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Abstract. We have carried out experiments of two-photon excitation of vapor phase H2O and D2O
molecules at atmospheric pressure. A narrow-band tunable UV OPO laser is used in the experiments.
Transient C̃1B1 → Ã1B1 emission from the excited predissociating state is seen in both cases. The com-
plete C̃1B1 ← X̃1A1 fluorescence excitation spectrum in the spectral range of 245–250 nm is measured
and compared with theory. It is shown that the predissociation rate increases with the rotational quantum
number K′

a > 2 more strongly than with K′2
a . No perturbation effects on the measured LIF spectra are

observed at a laser power density below 2 GW/cm2. Experimental results indicate a negligible contribution
from both molecular association and collisions with atmospheric gases. Only an extremely weak vibrational
progression belonging to the second positive system of N2 has been observed, which appears to be due to
energy and charge transfer in N+

2

∗
+ H2O collisions.

PACS. 33.80.Rv Multiphoton ionization and excitation to highly excited states (e.g., Rydberg states) –
32.50.+d Fluorescence, phosphorescence (including quenching) – 33.70.Fd Absolute and relative line and
band intensities

1 Introduction

The water molecule has been considered for a long time
as a good model system for both theoretical and exper-
imental studies. Main features of water molecule spec-
troscopy have been explicitly outlined by Dutuit et al. [1].
The H2O molecule is transparent in the UV-visible spec-
tral range. Below the ionization limit at ∼12.6 eV it
rapidly dissociates into the radical and the hydrogen atom
in the ground state. The first absorption continuum at
∼160 nm has been extensively used in studies of the disso-
ciation dynamics of free molecules [2] and those trapped in
solid matrices [3]. Moreover, at excitation above 9.136 eV
(135.71 nm) the excited product OH∗(A2Σ+) appears
in the decay channel with a quantum yield between 5
and 10%, allowing use of sensitive photofragment fluores-
cence techniques. A sketch of the relevant potential curves
of the water molecule is presented in Figure 1.

Except for continua, earlier assigned to transitions to
nsa1 repulsive Rydberg states, absorption spectrum shows
structured bands; the first member of these series is sit-
uated at ∼124 nm (3pa1 ← 1b1). These structures are
associated with excitation of bound Rydberg states. De-
spite the fact that H2O is a polyatomic molecule and the
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bound states rapidly predissociate, the rotational struc-
ture of the bound-bound transitions is partially resolved:
the absorption spectrum exhibits oscillatory structure due
to many overlapping bands [4].

Due to their low spectral intensity, the use of the syn-
chrotron radiation or conventional spectroscopic lamps
does not allow use of fluorescence techniques for analysis of
predissociation dynamics with rotational state resolution.
Commercial tunable lasers in the VUV spectral region are
not available but, over the last two decades, a technique
of multiphoton laser-induced fluorescence has attracted
much attention for studies of simple molecules [5]. The
H2O molecule has been a subject of studies with two and
three photon excitation on the C̃1B1 ← X̃1A1 transition
(∼10 eV) [6–8]. Theoretical formalism supporting these
studies has been developed by Dixon et al. [9]. Analysis
has shown coupling of the lowest bound C̃1B1 state with
the B̃1A1 repulsive state, the strength of which is a sensi-
tive function of 〈J ′2

a 〉, the mean square rotational angular
momentum projection on the molecular axis a (the axis
associated with the smallest moment of inertia). More-
over, two-photon LIF studies have enabled discovery of
an extremely low-intensity transient fluorescence of H2O
and D2O molecules, which appears following the excita-
tion and during the predissociation process [10]. The use
of this short-lived visible emission at 420 nm (assigned
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Fig. 1. A sketch of the relevant potential curves of the water
molecule (HÔH ∼ 104◦).

to C̃1B1 → Ã1B1 transition) has been suggested for LIF
measurements of the temperature in gases at high pres-
sures [11]. In particular, the C̃1B1 ← X̃1A1 excitation
spectrum of OH(A → X) fluorescence was later used for
a temperature evaluation of water molecules embedded in
large helium clusters [12].

