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Abstract
The mobility of daughter negative ions of H2O in parent gas has been measured with a pulsed
Townsend technique over the density-reduced field strength, E/N , range 9–100 Td and a
pressure range 2–16 Torr. It has been found that the mobility of the anions is dependent on the
gas pressure. Using a transport theory considering the influence of the permanent dipole field
of H2O, we have found that the pressure-dependent mobilities can be associated with a series
of cluster ions of the type OH−(H2O)n (n = 1–3), with the mass of the cluster species
increasing with the total gas pressure. Also, the mobility of H− and OH− could be estimated.
Using a Townsend avalanche simulator we have been able to explain the measured ionic
currents in terms of an ion–molecule reaction scheme with a single set of swarm and reaction
coefficients for each value of the density-reduced field strength, E/N , at several pressures.
Regarding the positive ions, the only drifting ion is H3O+, the mobility of which could be
estimated. The rate constants relative to the formation of the OH−(H2O)n (n = 1–3) species
were also derived from this study.

(Some figures may appear in colour only in the online journal)

1. Introduction

Studies on atmospheric plasmas are relevant in many areas
of basic and applied science as, for instance, to understand
the interactions of ions and electrons with atmospheric gases,
leading to the formation of ionic cluster species and radicals
in the biosphere and in the upper layers of the atmosphere
(20–90 km) where transient luminous events (TLEs) take place
[1]. On the applied side, many studies and developments are
currently carried out on some dielectric barrier plasmas, for
example, where H2O–Ar mixtures are used. This realm of
rich and complex plasma chemistry of atmospheric plasmas
demands qualitative and quantitative knowledge of the many
processes involved in these discharges in which H2O is
involved [1–3]. Particular attention must be paid to cluster
formation since water, being a highly polar molecule, can
form ion clusters very readily. In spite of the importance of
water in many physical phenomena involving its parent and

daughter ions, still little is known about their transport and
reaction properties. The thorough survey of Viehland up to
1995 [4] reveals this since H2O does not even appear as a
carrier gas on the index lists. One of the problems of studying
ion and electron transport in H2O stems from the fact that water
condenses at pressures close to 20 Torr at 293 K.

This paper reports the measurement of the mobility
of negative ions in H2O over a relatively wide range of
the density-reduced electric field strength, E/N , from 9 to
100 Td (1 Townsend = 10−17 V cm2), and a gas pressure,
p, range extending from 2 to 16 Torr. We have used the
pulsed Townsend technique to measure the negative-ion drift
velocity and mobility together with an avalanche simulator to
help explain the measured transients in terms of known ion–
molecule reactions. In particular, the simulations have allowed
us to reproduce the temporal evolution of the measured ionic
avalanches using self-consistent sets of swarm and reaction
data for several pressures at the same E/N value.
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Figure 1. Negative-ion transients in H2O at E/N = 70 Td and
pressures of 10 and 3 Torr (inset). The determination of the ionic
transit time Tn is indicated by the arrow. The gap distance was
d = 3.1 cm. The mobilities measured from these pulses are
Kn = 0.69 cm2 V−1 s−1 for p = 10 Torr, and Kn = 0.76 cm2 V−1 s−1

for p = 3 Torr. See section 3 for an explanation.

2. Experimental details

The pulsed Townsend technique relies on the measurement
of the displacement current of ions and electrons through a
parallel-plate discharge gap to which an electric field has been
applied. A detailed account of the apparatus is given in [5].

The avalanche is started by the incidence of a 3 ns UV laser
pulse (Nd : YAG, 355 nm, 4–6 mJ) on the aluminum cathode,
liberating photoelectrons that will move towards the anode
and react with the gas neutrals during its passage, forming an
avalanche pulse bearing a fast, electron component, followed
by a slow ionic one. The total current was amplified by a
transimpedance amplifier of 107 V A−1 with a bandwidth of
400 kHz. All the measurements were carried out at room
temperature (291–301 K) and water vapour pressures below
saturation (about 20 Torr). High purity water (Sigma Aldrich)
was used throughout.

