  A T  F R E Q U E N C Y  XYTERVALSIOV . AV3 A TQIANGU,AR  SL,IT  FUNCTI3N
O f  HALF-wIDTH*P*  I S  CONVOLVE0  WIT-~  T4E  YOvOCY?OYATIC  ~E~JL’TS.

IEiJf=O
DEPTd=0.001
PI=3.l,ljY
SUH=O’lO
Iv=1

R E A D  Iy+lJT  PAS4YETE4S  ( D=PRESSU?E)r  (T=TEYpEQ4TUREb*
w(l)=C(2Or  W~Z)=C~~,~(~)=D~,~(~)=Y~~~Y~S)=CD,W~~)=C~~~~~~~=~~.
VI AID VlL 4HE f?ZQUEvCY  L I M I T S  FO?  Wl-lICd  OUTPJf  R E S U L T S  A ? E  ?EQJIQED.
DV I S  YDNOCHRO’I~TIC  FRE3UENCY  IYC?EYEYT.
SDUYD  I S  T H E  FREXJE’JCY  FROM 4 N Y  LIYE CEYTER  B-IIYOYD WqICd  Td: LI’JE
WILL 9E VEGLECTE~.
A  I S  T;-ct; HALF-WIDTH  OF 4 TRI4YGdL4?  SLIT’FU’JCTIDN.
D E L V  I S  FREouENCY  I Y C R E Y E N T  O F  COYVOLNE3  0UTpJ.T  TQPYSYITTPVCE
R E S U L T S .

R E A D  77, PrT
PQINT 73, p*T
RE4D IIt (W(M)r’l=At7)
PQI’JT 83
PQINT RI* (W(+l)rq=lr7)
RE4D 85r Vl*V2*3V*93UND*A*OELV
PRIYT  qr* V~*V~TZIV*~OUN~*A*DELV
If(A*2/3V+l.GT.30001  CALCULATIOY  C4Y’lDT 9E DOVE
I F  THEQE  A R E  qO?E TIPN 3 0 0 0  L I N E S  ?E43  FQOM T4PE I V  4 FQE3UEVCY  ?4YSE
O F Z(A+jOU’vO)  C4LCULITI3Y  CANYOT  35 DOYE.
v9Of=V1-A-dOUVD
vTOp=VL+4*9OUYD
MF It-E=‘,
I F  t.VWT.GE.SOO.0) Yf IL-T=1
I F  t V d o r . G E . 1 0 0 0 . 0 )  ~FILE=L
I F  t V H o I . G E . 2 0 0 0 . 0 )  YFILE=3
I F  (V9oF.GE.SOOO.O)  wFILE=*
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;
c
P
“

.
“

7

11

c
c
c
c
c
c

MFILE  >LTE~MIMEs  Ti-iE NLJWER OF EN3S OF F I L E  13: B E  ?E40 3VEQ
BEFo?E GWING 73 TH: PE?TINENT  JATA OW THE TA~Eo
WE A2E ‘J3w READY TO QEA3 TAPE.

1=1
ILL=l
duFFEa  IN (2s0) (F?(1),R(325))
I F  [U’+TT(2)) 7,5s3
PI?INT x~~ G N U ( I )
GO TO 1
IEoF=IEuF+A
P?IVT ~1$ IEOF
I F  (IE3F.GE.7)  50 T’3 7 5
G O TO 1
I F  (4FTLE.GT.IEOf)  50 To i
DECOCJE (AOS93,Q(1)  )IRES
NT=lt5*T4EC)-b
OECOiX (iO*959R(WT) )TMdX
I F  tT’4dA.LT.VBOT)  G3 T O  1
L=~
DO 9 K=A.IREC
DECODE (60*95*R(L)  )GNU(I) tS(I)sALP+A (I)*ED~( I) *ID6TsISOT*WILI(I)
L=L+~
I F  fSNLJ~I).LT.V33T)  GO TO ~
$4=~oL{I)
PATII=S(i)*W(M)/(~I*U.06*Z/1013.~)
If {PAT+.LT.DEPT+) 3!) To 9
;F1:;NIJ( I).GT.VTOp) GO TO 1A

C~NTIVIJL
I F  (1.GT.z960) 32 To 11
GO T’3 1
11=1
PQINT 9?. VtJOT~VTOP*GNU(I  l)*Il
15=1
V2P=GNiJ( fk)-BOUw3-A

T A P E  ‘IAS B E E N  I?E4D FOR 4LL NECESS4?Y LINES L)Q F O R  TtiE WAXI~U~ W.

