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Calculation of rate constants for dissociative attachment of low-energy electrons
to hydrogen halides HCl, HBr, and HI and their deuterated analogs

Karel Houfek, Martin Čı́žek, and Jirˇı́ Horáček
Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University, V Holesˇovičkách 2,

180 00 Prague 8, Czech Republic
~Received 21 June 2002; published 6 December 2002!

Calculations of rate constants for the process of dissociative attachment of low-energy electrons to hydrogen
halides HCl, HBr, and HI and for the reverse process of associative detachment based on the nonlocal reso-
nance model are reported. The calculated data are of importance for the modeling of plasma processes,
environmental chemistry, etc. The calculated dissociative attachment rate constants are found to be in good
agreement with existing experimental data. It is shown that at low temperatures the rate constants are very
sensitive to small changes of the parameters of the nonlocal resonance model used for the calculation of the
rate constants and represent a severe test of the theory. The isotopic effect and its dependence on the tempera-
ture is also discussed. The calculations of rate constants for the reverse process of associative detachment are
also reported and discussed.
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I. INTRODUCTION

In this paper we report on calculations of rate consta
for the dissociative attachment of low-energy electrons
hydrogen halides HCl, HBr, and HI and for the rever
process—the associative detachment. The process of d
ciative attachment~DA! of electrons to diatomic molecule
and the reverse process of associative detachment~AD!,

b

e1AB
A1B2, ~1!

k

represent basic elementary processes in many areas of
ics, chemistry, astrophysics, etc.~see, e.g., Ref.@1#!.

The reaction of dissociative attachment does not o
break molecular bonds with very large cross sections, it a
produces free radicals as well as stable negative-ion f
ments. This makes the DA reaction very important. Bo
these reactions have been studied extensively experimen
and theoretically. A survey of the experimental developme
has been given by Cvejanovicˇ @2#. The theoretical develop
ments have been reviewed by Morrison@3#, Fabrikant@4#,
Domcke@5#, and Hora´ček @6#.

A typical feature of hydrogen halide DA cross sections
the sharp onset at the threshold~HCl and HBr! and the pres-
ence of Wigner cusps@7,8# at the openings of vibrationa
channels in all hydrogen halides.

Usually two types of rate constants for dissociative atta
ment are studied experimentally, which correspond to t
general types of experiments:~1! Swarm experiments, in
which type it is assumed that the distribution of electrons
well as of the target gas is Maxwellian but generally t
temperatureTe of the electrons differs from that of the targ
gasTm; ~2! swarm-beam experiments, in which the distrib
tion of the target gas is Maxwellian but the distribution of t
electrons depends on the source of the electron beam. In
paper we consider the rate constants corresponding to
1050-2947/2002/66~6!/062702~9!/$20.00 66 0627
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first type of the experiment; i.e., we assume that the dis
bution of electrons as well as of the target gas is Maxwelli
but generally the temperatureTe of the electrons is not equa
to that of the target gasTm.

Calculations of the DA rate constants reported here
based on the use of the nonlocal resonance model~NRM! of
Domcke and Mu¨ndel @9#. This calculation represents a full
quantal nonlocal calculation of the dynamics of the electr
molecule resonance state. To our knowledge this is the m
general and most successful way of treating resona
electron-molecule collisions.

The paper is organized as follows: In Sec. II we ve
briefly introduce the basic theory; the rate constants will
defined and the nonlocal resonance model described. In
III, the calculated DA cross sections and DA rate consta
will be discussed. The process of associative detachmen
electrons is briefly considered in Sec. IV. In Sec. V the c
culated DA and AD rate constant are compared with
available experimental data. The paper is summarized in
VI.

II. BASIC THEORY

The calculation of the rate constants is based on the n
local resonance model@5#. Let us start with the definitions o
the rate constants. The nonlocal resonance model will
briefly described in the following section.