In all earlier studies, two-photon excitation spectra
of H2O and D2O molecules were measured using a tun-
able KrF excimer laser in the range between 247.8 and
248.8 nm. Complete excitation spectra of these molecules
are predicted to be broader and lie between 245 and
250 nm. Therefore, many strong spectral features may
fall beyond the range of the laser tunability. Experimental
analysis of the complete spectrum could be of importance
for a refinement of molecular dynamics simulation tech-
niques.

In the present study we report the analysis of the
complete two-photon C̃1B1 ← X̃1A1 excitation spectra
of H2O and D2O molecules (C̃1B1 → Ã1B1 fluorescence).
Moreover, the realization of temperature measurements
at high pressures requires understanding of the effect of
the environment on the involved electronic states and, in
particular, the influence of quenching. Following this ob-
jective, we conducted the present experiments at ambi-
ent pressure. The short picosecond lifetimes of the excited
state levels allow our use of this approach.

2 Experiment

Experiments were carried out using the pulsed nanosec-
ond MOPO laser (Spectra Physics) tunable over the

spectral range 0.22–1.7 µm. The laser delivers energy
of ∼10 mJ/pulse in the spectral range of interest,
245–250 nm, with a repetition rate of 10 Hz. The spec-
tral width of the laser line and the accuracy of the re-
producibility of the laser frequency are ∼0.2 cm−1. The
pulsed laser energy is permanently monitored by a two-
channel LabMaster (Coherent) energy meter. A quartz
lens (f = 20 or 15 cm) focused the output laser beam
into a windowless cylindrical cell through spatial filters,
which allowed suppression of the background visible radi-
ation. The use of this cell allows one to avoid the contam-
ination of the weak measured spectra by parasite fluores-
cence from the supporting optical elements. Fluorescence
from the region near the focal point was collected by a
400 µm UV-grade optical fiber 20-m long and oriented at
a right angle to the laser beam. When the sample zone is
illuminated, the fiber is not exposed directly to the laser
radiation. Taking into account the acceptance angle of the
fiber and its distance from the optical axis of the laser
beam, the spatial resolution was estimated as ≤1.0 mm.
Because of the length of the fiber, the scattered light of
the pump radiation at λ < 250 nm is internally attenu-
ated, facilitating observation of a weak fluorescence signal
with λ ≥ 300 nm.

The fiber transmits the fluorescence signal to a UV-
visible monochromator (grating 150 l/mm, f = 30 cm, slit
20 µm) coupled to a CCD detector (Princeton). The signal
is also sent to a H-20 filter-monochromator (Jobin Yvon –
Spex) equipped with a fast and fully integrated photomul-
tiplier (Hamamatsu). The cooled intensified CCD detec-
tor allows measurements of spectra with a time window
∆t ≥ 5 ns adjustable with in 1 ns steps with respect to
the pump laser pulse. For the present experiments the time
window has been synchronized to the excitation pulse. The
photomultiplier signal is displayed by a 500 MHz TDS510
digitizing oscilloscope (Tektronix), which enables wave-
form analysis and fluorescence excitation spectra measure-
ments.

In the high-resolution measurements of two-photon
excitation spectra of H2O and D2O molecules, the flu-
orescence waveform from the digitizing oscilloscope is
integrated in time, normalized to the mean squared laser
intensity 〈I2

L〉 and stored in the PC computer. Typically,
averaging of the signal over 102 laser shots was used in the
current experiments for each excitation wavelength λexc,
which was scanned with an increment of ≤0.01 nm in the
245–250 nm spectral region. The filter-monochromator is
fixed during these measurements at the maximum of the
fluorescence band of interest.

High purity water and heavy water (99.998%), used
in the present experiments, evaporate directly into the
open cell. Additionally, the quality of the samples used
in this work has been verified by Raman spectroscopy.
Characteristic vibrational bands of pure H2O at 1 650 and
3 300 cm−1, and pure D2O at 1 200 and 2 450 cm−1 dom-
inated the spectra. No mixed (HDO) or impurity bands
were observed in the tested liquids. In some experiments
the cell was continuously flushed by a high purity nitrogen
or argon gas flow. This sweeps away water molecules and
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decreases the useful fluorescence signal (which reached a
maximum at a saturation vapor pressure), but facilitates
our assignment of the observed spectra.

