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Spin-orbit state selective formation of rare gas chlorides from three-body
ionic-recombination reactions of Rg™* (2P, ,, 3,» )+ Cl~ +He at thermal energy

Masaharu Tsuji, Makoto Furusawa, Hiroyuki Kouno, and Yukio Nishimura
Institute of Advanced Material Study and Department of Molecular Science and Technology,
Graduate School of Engineering Sciences, Kyushu University, Kasuga-shi, Fukuoka 816, Japan

(Received 10 September 1990; accepted 5 December 1990)

The ArCI(C-4), KrCl(B-X,C-A4,D-X), and XeCl(B-X,C-A4,D-X) emissions have been
observed from ionic-recombination reactions of Rg* (Rg = Ar, Kr, or Xe) with C1 ™ in the
flowing afterglow. Positive Rg™ ions are formed by He(225)/Rg Penning ionization, while
negative Cl~ ions are produced through thermal electron attachment to CCl,. The dependence
of RgCl* emission intensities on the buffer He gas pressure indicates that the excimer
emissions arise from three-body reactions of Rg* + Cl~ + He. The spin-orbit state selectivity
in the KrCl* and XeCl* formation is studied by isolating one of the spin—~orbit levels of
Rg*,’P,,, or ?P,,,. Although the Kr ™ (?P, ,, ) reaction provides the KrCl(B-X,C-4,D-X)
emissions with B:C:D distribution of 0.19 4 0.02:0.12 + 0.01:0.69 3 0.04, only XeCl(D-X)
emission is observed from the Xe * (*P, , ) reaction. The Kr* (°P;,,) and Xe * (?P;,,)
reactions give the RgCl(B-X,C-A) emissions with B:C branching ratios of

0.60 + 0.06:0.40 4 0.04 for KrCI* and 0.62 + 0.06:0.38 + 0.04 for XeCl*. The high
propensities for the D formation from the Rg * (*P, ,, ) reactions and for the B and C formation
from the Rg * (°P;,, ) reactions suggest that Rg * (°P,,,) + Cl~ and Rg* (*°P;,,) + Cl~
characters are conserved well for the formation of RgCl* in the three-body ionic-
recombination reactions. The relative formation rate of RgCl(D) from the Rg * (*P, )
reaction to that of RgC1(B,C) from the Rg ™ (*P;,, ) reaction was estimated to be 0.14 + 0.02
for KrCI* and 0.033 4 0.006 for XeCl*. The slower RgCl(D) formation rates are attributed to
fast predissociation of [Rg* (*P,,, )C1~ ]* intermediates into Rg* + Cl and/or Rg + CI*

than that of [Rg ™ (*P;,, )C1~ ]* ones.

I. INTRODUCTION
The three-body ionic-recombination process

Rg' + X~ + Rg-RgX* +Rg (1)

plays an important role for the population of the emitting
excited states of rare gas monohalide (RgX*) in rare gas—
halogen laser system operated at high pressure (1/2-5
atm).'> Rg™* ions are produced by electron-impact ioniza-
tion of rare gas atoms in the ground and metastable states:

e~ +RgWaRg* +e~ +e, (2)

while negative X ~ ions are formed by dissociative electron
attachment of the slow electrons ejected in reaction (2):

e~ +RX-X" +R. (3)

In the previous e-beam experiments, various mixtures of a
rare gas and a halogen donor were irradiated by a high ener-
gy e-beam pulse for the generation of rare gas excimer. Since
complicated pumping and quenching reactions simulta-
neously occur in the e-beam experiments, its application to
the detailed dynamical analysis of the three-body ionic-re-
combination processes is difficult.