Figure 1 shows two representative ionic transients in H2O
at E/N = 70 Td and pressures of 10 and 3 Torr (inset). The
particular purpose of this example is to show the remarkable
difference in the measured mobility since, as will be discussed
at length in section 3, the negative-ion mobility in H2O is
strongly dependent on pressure. The initial rise, due to the
electrons, is followed by a rather fast decay, lasting 10–15%
of the ionic drift time, Tn, is most likely due to ion–molecule
reactions that lead finally to the formation of a majority ionic
species moving towards the anode with a drift time Tn. This
issue will be discussed at length in further sections of this paper.
Having determined Tn, the drift velocity is evaluated as

vn = d/Tn, (1)

where d is the drift distance. Once vn has been determined,
the reduced mobility is calculated from the expression

Kn = vn

N0(E/N)
. (2)

E/N (Td)

0 40 80 120

K
n
  

(c
m

2
V

-1
s

-1
)

0.7

0.8

10-16

2-4

OH
-
(H2O)

Pressure range
(Torr)

OH
-
(H2O)2

OH
-
(H2O)3

Figure 2. The reduced mobility of negative cluster ions in H2O as a
function of the pressure range. The lines indicate the average value.
The negative ions likely to be present in the discharge for each
mobility curve are annotated at the right. The size of the error bars
is ±2.5%.

The ionic avalanche pulses shown in figure 1 cannot be
analysed in terms of the simple analysis that considers a single
species drifting across the discharge gap without reacting with
the gas molecules during its passage through the discharge gap.
As will be discussed in section 3, the ions drifting under the
conditions of this experiment are the result of a dissociative
electron attachment process leading to the formation of,
predominantly, H−, which reacts rapidly with the H2O neutrals
to form OH−, followed by ion–molecule reactions leading
to the formation of cluster ions of the type OH−(H2O)n
(n � 1) [6–8].

In order to have a well-defined pulse shape due to
the negative ions moving in the discharge gap all mobility
measurements were limited to an upper E/N value of 100 Td,
that is, slightly below the critical value where the ionization
(α) and attachment (η) coefficients are equal [9] since (a) for
η > α, in the pulsed Townsend experiment the contribution of
the negative-ion current is predominant, as is shown in figure 1
and, (b) the interpretation of the ion signals becomes simpler
when attachment overwhelms ionization. In this case, α and η

pertain to H2O.
The mobility of the H2O negative ions, Kn, in H2O was

measured over the pressure range 2–16 Torr. We found a
well-defined dependence of Kn with pressure which, within
the uncertainty limits of ±2.5–3%, has been grouped in two
sets, as is shown in figure 2. The first set, corresponding
to the pressure regime 10–16 Torr, has a mobility Kn =
0.69 ± 0.02 cm2 V−1 s−1, covering a wide range of E/N from
9 to 100 Td. The second set, corresponding to the pressure
range 2–4 Torr, has a mobility Kn = 0.76 ± 0.02 cm2 V−1 s−1.

Lowke and Rees [10] used a time-of-flight drift tube to
measure the mobility of negative ions in H2O over the pressure
range 1 to 14 Torr at 293 K and covering an E/N range of 4.5
to 120 Td over which they found a single ionic species with a
constant mobility of 0.67 cm2 V−1 s−1 (±1%) over the whole
E/N range. They assumed that the negative ion in question
was H−. Lowke’s measurements are fairly similar to ours both
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in pressure and E/N ranges, and their single mobility value is
only 3% smaller than ours over the 10–16 Torr range. Henson
[11] used a time-of-flight apparatus to measure the mobility
of positive and negative ions in saturated H2O vapour over the
temperature range 293–343 K. Our value over the 10–16 Torr
range is 30% higher than that of Henson, who assumes that the
mass unidentified ions are OH−(H2O)n, without assessing the
values of n.

