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Electron detachment in low-energy collisions of halogen anions with atomic hydrogen
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Total electron-detachment cross sections o., for collisions of F,Cl, Br, and I with atomic hydro-

gen have been measured for relative collision energies E ranging from 0.1 to 20 eV. For F, Cl, and

Br, o., is found to decrease with increasing E and is fairly well described by a simple orbiting model in

which an effective polarizability is used to describe the interaction of the anion with atomic hydrogen at
small internuclear separations. For the system I +H, cr, increases with increasing collision energy.
The measured cr, for Cl +H is also found to agree well with calculations based on an effective-range

approximation. Charge-transfer cross sections have been measured for F, Cl, and I +H and are
found to be small.

PACS number(s): 34.50.—s, 34.20.—b, 34.70.+e

I. INTRODUCTION

Among the naturally abundant elements which form
stable negative ions, the halogens are characterized by
their unusually high electron affinities (EA s), which
range from 3.61 eV for chlorine to 3.06 eV for iodine [1].
Although the collisional mechanisms which govern the
destruction of halogen anions have received considerable
attention in the past, only a few experimental studies
have involved atomic hydrogen targets, mainly due to the
diSculties of obtaining well-characterized beams of
atomic hydrogen at room temperature. The purpose of
this paper is to report cross sections for electron-loss
mechanisms in collisions of halogen anions with atomic
hydrogen. The experiments are performed on a crossed-
beam apparatus previously utilized in this laboratory
[2,3] to measure charge transfer and electron-detachment
cross sections in low-energy collisions of H, D, 0
and S and H. In the present experiment, electron-loss
mechanisms in collisions of halogen anions with atomic
hydrogen are investigated for laboratory collision ener-
gies ranging from a few eV to 500 eV.

In low-energy collisions of halogen negative ions X
with atomic hydrogen the anion may be neutralized via

X +H~XH+e [associative detachment (AD)],

X +H —+X+H+e

[collisional (direct) detachment (CD)], (2)

X +H~X+H [charge transfer (CT)] . (3)
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For the halogen anions only a very small charge-transfer
cross section is expected at low collision energies and
processes (1) and (2) are expected to dominate for
E»b (500 eV when X =F,Cl, Br, and I

Reaction (1) and its inverse, dissociative attachment
(DA), are found to be of importance in the chemistry of
flames [4—6] and play important roles in many gas lasers:
in XeC1 eximer lasers, for example, HC1 is used as the
halogen donor, and the destruction of Cl via associative
detachment with H is of crucial importance to the laser
stability [7—9]. Additionally, the anthropogenic intro-
duction of halogen-containing compounds into the atmo-
sphere has lead to considerable interest in the destruction
mechanisms of halogen anions in the D region of the
ionosphere [10—13].

Of all the halogen-anion hydride systems, F +H and
Cl +H have received the most attention from a theoret-
ical point of view, due in part to the number of experi-
mental measurements which exist for these systems. The
rate constant for AD in F +H has been reported previ-
ously [14] to be about 1.6X10 cm lsec at 300 K,
which agrees well with the more recent measurement of
Smith and Adams [15], who found values of 1.5X10
and 8X10 ' cm /sec at 300 and 515 K, respectively.
For Cl +H the AD reaction rate has been measured at
thermal energies by a number of authors [14,16]. In gen-
eral, good agreement exists between the measurements
and the calculations of Gauyacq [17,18] and Haywood
and Delos [19], all yielding a value of about 9.5X10
crn /sec. The calculation of Gauyacq, which is based on
a zero-range-potential (ZRP) approximation, has also
been used to determine the product vibrational distribu-
tions for AD in F and Cl +H at room temperature,
and excellent agreement is found with the measurements
of Zwier et al. [20,21]. The large measured reaction rates
for AD indicate that the intermediate anion states
formed in the collisions are attractive into the autode-
taching region; this has been verified in the case of HF
by several ab initio calculations [22—25] and also for
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HC1 by the calculations of Morgan, Burke, and Gillian
[26] and by Gorczyca and Norcross [25]. The quasi-
molecular intermediate ion states of HCl and HF have
been investigated through various electron-scattering ex-
periments, such as those of Rohr and Linder [27], in

which vibrational excitation was measured for e +HC1
and HF. In both cases the integral cross sections for vi-

brational excitation exhibited sharp peaks at the energet-
ic threshold and additional broad maxima were observed
at collision energies of about 2—3 eV. These original ex-
periments of Rohr and Linder showed the scattering to

be isotropic in angle, indicating pure s-wave scattering.
Experimental studies of dissociative attachment have also
shown that the total cross section for this process varies
stepwise as the electron energy is varied [28] and that the
cross section increases substantially with the vibrational
excitation of the target [29]. These observations prompt-
ed a series of theoretical studies of electron scattering by
hydrogen halides and it was recognized rather early that
neither the threshold peaks observed for vibrational exci-
tation nor the above features observed for dissociative at-
tachment could be explained by a collision model which

