
Hot Bands of Water up to 6n –5n in the 933–2500 cm21 Region
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Emission spectra have been recorded for hot water at temperatures up to 1550°C. Separate spectra have been record
the 800–1900 and 1800–2500 cm21 range. Assignments are made using a linelist generated from high accuracy, variational
nuclear motion calculations, and energy differences. The spectra contain many hot bending transitions of the form (0n0)–
(0n–10),where states up ton 5 6 have been assigned. Detailed analysis shows that the spectra contain lines from 34 separa
vibrational bands including other hot bending transitions and the difference bands (030)–(100), (110)–(020), (011)–(020
(100)–(010), (040)–(110), (040)–(011), (120)–(030), (012)–(030), (011)–(100), (110)–(001), and (101)–(110), all of which
have not been observed previously. From a total of 8959 lines recorded, 6810 have been assigned; 4556 of these lines are n
These spectra represent the first detection of the (060) vibrational band, for which a band origin of 8870.546 0.05 cm21 is
determined. The (050) band origin is confirmed as 7542.406 0.03 cm21. The assignments extend the range ofJ andKa values
observed for the bending states, particularly for (050) and (060), where 63 and 27 different rotational levels, respectively, ha
now been observed; 53 frequencies given in HITRAN are corrected.© 1999 Academic Press
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The infrared spectrum of water has been the subje
oncerted study over many years, both because of its num
pplications and because of the difficulty in analyzing m
egions of the spectrum. Generally, states of water with
ificant bending excitation remain poorly characterized. Th
ecause bending transitions, although at lower energy tha
tretches, are also much weaker. In our recent pape1),
enceforth called Paper I, we analyzed emission spect
ater recorded at 1000°C in the 900–2000 cm21 frequency

egion. Using techniques similar to those described below
ere able to assign 1750 new transitions to bending hot b
ineteen of these transitions were assigned to the (050)–
and, leading to the first direct detection of the (050) state
value for the band origin significantly different from the o
hich had been inferred previously from “dark state” anal

2). Paper I extended the now classic work of Flaud, Ca
eyret, and coworkers (3, 4) on the v2 5 0, 1, 2, 3, and
ibrational states of water recorded in flames and the r
emperature work of a number of groups (5–8). Some more
ecent work has also been performed in flames (9, 10).

In this paper, we report a further significant extension of
ork on the hot bending bands of water. This is based on
pectra recorded at higher temperatures than in Paper I (1) and
ver an extended frequency range. Improved methods of

1 Permanent address: Institute of Applied Physics, Russian Acade
cience, Uljanov Street 46, Nizhnii Novgorod, Russia 603024.
2 Also at Department of Chemistry, University of Arizona, Tucson,
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ines (over 75%) than in Paper I where 40% of the lines w
ssigned. The result is not only substantial new informatio

he bending states of water but the observation, for the
ime, of many bending hot bands and difference bands.

II. EXPERIMENTAL DETAILS

The line positions were taken from two emission spe
ecorded with the Bruker IFS 120 HR Fourier transform s
rometer at the University of Waterloo (11). For each spectrum
0 scans were co-added at a spectral resolution of 0.01 c21.
he spectrometer was operated with a KBr beamsplitter a
RS-5 window on the emission port. The water vapor
eated in the center of a 1-m long, 5-cm diameter alumina
he water-cooled ends of the tube were sealed with KR
indows. A slow flow of water vapor was maintained throu

he tube at a pressure of about 6 Torr. The thermal emi
rom the center of the tube was focused into the spectrom
ith an off-axis parabolic mirror. In the first experiment
gCdTe detector and a 2900 cm21 cut-off filter was used. Th

urnace temperature was 1500°C. Lines were measured
00–1900 cm21, although the data extended up to the fi
utoff. The higher wavenumber part of then2 band was take
rom another spectrum that used an InSb detector. In this
he furnace had a temperature of 1500°C and a 400021

utoff filter was used. Lines were measured from 1800–2
m21. In this way, the entiren2 region (930–2500 cm21) of hot
ater could be covered with a good signal-to-noise ratio.
bsolute accuracy of line positions is estimated to be 0
m21 for the strong, unblended lines.

of



The results of these measurements are given in a table3
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119HOT BANDS OF H2O
hich has been placed in the electronic archive. Include
his table is information about the (relative) intensity of
ndividual transitions. It should be noted that the relative
ensities are different between the two experiments and t
ore, intensities given below and above 1800 cm21 are no
trictly comparable. The archived table lists 8959 trans
requencies, nearly all of which involve “hot” states of wa
his is because transitions involving low-lying states of w
ppear in the spectrum as doublets due to self-absorptio
ooler water at the ends of the cell, in the atmosphere, et
ttempt was made to analyze these artifact doublets which
een removed from the list.

