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Negative ion production in collisions between K(nd) Rydberg atoms
and CF;Br and CF,Br,
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and F. B. Dunning

Department of Space Physics and Astronomy and the Rice Quantum Institute, Rice University, Houston,
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Negative ion production via electron transfer in collisions between K (nd) Rydberg atoms and
CF,Br and CF,Br, has been investigated over a wide range of of n (10<n<70). For both
species, the major negative ion observed is Br~, although with CF,Br,, a small Br;~ signal is
also detected. Kinematic studies show that Br~ production via dissociative attachment is
accompanied by sizable translational energy release ( ~0.35 eV for CF,Br; ~0.2 eV for
CF,Br,). These studies further show that, despite this large energy release, post-attachment
interactions between the product ions are important at intermediate values of n(# %20) and
suggest that the transient CF,Br ~* and CF,Br, ™ * ions initially formed by electron capture
have quite different lifetimes against dissociation. Cross sections for free-electron attachment
to both species are derived from measurements of rate constants for electron transfer at high ».
These cross sections are in reasonable agreement with results obtained in free-electron studies
using the threshold photoelectron spectroscopy technique.

INTRODUCTION

A study of negative ion production in collisions between
potassium atoms in high-lying nd states and CF,Br and
CF,Br, via the electron transfer reactions

F,+ Br™, Q)]

K(nd) + CF,Br,-»K* + CF,Br, *
—=CF,Br + Br™ (2a)
t—=CF, + Br,~ (2b)

isreported. For large values of principal quantum number n,
such collisions can be described by the essentially free
electron model.! This model assumes that the separation
between the excited Rydberg electron and its associated core
ion is 50 large that negative ion production can be discussed
simply in terms of capture of the Rydberg electron by the
target molecule. Because the mean Kkinetic energy of the
Rydberg electron is low (~13.6/n* V), Rydberg atom
studies provide a novel means to explore electron—molecule
interactions at subthermal electron energies.” -

In the present work, rate constants for negative ion pro-
duction via reactions (1) and (2), and for collisional de-
struction of Rydberg atoms, are measured over a wide range
of # and the high-n data used to derive cross sections for free-
electron capture. These cross sections are in reasonable
agreement with values obtained in free-electron studies us-
ing the threshold photoelectron spectroscopy (TPSA) tech-
nique.? In addition, the velocity and angular distributions of
the ions detected following reactions (1) and (2) were also
determined. These kinematic studies show that, for both spe-
cies, Br~ formation via dissociative capture is accompanied
by sizable translational energy release: ~0.35 eV for CF,Br;
and ~0.2 eV for CF,Br,.

The present data also demonstrate that at intermediate
values of n (n S 20), the positive and negative ions that result
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from Rydberg electron capture are created in sufficient
proximity to each other that a significant fraction of such ion
pairs possesses insufficient kinetic energy to overcome their
mutual electrostatic attraction and separate, and is therefore
not observed. In the case of CF,Br, post-attachment interac-
tions between the product ions also give rise to marked
changes in the angular distribution of the detected Br™ ions.
In addition, analysis of the kinematic data shows that the
intermediate CF,Br ~ * and CF,Br, ~ * ions have very differ-
ent lifetimes against dissociation.

EXPERIMENTAL METHOD

The experimental techniques employed in the present
study are similar to those used in earlier investigations in this
laboratory.*” Measurements of the velocity and angular dis-
tributions of the product negative ions are used to investigate
both translational energy release in dissociative capture and
the effects of post-attachment interactions. Rate constants
for production of free negative ions are obtained using a
mixed-target-gas approach. The present apparatus is shown
schematically in Fig. 1. Potassium atoms in a collimated
beam are excited to a selected nd state by two-photon excita-
tion using a cw Rh6G single-mode ring dye laser, the output
of which is converted to a train of pulses of 1 us duration
with a pulse repetition frequency of ~ 10 kHz using a fast
Pockels’ cell. Excitation occurs—in zero electric field and in
the presence of target gas (density <10'! cm™3)—near the
center of an interaction region defined by two planar, paral-
lel fine-mesh grids.

