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The initial product vibrational-state distribution is obtained for the thermal associative-
detachment reaction, Cl +H HCl(v =0, 1, 2) +e, produced by infrared chemiluminescence
in a flowing afterglow. The ratio of HCl(v =2) to HCl(v = 1) population formed in the re-
action is N„-2/N„-& ——0.60'0.03. Comparison of the total emission intensity to that from
a reaction of similar exothermicity suggests that HCl(v =0) formation may be small.

PACS numbers: 34.50.Lf, 78.60.Ps, 82.40.Tc, 82.40.Ra

There is tremendous interest at present in
electron- scattering, 2' dissociative -attach-
ment, '~ ' and associative-detachment" process-
es in HC1. The interpretation of the HC1 nega-
tive-ion states, through which all of these pro-
cesses must pass, is of major importance. "
A remaining problem associated with these HC1
states is the product vibrational-state distribu-
tion of the associative-detachment process: Cl
+H- HC1(v)+e, ~H= —0.82 eV. Previous exper-
imental studies of this associative-detachment
process were carried out in a Qowing-afterglow'

and flow-drift apparatus. ' A near-Langevin rate
constant (k=9.6"10 'c cm' molecule ' sec ') is
obtained at thermal energies. ' Preliminary drift-
velocity studies show only a slight decrease in
the rate coefficient up to 0.2 eV kinetic energy,
indicating an attractive HCl potential in the auto-
detaching region. ' There are no investigations of
the product vibrational-state distribution.

The most important results for vibrational dis-
tribution in the products of other associative-
detachment reactions have been obtained by en-
ergy analysis of the detached electrons. " Here
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FIG. 1. Schematic of the infrared-chemiluminescence flowing-afterglow apparatus.

we describe the application of a new method to
obtain the initial product vibrational-state dis-
tribution for the thermal-energy associative-de-
tachment process, Cl + H- HCl(v =0, 1, 2) + e.
The method employs direct detection of the pro-
duct states via their infrared chemiluminescence
in a flowing afterglow. "'"

Extensive theoretical treatments of the gen-
eralized associative-detachment process using
resonance- state descriptions were developed
earlier by Herzenberg" and Chen. " More re-
cently, explanations of the electron-scattering,
dissociative-attachment, and associative-detach-
ment phenomena can be grouped into two broad
categories, involving either resonance' """
or virtual" ' state descriptions. A comprehen-
sive explanation of associative detachment must
be consistent with the closely related reverse
process of dissociative attachment. ""Qf par-
ticular importance to our experiments is the re-
cent work of Allan and Wong, ' who observed sub-
stantial increases in the dissociative-attachment
cross section with increasing vibrational excita-
tion in the target HCl.

The Qowing-afterglow infrared-chemilumi-
nescence apparatus used in the present experi-
ments" is shown schematically in Fig. 1. Chlo-
ride ions (Cl ) are produced by electron bom-
bardment of CC14 (10" cm ') in a helium carrier
gas (1.5&& 10"cm ') flowing at a velocity of 8
&10' cm sec . The large flow velocities and
buffer-gas densities allow high concentrations
(10'-10' cm ') of Cl ions to be obtained in the
reaction zone viewed by the infrared detector.
Hydrogen-atom densities up to 10" cm ' are in-
troduced 10 cm before the infrared detector.

The H atoms are generated in a thermal disso-
ciator" by passing high-purity H, over a hot
tungsten filament contained in a glass water-
cooled chamber, coated with boric acid to inhibit
surface recombination.

A 1.27-cm-diam, 77-K, In8b detector is used
to detect the infrared chemiluminescence. Modu-
lated infrared signals from the products of the
Cl + H associative-detachment reaction (Fig. 2)
are obtained by repetitively turning off the Cl
ions with a 95Vo-transmission tungsten-mesh ion
shutter. The infrared signals are amplified by
10' and signal averaged for typically 3 &10~ modu-
lation cycles, resulting in a signal-to-noise ratio
of greater than 10. The area of the modulated
signal is taken to obtain an accurate measure-
ment of the relative amplitudes (Fig. 2).

The thermal (296 K) Cl + H associative-de-

(b)

1msec

TIME
FIG. 2. Modulated emission signals from HC1(v)

formed in the associative-detachment reaction. Curve
g, HC1(v=2 v =1) emission; curve b, total emission
from HCl(v =2 v =1) and HC1(v =1 v =0). Dashed
lines show the integrals of the respective signals.
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tachment reaction is only exothermic enough to
produce vibrationally excited HC1 in levels up to
v =2. Thus, the relative intensities from the
HC1(v = 2 - v = 1) and HC1(v = 1-& = 0) bands can be
determined by measuring the emission intensity
with and without an HC1 gas cell" to block the
& = 1- u = 0 component (Fig. 1).

