PHYSICAL REVIEW A

VOLUME 23, NUMBER 2

FEBRUARY 1981

Charge transfer of HCI* in Xe

R. H. Neynaber

Department of Physics, University of California, San Diego, La Jolla, California 92093
and La Jolla Institute, La Jolla, California 92038

S.Y. Tang
La Jolla Institute, La Jolla, California 92038
(Received 19 August 1980)

Absolute and relative cross sections Q were obtained for the charge-transfer reaction HCI* + Xe—HCI + Xe™.
The reactants and products are in their ground electronic states, but HCl* and HCl may be vibrationally and
rotationally excited. The studies were made by a merging-beams technique for a relative kinetic energy W of the
reactants from nominally 0.01 to 870 eV. Relative Q and laboratory-energy distributions of Xe* indicate that (a)
near-resonant charge transfer preceded by a capture, or orbiting, collision occurs for 0.01 < W 0.6 eV, (b) near-
resonant charge transfer without capture occurs for 0.6 S W S200 eV, and (c) nonresonant charge transfer is
dominant for W 2 400 eV. The near-resonant charge transfer is apprarently fostered by the matching of electronic-
vibrational-rotational energy levels of the entrance and exit channels. This results in the conversion of internal

energy of HCI* into internal energy of HCL.

INTRODUCTION

The efficiency of rare-gas halide excimer lasing
action in a mixture of HCI and Xe is affected by
various reactions occurring in the mixture. The
determination at thermal energy of cross sections
for these processes is, therefore, desirable. One
such reaction is

" HCI* (X711, v = 0) + Xe('S,) ~ HCL(X'z*, v = 0)
+Xe* (P, ), (1)

which is 0.61 eV exothermic for the ground-vibra-
tional level (i.e., v =0) of HCI and HC1*. If
Xe*(®P,,) replaces Xe' (°R, ), the reaction will be
endothermic by 0.70 eV. Later we will show that
the most likely production is Xe*(*P,,) below rela-
tive energies of, perhaps 200 eV or so, although
at higher energies Xe* (®P, ,) may be important.
We have used a merging-beams technique to
measure the cross sections @ and investigate the
collision dynamics of reaction (1) over the nominal
energy range 0.01 < W< 870 eV (where W is the
nominal interaction energy, or relative kinetic
energy of the reactants). In addition to its im-

portance to lasers, this effort is also of fundamen-

tal interest since so few experimental investiga-
tions have been made of asymmetric charge-
transfer reactions over such a wide range of col-
lision energy. Reactions involving ion-atom in-
terchange and the same reactants as in reaction
(1) are expected to be endothermic by several
electron volts. This will prevent them from signi-
ficantly competing with charge transfer even at
the high end of our W range of investigation.

Our studies were made by measuring the total
product Xe* current and laboratory-energy dis-
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tributions of Xe*. Laboratory energies of dif-
ferent species outside the interaction region will
be designated by E with an appropriate subscript.
For example, the lab energy of the incident HC1*
will be Ey+. Similarly, the energy of the inci-
dent Xe will be Ey,, but also is labeled E, since,
as shown below, it is generated from source 2.

EXPERIMENTAL

A schematic of the merginig-beams apparatus is
shown in Fig. 1. The general technique for ob-
taining data and the procedure for extracting @
from lab-energy distributions have been dis-
cussed. ™ With the aid of the schematic men-
tioned above a brief description of the experiment
will be given. Ions of H'CI*® were generated from
HCI1 gas in the electron-impact source 1 and, after
mass analysis in the merging magnet, passed into
the interaction region. The energy of the ionizing
electrons E, in this source was usually about 60
eV. The charge-transfer cell, after the merging
magnet, was not used in this experiment. Xenon

~ ions were generated in the electron-impact source

2. After mass analysis in the analyzing magnet,
the Xe* passed into a charge-transfer cell con-
taining Xe gas. The E, in source 2 was about 21
eV, which is below the threshold for production
of the lowest-lying metastable state of Xe*. This
assured that only ground state Xe* reached the
charge-transfer cell. Some of the Xe* entering
the cell was converted to neutral Xe in the cell by
resonant charge transfer. The remainder of the
Xe* was collected on the condenser plates following
the cell. The xenon neutral beam from the cell
then merged with the HCI* beam from source 1

in the merging magnet, and finally, both beams
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FIG. 1. Schematic of merging-beams apparatus. Apertures are not to the scale shown.

