Atlas of the Absorption Spectrum of Nitric Oxide (NO) between 1420 and 1250 A
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This atlas presents the absorption spectrum between 1420 and 1250 A& of cold (—180 °C) nitric oxide
gas, both 1*N16Q and 15N160, photographed in first order of a 10.5 m vacuum spectrograph. The
spectral region comprises the Rydberg series (s-, p-, d-, and f-) of the molecule, including their limits
of =0, 1, and 2 of the ground state of the ion NO+. In addition it shows some valence bands. To each
band are assigned quantum numbers. The assignment is based on the detailed study of the fine struc-
ture of the bands, measured on spectral plates obtained in high order of the same instrument. Accurate
numerical results of these measurements are tabulated for 140 molecular levels. A short survey on

the NO absorption spectrum is given.
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1. Introduction

The absorption spectrum of nitric oxide has been
thoroughly studied during the last two decades and
was recently reviewed in an article by Miescher and
Huber [1]. The present atlas reproduces part of it,
namely the region between 1420 and 1250 A, an interval
which is singled out by the two following properties of
the NO molecule. Near the long wavelength boundary,
at 1395 A, is the third dissociation limit N (D) + O
(3P) of the molecule, and close to the short wavelength
boundary, at 1260 A, is the third ionization limit NO+
(X 13+, v=2)+e~. The first ionization limit » =0,
at 1338 fc\, is located midway between. The region,
therefore, comprises the limits of the Rydberg series
converging to the three lowest vibrational levels of the
ionic ground state, including the v =1 series which
has maximum intensity because of the magnitude of
the Franck-Condon factors. Compared to the absorption
spectrum in the near vacuum ultraviolet the structure
of the bands in the spectral region of this atlas is much
simpler because of the almost complete absence of
non-Rydberg levels at energies exceeding the dissocia-
tion limit mentioned ahove. A photagraphic reprodue-
tion on a similar scale of the absorption spectrum be-
tween 1920 and 1400 A has been published earlier [21.

2. Experimental
The spectra were photographed in 1965 at the 10.5 m

tNumbers in brackets indicate the literature references in section 6.
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vacuum spectrograph of the National Research Council
of Canada [3]. They were taken in the first order of a
grating with 1200 lines/mm, reciprocal dispersion
0.75 J&/mm. The enlargement in figures 1-3 is sevenfold.
The background is the Lyman continuum and shows
some broadened Si lines, the O triplet near 1305 A
and a few C1 and Hg1 lines. The NO gas, mixed with
He, was contained in an absorption cell fitted with LiF
windows. This cell, including the windows, was kept at
the temperature of liquid oxygen. Spectra of ordinary
N0 and of high purity *IN'°O were photographed
and are marked ““14” and “15”, respectively, in figures
1-3. Ilford Q 11 plates were used. The reproductions in
figurcs 1-3 arc madc from thc samec original plates that
had earlier served for a small scale reproduction of the
spectra of four NO isotopes [4].

More recently, the whole spectral region of this atlas
was photographed, both for N0 and ¥N16Q, in high
order of the 10.5 m spectrograph by using a windowless
cooled cell [5]. The wavenumber scale in figures 1-3
is accurately based on measurements made on these new
plates which have low order iron reference lines.

3. Survey of the NO Absorption Spectrum

In this section a short discussion of the results of the
analysis of the NO spectrum will be given. This is to
clarify the assignments for the various bands in figures
1-3, and to make meaningful the remarks accompanying

" the accurate wavenumber given for each band in tables
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1-3. The wavenumbers and the remarks originate from
the study of the high resolution plates.

The low ionization potential of NO (9.25 eV) is respon-
sible for the structure of the spectrum in the region of
this atlas. The first Rydberg series in the spectrum of
NO appears at much longer wavelengths than for N,
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and O, Nevertheless, its identification came late, in
spite of the fdct that already the lowest excited doublet
state, 423+, is characterized by rotational and vibra-
tional constants equal to the constants of the ionic state,
and thus certainly is a Rydberg state.