3 Results and discussion

3.1 Fluorescence spectra

Observation of water vapor blue fluorescence is not a sim-
ple matter because of the very low quantum yield qvis.
A rapid spontaneous predissociation of the excited state
sets its lifetime τ∗ < 10−11 s. Lifetimes of τ∗

C ∼ 2.5 ps
and ∼6 ps were estimated correspondingly for the C̃-state
(ν′ = J ′ = 0) of H2O and D2O [6]. The rate of the
C̃1B1 → Ã1B1 fluorescence transition is r ≤ 108 s−1, and
we can infer that qvis = rτ∗ < 10−3. Secondly, the excited
state undergoes ionization under powerful optical pump-
ing. This partially explains why experiments with broad-
band excimer laser excitation failed to observe the parent
fluorescence [13]. Apparently, for the same reason, non-
reliable results were obtained in references [8,10] when
observing fluorescence from the focal point region using
a narrow-band KrF excimer laser. By excitation of water
vapor with a lens of 15 or 20 cm focal length, we have
observed the brightest fluorescence from the focal point
region. Because the intensity of this fluorescence grows
with water vapor pressure, we used a saturated pressure
of ∼24 mbar at a room temperature of 25 ◦C. Typical
wavelength-resolved fluorescence spectra are shown in Fig-
ure 2. Figure 2a presents fluorescence from atmospheric
gases. In Figure 2b the difference spectrum of fluorescence
in presence of water vapor (minus the spectrum of Fig. 2a)
is displayed. No appreciable changes were observed if we
used a nitrogen gas flow. Therefore, we concluded that
the main features are due to the presence of N2 and H2O
molecules. For comparison in Figure 2c we show a fluo-
rescence spectrum observed with a continuous argon gas
flow.

The UV band at ∼315 nm belongs to the A2Σ+ →
X2Π transition of OH, produced via predissociation of
water molecules following absorption of two (or more) UV
photons. Our low spectral resolution does not allow res-
olution of the rotational structure of this transition. The
photofragment fluorescence quantum yield at 10 eV exci-
tation is ∼10% [14], which is much higher than the yield
of transient fluorescence from the parent molecular wa-
ter. Nevertheless, the intensities of these radiative tran-
sitions in Figure 2 are comparable. This could be due to
a quenching of the long-lived OH(A2Σ+) state emission,
τ∗
A ≈ 0.8 µs (ν′ = 0, 1) [15], and its ionization in the laser

field. Losses due to excited molecules escaping the fluo-
rescence detection zone (D ∼ 1 mm) can be disregarded
because their time-of-flight ttfl = D/VOH∗ is smaller than
the excited state lifetime τ∗

A. Indeed, the nascent velocity
of the OH∗(A) fragment (VOH∗) can be estimated from
energy considerations. The gas phase dissociation energy
of H2O(X̃)→ OH(X)+H is De = 5.118 eV and the tran-
sition energy of OH(A→ X) is Te = 4.053 eV. Therefore,

 

 

 

Fig. 2. Fluorescence spectra of: atmospheric air (a), difference
spectrum of fluorescence in the presence of water vapor (mi-
nus the spectrum “a”) (b), and water vapor under argon gas
flow (c). Strong features at ∼248 and ∼496 nm are due to scat-
tered laser radiation. The excitation wavelength is 247.910 nm;
the laser power density is ∼1.0 GW/cm2. Partial emission
cross-section for the OH(ν′ = 0) vibrational channel from [10]
is shown in (b) by the solid line.

the energy released in the reaction

H2O + 2hν → H2O(C̃)→ OH(A) + H

is 2hν −De − Te ≈ 0.83 eV. It is mainly distributed be-
tween rotational (OH) and translational (H) degrees of
freedom. The centre-of-mass kinetic energy of OH∗(A) is
then 25 meV, which corresponds to a velocity of VOH∗ ∼
5× 104 cm/s. We finally obtain ttfl ≈ 2 µs < τ∗

A ≈ 0.8 µs.
We will make now estimates of the influence of quench-

ing. If we assume that the main quenching agent is wa-
ter vapor, than the fluorescence yield of OH∗(A) can be
estimated from q

(Q)
uv = τ/τ∗

A = 1/(σqVOH∗ [H2O]τ∗
A + 1).