3. Reactions

Negative ions of H2O are formed by dissociative attachment
[12–14], leading to the formation of the H−, O− and OH−

fragments, all with a threshold around 5.5 eV, and with
H− as the majority fragment anion, with a cross section
σDA(H−) peaking at 6.5×10−18 cm2 at the first decomposition
channel with an electron energy of 6.5 eV, while σDA(O−) and
σDA(OH−) are 10−19 cm2 and 1.2 × 10−19 cm2, respectively.
The second decomposition channel occurs at 8.6 eV with
σDA(H−, O−, OH−) values of (15, 2.8, 0.8) × 10−19 cm2,
respectively; in the third channel, O− formation peaks at
11.8 eV with σDA = 5 × 10−19 cm2, respectively, while the
other two channels have a σDA that is nearly one order of
magnitude smaller. Since the mean energy of electrons in
H2O ranges between 0.04 and 3 eV over the corresponding
E/N range 10–100 Td [15], then it is likely that the 6.5 eV
dissociative channel be the most relevant, with H− as the
predominant ion species. Once H− is formed via the reaction

e + H2O → H− + OH (3)

it reacts with H2O, forming OH− as the main important product
via the process

H− + H2O → OH− + H2. (4)

Betowski et al [16] reported two different rate constants of
5 × 10−11 cm3 s−1 and 3.8 × 10−9 cm3 s−1 for reaction (4)
from independent flowing afterglow experiments performed
in 1971 and 1975, respectively; however, in our study we
have found values of this rate constant in the range 10−13–
10−12 cm3 s−1, and depending on E/N as is shown in figure 3.
Further three-body collisions of OH− with H2O result in the
formation of cluster anions of the type OH−(H2O)n (n � 1)
by the process [17, 18]

OH− + 2H2O → OH−(H2O) + H2O, (5)

OH−(H2O) + 2H2O → OH−(H2O)2 + H2O, (6)

and

OH−(H2O)2 + 2H2O → OH−(H2O)3 + H2O. (7)

As regards the positive ions, it is well known that several ion
species may form, depending on E/N and pressure conditions.
An inspection to the recommended ionization cross sections
states that the collision process

e + H2O → H2O+ + 2e (8)
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Figure 3. Rate constants for ionization (kp1, reaction (8)),
attachment (katt , reaction (3)) and OH− formation (kc1, reaction (4))
in H2O as a function of E/N .

is predominant over the energy range 13.5–22 eV [14],
followed by the formation of OH+ with cross sections smaller
by two or more orders of magnitude. A calculation of
the electron distribution function [19] indicates that electron
energies over the above range may be achieved for E/N >

50 Td. Once H2O+ is formed, under the present conditions of
E/N and pressure it reacts with H2O to form H3O+ via the
proton transfer reaction

H2O+ + H2O → H3O+ + OH, (9)

which proceeds with a large rate constant of 10−9 cm3 s−1 [20].
Below we shall show that this very large value ensures that
H2O+ is rapidly converted into H3O+, hence we shall assume
that the only positive ion under the present conditions is H3O+.
Finally, the ion–ion recombination reaction

H3O+ + OH−(H2O) → 3H2O (10)

deserves attention since it has a very fast rate constant of
ki–i = 10−6 cm3 s−1 [21]. Let us assume that the discharge
volume is a 3.1 cm3 cylinder of 1 cm2 base and 3.1 cm height.
With an initial photoelectron number of ∼106, and for E/N �
70 Td, let us say that 30% of the total number of charged
particles (α < η) correspond to H3O+, hence we have a
density of ∼105 H3O+ ions per cm3, and the recombination
frequency would be ∼105ki–i = 0.1 s−1. On the other hand,
over the present pressure range 2–16 Torr (N = 6.6 × 1016–
5.3 × 1017 cm−3) the conversion frequency for reaction (6)
would be kc1N

2 = 6.6 × 104–5.3 × 105 s−1, after taking
the highest value for kc1 from figure 3. Notwithstanding that
these values are order-of-magnitude approximations, one sees
clearly that ion–ion recombination can be safely ignored under
the present experimental conditions. Thus, in what follows
the reaction scheme that we shall use is that represented by
reactions (3) to (9).

Because of the high gas pressures used in our experiment,
no mass spectrometry analysis is present. Hence, ion
identification should be carried out through indirect means.
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Provided that H2O is a highly polar molecule with a permanent
dipole moment µ = 1.8 D, and a dipole polarizability αd =
1.45×10−24 cm3, ion identification is impractical by resorting
to a comparison with the value calculated from the so-called
Polarization limit formula from Langevin [22]

Kpol = 13.56√
mrαd

, (11)

where mr is the reduced mass of the negative ion and H2O in
amu, and αd is the dipole polarizability in Å3. Kpol is calculated
from equation (11) in units of cm2 V−1 s−1.