The ground state of NO is a “case a” 2II state with
A=+4124 cm-1. This doublet splitting appears in all
absorption bands. In the cooled gas the 2Il3; level is
only litile populated, and the X 2115, sub-bands are there-
fore weak, thus easing troublesome overlapping. Excited
states of 23, 2I1, and 2A symmetry can combine with the
2]t ground state. A is a good quantum number for the
valence (NR) states. For Rydberg (R) states, however,
in which the Rydberg electron is in a d or f atomic
orbital and gives rise to d and fterm complexes, “case
d” is approached in the rotating molecule and A is lost.
Due to the d-like shape of the 27* orbital of the 15th
electron in the ground state configuration of NO the
ndo—X and ndm—X Rydberg series are very weak in
absorption and are not observed above n=4. Only
ndd—X Rydberg series appear to higher n in the spec-
trum in consequence of the peculiar structure of the d
complexes [6]. The nf~X Rydberg series are the promi-
nent features exhibiting sharp rotational lines.

Whereas strong interactions between Rydberg and
valence (NR) states produce extensive perturbations of
different kinds in the near vacuum ultraviolet part of
the spectrum, such perturbations are much less abun-
dant in the speciral region of figures 1-3.2I1 NR levels
mixed with 2II R levels [7] occur only in the bands
¢—X, d—X and e—X which converge to the dissociation
limit at 1395 A. Another NR progression is formed by the
G 23-—X 21 bands, overshooting this limit with the
(10, 0) and (11, 0) bands and abruptly terminating with
the (12, 0) band. The three bands show broadened ro-
tational lines. The I 25+—X 2[I (7, 0) band [7] at 1409 A
isa red degraded diffuse NR band in the *N'®O spec-
trum. It appears as a symmetric absorption maximum in
the N0 specirum, where its position coincides with
the calculated position of the missing 6po—X (0, 0) R
band. 2A NR levels, finally, cannot be located accu-
‘rately, but in figure 1 the existence of at least one such
level near 72540 cm~! is indicated by the perturbed
structures of the 5d6—X (1, 0) bands in the two isotope

spcctra.

The first dissociation limit of NO is known to be at
52400 cm™* (1908 ng), at a far longer wavelength outside
figure 1. The much discussed [1] continuous state
A' 23+ arising from the unexcited atoms, produces weak
predissociation (absence of emissions) of the sharp
2T NR levels and, as a consequence of the mixing, also
predissociation of the 2I[I R levels. Furthermore, it is
responsible for many broadenings observed in Z* NR
and R levels. The A’ 2~ potential curve merges into
the potential curves of the Rydberg states around 68 000
cm~L Above this energy it produces the strong mixing
effects referred to in column (6) of the tables.
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The lettering of figures 1-3 separates bands having
sharp rotational lines from bands with diffuse fine struc-
ture. All ns—X and all nf-X Rydberg bands are sharp,
whereas most of the np—X bands and many ndé-X
bands are diffuse. Details are given in the tables.

Photoionization spectromeiric measurements in the
region of this atlas have recently been published [8],
[9]. The stepwise curve, first observed by Watanabe
[10], clearly reflects the vibrational structure of the NO*
ground state, the observed fine structure, however, has
only tentatively been interpreted up to now.

4. Conclusion

The shortest wavelength in the spectrum of this atlas
is 1250 A. The spectrum of NO below 1250 A has been
observed by Watanabe, Matsunaga, and Sakai [11] with
moderate resolution and on a discontinuous background.
They found a pronounced, probably diffuse band struc-
ture starting below 1110 A for which an interpretation is
still lacking.

Bands with sharp and with diffuse fine structure have
been segregated from each other in the labelling of the
figures of this atlas, because only diffuse levels are of
interest in connection with the questions of preioniza-
tion and predissociation. Fano shapes of such bands are
not seen in the region of this atlas. Most probably
electronic interaction with repulsive valence states,
which must exist, leads to dissociation of the molecular
core in the case of the diffusc np Rydberg levels. Av=1
vibrational interaction between two Rydberg levels, of
the kind observed for Hy by Herzberg and Jungen [12],
are conceivable in the cases of the overlapping 9p(v)
and 6p(v+1) bands (v=0, 1, and 2). Av=2 inter-
action is possible in the cases of the near-coinciding
10po(v) and 5po(v+2) bands (v=1 and 2). These
observations and, in addition, rotational interaction ob-
served between Rydberg bands with sharp structures
will be discussed in a future paper.
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TaBLE 1. 14N160,1360-1419A. Accurate wavenumbers and notes to the assignment of the bands lettered on figure 1.

