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The positive ion—negative ion reactions of Kr* and Xe* with CsF5Br  and Ce¢F5CF3 have been
spectroscopically studied in the He flowing afterglow. The branching ratios of recombination and
neutralization reactions leading to RgX* excimers and excited Rg* atoms (Rg = Kr, Xe, X = Br, F),
respectively, were determined to be 0.14:0.86 and 1.00:0.00 for the Kr*/CsF5Br and Xe*/CeF5Br”
reactions and 0.00:1.00 for both the Kr*/CsF5CF3™ and Xet*/CsF5CF3™ reactions. It was concluded that
electron affinities of target molecules and dissociation energies of CéF5X leading to X play a significant
role in determining the branching ratio of ion—ion recombination and neutralization reactions.
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1. Introduction

Because of the strong, long-range Coulomb
attractive force between the positive and
negative ions, ion—ion mutual recombination
reactions are characterized by large cross
sections, as much as 10,000 A2 at low
energies.:? Therefore, ion—on recombination
reactions are an important loss process of ions
in natural and man-made plasmas involving
positive and negative ions. In most cases, the
reaction is highly exothermic, so the products
may be electronically excited or even
dissociated. The main aim of previous studies
was to determine the cross sections or reaction
rate constants.?® Little work has been carried
out on the product-state distributions in the
ion—ion reactions.

In order to obtain product-state distributions,
we have previously made optical spectroscopic
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studies on the ion—ion reactions between rare
gas cations (Rg*) and such negative ions as SFs”
and CeFsX (X =F, C) using a flowing-afterglow
apparatus.®1”? We determined the branching
ratios of recombination reaction leading to
RgX* excimer and neutralization reaction
leading to excited Rg* atoms. The branching
ratios between recombination and
neutralization reactions were 0.001:0.999,
0.00:1.00, 0.69:0.31, and 0.89:0.11 for the
Kr+/CeFes, Xe*/CeFs, Krt*/CsF5Cl, and
Xe*/CeF5Cl  reactions, respectively.!1,16)

In this study, ion—ion reactions of Kr+(2P1/2,32)
and Xe+(2P12,32) with CeFsBr™ and CeF5CFs are
spectroscopically studied in the He flowing
afterglow. @ The  branching ratios  of
recombination and neutralization reactions
leading to RgX* excimers and excited Rg*
atoms (Rg = Kr, Xe), respectively, are
determined.

Rg* + CeF5X™ (X = Br, CF3)
— RgX* + CsF5 (recombination), (12)
— Rg* + CsF5X (neutralization). (1b)

Results obtained are compared with our
previous data for the Rg*/CeéFsX™ (X = F, CD)
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reactions.11.16)

2. Experimental

2.1 Chemicals

Gaseous and liquid samples used in this
study were obtained from Japanese chemical
companies: He (purity >99.9999%, Taiyo
Sanso), Kr (99.995%, Nippon Sanso), Xe
(99.99%, Nippon Sanso), CeéFsBr (Kishida
Kagaku, 97%), and CsF5CFs (Kishida Kagaku,
98%). These samples were used without further
purification.

2.2 Apparatus and experimental procedures

The flowing-afterglow apparatus used in this
study was identical with that reported
previously.1617 A mixture of He(23S), He*, and
Hes* was generated by a microwave discharge
of high purity He gas in a He flowing afterglow.
He* and He2* ions in the discharge flow were
removed by using a pair of ion-collector grids
placed between the discharge section and the
reaction zone. A small amount of Kr or Xe gas
was added to the He flow 10 cm downstream
from the center of microwave discharge.
Positive Kr+(2P12,32) or Xe*(2Pi232) ion were
formed by the He(238)/Kr or He(23S)/Xe
Penning ionization.