A good summary and discussion of more accurate mobility
theories has been discussed by de Gouw et al [23], who have
presented a comprehensive review of transport theories that
consider the ion-induced dipole interaction together with the
effects of the ion–permanent dipole interaction, the latter being
absent in Langevin’s formula. In the paper of Gouw et al [23],
a single plot of the ratio between the low-field mobility due to
the permanent dipole and ion-induced dipole interaction K00,
and Langevin’s mobility Kpol, as a function of the ratio µ/α

1/2
d

is provided, from which the mass of the ion in question can be
inferred. The ratio µ/α

1/2
d is a measure of the importance of

the permanent dipole interaction. For the case of negative ions
in H2O, µ/α

1/2
d = 1.54×1012 D cm3/2. Figure 3 of de Gouw’s

paper is a plot of the ratio between the low-field mobility K00—
which we have measured, in this case—and the polarization
limit mobility Kpol as a function of µ/α

1/2
d . Furthermore,

resorting to the more comprehensive theory of Barker and
Ridge [24], who assumed that the polar molecule rotates freely
during the collision, and averaged the ion–dipole interaction
potential over all angles, we found that the measured values for
the ratio K00/Kpol = 0.23 fit in well for the two groups of ionic
mobilities in H2O for the OH−(H2O) species over the pressure
range 2–4 Torr, while the anions OH−(H2O)2 and OH−(H2O)3

do so over the 10–16 Torr range, since their mobilities lie
well within quoted uncertainties. Wilson et al [18] report the
presence of substantial amounts of OH−(H2O)n (n = 1–6)
from a time-of-flight/mass spectrometer experiment, operated
with a pulsed discharge in H2O at a pressure of 1 Torr. In spite
of the pulsed character of this experiment, no measurements
of the negative-ion mobilities were reported by this author.

The present pressure range was limited at the upper end
by the H2O vapour saturation pressure, and at the lower end by
the difficulties in achieving good signals, since, as was noted,
negative-ion formation in H2O proceeds dissociatively with
a threshold of about 5.5 eV, thereby limiting the exploration
for E/N � 10 Td. The upper E/N range was limited to
100 Td in order to ensure that the pulse shapes were mostly
due to negative ions since the critical value of E/N for H2O
is E/Ncrit ≈ 130 Td [9].

4. Simulation of the negative-ion avalanche pulses

The simulator used to calculate the density of the charge
carrier species solves a set of partial differential equations,
using a first-order finite difference approximation. This one-
dimensional simulation code also calculates the individual

Table 1. Values of ionic mobilities in H2O.

Ion Source K0 Uncertainty

H− Theory [23] 2.68 —
OH− Theory [23] 0.88 —
H2O+, H3O+ Theory [23] 0.86 —
OH− (H2O) Measurement 0.76 2.5–3%
OH− (H2O)2 Measurement 0.71 2.5–3%
OH− (H2O)3 Measurement 0.69 2.5–3%

currents of the charged carriers and the total, measurable
current in the external circuit that will be used for direct
comparison with the transient waveforms obtained from the
pulsed Townsend experiment. For a thorough description the
interested reader is referred to [25, 26].

The set of continuity equations of the charged carrier
species of linear density ni involved in the present reaction
scheme is

Electrons
∂ne

∂t
+ ve

∂ne

∂x
= (kion − katt)Nne (12)

H− ∂nn1

∂t
+ vn1

∂nn1

∂x
= (katt − kc1)Nn1 (13)

OH− ∂nn2

∂t
+ vn2

∂nn2

∂x
= kc1Nn1 − kc2N

2nn2 (14)

OH−(H2O)
∂nn3

∂t
+ vn3

∂nn3

∂x
= (kc2nn2 − kc3nn3) N2 (15)

OH−(H2O)2
∂nn4

∂t
+ vn4

∂nn4

∂x
= (kc3nn3 − kc4nn4) N2

(16)

OH−(H2O)3
∂nn5

∂t
+ vn5

∂nn5

∂x
= kc4N

2nn4 (17)

H2O+ ∂np1

∂t
− vp1

∂np1

∂x
= (kp1ne − kp2np1) N (18)

H3O+ ∂np2

∂t
− vp2

∂np2

∂x
= kp2Nnp1. (19)

Electron and ion diffusion (longitudinal) effects are practically
uninfluential on the shape of the ionic components, hence we
have ignored them altogether in order to simplify the already
complex task of solving the set of coupled equations (12)–(19).

