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Recombination coefficients of electrons with ions of the hydrated hydronium-ion series
H30' (H20)„, where n=o, 1, 2, 3, 4, 5, 6, have been determined with a microwave after-
glow/mass-spectrometer apparatus. Afterglow measurements of electron density decays in
helium-water-vapor mixtures are correlated with the decay of mass-identified ion currents
to the wall of the microwave cavity. By varying the temperature of the gas and the partial
pressure of the water vapor in the mixture, different groups of hydronium-series ions are
made to dominate the afterglow. The measured recombination coefficients, in units of 10 6

crn /sec, are given. The implications of these results concerning ionization levels in the D
region of the ionosphere are discussed.

I. INTRODUCTION II. APPARATUS AND MEASURING TECHNIQUES

Direct mass-spectrometric determinations of the
ion composition in the Earth's upper atmosphere by
Narcisi' and co-workers have shown that the domi-
nant ion species in the lower D region are the hy-
dronium ion and its hydrates, H~O' (H20)„, with n

ranging from 0 to 3. The most abundant ion seems
to be the first hydrate, i.e. , 37'. More recently,
evidence for the presence of higher hydrates (n = 4, 5)
in significant concentrations has been obtained from
a rocket measurement by Sohannessen and Kran-
kowsky. 3

Reaction sequences leading to hydrated hydronium
ions have been suggested by Ferguson et al. ' and
Good et al. , and many of the relevant ion-molecule
rate constants have been determined in the labora-
tory. "' However, attempts to combine laboratory
measurements and ionospheric observations in or-
der to obtain a consistent description of the D-re-
gion electron and ion height distributions have not
been entirely successful so far. For example, an
extremely high value for the electron-ion recom-
bination coefficient of hydrated hydronium ions was
required in one model' to obtain agreement with ob-
servations.

Since further reactions, such as charge transfer
between the hydrated hydronium ions and the ambi-
ent neutrals, are not energetically possible, elec-
tron-ion recombination is expected to be the princi-
pal mechanisrr for removal of these ions. Conse-
quently, to provide a more accurate assessment of
the effect of the presence of these ions on D-region
electron and ion concentrations, we have under-
taken a series of laboratory measurements to de-
termine the electron-ion recombination coefficients
of the hydronium series ions 19"; 37', 55', 73',
91', 109', and 127'.

A microwave apparatus is used to study the loss
of electrons and hydronium-series ions during the
afterglow phase of a plasma generated in a helium-
water-vapor mixture. The principal steps leading
to formation of hydronium-series ions in the plas-
ma afterglow are evidently metastable atom forma-
tion by electron impact on the helium buffer gas,
followed by Penning ionization of water vapor by
the reaction

He +H 0-He+8 0'+e,
followed by the fast two-body ion-molecule re-
actionv

H20'+ HqO- H30'+ OH.

The hydrated ions are then formed by a sequence
of three-body collisions of the type

H,O' ~ (H,O)„+H20+ He =H,O' ~ (H20)„„+He. (3)

The microwave-afterglow/mass-spectrometer
apparatus used in the present studies has been de-
scribed in detail previously' and will be discussed
only briefly here. Figure 1 is a simplified diagram
of our experimental apparatus. %'ater vapor and
ultrahigh-purity helium acting as a buffer gas are
admitted to the copper microwave cavity by means
of an ultrahigh-vacuum gas-handling system. The
distilled water is contained in a small Pyrex glass
bulb, and dissolved gases are removed prior to
use by prolonged evacuation by a separate pumping
system. A plasma containing hydronium ions and
electrons is generated by means of a microwave
pulse lasting 40 p, sec from a high-power magnetron
with a repetition rate of 10 sec" .

A fraction of the ions which diffuse to the cavity
wall and effuse through a small sampling orifice
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During the afterglow, when the electrons and ions
reach stationary energy distributions (e.g. , T, = T,
= T,~), the variation of electron concentration is
governed by the general continuity equation
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In this manner, the decays of the various positive
ion wRQ currents are determined during the after-
glow.