TABLE I. Survey of calculated potential curves for halogen hydride anions. R, is taken from the corresponding reference. a is

inferred from R, and V(R, ), where V(R, ) is the Morse potential of Ref. [51] (see Sec. IV A). SEP denotes the static exchange plus
polarization model; RASSCF denotes the restricted-active-space self-consistent-field model; PSS denotes the perturbed-stationary-
states model; SOCI denotes the second-order configuration-interaction model; RCI and MC-CI are the relativistic and
multiconfiguration models; and FOCI is the frozen-orbit CI model.

Reference

Gorczyca and
Norcross [25]

Anion

HC1

HC1

HF
HF

R, (A)

1.48

1.7

1.01
1.05

a' (A)

0.36

0.15
0.39

Comments

SEP results, close-coupling (CC)
approximation
SE results, CC approximation; V(1.7 A) lies
above Cl +H, R = ~ '
SEP results, CC approximation
SE results, CC approximation

0

Astrand and
Karlstrom [59]

HC1 1.6 0.03 RASSCF calculation

Morgan, Burke,
and Gillian [26]

HC1
HC1

1.51
1.47

0.3
0.38

SEP model, R-matrix method
PSS model, R-matrix method

Morgan and
Burke [24]

HF 1.09 0.41 R-matrix method

Chapman,
Balasubramanian,
and Lin [39]

HBr

HBr

HI
HI

1.72

1.69

1.85
1.88

SOCI calculation; V(1.72 A) lies above
Br +H, R=~'
RCI calculation; V(1.69 A) lies above
Br +H, R=~'
SOCI calculation
RCI calculation

O' Neil, Rosmus,
and Norcross [52]

HC1 1.6 0.03 MC-CI calculation; the crossing point is an

extrapolation of the calculation

Bettendorff,
Beunker, and
Peyerimhoff [23]

HC1

HF

1.69

1 ~ 38 0.1

Multireference CI calculation; V(1.69 A) lies
above CI +H, R = oo'

Multireference CI calculation

Gauyacq [18] HC1 1.38 0.43 The HC1 curve of Ref. [18] is not an ab initio
calculation, but a fit to experimental data

Krauss and
Stevens [60]

HC1 1.67 FOCI calculation. V(1.67 A) lies above
Cl +H, R = (x)

'

Segal and
Wolf [22]

HF 1.06 0 4h CI and stabilization method

Goldstein, Segal
and Wetmore [54]

HC1 1.57 0.14b CI and stabilization method

' V(R) is the Morse potential taken from Ref. [51].
This value of a' is used in the classical model described in Sec. IV A.
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utilizes a local resonance theory [30,31]. However, all of
these observations were accounted for in either non-
resonant [31—33] or nonlocal resonant theories [34,35].
More recently, electron-scattering experiments by Knoth
et al. [36] with HF and HC1 targets have been performed
with higher resolution than those of Rohr and Linder.
They also find sharp peaks at the energetic thresholds for
vibrational excitation and, in the case of HC1 but not HF,
a broad maximum is seen for collision energies in the
range of 2—3 eV. Unlike Rohr and Linder, however,
Knoth and co-workers find the angular dependence of
electron scattering to be nonisotropic and suggest that
the scattering process requires the consideration of
higher partial waves (i.e., s, p, and d). These considera-
tions, are taken into account in recent ab initio HC1 and
HF potential curve calculations [24—26]. These calcu-
lations all agree on the general shape of the ground-state
intermolecular potentials for the molecular anion HX
it is attractive and crosses or merges with the intermolec-
ular potential for HX in the vincinity of the HX equilibri-
urn position. Table I contains a survey of calculations for
these molecular anions which have appeared during the
past 15 years. The interested reader can find further
theoretical considerations of electron scattering in the re-
view article by Morrison [37].

In contrast to F and Cl, few theoretical studies have
concentrated on the collisional systems formed by I or
Br +H, and experimental work has focused on thermal
energy measurements. Smith and Adams [15] have mea-
sured the rate constant for AD in Br +H at 300 and 515
K and found a constant value of 7X 10 ' cm /sec. For
AD in I +H, they found a reaction rate of 3 X 10
cm /sec at 300 K and 6X10 ' cm /sec at 515 K; the
former value is about five times greater than the upper
limit for this reaction as determined by Fehsenfeld [14].
Cross sections for DA in collisions of electrons with HI
have been measured by Alajajian and Chutjian [38]; they
report approximate potential curves for HI which are
based upon their measurements. Chapman, Balasu-
bramanian, and Lin [39] have calculated potential curves
for several electronic states of HBr and HI, but no
calculations exist for electron-detachment cross sections.

