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The results on the water vapor absorption and fluorescence spectra in the near-UV spectral region

are analytically reviewed.
Introduction

Water vapor absorption in the region of
rotational-vibrational transitions (visible and infrared
spectral regions) is being studied rather actively, what
is reflected in a number of specialized publications.!
The measurements of water vapor absorption in the
region of electronic transitions2:3 for many years did
not touch the region beyond 106—198 nm (photographic
measurements of the water vapor absorption
coefficients# in the region of 145-185 nm are low-
informative). In the experiments on electron scattering,
wide bands (the so-called 4.5-¢V bands, for brief analysis
see Ref. 5) are observed. However it is believed® that
these bands are not related to photoprocesses in H;O
vapor. This state of experimental research was
“supported” by the results of theoretical quantum-
chemistry calculations demonstrating the absence of
electronic states with the energy of the vertical
transition less than 6.2 eV = 49800 cm™!.

In 1980 (Ref. 7) when studying Raman scattering
of light by minor atmospheric constituents under the
exposure to near-UV laser radiation (second harmonic of
ruby laser and fourth harmonic of Nd:YAG laser) in the
region up to 3000 cm™! from the exciting line, re-
emission was found, and the value of this re-emission
correlated with the humidity of the atmosphere and the
state of precipitation. Direct measurements in artificial
mixtures8 showed that earlier detected signals were
caused by water vapor. Further experimental studies by
use of different laser spectroscopy methods gave vast
information on the absorption and fluorescence of water
vapor in the region of 213—425 nm, which is being
reviewed in this paper.

The interest to the studies of spectral
characteristics of water vapor in the near-UV region is
also motivated by the following circumstances.

1. Extinction of solar radiation in the near-UV
spectral region is mostly determined by ozone, and all
calculations of the radiative fluxes in this spectral
region use approximations of the transmission function
based on the ozone absorption spectrum. However,
already in 1950 as early (Ref. 9) it was stated that
water vapor absorption might be a significant factor in
extinction of solar radiation; in fact, these papers,
stimulated the measurements conducted in Ref. 2.
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2. Almost any of optical ozonometers (see, for
example, Ref. 10) measuring the total ozone content in
the atmosphere is operated following the common
scheme — they measure extinction of solar radiation in
selected spectral ranges. Additional extinction due to
water vapor is ignored in this case and the results are
thus overestimated. The overestimation can be found
from the H;O absorption spectrum. Although the
corrections to the ozone concentrations determined in
such a way are small (absorption by water vapor is
markedly lower than that by the ozone), they may
prove significant, because the ozone determines many
atmospheric chemical reactions.

3. The near-UV region is now used for sensing
various chemical compounds by lidars using the method
of laser-induced fluorescence. For correct separation of
spectra and determination of the concentrations of
individual gases, it is necessary to know accurately the
atmospheric transmittance.!! Simple models of extinction
of UV radiation!? accounting for contributions coming
from aerosol, molecular scattering, and absorption by
oxygen and ozone do not provide for the desirable
accuracy. Moreover, the measurement error in the
spectral atmospheric transmittance in the UV region now
does not exceed 1% nearby 310 nm and 0.2% nearby
400 nm (Ref. 13), whereas the contribution of H;O to
the extinction of UV radiation is about 3% of the total
extinction coefficient at the wavelength of 310 nm
(Ref. 14). Therefore, it is necessary to take into account
the effect of atmospheric water vapor.

4. Finally, the increasing capabilities of calculating
higher and higher rotational-vibrational states!® allow us
to look forward at the direct comparison of
experimentally measured and calculated near-UV
absorption spectra in the nearest future.

Experimental data

Absorption spectra

The water vapor absorption spectrum in the region
from 106 to 186 nm was obtained in Ref. 2 and Ref. 3
(185-198 nm) and is depicted in Fig. 1. The length of
a single-pass cell was 4.7 and 10 cm, and the water
vapor pressure was 0.08 to 8 and 20 mm Hg column,
respectively, in Refs. 2 and 3. The resolution of the
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monochromator in Ref. 2 was about 0.1 nm. Water
vapor was produced from distilled water additionally
rectified? by distillation at 0°C in a vacuum
rectification system; mass-spectrometric analysis showed
that the total pollution was within 0.05%. To obtain
stable results, the cell upon being filled was held for
about 1 h until the pressure reached the equilibrium.2
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Fig. 1. Water vapor absorption spectrum in the region from
150 to 198 nm: data from Refs. 2 (1) and 3 (2).