entered the interaction region where Xe* was
generated by reaction (1). The Xe* was detected
in the detector assembly, which consisted, among
other components, of a retarding grid to eliminate
undesired Xe* (principally from reactant Xe
stripped in the residual gas), a 180° spherical
electrostatic condenser (that acted as an energy
analyzer), and a Johnston MM-1 electron multi-
plier. Chopping of beams 1 and 2 at 330 and 230
Hz, respectively, resulted in a modulated output
of the multiplier of 100 Hz, which was fed into a
lock-in amplifier followed by a recording system.
A potential P was applied to the interaction re-
gion so that Xe* formed inside this region would,
upon leaving it, have a different energy than Xe*
formed outside. The detector assembly could then
be set to accept only Xe* formed inside. If Ex.+ is
the energy of Xe* outside the region, then Ey,+ - P
is the energy inside. Similarly, the energy of the
incident HC1* inside is Eyg+ —P. The energy of
the incident Xe is the same inside and outside and,
as mentioned previously, is Ex,. For a given
range of W, E y+ was fixed and Ex, was varied.
For example, for 0.01<W=< 10 eV, Eyqp+= 1800 eV
while Ey, was in the range 4700 to 5800 eV. The
pressure in the interaction region, which was
surrounded by a stainless steel can pumped by Ti
sublimation, was approximately 4X107° torr.

BEAM COMPOSITION

The use of Xe in the first charge-transfer cell
allowed a resonant charge-transfer reaction to
occur in which ground state Xe* from source 2
was converted to a virtually pure beam of ground
state Xe. The only other states of Xe which could
be left in the beam at the interaction region are
the °P, , metastable states and high-lying Rydberg
states. These metastables have energy levels
which would result in endothermicities for their
production by charge transfer in the range 8-10
eV. The adiabatic criterion for asymmetric charge

transfer indicates that the cross-section curves
for their production would peak at energies E,
greater than 1 MeV.? The magnitude of the peak
Q@ for such curves is close to the cross section
for the resonant charge transfer of the incident
ion at E,, and the @ fall off rapidly at energies
below the maximum.® This means that the Q for
metastable production at Ey, in our experiment
(i.e., several thousand eV) will be small compared
to the @ for the production of ground state Xe by
resonant charge transfer since the latter @ in-
crease with decreasing W.

The situation for the production of Rydbergs is
similar. The endothermicities are even larger
in this case, however, and the resultant Q would
be smaller than that for the metastables. In ad-
dition, the electric field across the condenser
plates following the cell containing Xe will tend to
quench any Rydbergs.

The stable isotopes of Xe range from 124 to 136
amu. We estimate that five of these isotopes (between
129 and 134 amu) passed through the analyzing
magnet and the charge-transfer cell and contrib-
uted to measured signals, The effect of these iso-
topes on the actual W and @ for reaction (1) will
be discussed later.

There are two attractive electronic states of
HCI%; The X7l ground state (at 12.74 eV above the
ground state of HC1), and 3.55 eV above this, the
A%n* first excited state. Since the A%S* state can
make allowed transitions to the X?[I state during
the transit time of HC1* from source 1 to the in-
teraction region, it is assumed that the HCI* in
the interaction region was in the ground elec-
tronic state. However, various vibrational and ro-
tational states could be excited, and the population
of these states is unknown. In the future we will
refer to just the vibrational population with the
understanding that rotational excitation also exists.

Potential curves and constants indicate that the
equilibrium distance r, for the X1 state of HC1*
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is only about 3% larger than that for the X'
state (i.e., ground state) of HCl, but the 7, for the
A%z state of HC1* is about 19% larger.? Because
of these differences in 7,, the potential curves
show that direct Franck-Condon transitions from
HC1 to HCI* induced by electron impact, such as
in source 1, would be expected to result in little
vibrational excitation of the X1 state of HCI* but
considerable vibrational excitation of the A%*
state. This excitation in the latter state can then
be transferred to the X[ state by allowed elec-
tronic-vibrational transitions. Further modifica-
tion of the vibrational population of the X2 state
could be expected to occur before the HC1* reaches
the interaction region by infrared vibrational
transitions within the state. The point is that the
vibrational population of the X2 state of HCI*
presumably occurs in source 1 indirectly through
transitions from the A%z* state, which is populated
directly by electron-impact ionization of HCI,
The population of the A?2* state would be deter-
mined by Franck-Condon factors, the @ curve for
ionization by electron impact, and E, in source 1.
The threshold for this @ curve is E,~ 16 eV.