In this paper, we report measurements and a serniclas-
sical effective range calculation of the total electron-
detachment cross section for collisions of Cl +H and
measurements for F, Br, and I +H, for laboratory
collision energies ranging from about 5 to 500 eV. All of
these experimental results are also described in terms of a
simple orbiting model [40] in which an adjustable polari-
zability is used to mimic the salient feature of the anion
potential, viz. the point at which the anion potential
merges with that of the neutral parent molecule.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

The apparatus used for the total cross-section measure-
rnents reported here is of the crossed-beam configuration
and has been described in detail elsewhere [2,3]. Only a
brief outline of the experimental technique shall be given
below.

The negative halide ions F,Cl, Br, and I are pro-
duced in a discharge source, and the source gas consists
of mixture of Ar and CF4 (6%), Ar and CC14 (2%%uo), Ar
and CH3Br (6%), or Ar and CH3I (2%), respectively.
For the production of Cl one may also use a mixture of
Ar and CH3C1 (20%%uo).

The negative-ion beam is extracted, mass selected, and
subsequently focused by a series of Einzel lenses into the
collision region which consists of a 30' section of a cylin-
drical electrostatic energy analyzer. The small transverse
electric field maintained across the analyzer section al-
lows the ion beam to pass through resonantly; the pri-
rnary beam intensity is monitored by a Faraday cup and
the laboratory energy distribution may be determined by
a series of grids before and after the primary ion beam
passes through the collision region. The maximum halo-
gen anion beam intensities delivered to the collision re-
gion range from 2 to 5 nA, with an energy spread of ap-
proximately 0.6 eV for the lowest laboratory collision en-
ergy and 15 eV for the highest. The resolution of the
mass analyzer is sufficient to clearly resolve the natural
isotopes of Cl and Br.

Halfway through the cylindrical analyzer section the
ion and neutral target beams intersect at right angles;
slow product ions and electrons are extracted orthogona1-
ly to the plane defined by the reactants. The products
pass through a region of magnetic field which separates
electrons from product ions which are a result of charge
transfer. These scattered products are detected by con-
ventional particle multipliers and their outputs are
amplified in vacuo.

The atomic hydrogen beam is produced in a commer-
cially available rf discharge source [41] operating at 36
MHz. The dissociation fraction is about 40% and its
determination has been described in detail elsewhere
[2,3]. From the system of F +H, the dissociation frac-
tion may be determined by an alternative method. The
system F +H2 exhibits a peak in the ion production
cross section [42] at a relative collision energy of about
2.1 eV which corresponds to a laboratory energy EI of 22
eV. An estimate of the dissociation fraction may be ob-
tained by directly observing the diminution of this peak
when the rf power is turned on, since, for EI ~52 eV,
charge transfer cannot occur for collisions of F +H.
The dissociation fraction so defined agrees with that ob-
tained via the method of Ref. [3] to within about 5%.
The atomic hydrogen source is joined to the vacuum sys-
tem by means of a precision three-dimensional manipula-
tor, allowing a separate gas nozzle to be moved into place
such that alternate target gases may be admitted into the
scattering region.

The total electron-detachment cross sections cr, (E) for
collisions of F, Br, and I +H are obtained by direct
normalization to a calculation for the system Cl +H,
which is presented in Sec. III. If, after background sub-
traction and correction for the dissociation fraction [2],
the product electron signals for Cl +H and X +H ob-
tained with identical target conditions are defined by
Sz&(EL ) and J~(EL ), respectively, then the total absolute
electron detachment cross sections for X +H is given
by
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&x«1. )
o x(EL ) =

&
~ci(EI. )

ci E

where crc~(EI ) is a fit to the calculated total electron-
detachment cross section for Cl +H. Thus electron-
detachment cross sections may be determined without ab-
solute knowledge of the transmission function for the
product electron-detection system [2].

To independently measure 0, (E) for Cl +H and
ascertain the validity of the normalization procedure de-
scribed above, a procedure identical to that of Ref. [2] is
used: the transmission function for the electron-detection
system is determined by measuring the known electron-
detachment cross sections for Cl +O~ [43] and H +Oz
[44]. The absolute total cross sections for electron pro-
duction in Cl +H are obtained at a few representative
laboratory energies between 10 and 400 eV by normaliza-
tion to the known detachment cross sections for Cl +H~
[42]. Alternately, 0, (E) for Cl +H may be obtained by
direct normalization to the known values of the electron-
detachment cross sections for 0 +H. Within the exper-
imental uncertainties, both methods yield the same re-
sults for Cl +H, and they are in reasonable agreement
with the theoretical calculation.