Of LINES”POSS13LZ SJBJECT TO QECYSLI$JGO
tlALFdIDIrJS W I L L  3 E  51JPPL’IED 9ELad drl:~ THEY 03 MOT A~PEAQ
ON T4PE.

0 0  15 I=iLLsIl
M=$40L{I)
I F  [’4.E2.1) G O  T3 15
IF (ALp~A(I).GToOOO)  GO TO A3
I F  tW.53.2)  ALPHA(I)=O.07
I F  $w.E2.3) ALP+4(I)=0.11
I F  (M.EO.4) ALP+A(I)=O.08
I F  (W.E9.5) ALP+A(I)=O.06
I F  tW.E3.6) ALP+A(I)=O.055
I F  1*.E3.7) ALP+A(I)=O.04CJ
I F  (AL?+A( I) .LT.O.01.OQ.ALPHA {1).3T.1.0) ALOH4(I)=0.06

.
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15 CONTIUM
Is=l
Po=lok3*oo
TO=29b.00
CSl=(TO-T)/(TO*T*0.5946)

: RoTATIfINAL PAQTITION  FUNCTION I S  3EFI!JED BELOuJ
c

D O  Zi w=1,7
IF  tMoIZd*l) G O  T!) 1 7
IF f~.EU.2) GO T3 1* .

, IF 4W.EQ.3) G O  T3 17
IF fM.EQti4)  GO TO 13
I F  t~.EQ*5) G O  T!) 19
IF  IW.EQ.6) GO TO 17
I f  fs1.EQ.7) G O  To 19

17 CS2fY)=((T0/T)**l.5)
GO TO 2A
CS2f~}=F0/T

:; COIIJTINUL
cA=f(TO/T)*@005)*(p/Po)

c
c
c

TEMPERA~JRE OEPENOE’4CE OF ALL LINE I N T E N S I T I E S  COMPUTE9 HE?:.

23

c

35

37

39

c
c
c
43

00 23 I=iLLsIl
M=MoL(r)
S(I)=S(~)*CS2(M)*  EX~(-E9?( I)*CS1)
ALPHA(I)=ALPHA (I)*C4
v=V1-A
DO 27 M=1*7
CAY1{M)*O.O
SUM1(M)=O.O

DETERMI’4E I N D I C E S  (15 ANO 16)  IW31C4TINS tiHIC+ SPECTPAL LIVES
A R E  T O  *E U S E D  IV T*E C4LCULAT13N 4T FQEQUEWCY V.

D O 33 1=15911
IF fV-80UN0-GNU(I))  2 9 , 2 9 , 3 3
15=1
G O TO 35
COt4TIN{Jf
15=11
G O TO 4+
D O  39 .1=15,11
;:=:V;90UND-GMU(J)) 3 7 , 3 7 , 3 9

GO TO 63
CONTINUE
16=11

C O M P UTE THE OPTICAL DEPTFI ANO T?AN5’41TTANCE AT FRE’JUEWCY V.

00 45 1=[5916
M=MOLtI)
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b3

%7

b9
51

c
c
c
c
c
c
c
53

55

57
59

c
c
c
5A

z=A(3StV-blUU(I))
suMl(w)*s(I)*AL@+A(I)/(z**2*ALP+A( 1)**2)
CAYl(M)=cAYl (W)+5UMl(M)
CONTINUE
CAY=O.O
Do 47 M=1,7
CAY=CAY*CAYl  (’4)*ti(M)
0PDIIV)=CAY*O*31S3
GO TO 51
0PD41V)=O*0
OPO{IV) =EXP(-OPJ(IV))
I F  ((v+dV).GTeV2S) 30 13 53
I F  tv.!3E*v2+A) 30 To 5 3
I F  fIV.OE.3000) 30 T O  5 3
lv=IV+,
v.v.~v
G O TO 25

A T  141S POINT* CYCLE BASK T O  STATEqEWT 2 5  AYD coWPuTE T+E
MONOCHROMATIC T?ANSIIIITTtNCE  AT V*3VSETC.
IF STATEMENT 53 IS ?EAC+ED ● ALL P3SSIBLE ~OWO:4ROWATIC TRANS’41TThNCE
VALUES 4AVE SEEV CO’4PUTED* AND THE SLIT FUNCTION COWOLUTION bJILLI
NO# dE ?ERFORMED I N  LOO~ 57