Bailey et al. [16] have recently proposed describing the
temperature dependence of the quenching cross-section by
σq(Å) = 20.847(1 + 440.82/T (1 + 271.77/T )). Assuming
the translational temperature of the OH∗(A) fragment is
T ≈ 300 K (which corresponds to VOH∗ ∼ 5 × 104 cm/s),
one obtains the quenching cross-section σq = 79 Å2 and
q
(Q)
uv ≈ 5 × 10−3. The quenching of OH∗(A) by nitrogen

and argon gases at atmospheric pressure and, may be, by
traces of O2 and CO2 result in a similar or weaker effect on
q
(Q)
uv (see Ref. [17] and references therein). A comparison

of the UV and visible continua (with qvis = τ/τ∗
C(H2O) ≤

2.5 × 10−4) in Figures 2b and 2c allows estimating the
experimental value of the UV fluorescence yield quv. For
the present experiments involving nitrogen and argon at-
mospheres, the value of quv is found to be a factor of ∼102

lower than the estimated value q
(Q)
uv due to the quenching.

Therefore, we can neglect the quenching, and we believe
that in our experimental conditions losses of the excited
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Fig. 3. Distribution of the fluorescence intensity of H2O
(420-nm continuum) and of H+

2 (390-nm line) along the focal
point (f = 15 cm). The excitation wavelength is 247.910 nm;
laser power density at the focal point is ∼2.0 GW/cm2.

OH∗(A) molecules are mainly due to ionization in the laser
field.

Moreover, as our results show, the major photodisso-
ciation product is in the lowest vibrational state ν′ = 0.
This can be seen from Figure 2c for the following reasons.
(i) Transitions from vibrational levels ν′ ≥ 1 of OH∗(A)
are not observed (for example, the 1–0 and 2–1 bands at
λ ∼ 280−290 nm), in spite of the fact that at ambient
atmosphere conditions the relative intensities of any lines
originating from high levels ν′ ≥ 2 should be higher than
when observed under vacuum conditions. This is because
high vibrational levels of OH∗(A) predissociate, which
strongly decreases their lifetimes and the corresponding
fluorescence yield q: τ ∼ 130 ns (ν′ = 2), and ∼0.20 ns
(ν′ = 3) [18,19]. In our experiments the fluorescence losses
Rf 	 τ−1 are high and the fluorescence yield of long-lived
(e.g. ν′ = 0, 1) and short-lived (e.g. ν′ = 2, 3) levels no
longer depend on τ : q ∝ τ∗−1

A /(Rf + τ−1) ≈ 1/Rfτ∗
A.

(ii) The shape of the visible continuum is in agreement
with the theoretical partial emission spectrum of H2O∗(C̃)
molecules that result in OH∗(A) fragments in the lowest
vibrational state [10]. This theoretical curve is shown in
Figure 2b by the solid line.

We have attributed the visible fluorescence to a 2-
photon excitation process. This has been confirmed by
observing the power dependence of this fluorescence sig-
nal. The signal obtained by a scan of the observation zone
along the focal point of the 15 cm lens is presented in
Figure 3. For a Gaussian laser beam the optical power
density changes as the distance from the focal point z as
I(z) = I0sf/s, where sf and s = sf (1 + 4(z/b)2) are the
beam waist cross-sections at the focal point and as a gen-
eral function of z, and b is the confocal parameter. The ob-
served signal will be Ifluo ∝ I(z)ks = Ik

0 sk
f/sk−1 if k pho-

tons participate in the excitation process. The fit of the
experimental data gives the photon order of k = 1.9± 0.4
and the length of the focal region of b = 3.6±1.0 mm. We
conclude that the observed visible fluorescence is there-