A. Rate constants

Generally, the rate constant for a reaction in the gas
defined as

k5E
0

`

v f ~v !s~v !dv, ~2!

where f (v) is a normalized distribution of the relative ve
locities v and s(v) is the cross section of the reaction.
©2002 The American Physical Society02-1
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swarm experiments such as FALP for DA and SIFT for A
~for details see Ref.@10# and references therein!, Maxwellian
distribution is assumed,

f ~v !54pv2S m

2pkTD 3/2

e2mv2/2kT, ~3!

wherem is the reduced mass of the colliding particles. Sin
m.me for me!mAB , the velocity distribution of the elec
trons in the DA process is practically equal to the distribut
of the relative velocities given by Eq.~3!. The two-
temperature rate constant for the process of dissociative
tachment can be then defined as

b~Te,Tm!5E
0

`

v f ~v,Te!sDA~v,Tm!dv, ~4!

where the so-called temperature-averaged DA cross se
sDA(v,Tm) is defined as a weighted sum of cross sectio
over all vibrational and rotational states of the target m
ecules,

sDA~v,Tm!5(
n,J

cn
J~Tm!sn

J~v !, ~5!

wheresn
J denotes the cross section for the DA process

the initial vibrationaln and rotationalJ state of a molecule
The coefficientscn

J are normalized by the condition(n,Jcn
J

51 and are proportional to the Maxwell-Boltzmann facto

cn
J~Tm!}~2J11!e2(En

J
2E0

0)/kTm. ~6!

The summation is taken over an appropriate range ofn and
J, typically nmax52 andJmax.40 at room temperature.

B. Nonlocal resonance model

The nonlocal resonance model is based on the assum
that a temporary molecular negative-ion state~resonance! is
formed and that this resonance accounts for the couplin
the electronic scattering dynamics with the nuclear mot
@5#. The resonance is represented by a square-integrable
crete stateuwd&, which interacts with a continuum of scatte
ing statesuw«& via coupling matrix elementsVd« ~where«
denotes the energy of the continuum electron!. uwd& anduw«&
are assumed to be diabatic states, that is, their wave func
vary smoothly with the internuclear distanceR. The second
essential ingredient of the nonlocal resonance model for
drogen halides is the explicit consideration of threshold
fects induced by the long-range dipole potential. The dipo
induced nonanalyticities of theS matrix and related
quantities at threshold enter through the threshold expan
of the energy-dependent width function@11#

G~«!52puVd«u2 ~7!

and the associated level shiftD(«) @5#.
The basic equation of the nonlocal resonance theory is

equation describing nuclear motion in the short-lived an
state@5#
06270
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@TN1Vd~R!2E#Cd~R!1E d«E dR8Vd«~R!

3G0~R,R8;E2«!Vd«* ~R8!Cd~R8!50, ~8!

with

G0~R,R8;E!5^Ru~E2TN2V01 ih!21uR8&. ~9!

HereV0(R) andVd(R) are the potential-energy functions o
the target state and the discrete state, respectively.xn i

(R) is
the wave function of the initial vibrational state of the targ
molecule,« i is the energy of the incoming electron, andE is
the total energy of the collision complex.G0 is the Green’s
function for the motion of nuclei in the target state,TN being
the radial nuclear kinetic-energy operator.

The second term on the left-hand side of Eq.~8! plays the
role of a complex, energy-dependent, and nonlocal effec
potential for the radial nuclear motion. It accounts for t
decay of the electronic resonance state through the coup
with the electronic scattering continuum.

The cross section for the dissociative attachment of
electron of energy« i to a molecule in the vibrational stat
uxn i

& is given by@5#

sDA~E!5
4p3

ki
2

u^CduVd« i
uxn i

&u2. ~10!

In practice, the nuclear wave functionCd(R) is represented
by a partial-wave expansion with respect to rotational an
lar momentum and the Lippmann-Schwinger equation co
sponding to the wave equation~8! is solved for the indi-
vidual partial-wave components. For this purpose, the v
efficient Schwinger-Lanczos continued-fraction method@12#
is employed. The efficiency of this method allows the cro
sections to be calculated on a very fine grid of collisi
energies.

