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Computer simulations of H1 and H3
1 transport parameters in hydrogen drift tubes
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Department of Plasma Physics, Comenius University, Mlynska´ dolina F2, 84215 Bratislava, Slovakia
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~Received 6 May 1997!

The coupled transport of H1 and H3
1 ions in molecular hydrogen is theoretically studied by using drift-

tube-like computer simulations. The drift velocity and the longitudinal and the transverse diffusion coefficients
of these ions are calculated for the reduced electric fieldE/n ~wheren is the gas density! ranging from 10 to
600 Td ~1 Td510217 V cm2!. A large influence of the rotational and vibrational H1-H2 excitations is noted
even at lowE/n for H1 ions. The presence of ion conversion reactions in collisions with background gas
during the transport is shown to influence the transport parameters from about 150 Td. A comparison with
experimentally determined transport parameters is performed with the aim of testing available scattering
models: the collisional cross-section values are adjusted to get a good agreement with experimental ion
mobilities. A relatively good agreement is obtained also for the longitudinal and the transverse diffusion
coefficients, which indicates the consistency of the refined cross-section set. However, the transverse diffusion
coefficient of H3

1 ions exhibits larger deviation from experimental results at higherE/n; as a possible
explanation the role of proton-transfer and vibrational-excitation channels in H3

1-H2 collisions is discussed.
@S1063-651X~97!04711-9#

PACS number~s!: 51.50.1v, 52.20.Hv, 52.25.Fi
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I. INTRODUCTION

The transport of ions in gases in drift-tube experime
has been extensively studied both experimentally and th
retically, since it provides an efficient method to learn ab
the character of interaction between ions and gas molec
@1#. Moreover, the transport parameters such as the drift
locity or the diffusion tensor characterize the steady-s
behavior of ensemble of ions in the given gas at the gi
reduced electric fieldE/n (n being the gas density! and are
thus widely used in macroscopic description of ion transp
in low-temperature plasmas and electrical discharges@2#.

In a typical drift-tube experiment, an ion swarm is i
jected into the gas and then allowed to drift under the ac
of applied homogeneous electric field to the collector, wh
their arrival-time histograms are recorded. Moving the c
lector position, the drift velocity of ions can be deduced fro
the mean-arrival-time shift. The longitudinal and transve
diffusion coefficients can be determined from the deform
tion of the histogram shape@1#.

The experimental procedure used to deduce transpor
rameters from a drift-tube experiment is well established
understood in cases of nonreactive ion transport~such as K1

in N2) when no chemical reactions are present@1,3,4#. Here,
all ions which arrive at the collector started to drift at t
position of their injection; their drift distance is therefo
exactly known and can be accurately modified by moving
collector.

In hydrogen, several ionic species coexist~H1, H2
1, and

*Also at Laboratoire de Physique des Gaz et des Plasmas,ˆt.
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H3
1) and can interconvert in collisions with hydrogen mo

ecules during the transport@5–7#. These conversion reaction
can cause an ion to switch its identity several times bef
arrival at the detector. The arrival time of such a conver
ion inherits contributions of each species participating in
drift motion. A special care must be taken to extract thetrue
transport parameters from such experiments@1,4,8,9#. Pref-
erably, one would collect only ions that have not chang
their identity during the drift, which would enable the expe
mentalists to use the nonreactive collecting theory@1,4#.
However, one cannot usually distinguish theseprimary ions
in arrival-time histograms and the experiment analysis is p
formed either by using~i! the standard nonreactive collectin
theory, neglecting conversion effects, and trying to set so
appropriate transport conditions to eliminate the role of
actions, as done, for example, in hydrogen@8# or nitrogen
@9#, or by using~ii ! a more complicated computer simulatio
of collected signals taking reactions into account, as do
for example, in nitrogen@10#. The latter has not been ofte
used in the past due to its relative complexity. The transp
parameters of H1 and H3

1 in H2 have been measured b
several groups using the former approach of nonreactive
lecting theory@8,11–16#.

The computer simulation of a typical hydrogen drift-tub
experiment enables us to treat separately the primary
from the converted secondary ones and therefore to study
effects of ion conversion on the true transport parameter
each ion species. Furthermore, by comparing simulation
sults to the experimental values of mobility and diffusio
coefficients recommended in@17,18#, we can perform a de-
tailed check of available low-energy cross sections
H1-H2 and H3

1-H2 .
In this work, we are interested in the ion transport at lo

and intermediateE/n fields. The cross-section set recom

a
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mended by Phelps@6# is our starting point. His set was pa
tially derived by using a single-beam transport model@6#,
which is suitable mainly at highE/n values, when the mo
tion of ions can be considered as essentially one dim
sional. It is the purpose of this work to check this cros
section set for low and intermediateE/n fields by using the
Monte Carlo model with a careful treatment of scatteri
kinematics.

The simulation model used to obtain the transport para
eters is described in Sec. II. The results are given in Sec.
where the conversion effects are discussed and the tran
parameters together with resulting cross-section set are
sented. Finally, some interesting physical features of the
fined cross-section set are discussed in Sec. IV.

II. MODEL

The transport of H1 and H3
1 ions in H2 in a drift tube

under the action of external homogeneous guiding elec
field has been simulated using a standard Monte Carlo t
nique as described, for example, in@19,20#. This simulation
method enables us to keep track of primary ions and dis
guish them from converted secondary ones in propaga
ion swarm.

The operating parameters according to the experime
setup of@8# were used in our simulations. Typically, the g
pressure was about 0.05 Torr, the gas temperature 300 K
drift distance up to 40 cm, and the guiding reduced elec
field E/n ranging from 10 to 600 Td~1 Td510221 Vm2).
The low pressure permits us to neglect three-body collisio
so that only two-body interaction channels and interconv
sion reactions are considered. The scattering processes
into account and the cross sections for H1-H2, H2

1-H2, and
H3

1-H2 collisions were based on@6# with some modifica-
tions resulting from recent measurements of H3

1-H2 destruc-
tion cross sections@21# and experimental and theoretic
study of low-pressure Townsend discharge in hydrog
@22,23#, see also@24#. The scattering treatment included th
thermal motion of target gas molecules. The real kinema
of various involved collisional processes was taken into c
sideration as carefully as possible. Since the refined cr
section set is one of the main results of this work, it will
described in detail in Sec. III A and discussed also in S
IV.