Measurements in the longer-wave spectral region
were conducted with the optical path length of 104
(Ref. 16), 64 (Ref. 17), 440 (Ref. 18), and up to
1320 m (Ref. 19). Toward this end, multipass gas cells
with the separation of 2.2, 2, and 10 m between mirrors
were filled with water vapor. The sources of radiation
were quartz-halogen bulb,!7 dye laser,!6 Nd:YAG
laser,19:18 and neodymium-doped glass laser,!9 whose
frequency was converted into the UV region through
harmonic generation. The spectral resolution in Ref. 17
was roughly 1, 0.3, and 0.1 nm in the ranges of 265—
280, 280—300, and 300—360 nm. The spectral width of
laser radiation did not exceed 0.03 nm (Ref. 16) and
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0.14 pm (Ref. 19); the pulse-to-pulse step of frequency
tuning was 0.14-0.35 pm (Ref. 19).

The measured absorption spectra are depicted in
Fig. 2. In a specialized methodical experiments, 16 it was
found that the dependence of the H,O absorption
coefficient (at the wavelength of 277.8 nm) reduced to
the unit pressure (K =K/Py,p) on the HyO vapor
pressure keeps almost unchanged up to Py,o < 12 Torr
(Fig. 2b), therefore the absorption spectra were recorded
in Ref. 16 at the pure water vapor pressure of 10 Torr.

In Ref. 19, the object of study was atmospheric
air at the total pressure of 750—760 Torr and the partial
pressure of water vapor of 9.9 or 10 Torr (Fig. 2¢). The
measured absorption cross section for the YAG laser
radiation turned out to be equal to (4.9 + 0.1)[0723 cm?2
[K(A) = (1.74 £ 0.03)d076 cm™! Morr~!], the mean
value of the absorption coefficient in the interval of
263-268 nm for a tunable neodymium-doped glass laser
was (1.83 = 0.12) 01075 cm™!.

The absorption coefficient determined in Ref. 18
at the wavelength of 266 nm was 8007 cm~! OTorr™ 1.

The water vapor absorption spectrum was measured
in the process of detailed studies of liquid water
absorption at A =180 — 500 nm (Ref. 20). It was
concluded that water vapor absorption coefficient at
different temperature is proportional to the concentration
of vapor molecules, and the spectral dependence is
identical to that for the liquid water (this does not
coincide with Refs. 21 and 22, see below). The
analytical dependence of the exponential absorption
coefficient of water vapor under standard conditions
(T =273 K, pressure of 760 Torr) corresponding to the
experimental results has the following form:

£=92exp [16.9 A1 = AgD)] (1)

(g, in m™ ' A and Ag, pm; Ag = 0.186 pm).

The UV water vapor absorption spectra at a high
temperature (1000—3700 K) were measured in a shock-
wave tube?3 (Fig. 3).
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Fig. 2. Spectral water vapor absorption coefficient in the region of 260-370 nm for pure water vapor (a): data from Refs. 16 (1)
and 17 (2); dependence of the normalized absorption coefficient on the total water vapor pressure, Ref. 16 (b); dependence of the air

absorption coefficient, Ref. 19 (¢).
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Fig. 3. The absorption cross section of HyO molecules for UV

radiation: experiment (/—7) and calculation by Eq. (2) (8—14);

A=190 (7, &, 196.4 (2, 9), 210 (3, 10), 216.4 (4, 11),

225 (5, 12), 231.4 (6, 13), and 241.4 nm (7, 14).

In the studied temperature and wavelength ranges,
the HyO absorption cross section is well described by
the equation

o(\, T) = op(\) exp (= 8/7), (2)

where log [gp(M\)] = = 15.598 — 0.0103 O and
0 = 33664 — 202.6 O\ (here A is in nm).

Photo-acoustic spectra

The water vapor absorption spectra were measured
by the photo-acoustic method for the wavelengths of
266 nm (fourth harmonic of Nd:YAG laser?4) and 255,
271, and 289 nm (harmonics and fundamental
frequency of a copper-vapor laser2?). Photo-acoustic
receivers were calibrated against the absorption by a
binary mixture of acetone at the wavelength of 266 nm
(Ref. 24) and methane at the wavelength of 3392 nm
(Ref. 25) with nitrogen. The object of study in Ref. 24
was distilled water.