We made an attempt to determine the effect the
vibrational population of the X% state of HC1*
had on the measured @ for reaction (1). This con-
sisted of varying E, in source 1 and observing the
measured, or effective, cross section Qg Which
is defined as the composite @ for all the states
of HC1* that existed in our experiment. The result
for W=2.2 eV is shown in Fig. 2. For E, = 30 eV
it appears that the relative Q.4 is nearly constant
at a value between 1.1 and 1.2. It is assumed that
the scatter of data points about such a value is
due to experimental error.

The Q.¢r rises as E, is decreased from about 30
to 20 eV. However, the increase tapers off below
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FIG. 2. Dependence of Q¢ on energy E, of ionizing
electrons in source of HC1* at W=2.2 eéV. Some elec-
trons (relatively few) emitted from the ends of the ac
heated filament have energies a few eV greater than E,
and some a few eV less than E,.

20 eV. Assuming that vibrational excitation is
larger for E, > 20 eV than for E, <20 €V, we con-
clude that such larger excitation results in smaller
Qesr- It appears that a plateau may exist in Fig. 2
for 16 E, <20 eV. We will designate this range

as the region of minimum excitation and the state
of HCI* generated in this range as minimally
excited. No data were obtained below E, = 16 eV,
and, therefore, the behavior for pure ground state
HCI* (i.e., no electronic or vibrational excitation)

‘was not examined. As mentioned previously, the

customary E, for source 1 was about 60 eV. Lower
E, were not used because of reduced intensity of
the HC1* beam. At W=2.2 eV absolute Q. at such
an E, would be only about 14% lower than the ab-
solute @ ¢ for the region of minimum excitation.
Curves like that of Fig. 2 were taken for other
W between 0.01 and 10 eV with similar results.
This indicates that the shapes of the @ vs W curves
(i.e., relative cross-section curves) for relatively
highly excited and minimally excited HCI" are
very similar, or, perhaps, the @ for the more
highly excited states are negligible. The latter
possibility seems quite unlikely, although it is
conceivable that the @ for some of the more highly
excited states of HCI* are negligible and that the
relative cross-section curves for the other highly
excited states are like those for minimally excited
HCI*, As W increases above 10 eV, differences in
the absolute Q. between highly and minimally
excited HC1" are expected to be less. Data such as
that in Fig. 2 but for W > 10 eV support this ex-
pectation.

RESULTS AND DISCUSSION
Relative cross sections

The measured relative @ for reaction (1) are
shown in Fig. 3. Two important features should
be noted: (a) Q decreases with increasing W for
W <200 eV, and (b) @ increases with increasing
W for W 2400 eV. The first feature is suggestive
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FIG. 3. Relative cross sections for HC1*+Xe—HCl
+ Xe'.
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of a near-resonant process dominating the charge
transfer and the second of a nonresonant process.
In general, a nonresonant process could not ex-
plain the data for 1<W < 200 eV since the cross-
section curve for such a process typically has
the opposite slope in this energy range.

The dependence of @ on W for many resonant or
near -resonant charge-transfer processes is Q2
=A -B InW, where A and B are constants.® To
investigate further the near-resonant character of
some of our data we have plotted our relative Q‘/2
versus InW in Fig. 4. The straight line drawn
between 0.6 and 200 eV appears to fit the data
quite well in this range. Since the equation of
this line is the same as the formula above, we
conclude that a near-resonant process is taking
place for 0.6<W <200 eV. Since reaction (1) is
quite exothermic when v =0 for HC1 and HC1*, the
near-resonant process between 0.6 and 200 eV
occurs through the matching of electronic-vibra-
tional energy levels of the entrance and exit chan-
nels. Such matching will leave the product HCl in
excited vibrational levels.