In the ion source of a drift-tube experiment, a mixtu
consisting approximately of 93% of H2

1 and 7% of H1 ther-
mal ions is created by electron-impact ionization; the p
centage is consistent with the branching ratio of the disso
tive electron-impact ionization@25#. Due to the very efficient
exothermic conversion reaction~see Fig. 1 based on@12,26#!

H2
11H2→H3

11H11.71 eV, ~1!

all thermal H2
1 ions are almost instantaneously convert

into H3
1 . Therefore H3

1 is usually the largely dominan
hydrogen-ion species under lowE/n conditions@5,7#.

The H2
1 species thus does not play a significant role

drift-tube experiments, as long asE/n remains small. At
higherE/n considered here, H2

1 serves as a ‘‘transient spe
cies’’ for conversion between H3

1 and H1 ions~see later the
description of the cross-section set in Sec. III A and disc
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sion of Table II in Sec. III B!. The H2
1 species remains

relatively little populated until much higherE/n fields; its
relative abundance in the total ion flux reaches 10% at ab
2 kTd only @23#. The reaction~1! accounts also for the ab
solute lack of H2

1 transport parameter data in the literatur
As a result, a mixture of 93% of H3

1 and 7% of H1

thermal ions was initially released in the simulation. T
Monte Carlo procedure was then used to follow the ions
they drift to the collector, where simulated arrival-time hi
tograms were obtained. Typically, the swarm contain
105– 106 particles so that the statistical noise remain
within reasonable bounds~the statistical uncertainty of simu
lated drift velocities and diffusion coefficients is estimated
be less than 1% and 3%, respectively!.

Several different sampling techniques were used to ob
the transport parameters of the propagating ion swarm@19#.
In a drift-tube experiment, the drift velocity is usually ass
ciated with the mean-arrival-time drift velocityvMAT ob-
tained as@27#

vMAT5
di2dj

t̄ i2 t̄ j

, ~2!

where t̄ i denotes the mean-arrival time for the collector p
sition di . Usually, experimental arrival-time spectra are r
corded for several collector positionsdi and the correspond
ing mean-arrival timest̄ i are calculated for eachdi . Then a
least-squares fit oft̄ i versusdi data is performed and th
drift velocity is obtained from the slope of the fit@8#. This
procedure yields the drift velocity value free from end-effe
errors connected with the equilibration distances needed
ions to achieve steady-state transport parameters@1#. In the
present simulations, the mean-arrival-time drift velocity w
calculated in this way and was used to compare to co
sponding experimental results.

The mean directed velocityvMDV of the propagating ion
swarm is defined as the mean value of directed velocitie
all the particles forming the swarm@19#:

FIG. 1. The scheme of energy levels of ground-state H1, H2
1,

and H3
1 ions @12,26#. The energy is given in eV units.
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vMDV5
1

N(
k51

N

vk , ~3!

whereN represents the total number of ions in the swa
andvk the directed velocity of thekth ion. Note that the two
drift velocities vMDV and vMAT can differ significantly when
depletion and/or creation of particles occur in propagat
charged-particle swarm@19,27#. This will also be the case fo
hydrogen ions due to conversion reactions during the tra
port, as will be illustrated in Sec. III.

Finally, the diffusion coefficients are sampled from tim
of-flight computer experiments as described in@19#. The ion
swarm is allowed to drift in an unbounded space and
positions of ions are monitored as functions of timet. The
longitudinal diffusion coefficientD i is given as@19#

D i~ t !5
1

2

d

dt

1

N(
k51

N

@zk~ t !2 z̄~ t !#2, ~4!

wherezk(t) is the position of thekth ion in the direction of
the field at instantt and z̄ (t) denotes the position of th
swarm centroid. The relation~4! represents the proportiona
ity of D i to the time change of the mean-squared part
displacement from the centroid of the ion swarm, measu
along the field lines. Similarly, the transverse diffusion co
ficient D' is given by

D'~ t !5
1

4

d

dt

1

N(
k51

N

$@xk~ t !2 x̄ ~ t !#21@yk~ t !2 ȳ ~ t !#2%.

~5!

The two diffusion coefficients are sampled as soon as t
achieve steady-state values.

The sampling techniques described above and the im
mentation of the simulation method were successfully tes
with the aid of several model gases available in the literat
@28–32#.

III. RESULTS

Starting from an initial cross-section set, the drift-tub
like computer experiments as described in Sec. II were p
formed for E/n ranging from 10 to 600 Td. The simulate
vMAT for H1 and H3

1 were used to calculate the reduced i
mobilities @1,4#

K05
vMAT

E

p~Torr!

760

273

T~K!
. ~6!

The reduced mobilities were then compared to the exp
mental values recommended in@17# and the cross section
were adjusted to obtain better agreement in the next itera
The iteration cycle — i.e., the adjustment of cross-sect
values—stopped when the agreement between simulated
experimental ion mobilities became satisfactory.

Note that adjusting procedures of this kind constitute
convolution problems which do not necessarily lead
unique solutions due to a limited number of available tra
port parameters. In our case, the ion mobilities are only u
during adjustments. Due to theE/n range considered here
the mobilities are sensitive to cross-section values at c
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sion energies below some 10 eV, where the momentu
transfer cross section usually dominates. For example,
H3

1-H2 momentum-transfer cross section is the only proc
to take into consideration during adjustments~see Fig. 2!,
which practically reduces the choice of adjusting possibilit
and considerably simplifies the adjusting process. The
justed cross-section set and the differences from the in
set of Phelps@6# are discussed in detail in the next subse
tion.

FIG. 2. The cross sections for the dominant low-energy scat
ing channels for H1, H2

1, and H3
1 colliding with H2. The collision

energy is given in the center-of-mass system. The cross-sectio
is based on@6,21,37# with some of the cross sections adjusted
give a good agreement with experimental mobility values~see text!.
Tabulated values of the complete cross-section set are avai
upon request.
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A. Cross-section set

The final cross-section set issued from this iteration p
cedure is presented in Fig. 2 and the corresponding ag
ment between simulated and experimental H1 and H3

1 re-
duced mobilities is shown in Figs. 3 and 4.

