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I. INTRODUCTION

The HCI chemical laserl’ 2 was the first system reported in which a

population inversion was produced by a bimolecular reaction, in this case,

H + Cl,— HCl + ¢l (1)

Corneil and Kasper3 suggested that deactivation of Hell by atomic
species, in particular Cl atoms, is a limiting factor in the laser performance
subsequently, several independent groups supported that hypothesis by meas-

uring the rate of

Cl + HCI1{1} — CIl + HCI{0) {(2)

2

to be ~5.1 X 101 cm3/mol—sec at room tcmperature.4 Even though Cl atoms

are in higher concentration than H atoms in the H --Cl2 chain laser, under some

2
experimental conditions and for other HCI laser systems, the rate of H-atom
quenching of HClT may also be significant. The measurements reported here

provide a basis [or such a comparison. The resulis arc discussed in the context

of previous experimental and theoretical studies on the H,Cl system.

2
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II. EXPERIMENTAL

The apparatus has becn discussed in some detail in a previous study5 of
the kinetics of H+ HF(v = 1). In gcneral, only the modifications to that system
will be presented.

Hydrogen or deuterium atoms are generatcd by a microwave discharge
through a mixture of HZ(DZ) and Hc. The mixture of H, HZ’ and He flows
through a 20-cm-long section of 1-cm i.d. quartz coated with halocarbon wax
prior to entering the similarly coated 2.2-cm i.d. pyrex fluorescence cell. All
experiments werc conducted with He diluent at total pressures of 1.6 to 2.5
Torr with partial pressures of HZ or D2 between 0.1 and 1.2 Torr. The H(D)

atomn concentration ranged between 0.005 and 0.05 Torr (between 2.7 X 10'10

9

and 2.7 X 10° mol/cm3). HCl injected into a flow of H atoms is subject to
removal by H-atom abstraction and, in thc case of a D-atom flow, by Cl-atom

abstraction. To minimize thcsc cffects, a 3-mm-diam teflon tube was used to

inject thc HCI(DCI) into the main gas flow only 2 cm upstream of the fluores-

cence windcow. At the averagc flow velocity of 300 cm/sec, the timc for reaction

was 7 msec beforc the HCl reachcd the center of the fluorcscence window.
Dcspite the use of this procedure, substantial removal of the HC1(0) or DCL{0)
was observed. For cxample, the [HC1(0)] was reduced by a factor of 2 at a

9

[D]=~1.2x 10~ mol/cm3. The fraction of HCl removed at the fluorescence
window was estimated from the intensity reduction of the laser-induced fluores-

cence signal since that signal is proportional to the [ HC1(0)] at the low concen-

tration, one can obtain reasonably accurate estimates of the absolute rates for

H and D atom removal of HC1(0} and DCI(O}_6
3
§ 5
i —_— =
% PRZCENING PASE , BLANKeNCT FILED
| T :
_ - _ ,



In addition to reducing the fluoresceace signal, the "prercactions' cited
above introduce Cl atoms, HD, and DCI as vibrational deactivators and remove
HCI1, DZ' and D as deactivators. The concentration of HCl was reduced to
~0.001 Torr to avoid these complications. At these small HCI concentrations,
it was necessary to employ digital signal averaging techniges. Results ob-
tained for 1 + HCl(v = 1) deactivation at high HCl concentrations‘5 {~0.05 Torr)
agreed with the data taken at the low HCI concentrations. Experiments with the
other isotopic combinations were performed only at the low HC1{(DCl) concen-
trations.

The fluorescence was detccted with an InSb infrared detector operated at
77 K; the resulting signal was amplified by a Perry Model 050 amplifier and
recorded with a Biomation 805 transient recorder. The recorded signals were
transferred to a Nicolet Model 1072 signal averager, where 32 to 128 experi-
ments were stored and averaged before being displayed on an X-Y recorder.

The gases uced included H2 (Matheson Co., 99.95%), D2 {Oak Ridge,
> 98%), He {Air Products, 99.99%), HCl (Matheson Co., 99.99% in liquid phase),
and DC1 (ICN, > 98%). The bottle of DC1 was cooled to 195 K, but otherwise
was not purified, The He (at 16 psia) flowed through a Linde 5A molecular
sieve trap at 77 K before entering the flow tube. The remaining gases were
used without further purification.