He(23S) + Kr — Kr*(2P12.32) + He +e”. (2)
(k2 =9.94 x 1011 cm3 51 [Ref. 18)

He(239) + Xe — Xe*(2Pi232) + He +e. (3)
(ks =1.24 x 1010 ¢m3 s1 [Ref. 18])

Further 10 cm downstream from the Kr or Xe
gas inlet, an electron attachment gas, CsFsBr
or CsF5CF3, was added, where negative CeF5Br’
or C¢F5CF3 ion was formed as major products

by a fast electron attachment to these two gases.

CeF3sBr + e — CsF5Br & 97%), (4a)
— Br™ + CeF5 (K 3%). (4b)
(ksa + kan = 8.3 X 108 cm3 s [Ref. 19])

CeF5CFs + e — CeFs5CF5s. (5)
(ks = 2.42 x 107 cm3 s°* [Ref. 20])

The partial pressures in the reaction zone were
1.0 Torr (1 Torr = 133.33 Pa) for He, 5-40
mTorr for Kr or Xe, and 3—5 mTorr for CsFsBr
and CeF5CF3. A small amount of Br™ anions is
formed by a dissociative electron attachment
to CéF5Br (4b). We previously found that the
following three-body recombination reaction

occurs at a relatively high He buffer gas
pressures of 2—10 Torr in the same flowing-
afterglow apparatus.2?

Xet(2P12,32) + Br + He
— XeBr(B,C,D) + He, (62)
— Br* + Xe + He. (6b)

To suppress above three-body reaction, He
buffer gas pressure was maintained at a
relatively low pressure of 1.0 Torr in this study.

The emission, observed around the CesFsBr
or CeF5CFs gas inlet, was dispersed in the 120—
840 nm region with McPherson 218 and Spex
1250M monochromators.

We used ionization potentials of Kr and Xe,
electron affinities of CeFsBr or CsF5CFs,
dissociation energy of D(CeFs—Br), excitation
energies of excimers and rare gas atoms
reported in Refs. 22—29 for the calculations of
energetics in each reaction. To be best of our
knowledge, D(CéF5CF2—F) and D(F-CsF4CF3)
values are unknown. The D(CsFsCFo—F) value
was estimated by using an average value
between D(CFs—F) and D(CFsCF2—F), whereas
the D(F—CsF4CF3) value was assumed to be the
same as that of D(F—CsF5).

3. Results and Discussion

3.1 Branching ratios of RgX* and Rg* in the
Krt/CeFsBr™ and Xe*/CeFsBr™ reactions

Figure 1(a) shows a typical emission
spectrum resulting from the Kr*/CsFsBr”
reaction. A strong Kr atomic line due to the
Kr(5s5[3/2]—4p6 1S0) transition is observed at
124 nm. In addition, three transitions of KrBr*
excimer are observed in the 170-250 nm region.

(a)

_— Kr* KrBr(B-X)
KrBr(D-X) KrBr(C-A)
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Fig. 1. Emission spectra resulting from the (a)
Kr*/CsF5Br™ and (b) Xe*/CsF5Br™ reactions.
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KrBr* excimer bands consist of the strong
B(1/2)-X(1/2) transition in the 180-210 nm
region and the weak broad C(3/2)-A(3/2)
transition in the 210-250 nm region. The
D(1/2)-X(1/2) transition is observed as a very
weak shoulder band of the B-X transition in
the 170-190 nm region, The energetics for the
formation of KrBr(B,C,D) from the Kr*/CsFsBr
reaction is as follows:

Kr+ + CeFsBr”
— KrBr(B) + C¢Fs + 3.5eV, (7a)
— KrBr(C) + C¢Fs + 3.5eV,  (7b)
— KrBr(D) + C¢F5 + 2.8 V. (7¢)

All processes are highly exothermic, which
are energetically allowed.

Possible mechanisms for the formation of
Kr(5s[3/2]1) atoms are direct neutralization (8a),
neutralization involving radiative cascade from
higher energy Kr* states (8b), and
predissociation of highly vibrationally excited
KrBr** states (8c).