Fig. 4. Plasma emission spectrum from the focal point at a
laser power density of ≥4 GW/cm2 (λexc = 247.910 nm). Fea-
tures at ∼248, ∼496 and ∼744 nm are due to scattered laser
radiation.

fore due to a 2-photon excitation of the water molecule.
In agreement with earlier results by Engel et al. [10] the
visible band in Figures 2b and 2c centered at ∼420 nm
has been assigned to the C̃1B1 → Ã1B1 fluorescence of
molecular water. Moreover, by using the obtained value
of b we can estimate the power density at the focal point as
∼2.0 GW/cm2. At this and at lower power densities, two-
UV-photon excitation processes dominate in water vapor
fluorescence. At twice this power density plasma begins
to appear at the lens focus. This considerably modifies
the fluorescence spectrum as shown in Figure 4. As one
can see, nitrogen lines may still be visible but the asym-
metric continuum due to a transient water emission seems
strongly intensified and dominates the spectrum.

An intense vibrational progression with ων1 =
2 200 cm−1 observed in both atmospheric and gaseous
nitrogen environments (Fig. 2a) belongs to N2 radiative
transitions directly excited by UV photons. These lines
have been assigned to the first negative system of N+

2
(B2Σ+

uν=0, 1
→ X2Σ+

gν′′=0, 1, 2, 3
transitions) [20,21]. From

energy considerations, the excitation of the B2Σ+
u state

needs at least four UV photons. This hypothesis has been
verified by measurements of the fluorescence intensity of
the most intense line at ∼390 nm along the optical z-axis
using the 15 cm lens. The procedure has been explained
above. This scan is included in Figure 3. The fit of the
experimental data gives the photon order of k = 3.3±0.6,
suggesting that three to four photons are involved in the
excitation process of this nitrogen fluorescence. The ion-
ization potential of N2 is ∼15.6 eV. Three 5.0-eV pho-
tons have not sufficient energy to ionize the gas molecules,
but may lead to population of high-lying Rydberg states,
which are relatively long-lived and can be easily ionized by
absorption of a fourth UV photon. Therefore, the fourth
photon absorption may not be a limiting process of the
excitation scheme, and the effective photon order can be
smaller.
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Fig. 5. Fluorescence spectrum of D2O vapor in the atmo-
spheric environment. The excitation wavelength is 247.545 nm;
the laser power density is ∼1.0 GW/cm2. Partial emission
cross-section for OD∗(n0/n1 = 1/1.5) vibrational channel
from [10] is shown by the solid line.

It is interesting to note that another nitrogen pro-
gression, with ων2 ≈ 1 250 cm−1, has been observed in
presence of water vapor. This is seen in the difference
spectrum presented in Figure 2b. This progression has
been tentatively assigned to the second positive system
(C3Πu → B3Πg transitions) of nitrogen [20,21]. Simul-
taneously, a weak fluorescence has been observed in the
spectral range of ∼620–640 nm (it is not shown in Fig. 2),
which is apparently related to the first positive nitrogen
system (B3Πg → A3Σ+

u ). Its observation confirms the
above assignment. What possible mechanism could ex-
plain the C3Πu state population? Firstly, we have not
observed the C → B emission in nitrogen atmosphere
(Fig. 2a). Apparently, its appearance is due to an energy
transfer process involving water molecules. Secondly, be-
cause of the spin conservation the excited triplets cannot
be directly produced either by photons from the singlet
ground state X1Σ+

u or via elastic collisions of excited ni-
trogen singlet states with surrounding gases. Nor can it
be produced in charge exchange reaction between ground
state ions N+

2 (X) and H2O(X̃), because of the lack of en-
ergy. We conclude that it is a collisional quenching accom-
panied by the electron and energy transfer from high lying
N+

2

∗
(E ≥ 23.6 eV) states to the H2O molecule. These spe-

cific states may be excited e.g. by a fifth laser photon. The
electron recombination reactions N+

2 + e + M→ N∗
2 may

also be responsible for the excited triplet C-state popu-
lation. If this is a case, H2O is much more efficient as a
third body than N2.