III. DISSOCIATIVE ATTACHMENT

For the calculation of the rate constants, the DA cro
sections to all relevant target states must be computed.
represents a calculation of hundreds of cross sections,
many to be plotted here. A good physical insight might
obtained from the temperature-averaged cross sections c
lated at a finite temperatureT. This is the quantity which is
actually measured in experiments. These cross sections
obtained as weighted sums of DA cross sections avera
over all relevant~vibrational and rotational! target states, as
suming a Boltzmann distribution for the target molecule
see Eq.~5!.

In Figs. 1 and 2, the calculated DA cross sections
plotted for two target gas temperatures, 300 K and 1000
respectively. The cross sections were obtained on the bas
our published nonlocal resonance models~HCl @13#, HBr
@14,15#, and HI@16#!. The DA reaction is endothermic for a
hydrogen halides considered here with the exception of
drogen iodide. The threshold for DA in the DI molecule
too low to be seen in Figs. 1 and 2. Wigner cusps are cle
2-2
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CALCULATION OF RATE CONSTANTS FOR . . . PHYSICAL REVIEW A 66, 062702 ~2002!
discernible in all cross sections. As is well known,@13–16#,
the DA cross sections for the deuterated molecules~DCl,
DBr, and DI! are always much smaller than these for hyd
genated ones. Figures 1 and 2 demonstrate the broad ran
DA cross sections from very small for DCl (;1022 Å2 in
the ground vibrational state! to extremely large for HI
(745 Å2 at 10 meV@17#!. The DA cross sections are ver
sensitive to the temperature of the target gas at low ener
~energies below the threshold energy for the DA proc
from the ground vibrational and rotational state of the targ!.

A. Calculated rate constants

It is well known @13,15,16# that the rate of dissociative
attachment of electrons to hydrogen halides depends stro

FIG. 1. The temperature-averaged DA cross sections aT
5300 K.

FIG. 2. The temperature-averaged DA cross sections aT
51000 K.
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on the initial vibration state of the target molecule. In case
HCl and HBr molecules, the DA cross section increases r
idly with increasing vibrational quantum number@13,15#,
whereas the DA cross section for HI@16# decreases with
increasingv. The role of rotational excitation is less clea
and will be discussed in detail in a separate paper.

The calculated rate constants for the process of disso
tive attachment of electrons are summarized in Table I
plotted in Fig. 3 for the case of thermal equilibrium; i.e
Te5Tm5T.

The rate constants in Table II correspond to the noneq
librium caseTeÞTm. To describe a typical experiment, w
assume that the target gas is at room temperatureT
5300 K and the electron temperature varies from 500 K
5000 K.

Let us discuss the rate constants separately for each
ecule.

B. Hydrogen chloride

The DA process for HCl molecules at low temperatures
very slow and to the best of our knowledge no experimen
data exist for the thermal rate constants. The calculated r
increase monotonically with increasing temperature. At
temperatureT51000 K the calculated value ofk is 1.0
310210 cm3 s21 for the HCl molecule 5.4310211 cm3 s21

for the DCl molecule. At lower temperatures, however, t
isotopic factor is much more pronounced. For example
T5300 K the DA rate constant for DCl is smaller by a fact
of 7 than that for HCl. This behavior is common for a
molecules considered here. These findings confirm the ob
vation @18# that the isotope effect in DA depends on the g
temperature and is the largest when the isotopic molec
are in theirv50 levels.

The nonequilibrium rate constants increase rapidly w
the increasing electron temperatureTe. At the electron tem-
peratureTe53000 K ~the target gas temperature is 300 K!,
the calculated rate constant for the HCl molecule is as la

FIG. 3. DA rate constants for HCl, DCl, HBr, DBr, HI, and D
Electrons are thermalized, i.e.,Te5Tm5T.
2-3
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TABLE I. Thermal equilibrium (Te5Tm5T) DA rate constants for HCl, DCl, HBr, DBr, HI, and DI~in
cm3 s21, the value 2.5@246# means 2.5310246).