III. ANALYSIS

We used two basic procedures to analyze the spec
he first involved making so-called trivial assignmen
hese assignments are for transitions which link en

evels of water known from previous experimental stud
or this purpose, we used tabulated energy levels deve
y Flaudet al. (3, 12, 13), Toth (7, 8), and our own work
1, 14, 15). Furthermore, assignments made using the l
st procedure discussed below led to the determinatio
ew water energy levels which usually allowed furt

rivial assignments to be made. These assignments
ore than standard combination difference procedure

ause the spectrum contains a number of bands invo
ny particular state. For example, besides pure rotat

ransitions within the (030) state, for which a few lines w
ound near the low-frequency limit of the spectrum, tra
ions were also assigned to six other bands involving (0
amely (030)–(020), (030)–(100), (030)–(001), (040)–(0
120)–(030), and (021)–(030). For transitions which could
e assigned trivially, two linelists computed using hi
ccuracy, variational nuclear motion calculations were u
S and ZVPT. The PS linelist was computed by Partridge
chwenke (17) using a spectroscopically refined effective

ential energy surface. The ZVPT linelist was computed u
S’s unadjustedab initio potential plus explicit allowance fo

he failure of the Born–Oppenheimer approximation. Detai
he ZVPT linelist can be found elsewhere (18), as can detaile
omparisons between the performance of the two line
15, 18, 19). To summarize, the main practical difference
hat the PS linelist is significantly more accurate in abso
erms, particularly for low-J states, but that ZVPT gives mu
moother behavior when transitions are analyzed along a
icular branch. We find that using both linelists together g
he most reliable results and that in most cases assign
ould be confirmed by the presence of trivial transitions
escribed above. In this fashion we were able to assign

3 Supplementary data for this article may be found on the journal home
http://www.apnet.com/www/journal/ms.htm or http://www.europe.apnet.
ww/journal/ms.htm).
Copyright © 1999 by
in

-
re-

n
.
r
by
o
ve

m.
.
y
.
ed

l-
of
r
ld
e-
g
al

-
),
),
t

-
d:
d

-
g

f

ts

e

ar-
e
nts
s
10

ions have been seen before. HITRAN (20, 21) contains 346
ransitions of H2

16O in the frequency range of our spectra.
hese, 1996 were hot enough to appear in our spectrum.
larly, of the 1607 lines assigned in Paper I, 258 lines no
ITRAN appear in the spectra (1). Table 1 presents the 22

ines assigned to (0n0)–(0n–10), andwhich appear neither
ITRAN or Paper I. A similar number of newly assigned lin
279, were assigned to other vibrational bands. For s
easons, these are only given as part of our full data whic
btainable from the electronic archive.
There is an overlap between the low frequency region o

pectrum and the sunspot spectrum recorded by Wallaceet al.
22). Seventy-nine of our lines were found to have been
igned previously in the sunspot (15, 16). However, the fre
uencies measured here are significantly more accurate

hose obtained in sunspots. One of the notable features o
ssignments is the large number of different vibrational b

nvolved. The original objective of this work was to analy
ot bending transitions of the type (0n0)–(0n–10). This ob-

ective has been achieved and bending hot bands up to 6n2 have
een assigned. Indeed, in the cooler spectrum analyz
aper I (1), we were able to assign 19 transitions in

050)–(040) band. Here we assign 130 further transition
his band and 34 to (060)–(050). This allows us to refine
stimate of the 5n2 band origin to 7542.406 0.03 cm21,
ompatible with, but more accurate than, the one obtain
aper I. We also obtain a new estimate for the 6n2 band origin
f 8870.546 0.05 cm21. As we have yet to assign transitio

nvolving the 000 rotational level of either 5n2 or 6n2, these
stimates were obtained by correcting predictions made b

inelists for any systematic errors found in the higher sta
he PS linelist was used for this purpose because the erro

his linelist are smaller. Our value for the 6n2 band origin is 20
m21 lower than the (unattributed) HITRAN value of 88
m21 (20). Table 2 gives a summary of the number of li
ewly assigned to each band.
One feature shown in Table 2 is the first observation

umber of hot bands of the general form (n1n2n3)–(n1n2–
n3). While transitions of this type are not unexpected
pectrum of hot water, more surprising are the many differ
ands observed. Table 2 shows that we have assigned

ions to no less than 14 distinct difference bands. The nu
f transitions assigned to individual difference bands va

rom 1 for (031)–(040), to 305 for (011)–(020); however,
re confident of these assignments because they are “tr
nd rely on known energy levels. Indeed, many of the freq
ies could have been predicted from previous studies an
nly new information that we obtain is some indication of
elative intensity.