The total current is calculated from

ITot(t) =
∑

i

qi

Ti

∫ z

0
ni(z, t) dz, (20)

where Ti = d/vi is the transit time and vi is the drift velocity.
The simulations were performed for selected E/N values

over the range 10–70 Td. The upper limit was selected as that
where the ionization coefficient α becomes about one-tenth
of the attachment coefficient η, since the contribution of the
positive ions becomes more influential on the pulse shapes.

As stated above, the mobility of the OH−(H2O)n (n = 1,3)
ions was determined directly from the curve fitting procedure.
The mobility of OH−, OH−, H2O+ and H3O+ was estimated
from the procedure outlined above [23]. The values of these
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Table 2. Values of the rate constants.

Parameter Reaction Source Value �a Comments

kp1 (α/N) (8) [15, 19] Figure 3 ±5% H2O+ formation
kp2 (9) [16] 10−9 b — H3O+ formation
katt (η/N) (3) [15, 19] Figure 3 ±5% H− formation
kc1 (4) This work Figure 3 ±50% OH− formation
kc2 (5) This work 8 × 10−30c ±50% OH− (H2O)
kc3 (6) This work 2.5 × 10−31c ±50% OH− (H2O)2

kc4 (7) This work 1.5 × 10−31c ±50% OH− (H2O)3

a � is the uncertainty.
b Two-body reaction in units of cm3 s−1.
c Three-body reactions in units of cm6 s−1.

mobilities are summarized in table 1. Table 2 contains the
values of the swarm parameters and reaction rate constants
used or derived from the simulation procedure. The electron
drift velocity, ve, was taken from [15] and the rate constants
for ionization kp1 (equations (12) and (18)) and attachment katt

(equations (12) and (13)) were calculated from values of the
ionization (α) and attachment coefficients (η) as kp1 = αve

and katt = ηve. In the absence of published values of α and η

these were calculated with the Bolsig+ code [19]; the resulting
effective attachment coefficient (α − η) was normalized to
that measured [9] and then the final values of α and η were
normalized accordingly. Variations of ±5% around these
values for E/N � 30 Td were allowed during the fitting
procedure; however, for 9 � E/N � 70 Td the final η/N
values turned out to be up to four times higher than those
estimated from the Bolsig+ code.

The rate constant kc1 for conversion of H− into OH−

(reaction (4)) was determined from curve fitting to the ionic
pulses. This rate was found to be about three orders of
magnitude smaller than that reported [16], systematically
dependent on E/N , and is plotted in figure 3. In the absence of
any published values for the reaction rate constants kc2 to kc4

(reactions (5)–(7), respectively), we also derived their values
from curve fitting to the ionic transients. In this respect it
was very helpful to have measured the ionic currents at several
pressures since only a single value of these rate constants was
used to fit all transients at the same E/N value, thereby having
a reliable self-consistent set of reaction and mobility data. As
a matter of fact, we did not find any E/N dependence of these
rate constants. Finally, the reaction rate constant for H3O+

production (reaction (9)) was taken from Albritton [16] and
Anicich [20].

Figure 4 shows the simulation of the early evolution of
the currents due to electrons and ions during the first 2 µs for
an ionic avalanche pulse at E/N = 70 Td and p = 10 Torr.
For the sake of clarity both axes are logarithmic. The electrons
predominate in the discharge gap over most of their first transit
time (Te ≈ 500 ns). It is worthwhile noting the fast growth of
the H3O+ species is concomitant with the disappearance of the
parent H2O+ ion. It is also noted that H− and OH− form rapidly
and start decaying in favour of the cluster species OH−(H2O)n
(n = 1, 3).