A series of experimental tests was performed
to ensure that the modulated infrared-emission
signals are due solely to the HCl product of the
Cl + H associative-detachment reaction. First,
mass-spectrometer scans confirmed that Cl
reacts only with hydrogen atoms, and that other
ions, predominantly CC1, , produced in the
source do not react with any species in the Qow
tube. Second, under all conditions of ion-modu-
lation voltage and wave-form patterns, the time
evolution of the infrared emission signal is iden-
tical to that of the chloride-ion signal at the mass
spectrometer. Third, because the reaction of
Cl atoms with H2 is extremely slow and has in-
sufficient exothermicity to produce vibrationally
excited HCl, 2 there are no interfering signals
from Cl atoms produced by detachment" of Cl
at the mesh. Finally, the infrared emission sig-
nals scale linearly with initial Cl concentration,
and show the expected dependence on H-atom con-
centration. ~'

The associative-detachment process releases a
significant number of electrons into the flow tube.
These electrons decrease the diffusion rate of
Cl to the walls' and can produce additional Cl
by dissociative attachment with excess CC14.
Both effects serve to increase the HCl signal
within the zone of observation. Howard e~ al. '
showed that SF, added upstream from the H-atom
inlet attaches the electrons, preventing these
problems and allowing quantitative measurements
of the reaction rate to be obtained. Addition of
increasing amounts of SF, in our experiments
showed a linear decrease in HCl chemilumines-
cence until a plateau was reached at 10"cm '
of SF,. Without SF„ the total HCl emission sig-
nal was enhanced by about a factor of 4. The
product-state distribution was always the same
with and without SF, present.

A series of 25 measurements was made with
and without the HC1 blocking gas to obtain the
relative intensities proportional to A,P„-, and
A.»N„-, + A»N„» respectively. Here N, —,and
N„, are the populations inv = 1 andv = 2, and
A» and A» are the Einstein coefficients for spon-
taneous emission for the v = 2 —v = 1 and v = I - v
=0 bands in HCl (A»/A»=1. 72)." Gas-phase and
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wall deactivation were found to be negligible, un-
der large variations of CC14, H-atom, H„and He
Qows. Since the measurements are made 1 msec
downstream from the initial H-atom introduc-
tion, a small correction for radiative cascading
must be included in the final N„2/-N„, ratio.
Taking this into account yields a final N„,/N„
ratio of 0.60+ 0.03, where the quoted error range
is + 1 standard deviation.

No information is directly obtained on the v =0
channel of the Cl +H reaction. However, indi-
rect evidence for this channel can be obtained by
comparison of the total emission from H+Cl
with the total emission from another reaction of
similar exothermicity studied previously, Cl
+Hr- Hcl(~=0, 1,2)+ r (~I-I =-0.82 eV)." r
order to ensure the correct emission yield in
the Cl + H case, intensity measurements were
made with sufficient SF, (10" cm ') and H atoms
(10"cm ') to ensure complete conversion exclu-
sively of the initial Cl ions to form HC1(v) pro-
duct. The total emission from Cl + H was 1.5
+ 0.2 times greater than the emission from Cl
+HI. Since the Cl + HI reaction has an N„-, //

N„, ratio of 0.85, while that for Cl + H is only
0.60, this result shows that the associative-de-
tachment reaction directs substantially fewer
product molecules into the v =0 channel than does
the Cl + HI reaction.

The rapid rotational relaxation which takes
place in the collision-dominated regime of the
flowing afterglow' precludes our detecting the
initial rotational distribution of the associative-
detachment process. However, a simple calcu-
lation can show that a high degree of rotational
excitation is expected. Since the reduced mass
drops by a factor of 2000 during the transforma-
tion from Cl + H to HC1+e, most of the angular
momentum associated with the incoming parti-
cles, pvb, will remain as rotation in the product
HClp jrotp i.e., @vs = p, 'v & + jrot grot For a
typical impact parameter of 4 A associated with
the near-Langevin rate constant of the reaction,
we estimate that a minimum of 85/o of the initial
angular momentum will go into rotational excita-
tion of the HC1. This translates into an average
J value of 13, or an average energy delivered
into rotation of 0.22 eV. This is a substantial
fraction of the available reaction exothermicity,
which is 0.87 eV including the average transla-
tional energy of the reactants. Energy conserva-
tion prohibits a high degree of rotational excita-
tion to occur simultaneously with HC1(v =2) form-
ation, which requires 0.70 eV. The net result
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is to restrict the range of impact parameters
that can effectively produce the & =2 channel.

Allan and Wong have shown a tenfold increase
in the cross section for dissociative attachment
with each increase in the initial vibrational level
in HC1. The principle of detailed balancing can-
not be applied directly for comparison, since
the HCl product molecules in the associative-de-
tachment reaction are formed in a highly non-
Boltzmann rotational distribution. According to
Allan and Wong's results, ' the associative-detach-
ment process should favor population of the high-
est vibrational level available within the con-
straints placed on it by angular momentum and
energy conservation. Such constraints exist for
the v = 2 channel, but not for & =I and & =0. Our
experimental results indicate that the & = 0 chan-
nel may not be populated significantly compared
to v =1, in agreement with detailed-balancing
considerations.

Theoretically, the resonance-state picture of
the associative-detachment process'4 can ade-
quately account for a highly inverted vibrational
distribution when the lifetime against autode-
techment is short in comparison with the vibra-
tional period, as is the case for HC1.' Alterna-
tively, the observed distribution may be dis-
cussed in terms of a virtual-state intermediate.
This concept has been successful in accounting
for the reverse processes of vibrational excita-
tion and dissociative attachment in HC1.
However, theoretical calculations on the asso-
ciative-detachment process in terms of virtual
states are not available at present. It is hoped
that detailed theoretical calculations with realis-
tic potentials can be developed in order to define
the precise role of HCl negative-ion states in
these processes.

A number of other associative-detachment re-
actions appear amenable to study in the present
apparatus. In order to broaden the theoretical
testing ground, it may be possible in future ex-
periments with a Qow-drift system to study the
vibrational distribution as a function of initial
kinetic energy. "
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