Kr+ + CeF5Br”
— Kr(5s[3/2]1) + CeFsBr + 2.8 eV,  (8a)
— Kr* + C¢F5Br,
{ hv (cascade)
Kr(5s[3/2]1) + CsF5Br, (8b)
— KrBr** + CsF's,
{ (predissociation)
Kr(5s[3/2]1) + Br + C¢F5 — 0.58 eV. (8c)

Since predissociation process (8c) is endoergic,
this process is energetically excluded from
possible mechanisms at thermal energy (=300
K). When emission spectrum in the 400-800
nm region was observed to examine the
contribution of the radiative cascade from the
upper Kr* states to the Kr(5s[3/2]1) state (8b),
no Kr* lines were observed. It was therefore
concluded that the contribution of process (8b)
is negligible and that only direct neutralization
process (8a) is responsible for the formation of
Kr(5s[3/2]0).

Based on above results, both recombination
reaction leading to KrBr(B,C,D) (7a)—(7c) and
neutralization process (8a) occur competitively
in the Kr*/CsFsBr™ reaction. The branching
ratio of processes (7a)—(7c) and (8a) was
determined to be 0.14:0.86 by measuring the
total intensities of KrBr* and Kr* emissions.

Figure 1(b) shows a typical emission
spectrum resulting from the Xet*/Ce¢FsBr
reaction in the 140—285 nm region. The B(1/2)—
X(1/2) transition of XeBr* with a long tail band
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degrading to blue is identified in the 250-285
nm region. Although a Xe line due to the
Xe(6s[3/2]1—5p6 1S0) was observed at 147 nm in
the Xet/CsF5Cl reaction,'® it was not found in
the Xe*/CsF5Br reaction. The energetics for the
formation of XeBr(B) and Xe(6s[3/2]1) from the
Xet/CsF5Br reaction is as follows:

Xet + CeFsBr-
— XeBr(B) + CeFs + 3.2 €V, (9a)
— Xe(6s[3/2]1) + CeFsBr + 2.5 eV.  (9b)

Both processes (9a) and (9b) are energetically
allowed. On the basis of spectroscopic data, the
branching ratio of (9a):(9b) was found to be
1.00:0.00.

3.2 Branching ratios of RgX* and Rg* in the
Krt/CeFsCF3™ and Xet/CeFsCFs™ reactions

Figures 2(a) and 2(b) show emission spectra
resulting from the Kr*/CeFsCFs™ and
Xet/CeF5CF3™ reactions, respectively. A strong
Kr(5s5[3/2]1—4p® 1S0) line is observed at 124 nm
in Fig. 2(a), whereas a strong Xe(6s[3/2]1—5p6
1S0) line is observed at 147 nm in Fig. 2(b).

Possible formation mechanisms of
Kr(5s[3/2]1) and Xe(6s[3/2]1) atoms are direct
neutralization (10a) and (11a), neutralization
involving radiative cascade from higher energy
Kr* and Xe* states (10b) and (11b), and
predissociation of highly vibrationally excited
KrF** and XeF** states (10c), (10d), (11c), and
(11d).

Kr+ + CsF5CF3s
— Kr(5s[3/2]1) + CeF5CFs + 3.1 eV, (10a)
— Kr* + CsF5CFs3,
{ hv (cascade)

Kr(5s[3/2]1) + CeF5CFs, (10b)
— KrF** + CeF5CF2 or CeF4CFs,
{ (predissociation)
Kr(5s[3/2]1) + F + CeF5sCF2 — 2.5 eV, (10c)
Kr(5s[3/2]1) + F + CeF4CFs— 1.9 eV. (10d)

Xe* + CeF5CF3
— Xe(6s[3/2]1) + CeF5CFs + 2.8 eV, (11a)
— Xe* + CsF5CFs,
J hv (cascade)

Xe(6s[3/2]1) + CeF5CFs, (11b)
— XeF** + CeF5CF2 or CéF4CFs,
{ (predissociation)
Xe(6s[3/2]1) + F + CeFsCF2 — 2.8 eV, (11c)
Xe(6s[3/2]1) + F + CeF4CFs — 2.2 eV. (11d)

Since predissociation processes (10c), (10d),
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Fig. 2. Emission spectra resulting from the (a)
Kr*/CsF5CF3s™ and (b) Xe*/CsF5CFs™ reactions.