An examination of the potential curves of
HCI(X'’=") and HCI*(X?1) shows that Franck-Con-
don transitions between such matching vibrational
levels should be possible.* Such transitions, to-
gether with matching levels, are generally neces-
sary for large cross sections for reactions such as
(1). On the other hand, Franck-Condon transitions
to matching levels will not be possible if Xe*(P, ,)
in reaction (1) is replaced by Xe*(*P, 5,). On this
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FIG. 4. Square root of relative cross sections as a
function of W for HC1*+ Xe —HCl + Xe*, The straight
line was drawn as the best visual fit to the data between
about 0.6 and 200 €V.

basis we feel that the most likely state for the Xe*
product, at least for W = 200 eV, is the 2P, . It
should be noted that cross sections for charge
transfer of the v = 0 level of HC1* will be relatively
small because transitions to v states of HC1 can-
not simultaneously be to matching levels and
Frank-Condon-like,

Another interesting observation in Fig. 3 is that
QxW~%% =~ ¢y~! for 0.01<W < 0.6 eV, where v is
the relative velocity of the reactants. This de-
pendence is like that for the Langevin orbiting,
or capture, model for ion-molecule collisions,
which characteristically occurs at such low W.%

In this model a complex is formed, which in gen-
eral, can decay into various product channels.
One of these channels can be charge transfer by
electron tunneling. The charge transfer can be
resonant or nonresonant, Later we will show that
lab-energy distributions of the Xe* product indi-
cate that a near-resonant process dominates.
Wolf and Turner” have called such a process cap-
ture resonance. Presumably the near resonance
is possible, as explained previously, through the
matching of vibrational levels. There is a maxi-
mum impact parameter b, above which the Lan-
gevin model does not apply, and below which it
does and a complex is formed. The Langevin
cross section is thus 762, and, if charge transfer
takes place after capture, the cross section can
be expressed as frb%, where f is the fraction of
captures resulting in charge transfer.” Wolf and
Turner point out that if only electrontransfer between
an ion and a neutral occurs after capture, then the
expected value of f is 0.5.” However, in our case
as noted above, charge transfer of the v = 0 state
of HCI* (and, perhaps, of relatively high v states)
is not a significant channel after capture, and,
hence, f would be less than 0.5.

At low W, generally less than an electron volt
or so, b, is relatively large, and capture resonance
dominates over simple charge transfer, or over
what Wolf and Turner” call noncapture resonance.
As W increases above an electron volt, b, de-
creases, and the impact parameter for noncap-
ture resonance becomes larger than b,. Then
simple charge transfer becomes the main reac-
tion channel. A theory for such noncapture reso-
nance has been developed by Rapp and Francis.?
In such processes the charge transfer takes place
with little momentum transfer and rectilinear
paths. This is quite different from capture reso-
nance, which results in curved orbitals. In be-
tween the regions of capture resonance and non-
capture resonance (i.e., for W between a few tenths
and a few electron volts) there is a transition re~
gion in which the orbitals are also curved. Theo-
retical cross sections for this region have been



derived by Wolf and Turner.”

From the above discussion we identify the near-
resonant process characterized by the straight
line in Fig. 4 as noncapture resonance. It is seen
in Figs. 3 and 4 that for W near 200 eV the @ for
this noncapture resonance becomes relatively
small. For higher W a new process begins to
appear and dominates the charge transfer. As
we have previously indicated, this process has
the character of a nonresonant reaction with con-
comitant energy defects. Perhaps reaction (1)
with ground-state reactants and products occurs,
or Xe*(*P,;,) is produced. Random errors in Fig.
3 are estimated to be + 10%. In addition, trans-
verse velocities® could increase our nominal, or
quoted, W’s by an energy W, no greater than 0.02
eV. AW, =0.02 eV could result in reductions of
the @ in Fig. 3 of 15, 9, 2, and 1% for nominal
W’s of 0.05, 0.1, 0.5, and 1 eV, respectively. Be-
low W = 0.05 eV, the reductions would be more
significant.

The measured signals S for W < 0.6 eV were vir-
tually constant. It is highly unlikely that this re-
sult is an experimental artifact since many reac-
tions have been studied with our merging-beams
apparatus below W =1 eV which do not give con-
stant signals. These include Penning and asso-
ciative ionization in the He*-He* [Ref. 9(a)] and
Ne*-Ar* [Ref. 9(b)] systems, rearrangement ioni-
zation in collisions of H," with He [Ref. 9(c)] and
of He* with H, [Ref. 1(a)], charge transfer of Ar*
in Ar [Ref. 9(d)] and He* in Ne* [Ref. 9(e)], and
ionization of Na in collisions of Na with O,.%9

Thus, in the present experiment, since S is con-
stant for W < 0.6 eV and S« QW®, then Q cW~%5,
which is the result we have already quoted.® The
existence of transverse velocities will not change
the constancy of S. Therefore, even with trans-
verse velocities there will still be a range of low
W in which @ <W~%5 and in which the Langevin
model applies.