1. H1-H 2 collision cross sections

The cross-section set for H1-H2 collisions is almost iden-
tical to that proposed in@6#.

The elastic scattering was described as isotro
momentum-transfer scattering in the center-of-mass fra
with a somewhat modified momentum-transfer cross sec
with respect to@6#.

The rotational-excitation cross sections for transitio
J50→2, andJ51→3 and the vibrational-excitation cros
sectionsv50→1, v50→2, andv50→3 presented in Fig.
2 are taken from@6#. The cross sections for transition
J52→4 andJ53→5 are not available in the literature an
were estimated from the shape of theJ51→3 curve in Fig.
2 and corresponding threshold differences. It is importan

FIG. 3. The reduced mobility of H1 ions, determined from the
mean-arrival times~MAT !, Eq. ~ 2! and from the mean directe
velocities~MDV !, Eq.~ 3!, as a function ofE/n for 300 K. All ions:
both primary and converted secondary ions are taken into acco
Primary ions only: the contribution of converted ions is discard
Bullets and diamond: experimental values@8,14# recommended in
@17#, corresponding to MAT data, with indicated error bars. T
curves labeled asX andY illustrate the effect of inelastic excitatio
kinematics considered as isotropic (X or fully forward directed (Y)
and are shown for illustration purposes only~see text!.
-
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note that for 300 K considered here, the population of g
molecules in higher rotational states becomes important:
suming the Boltzmann distribution for rigid rotator, includ
ing degeneracy factors for nuclear spin and rotational lev
@33#

n~J!}~2Ts11!~2J11!expF2
Bhc

kT
J~J11!G

represents the distributionn(J) of gas molecules in the rota
tional stateJ. Here, Ts is the total molecule nuclear spi
number (Ts50 for states withJ even,Ts51 for states with
J odd!, B560.8 cm21, andh, c, k are the Planck, the spee
of light, and the Boltzmann constant, respectively@33#. Us-
ing the above formula, we obtain 0.132, 0.665, 0.115, a
0.084 for the relative population of gas molecules in the fi
four rotational levels at 300 K. These factors are to be
plied to the cross sections presented in Fig. 2.

The rotational- and vibrational-excitation scattering
known to be strongly anisotropic@6#. Indeed, assuming i
isotropic has led to a large discrepancy between the si
lated and experimental drift velocities: starting at about
Td, the simulated drift velocities became too low~the curve
labeled asX in Fig. 3!. An attempt was made to treat thes
collisions as fully forward directed, but it gave the oppos
effect when the simulated drift velocities dominated the e
perimental ones~the curve labeled asYin Fig. 3!. Therefore

nt.
.

FIG. 4. The reduced mobility of H3
1 ions as a function ofE/n

for 300 K. The symbols have the same meaning as in Fig. 3
addition, triangles represent the results of the only apparently av
able comparable measurements@13# for E/n>400 Td ~see text!.
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5912 56ŠIMKO, MARTIŠOVITŠ, BRETAGNE, AND GOUSSET
an attempt was made to treat the collisions as nearly iso
pic at low collision energies and nearly fully forward
directed scattering at high collision energies, according to
following ad hocformula:

p~u!du}
sin udu

@11~a «/«k!sin u/2#b
, ~7!

wherep(u) represents the probability density of having t
scattering angleu, « is the collision energy and«k the energy
loss, all in the center-of-mass collision frame. The two fr
parametersa and b were then adjusted to lead to a goo
agreement with experimental mobilities, as documented
Fig. 3 ~with a50.5, b52.1). The probability densityp(u)
for these values is plotted in Fig. 5 for several collision e
ergies and is compared to isotropic scattering law.

Finally, the asymmetric charge-transfer reaction

H̄11H2→H̄1H2
1 ~8!

producing slow H2
1 ions was treated as fully forward

directed scattering in the center-of-mass frame with
cross-section values taken from@6#. The kinetic energy loss
of 1.83 eV can be inferred from Fig. 1, which shows t
summary of ground-state energy levels of hydrogen i
considered in this work.

Note that we have not shown in Fig. 2 the high-ener
collisional processes like Lymana excitation or ion-impact
ionization for either of the three ion species, although th
were included in the model; they do not play a significa
role under low and moderateE/n transport conditions dis
cussed here. The reader is referred to@6# for discussion of
high-energy cross sections. The complete cross-section
used in this work~together with tabulated cross-section va
ues, the energy losses, and the scattering kinematics o
the relevant processes! is available upon request.

2. H2
1-H 2 collision cross sections

The cross-section set for H2
1-H2 collisions is identical to

@6#. Note the large cross-section value of the exothermic
action~1! at low energies~Fig. 2!. This reaction accounts fo

FIG. 5. The probability densityp(u) of the center-of-mass sca
tering angleu for inelastic H1-H2 scattering channels, plotted fo
several collision energies@see Eq.~7!#. The isotropic scattering law
is plotted for comparison.
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e
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the dominant role of H3
1 species in electrical discharges

low fields, as described in Sec. II. It was assumed isotropi
the center-of-mass collision frame.

The symmetric charge-transfer reaction was modeled
full backscattering in the center-of-mass frame@34#. The vi-
brational excitation of H2

1 was taken anisotropic with the
same probability formula as assumed for H1 and given in
Eq. ~7!. The collision-induced dissociative~CID! reaction

H̄2
11H2→H̄11H̄1H2 ~9!

was treated as a two-step process@35#: the projectile is vi-
brationally excited to a state slightly over the dissociati
limit, which afterwards autodissociates to produce fast1

and H particles. The CID processes occur often with alm
no energy or momentum transfer to the target molecule,
high collision energies@35,36#. The reaction is therefore
treated as fully forward directed in the center-of-mass fra
in the first step~excitation of the projectile!. The second step
~autodissociation of the excited projectile! is assumed isotro-
pic in its own center-of-mass frame, with a small kine
energy release, corresponding to the difference of ene
levels of the excited state and the dissociation limit. We ha
used a value of 0.15 eV, which is similar to kinetic ener
releases measured for H3

1-H2 CID collisions in @35#.