The absorption coefficients of the binary mixture of
water vapor with nitrogen determined by the standard
method have the following values: 3.10077 cm™![Torr~!
(A=255nm), 1.2 007 cm~! OTorr ! (A =271 nm),
and 2.0 01077 cm™! OTorr™! (A = 289 nm) with the
error of about 25%.

A large-volume optical cell and time-resolved
measurements of signals allowed separation of signals
connected with absorption by cell windows and the gas
under study.24 The value of a photo-acoustic response is
linearly related to water vapor partial pressure (Fig. 4),
and the coefficient of proportionality depended on the
mixture composition. The absorption coefficient averaged
over measurements in all mixtures (with air, nitrogen,
and argon) was (1.3 £ 0.2) 01077 cm™! OTorr~!.

The signal from windows is also related to the gas
composition of the mixture in the cell. For non-

M.M. Makogon

absorbing gases (N, Ar, and H,), the signal decreases
5-10 times as three to five laser pulses with the
repetition rate of 1 Hz pass through the cell. If there is
water vapor (pure or in a mixture with other gases) in
the cell, the signal decreases only 2-3 times for 10
pulses, and it always is an order of magnitude or more
higher than the useful signal from absorption in the
gas. In Ref. 24, these facts are explained by adsorption
of HyO molecules on the surface of cell windows.
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Fig. 4. The ratio of the amplitude of a photo-acoustic response
U to the laser pulse energy W as a function of HyO partial

pressure in the cell at the total pressure of 100 Torr.

In Ref. 24, ionization of the gas mixture under the
exposure to radiation with the wavelength of 266 nm in
the pressure range of 1073 =760 Torr was observed as
well.

Fluorescence excitation spectra

The function of excitation of fluorescence in H,O
vapor under the exposure to radiation of KrF* laser,
fourth harmonic of the Nd:YAG laser, XeCl* and Ny
lasers was studied in Ref. 26 and under the exposure to
the second harmonic of the tunable dye laser — in
Ref. 27.

The water vapor re-emission spectrum is
independent of the exciting wavelength (Figs. 5a—c;
the spectrum in Fig. 5c is distorted by the long-wave
wing of the absorption filter used for suppression of
scattered laser radiation; the dashed curves show the
part of the spectrum corrected by subtraction of the
absorption in filter). Figure 5d depicts the spectrum of
long-wave part of the absorption band reconstructed
from these data. This spectrum is obtained by
normalizing the volumes under the surfaces of
fluorescent signals in the coordinates A, ¢, and Iy to the
laser pulse energy; the fluorescence signals were
obtained in pure H,O vapor. The value of K is the
ratio of the scattered energy to the total energy of the
laser pulse.

Fluorescence is excited with practically the same
efficiency by a broadband and tunable (in the 30 A
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range, AA = 3 A) narrow-band radiation of a KrF* laser,
as well as the narrow-band radiation of a Nd laser, thus
indicating the continuum structure of the absorption

band.
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Fig. 5. Records of the water vapor fluorescence spectra (a—c)
and its absorption band (d). Excitation by radiation at
248 (a), 270 (b), and 308 nm (c); signals correspond to time
intervals of 0-50 (7/) and 50-400 ns (2); H,O vapor
concentration of 400017 ¢m™3.

The excitation function was recorded in Ref. 27
with higher resolution (0.3 A through the entire band
and 0.03A in some its parts); it is depicted in Fig 6.
The fine structure indicative of the discrete character of
the spectrum was not revealed as well. Measurements
were conducted in HyO vapor; no data on pressure
ware presented.

Water vapor fluorescence

In the first group of papers (Refs. 7, 8, 28-30,
and 48), fluorescence and scattering spectra of
atmospheric gases were studied in the Stokes range of
detuning from the frequency of the exciting line (500—
3500 cm™1). The sources of radiation in Ref. 7 were solid-
state lasers [second harmonic of the ruby laser
(A = 347 nm) and the fourth harmonic of the Nd:YAG
garnet laser (A = 266 nm)] and the measurements were
conducted along open atmospheric paths, whereas in
Refs. 8 and 28-30 the KrF* laser (A=248.5 nm) was
used and the majority of data were obtained in
measurements using cells.
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Fig. 6. Long-wave wing of the absorption band and its parts
recorded with the resolution of 0.03 and 0.003 nm.

The response from the atmosphere depended on its
state and the exciting wavelength.” The level of
fluorescence was measured under different atmospheric
conditions and during long time intervals, therefore the
boundaries of the averaged values are given in Table 1.