To measure the velocity and angular distributions of the
observed product ions, collisions are allowed to occur for a
predetermined time interval following excitation (typically

~1 us), whereupon a small voltage pulse is applied to the
lower interaction region grid to expel any collisionally pro-
duced negative ions. These ions then traverse the upper field-
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FIG. 1. Schematic diagram of the apparatus.

free drift region and, after further acceleration, are detected
by a 1 in. diameter position sensitive detector (PSD). The
PSD provides both the arrival time and position of each ion,
and these are recorded and stored by a microcomputer.
Time-of-flight techniques are used to identify the product
negative ions and to distinguish ions present in the interac-
tion region at the time of application of the extraction pulse
from those formed in later collisions. The probability that a
Rydberg atom is excited (and thus that an ion may be
formed) during any laser pulse is small (<0.05) and product
ion arrival position distributions are built up by accumulat-
ing data following many excitation pulses. These spatial dis-
tributions reflect the product of the (known) mean ion flight
time and the ion velocity components in the xy (i.e., horizon-
tal) plane. The measured spatial distributions can therefore
be used to obtain both the velocity and angular distributions
of the detected ions. The mean translational energy release
upon dissociation, €,, is calculated from the negative ion
spatial distributions measured at high n, where post-attach-
ment interactions are negligible, using a procedure described
in detail elsewhere.*3

To obtain rate constants for free negative ion produc-
tion, a mixed target gas comprising SF, and the target gas of
interest is used. Following excitation, collisions are again
allowed to occur for a predetermined time interval (typically
~ 1-5 us), whereupon a voltage pulse is applied to the upper
interaction region grid to direct any collisionally produced
negative ions into the lower field-free drift region. After tra-
versing the drift region, the ions are accelerated to ~ 3 keV
and are detected by a Johnston MM-1 electron multiplier.
Time-of-flight techniques are used to separately identify
product Br~ (or Br,~) and SF;~ ions. Because rate con-
stants for the formation of SF,™ ions via the reaction

are known,®® measurement of the relative SF,~ and frag-
ment ion signals, and relative target gas densities (measured
using an ion gauge calibrated against a capacitance manome-
ter), permit rate constants for reactions (1) and (2) to be
derived. The relative detection efficiencies for the various
negative ions of interest in this work could not be directly

determined and are assumed to be equal. This assumption
appears reasonable given that prior studies have demonstrat-
ed that, for the same impact energy, the MM-1 detection
efficiencies for C1~ and SF,~ ions differ by only 15%.” Ad-
ditional measurements, to be described later, also confirm
the correctness of this assumption.

Use of SF, resulted in a small SF, ™~ signal, but this signal
remained even when the laser beam was blocked and is there-
fore not a result of Rydberg atom collisions. Use of the PSD
showed that the SF;~ ions were created along the entire
length of the potassium atom beam. This, coupled with the
rapid increase in SF; ~ signal observed as the potassium oven
temperature (and thus relative K, dimer concentration in
the beam) was raised, suggests their formation via the reac-
tion

K, + SF¢—-KF + SF,~ + K*. 4)

Rate constants &k, for destruction of Rydberg atoms in
collisions with CF,Br, were determined by measuring the
time evolution of the fotal Rydberg atom population N *(¢)
in the interaction region, which is given to a good approxi-
mation by

N*(t) =N*(0)e~ """, (5)
where

1 1

T Teff

and N *(0) is the number of Rydberg atoms presentat 1 =0
(i.e., at the end of the laser excitation pulse), 7.4 is the effec-
tive parent nd state lifetime, and p is the target gas density.
The Rydberg atom populations were determined using selec-
tive field ionization (SFI).2%'° Values of 1/7 were measured
at several different target gas densities and &, obtained by
fitting a straight line [i.e., Eq. (6)] through the data. The
rate constants for collisional destruction by CF,;Br, how-
ever, were very small and could not be reliably measured
using this technique.