3. H3
1-H 2 collision cross sections

The cross-section set for H3
1-H2 collisions is rather dif-

ferent from that proposed in@6#. The main difference is
caused by inclusion of recent measurements of Pekoet al.
@21# of the collision-induced dissociative reactions

H̄3
11H2→H̄11H̄21H2 ~10!

and

H̄3
11H2→ H̄2

11H̄1H2. ~11!

The cross sections issued from these measurements are
higher than the values of@6#, by a factor of as much as 40 fo
reaction~10!. The values recommended in@6# are based on
experimental results measured in@35#. In both measurement
@21,35#, a special care was taken to collide vibrationally co
H3

1 ions to eliminate the possible effect of H3
1 internal

energy on the cross-section values. The surprisingly la
difference between the two measurements is unexplained
could be caused by transmission efficiency problems in@35#,
as proposed recently by Peko and Champion@21#. We have
chosen to use the data measured by Pekoet al. @21#, since
they lead to a considerably better agreement of theory
experiment for ion energy distribution functions in low
pressure Townsend discharges@22,23#, see also@24#. The
kinematics and the two-step nature of these processes
essentially similar to the H2

1-H2 CID encounter mechanism
described above.

Another important difference from@6# consists in the
asymmetric charge-transfer reactions producing slow H1 or
H2

1 ions. We have used a compromise between the slow
production cross sections measured by@21,37# and assumed
that the slow H1 ions are created via the antibonding sta
H3

1 captures the antibonding electron from the scattere
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leave it in a highly excited H2
1~X2Su

1) state, which after-
wards autodissociates into H11H and gives both product
some 8–9 eV excess kinetic energy@37#. Recently, however,
Peko and Champion@21# observed slow H1 ions even at
very low collision energies~corresponding to the dissocia
tion limit!, which suggest that another mechanism for p
duction of slow H1 is concurrently taking place, not passin
via the antibonding state. The dissociative proton transfe
the complex formation reactions could produce such s
H1 ions, with significant dependence on the internal ene
of H3

1 projectiles @21#. In the present work, we have a
sumed the antibonding mechanism only, with the branch
ratio between slow H1 and H2

1 production consistent with
@21,37# for higher energies. The role of the proton-trans
mechanism and its influence on the transport parameters
be discussed in Sec. IV.

Finally, the elastic scattering was treated as isotropic
the center-of-mass frame using the momentum-tran
cross-section values. Note that in order to achieve the ag
ment with the experimental mobility data over the wholeE/n
range, it was necessary to construct a ‘‘well’’ around 0.6
collision energy~see Fig. 2!. This interesting feature is fur
ther discussed in Sec. IV.

B. Ion mobilities

Figures 3 and 4 show a good agreement of simula
mean-arrival-time H1 and H3

1 mobilities with experimental
values over the wholeE/n range, as obtained with the fina
adjusted cross-section set presented in Fig. 2. The ex
mental H1 and H3

1 mobility data used to compare to th
simulation results during the iteration procedure were ta
from recommendations@17# based on measurements@8,14#
using mass identification of collected ions. Note that the r
ommended H1 and H3

1 mobility values forE/n5400 Td
were measured only in@14# and showed greater H3

1 mobil-
ity value than for 300 Td~see Fig. 4!. We have not taken
them into account during the cross section adjustment du
the following reasons. The other available measurement
the literature@8,11,12,15,16# ~and other references therein!
usually do not exceed 300 Td. In spite of the discrepanc
absolute mobility values, all the measurements show a
ing tendency of the mobility curve atE/n region between
about 150 Td and 300 Td, the usual upper measurem
limit. To our knowledge, the only available comparable me
surements at 400 Td and above were performed by R
@13#, plotted with triangles in Fig. 4 for comparison. One c
see that in this experiment, the mobility is constantly falli
for E/n up to about 450 Td. Due to a quite large discrepan
in 400 Td mobility value between the two experimen
@13,14#, and due to the lack of further data forE/n.400 Td,
we preferred to discard the 400 Td mobility value in o
fitting procedure and used recommended values from@17#
only for E/n<300 Td. Note that in@13#, the similar mea-
surements performed for deuterium ions in parent
showed the same falling tendency of the mobility curve
E/n up to about 560 Td. No mass analysis of ions was p
formed in @13#, but a good overall agreement with other e
periments using mass-identified ions allows us to assu
that the measured ion was H3

1 to a good precision, as indi
cated in Fig. 4. Note finally that our simulatedtrue H3
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mobility values~issued fromvMAT of primary ions! confirm
the monotonously falling tendency as measured in@13#,
while theapparentH1 and H3

1 mobility values~issued from
vMAT of all collected ions! tend to agree with mobility values
measured in@14# ~see Figs. 3 and 4!.

The mean-arrival-time H1 mobility curves presented in
Fig. 3 indicate that the significant influence of conversi
reactions on H1 ion mobility starts at about 150 Td, which i
in accordance with experimental observation@8#. The reason
is an onset of the collision-induced dissociative reaction~10!
at E/n value just above 150 Td, which causes the breakup
fast H3

1 ions to form fast H1 fragments, as discussed in Se
III A. Since the H3

1 mobility is significantly higher than tha
of H1 at theseE/n values, the fast converted H1 ions start to
increase the apparent mobility ofall collected H1 ions, while
the mobility of primary H1 ions still decreases until abou
200 Td ~see Fig. 3!.

The consequence of this conversion reaction on arriv
time histograms can be seen in Fig. 6, where simula
arrival-time spectra of H1 and H3

1 ions for E/n5250 Td
are plotted. It can be inferred that the H3

1 signal is only
slightly disturbed by the conversion reaction, so it would
quite correct to use the nonreactive collecting theory to
duce its mobility from the experiment. On the other hand,
influence of conversion reaction~10! on the H1 signal is
significant and taking the nonreactive collecting theory
interpret the measured signal would artificially increase H1

mobility even above the H3
1 value, as also seen in Fig. 3.