A series of sample ionic avalanches is shown at the
same E/N value and different pressures, starting with that
of figure 5, for E/N = 70 Td and p = 16 Torr, together
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Figure 4. The early evolution of the currents due to electrons and
ions during the first 2 µs for an ionic avalanche pulse at
E/N = 70 Td and p = 16 Torr. For the sake of clarity note that
both axes are logarithmic.
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Figure 5. The evolution of the currents of electrons and ions, the
ionic avalanche in H2O at E/N = 60 Td and p = 16 Torr.

with the corresponding measured pulse for comparison.
One can see here that the structures of the pulse are well
reproduced, especially that pertaining to OH−(H2O)3, which
is practically the only ionic species present for t > 150 µs.
In this simulation one can also observe very clearly how
the OH−(H2O)n (n = 0–2) species grow and decay, leaving
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Figure 6. The ionic avalanche in H2O at E/N = 60 Td and
p = 6 Torr, illustrating the case of an intermediate pressure where
no predominant ion species can be assessed during the final stages
of ion drift.
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p = 2 Torr, illustrating the case of a pressure at which the
OH−(H2O) species is predominant.

eventually OH−(H2O)3 in the discharge gap as the only species.
Note also that at this pressure the original radical ionic species
OH− disappears very quickly over the first 20 µs. As stated
above, a pressure of 16 Torr was the highest used in our
measurements in order to preclude any trace of H2O saturation
that would impair the assessment of E/N .

The second simulation shown in figure 6 corresponds
to the same E/N value of 60 Td at a pressure of 6 Torr.
We consider this pressure value as intermediate since both
OH−(H2O)2 and OH−(H2O)3 compete with almost equal
amounts to the final portion of the pulse, thereby making
it difficult to assess a predominant ion since the mobilities
of these two species are very similar (see table 1). The
excellent agreement between measurement and calculation is
noteworthy.

The last example of this series with fixedE/N and variable
pressure corresponds to figure 7 for the case E/N = 60 Td and

p = 2 Torr, the lowest pressure used in our measurements.
Interestingly, one can see here that the predominant ionic
species becomes OH−(H2O), with only a trace of OH−(H2O)2.
As expected, OH− lives longer as the pressure is reduced. Note
that even though over the time interval 20–60 µs the fit is only
fair, it does preserve the structure. Better improvements can
be achieved through minor adjustments to the set of swarm
parameters; nevertheless, we have kept these fixed in order to
show that all the basic structures of the three pulses over the
whole range of measurement are well reproduced with a single
set of data.

Note that H3O+ disappears rather quickly, and that its
contribution, although important, only helps explaining the
early fall of the pulse. Even though the positive-ion chemistry
was more involved, its overall contribution would still be
relatively small since α ≈ 0.1η at E/N = 60 Td.

Thus far we have shown in figures 5 to 7 examples of
measured pulsed at fixed E/N and variable pressure. In
order to further demonstrate the consistency of the proposed
reaction model, figures 8(a) to (d) illustrate the case of varying
E/N while keeping the pressure constant. Despite the fair
agreement between simulations and measurements seen in
figures 8(a) and (b), one observes that, again, the structures
of the pulse are well reproduced, and that the agreement in
figures 8(c) and (d) is excellent.

5. Discussion

We have presented a comprehensive measurement of the
mobility of H−, OH−, OH−(H2O)n (n = 1–3) and of H3O+ in
H2O over a wide range of E/N and pressures, a parameter on
which there is scarce information in the literature in pure H2O
in spite of its importance. The most significant feature of these
measurements is the strong dependence of the ion mobilities
with gas pressure, which is in turn related to the highly polar
character of the H2O molecule to form clusters readily. In spite
of the limitations of the experiment regarding mass analysis,
the application of an adequate transport theory that considers
the permanent dipole interaction has been useful to infer the
identity of the various ionic species drifting in pure H2O. These
findings may explain the scarcity of ion transport data in H2O
since, for instance, a drift tube-mass spectrometer (DTMS)
experiment with mass analysis is limited in its operation to
pressures less than 1 Torr [22]. Thus, we have obtained a self-
consistent set of mobility and reaction rate data that explain
the measurements over the E/N and gas pressure mentioned.
Notwithstanding the above, it is important to confirm the
present findings by other techniques in view of the great
importance of these data in the understanding and modelling
of atmospheric discharges and many other phenomena and
applications in which water is involved. In particular, further
insight into reaction (4), leading to OH− formation, is strongly
needed in view of the past and present discrepancies with the
experimental values.
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