(1) (2) (3) 4) (5) (6) (N
Wavenumber 2 Branch ® © State Band Remarks References 4
cm™!
1
;g ;:;: ;‘li %?) . } W 6pm X (0,0) | Mixed with NR levels 41, 7]
1 .

Toeto g““((ﬁ)) Pl sl 6o X (0,00 | Mied with I28¢(0=7) in 1580 41, (7]
;g gi? g : ] NR I123+-X (7,0) |Very diff., interact. with A’ 23+; o' =77 ‘ 7
71 009.0 Ri(2%) h Q3 5pm —X (1,0) |Mixed with NR levels M
71089.8 Ru(13) h NR ¢?II-X (-, 0) |Mixed with R levels 7
71138 » h R23+ 5pc  —X (1,0) | Very diff. overl.
71160.0 R (13) h NR’ G25--X (9, 0) : [11]
71215.6 R (13) h K2 dpr ~X (3,0) Mixed with NR levels {71, (141
71305.6 Ru(3) h NR d2I-X (-, 0) | Mixed with R levels 7
71433.7 R (3) h NR e?[1-X (-, 0) |Mixed with R levels [71
714576 - 0133 h Zrse 750 X (0,0) 4]
71528 m M3+ 4pc -X (3,0) |30 cm!
71582.4 i Q:(3%) h ZA 6d8 ~X (0,0) 141
71662.6 ~12R 5(3%) h 6f -X (0, 0) . [4]
71790.3 Qu(3%) h - S5+ 550 -X (2,0) [14]
(71910) 21 Tpm  —X (0,0) | Very diff., overl
71974 R2(13) h NR G22--X (10, 0) | Diff. 0.2 cm-! [13]
71985 Q1:(2%) h 23+ pe -X (0,0) Diff. 1 cm-!?
72155.1 Q12(4%) h 2 -
79.975.9 Oun(4d) h N2A - 4dd X (2,0) [15])
72 301.4 Q.:1(4%) h T23+ 6sa0 -X (1,0) [4]
72347.4 0. (31) h 25+ 8sc  -X (0, 0)
72418.1 Q. (4%) h zZA 9d5 —X (0,0) Diff. 0.2 cm-!
72 474.5 -12R 15 (3%) h f -X (0, 0) Overl.
72487.4 -12R ., (3%) h 4f -X (2,0) [4]
725444 02 (5%) h UA 5d5 X (1,0) | Perturbed by NR level 4]
72552.8 0u(73) NR A —X (-,0) | Perturbed by R level '
(72632) T 8pmr -X (0,0) Very diff. overl.
72 660.2 ~U2R 5 (3%) h 5f -X (1,0)
(72 678) I+ 8poc ~X (0,0) | Very diff., overl.
72729 Ry h NR G2*3--X (11, 0) | Diff. 2 cm™?
72916.9 Q11 (4%) h 23+ 95 —X (0.0)
729715 Q21 (1) A 845 -X (0,0) |Diff. 1cmt
73001.4 ~R,,(3%)]  h 8f —X(0,0)
73 096 W 21l 6pr —-X (1,0) Very diff. 6 cm-!
(73 108) 211 9pmr  —-X (0,0) | Very diff. overl.
73143 Qu(13) h 23+ 9pc  -X (0,0) Diff. 3 cm-1
73 188 04 (28) h y:s+ 6pc —-X (1,0) |Diff. 3 cm!
(73 306) : 23+ 10s¢  -X (0,0) Overl.
73313 . Q2 Spr -X (2,0) Very diff. 8 cm-1
73362.7 ~12R 15 (3%) h 9f -X (0,0) Overl.
73 423 R2 (13) h NR G23--X (12,0) | Diff. 2cm!
(73 440) 0p =X (0,0)
73 459.5 Qu(2¥) N R*Z Spor  ~X (2,0) Diff. 1 cm *

3 Measured band position in em-1. Calculated positions in parentheses.

vIdentification of the branch or rotational line referred to in column (1). If overlapping lines form a head, the line of lowest J'’ is given.
nf—X bauds: 2R, is the couspicuvus hivad of the R-branch for which R’ J''=—}and .2~ {-2. R’ — 1otational yuantum auwmber of the core,
.# = component of [ = 3 of the Rydberg electron along the rotational axis (see ref. [16]).