The principal measurement from which recom-
blDRtlon coefflcleDts Rx'8 determined 1D these stud-
ies is that of the electron density as R function of
aftex'glow' time. The preseQce of fx'66 electx'ons

wNlln R microwave cavity chaIlges its RllgulR1' I'es-
onant frequency v from the empty value (do. The

frequency shifts 4&v(f) are used to calculate the
microwave-averaged electl'OII density N»~(f} de-

fined by

( )
j„,n, (r, t) E,' (r}d V

= C[1+(v„,/(o)'] b,IO(f),

where n, (r, f) is the electron density, Z»(P) is the
microwave probing electric field, C is a coefficient
involving a group of physical constants, and v„, is
the effective electx'on-helium collision frequency. ~0

For electron energies less than O. 2 6V, the elec-
tron-helium Inomentum-transfer cross section is
independent of enex'gy. ID this ca,se v,« is given

by

"e«=3 "c ~

where v, repxesents the collision frequency aver-
aged over the electron velocity distribution. The
use of heliuxn buffex at pressuxes approaching 40
Torr necessitates a -10-25% correction of the

electron densities detex'mined from the frequency
shifts compared to the iow-pressure case (v,««ro).

In the present experiment, the TE&,z electron
heating mode shown in Fig. 1 has not been used.

where the P& represent x ates of electron pxoduction by
various px'Gcesses RIld xnay GfteD be tRkeD Rs zex'o

during the afterglow and the L& represent volume
loss x'Rtes of elections such R8 by recoxnblDRtlon

with positive ions and attachment to neutral mole-
cules. The electron pax'ticle current density X',

results from ambipolar diffusion of the electrons in
response to electx'GQ Rnd loD conceQtx'Rtlon gx'Rdlents

in the plRsma afterglow.
If all other processes during the afterglow are

negligible compared to recombination of electx'ons
with vRx'ious specl68 of loD8 of concentx'RtloDs s~~
and recombination coefficients 0. , the continuity
equation may be approximated by

ID the simplest case, i..e., an afterglow containing
but a single species of positive ion, charge neutxal-
ity requires that n, =g„and the solution of Eq. (4)
is the well-known "recombination decay"'

1/n, (t) = 1/II, (0) + CIt.

In this case the recombination coefficient e is de-
termined directly from the slope of a 1/n, (&) vs J--
eux've»

In the hydronium-ion studies it is very difficult to
achieve conditions where a Single ion species dom- .

inates throughout the aftex'glow. In most cases at
least two species of ions are present in significant
numbers. For this reason we have had to adopt sev-
eral different methods of data, analysis for the vax-
ious regimes of the expeximents. EInpirically, two

important cases are found which involve the pres-
ence of two ion species.

CQ88 j.. The tÃG species decRy Rt dlffex'6Dt x'Rtes.

The concentration of one species nz is significantly
greater than that of the second species na, which
decays approximately exponentially with a tixne con-
stant I ~, starting from an initia1 value n»(0). Equa-
tion (f) then becomes

Again we invoke chRx'ge neutrality» 1k~ ~sy+'Play Rnd

find for the solution of Eq. (9),

(10)
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where

g(t) = exp [ns(0) (at, —txs) t s (1 —e '~'s) ].
A fit of Eq. (10) to the measured electron density
decay, using e& as the parameter to be determined,
can be obtained provided that one has information
concerning the value of e2 from other measurements.

Case 2. One of the hydronium-series ions and
the next higher hydrate decay in apparent chemical
equilibrium, maintaining a constant concentration
ratio R =ns/nt through reactions of the form of Eq.
(3). In this case the solution of Eq. (7) is of a re-
combination-decay form [Eq. (8)], with at replaced
by an effective recombination coefficient defined by

tx,«-=(at, +R ns)/(1+R). (12)

Since R can be varied by changing the water-vapor
concentration, determinations of n,« from the elec-
tron density decay curves as a function of 8 can be
used to evaluate nt and ns (the intercept at R = 0 is
at„the l'imiting value for large R is ns).