RESULTS AND DISCUSSION
CF,Br

Arrival position distributions for Br~ ions detected fol-
lowing K (nd)—CF,Br collisions are shown in Figs. 2(a) and
2(b) for n =40 and n = 10, respectively. The distribution
for n = 40 is circularly symmetric, indicating that the Br—
ions have an isotropic velocity distribution as is expected if
electrostatic interactions between the product ions are negli-
gible. Analysis of the data for n = 40, and higher », shows
that the total mean translation energy release upon dissocia-
tion €,, is quite large, 0.35 4 0.05 eV, of which ~0.16 eV is
acquired by the Br~ fragment. Indeed, as discussed else-
where,* essentially all of the total available excess energy of
reaction E* (~0.35 eV) appears in translation. This sug-
gests that the electron is captured directly into an antibond-

- ing orbital localized on the Br atom, whereupon immediate

dissociation occurs before redistribution of the excess energy
among the various vibrational modes of the intermediate
CF,Br—* ion can take place. Because all the excess energy
appears in translation, the distribution of released transla-

J. Chem, Phys., Val. 92, Ne. 3, 1 February 1290



1674 Kalamarides et a/.: Negative ion production

— LASER
ALKALLI BEAM

BEAM LASER BEAM

e
66-100%
PSD 33-66%

1-33%

FIG. 2. Spatial distributions of Br~ ions observed following collisions of
K(nd) Rydberg atoms with (a,b) CF,Br and (c,d) CF,Br,.

tional energies is expected to comprise a narrow peak cen-
tered on the mean energy €,, and this confirmed by detailed
analysis of the form of the arrival position distribution.*
For values of n<20, the Br™~ spatial distributions be-
come increasingly asymmetric, until at n = 10, the majority
of the detected ions have significant velocity components
antiparallel to the direction of the potassium atom beam.
This striking asymmetry is a direct consequence of post-
attachment interactions and of the rapid dissociation of the
CF;Br~* intermediate, and may be explained qualitatively
as follows. The Rydberg atoms have a thermal distribution
of speeds with a mean velocity of ~5.7X 10* cm s, which
is close to the mean velocity of Br~ ions formed by dissocia-
tive capture, ~6.6X 10* cm s~ !, Thus, if a Br~ ion is initial-
ly created traveling in the same general direction as the K+
core ion, their relative kinetic energy in the center-of-mass
frame will be very small. In contrast, if the ions are initially
oppositely directed, the relative kinetic energy will be large.
As n decreases, an increasing amount of relative kinetic ener-
gy (on the order of the electron binding energy) is, on aver-
age, required to permit the ions to overcome their mutual
attraction. In consequence, an increasing fraction of those
ion pairs for which the Br~ ion is initially traveling in the
same general direction as the K™ core ion possess insuffi-
cient relative kinetic energy to separate and are therefore not
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FIG. 3. Rate constants for the production of free Br™ ions (E) and for
collisional destruction (M) in collisions of K (nd) Rydberg atoims with (a)
CF,Br and (b) CF,Br,. Rate constants for Rydberg electron capture ob-
tained using free-electron cross sections measured with the TPSA technique
and Eq. (7) are included (*~) together with (see the text) rate constants for
Br~ production derived from the product of the rate constants for colli-
sional destruction and the computed fractional escape probabilities (O).

detected, resulting in a Br— angular distribution that is in-
creasingly peaked in the opposite direction.

The effects of post-attachment interactions are also evi-
dent in Fig. 3(a), which shows the rate constant k(Br~) for
production of free Br~ ions via reaction (1) as a function of
n. The decrease in k(Br~) at the lower values of n results
primarily from post-attachment interactions: ion pairs are
formed but are unable to separate.. For large values of n,
however, post-attachment interactions are negligible and
Br~ production can be discussed simply in terms of capture
of the essentially free Rydberg electron by the target mole-
cule. In this limit, the rate constant for Br~ formation
should equal that for the capture of free electrons having the
same velocity distribution as the Rydberg electron, i.e.,

k=JW vo, (v)f (v)dv, €))
0

where f(v) is the Rydberg electron velocity distribution
(determined by its quantum state) and o, (v) is the cross
section for capture of free electrons of velocity v. Cross sec-
tions for free electron capture to CF,;Br have been measured
at low energies using the TPSA technique.® Rate constants
calculated using these cross sections and Eq. (7) are includ-
ed in Fig. 3 and are in reasonable agreement with the present
data.