Table 1. Level of atmospheric fluorescence in the region of
2000—3000 cm~1, Av = 10 cm™1

Wavelength, Equivalent nitrogen concentration, ppm
nm Fog, rain, snow No precipitation
347 300—-500 50-200
266 20—-100 20-50

I, arbitrary units

150

50

260 265 270

X, nm

Fig. 7. Emission spectra of pure water vapor ({) and water
vapor in a mixture with nitrogen (2) and oxygen (3) at
excitation by radiation at 248.5 nm; arrows mark the positions
of Raman lines; the water vapor pressure of 2.4 kPa, nitrogen
pressure of 6.65 kPa, and oxygen pressure of 0.133 kPa.

In all papers, it was found that the intensity of the
studied re-emission of the atmosphere increases with the
distance from the exciting line and makes up 1075 to
1073 of the Raman signal from nitrogen in the 10-cm™!
band. Because of the shape of spectrum (Fig. 7) and the
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presence of a large number of trapped photons (the
signal was recorded with time resolution, the time-gate
length varied from 50 to 800 ns), the observed spectrum
was interpreted as a fluorescence spectrum.28-30 It is also
seen that at A = 266 nm there exists a pronounced short-
wave threshold of the fluorescence intensity.
Time-resolved analysis of the fluorescence response
recorded within different time gates showed?28 that
damping of fluorescence is roughly the same in different
spectral intervals. The exponential character of
fluorescence damping is illustrated in Fig. 8, which
depicts the pressure dependences of the signals received
in different time gates both for pure water vapor and
for its mixtures with nitrogen and oxygen. The lifetime
of a fluorescence responsible state in pure water vapor
is (40 £3) ns and keeps unchanged within the
measurement error at pressure variations from 0.4 to
2.4 kPa (Ref. 29). The cross section of fluorescence
quenching by nitrogen and oxygen is about 10717 and
10714 cm2, respectively? [the quenching rate constants
are equal to 3 10712 and 1.4 01079 cm3 51 (Ref. 29)].

1
0 100 200 ¢, nm
Fig. 8. Time dependence of the spectrally integral fluorescence
intensity for pure water vapor (/) and its mixtures with
nitrogen (2) and oxygen (3); the water vapor pressure of 2.4,
nitrogen pressure of 6.65, and oxygen pressure of 0.133 kPa.

The spectrally integral fluorescence intensity in the
pressure range from 0.8 to 2.4 kPa is quadratically
depends on the H,O concentration (Fig. 9). In Ref. 48,
it was found that the intensity ratio of fluorescence to
Raman scattering is proportional to the laser radiation
power density (its variability range was not given).
This points to the nonlinear character of the process of
excitation of the observed fluorescence.

The measurements2® have been conducted at
focusing KrF* laser radiation with the maximum
intensity reaching 5 GW /cm2. In the area with the
power density of 1-5 GW /cm?, the spectrally integral
fluorescence intensity weakly depended on the laser
radiation intensity, thus being indicative of the
saturation with the fluorescence excitation.

In Refs. 28, 29, and 48, two-photon dissociation
of HyO was assumed. However, if in Refs. 28 and 48 it
was assumed that the observed fluorescence is caused
by the OH radical produced in the process of
dissociation, then Ref. 29 states that this does not agree
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with the full set of experimental data. It is assumed
that fluorescence belongs to excited molecular oxygen
produced in secondary photochemical processes
following the dissociation of HoO molecules.

VI , arbitrary units

15F

Py,0, kPa
1

1
0.8 1.6 2.4

Fig. 9. Dependence of the spectrally integral fluorescence
intensity on the water vapor pressure in the cell.

5

The atmospheric fluorescence spectrum in a wide
region was recorded for the first time in Ref. 31
(Fig. 10). The study of various gas mixtures (air, water
vapor, nitrogen, oxygen, argon, and helium in mixtures
with each other) allowed the conclusion that either the
H,O molecule or its derivatives fluoresce.
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Fig. 10. Atmospheric fluorescence band induced by KrF* laser
radiation.