The total cross sections for charge transfer ocT(E) are
determined by normalization to the known ion produc-
tion cross sections for Cl +Hz [42,43] or F +Hz [42]
for Cl and F, respectively, and the results for I +Hz
are normalized via Cl +Hz. crcT(E) could not be deter-
mined for Br +H due to an extremely low signal-to-
noise ratio for these reactants.

The measurements obtained with the present experi-
mental apparatus are repeatable to within about 18%%u~,

and our determination of the dissociation fraction is
reproducible to within S%%uo', additional uncertainties in the
experiment amount to less than +10% for electron-
production measurements. Thus the relative uncertainty
associated with the measured electron-detachment cross
sections for F, Cl, Br, and I +H, reported here, is
determined to be +21%%uo. Due to low signal-to-noise ra-
tios, the charge-transfer cross sections determined by
normalizing to the known cross sections for Cl or
F +Hz contain an uncertainty of about +40%.

III. THEORETICAL STUDY: Cl +H

The traditional view of the detachment process in col-
lisions of A with B invokes the formation of an unsta-
ble AB ion during the collision time. This ion subse-
quently decays by electron emission, thus leading to the
detachment process. Experiments with hydrogen halide
systems revealed features which could not be accounted
for by a standard local complex potential approximation
in which the decay of the intermediate negative ion is de-
scribed via a local rate I (R), which depends only on the
internuclear distance R. Various approaches were then
developed and tested on the hydrogen halide systems (see,
e.g. , [31,45]). These theoretical models included nonlocal
effects in the resonance approach or used a nonresonant
approach. Among the latter, the effective range approxi-
mation [17,33]—an extension of the zero-range-potential

approximation [46]—was shown to be a very successful
in describing collisional detachment [47,48] as well as as-
sociative detachment [18,49] and electron-molecule col-
lisions [33]. In the effective range approach, the
electron-molecule interaction is represented by a local po-
tential V,„,(r) at large electron-molecule distances, say
r ) ro, and the short-range interactions are described by a
boundary condition at r = ro independent of the electron
energy:

0-

-1—)
Q

2

Q -3-

H+ CI

H +Cl-

E.A. (Cl)

CI)

'z CI + H

zH = 0.82eV

I

3
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FIG. 1. Intermolecular potentials of HC1 and HC1: HC1 'X

[51],solid line; HC1 2~X and II [52], solid line; HC1 X [18],
dotted line; the dipole potential V~ with a =0.7 A, dash-dotted

0 3
line; the dipole potential with a'=0. 14 A, solid line.

=f (R) .
1 dg

dr r= ra

The ZRP approach corresponds to the limit of vanish-
ing ro and V,„,. This representation can be used in the
treatment of the collision problem without any further
approximation and the heavy-particle motion can be
treated either quantally [18] or classically [47,48]. It is
worth noting that in this approach, no resonant state is
present. The HC1 system, illustrated in Fig. 1, presents
a bound state at large internuclear distances which disap-
pears below a certain distance R, where the ion
potential-energy curve merges with that of the neutral.

The cross section for associative detachment in
Cl +H collisions has been previously calculated for low
energies ((0.6 eV) [18] in the ZRP approximation with a
quantal treatment of the nuclear motion. In the present
work, we performed a study of collisional detachment at
higher energies by using a semiclassical approximation
which consists of determining the time evolution of the
semiclassical wave packet [47,48]. The modeling for the
e-HC1 system, shown as the dotted line in Fig. 1, was tak-
en from Teillet-Billy and Gauyacq [33]. This modeling
was successful in reproducing the features observed for
e+HC1, viz. the vibrational excitation and the dissocia-
tive attachment cross section. Figure 2 presents the re-
sults of the present calculation for the detachment proba-
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FIG. 2. Detachment probability Pd(b) as a function of the
impact parameter b for the system Cl +H. Open circles are
the results for 4 eV and crosses correspond to 20 eV.

bility P&(b) as a function of the impact parameter b for
the two collision energies 4 and 20 eV. The detachment
probability exhibits a very strong dependence on b: for
b & R„ the system enters the unstable region and Pd(b) is
almost equal to one, whereas for b )R, a bound state al-

ways exists and detachment can only occur via a direct
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FIG. 3. Electron-detachment cross sections for Cl +H as a
function of relative collision energy. Present measurements,
solid diamonds and solid squares corresponding to normaliza-
tion to Cl +Hz [42] and 0 +H [3] respectively, as described
in Sec. II; cross sections inferred from the reaction rates of Refs.
[14,16], solid triangles; the present calculation and that of Ref.
[18), open circles; and the results of the classical model de-
scribed in Sec. II A with a =0.14 A, solid line. The asterisks
represent four times the charge-transfer cross section.