J. Chem. Phys., Vol. 92, Ne. 3, 1 Februarny 1090
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As is apparent from Fig. 3(a), the measured rate con-
stants are essentially independent of » at high #, i.e., inde-
pendent of the Rydberg electron velocity distribution. In-
spection of Eq. (7) shows that this independence requires
that o, (v) be inversely proportional to electron velocity,
pointing to an s-wave capture process.'! The cross section
o, (v) derived from the Rydberg atom data (assuming a 1/v
dependence) is presented in Fig. 4(a), together with veloc-
ity-averaged cross sections &, obtained by use of the relation
o, = k(Br™)/v,,, where v,, is the median velocity of the
attached electron, i.e., the Rydberg electron velocity such
that integration of Eq. (5) from O to v,, yields a value one-
half that for integration from 0 to «. The Rydberg atom
data are positioned on the energy axis according to the value
1/2 mv,,>. Figure 4(a) also includes the TPSA measure-
ments, and the agreement between the Rydberg-atom and
free-electron data is quite good.

CFQBI' 2

Rydberg atom collisions with CF,Br, result in the for-
mation of both Br~ and Br, ™ ions. Br~ production is, how-
ever, the dominant channel, and the ratio of the Br,~ and
Br signals is shown in Fig. 5 as a function of n. Br,™ ions
were also noted in earlier TPSA studies.? v

Arrival position distributions for Br™~ ions detected fol-
lowing K (nd)-CF,Br, collisions are presented in Figs. 2(c)
and 2(d) for n = 40 and 10, respectively. The distribution
for n = 40is circularly symmetric demonstrating that, as for
CF;Br, the product ions have an isotropic velocity distribu-
tion. Analysis of this distribution, and those obtained at
higher n, shows that the mean translational energy release
€,4 is again quite large, 0.20 + 0.03 eV, of which ~0.12 ¢V is
acquired by the Br~ fragment. The shape of the spatial dis-
tribution, which is very different from that for CF,Br, is
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FIG. 4. Electron attachment to (a) CF,Br and (b) CF,Br,. Rydberg atom
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FIG. 5. Ratio of Br, ™ to Br™ production in collisions of K(nd) Rydberg
atoms with CF,Br,.

similar to that observed in earlier studies® of dissociative
electron capture by CCl, and CFCl, and indicates that the
Br~ ions have a broad distribution of translational energies.
This, in turn, suggests that the intermediate CF,Br, ™ * ions
must be sufficiently long lived that effective redistribution of
the excess energy of reaction among internal vibrational
modes can occur.

In contrast to CF,Br, the Br~ arrival position distribu-
tions for CF,Br, retain their circular symmetry at low n.
This difference in behavior can be accounted for in terms of
differences in the lifetimes of the intermediate CF,Br,™*
and CF,Br—* ions. As discussed previously, the lifetime of
the CF;Br~ * intermediate is very short ( = a vibrational pe-
riod) and dissociation occurs before the intermediate ion has
moved more than a few A. Thus, the Br~ ion is created close
to the K* core ion and it is the post-attachment interaction
between the K* and Br™ ions that determines the angular
distribution of the Br~ ions. On the other hand, the shape of
the CF,Br, spatial distribution suggests that the lifetime of
the CF,Br, * intermediate is considerably longer. In this
event, it is the post-attachment interaction between the K+
and CF,Br, ™ * ions that is important. Those ion pairs with
sufficient kinetic energy to overcome their mutual electro-
static attraction separate, following which the CF,Br,™*
ions dissociate. Thus, dissociation occurs well removed from
the K* core ion, resulting in an isotropic Br~ velocity dis-
tribtion. ’

This model of the interaction is supported by the obser-
vation that the ratio of the Br, "and Br ™ signals is essentially
independent of n, even at low » (see Fig. 5). Measurements
of arrival position distributions for Br,~ ions at high »n
showed that these ions are formed with very small transla-
tional energies ( $0.02 eV) and would therefore be very sus-
ceptible to post-attachment interactions. Thus, were disso-
ciation of the CF,Br, ™ * ions very rapid, the different initial
energies of the Br,~ and Br ™ fragments would, at low », lead
to markedly different #» dependences in these signals. The
near constancy of the ratio of the Br,~ and Br™ signals
therefore suggests that dissociation occurs well removed
from the K* core ion, whereupon the Br,~ to Br~ ratio is
determined principally by the properties of the intermediate
CF,Br, * ions.