As mentioned previously, the Xe beam consisted
of several isotopes which contributed to our mea-
sured signals. For a given E 4, and E i+ each of
these isotopes will correspond to a different rela-
tive collisionenergy. The W’squoted in this paper
are nomial relative energies based on the abun-
dance-weighted average of these Xe isotopes (i.e.,
131.3 amu).

To assess the effect of these isotopes on our
relative @, we assumed a shape for a curve @
versus actual relative collision energy W,. With
this curve we calculated a curve of signal S versus
W and compared this with our measured S-W curve.
- We iterated this process until we obtained an S-W
curve which agreed with our measured curve.
The Q-W, curve which resulted in this agreement
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looks very much like that of Fig. 3. We conclude
that Fig. 3 is a reasonably accurate graph of Q.

Energy distributions

Newton diagrams for reaction (1) are shown in
Fig. 5. These are shown to help explain the mea-
sured laboratory-energy distributions of the pro-
duct Xe*. The diagrams are drawn for the case
when the lab velocity of HCI*, |V 4+, is greater
than the laboratory velocity of Xe, |y, |. Inthe“after-
collision” diagram is shown a scattering sphere
for Xe'* in the center-of-mass (c.m.) system as-
sociated with a given W', where W’ is the relative
KE of the products.

Laboratory-energy distributions of Xe* are
shown in Fig. 6. The energy of the Xe* outside
the interaction region is shown with respect to
E, + P, i.e., the energy scale of the distributions
is Ey + —(E,+P). This difference is called AE.
The data were takeh in three steps. The first
step results in points A designated as (O). These
data were taken with HCI* faster than Xe and with
the retarding grid several electron volts below
E, + P so as to allow Xe* from the desired reac-
tion to pass through the 180° energy analyzer and
to stop stripped reactant Xe. Points B are as-
sociated with the second step and are designated
as (@). These points were originally taken with
HCI* slower than Xe but transformed into points

BEFORE COLLISION

Vo +
HCI™

Ve

v
}Xe j

FIG. 5. Newton diagrams for HC1* + Xe —HCl1 + Xe*,
Subscript ¢ refers to the c.m., V is for laboratory vel-
ocity, and V is for velocity in the c.m. system. The
scattering angle in the laboratory system is «; in the
c.m. system it is 6. The drawing is not to scale. It
should be noted that | Vy,+| <|¥,].
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for HC1* faster than Xe. This was accomplished
by normalizing the intensity for a given point B

to the same beam currents, detector gain, etc.,

as for the points A and assigning the point B a

AE equal to the negative of its original value of
Ex.+=(E,+P). The two steps described above
are necessary because of the stripping of reactant
Xe in the residual gas. Detailed reasons for the
procedure have been described previously.!® The
third step results in points labeled (0). These
were obtained by adding the intensities of A and

B taken with the potential of the retarding grid
equal to the energy setting of the 180° energy anal-
yzer so as to effectively block any Xe* with energy
below that of the analyzer from passing through it.

The energy E, + P is the energy the Xe* would
have outside the interaction region if it underwent
charge exchange with no momentum transfer. As
shown by the Newton diagrams of Fig. 5, this would
be the case when o and 4, the scattering angles
in the laboratory and c.m. system, respectively,
are zero (i.e., rectilinear paths are followed) and
when the magnitude of the laboratory and c.m.
velocities do not change with the collision. These
conditions are associated with noncapture reso-
nance. The energy AE is one measure of the
deviation of the charge-exchange process from
noncapture resonance. In Fig. 6 we will look for
evidence of noncapture resonance and deviations
from this. As discussed previously, such devia-
tions should occur at both relatively high and low
w.

A prototype of a distribution for noncapture
resonance is shown at the top of Fig. 6. This is
a distribution of a monoenergetic primary Xe*
beam from source 2 at E, = 4500 and P = 0 and, as
noted, is centered about AE =0. The spread in the
distribution is due to the energy resolution of the
detector, which is given by the full width at half-
maximum (FWHM) divided by E, + P. This results
in a value of approximately 1%.