T ~K! HCl DCl HBr DBr HI DI

100 2.5@246# 6.3@249# 1.9@225# 9.5@228# 4.1@27# 2.7@28#

200 3.1@226# 1.6@227# 6.6@216# 4.9@217# 3.3@27# 9.8@28#

300 1.2@219# 1.7@220# 8.0@213# 1.4@213# 2.8@27# 1.3@27#

400 2.2@216# 5.0@217# 2.5@211# 7.2@212# 2.5@27# 1.3@27#

500 1.9@214# 5.7@215# 1.9@210# 7.0@211# 2.2@27# 1.3@27#

600 3.4@213# 1.3@213# 7.0@210# 3.1@210# 2.0@27# 1.3@27#

700 2.7@212# 1.2@212# 1.7@29# 8.6@210# 1.9@27# 1.2@27#

800 1.2@211# 5.9@212# 3.4@29# 1.8@29# 1.8@27# 1.2@27#

900 4.0@211# 2.0@211# 5.6@29# 3.2@29# 1.7@27# 1.2@27#

1000 1.0@210# 5.4@211# 8.2@29# 4.9@29# 1.6@27# 1.1@27#

1500 1.4@29# 8.9@210# 2.3@28# 1.6@28# 1.3@27# 9.7@28#

2000 4.7@29# 3.1@29# 3.5@28# 2.5@28# 1.1@27# 8.3@28#

2500 9.0@29# 6.0@29# 4.1@28# 2.9@28# 9.0@28# 7.1@28#

3000 1.3@28# 8.7@29# 4.4@28# 3.1@28# 7.7@28# 6.2@28#
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ask51.6310210 cm3 s21. Here the isotopic effect is muc
more pronounced. For example, at the temperatureTe

51000 K the HCl DA constant is 15 times larger than t
DCl DA rate constant at the same temperature.

C. Hydrogen bromide

For hydrogen bromide two nonlocal resonance mod
were proposed; the model of Hora´ček and Domcke@14#
~here referred to as the HD model! and an improved recen
model of Čı́žek, Horáček and Domcke@15# ~this model will
be denoted in what follows as the CHD model!. In the later
model the long-range part of the H1Br2 interaction was
improved in accordance with a recent very precise quan
chemistry calculation of the HBr2 potential surfaces@15#. In
addition, this model takes into account the dependence o
dipole moment of the HBr molecule on the distance betw
the nuclei@19#. In the older model it was assumed that t
dipole moment of the molecule remains constant during
vibration. Both models yield very similar DA cross section
The most significant difference between both models is
06270
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served at energies just above the threshold for the proce
dissociative attachment, see Fig. 4.

In Table III the thermal equilibrium rate constants calc
lated using both models are given for a range of temperat
300–1000 K. The entries in the second column correspon
the old model, HD, whereas the rate constants obtained
the use of the~CHD! model are in the third column. In Tabl
III also two experimental data are shown. AtT5300 K
Smith and Adams@10# found that the rate constant is s
small that only an upper limit, 3310212 cm3 s21, to the rate
can be provided. With increasing temperature the rate of
increases; the rate constant attains the value (3.061.0)
310210 cm3 s21 at T5515 K. It is seen that the data ob
tained with the improved NRM are in excellent agreeme
with the measured ones. Although the parameters of b
models differ very slightly, the calculated rate consta
change much; for example, atT5300 K the old model yields
k52.1310213 cm3 s21, whereas the later model givesk
58.0310213 cm3 s21. The measurement of the DA rat
constants at low temperatures thus represents a severe
for the theory.
e of
TABLE II. DA rate constants for HCl, DCl, HBr, DBr, HI, and DI molecules at constant temperatur
the target gasTm5300 K and variable electron temperatureTe.