Rate constants k(Br~) for the production of free Br~
ions via reaction (2a) are presented in Fig. 3(b) and are

ol 92, Ne. 3, 1 February 1980
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quite large. Also included are rate constants k, measured for
Rydberg atom destruction in collisions with CF,Br,. At the
higher values of n, the rate constants k, are ~10% to 20%
higher than those for Br— production, indicating that Br™
formation is the dominant Rydberg atom destruction mech-
anism. The remaining difference is associated with Br,™
production and, possibly, collisional ionization resulting
from rotational energy transfer due to the small dipole mo-
ment (~0.66 D) of CF,Br,. However, although this latter
process has been observed in Rydberg atom collisions with a
number of nonattaching polar targets including HF and
NH,, '#!3 SFI studies revealed very little collisional n-chang-
ing, suggesting that it is of only minor importance. The
agreement between the rate constants measured for Br~ pro-
duction and collisional destruction (appropriately reduced
to take into account Br, ™ production) at high » indicates
that no major systematic errors are inherent in assuming
that Br—, Br, ~, and SF™ ions are detected with equal effi-
ciencies by the electron multiplier.

At low n, the rate constants k(Br~) fall substantially
below those for collisional destruction. This results because
only a fraction of those K*—CF,Br, ™ * ions pairs initially
formed by Rydberg electron capture possess sufficient kinet-
ic energy to overcome their mutual electrostatic attraction
and separate. This fraction was calculated (assuming that
the CF,Br, ~* ions do not undergo significant dissociation
during separation) as described elsewhere.®” Rate constants
for Br~ production obtained by multiplying the measured
rate constants for collisional destruction (appropriately re-
duced to take into account Br, ™ production) by the calcu-
lated fractional escape probabilities are included in Fig. 3(b)
and are in good agreement with the experimental observa-
tions. This agreement suggests that bound ion pairs must
undergo mutual neutralization before dissociation of the
CF,Br, ~ * intermediate can occur, a conclusion that is con-
sistent with the kinematic data and with the #-independence
of the ratio of the Br,~ and Br~ ion signals at low .

The rate constants for collisional destruction, however,
decrease at low #. This decrease cannot be explained in terms
of the velocity dependence of the free-electron attachment
cross section o, (v). The Rydberg electron velocity distribu-
tions encompass a broad range of velocities and there is sub-
stantial overlap between the distributions for adjacent nd
states. This overlap requires that rate constants for colli-
sional destruction vary only slowly with #, as is evident from
the calculated rate constants shown in Fig. 3. The observed n
dependence of &, is believed to be a consequence of the large
free-electron attachment cross section of CF,Br, coupled
with the finite size of the Rydberg electron “cloud.” As n
decreases, the electron density inside this cloud increases to
the point that, for some range of heavy-particle impact pa-
rameters, the probability that a target molecule will capture
the Rydberg electron during its passage through the electron
cloud approaches unity. (Simple calculations indicate that,
for zero-impact parameter, this condition is first encoun-
tered for n~25.) The effect of this increasing opacity of the
electron cloud is to decrease the average effective electron
density seen by a target molecule, leading to a decrease in the
rate constant. (In the case of CF;Br, the free-electron at-

tachment cross section is much smaller, and such opacity
effects do not become important until much lower values of
n.) :

At the higher values of 7, the measured rate constants
for collisional destruction and for production of free Br™
ions are essentially independent of », again pointing to s-
wave capture. Rate constants for Rydberg electron capture
calculated using free-electron cross sections (for Br~ prqi
duction) obtained in TPSA studies® and Eq. (7) are includ-
ed in Fig. 3(b). The cross section o, (v) for Br~ production
via free electron attachment derived from the collisional-
destruction rate constants (again appropriately reduced to
take into account Br,~ production) are presented in Fig.
4(b). Also included are the corresponding velocity-aver-
aged cross sections g, and the earlier TPSA results. The
agreement between the Rydberg-atom and TPSA data is
fair.

The present data show that studies of collisions involv-
ing atoms in high Rydberg states can provide a wealth of
information regarding electron attachment processes at
subthermal electron energies. In particular, such studies can
be used to investigate the translational energy release that
accompanies dissociative electron capture, and to set limits
on the lifetimes of excited negative ion intermediates. Analy-
ses of high-n data using the essentially free electron model
yield cross sections for free electron attachment. Applica-
tion of this model at low-to-intermediate values of 7 must be
approached with caution, however, because post-attach-
ment interactions between the product ion pairs become im-
portant, even in cases where the product negative ions are
formed with appreciable kinetic energies.
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