It is noted in Fig. 6 that the main parts of the
distributions at W=2 and 7.5 eV are very similar
to the prototype and, thus, are consistent with
noncapture resonance. (The energy at the center
of each of these distributions is just slightly great-
er than AE =0. The reason for this will be given
below.) As discussed previously, Fig. 4 also in-
dicates that noncapture resonance is occuring at
these W.

The tails at AE > 0 for the distributions at W=2
and 7.5 eV are due to scattering of Xe* on spheres
associated with W’ The magnitude of W’ with
respect to W cannot be determined from the distri-
butions although much of the scattering in these
tails could be on spheres for which W’=W. For
w=2 eV, 9>90° (i.e., backward scattering) for

points whose AE are greater than that of the ar-
row, where the arrow is the energy of Xe* (rela-
tive to E, + P) if Xe* had the velocity of the c.m.
The tails at AE <0 are also due to scattering
on spheres associated with W/, and since this scat-
tering is at energies less than that of the c.m.
arrow, 6 < 90° (i.e., forward scattering) for such
scattering. Furthermore, it can be shown that
W’>W for these tails and, therefore, the charge
transfer is exothermic. Much of this forward
scattering, which incidentally, is only a very small
fraction of the total scattering, could be due to
reaction (1) with HC1 and HC1" in the ground-vi-
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FIG. 6. Laboratory-energy distributions of Xe* pro-
duction from HC1* + Xe for HC1* faster than Xe. The
energy scale of the distributions is AE, where AE
= Exe+ ~(Ey+ P). Thedistribution at the top of the figure is
for aprimarybeam of Xe* at energy E5=4500 eV and shows
the resolution of the detector, whish is about 0.0095(E, + P).
The energy of theXe* product in the other distributions is
Ey .+ -P inside the interaction region, where Ex, is the en-
ergyofXe' after it leaves the region, and P is the potential
appliedto the region. When Xe™ leaves the interaction re-
gion it gains an energy equal to P, Theenergy ofthe reac-
tant HC1* outside the interaction region is £, .+ =1800 &V ;i
inside the region it is Ey.,+ -P. The energy of Xe* if
it had the velocity of the c.m. is designated by the ar-
row. At W=7.5 eV, the arrow is off the figure at AE
=161.6 eV. For 6=0° and W’ =W, Eg,+=E,+P, or
AE=0. The following symbols have been used and are
explained more fully in the text: (o), data points A
taken with HC1* faster than Xe: (o), data points B orig-
inally taken with HC1* slower than Xe but transformed
into points for HC1* faster than Xe; (o), data points
taken by a method in which the intensities of A and B can
be added to give the correct intensity. The smooth
curves were drawn as the best visual fit to the data.
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brational level since this would result in an exo-
thermicity of 0.61 eV, as mentioned above.

At W =2 and 7.5 eV the tails for AE >0 are some-
what larger than those for AE <0, and this tends
to shift the energy at the center of each main dis-
tribution to a value slightly greater than AE =0.
These tails, however, represent very little of the
total scattering. As mentioned above, most of
the scattering (i.e., the main distribution) is for
noncapture resonance with § =0° and rectilinear
paths. The tails are, for the most part, associated
with nonrectilinear paths.

At the lowest W, viz., 0.02 eV, Langevin capture
should occur as discussed previously. A complex
will be formed and the resultant Xe* product will
scatter isotropically. Such isotropic scattering
should result in a distribution that is symmetric
about the c.m. arrow. An examination of the dis-
tribution for W =0.02 eV in Fig. 6 indicates that
there is indeed a center of symmetry, unlike the
other distributions in the figure for the Xe* pro-
duct. However, this center is shifted just slightly
from the c.m. arrow towards smaller energy.
Either the shift is due to a small experimental
error (such as an isotope of Xe resulting in a
larger W and, thus, creating a tendency for non-
capture resonance), or the Xe* product has some
slight memory of its forward directed parent Xe.
In any event, we think that the distribution largely
reflects orbiting collisions.