There have been limited previous observations of differ
ands in water. Toth (23) observed (100)–(010) and (001
010) at room temperature. Wallace and Livingston (24) as-
igned 24 lines in the frequency range 2400–2620 cm21 in

ge
/

Academic Press



TABLE 1

120 ZOBOV ET AL.
List of Newly Assigned H2
16O Transitions of the Type (0n0)–(0n–10)

(Intensities (Int) in Arbitrary Relative Units)
Copyright © 1999 by Academic Press
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TABLE 1—Continued

134 ZOBOV ET AL.
heir sunspot spectrum to (001)–(010) using trivial ass
ents. In previous work, we assigned rotational differe
ands corresponding to the (020)–(100) and (100)–(020)
itions in among the pure rotational lines (25). These trans
ions arose from intensity stealing between nearby levels
he assignments could be confirmed using combinationa
erences. Subsequent analysis (16, 25) also revealed rotation
ifference transitions belonging to (030)–(110). The differe
ands assigned here do not appear to arise from any par

ntensity stealing interactions but are simply weak bands
he experiment is sensitive enough to detect.

TABLE 2
Number of New Assignment

N Made for Each Band
Copyright © 1999 by
-
e
n-

nd
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e
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In comparing our newly assigned transitions with th
iven in HITRAN92 (20) and HITRAN96 (21), a number o
ifferences were detected. Table 3 presents 53 transitio
hich our results differ in frequency by at least 0.02 cm21

rom those given by HITRAN96. It is likely that these lin
ere computed for the HITRAN database rather than m
ured. For water, the only difference between HITRAN92
ITRAN96 is that some of the water transition frequen
omputed for HITRAN92 were replaced by measured freq
ies in HITRAN96. Fourteen of these transitions were
erved in the present experiments and in each case were
o be within 0.02 cm21 of the HITRAN96 value. In performin
he present analysis, we found six mistakes in our prev
ssignments. One of these errors, the transition previ
ssigned at 1415.879 cm21 was typographical and the oth
ve were misassignments. The corrected results are pres
n Table 4 and new assignments of the original features
iven in Table 1, except for the line at 1101.449 cm21, which
as not observed in the present experiments. All these
ssignments are trivial.
The many new assignments given here can be used to e

he standard tables of observed energy levels which, in
an be used to make further assignments in other sp
egions. Our new assignments give direct information on
evels for (050) and 27 for (060). We have combined the
ata given here with that obtained by us at other wavelen

n particular, at room temperature in the near infrared (26) and
n sunspots in the 2-mm region (19). These tables extend t
nown levels up toKa 5 30 and contain levels forJ up to 33
or (010), up toKa 5 29 andJ 5 30 for (020), up toKa 5
7 andJ 5 28 for (030), up toKa 5 8 andJ 5 18 for (040),
p toKa 5 7 andJ 5 16 for (050), and up toKa 5 5 andJ 5
4 for (060). Full results will be given elsewhere (18).
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IV. CONCLUSION

r o
t ion
i pa
v an
1 se
f am
A r o

d atured
i

g the
e l So-
c as
s rk was
s ncil of
C h Fund
f ASA
L search
C il. We
t igher
f

. F.

lard,

1 man,

1
1

1

1

1 d L.

1 d L.

1

1

TABLE 4

135HOT BANDS OF H2O
We present new laboratory emission spectra for wate
ained at 1500°C. Assignment of the majority of the transit
n these spectra show that they are due to at least 34 se
ibrational bands, including bending hot band transitions
4 distinct difference bands. We expect this data to be u

or modeling the transmission of radiation through hot ste
n important new feature of this work is the large numbe

TABLE 3
Corrected Wavenumbers for Transitions Present in the

HITRAN Database (21)
Copyright © 1999 by
b-
s
rate
d

ful
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f

ifference bands observed. These bands have not been fe
n previous compilations of experimental data.
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