(11c), and (11d) are endoergic, they are
energetically excluded from possible
mechanisms. In order to examine the
contribution of radiative cascade from upper
Kr* and Xe* states, processes (10b) and (11b),
emission spectra in the 280-800 nm region
were measured. The absence of Kr* and Xe*
from upper states in the UV and visible region
show that these radiative cascade processes are
unimportant. Thus, we concluded that direct
neutralization reactions (10a) and (11a) are
responsible for the formation of Kr(5s[3/2]1) and
Xe(6s[3/2]1).

It is known that KrF(B—X,D-X,C-A) and
XeF(B-X,D-X,C—A) excimer emissions are
observed in the 150—400 and 200-450 nm
region, respectively.%30.3D It should be noted
that KrF(B—X,D-X,C-A) and XeF(B-X,D-X,C—
A) emissions were not observed in the

Krt/CeF5CF3s” and Xe*/CeF5CF3™ reaction, even
though they are energetically accessible.

Kr+ + CeF5CF3

— KrF(B) + C¢F5CF2 + 2.3 eV, (12a)
— KrF(B) + C6F4CFs + 2.9 eV, (12b)
— KrF(C) + CeF5CF2 + 2.3 eV, (12¢)
— KrF(C) + C6F4CFs + 2.8 eV, (12d)
— KrF(D) + CéF5CFz + 1.6 eV, (12e)
— KrF(D) + C¢F4CFs + 2.2 eV. (12f)
Xet + CeFsCFs”
— XeF(B) + C6F5CF2 + 2.1 eV, (13a)
— XeF(B) + C6F4CFs + 2.6 eV, (13b)
— XeF(C) + CeF5CF2 + 2.0 €V, (13¢)
— XeF(C) + CeF4CFs + 2.5 eV, (13d)
— XeF(D) + Ce¢F5CFz + 0.7 eV, (13e)
— XeF(D) + CeF4CF3 + 1.2 eV. (13f)

Thus, it was found that the branching ratios of
processes (12a—12f):(10a) and (13a—130):(11a)
are 0.00:1.00 for both reactions.

In Table 1 are summarized the branching
ratios of RgX* excimers and Rg* atoms in the
reactions of Kr+ and Xe* with Ce¢FsBr” and
CsF5CF3". For comparison, corresponding data
for CéFs and CeF5Cl° are also given.1116
Although both Rg*(?P12) and Rg*(2Psq)
components are formed by Penning ionization
(2) and (3), the lower Rg*(?Ps») state is
expected to be major component in the present
experiments as reported previously.16)

Table 1. Branching ratios of RgX* and Rg* in the reactions of Rg* (Rg = Kr and Xe) with

CeF5X (X=F, Cl, Br, and CF5).

Reaction KrF(B,C,D) KrCIl(B,C,D) KrBr(B,CD) K
5s[3/2]11  5p[3/2),  5p[5/2]3
Kr*/CeFe Ref. 11 0.001 0.000 0.454 0.545
Kr "/C¢FsCI’ Ref. 16 0.00 0.69 0.31 0.00 0.00
Kr*/C¢FsBr”  This work 0.00 0.14 0.86
Kr */C¢FsCF3~  This work 0.00 1.00
Reaction XeF(B,C,D) XeCI(B,C,D) XeBr(B,C,D) Xe?
6s[32]1  6p[1/2]o
Xe"/CeFs Ref. 11 0.00 0.00 1.00
Xe'/CeFsCI Ref. 16 0.00 0.89 0.11 0.00
Xe"/CeFsBr-  This work 1.00 0.00
Xe*/C¢FsCFs™  This work 0.00 1.00
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3.3 Reaction mechanisms for the formation of
RgX* and Rg* in the reactions of Rg*t with
CeFsCl', and CsFs5CFs

We reported that the electron affinity of
target molecules and the dissociation energy of
CeéF5—X leading to X™ anion would be principal
factor in assessing the branching ratio of the
two channels.!110 The electron affinities of
CsF5X provide energies required for an electron
release from their anions.