dynamic transition from the bound state to the continu-
um causing Pd to be very small. As a consequence, in the
absence of trajectory effects, the detachment cross section
is roughly equal to aR, . Obviously, at low collision ener-
gies, trajectory effects appear due to the attractive ion po-
tential and the detachment cross section increases as the
energy decreases. The weak dependence of Pd(b) on the
collision energy can be understood by considering two
opposing effects: (i) the probability for direct transitions
from the bound state to the continuum increases with in-
creasing collision velocity and (ii) the spreading of the
electron wave packet in the unstable region causes the de-
tachment probability to decrease with increasing collision
velocity (see, e.g., the discussion in [50]). The net result
of these dynamic effects is a very weak energy depen-
dence of the total detachment cross section for 4 & E (20
eV; these results, along with the previous calculations for
E (0.6 eV, are shown in Fig. 3. A spline fit to these cal-
culations is used for o c~(EL ) employed in Eq. (4) for the

purpose of normalizing the results for F, Br, and
I +H.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Cl +H

In low-energy collisions of halogen anions with atomic
hydrogen, electron loss may occur via associative detach-
ment or collisional (direct) detachment, i.e., reactions (1)
and (2). The process of AD may be discussed with the
aid of Fig. 1, which illustrates the potentials of the neu-
tral ground state of HCl ('X) [51] as well as the lowest
states of the transient molecular anion HCl representing
Cl +H ( X) [18] and H +Cl ( II, 2 X) [52]. For rela-
tive collision energies below the EA of Cl, only AD is en-
ergetically allowed, and the system of Cl +H evolves
along the state indicated by X in Fig. 1. This state lies
above that of the neutral continuum for internuclear sep-
arations R & R„where R, is the crossing or merging ra-
dius. The dissociation energy Do of HC1 is larger than
the EA of Cl, and this exothermicity hH is partitioned
among the reaction products; it has been demonstrated
[17,18,21,53] that almost all the exothermicity (0.82 eV)
is distributed in the internal degrees of freedom of the
product HC1 such that the detached electron carries
away less than half a vibrational quantum of energy. For
relative collision energies above the EA of Cl (3.61 eV),
CD may occur. Since the X state of HC1 is attractive
into the autodetaching region, we expect no energetic
threshold for AD, and, assuming near unit detachment
probability for all R &R„an asymptotic (i.e., high-

energy) detachment cross section o, (E) of approximately
~R, . Various estimates of R, for HC1 can be found in
Table I.

The experimentally determined total cross sections
o, (E) for electron de. tachment in collisions of Cl +H
for relative collision energies between 0.2 and 12 eV are
shown in Fig. 3; no distinction can be made between CD
and AD in the present experiment. Also shown in Fig. 3
are cross sections derived from previous rate constant
measurements [14,16]; these are in good agreement with
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the present results. The open circles represent the previ-
ously discussed ZRP calculations for relative collision en-

ergies below 0.6 eV [18] and the present work for
4&E (20 eV. It is immediately evident from Fig. 3 that
the calculated cross sections show good agreement with
the measurements over the entire energy range investigat-
ed and, within the limits of the experimental uncertain-
ties, correctly predict a detachment cross section of about
6.5 A at the highest collision energy.

In a simple model [40], which has been used to describe
associative and collisional detachment, the anion-atom
interaction is approximated by a point charge induced di-

pole potential given by

ne
V (R)=— (5)

8~eoR

where R is the internuclear separation and a is the polari-
zability of the target. In this simple model, detachment is
assumed to occur when the impact parameter is such that
classical orbiting takes place. Such orbiting occurs for a
potential of the form given by (5) when b (bz, where

bL =(ae /2meoE)' (6)

The resulting (Langevin) orbiting cross section in then
KbL or2

kL
' 1/2

where U and p are the collision velocity and reduced mass
of the system and kL is the Langevin reaction rate
kL =e(na/geo)' For ato. mic hydrogen a has a value

of 0.7 A and thus kL is predicted to be about 2X10
cm /sec.

For higher collision energies this orbiting model will
underestimate the cross section as it fails to account for
curve crossing which can occur for b )bL. In particular
for E)Eo=ae /8meoR, = —.V (R, ) [40], the orbiting
detachment cross section is no longer given by (7) but by

Eo
0,(E)=~R, 1+

Thus Eo defines the "transition" energy from an orbiting
to a curve-crossing dominated region.

If the polarizability of hydrogen (0.7 A ) is used in Eq.
(5) for V~(R), the resulting potential (denoted V in Fig.
1) falls well below any reasonable estimate of the true in-

teraction potential. Clearly if one is to take advantage of
the analytic simplicity of the orbiting model, the static
polarizability of hydrogen (0.7 A ) must be replaced by a
smaller "effective" polarizability o.' in order for (5) to
mimic the molecular anion potential. In light of the
above discussion, we take the following approach in or-
der to provide a simple model which describes the de-
tachment process: We assume an interaction potential of
the form given by (5), except we replace a by an effective
polarizability n, which is determined by R, from the cal-
culations of Goldstein, Segal, and Wetmore [54] (see
Table I) and V(R, ) from the Morse potential for the neu-

tral molecule [51]. In Fig. 1 we show the resulting poten-

tial for a'=0. 14 A (R, =1.57 A, Eo=0. 17 eV) and, as
mentioned previously, the induced dipole potential with
o:=0.7 A . This particular value for R, and hence e' is
chosen because the resulting detachment cross sections
determined by (7) and (8), shown in Fig. 3, best matches
the present data as well as previous rate constant mea-
surements.