Te ~K! HCl DCl HBr DBr HI DI

500 2.4@216# 1.2@217# 2.8@211# 3.5@212# 2.3@27# 1.2@27#

1000 9.5@213# 6.3@214# 8.0@210# 1.4@210# 1.7@27# 1.0@27#

1500 1.4@211# 1.1@212# 2.3@29# 4.5@210# 1.4@27# 8.8@28#

2000 5.1@211# 4.2@212# 3.6@29# 7.4@210# 1.2@27# 7.7@28#

2500 1.1@210# 8.8@212# 4.5@29# 9.3@210# 1.0@27# 6.8@28#

3000 1.6@210# 1.4@211# 5.0@29# 1.0@29# 9.2@28# 6.1@28#

3500 2.2@210# 1.9@211# 5.2@29# 1.1@29# 8.3@28# 5.5@28#

4000 2.7@210# 2.3@211# 5.3@29# 1.1@29# 7.6@28# 5.0@28#

4500 3.1@210# 2.7@211# 5.3@29# 1.1@29# 7.0@28# 4.6@28#

5000 3.4@210# 2.9@211# 5.2@29# 1.1@29# 6.4@28# 4.2@28#
2-4
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FIG. 4. DA cross sections for
HBr and DBr molecules in the vi-
brationally groundv50 and ex-
cited v51,2 states. Solid line, the
improved model~CHD! @15# with
the correct treatment of the dipol
moment of the molecule; dashe
line, old HD model@14#.
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It should be stressed that in the process of constructio
nonlocal resonance models for HBr molecules, no para
eters were fitted to any experimental data. All parame
were obtained fromab initio data. Comparing the calculate
rate constants with the measured ones we find that all
data calculated with the CHD model agree with the meas
ment within the error bars provided by the experiment. T
high degree of agreement is very encouraging, since the m
surement of the rate constants represents an absolute
surement, whereas the DA cross sections are usually m
sured on a relative scale.

The calculated equilibrium DA rate constants for HBr a
DBr are presented in the third and fourth columns of Tabl
The data shown here were obtained with the improved mo
@15#.

Let us first discuss the case of thermal equilibrium wh
the electron temperatureTe equals that of target molecule
Tm. The DA rate constant atT5300 K attains the valuek
58.0310213 cm3 s21, which is by seven orders larger tha
that for HCl. At T51000 K, k58.231029 cm3 s21 for HBr
and 4.931029 cm3 s21 for DBr. As in the case of HCl the
isotopic effect increases with decreasing temperature~the ra-
tio of HBr/DBr rate constants equals 1.5 at 3000 K but 6
300 K!.

The nonthermal rates show behavior similar to that
HCl and DCl. Again the isotopic effect is more pronounc
as compared to that in the case of thermal equilibrium.

D. Hydrogen iodide

As for DA process the HI differs from other hydroge
halides HF, HCl, and HBr. First, the process of DA is ex

TABLE III. DA rate constants for HBr molecule as a function o
electron temperature. Electrons are thermalized, i.e.,Te5Tm5T.
The values in the columnbHD were calculated using the model o
Horáček and Domcke@14#, the values in the columnbCHD using the
model of Čı́žek, Horáček, and Domcke@15#. The last columnbexpt

shows the experimental values of Smith and Adams@10#.

T ~K! bHD bCHD bexpt

300 2.1@213# 8.0@213# ,3@212#

515 8.5@211# 2.4@210# (361)@210#

700 7.4@210# 1.7@29#

1000 4.2@29# 8.2@29#
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thermic and since this process is dominated by a s-w
resonance the DA cross section diverges atE→0 ~this cross
section was recently remeasured with high accuracy by K
et al. @21#!. Second, contrary to HF, HCl, and HBr the D
cross section decreases with increasing vibrational quan
numbern of the target@20#. This indicates that the tempera
ture dependence of the HI rate constant will differ subst
tially from that of other hydrogen halides.

For DI in its ground vibrational and rotational state, th
DA process is closed for electrons with energy belo
'35 meV@22#. At increasing temperature of the gas, high
rotational states become populated and the attachment is
sible even at lower energies. The DA becomes exothermi
DI for J.8. This result would imply a large temperatu
dependence of the attachment for DI. As suggested by A
jajian and Chutjian@22# if one cools the target such that th
population inJ.8 is negligible, one should be able to ‘‘tur
off’’ the attachment.