Similar spectral features to those observed in H2O have
also been found in D2O vapor. The experimental fluores-
cence spectrum is presented in Figure 5. These are the UV
band due to the A2Σ+ → X2Π transition of OD, pro-
duced by predissociation of a heavy water molecule, and
a broad visible continuum with a maximum at ∼450 nm

assigned to the C̃1B1 → Ã1B1 fluorescence of the pre-
dissociating excited state of D2O. Because of the heav-
ier D-atom, the predissociation rate in D2O(C̃) is smaller
than in H2O(C̃). As a result, the same fluorescence in-
tensity has been observed in the latter case with one half
the pump laser energy. The spectrum lineshape is in a
good agreement with the theoretical one assuming that
the principal reaction product OD∗(A) is in ν′ = 0 and
ν′ = 1 vibrational states. As in the case of a water vapor
at atmospheric temperature and pressure, these intrinsic
emissions are accompanied by the fluorescence of N∗

2 and
N+

2

∗
molecules.

The analysis of the transient fluorescence spectra of
H2O and D2O molecules in vapor phase allows us to
conclude that their perturbations are negligible in at-
mospheric environment. In the next section we consider
the LIF method for analysis of the molecular ground
state population. We compare experimental and theoreti-
cal excitation spectra of the transient emission assuming a
Boltzmann ground state population distribution of vapor
phase water molecules.

3.2 C̃ → Ã fluorescence excitation spectra

The theoretical simulation of the two-photon C̃ ← X̃
absorption of a water molecule was first reported by
Ashfold et al. [6], before the spectrum had been mea-
sured experimentally. More information about the calcu-
lation procedure and parameter adjustments was given
later in [7,8]. Several important factors should be care-
fully considered in calculation of the excitation spectra
Ifluo(λexc). Firstly, the H2O(C̃) molecule heavily predisso-
ciates, which increases its individual rotational linewidths
and decreases the peak intensities of these lines. Secondly,
predissociation to OH(A) fragments occurs through the
repulsive B̃ state and the C̃ ↔ B̃ state coupling rate is
J-dependent. Third, the transient fluorescence quantum
yield q depends on the level lifetime due to this coupling.

We have carried out theoretical calculations of ex-
citation spectra of H2O and D2O molecules using the
above-proposed formalism. The absorption belongs to the
3pa1C̃

1B1 ← 1b1X̃
1A1 transition and shows a partially

resolved rotational structure, which is sensitive to the ro-
tational level population. A water molecule is an asym-
metric rotor with rotational constants (A > B > C)
in the ground and excited states of X̃(27.8778; 14.5092;
9.2869) cm−1 and of C̃(25.67; 12.55; 8.55) cm−1, re-
spectively. The C̃ ← X̃ electronic transition energy is
T0 = 80 624.7 cm−1 [6,22]. Corresponding spectroscopic
constants of the D2O molecule used in our calculations
are: X̃(15.3846; 7.2716; 4.8458) cm−1, C̃(14.64; 6.31;
4.42) cm−1 and T0 = 80 751.9 cm−1 [22]. A rotational
level classification JKa,Kc (Ka and Kc are J-projections
on the molecular axes) has been used for both ground and
excited states and the corresponding term energies have
been calculated in accordance with [23]. The linewidth is
defined as ∆ν = F∆ν0, where F = 1 + c〈J ′2

a 〉 + β. The
first and the second terms in F correspondingly represent
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Fig. 6. Theoretical (a) and experimental (b) fluorescence ex-
citation spectra of the H2O molecule. The theoretical spec-
trum was calculated with adjusted linewidth parameters and
is shown in (a) as a solid line. The laser power density is
∼2.0 GW/cm2, room temperature is 300 K.

homogeneous and heterogeneous contributions. The third
term in F contains the lifetime (β1) and the ionization (β2)
contributions to the predissociation rate. The mean square
projection of the rotational angular momentum on the a-
molecular axis, 〈J ′2

a 〉, has been used instead of K ′2
a because

K ′
a cannot be considered as a good quantum number for

an asymmetric rotor. The relative J ′
K′

a,K′
c
← J ′′

K′′
a ,K′′

c
peak

heights are defined as h = F−2 because of the linewidth
and q contributions. The following constants ∆ν0 and c
in the above formula were used: 2.1 cm−1 and 0.35 for
H2O and 1.0 cm−1 and 0.50 for D2O molecules [6–8]. The
laser spectral linewidth of ∆ω = 0.2 cm−1 and the nat-
ural radiative linewidth (the β1 contribution) have been
neglected in our calculations. Because of a rather strong
laser energy density at the focal point, we could not ne-
glect the ionization (factor β2), however. An estimate of
this factor was made by observation of the experimen-
tal shape of the J ′