FREQ=V 1
PRIMT lol~ IV*VSVZP
;::;L:vl*3000.*Dv-A-OELV

JFNU=l
L=DELV/~v+o.ol
IA=I
SU!4=O*0
Do 57 I*IA,IV
SUM=SU04+(A-ABS(  V-FREt3))*OPO( Y)
V=v+ov
I F  tV-(FREQ*A))  37959s59
CONTIMIJE
TRANS(JF’’JU)=SUM*3V/(A*A)
FNUtJF@)=FREa
I F  [FRE30GToV2) 30 T O  6A
IF tFREJ.GT.V2P) GO TO 5A
I F  tFQEQ.GE.FIN4L)  30 T3 51
FREQ=FoG!J+DELV
I F  4JFNU.GE.1000) G3 T o  6 1
JFNU=JFYLJ*l
IA=IA*L
v=FREQ-A
su~=oko
G O TO S>

CONVOLV:IJ  TRANSWITT4WCE RESULTS 4*E VOW PQI$JT:O OUT.

PRINT I03S JFWJ
. PRINT 10*

.
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65
c
c
c

67
c
c
c
c

69

71

73

c
77
79
9A
93

Pi?.NT 105~ (FWJ(J) ?TaANS(J) s.J=l*JFWU)
I F  $FI?EJ.GE.V2) SO 10 75
IF fFREd.G1.V2P) GO TO 57
IF $JFNU.GE.1OOO) GO TO 65
I F  (F2EQ.GE.FI!lAL)  30 19 6 3
G O TO 75
vI=FIN4L*DELV
15=1
Iv=l
JFNU=l
v=v1-A
G O  TO ?B
IA=IA+L

IF STATE’’IENT b5 IS ?EAC+ED9 ADDITIONAL  W9NOCH?OMATIC C A L C U L A T I O N S
ARE QEoJIREI)  TO SATISFY THE TOTAL F?EQIJENCY R4NGE OVER tiHICIl
C!3NVOLVLLJ QESULTS A?f R=13UIRED0

JFNU=l
v=FQEQ-A
Go To 52
Iv=l

I F  STAT%~ENT 67 IS ?EAC+EOS THE OATA FROW TqE D A T A  T4PE uILLl B E
REORGANIZED AND THE TAPE WILL BE ?EAi)I AGAIN.

JFNU=l
vl=FREi]
v3!3T=vI-A-130UND
D O  69 TW=l*I1
IF $GW)(lN)OGT.V30T) GO TO 71
CONTINIJC
IN=I1
IJ=IN
L=l
Do 7 3  I=IJ*I1
GWJ(L)=tiNU(I)
S(L)=S(~)
ALPdh(L)=ALPHA(I)
EDP(L)=EDP(I)
MOL(L)=qOL(I)
L=L+l
I =L
ILL=L
GO TO 1
CALL ExIT
STOP

FoR4AT (Ei2.5,F7.2)
FoRMAT (* PRESSIJ?E =*sE1205s*TEWpE4ATURE =**F702)

lX**OZ***X)
Foi?14AT (bFIO.3)

I
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97 FORMAT (* VA =**F1O.3**V2 =*,Fl~.30*DV=*sF100  3**80UV0 =*~r10.3s~4
L=**F1o.3,*DELv  =*,F1o.3)

93 FORMAT (Q P A R I T Y  ER?OR 94COUIUTE?E3  dT*~F12.3)
91 FoRMAT (* END OF FILE ENCOUMTEREO*~15)
93 FOQWAT (110)
35 FOIWAT (F10.3*E10.3sF5.3sF1003s351(*  1301@s13}
97 FORMAT (* VBOT =*,F~2.3s* V T O P  =*sF~2.30*GNu =*rF12.3.*  11 ●  9 1 8 )
101 FORMAT (15~2F10.b)
103 FoRqAT [* JFNU =*s15)
104 FORMAT (5(* FRE&lEMCY TRANs. ● ))
105 FOQqAT 15(F1O.3OE12.5} )

ENO

.
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8. ABSTRACT

The report describes a compilation of the molecular spectroscopic parameters
)r a number of infrared-active molecules occurring naturally in the terrestrial
‘mosphere. The following molecules are.included in this compilation: water vapor;
u-bon dioxide; ozone; nitrous oxide; carbon monoxide; methane; and oxygen. The
Ectral  region covered extends from less than 1 flrn to the far infrared, and data are
sesented on more than 100,000 spectral lines. The parameters included in the
jmpilation  for each line are: frequency, intensity, half-width, energy of the lower
ate of the transition, vibrational and rotational identifications of the upper and lower
iergy states, an isotopic identification, and a molecular identification.

A discussion is provided separately for each molecular species, indicating the
)urces and accuracy of the data and a general discussion of how the data were
stained.
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