It was found that in pure water vapor at the
pressure of 0.01—15 Torr and in the mixture with inert
gases the broad short-living (<50 ns) spectrally
continuous fluorescence band is complemented with at
least two bands (one in the region of 315-360 nm and
the other one in the region of 365 nm) with a
significantly longer lifetime 1 = 200 ns (Fig. 11). Since
the time between collisions is about 1074 s under
conditions of the experiment, the observed lifetimes are
caused by intramolecular processes.
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Fig. 11. HyO fluorescence spectra successively recorded in three
time intervals after termination of the exciting pulse: 0-50 (1),
50-100 (2), and 100-150 ns (3).

The fluorescence intensity practically linearly
depends on the power density of the exciting radiation
in the range Pu = 104—-50105W /cm? (Fig. 12),
thus indicating the single photon absorption process
(processes connected with multiphoton absorption of
radiation by  water molecules were repeatedly
observed32). Special measurements with laser radiation
focused onto  the cell33  showed that at
Peoye > 108 W /cm? the ruled fluorescence spectrum of
the OH radical produced in the process of two-photon
dissociation of water by the KrF* laser arises against
the background of a broad fluorescence spectrum of
water vapor; at lower Puy. this spectrum was not
observed. Thus, in typical lidar experiments, OH is not
responsible for the broadband fluorescence.

3rlogl

0 1 2 3 log P
Fig. 12. Fluorescence and the SRS intensities of HyO
molecules as functions of power density of laser radiation.

The measurements of fluorescence intensity as a
function of air and argon pressure (0—1 atm) at the
saturated pressure of water vapor (about 15 Torr)
showed that argon practically does not quench the
fluorescence.33 The quenching by air is rather
significant and well described by the Stern —Volmer
equation for the quenching factor

Q=1/(1+ZC/1‘P1‘) 3

(p; and ¢q; are the partial pressures and quenching
factors of the gas components of the mixture) at the
cross section Ggye = 500716 cm?2.

Taking into account the single-photon process of
excitation of the fluorescence observed under conditions
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that collisions can be neglected, as well as the large
width of the emission spectrum of a KrF* laser (about
100 cm™1), which can “cover” many H,O absorption
lines, Klimkin and Fedorishchev33 believe that the
observed fluorescence belongs to rotational-vibrational
transitions in water molecule being in the ground state.
The possibility of observing the fluorescence at excitation
of rotational-vibrational transitions of the 000—103 water
band by the ruby laser was analyzed earlier in Ref. 34.

Klimkin and Fedorishchev33 reported that KrF*
laser excites the characteristic fluorescence band in the
mixtures containing D,O as well.

In these papers, it was assumed that the HyO
molecule or its photochemical derivatives are responsible
for the discussed fluorescence. However, the dimer
(H,0), also may be a fluorescing object. This version
was checked in Ref. 35 by measuring the fluorescence
spectrum and cross section of water vapor at high
temperature, because the concentration of dimers must
decrease in this case.

The fluorescence was excited by the fourth
harmonic of a Nd:YAG garnet laser (A = 266 nm); the
effect of scattered laser radiation on the recorded
spectrum was excluded by a cut-off liquid benzene
filter installed at the monochromator entrance. The
measurements were conducted in air and pure vapor;
the nitrogen Raman scattering line was used for
absolute measurements of the fluorescence cross section.
All available water samples were studied: distilled
water, twice distilled water, medical water for
injections, tap water from different sources, and the
obtained results proved to be close.

Iy, arbitrary units
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Fig. 13. Fluorescence spectrum of water vapor at the

temperature of 24 and 72°C; excitation by radiation at
266 nm.

Figure 13 depicts the fluorescence spectrum of
pure H,O vapor at room and higher temperatures. As
follows from the figure, the increase of temperature
from 24 to 72°C causes sharp increase of the fluorescence
in the region of 380 nm, and its cross section does not
decrease, as it would be expected in the case of the
dimer origin of this band, but even increases. The
fluorescence was measured at different water vapor
pressure, and this allowed the effect of collisions of
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Hy0O molecules on the fluorescence quenching to be
estimated. The estimates agree well with those
following from the Stern—Volmer equation. The
obtained data are tabulated in Table 2.