Results obtained with the H2 and D2 passing through a trap at 77 K were
indistinguishable from data obtained without the cold trap. No power change

on the probe was mcasured when the microwave discharge was struck in lle
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with the HZ(DZ) completely shut off, which indicated that there was no
discharge-induced heating effect on the probe and that no impurities in the

He contributed to the atom measurement.
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111. RESULTS

The time history of the HCl{v = 1} fluorescence intensity subsequent to

the laser excitation was recorded with no atoms present (the microwave dis-

charge turned off} as well as with the H atoms p:esent. A sample set of fluores-

cence traces is shown in Fig. 1. Semilogarithmic plots of the fluorescence
intensity gave straight lines from which exponential decay times were deter-
mined. A set of data that includes the decay times in the absence (To“) and
presence (Ton) of the microwav: discharge is listed in Table I. These data

were obtained at a total pressure of ~2.5 Torr and an HCI partial pressure cf

-1 -1

0.05 Torr. The change in the decay rate a(1/7) = Ton - Toff €20 be directly

related to the H-atom concentration by5

Af1/7) = {k -1/2 k

HCl-H

HCL-H 2)[H] (3)

where k and k are rate coefficients for HCI{v = 1) deactivation by

HCI-H HC1-H,

H and H., respectively. Other effects, such as gas heating and changes in

2’

impurity deactivation were negligible contributions and, thus, were neglected
in Eq. (3). Figures 2 through 5 are plots of 3(1/7) versus [11] and [D] fer the
relaxation of HCl{v = 1) and DCl(v = 1).

In the D + HCl{v = 1) experiments, HCI(0) injected into the stream of D,

D.. and He can react with D atoms by one of two channels

Zl

kg

D + HC1(0) «=DH + Cl {(4)
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Fig. !. Fluorescence signals from HCl(v = 1) obtained with
and without H atoms. Average of 32 traces; ;
[H] = 1.1 x 102 mol/cm3; [Hp] = 2.1 x 1078 mol/cm3; 5

[HCI] ~ 5 x 10-11 met/em3; total pressure = 1.84 Torr.
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Fig. 2.

[H] X 109, mol/r:m3

Remwoval rate of HCl(v = 1} hy H atoms. H-atom
concentration uncorrected for probe position; circles
ace for HCl#= 0,05 Torr; triangles are for HiCl = 0,001
Torr.
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[D], x 109 mol/em?

Fig. 3. Removal rate of HCl{v = 1) by D atoms. D-atom
concentration uncorrected for probe position. Four
sets of data are shown.
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all/r) x 103, sec’|

Fig. 4.

[H], x 10° mo/em?

Removal rate ot DCl(v = 1) by H atoms. H-atom
concentration uncorrected for probe position.
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[D], X 109 mul/{:m3

D-atom

concentration uncorrected for probe position,

Removal rate of PCl{v = 1) by D atoms,

Fig. 5.
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D+ HCl{0)==DCl + H (5) i
At large concentrations of D atoms (~0.02 Torr), the peak intensity of the
laser-pumped HCl(v = 1) fluorescence was reduced to less than half the intensity
that was observed without any D atoms present. The removal of HCl was kinet-
ically controlled since the large concentration of D atoms relative to HCl would
have removed a much larger fraction of the HCI if equilibrium had heen reached.
Above ~0.04 Torr of D atoms, the decay rate A(l/7) did not increase in propor-
tion to increases in the D atoin concentration, but rather reached a plateau.
The phenomenon was not caused by the response time of the detection system
but appeared to be correlated with the large fraction of HCl removed by
Reactions (4) and (5). The interpretation of these observations is unclear, and

we have calculated the rate coefficient from the data for the lower pressures of

D atoms.
% The two sets of data plotted in Fig. 2 were obtained with ~0.05 Torr of
HCl for the open circles and ~0.001 Torr of HCI for the closed circles; they

4 were taken one year apart. The reproducibility of the D + HCl mecasurement

hE.ieh

was not as good; four sets of data are shown in Fig. 3, three of which agree

3 and one of which has a slower rate by a factor of 0.75. We have reported the

T e

rate indicated by the three agreeing scts of data.
For most of the experiments, the isothermal probe was positioned ~3.5
3 cm downstream from the point at which fluorescence (rom the laser-excited

HCl(v = 1) was monitored. Probe measurements with and without HCI indicated
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that the H-atom concentration decreased along the flow direction such that the
actual H-atom concentration in the fluorescence volume was ~20 * 10% larger
than that measured by the probe at its usual downstream position. Measurements
of the fluorescence decay rates combined with atom measurements obtained with
the probe at several positions also indicated the 20 % 10% effect on the rates for
each of the isotopic combinations. Therefore, the rates calculated from the data
in Figs. 2 through 5 have been reduced by a factor of 1.2 to reflect this probe
position correction. The corrected rate coefficients are listed in Table II. A

value of 1 X 10“ cm3/mol-sec for k was taken from Refs. 7 and 8. The
HCI1-D,

9,10 are negligible contributions to Eq. (3).