¢h = head, m = maximum of symmetrical continuum.

4Bands for which no reference is given are reported here for the first time. All wavenumbers in column (1) originate from measurements
made on the new high order plates mentioned in section 2.

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976



E. MIESCHER AND F. ALBERTI

314

‘T 2m3y 03 uonded a9g Y 0981-30¢[ wnidads uondiosqy ‘g TUNOLY

Amn.>~ mm»v
() ~MAs (9) _
N _Ewnmb_ WUmV _an._
l gpg 't dg'’ doL ™ diL’ dzi !
b Skl
m T ! T _whl_ I %M_ 1 1 T
T T
_>_\ S6 48
14
Gl
il N nE T
17 v 8261 Q0SSL 0008 00SSL v gpg, 10
db v/
14 99y H A
% odET 2ps! —
L 3pgt dy! d'1 de
0 dgy/ i’ gz’ 0=n &
T YA
W SS Wm_\ n‘.mﬁ

| 000SL
¥ SEEL

J. Phys. Chem. Ref. Datq, Vol. 5, No. 2, 1976



ABSORPTION SPECTRUM OF NITRIC OXIDE

315

TABLE 2. N0, 13021360 A. Accurate wavenumbers and notes to the assignment of the bands lettered on figure 2.

[For footnotes, see table 1.]