This results from the fact that H3
1 is the most abundan

ion species at theseE/n values, as documented in Table
where the relative contributions to the total ion flux are giv
as a function ofE/n. In order to influence the signal o
primary H1 ions, it is sufficient if only a small fraction of
H3

1 breaks up to form H1, influencing strongly H1 but only
slightly H3

1 arrival-time histograms.
This is further illustrated in Table I, where the relativ

abundance of primary ion signal in simulated arrival-tim
histograms is given as a function ofE/n. Note that the rapid
decrease of percentage of primary H1 ions in collected H1

FIG. 6. An example of simulated arrival-time spectra of H1 and
H3

1 ions to illustrate the effect of conversion reaction~10!. The
drift conditions are indicated in the legend. The H1 signal has been
multiplied by a factor of 15 for clarity.
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signal starts right above 150 Td, accompanied by the s
decrease of percentage of the H3

1 primary ions in the H3
1

signal. The H3
1 histograms become significantly affecte

only at higher fields: the rapid decrease of the H3
1 primary

ion signal starts at about 250 Td. This is in accordance w
Fig. 4, where we could see that the conversion effects sta
to influence the true H3

1 mobility value at about the sam
E/n value.

An interesting feature seen in Table I and not seen in F
3 and 4 is the region ofE/n from about 100 to 300 Td, wher
the abundance of H1 diminishes to increase that of H3

1 . It
indicates that the conversion of H1 to H3

1 is taking place
first. Referencing Fig. 2, the only possibility is the conve
sion via intermediate ‘‘transient’’ H2

1 species, created b
asymmetric charge-transfer reactions from fast H1 ions:
since these H2

1 ions have essentially thermal energies, th
are rapidly converted into H3

1 ions via reaction~1!. This is
confirmed by Table II, where the total number of ions th
were created and destroyed during the transport is given
function of E/n, relative to the total number of ions initially
present in the swarm. The figures in Table II thus repres
the total number of different ions of a given species, crea
during the swarm motion, regardless of the fact that th
could have been destroyed later during the drift by a conv
sion collision. The table gives us therefore overall inform
tion on the conversion kinetic rates during the drift motio
Let us pick the 200 Td experiment as an example of how
read Table II.

From the first two columns we can see that the ove
number of all the H1 ions created during the drift is 0.8% o
the total number of ions in the swarm; while 3.8% of the
were lost. This makes 7%10.8%23.8%54.0% the final con-
tribution of H1 to the total ion flux at the detector, which
consistent with the information given in Table I. The H1

ions were created by reaction~10! from H3
1 ions and lost by

the asymmetric charge transfer~8!. All the created H2
1 ions,

i.e., 3.8% from H1 via reaction~8! and 0.1% from H3
1 via

TABLE I. The relative contributions to the total ion flux, th
mean ion energies, and the relative abundances of primary ion
arrival-time histograms as functions ofE/n, after drifting for 40 cm
(p 5 0.05 Torr,T 5 300 K!. The absolute uncertainty of presente
relative flux and abundance values is estimated to be less
0.2%.

Rel. contribution Mean ion Rel. abundance
to total ion flux energies of primary ions

E/n H1 H2
1 H3

1 H1 H3
1 H1 H3

1

~Td! ~%! ~%! ~%! ~eV! ~eV! ~%! ~%!

10 7.0 0.0 93.0 0.040 0.041 100.0 100.0
100 6.9 0.0 93.1 0.23 0.50 100.0 99.9
120 6.8 0.0 93.2 0.30 0.74 99.9 99.7
150 6.0 0.0 94.0 0.45 1.1 99.6 98.9
200 4.0 0.0 96.0 0.80 1.7 87.2 96.0
250 4.2 0.0 95.8 1.3 2.3 39.6 91.7
300 7.2 0.1 92.7 2.1 3.1 10.7 82.3
400 18.1 0.5 81.4 4.1 5.2 1.4 46.3
500 28.7 1.3 70.0 6.4 7.6 0.6 15.4
600 37.1 1.9 61.0 9.0 10.0 0.4 3.2
w
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reaction~11!, were lost to form H3
1 ions via reaction~1!, so

that no H2
1 ions and 93%13.9%20.9%596.0% of H3

1 is
observed at the collector, in agreement with Table I. T
total ion production during the drift motion equals the sum
born and lost percentages~with appropriate signs!; for 200
Td it is 0.0%, meaning no net ion production is taking plac
For higher fields, the ion-impact ionization does produ
new ions: at 600 Td, the similar calculation would give 0.6
for the net ion production. We can therefore look at the fi
ures given in Table II as essentially the conversion rate
formation, the total number of ions in the swarm not chan
ing significantly.

Tables I and II permit us to infer the complex picture
hydrogen ion transport at higherE/n. Note that a consider-
able number of H2

1 ions was created onlytemporarilydur-
ing the transport, which demonstrates the need for its inc
sion into ion transport models, in spite of the fact that
detected relative ion fluxes are low at theseE/n conditions
~only some 2% at 600 Td!. Note also that for the highestE/n
encountered here, the abundance of primary H1 and H3

1

ions in the collected arrival-time spectra is less than a f
percent~some 3% only for 600 Td, see Table I!.

Perhaps the most interesting feature of Fig. 4 is a bell-l
shape of the H3

1 mobility curve as a function ofE/n. Figure
4 together with Table I suggest that the decrease of H3

1

mobility for E/n higher than about 150 Td isnot causedby
the onset of the conversion reaction~10!, which starts to
influence the H3

1 mobility value at about 250 Td only. In
order to reproduce the experimental values of mobility
‘‘well’’ structure on the H3

1-H2 momentum-transfer cros
section around 0.6 eV was required~Fig. 2!. The analysis of
this phenomenon is postponed to Sec. IV where it is d
cussed in detail.

Finally, it is interesting to note from Figs. 3 and 4 th
differences in mobility values obtained from the two defin
tions of the drift velocity:vMAT from Eq.~2! andvMDV from
Eq. ~3!. The difference can be explained as follows.

The conversion reaction~10! makes the fast H3
1 ions

disappear from the propagating ion swarm. Since the mo

in

an

TABLE II. The overall number of ions created and destroy
during the swarm motion, relative to the initial total number of io
in the swarm~see text!. The same drift conditions as for Table
The absolute uncertainty of presented values is estimated to be
than 0.2%.

H1 H2
1 H3

1

E/n Born Lost Born Lost Born Lost
~Td! ~%! ~%! ~%! ~%! ~%! ~%!