The solutions for the electron decay obtained so
far refer to the density at a point in space, while
the microwaves measure n~ (f), a spatial average
of the electron density over the afterglow volume.
It has been shown "' that solutions similar in form
to Eq. (8) are obtained for the spatially averaged
case, i.e. ,

where 8 is a correction factor needed to obtain n
from the slope of the 1/n4„(t)-vs-t curves. This
correction factor accounts for the effect of ambi-
polar diffusion on the spatial distribution of the
electrons in the plasma afterglow and was obtained"'3

by computer solution of the continuity equation for
electrons and a single ion species,

ftn, (r, t)ftt= —n n', (r, f)+D, V'n, (r, t),

where D, is the ambipolar diffusion coefficient. We
have applied the correction factors derived for this
single-ion case to the more compl. icated two-ion
cases just discussed. We use the average of the
(nearly equal) ambipolar diffusion coefficients for
neighboring ions of the hydronium series and the
effective recombination coefficient to determine the

P correction. t 'ts Fortunately, in our microwave
cavity, whose fundamental diffusion length A is
1.3 cm, the corrections are small, amounting to
approximately 10%.

IV:. RESULTS

The concentrations of the various hydrates of the
hydronium ions are a sensitive function of gas tem-
perature and, to a lesser extent, of the H20-vapor
concentration. Only at high temperatures were we
able to study the unclustered ion H,O' (19'), while
it required dry-ice temperatures (- 200 'K) to ob-
tain substantial concentrations of the higher hy-
drates such as 109'. Thus, we have used the gas
temperature as a means of controlling the ion spe-
cies under investigation rather than of determining
the temperature dependence of the recombination
coefficient of a particular ion.

A. 540 'K Data

By heating the cavity to a temperature of 540 'K
and using a rather low mater-vapor pressure of
9&& 10"'Torr, the unclustered ion 1S'was made domi-
nant. As may be seen in Fig. 2(b), the ion wall
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FIG. 2. (a) Becombination plot of
electron density decay for case
conditions (see text). (b) Comparison
of electron density and ion wall cur-
rent decays under conditions where
the ion 19' dominates the ion com-
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current for 37' is less than that for 19' for times
less than ™20 msec in the afterglow. A recombina-
tion decay, i.e. , a linear increase in 1/rt~„with
afterglow time, is observed over a factor of 12 in
electron density. At later times the curve turns
upward because of the increasing ratio of 37' to 19'
and the increasing importance of ambipolar diffu-
sion loss of electrons. The slope of the straight
line in Fig. 2(a) yields an apparent recombination
coefficient n, = 1.2 x 10 ' cm'/sec.

These data fit the category of case 1 described
in Sec. III. Therefore we have used Etl. (10), to-
gether with the measured 37' wall current exponen-
tial decay and the value tx(37') = 2. Ox10 s cm /sec
(see below and Sec. IV B), to fit the observed elec-
tron density decay for afterglow times & 2 msec,
treating the recombination coefficient at(19') as a
parameter. [We have assumed that the mass-spec-
trometer ion currents are proportional to the ion
concentrations in the afterglow and have used the
measured 37'/19' ion current ratio at 3 msec,
together with the charge neutrality condition n, = n,
+ns, to find ns(0) for Eci. (11).] The best fit to the
measurement yields the value n(19') = 1.Ox 10 s

cms/sec.
We have been unable to study the ion 19' in the

absence of all other ions, since a reduction in H&O-

vapor concentration below -9&&10"' Torr to elim-
inate 37' leads to the appearance of He' and He&'

(from the buffer gas) and HsO' from the initial
Penning-ionization step, as well as OH' and im-
purity ions.

As the H,O-vapor pressure is increased, first
the ion 37' begins to dominate the afterglow (at
-5x10 ' Torr) and then 55' dominates (at -0. 5

Torr). Using the analysis based on Etl. (10), we
obtain values for these ions of cr(37') = 2. Ox 10 s

cm'/sec and cs(55') =4. Ox10 e cms/sec from curve
fitting of the electron density decay data at 540 'K.