The calculated thermal equilibrium rate constants
shown in the last two columns of the Table I and plotted
Fig. 3. It is seen that the equilibrium DA rate constant for
attains huge values and decreases with the increasing
peratureT. The DI rate constant increases at increasing te
perature reaching a maximum of about 1.331027 cm3 s21 at
T'300 K, then again decreases. In Ref.@22# thermal rate
constants for HI and DI assuming the target temperaturT
5300 K are reported. In Fig. 5 we plot the rate constan
solid line for HI and dashed line for DI, calculated for th
mean electron energy in the range 1–100 meV. Also inclu
are the data from Ref.@22# ~squares for HI and circles for DI!
and the FALP result for HI~errorbar! @10#. There is a good
overall agreement of the measured rate constants with
calculated ones for hydrogen iodide. For deuterium iodi
however, the calculated rates are substantially smaller t
the measured ones and increase with increasing tempera
This trend is typical for all endothermic processes.

The temperature dependence of the DA process in
relative to HI was studied in Ref.@23# in the temperature
range 298–468 K. An enhancement by a factor of 1.5 o
this range was observed. In Ref.@23#, the enhancement wa
accounted for only by the increase in the rotational popu
tion of excitedJ levels in DI ignoring completely the shift o
the DA threshold to lower energies at increasingJ and as-
suming the same shape of DA cross sections for allJ. In the
2-5
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HOUFEK, ČÍŽEK, AND HORÁČEK PHYSICAL REVIEW A 66, 062702 ~2002!
present work we take explicitly into account the correct p
sition of the DA threshold and the increase of the DA cro
section at increasingJ. In Fig. 6 the DA cross sections ar
shown for the range of target temperatures 0–1000 K and
energies below 50 meV. The cross sections are very sens
to changes of the target temperature in this energy range
Fig. 7 we compare the calculated enhancement with the

FIG. 5. Calculated DA rates for HI~solid line! and DI ~dashed
line! for the temperature of the moleculesT5300 K. The squares
are experimental data for HI and circles for DI from Ref.@22#.

FIG. 6. DA cross section for DI at various temperatures of
target gas.
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of Ref. @23#. The enhancement is normalized to unity atT
5298 K. The solid line, upper panel, represents the pres
calculation of the enhancement for the electron energy
meV ~since the energy distribution of the electron beam w
not specified in Ref.@23#, we assume here sharp energy,E
57.3 meV), the crosses represent the experimental dat
Ref. @23#. The dash-dotted line was obtained taking into a
count only the increase of the rotational population and
noring all the changes of DA cross sections withT ~for de-
tails see Ref.@23#!. The experimental data seem to indica

e

FIG. 7. Upper panel: Enhancement factor for DA~DI/HI !. Solid
line, the calculated enhancement factor for electron energy
meV; dashed line, the enhancement calculated at 10 meV. Cro
the experimental data@23#. Dash-dotted line, enhancement by i
crease of the population of rotational states~for details see Ref.
@23#!. Lower panel: Solid and dashed lines, the theoretical enha
ment calculated at energies 7.3 and 10 meV. Crosses, experim
data from Ref.@23#.
2-6
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CALCULATION OF RATE CONSTANTS FOR . . . PHYSICAL REVIEW A 66, 062702 ~2002!
some oscillations in the enhancement curve and a sig
saturation at higher temperatures. These observations ar
reproduced by the calculation. The calculated enhancem
increases steadily at increasingT reaching a value of 2 a
about 550 K with no sign of saturation~see Fig. 7, lower
panel!. The calculated values of the enhancement are ge
ally larger than the experimental data and the values obta
using only the increase of vibrational population as
source of the enhancement. The dashed line in the u
panel of Fig. 7 shows how the enhancement depends on
energy of incoming electrons. This curve was obtained at
energy 10 meV.