10 0.0 0.0 0.0 0.0 0.0 0.0
100 0.0 0.1 0.1 0.1 0.1 0.0
120 0.0 0.2 0.2 0.2 0.2 0.0
150 0.0 1.0 1.1 1.1 1.0 0.0
200 0.8 3.8 3.9 3.9 3.9 0.9
250 4.7 7.5 8.3 8.3 8.3 5.5
300 15.4 15.2 17.9 17.8 17.7 18.0
400 57.2 46.1 58.5 57.9 57.3 68.8
500 107.9 86.1 111.5 110.2 108.7 131.5
600 150.6 120.3 158.8 156.9 153.9 185.5
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ity of H3
1 ions is greater than that of H1, and since the fas

H3
1 ions appear primarily at the head of the swarm, th

conversion will produce apparently fast H1 ions far ahead of
the H1 bulk swarm. This increases morevMAT thanvMDV of
H1 ions, because in the latter case we are not intereste
the ion position while making the sum in Eq.~3!. As a result,
KMAT of H1 ions is more affected by conversion thanKMDV ;
this is what is observed in Fig. 3.

For H3
1 ions, Fig. 4 shows that the choice of the dr

velocity definition can even invert the role of conversion: t
true KMAT ~primary H3

1 only! is lower than the effective
KMAT ~all arrived H3

1 are taken into account!, while the
opposite holds forKMDV . Moreover, withE/n increasing
above 400 Td, the trueKMDV increases, while the trueKMAT
decreases. In order to explain this feature, we refer to
H3

1-H2 cross sections presented in Fig. 2 and the mean
ergy information and the primary ion percentage data gi
in Table I. With increasingE/n, the fast H3

1 ions are more
and more converted to H1 via reaction~10!. Since these fas
H3

1 ions disappear mainly from the head of the swarm,
mean-arrival times of primary H3

1 ions become longer an
the trueKMAT decreases withE/n as seen in Fig. 4. The tru
KMDV is less influenced, since the ion position in the swa
is not important in Eq.~3!, as discussed before. At 400 T
the mean energy of H3

1 ions corresponds to the collisio
energy of about 2.1 eV situated just behind the ‘‘hill’’ of th
momentum-transfer cross section~see Table I and Fig. 2!. It
means that the bulk of H3

1 swarm is very efficiently accel
erated by the field, since the momentum-transfer cross
tion is rapidly falling. The fall is faster than (1/«)1/2, which
leads to the increase of the trueKMDV with increasingE/n
~Fig. 4!.

Note that forE/n higher than about 600 Td, the conce
of the true drift velocity—represented byvMAT of primary
ions—becomes irrelevant, since the vast majority of ions
dertake conversion reactions~see Tables I and II!. The trans-
port of any ion species is then strongly coupled to the tra
port of all the other species@7#. The mean directed velocity
vMDV of a species then becomes its natural representa
including the influence of both primary and secondary io

C. Ion diffusion coefficients

Comparing the simulated ion diffusion coefficien
against available experimental data provides an indepen
test of our refined cross-section set, since during its adj
ment only the experimental mobility values were taken in
account. The calculated longitudinal and transverse diffus
coefficients for the cross-section set from Fig. 2 are p
sented in Figs. 7 and 8 for H1 and H3

1 ions, respectively. It
can be seen that the diffusion coefficients are in a relativ
good agreement with experimental values, which indica
the consistency of the cross-section set presented in Fig

Figure 8 shows a good agreement of calculatedD' of
H3

1 ions only forE/n up to about 50 Td. For higher fields
the present calculated values deviate from the experime
ones. Figure 8 suggests an onset of a scattering channe
included in the cross-section set of Fig. 2: the new scatte
channel should start to be effective at about 50 Td a
should reduce the transverse diffusion coefficient of H3

1

while preserving the good agreement for the longitudinal d
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fusion coefficient. The charge-transfer reactions seem to
natural candidates. These issues are discussed in the
section.

IV. DISCUSSION

The interesting feature of H3
1 mobility behavior at vari-

ous E/n as seen in Fig. 4 and mentioned before is a sh
rise of the mobility value atE/n of about 50 Td, forming a
bell-like curve centered around 150 Td. Moreover, the
perimental zero-field mobility value~11.3, see Fig. 4! is sig-
nificantly lower than first predicted~22.0! from estimations
of H3

1-H2 interaction potential@38#.
Various authors in the literature ascribed the low ze

field mobility value and the bell-like shape of the H3
1 mo-

bility curve to ~i! the possibility of H3
1 sticking to H2 to

form H5
1 at low fields by three-body collisions@11,12#, low-

ering the H3
1 mobilities at the left-hand side of the be

center;~ii ! the possibility of a proton transfer in collisions o
H3

1 with H2 at low E/n fields @11,39#, lowering again its
low-field mobilities; ~iii ! the possibility of the onset of the
proton-transfer reaction at about 50 Td@12#, with the elastic
cross section rapidly falling and the proton-transfer react
not fully effective yet, causing the rapid rise of H3

1 mobility
at about 50 Td; and also to~iv! the shape of the elasti

FIG. 7. The longitudinal and the transverse diffusion coe
cients of H1 ions as a function ofE/n for 300 K. All ions: both
primary and converted secondary ions are taken into account.
mary ions only: the contribution of converted ions is discarded. T
results are compared to experimental values@16# recommended in
@18#, with indicated error bars.



ul

ss
rg

re
er
bl

e

fu
e

b
f

hy
tia
is
n
of

il-
e

th

be
the
e
e

he
e

hly
ar-
in

son
he

d by
-

ve

n

of
the

our
r to
he
re

t at

in
set

ent
sis
d
it
g
n-
.
las-
ring

is

n-
n-
sfer

sed
ig.
rbi-
od

as
ich
‘ef-

the

ffi
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ion-molecule interaction potential, with attraction and rep
sion effects partially cancelling at energies corresponding
the region under the bell, leading to abnormally low cro
section values and thus high mobility values in this ene
region @40,41#.

The measurements of Albrittonet al. @8# made at different
pressures seem to exclude the possibility~i!, since the low
H3

1 mobility value below 50 Td was found also at pressu
as low as 0.05 Torr, where three-body collisions are v
unlikely to happen. As was mentioned before, the data ta
@17,18# of recommended experimentally determined H1 and
H3

1 transport parameters are based on the measurem
made by McDaniel and co-workers@8,14,16# using the same
apparatus, where the conversion effects have been care
eliminated as much as possible by making a series of m
surements at different gas pressures and drift distances@8,9#.