B. 415 'K Data

At a gas temperature of 415 'K and H~O-vapor
pressure of ™5&&10"' Torr, the ions 55' and 37' are
observed to decay together, maintaining a constant
concentration ratio throughout most of the afterglow
[see Fig. 3(b)]. Further, the electrons and ions
decay together, as indicated by the dashed lines on
the ion curves which are renormalized electron
density values. These data fit case 2 of Sec. III
and have been analyzed in terms of an effective 0,,
Etl. (12). The corrected slope in Fig. 3(a) yields
a value n,«--3.9x 10 s cm'/sec from a curve that
is linear over an electron density range of -50.

Values of n, «were obtained as a function of
R= [55']/[37'] for the range 0. 1&R&7 by varying
the water-vapor pressure from 2. 3&& 10"'to 1.7 && 10
Torr. At the highest water concentrations the ef-
fect of the ion 73' became noticeable, necessitating
a correction to the data by an extension of the n,«
analysis. The observed e,«values are shown by
the crosses in Fig. 4. The solid curve represents
the variation of tx,«with R predicted by Etl. (12)
when the effect of the 73' ion is included, while
the dashed curve represents the curve when only
the ions 55' and 37' are considered. The values
that give this degree of fit are a(37') = 2. 2x 10
cm /sec and Ix(55') =4. 2x10"s cms/sec. [The value
tx(73') =4. 9x10 ' cms/sec, obtained in Sec. IV C,
was also used. ]
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FIG. 3. (a) Recombination
plot for electron decay under ef-
fective recombination coefficient
conditions, case 2 . (b) Com-
parison of electron density and
ion wall current decays under con-
ditions where the ions 55' and 37'
decay in apparent equilibrium
(together with a small amount of
the ion 73'). The dashed lines
through the 37' and 55' data are
scaled values of the electron
density normalized to the curves
at 5 msec.
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C. 300'K Data

As in Sec. IV 8, ion decays in apparent chemical
equilibrium were noted for the ions V3' and 55',
with other ions present in small amounts. Values
of oI,«as a function of ff -=[V3']/[55'] were obtained
over the range 0.8~R & 16 by varying the watex-
vapor pressure from 5~10" to 2~10"2 Torr. From
a curve similar in form to that of Fig. 4, the val-
ues o.(55') =3.8&&10 3 cm /sec and n(V3') =4.9x10 a

cm /sec were deduced at 300'K.

D. 205 'K Data

The abundance of the higher hydrates increased
dramatically when the gas temperature was lowered
to 205 K by surrounding the microwave cavity with

dry ice. However, in these low-temperature stud-
ies it was no longer possible to find conditions
where only two ions species were present in signif-
icant amounts. An example of the relative con-
centrations of 73' through 145' is shown in the
inset of Fig. 5. These ions all decayed together
during the afterglow in apparent equilibrium, sug-
gesting that the electxon density should follow a
recombination decay controlled by a more general
effective recombination coefficient,

+g+Rgy &2+ Rsg cg+R4g 04+ ~ ~ o

+e~f =
1 + R2 y +R Sy + R4g + It tt e

where R3~ =n2/n» etc.
As will be seen from the 1/ITn -vs-f measure-

ments in Fig. 5, the xecombination decay is obeyed
over a range of -40 in electron density, leading to
a value n„,=8. 1&&10 e cm /sec from the corrected
slope of the curve. Measurements of 0.,«were
made for many different concentrations of H20 va-
por to vary the ratios of the several ions. From
an analysis of these data the following estimates

I I I I I I I i I I I I I I I i I

0 2 6 8

[33'] / [37 ] wall current ratio

FIG. 4. Effective recombination coefficient cv,ff for
different [55']/[37'] wall current ratios (measured at 4
msec in the afterglow). The dashed line is a fit of the
data to Eq. (12), while the solid line includes a correction
for the effect of the ion 73'.
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were obtained: n(91') =8. 0&&10 ', o.(109') =V. 5
x10 ', n(12V')s, 10&&10 ' cms/sec at 205'K.