other molecular deactivation rates
We have assigned uncertainties to the results in Table Il on the basis of
+107 for the standard deviation calculated for each set of data and +20% for
systematic error. The latter comes primarily from the H-atom measurement
and represents possible errors in the H-atom mass flow rate {calorimetric
probe), He mass flow rate {flow meter}, and total pressure. The relative rates

for the several isotopic combinations have smaller uncertainties than the

absolute rates since the systematic errors are largely the same in each case.
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IvVv. DISCUSSION

The results of the four isotopic elxperiments involving H- and D-atom
removal of HCl{v = 1) and DCl(v = 1) are given in Table Il along with the results
of a previous experiment“ and a trajectory (:alr*.ulation12 for H + HCI( v = 1).
Although three classical trajectory calculations have been reported for this
system, 12-14 only that of Wilkins12 is directly comparable to the experiments.
This calculation disagrees sharply in magnitude with experiment, but there is

1,12

agreement1 that for the two distinguishable reactions

ke
H + HCl(1) —H, + Cl (6)
and
k,
H + ClH(1)— H + C1H(0) (7)
k7 > k6'

In an extensive review article on three-atom systems involving hydrogen
and halogens, Parr and Truhlaris described the sensitivity of semiempirical
potential energy hypersurfaces to the exact method of their calculation. Often,
such surfaces are calibrated with experimental data of only one type, e.g., an
Arrhenius equation over a limited temperature range. Trajectory calculations
on the surface are then used to refine the surface to the experimental data.
Smithlb has emphasized that agreement between theory and cxperiment is
illusory in these situations unless the same surface can predict other kinetic

properties, e.g., isotope cffects.

-19-




In this context, the H,Cl system is extremely valuable beeause of the

2

wealth of experimental data that is available. Rate coefficients have been deter-

mined for

kg

H+ HCI(O).\T_"H2 + Cl (8)

17,18 although a diserepancy persists with regard to the ratio

in both direetions,
of the forward and backward rate coeffieients. 19 In addition, a considerable
amount of relative rate data has been obtained for Reaetions {4) and (5) and the
analogous reactions involving H and DCl; however, some of these data are
contradietory. De Vries and Klein20 determined that k4/k5 =0.0*0.9 at

T = 295 K, wherecas Woodzfl conecluded from similar room-temperature experi-
ments that for H + DCl, D-atom abstraetion was 20 times more likely than
Cl-atom abstraetion. 1t is unlikely that both of these results are correet.
Arnoldi and Wolfrum“ observed that H-atom abstraetion is relatively slow
even for HCl(v = 1) and that the removal of HCl{v = 1) by H-atoms proceeds
predominantly by other channels., They could not distinguish between inelastic
eollisions with no atom exchange and reactive collisions involving Cl-atom
exchange. These data, along with the isotopic results presented here provide

a very useful test of future scmiempirieal surfaces. Clearly, further experi-
ments are needed that differentiate between Reactions (4) and (5). Temperature
dependent data, even for the overall removal rate of HCl(v = 1} by H, would

provide valuable information about the potential energy surfaee when eombined

with the Arrhenius equation for the ground state reaetion kS.
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Recent quantum mechanical calculations for the H-F-H22 surface have
brought into question the validity of the semiempirical approximations to that
surface that are generated from experimental data on F + H,. The present
quantum mechanical calculations on the HZCI surfa.ce23 are considerably less
sophisticated than those for HZF' More precise calculations could better define
the minimum basis set of experimental data required to construct a semi-

empirical surface with good predictive power.
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Materials Sciences Laboratery: Develepmant ef naw materiais; matal
matrix compesites and new ferms & carben: tast and svaluation of graphita
and caramics in reantry; 1pacacraft materials and electrenic cemponants in
nuclear weapons anvirenment; apphicatien ef {racture mechanics to stress cer-
resien and fatigue-induced fracturas in structural metals.

Space Sciences ! .ooratory: Atmospheric and ionospheric physics, radia-
tion {rem the atmosphe. 3, density and cempositien of the atmosphere, aurorss
and airglow: magnetespheric physics, cosmic rays, generation and propagatien
of ptasmas waves in the magnetesphere. selar physice, studies eof solar magaetic
ficids: space astrenomy, X-ray astrenamy. the effacts of nuclear axplosions,
magnatic storms, and seiar activity en the sarth's atmosphare, ienosphara, and
magnatosphere: the affects of spticai, slectiamagnatic, and particulate radia-

tioas in space on space dystems.

THE AEROSPACE CORPORATION
El Segunde, Callfornia
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