It should be mentioned that certain problems arise in
determining V(R, ) and hence a' from the calculations
listed in Table I. Many of the anion potential curves
from Table I are presented in the literature as difference
potentials and are not accurate when referenced to a
Morse potential (for the neutral species) which has been
inferred from spectroscopic data. In most cases, this
problem occurs because the calculated neutral potential
curves (of the same species) differ considerably from the
Morse potential. Specifically, if the energy difference be-
tween the calculated anion potential and neutral parent is

subtracted from the Morse potential, then the resulting
anion potentials display barriers not present in the origi-
nal representation. If, on the other hand, the calculated
anion curve is directly compared to the Morse potential
for the neutral molecule then the crossings may not occur
at the same point ~ In summary, the principal useful
feature of almost all of the calculations listed in Table I is
the merging, or crossing, distances for the anion-neutral
systems. This merging radius R, and the known poten-
tial for the neutral molecule can be used to find a'. We
will employ this procedure to model the interactions for
F and Br +H in the discussions that follow.

Finally a few words about charge transfer for collisions
of Cl +H. Charge exchange leading to H +Cl is en-
dothermic by 2.85 eV and hence cannot occur for labora-
tory energies below 100 eV. From Fig. 1 it may be seen
that the two lowest states of H +Cl are repulsive out-
side the autodetaching region and do not approach the X
state of Cl +H. Since the lifetime of HC1 inside the
autodetaching region is very short, charge transfer would
have to occur before either of the curves cross into the
HCl continuum. The charge-transfer probability is
roughly proportional to exp[ —EE(R)b/Av], where v is

the collision velocity and hE(R) represents the energy
difference between, e.g. , the X state of Cl +H and the
II state of H +Cl. From Fig. 1, bE(R)) 2. 85 eV for

all R; thus the charge-transfer probability is expected to
be very small for the range of laboratory energies sam-

pled in this study. The notion that the H and 2 X states
of H +Cl are repulsive is supported by the observation
that in electron-scattering experiments on HC1, the H
production cross section suggests the presence of two dis-
sociative anion resonances of HC1, located at about 7
and 9 eV in the Franck-Condon region of the HCl(U =0)
molecule [55]; this implies that the two lowest states of
H +Cl are repulsive. In the present measurements, the
charge-transfer cross section is indeed found to be small;
the results are presented in Fig. 3.

In conclusion it may be stated that the electron-
detachment cross section for Cl +H is fairly well
characterized for laboratory energies below 500 eV. We
will take advantage of this by using Cl +H to normalize
the results for the other reactants. In particular, the cal-
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culation of o, (E) discussed in Sec. III will be used for the
simple normalization procedure described by Eq. (4).

B. F and Br +H

The total electron-detachment cross sections for
F +H are presented in Fig. 4 as a function of relative
collision energy. For collision energies below 3.4 eV, i.e.,
the electron affinity of F, only associative detachment is
energetically allowed. Also shown in the figure is the as-
sociative detachment cross section inferred from the
thermal reaction rate measurement of Fehsenfeld [14],
specifically k~D =1.6X10 cm /sec at 300 K (or about
0.04 eV), which is about 0.82kL. This is comparable to
k~D =1.5 X 10 cm lsec, reported by Smith and Adams

[15] for the same reactants at 300 K. These latter au-

thors, however, report that the AD reaction rate is di-
minished by a factor of 2 at 500 K (or 0.067 eV).

Also shown in Fig. 4 are the results of the classical
model discussed above. In this case, we use R, =1.06 A
from Segal and Wolf [22] with a'=0. 4 A and E(}=2.26
eV. The model predicts a cross section which is in agree-
ment with our results and the rate measurements at 300
K. The modified polarization potential with u'=0. 4 A
presented in Fig. 5(a) clearly provides an excellent ap-
proximation to the X potential for HF taken from Se-
gal and Wolf. The rate measurement at 500 K does not
seem to be compatible with the present results; the reason

0-

4 5
I I
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+ p

m3 2
~ ~ F+H

zH = 2.42 eV

-6-

0-
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H+ Br

for this apparent discrepancy is not understood. The
small charge-transfer cross section for F +H is also
shown in Fig. 4.