As already noted, the present model for hydrogen iod
was obtained by simultaneous fitting ofab initio negative-
ion potential and experimental data for DA@17#. This infor-
mation is of course not complete and a new model, provi
new data are available, should be constructed. Neverthe
the present HI model describes correctly the vibrational
citation of HI @24# and yields reasonable values of the D
cross sections at energies exceeding those of Ref.@17#.
Hence, it is hard to believe that the difference between
theory and experiment for DI can be explained by modifyi
the present model. In all our previous experience we fou
that a model which worked well for hydrogen halides~HCl
and HBr! also worked well for DCl and DBr and we expe
that this should also hold for DI. New work on both th
theory and experiment is highly desirable.

IV. ASSOCIATIVE DETACHMENT

The process of associative detachment is the reverse
cess of dissociative attachment. The AD cross sections
rate constants can be calculated using the same com
code as that used for the calculation of the DA cross sect
or by using the principle of detailed balance. According
this principle,

me« isn,DA
J ~« i !5mEsn,AD

J ~E!, ~11!

where the energy« i of the incident electron in the DA chan
nel is connected with the collision energyE in the AD chan-
nel through the equation

« i1En
J1Ea5E. ~12!

Here, Ea denotes the electron affinity. From Eq.~11! and
definitions ~2! and ~4! the relation between the AD~k! and
DA (b) rate constants follows immediately,

k~T!5S me

m D 3/2

Z~T!b~T!e2(Ea1E0
0)/kT, ~13!

where

Z~T!5(
n,J

~2J11!e2(En
J
2E0

0)/kT ~14!

is a partition sum of the Maxwell distribution of the rovibra
tional states of the molecules.
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The calculated AD cross sections for all three hydrog
halides and their deuterated analogs are shown in Fig. 8.
AD cross sections for all molecules diverge atE→0 with the
exception of the HI molecule. The AD process in HI is e
dothermic with the threshold atE;5 meV. To the best of
our knowledge the present calculation of the AD cross s
tion for HI and DI is the only calculation done for this mo
ecule. The AD process for HCl and HBr molecules is d
cussed in detail in Ref.@25#.

The AD rate constants are plotted in Fig. 9 and presen
in Table IV. The isotopic effect is very small for HCl an
HBr molecules at all temperatures and almost does not
pend on the temperature. For HI, though, the isotopic eff
is much more pronounced mainly at low temperatures.

FIG. 8. AD cross sections for HCl, DCl, HBr, DBr, HI, and D

FIG. 9. AD rate constants for HCl, DCl, HBr, DBr, HI, and D
2-7
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TABLE IV. AD rate constants for HCl, DCl, HBr, DBr, HI, and DI molecules.

T ~K! HCl DCl HBr DBr HI DI

100 1.8@29# 1.3@29# 1.4@29# 1.1@29# 4.4@211# 2.0@210#

200 1.5@29# 1.1@29# 1.2@29# 9.1@210# 8.1@211# 1.7@210#

300 1.4@29# 1.0@29# 1.1@29# 8.2@210# 1.1@210# 1.6@210#

400 1.3@29# 9.7@210# 1.0@29# 7.7@210# 1.3@210# 1.6@210#

500 1.2@29# 9.2@210# 9.6@210# 7.4@210# 1.5@210# 1.6@210#

600 1.2@29# 8.9@210# 9.3@210# 7.1@210# 1.7@210# 1.6@210#

700 1.2@29# 8.6@210# 9.1@210# 7.0@210# 1.8@210# 1.7@210#

800 1.1@29# 8.4@210# 9.0@210# 6.9@210# 2.0@210# 1.8@210#

900 1.1@29# 8.3@210# 8.9@210# 6.8@210# 2.1@210# 1.9@210#

1000 1.1@29# 8.2@210# 8.8@210# 6.8@210# 2.3@210# 2.0@210#
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V. COMPARISON WITH EXPERIMENTAL DATA