(1) (2) (3) (4) (5) (6) (7
Wavenumber 2 Branch ® © State Band Remarks References ¢
cm™!
73 581.0 Qu(13) 23+ 1llso -X (0, 0)
73620.8 SR, (33) h 10f X (0,0)
(73 684) 11p -X (0,0)
73750 m M 25+ dpoc X (4,0) 30 cm—!
73801.8 Q11 (3%) h AR s =X (1,0) {4
73 812.0 -12R »(33) h 111 -X (0,0)
(13858) 120 X (0,0)
73933 0u3h)| h 2A 645 -X (1,0) | Diff. 1 cm~t 4]
(73 956) -12R ., (34) h 121 =X (0,0) { Overl.
74.006.0 -12R 5 (33) h Gf X (1,0)
74.069.0 Qu(3%) h S23+ 550 X (3,0)
74 070.0 “12R ., (3%) h 13f -X (0, 0) Overl.
74 159.3 -12R 5 (33) h 14f -X (0, 0)
742315 1R, (3| h 15 —X (0,0)
74 268 Qu(23) h 2 Tpm  —X (1,0) .| Diff. 2 em™!
74 332 Qa1 (2%) h 23+ Tpc -X(1,0) Diff. 2 em-1
74579 m N32A 4d> X (3,0) 20 cm™!
71612.0 Q..(21) h Tes+ 650  —X (2,0) [4]
74691.1 Q1:(3%) h 23+ 80 X (1,0)
74.765.7 ~12R 12 (3%) h 4f X (3,0) [4]
74818.8 ~12R ., (3%) h 1f -X (1,0)
74860 m U2A 546 -X (2,0) | Overl. [l
74970.8 ~12R 15 (3%) h 5 —X(2,0) [4]
(74 973) ' 31| 8pm ~X (1,0) Very diff., overl.
(75018) 23t 8pc -X(1,0) Very diff., overl.
75 260.6 Qus%) h 2%+ 5o X (1,0)
75309.5 Q. (3%) .
75 322 Ru(@h)| h ZA_ 846 -X(1,0) Diff. 1 em-1?
75 345.4 ~12R ,»(3%) h 8f -X (1, 0)
75400 W eIl 6pmr  —X (2,0) | Very difl-
75460 Qu 2[1 9pmr -X (1,0) Diff. 2 cm !
75490 0,(13) h 3+ 9pc -X (1,0) Diff. 2 cm-!
{75 502) Y23+ 6pc X (2,0) | Diff., overl.
75620 m Q1 opm =X (3,0) 50 cm—1!
75656.9 Ru(1%) 25+ 1050 -X (1,0)
75706.2 ~12R ., (23) h 9f -X (1,0)
R23+ Spc =X (3,0) | Absent, interact. with 4 23+
(15777) o1y 10p7  —X (1,0) | Diff. 4 cm-1
75 803 Qi:(1%) 23+ 10poc -X (1,0) Diff. 2 cm !
75872 h M3+ 4poc  —X (5,0) | Diff. 2 cm—!
75931.9 Ru(1%) 23+ llso0  -X (1,0)
75964.6 SUZR L, (2%) h 10f -X(1,0)
(76 024) 1l1p =X (1,0) Diff.
76112.6 Q1(3%) h Z23+ s -X (2,0) [4]
76 156.4 -12R . 2(2%) h 11 -X (1.0
(76 200) 12p -X (2,0) Diff.
76 238 h 2A 6ds -X (2,0) Very diff.
76 301.0 “12R,»(2}) h 12 =X (1,0)
76 316.0 Qn h S23+ S5sa¢ —X (4,0) Overl.
76317.3 ~12R ,(3%) h 6f =X (2,0) | Overl. [4]
76413.8 ~12R h 13f -X (1,0)
76 503.0 -12R ., h 14f -X (1,0)
76575 “eR h 157 -X (1,0
(76 600) p -X (2,0) Diff. masked by O 1 lines
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TABLE 3. “N160, 1249-1302 A. Accurate wavenumbers and notes to the assignment of the bands lettered on figure 3.
[For footnotes, see table 1.]
1) (2) (3) (4) (%) (6) (N
Wavenumber 2 Branch ® ©) State Band Remarks References ¢
cm~1 '
76 889.8 Q1. (3%) h T3+ 6s0 —-X (3,0)
77002.0 Qu(4%) h 23+ 80 —-X(2,0)
77011.3 -12R ,» (33) h af =X (4,0)
(77085) ’ 2A 7d6 —X_ 2,0)
77129.6 -12R ,»(3%) h f -X (2,0)
77134 m Uza 5d6 -X (3,0) Diff., perturbed [4]
77248.5 -12R .5 (3%) h 5f =X (3,0)
77290 m 21 8pm  —X (2,0) | Very diff. .
77332 h 23+ 8poc -X (2,0) Diff. 1 cm™!
77571.7 0 (4d) h 23 950" -X (2,0)
77 626 h 2A 845 -X (2,0) | Very diff.
77656.6 -12R 5 (3%) h 8f -X (2,0)
77690 m w2 6pr X (3,0) | 8cm™!
77752 m 211 9pmr -X (2,0) 2 cm™!
77778 Y23+ 6poc  —X (3,0) | Very diff., overl.
77796 Q11(23) 23+ I9pe -X (2,0) Diff. 3 cm™!
77 850 Qu (4%) h Q1 5pmw —X (4,0) | Diff. 1 em—!
R 2y + S5pr =X (4, 0) Ahsent, interact. with 4" 22+ and 10pa (v=2)
77961.5 Qu(13) 23+ 10sc -X (2,0)
78017.8 2R .5 (3%) h 9f -X1(2,0)
(78 090) 2] Wpr  ~X (2,0)
78118.3 Qu(z) | 23+ 0pc -X (2,0) Diff. 0.5 cm—1
78 237.4 Qu (%) 23+ 11sc X (2,0)
78275.8 -12R ., (3%) h 10F ~-X (2,0)
(78 330) ) 11p -X (2,0) Diff., overl.
78391.2 Q1 (31) h Zos+ s X (3,0)
78466.9 -12R.,,(3%) h 115 —X (2, 0)
(78510) 12p -X (2,0)
(78 530) 2A 648 ~X (3,0)
78595.8 2R, (38)| b 6f -X(3,0)
78611.4 2R .2 (3%) h 12f  -X(2,0)
78725.2 -12R,,(35)  h 13f  -X(2,0)
78814.3 F12R.,(35)] h Uf  -X (2,0
18 850 211 pm —X (3,0) | Very dift.
(78 910) 23+ Tpc  —X (3,0) | Very diff.
79134.2 Q11(2%) h 725+ 6s0  —X (4,0)
79 280.6 Qu(2%) h 23+ 8o -X (3,0)
79 385 2A 5d6 —X (4,0) | Diff.,, overl.
79 408.6 ~12R ,2(3%) h f -X3,0)
79 495 -1ZR h 5 X (4,0)
79 580 8p -X (3,0) Very diff.
2 —
Eéz ?);;% a {;ZS *i g: g; }Not measurable on high resolution plate
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