The FWHM of the distribution at W=0.02 eV is
consistent with scattering in a sphere associated
with W'=0.02 eV. Thus, since W’'=W, most all of
the scattering at W= 0.02 €V can be described as
due to capture resonance. If capture followed by
nonresonance charge transfer prevailed at, for
example, W’'-W= 0.61 eV, which would be the
case for reaction (1) with ground vibrational HC1
and HCI*, then the FWHM would be some 80 eV
wider than that of the present distribution. The
tails, or wings, of the present distribution do in-
dicate some scattering in spheres such as this,
but this scattering is only a minor contribution to
the total charge transfer at wW=0.02 eV.

The distribution at W=0.3 eV has no center of
symmetry. Most of the scattering is at energies
less than that of the c.m. arrow, and, hence, 6 <90°
for such scattering. Thus, the Xe* has some mem-
ory of its Xe predecessor. In this sense the distri-
bution reflects characteristics of noncapture reso-
nance, but, since AE #0 for a large part of this
forward scattering, there is an energy change be-
tween the Xe reactant and the Xe* product. Such
behavior generally means that paths are not recti-
linear, which is different from the case of non-
capture resonance. In addition, the FWHM is
larger than would be associated with noncapture

resonance (i.e., larger than 1%). Finally, there

is a rather large tail at AE greater than that of
the c.m. arrow indicating significant scattering

at #>90°. These latter characteristics are like
those of capture resonance. It appears, then, that
W=0.3 eV is in the previously described transition
region between the energy ranges of capture and
noncapture resonance.

As mentioned above, Fig. 3 shows that nonreso-
nant charge transfer is the dominant process for
W = 400 eV. In principle, such nonresonant be-
havior for scattering centered about 6 =0° will
cause the energy at the center of the Xe* distri-
bution to shift from AE =0 to some other AE as-
sociated with the value of W'—-W. However, for a
given [W’-w]|, the magnitudes of such shifts de-
crease with increasing W and are only a fraction of
an electron volt for W = 400 eV and expected
[w’~w| of about 0.6 to 0.7 eV. We have verified
this experimentally, and do not include such dis-
tributions in Fig. 6 because of their mundane
character.

Absolute cross sections

An absolute cross section was measured for )
reaction (1) at W=0.3 eV and E, = 60 eV with the re-
sult that @(0.3)=(2.6+30%)X 10~ ¢m?. From this
value and Fig. 3, absolute values can be deter-
mined at all W. For example, at W=0.03 eV,
Q(0.03) =(8.4+32%)x 107! cm?, An upper limit
to @ at low W is given by the Langevin capture
cross section 762, which, at W=0.03 eV, is 19.6
X107'% ¢cm?. From this value and @(0.03) we obtain
f =0.43+32%, where, as discussed previously, f
is the fraction of captures resulting in charge
transfer and is expected to be less than 0.5. The
@(0.03) for the region of minimum excitation is
about 9.8X 107" cm? or 16% larger than the value
quoted above (see the section on beam composi-
tion). This results in an f = 0.5 for this region,
which suggests that the population of the v =0
state of HC1* in our beam is relatively small.

SUMMARY

Relative @ for reaction (1) indicate that (a) cap-
ture resonance occurs for 0,01<W < 0.6 eV.,(b)
noncapture resonance occurs for 0.6 SW < 200 eV,
and (c) nonresonant charge transfer prevails for
W Z 400 eV. The laboratory-energy distributions
of Xe* for reaction (1) shed further light on the
kinetics. These indicate that there is actually a
transition region in W between a few tenths of an
electron volt and 1 eV or so in which reaction (1)
shows characteristics of both capture and non-
capture resonance. Apparently near-resonant
charge transfer is possible through the matching
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of excited vibrational levels of the reactant HCI*
and excited vibrational levels of the product HCl.
Thus, reaction (1) converts internal energy of
HCl" into internal energy of HCI. N

As expected, the distributions for the W region
of noncapture resonance are consistent with most
of the scattering at 9 =0° although the tails indi-
cate the existence of a little angular scattering.
For W below that of the region of noncapture reso-
nance the distributions show more evidence of
angular scattering. In fact, the distribution at
W=0.02 eV suggests, as expected, that orbiting
collisions resulting in nearly isotropic scattering

23

are dominant. All of the distributions for W< 7.5
eV indicate minor contributions from nonresonant
charge transfer. The absolute cross section at
W= 0.03 eV was determined to be Q(0.03) = (8.4
+32%)X 107 ¢m?. From this value and the Lan-
gevin cross section we obtain f=0.43.
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