Table 2. Parameters of water vapor fluorescence excited by
radiation at 266 nm
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The fluorescence of water vapor was recently
studied36 in the case of excitation by the fifth harmonic
of the Nd:YAG laser (wavelength of 212.8 nm, energy
of 2mJ, pulse duration of about 2 ns). The
measurements were conducted using standard bistatic
lidar optical arrangement. A 3-m cell was filled with
water vapor (medical water for injections). The zone of

T ) Fluorescence cross Quenching | Quenching overlapping of the exciting laser beam 1.5 cm in
empfglture’ sesgzi&?z)ﬁ,&rsﬁ factor g, | cross section diameter and the telescope field of view was about 1 m
' Torr™!  |Ggue, 1077 cm? and localized in the central part of the cell. The
24 0.56 0.031 1.8 recording was performed in photon counting mode with
72 6.9 0.026 1.5 time resolution.
200 ——  0-50nms n
| A
—a— 50 -100 ns ] \/ z
180 L
1 { ¥
- —— 100 - 150 ns
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.‘2120 I . —=— 250 -300 ns J \
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Fig. 14. Pure water vapor fluorescence spectra successively recorded in time intervals at excitation by radiation at 212.8 nm, the
vapor pressure of 8 Torr. The emission peaks in the right-hand and left-hand parts are caused by the scattered laser radiation
recorded in the first and second diffraction orders of the grating used.
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Fig. 15. Spectral dependence of the fluorescence decay constant of water vapor in the case of excitation by radiation at 212.8 nm.
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The fluorescence is characteristic of the room
temperature  (Fig. 14), and its cross section is
2000724 cm2. The spectral-temporal behavior of the
emission of pure water vapor allows us to separate three
zones (Fig. 15) in the wavelength dependence of the
fluorescence decay constant. At A <315 nm and
A > 365 nm the decay constant is equal to 15-25 and 15—
35 ns, respectively, and independent of the vapor
pressure. In the zone 315 <A <365nm, it increases
approximately linearly with the vapor pressure. At the
same time, the self-quenching cross section of the integral
fluorescence is very large — 2.700713 cm2.

Discussion
Studied samples

Preparation of samples is one of the crucial
elements of the experimental research. Analysis of liquid
water, especially in the UV region, is preceded by its
purifying from organics, deionization, and double or
triple distillation with the use of only medium portion
in the following treatment (see Review 37). Thus, the
most “pure” results were obtained when measuring
absorption of liquid water in the UV spectral
region. 38,39

When studying water vapor, distilled water also
was additionally prepared in some cases (distilled in a
vacuum system? or passed through the repeated cycles:
freezing (77 K) — evacuation (77 K) — melting (300 K)
for degassing®) and controlled using mass-spectrometric
method.2 In the majority of papers, the object of the
study is vapor of distilled water of normally unknown
composition. At the same time, the presence of
qualitatively the same effect indicates that interaction
with water vapor, rather than admixtures, is recorded.
It can be thought to be proved3> that the initial
product is not the dimer (H,O); or the complex
(H,0),, (the recent theoretical publications40 showed
that the first singlet state Sy in them is dissociative, as
well as in the monomer, and the peak of the absorption
band at the transition S, — S shifts toward shorter
waves). It is also proved33 that the observed broadband
fluorescence does not relate to the OH radical.

An important aspect is also the procedure of
filling the measurement cells with water vapor. This
factor is mentioned in Ref. 2, where the long exposure
was likely needed to saturate adsorption on walls.
Large-volume cells must be less critical to this factor
because of the large ratio of the volume to the wall
area. On the other hand, reproducibility of
measurements for water vapor in a 110-m cell!®
significantly depends on the filling rate and mode. 4!

Absorption spectra

The spectral dependences of the absorption
coefficients of water vapor and liquid water in the near-
UV spectral region are depicted in Fig. 16. It is worthy
to note the following facts.
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1. The statement20 that the spectral dependence of
the absorption coefficients is the same for liquid water
and water vapor (equation (1) being, in fact, the
empiric Urbach rule for the edge of an absorption band
in ion crystals and some semiconductors) seems to be
not valid at least because the positions of the Sy - Sy
absorption bands of vapor and liquid water do not
coincide (the corresponding energy level diagrams are
given in Ref. 22). Tt is also hard to surmise that the
experimental sensitivity in Ref. 20 was sufficient for
recording that weak absorption. Besides, there is a
discrepancy with the results of Ref. 16 (and Ref. 17) as
regards the shape of the spectral dependence.

2. In the region of 266—271 nm, the absorption
coefficients determined by spectrophotometric [301076
(Ref. 16), 2.70076 (Ref. 17), (1.7-1.8)0076 (Ref. 19),
0.80076 ecm~!Torr™! (Ref. 18)] and photo-acoustic
[1.20077 (Ref. 25) and 1.3007 cm ™! [Torr~! (Ref. 24)]
methods differ widely. Since this difference is larger for
the larger number of reflections underwent by radiation
in a multipass cell, it is natural to suppose that it is
connected with the presence of water molecules
adsorbed by surfaces of mirrors and windows in the
cell.