K′
a,K′

c
← J ′′

K′′
a ,K′′

c
lines of the C̃ state

with low Ka-numbers. A well-separated spectral line at
248.287 nm was used. It terminates on the 202 level with
a very small contribution from the heterogeneous predis-
sociation (〈J ′2

a 〉 = 0.025). The best fit to this lineshape is
obtained with the parameter βH2O

2 = 1.2±0.2. Finally, the
Boltzmann population of rotational levels at room temper-
ature of 300 K was assumed. The theoretical spectrum of
the H2O molecule thus calculated is shown by the dotted
lines in Figure 6a.

Experimentally, two-photon excitation spectra of H2O
and D2O molecules were measured at ambient atmo-
spheric conditions and at T = 300 K. Fluorescence
was observed from the focal point through a filter-
monochromator fixed at the visible continuum. The ex-
perimental curves are shown by solid lines in Figures 6b
and 7b. Below we compare experimental results with the
theory.

 

Fig. 7. Theoretical (a) and experimental (b) fluorescence ex-
citation spectra of the D2O molecule. The laser power density
is ∼1.0 GW/cm2 and room temperature is 300 K.

Comparison of the two spectra in Figure 6 for H2O
shows an agreement in the long-wavelength region, λ ≥
247.72 nm. Although, almost all characteristic peaks ap-
pear in the short-wavelength region (λ ≤ 247.72 nm) of
the measured spectrum, those intensities are strongly at-
tenuated. Especially strong attenuation begins at λ ≤
247.30 nm (5.0139 eV). Apparently, this is not an effect of
the environmental gases. As it is seen from the experimen-
tal spectrum of D2O measured at the same conditions (see
in Fig. 7b), no such difference between the experiment and
the theory has been observed. How this can be explained?

Earlier, Ashfold et al. [6] discussed the problem of
line intensities in the multi-photon ionization (3+1 MPI)
spectra of the H2O molecule. It has been found that pre-
dissociation of the intermediate excited state C̃1B1 in-
creases more than linearly with the quantum number K ′

a.
Two parameterizations model have been originally sug-
gested: F = 1 + cK ′2

a and F = exp(γK ′2
a ) 1. The first

one has been later used and rationalized in terms of the
relevant Coriolis coupling matrix elements that provide
the necessary C → B transfer. However, this model has
been explicitly considered in a partial range of the rele-
vant rovibronic C̃ ← X̃ transitions (practically, to levels
having K ′

a ≤ 2), since transitions to higher levels having
K ′

a > 2 are not discernible in the tuning range of the KrF
laser (247.8–248.8 nm). In the present work a complete
fluorescence excitation spectrum of the C̃1B1 ← X̃1A1

two-photon transition is measured for the first time. The
results show that the major features in the H2O excita-
tion spectra at λ ≤ 247.72 nm (although being weak) be-
long to fluorescence from rotational levels with K ′

a = 3−6.
Those observations permit comparing the two earlier pro-
posed models. The best fit of the low-energy part of the

1 We note that these models distinguish for high K′
a-levels;

for low K′
a-levels they practically result in the same represen-

tation, using c = γ.
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spectrum (λ = 247.8−248.8 nm) using the first parabolic
model (shown by a dotted curve in Fig. 6a), disagrees
the high-energy part of the spectrum, λ < 247.8 nm. On
the other hand, the exponential parameterization mod-
ified as F = exp(γ〈J ′2

a 〉) is clearly preferred, as it suc-
ceeds reproducing the experimental spectrum. This result
is shown in Figure 6a by a solid curve. To improve re-
production of the total experimental spectrum we have
increased the constant γH2O = 0.4 from that previously
suggested (γ = 0.2). Although some disagreement may
exist, this approach results in a generally better represen-
tation of experimental data, as the observed nonlinearity
in the F (K ′

a) behavior for high J-levels may be stronger
than quadratic.