CsFs — CsFe+e —0.53 eV, (14)
CeF5Cl" — CeF5Cl+e —0.75 eV, (15)
CsFsBr — Ce¢FsBr +e —1.15¢V, 16)
CeFsCFs — CeFsCFs+e —0.86eV. (17)

On the other hand, the dissociation energies of
D(CsF5—X"), D(CeF5CF2—F"), and D(F—CsF4CFs),
which are required for the formation of RgX*
excimers, are as follows.

CsFs — CeF5 + F —2.16 eV, 18
CeF5Cl" — CeFs + Cl' - 1.11 eV, (19)
CeFsBr — CeFs+ Br — 1.19 eV, (20)
CeFsCFs — CeF5CF2+ F—3.05eV, (21a)
CeF5CFs — CeFaCF3+ F —2.49eV. (21Db)

Since the electron affinity of C¢F5Br™ is largest
among the four CeF5X reagents, an electron
transfer from CeF5X" to Rg* is most unfavorable.
On the other hand, the D(C¢F5-Br) value is
smaller than those of D(CsF5CFs—F") and D(F—
CeF4CF3). Therefore, it is expected that excimer
formation via Br~ transfer occurs for CeF5sBr .
Since the D(C¢F5CF2—F7), and D(F —-CsFs+CF5)
values are larger than those of other CsF5X

reagents, F~ transfer is unfavorable for CeFsCF3".

On the other hand, the electron affinity of
CeF5CF3 is smaller than that of CeFsBr.
Therefore, it is expected that neutralization
reaction via an electron transfer is favorable
exit channel for CeFsCF3". These predictions are
consistent with the experimental observations
that excimer formation via Br™ transfer occurs
for CeFsBr, as in the case of CsF5Cl’,1® whereas
only neutralization reactions leading to low
lying Kr(5s[3/2]1) and Xe(6s[3/2]1) states take
place for CeéFsCF3™. It was thus confirmed that
electron affinities of target molecules and
dissociation energies of CeFsX leading to X
play a significant role in the ion—ion
recombination and neutralization reactions of
Rg*(Kr, Xe) with CeFsBr  and CsFsCFs’, as in
the cases of CsF¢ and CeF5C17.!1:19
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4. Summary and Conclusion

The Kr*/CsFs5Br’, Xet/CsF5Br", Krt/CeF5CFs,
and Xet/CsF5CF3” ion—ion mutual
recombination and neutralization reactions
have been spectroscopically studied in the He
flowing afterglow. The branching ratios of
recombination and neutralization reactions
were found to be 0.14:0.86, 1.00:0.00, 0.00:1.00,
and 0.00:1.00 for the Kr*/CsF5Br", Xe*/CeF5Br’,
Krt/CeFs5CF3, and Xet*/CeFsCF3 reactions,
respectively. These results suggested that the
branching ratio between recombination
reaction leading to RgX* excimer and
neutralization reaction leading to Rg* atoms
are different between CsFs5Br” and CeFs5CFs.
Results showed that Br™ transfer to form RgBr*
excimers occurs for CeFsBr, whereas
neutralization leading to Rg* through an
electron transfer from C¢F5CFs™ to Rg* is only
product channel for CeF5CF3". It was concluded
that electron affinities of target molecules and
dissociation energies of target molecular anions
leading to X are important factors in
determining the branching ratio between the
recombination and neutralization channels in
the ion—ion reactions of Rg*(Kr, Xe) with
CeF5Br” and CeFs5CFs, as in the cases of CeéFs
and CeF5Cl reported previously.!.10
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