The effect of adsorption can be assessed based on
data from Ref. 42, in which it is shown that water
vapor in an ozonometer cell leads to extra attenuation
of the UV radiation. This attenuation correlates with
the quality of window processing, the difference in
which becomes noticeable only when using the method
of electron microscopy. The recalculation of the
presented data shows that at the water vapor pressure
of 7.5 Torr the transmittance of one surface is from
0.9989 to 0.9954. In Ref. 16, the radiation passing 48
times through the cell undergoes 47 reflections and thus
passes 96 times through the “film” (2 47 + 2
windows). Thus, the cell transmittance may drop from
0.8997 to 0.6455 due to this effect. The experimentally
measured transmittance of the cell with water vapor at
the wavelength of 270 nm was 0.732 (Ref. 16),
wherefrom the absorption coefficient was found to be
300 6cm™! Torr~!. As is seen, the allowance for the
decrease of the cell transmittance due to adsorbed
molecules can reduce the absorption coefficient down to
zero, however this likely produces no effect on the
spectral behavior of the absorption coefficient.

Significant  overestimation of the absorption
coefficient in Refs. 16 and 17 was also mentioned in
Ref. 14, in which, to compare the experimentally
measured!3 and the calculated atmospheric transmittance
in the region of 310-340 nm, the values of the
absorption coefficients from Refs. 16 and 17 were
decreased by 20 times.

3. The absorption coefficient!6:17 increases sharply
with the decreasing wavelengths and reaches its maximum
at the edge of a region (270 and 265 nm, respectively).
Therefore, it is too problematic to say about the
existence of an absorption band positioned near
270 nm.
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Fig. 16. Spectral dependences of the absorption coefficient of liquid water (according to data from Ref. 38) and water vapor.

4. Now there is no explanation to different
spectral behavior of the absorption coefficients reported
in Refs. 16, 17, and 25. The cause is likely that the
spectrophotometric measurements determine the total
extinction, whereas the photo-acoustic measurements
determine only the part connected with nonradiative
relaxation of excitation. In this connection, it is
interesting to consider the behavior of photo-acoustic
signal in a mixture of water vapor with argon (see
Fig. 4), corresponding to the absorption coefficient
roughly doubled as compared to the mixture with
nitrogen. The comparison of this peculiarity with the
absence of quenching of water vapor fluorescence by
argon33 can point also to the fact that signals recorded
in Refs. 16, 17, 25, and 33 are connected with different
relaxation channels.

Fluorescence

The quantitative characteristics of fluorescence are
tabulated in Table 3. They, in general, agree with each
other, especially, in relation to the quenching cross
sections that are determined most reliably. The time
dependences of fluorescence, in particular, the presence
of long-lived component in the central part of the
spectrum, agree as well.

The fluorescence in the intervals of 265—-275 nm
and 300—360 nm depends differently on the power of
the exciting radiation and the pressure of water vapor:
the dependence is nonlinear in the first interval29:48 and
linear in the second interval.31:36 This difference is
possibly connected with several fluorescing objects
caused by the complex character of the photochemical
processes involved.

The quantum yield of the integral fluorescence at
excitation in the region of 266—270 nm as determined

from comparison of fluorescence cross sections with the
absorption measured by the photo-acoustic method is
0.15-0.75.

Table 3. Water vapor fluorescence parameters

Excitation | Fluorescence | Absorption |Quenching cross
wavelength, | cross section, coefficient, section,
nm 10724 ¢cm?2  [10~7cm~![Torr™! 10715 ¢m?
212.8 2 0.7 by water vapor
- 270
248.5 1.1 0.4 by argon — low
nitrogen — 1072
air — 0.5
oxygen — 10
266 0.56 at 24°C 0.2 by water vapor
6.9 at 72°C -1.5
270 2.5 0.9 -
308 0.1 0.04 -
337 - 0 -