Total electron-detachment cross sections for Br +H
are shown in Fig. 6, as well as cross sections determined
from previous reaction rate measurements [15]; the
present results are in good agreement with the reaction
rates. The cross section which results from the classical
model with R, =1.65 A, a'=0.09 A, and Eo =0.09 eV
is also shown in Fig. 6. The particular value for R, was
chosen such that the resulting cross sections best
matched the present measurements. This value (1.65 A)
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FIG. 4. Electron-detachment cross sections for F +H as a
function of relative collision energy. Present measurement,
solid circles; cross sections inferred from the reaction rates of
Ref. [14],solid square; and of Ref. [15], solid triangles; and the
results of the classical model described in Sec. IVA with

0 3a'=0.4 A, solid line. The asterisks represent ten times the
charge-transfer cross section.
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FIG. 5. Intermolecular potentials for (a) HF 'X [51], solid
line; HF 'X [22], solid squares; dipole potential with a'=0. 4
A, solid line; (b) HBr X [51], solid line; polarization potential
with a'=0. 09 A, solid line; (c) HI 'X [51], solid line; HI X
schematic inferred from present results, solid line.
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FIG. 6. Electron-detachment cross sections of Br +H as a
function of relative collision energy. Present measurements,
solid circles; cross sections inferred from the reaction rates of
Ref. [15],solid triangles; results of the classical model described
in Sec. IV A with a'=0. 09 A, solid line.

FIG. 7. Cross sections for electron detachment and charge
transfer for I +H. Present results for detachments, solid cir-
cles; jive times the present results for charge transfer, asterisks;
detachment cross sections inferred from the reaction rates of
Ref. [15], open triangles; and of Ref. [14], solid triangle. The
solid line is a guide to the eye.

is slightly smaller than the merging radius R, =1.72 A
calculated by Chapman, Balasubramanian, and Lin [39].
It should be noted that V (1.72 A), where V(R) is the
Morse potential for HBr, lies slightly aboue the asymptot-
ic limit for Br +H, implying a barrier to AD. Figure
5(b) depicts the Morse potential for HBr [51] and the po-
larization potential with e'=0.09 A . We were unable to
determine a statistically signi6cant charge-transfer cross
section for Br +H.

The similarity of o, (E) for Br +H at low energies to
that for Cl +H indicates that analogous detachment
mechanisms are involved and that the non-Born-
Oppenheimer effects, indicated in the ZRP model, play
similar roles in both cases. Indeed the two systems are
comparable in many respects; both have an exothermicity
(for AD) which is small, 0.42 eV for Br +H and 0.82 eV
for Cl +H, compared to the large hH of about 2.42 eV
for F +H. The number of accessible vibrational states
for the AD products is two for HC1 and one for HBr,
compared to five for the HF products. This, and the ap-
parent similarity of the HF X state to the induced po-
larization potential with a'=0. 4 A, may explain why
electron detachment in collisions of F with H is ade-
quately described by a simple orbiting model over the en-
tire energy range investigated.

C. I +H

Presented in Fig. 7 are the detachment cross sections
for I +H as a function of relative collision energy. The
EA of iodine is 3.059 eV [1] and the dissociation energy

of HI ('X) is 3.054 eV [51]. Thus associative detachment
for I +H is slightly endothermic. In this respect I +H
is different from the previous halogen hydride systems in-
vestigated here. From Fig. 7 it is evident that the o, (E)
for I +H displays a dramatically different behavior
when compared to F, Cl, or Br +H. The detach-
ment cross section for I +H is relatively constant be-
tween 0.09 and 1.2 eV and then increases sharply with en-

ergy above the threshold for which direct detachment is
energetically possible. The rate constants for associative
detachment have been measured [15] by Smith and
Adams at about 300 and 500 K, and the cross sections in-

ferred from their measurements are also indicated in Fig.
7. These results appear to be incompatible with the
present measurements and that inferred from a 300-K
rate measurement by Fehsenfeld [14].

The charge-transfer cross section o CT(E) for I +H is
observed to increase slowly with energy from about 0.3 to

0
0.6 A for relative collision energies between 2.2 and 4
eV. Charge transfer in I +H is endothermic by about
2.3 eV; although an energetic threshold for tJcr(E) is not
directly apparent, the cross section extrapolates to an ex-
perimental threshold of approximately 1.5 eV. The
difference of 0.8 eV from the energetically allowed
threshold may be accounted for by thermal broadening
[56].