In analogy with H2O, the same tendency was observed
in D2O and the second model with F = exp(γK ′2

a ) shows
good results with γD2O = 0.25. The calculated spectrum
is shown in Figure 7a. This γ-value is also larger than that
proposed earlier (γ = 0.12). Moreover, the lineshape pa-
rameter due to ionization phenomena βD2O

2 = 3.0 ± 0.5
was also obtained in these calculations (for our experi-
mental conditions). Comparison between the experiment
and the theory allows a simple analysis of the set of ro-
tational constants of the excited C̃1B1 state. From high-
resolution VUV spectra of D2O, Johns [22] has obtained
values C̃(14.74; 6.31; 4.28) cm−1 (s1), which were subse-
quently corrected as C̃(14.64; 6.31; 4.42) cm−1 (s2). Re-
cently, Ashfold et al. [6] used the first set of the data in
calculations of the multiphoton C̃ ← X̃ transition. We
were unable to fit our experimental spectra with the s1
constants. Although, low-J lines are in a reasonable agree-
ment with such calculations, high-J lines are not. The
strongest deviation ∼10 cm−1 appears for the strongest
spectral feature at ∼247.53 nm. This line cannot be as-
sociated with a unique transition, but belongs in fact, to
a group of transitions to the high-lying J ′

Ka,Kc
rotational

levels with J ′ = 7−10. This spectral range has never be-
fore been observed; and so comparison with other experi-
ments is not possible. Our use of the s2 constants results
in an excellent agreement with the experiment.

The obtained experimental results allow a compari-
son of two-photon C̃ ← X̃ excitation efficiencies η of
D2O and H2O molecules. The experimental geometry did
not change during these experiments. Therefore, we can
use the N+

2 B2Σ+
uν=0

→ X2Σ+
gν′′=0, 1

fluorescence for a
normalization of the visible fluorescence spectra: IN+

2
∝

IH2O/D2OI1.4
L . The obtained ratio is ηD2O/ηH2O ≈ 4.1,

which corresponds to the excitation in spectral maxima
at 247.545 nm (D2O) and 247.915 nm (H2O). One more
remark concerns a difference between β2-values obtained
from the excitation spectra of H2O and D2O molecules.
Apparently, a 2.5-times larger contribution to the spec-
tral linewidth indicates a stronger ionization of D2O then
H2O molecules. Both these effects (higher fluorescence ef-
ficiency and larger linewidth in D2O respectively to that
in H2O) may be related to the excited-state lifetime,
which should be considerably longer in D2O. Estimates
based on K ′

a = 0 level linewidth measurements give life-

times of 2.5 ps and 6 ps for the C̃1B1 state of H2O and
D2O molecules [6], respectively.

4 Conclusions

Transient visible fluorescence of the heavily predisso-
ciated excited C̃1B1-state of H2O and D2O molecules
has been measured at ambient atmospheric conditions.
Complete two-photon fluorescence excitation spectra be-
tween 245 and 250 nm were measured for the first time,
using a narrow-band tunable OPO laser, and compared
with theory. Principal excited-state products of N+

2 (B),
OH(A)/OD(A), H2O(C̃)/D2O(C̃) were observed. It is
shown that excited ions N+

2 (B) appear at the focal point
due to a four-photon absorption. Moreover, a weak vibra-
tional progression assigned to the second positive system
of N2 was observed, which seems to be due to the en-
ergy and charge transfer in N+

2

∗
+ H2O collisions. Neither

collisions with atmospheric gases nor ionization phenom-
ena at laser power density below 2 GW/cm2 do perturb
the isolated molecular spectra. The comparison of exper-
imental and theoretical excitation spectra of both H2O
and D2O molecules shows that the predissociation rate
of J ′

Ka,Kc
rotational levels increases with the rotational

quantum number K ′
a > 2 faster than K ′

a
2.
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