A particular attention should be paid to the
behavior of the fluorescence cross section at excitation
by the KrF* laser (248.5 nm). The low (as compared to
the case of 270 nm) value of fluorescence26 is, in fact,
the only (except for the “extreme” behavior of the
absorption coefficients in Ref. 25) argument in favor of
the existence of the so-called 270-nm band. On the
other hand, the dependence of the Raman scattering
cross section on the exciting wavelength (Table 4)
could serve an indirect confirmation of the existence of
this band43:44: the increased value of the cross section
at 270 nm may be connected with the resonance
character of the effect of this band. At the same time,
the reliability of the obtained Raman scattering cross
sections is low, as a rule (see the review in Ref. 44).
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Table 4. Relative Raman scattering cross sections of water

vapor
Observation angle, Excitation wavelength, nm
deg 248 | 266 | 337
90 0.5-1.4 2.9 1.6 — 4.6
180 0.5-8 - -

Possible mechanisms

At present there are no explanations of the whole
set of the results obtained. In Ref. 45, an attempt was
undertaken to explain the experiments with the KrF*
laser (wavelength of 248 nm) by dissociation of water
molecules into H + OH and Hy + O with the following
recombination causing the observed glowing. A principle
point in such an approach is that the energy of a laser
quantum (4.99 eV) is close to the potentials of
dissociation (5.12 and 5.0 eV) through the above
channels. However, this approach can hardly be
automatically extended to longer wavelengths; remind
that the fluorescence at excitation by the radiation at
270 nm (the quantum energy of 4.59 eV) is twice as
high as that in the case of 248.5 nm and the radiation
at 308 nm (3.95€eV) also markedly excites the
fluorescence. The dissociative mechanism can likely be
invoked to analysis of the results of interaction of
water molecules with the radiation having the
wavelength of 212.8 nm. At the same time, the possible
contribution of the dissociative mechanism is indicated
by the results of Ref. 24 on observation of the
ionization signals, because the energy threshold of
dissociation is lower than that of the ionization.

It seems to be quite probable that the fluorescence
excited by the radiation at the wavelength of 248.5 nm
and higher occurs in the system of ground-state
rotational-vibrational transitions interacting with the first
excited electronic states !By and 3Bj, although it is
traditionally accepted that the rotational-vibrational
absorption spectrum of H,O in the UV region is rather
weak. It is usually assumed that the strongest bands
can be connected only with high overtones of the
stretching vibrations. The centrifugal effect — the
strongest intramolecular effect in the HyO molecule — is
usually ignored, as well as possible interaction with
excited electronic states. It is known46:47 that the
centrifugal distortion leads to appearance of lines of very
weak bands in the spectrum; thus, transitions to such
highly excited bending state as (0 10 0) are observed. The
interaction of high rotational-vibrational levels of the
ground electronic state with the excited electronic states
in the water molecule in the presence of strong
centrifugal distortion may lead to rather strong mixing of
wave functions. This mixing, in its turn, leads to
intensity “borrowing” by weak transitions and to
appearance of relatively intense H,O absorption band in
the near-UV region.

The spectral behavior of the water vapor absorption
coefficient, similar to the wing of the electronic band of
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liquid water (see Fig. 16), and the temperature
dependence of fluorescence agree with this hypothesis.

Conclusions

1. All experimental results clearly demonstrate the
presence of interaction between the UV radiation and
water vapor. However, there is a serious quantitative
discrepancy between the results: the opposed spectral
behavior and the 30 times difference in the value of the
measured absorption coefficient.

2. The available experimental data and model
representations are insufficient for the exhaustive
explanation of the nature of the observed absorption and
the following fluorescence. In particular, they cannot
confirm or refute the hypothesis26 about the earlier
unknown vibrational-electronic band.

3. It is worth conducting additional experiments
of a combined study, using different methods in a single
setup, for example, recording simultaneously the
fluorescent, photo-acoustic, and ionization signals for
every laser pulse in a wide range of intensities of the
exciting radiation. Upon such measurements are
conducted for different pressures and temperatures, it
becomes possible to separate the channels of radiative and
nonradiative relaxation of the excitation. It is also
necessary to measure the fluorescence spectrum with
high resolution, what opens the possibility of revealing
the structure of the lower states of the transition.
Direct measurements of the water vapor absorption
spectrum in the region of 200—270 nm are of undoubted
interest. In all measurements, the composition of the
used water samples should be necessarily controlled.

4. As to theoretical studies, it is worth calculating
the energy levels and wave functions of high rotational-
vibrational states of HoO vapor with the allowance for
centrifugal effect and the interaction with the first
excited electronic states. To determine the model and to
choose the centrifugal distortion constants, the results of
highly accurate ab initio calculations like that in
Ref. 15 can be used.
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