V. MSCUSSION AND CONCLUSIONS

The results of the measurements are summa-
rized in Table I, which includes our estimate of
the random and the systematic exrors encountered
in the various cases. Inasmuch as we were unable
to study a single ion species at a time, uncertain-
ties in the relative concentrations of the ions can
lead to uncertainties in the deduced e values. We
have used the ion counting rates as measured by
the quadrupole mass spectrometer to provide rel-
ative values of the ion concentrations in the after-
glow. This means that we have neglected effects
due to the slightly dlffex'ent ambipolar diffusion
coefficients of the various ions and have also ne-
glected possible differences in the over-all trans-
mission of the quadrupole mass spectxometer and
in the secondary-electron emission characteristics
of the channeltron electron multiplier. We justify
this neglect empirically by the observation that the
measured a,«-vs-R curves such as is shown in Fig.
4 follow the theoretical form without adjustment of
the measured ion wall current ratios.

The recombination coefficients detex'mined from
the n, «anlay iss for two ion species (case 2) are
px'obably least affected by possible errors in the
concentrations of the ions, since n~ may be deter-
mined from an extrapolation of the n,«values to
R = 0 and ne determined at large values of R, nei-
ther of which requires accux'ate absolute values of
B. In the case of the independently decaying ions
(case 1) and in the multiple ion species n,«anal-
ysis, larger uncertainties are assigned to the de-
duced values because of the interdependence of the
value deduced for one ion on that deduced fox an.—

other. Uncex'tainties in the diffusion corrections
to the recombination curves' ' resulting from im-
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TABLE I. Electron-ion recombination coefficients for hydrated hydronium ions in units of 10 8 cm3/sec.

540
415
300
205

1.0+0.2 2. 0+0.3
2. 2+0.4

4.0+0.6
4.2+0.6
3, 8+0.6

0 0 ~

4. 9+0.8 ~ ~ 0

6.0+1.2
4 ~

7.5+ 1.5
~ ~ 0

~10

perfect knowledge of the initial spatial distribution
of the electrons in the cavity may lead, to a -+ 5%
error in the recombination coefficient determination
in a typical case. All other sources of error, such
as uncertainties in the electron densities due to
collision-frequency corrections of the frequency-
shift data, are small ($1%).

The simple ion HSO' exhibits a rather large co-
efficientat540'K, n(19') =(1.0+0.2)x10 cm /sec.
Using the T"'~ temperature dependence predicted
theoretically for simple ions at temperatures where
the molecular ions are principally in their ground
vibration state, we expect a value at room tempera-
ture (300 'K) of -1.3x 10 6 cm'/sec and at D-region
temperatures (-200 'K) « -1.5x»-' cm'/sec. Our
measured value at 540 'K may be compared with the
result at 2100 'K of Green and Sugden, ' wbo deter-
mined a value of 2x10"7 cm /sec from mass-identi-
fied ion current decays from a hydrogen-oxygen-
acetylene flame. It may also be compared with the
results of Wilson and Evans, who used microwaves
to measure the electron density decays behind shock
fronts in argon containing small amounts of oxygen
and a hydrocarbon such as acetylene. They found

that the recombination coefficient varied approxi-
mately as T"2 over the range 2400 & T & 5600 'K,
with a value Q = 1.5x 10 cm /sec at 3000 K. Al-
though no mass analysis was used, the principal ion
in these studies was expected to be H,O'. To com-
pare these values with our results at 540 'K, we
should use a temperature variation as T '~~ for
low temperatures (less than -1000 'K) going over
to the high-temperature T variation. In this case,
the flame and shock-front results are compatible
with our 540 'K value.