It is interesting to note that similar bell-like shape as o
served for H3

1 ion mobility is observed also for ions o
alkaline metals like K1 or Li1 in H2 @14,41#, when the pro-
ton transfer does not take place. This would favor the
pothesis~iv! based on the shape of the interaction poten
as proposed in@40,41# and described above. Note that th
hypothesis would explain the surprising ‘‘well’’ structure o
the adjusted H3

1-H2 momentum-transfer cross section
Fig. 2 at collision energies about 0.6 eV.

In @40#, Wannier estimated the magnitude of the ‘‘mob
ity bump’’ effect by taking the polarization potential as th
attraction part and several different power-law models for

FIG. 8. The longitudinal and the transverse diffusion coe
cients of H3

1 ions as a function ofE/n for 300 K. The symbols
have the same meaning as in Fig. 7.
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repulsive part of the potential. He found the bump to
enhanced for softer repulsive forces, but regardless of
repulsive potential model, his zero-field mobility valu
~14.03! is still significantly higher than the experimental on
~11.3! @8,17#, although it is much better than expected by t
first theoretical estimates~22.0! @38#. The reason can be th
proton-transfer mechanism@39# not considered in@40#, if it
takes place also at very low collision energies. This is hig
probable, but there is a possibility of the nonresonant ch
acter of the proton-transfer reaction due to a mismatch
equilibrium internuclear distances, as mentioned by Ma
and McDaniel@1#. Note also that Wannier suggested in t
same paper@40# that the second rise in H3

1 mobility at 400
Td, as measured in@14#, was artificial~see also Fig. 4!. In the
present work, we have seen that the second rise is cause
converted secondary H3

1 ions, that were probably not ex
cluded in@14# in their 400 Td drift-tube experiment.

The possibility of the proton transfer mentioned abo
under~ii !, ~iii ! in collisions of H3

1 with H2 was first men-
tioned by Varney in@39#. The cross section of the proto
transfer was estimated to be so large that the H3

1 was sug-
gested to be the ‘‘normal’’ ion of the parent gas consisting
the parent molecule with an attached proton instead of
parent molecule with a detached electron@39#.

Let us check the hypothesis of the proton transfer in
model. In the present work, we have seen that in orde
reproduce experimental mobility values by modifying t
elastic momentum-transfer cross-section, a ‘‘well’’ structu
in the cross-section shape was needed around 0.6 eV~Fig. 2!.
It led to a good agreement for H3

1 mobility ~Fig. 4! as well
as the longitudinal diffusion coefficient~Fig. 8!, but showed
some discrepancy for the transverse diffusion coefficien
E/n higher than about 50 Td~Fig. 8!.

It would be therefore natural to assume that the rise
H3

1 mobility value at about 50 Td corresponds to an on
of the proton-transfer reaction as proposed in~iii !, which
would efficiently decrease the transverse diffusion coeffici
similarly as charge-transfer reactions do. This hypothe
would propose another explanation for the ‘‘well’’ aroun
0.6 eV of the H3

1-H2 momentum-transfer cross section:
would result from a superposition of the ‘‘elastic’’ scatterin
channel, dominant at lower energies and the ‘‘proto
transfer’’ scattering channel, dominant at higher energies

Note that the proton-transfer scattering is essentially e
tic in nature, since no internal energy change occurs du
the collision. Since the differential scattering cross section
not known, it is convenient to look at the elastic H3

1-H2
interaction as a superposition of an isotropic ‘‘elastic’’ cha
nel and the fully backward-directed ‘‘proton-transfer’’ cha
nel, similarly as suggested by Phelps for the charge-tran
collisions @34#.

This hypothesis is tested in Fig. 9, where the decompo
contributions to the momentum-transfer cross-section of F
2 are plotted. The decomposition was chosen rather a
trarily, but was refined afterwards to preserve the go
agreement between simulated and experimental H3

1 mobil-
ity values. The ‘‘proton-transfer’’ channel is considered
essentially similar to the symmetric charge transfer, wh
accounts for its cross-section values about half the total ‘
fective’’ momentum-transfer cross section~Fig. 9!. Note that
at collision energies of about 10 eV, the cross section of

-



ec

e
nd
ly
fo
ct
d

e-

e
nd
ie
re
s
ns
ts

of
the
at
ly
ift-
sfer
lt in

ible
r,

of

ey
en
nd,
ing,
ig.
al-
the

els

y
se

e de-

rse
s-
nly
ted

ies.
oss-

pa-
he
ul-
of

d to

ica-
l
-

es
ion
,

s
’’

e
im-
ri-

al-
om

ly
w
m

n
h
l

56 5917COMPUTER SIMULATIONS OF H1 AND H3
1

‘‘proton-transfer’’ channel corresponds well to the cross s
tion for slow H3

1 ion production measured by Pekoet al.
@21#.

Figure 10 shows the calculated transverse diffusion co
ficient using the decomposition of Fig. 9. The mobility a
the longitudinal diffusion coefficient are not significant
modified when compared to Figs. 4 and 8 and are there
not presented. It can be seen that the proton-transfer rea
not only decreased theD' value as desired, but also inverte
the dependence of the trueD' on E/n at higher fields.

Figure 10 indicates that a ‘‘natural’’ straightforward d
composition of the ‘‘well’’ in the H3

1-H2 momentum-
transfer cross section around 0.6 eV~Fig. 2! does not provide
a satisfactory solution. Probably, somewhat diminish
‘‘proton-transfer’’ contribution at energies around 3 eV a
increased contribution of ‘‘elastic’’ channel at these energ
would help in reaching the agreement with experimental
sults. It is, however, difficult to construct such a decompo
tion without further experimental data concerning the tra
port parameters athigher E/n and/or without measuremen

FIG. 9. Assumed decomposition of H3
1-H2 momentum-transfer

cross section from Fig. 2 into the isotropic ‘‘elastic’’ and the ful
backward-directed ‘‘proton-transfer’’ scattering channels. The t
composite cross sections were fitted to preserve the good agree
for H3

1 mobility as observed in Fig. 4~see text!.