It is well known that the nonlocal resonance model d
scribes correctly the measured shapes of DA cross sec
~see, e.g., Ref.@15#!. The experiments, however, provid
cross sections usually only on a relative scale. Since the m
sured DA rates represent an absolute measurement, the
parison of the theory with the existing experimental data
of great importance for the theory. The DA cross sections
the HCl molecule are very small and to the best of o
knowledge there are no data for this molecule. For the H
molecule the experiment atT5300 K yields only the upper
limit, k,3.0310212 cm3 s21, which compares well with the
calculated valuek58.0310213 cm3 s21, see Table V. At a
higher temperature,T5515 K, the calculation yieldsk
52.4310210 cm3 s21, which is within the error bars of the
experimental value,k53.0310210 cm3 s21. The experimen-
tal uncertainty is about 30%. This agreement is very imp
tant if one recalls that in the calculation of the DA rate co
stants for the HCl and HBr molecules no experimental d
were used. For the construction of the respective nonlo
resonance models the main input information consisted oab
initio potential surface and fixed-nuclei phase shifts.

Contrary to the HCl and HBr molecules, in constructi
the NRM model for the HI molecule, it was necessary to
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the experimental cross section measured by Klaret al. @17#.
To our knowledge, for the HI molecule noab initio calcula-
tion of the fixed-nuclei phaseshifts is available in the lite
ture. The calculated rate constant for the HI moleculek
52.831027 cm3 s21 thus compares very well with the mea
sured value,k53.031027 cm3 s21. The small discrepancy
is caused by the fact that the NRM model at zero tempera
was fitted to the data measured at room temperatureT
5300 K. The NRM model was constructed by fitting the D
cross section in the energy range 0–170 meV. This obviou
does not represent complete information equivalent to
knowledge of the fixed-nuclei phase shifts.

In Table V the calculated DA and AD rate constants f
HCl, HBr, and HI molecules are compared with the availa
experimental data. The calculated data are in very g
agreement with the measured data both for DA and AD p
cesses for HCl and HBr molecules. For hydrogen iodi
however, there is a disagreement between the measured
the calculated data for the AD process. In spite of the go
agreement for the DA process, the calculated AD rate c
stant is smaller than the experimental value by a factor o
at T5300 K and 4 at the temperatureT5515 K. This dis-
crepancy is difficult to understand because both quanti
are related to each other by the principle of detailed balan
the
TABLE V. Comparison of the calculated DA and AD rate constants for HCl, HBr, and HI with
experimental values of Smith and Adams@10,26# ~in cm3 s21, the value 1.2@219# means 1.2310219).
Electrons are thermalized, i.e.,Te5Tm .

HCl HBr HI
T ~K! Theory Expt. Theory Expt. Theory Expt.

DA 300 1.2@219# 8.0@213# ,3@212# 2.8@27# 3@27#

515 3.1@214# 2.4@210# 3@210# 2.2@27#

AD 300 1.4@29# 9@210# 1.1@29# 7@210# 1.1@210# 3@210#

300 9.6@210# a ,6@211#a

515 1.2@29# 6@210# 9.5@210# 7@210# 1.5@210# 6@210#

aExperimental values of Fehsenfeld@26# ~in cm3 s21).
2-8
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CALCULATION OF RATE CONSTANTS FOR . . . PHYSICAL REVIEW A 66, 062702 ~2002!
New work both theoretical and experimental is obviou
desirable for hydrogen iodide.

VI. CONCLUSIONS

Rate constants for the process of dissociative attachm
are calculated at a range of electron and gas temperature
HCl ~DCl!, HBr ~DBr!, and HI ~DI! molecules. It is found
that the rate constants are very sensitive to minor detail
the parameters of the nonlocal resonance models used fo
calculation, and the experimental data on rate constants
-

e

s-

A

06270
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resent a severe test for the theory. The calculated data a
very good agreement with the existing experimental data
HCl and HBr molecules. For HI, however, new work is ne
essary both on the theoretical as well as experimental si
Calculations for HF and other molecules are in progress
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@25# M. Čı́žek, J. Hora´ček, F.A.U. Thiel, and H. Hotop, J. Phys. B

34, 983 ~2001!.
@26# F. C. Fehsenfeld, inInteraction Between Ions and Molecule,

edited by P. J. Ausloos~Plenum Press, New York, 1975!.
2-9