An additional aspect of HI, which sets it apart from
the previously discussed halogen hydrides, is that it forms
a stable negative ion [57,58]. Thus the HI ( X) potential
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must support at least the lowest vibrational state, which
requires a well depth of about 0. 15—0.2 eV based on the
vibrational ground state of HI. A few conclusions about
the X state may be drawn from the measured detach-
ment cross sections. At the lowest collision energies,
o, (E) is constant at about 6.3+1.1 A, and no evidence
for a rapid decrease with decreasing collision energy is
observed. If indeed an energetic threshold exists for asso-
ciative detachment, then, based on the present measure-
ments, it is expected to be less than or equal to about 0.1

eV. This observation is compatible with the calculations
of Chapman, Balasubramanian, and Lin [39], who report
an energetic threshold of 0.1 eV for AD, and also with
the experimental results of Alajajian and Chutjian [38],
who suggest a threshold of less than 0.1 eV, based upon
their dissociative attachment measurements. Rydberg
electrons in laser-pumped alkali-metal atoms have been
used by Carman, Klots, and Compton [58] to investigate
dissociative and nondissociative capture in HI and the
low-energy cross sections inferred from their study (and
the lack of and discernable energetic threshold) are com-
patible with the observations of Alajajian and Chutjian
[38]. This low-energy behavior is also in agreement with
the rate measurements of Fehsenfeld [14] if thermal
broadening is considered.

The question of just where the HI potential merges
with that of HI has been discussed in some detail by Car-
man, loots, and Compton [58]. If one assumes that the
detachment cross section is given simply by ~R„ then
our present results would indicate that R, is slightly less

0
than the HI equilibrium separation of 1.6 A. The results
of dissociative attachment experiments by Alajajian and
Chutjian led them to suggest a crossing radius which is
approximately equal to the equilibrium separation of HI,
whereas the calculations of Chapman, Balasubramanian,
and Lin give R, =1.9 A. Carman, Klots, and Cornpton
argue that this calculated value (1.9 A) is too large and
that the merging of the two potentials should occur for
R ~R, . The present results tend to support the argu-
ment that R, is substantially less than 1.9 A if indeed the
near-threshold cross section is given by mR . An inter-
molecular potential for HI with R, =1.6 A and a well

depth of about 0.2 eV is presented in Fig. 5(c).
Finally, the disagreement of the detachment cross sec-

tions at the lowest energies reported here with previous
rate constant measurements of Smith and Adams is not
understood. Their experimental method used to obtain
the thermal reaction rates for AD in I +H (and Br
and F +H) is self-consistent, and no systematic error is
evident in their measurements which might be specific to
I +H that would explain the discrepancy with the mea-
sured cross sections reported here or the rate constant
measureinents of Fehsenfeld [14]. It should be noted that
if their result, obtained at 300 K, is normalized to the
measurement of Fehsenfeld, then their high-energy data
point agrees reasonably well with the lowest-energy mea-
surement presented here.

V. SUMMARY AND CONCLUSION

The electron-detachment cross sections 0,(E) for col-
lisions of Cl +H have been measured for relative col-
lision energies below 20 eV, and are in good agreement
with previous rate constant measurements and a ZRP-
type calculation. The detachment cross section for
Cl +H has also been described by a classical orbiting
model with a target polarizability modified to represent
the principal feature of the anion-neutral interaction, viz.
the distance at which the potentials for each are approxi-
mately equal. Subsequently, the system of Cl +H has
been used as a model system to normalize the experimen-
tal results for other reactants.

The total electron-detachment cross sections, for col-
lisions of F, Br, and I with H have also been mea-
sured T.he experimental results of cr, (E) for F and
Br +H are well described by the simple model men-
tioned above. For F, Cl, and Br +H, the measured
detachment cross sections at the lowest collision energies
are in good agreement with thermal rate constant mea-
surements, and no barriers to AD are observed. This im-

plies that the X states of HF, HC1, and HBr are at-
tractive into the autodetaching region. The modified po-
larizabilities which can be used to model the anion poten-
tial and hence the detachment cross section are all small-
er than the known static polarizability of H. It must be
emphasized that the form of the potential given by (5),
along with the effective polarizability, is used only be-
cause of its analytic simplicity in the orbiting model
presented in Sec. IV A. The analytic form given by (5) is
thus used to approximate the intermolecular potential
near R„and the value of R, used to calculate a' is
chosen such that the resulting detachment cross section
fits the present measurements. This form does not mimic
other important features of the intermolecular potential
and results from a semi-empirical fit to the experimental
observations.

The system of I +H is found to display a quite
different detachment cross section compared to those of
the above halogen hydrides. The detachment cross sec-
tion for I +H is relatively constant for collision energies
below about 1 eV. Above 1 eV, 0,(E) increases with in-

creasing energy. These observations and the existence of
stable HI underscore the difference of the I +H col-
lision system from the previously discussed halogen hy-
drides. Indeed, the low-energy detachment cross sections
suggest a crossing radius of the HI X state with the 'X
HI continuum which is approximately equal to the equi-
librium radius R, of the neutral HI molecule. This is in
contrast to the other halogen hydride systems studied, all
of which have R, )R, .
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