FIG. 10. The transverse diffusion coefficient of H3
1 ions after

the decomposition of H3
1-H2 momentum-transfer cross sectio

shown in Fig. 9. The effect of the proton-transfer reaction. T
curves labeled asX andY show the effect of additional vibrationa
excitation~see text!.
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of the proton-transfer cross section in the energy range
about 0.1–5 eV. Both seem to be a difficult task, since
conversion effects fully dominate the transport behavior
the highestE/n considered here, which makes it extreme
difficult to deduce the true transport parameters from dr
tube experiments; on the other hand, the proton-tran
cross-section measurements seem to be extremely difficu
the domain of low collision energies, as it seems imposs
to distinguish H3

1 scattered elastically or via proton transfe
since the two processes yield slow H3

1 ions.
Another possibility worth considering is a contribution

rotational and/or vibrational excitations in the H3
1-H2 inter-

action. These collisions are fairly anisotropic, so that th
would decrease the transverse diffusion coefficient wh
added to the elastic scattering in Fig. 8. On the other ha
they are less anisotropic than the proton-transfer scatter
and would therefore increase the diffusion coefficient in F
10. Thus in both cases, the rotational- and vibration
excitation channels are expected to help in bringing
model results closer to the experimental points.

The onset of the vibrational-excitation scattering chann
would be at about 0.394 eV~the first vibrational level of H3

1

ion @42#!, which is situated just in the interesting energ
region ~Fig. 9!. However, the cross-section values for the
processes are not sufficiently known@6#. In order to estimate
the effect of vibrational excitation in H3

1-H2 collisions, let
us assume the same cross section values and the sam
pendence on the collision energy as in H2

1-H2 collisions
~Fig. 2!. This ‘‘test’’ cross section was added to the H3

1-H2
cross-section set of Fig. 2, but the effect on the transve
diffusion coefficient from Fig. 8 was rather small: the tran
verse diffusion coefficient decreased as expected, but o
slightly, since the elastic cross-section channel domina
the vibrational-excitation channel at these collision energ
The same test was performed for the decomposed cr
section set of Fig. 9; the results are plotted as the curveX in
Fig. 10. Here, the effect is rather significant due to com
rable cross-section values of the ‘‘proton-transfer’’ and t
vibrational-excitation scattering channels. After having m
tiplied the vibrational-excitation cross section by a factor
2, we obtained the curve labeled asY in Fig. 10. One can see
that much higher cross-section values would be neede
approach experimental results.

To conclude this discussion, we presented some ind
tions that the mechanism~iv! of the interaction potentia
shape and the mechanism~iii ! of the proton-transfer occur
rence could account for the bell-like shape of H3

1 mobility
curve seen in Fig. 4. Alone, neither of the two approach
provided satisfactory agreement with the transverse diffus
coefficient of H3

1 ions: the former led to overestimated
while the latter to underestimated,D' coefficient for higher
E/n ~Fig. 8!. Probably, a mixture of the two mechanism
takes place with a decomposition of the ‘‘effective
momentum-transfer cross section from Fig. 2 similarly~but
not identically! to Fig. 9, with unknown contribution of the
‘‘elastic’’ and the ‘‘proton-transfer’’ channels. Moreover, th
unknown vibrational-excitation channels are shown to be
portant from some 150 Td. A joint theoretical and expe
mental analysis of a real drift-tube experiment atE/n of
about 400 Td, as well as the proton-transfer and vibration
excitation cross-section estimates for collision energies fr

o
ent

e
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5918 56ŠIMKO, MARTIŠOVITŠ, BRETAGNE, AND GOUSSET
0.1 to 10 eV, seem necessary to help to resolve some o
discussed issues.

V. CONCLUSIONS

In the present work, we have studied the Hn
1-H2 cross-

section set by performing drift-tube-like computer expe
ments and comparing simulated and experimental H1 and
H3

1 transport parameters for reduced electric fieldE/n rang-
ing from 10 to 600 Td. It was shown that the conversi
reactions started to influence the H1 mobility value atE/n of
about 150 Td, which is in accordance with experimental
servations@8#. The mobility of H3

1 was affected only at
about 250 Td, which indicates that the bell-like shape of H3

1

mobility dependence onE/n is not caused by the conversio
processes, but rather by a character of the elastic H3

1-H2
interaction mixed with a probable contribution of the proto
transfer mechanism. AtE/n higher than about 500 Td, th
transport of hydrogen ions becomes so strongly coupled
it would be rather difficult to deduce primary H1- and H3

1-
ion signals in a typical drift tube experiment. Moreover, t
concept of true transport parameters becomes irrelevant
to the dominating role of conversion reactions.

The recent cross-section set of hydrogen ions propose
Phelps@6# was modified to give a good agreement with e
perimentally determined ion mobilities. Calculated with t
aid of the modified cross-section set, the longitudinal and
transverse diffusion coefficients showed a relatively go
agreement with experimental values, too. This indicates
the cross-section set of@6# can be used in hydrogen ion tran
port models at low and intermediateE/n conditions, when
.
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modifications according to the present work are incorpora
into the cross-section set.

The main modifications include~i! the anisotropic inelas-
tic scattering formula Eq.~7!, ~ii ! the somewhat modified
H1-H2 elastic momentum-transfer cross section,~iii ! the
considerably modified H3

1-H2 elastic momentum-transfe
cross section~with possible proton-transfer and vibrationa
excitation contributions, as discussed in Sec. IV!, ~iv! the
considerably modified asymmetric charge-transfer H3

1-H2
reactions@21,37#, and ~v! the considerably modified cros
sections for H3

1-H2 collision-induced dissociative reaction
~10!, ~11! @21#.

In spite of some discrepancy concerning the transve
diffusion coefficient of H3

1 ions for higherE/n, we believe
that the present cross-section set is good enough to be
ommended for use in hydrogen-ion transport models at
and moderateE/n values. The synthesis of the present wo
with preliminary published results concerning the hydroge
ion transport at highE/n in Townsend discharges@22,23#
should provide the refined hydrogen-ion cross-section se
@6# over a large region of collision energies. Work in th
direction is in progress.
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