Although the recombination coefficient for the sim-
ple ion H30' appears to exhibit a substantial tem-
perature variation of the type expected for dissocia-

tive recombination, the recombination coefficient
of the clustered ion HSO' ~ (H~O)z exhibits no detect-
able variation with temperature within the + 15%
measurement uncertainty over the xange 300& T
& 540 'K (see Table 1). This weaker temperature
dependence suggests that a modified form of disso-.
ciative recombination may apply to these complex
clustered ions. The very large recombination co-

, efficient, n(55') =4x10 6 cm~/sec, may result from
excitation of internal modes (e. g. , rotation) of the
complex ion as part of the 1nlt1al captule step~ thus
lengthening the time for autoionization and assuring '

stabilization by dissociation.
It will be seen from Table I that, at a given tem-

perature, there appears to be a systematic increase
in the recombination coefficients with increasing
number of water clusters on the HSO' core. As
mentioned in Sec. I, attempts to account for the
sharp decrease in electron density at tbe altitude in
the B region where hydronium-series ions occur
have led to use of recombination coefficients well
in excess of 10"' cms/sec. While it is at least con-
ceivable that the very heavy clusters, n-10, might
have coefficients approaching these values, the
suggestion that these weakly bound clusters are
present in the B region, but have not been detected,
does not appear to us to be tenable. Using the
equilibrium constants of Kebarle et al. 6 and as low
a temperature (180 'K) and as high a concentration
of water vapor (-10' cm"') as seem possible for the
85-km level of the atmosphere, we find that tbe
principal ion should be 91' if there is time for the
concentrations of the various ions to reach chemical
equilibrium (i.e, . recombination loss is neglected).
Since n(91') = 10 cm'/sec, it appears that a re-
combination coefficient & 5 x10 cm'/sec, rather
than one exceeding 10 ' cm'/sec, is appropriate to
the hydronium-series ion layer of the B region.
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The self-diffusion coefficient in Kr has been measured throughout a large range of densities
(0.35 & p &2 g/cm3) at temperatures near the critical one. The results are compared with
molecular-dynamic calculations and with the CH4 behavior. Although the qualitative agree-
ment is good, disagreement from a quantitative point of view was found. The "normal be-
havior" of the self-diffusion coefficient in the critical region has been deduced.

INTRODUCTION

At present the "computer experiments" seem
to be the most powerful way for investigating the
static and the dynamic behavior of the dense fluids.
Some of the numerical predictions must, however,
be compared with real experiments. This ensures
that the hypothesis about the intermolecular po-
tential on which the model is based gives a correct
description of the world around us.

Recently a thorough study has been published~ on
the self-motion of atoms in a Lennard-Jones
fluid; the study was carried out using computer
experiments. These "experiments" have a range
of 0.72 «T* «5. 09 and 0.30 &p* «0. 85, where
T* = ke T/e and p* = po /m are the reduced temper-
ature and density, c and o. the depth and the core
of the Lennard-Jones potential, m the atomic
mass, and k~ the Boltzmann constant.

Noble gases Ar, Kr, and Xe are the substances
which should be described by a classical Lennard-
Jones fluid. The authors~ compare the numerical
results of the self-diffusion constant with some
experiments on Ar and claim a very good agree-
ment. However, these experiments cover a small
range of densities and temperatures since 0.725
«T* «0. 925 and 0. 763 «p+ «0. 835; that is, the

measurements are only near the triple point.
Since suggestions have been made that at ir ter-
mediate densities many-body forces become im-
portant, it is worthwhile to measure the self-dif-
fusion coefficient in Kr for a large range of den-
sities (0. 1 & p* &0.7). Moreover, if the experi-
mental data are taken at a temperature near the
critical temperature T, but outside the critical re-
gion [i.e. , (T —T,/T, ) &3%], we obtain the "nor-
mal" behavior of the self-diffusion coefficient in
the critical region. This point is quite important
since the deduction of an anomalous behavior of
the self-diffusion coefficient at the critical point
depends upon a good knowledge of the "normal" be-
havior. This problem has caused erroneous state-
ments in the past. 4' Finally, we wish to point out
that extensive measurements are available for the
self-diffusion in CH4 at various temperatures and
for 0. 07 «p* «0. 82.

Since CH, is a polyatomic molecule, the com-
parison between the behavior of Kr and CH4 will
give us an idea of the importance of the internal
degrees of freedom in the self-diffusion process.

EXPERIMENTAL APPARATUS

The capillary method of Anderson and Sadding-
tonv has been used. Since we were interested in