Recently, we have successfully applied the flowing
afterglow (FA) apparatus to the study on two-body disso-
ciative ionic-recombination reactions®’

Rg* (°Py,53,,) + SFy —~RgF(B,C,D) + SF;, (4)

where Rg represents Ar, Kr, or Xe. Positive Rg™* ions were
formed by He(2'S)/Rg Penning ionization and negative

J. Chem. Phys. 94 (6), 15 March 1991

0N021-9606/91/064291-10502.00

SF, ions were produced by attachment of Penning electrons
to SF,. The spin-orbit state selectivity in the KrF* and XeF*
formation was examined by selecting one of the spin—orbit
levels of Kr* and Xe™*,’P,;, or 2P,,,. It was found that
Kr* and Xe* ionsin the *P,,, level preferentially give the
D state, while those in the *P;,, level give only the B and C
states. The high spin—orbit state selectivity was explained
by the conservation of Rg * (*°P,,,) + F~ and Rg* (°P; ;)
+ F~ characters.

Here, our FA study on ionic-recombination reactions
was extended to the formation of RgCl* (Rg = Ar, Kr, or
Xe) by the following three-body reaction:

Rg+ (2Pl/2,3/2) + Cl_ + He—,RgCI* + He. (5)

The effect of incident spin—orbit state on the excimer forma-
tion was examined for KrCl* and XeCl* by isolating Kr *
and Xe™ in the 2P,,, or 2P,,, level. The spin—orbit state
selectivity is discussed from the potential energy diagram.
The relative formation rate constants of RgCl(D) to those
of RgCl(B,C) were estimated by reference to
RgF(D)/RgF (B) ratios in reaction (4).

H. EXPERIMENTAL

A schematic diagram of the FA apparatus used in this
study is shown in Fig. 1. The FA apparatus consists of a
stainless steel main flow tube (i.d. 60 mm) and a quartz
discharge tube (i.d. 12 mm). The carrier He gas was passed

through a microwave discharge to form active species of He

@& 1991 American Institute of Physics 4291
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[He(23S),He™ ,and He," ]. To obtain the only metastable
He(23S) atoms, ionic active species were removed from the
discharge flow by using a pair of ion-collector grids. A small
amount of Rg(Ar, Kr, or Xe) was injected into the He dis-
charge flow from the first gas inlet placed 10 cm downstream
from the center of the microwave discharge. The
Rg* (?P,,,;,,) ions were generated by He(2’S) Penning
ionization of Rg:

He(23S) + Rg—-Rg* (°P,,,) + He+ e, (6a)
-Rg* (*°P;,,) + He +e™. (6b)

The formation rate constants of Ar* (*P,,,;,,),
Kr* (2P, ,,3,,),and Xe™* (°P,,, ;,, ) have been measured as
(7-9), (10-14), and (12-18) X 10~ ""em? s~ !, respectively,
with a statistical branching fraction of ~2 for reactions
(6b)/(6a).*° Under operating conditions, only
Ar* (?P,,,) is present due to relaxation of Ar* (*P,,,) by
superelastic collisions with electrons,'®!? whereas the pres-
ence of both spin-orbit states was confirmed for Kr * and
Xe* by observing the KrF(B-X,D-X) and XeF(B-X,D-
X) emissions from reaction (4). CCl, was added from the
second inlet placed 10 cm further downstream. The partial
pressure in the reaction zone was 0.3-20 Torr (1 Torr-133.3
Pa) for He, 3—40 mTorr for Ar, Kr, or Xe, and 5-15 mTorr
for CCl,. High He pressure experiments above 1.5 Torr were
carried out by closing a variable gate valve.

When the effect of incident spin—orbit states in Kr™*
and Xe* was examined, one of the spin—orbit states was
isolated before reaching the second gas inlet. For the isola-
tion of Kr+* (?P,,,),Xe* (*P,,,), and Xe * (?°Py,,), O, or
N,O, C,H,, and CH, were used as filter gases, respectively,
because the quenching rate constants of the 2P, ,, and *P;,,
states are different at least 1 order of magnitude'*:

Kr* (?P,,,) + O, —no products, (7a)
Kr* (2P3/2) +0,-0;" +Ki, (7b)
k,,= <1x10~"? cm®s~!,

ki, =47X10~" cm?s~,

Kr* (?P,,,) + N,O-N,0* + K, (8a)
Kr* (*P,,,) + N,O-N, 0" + K, (8b)
ke, = 1.5% 10~ " em®s~, ‘

FIG. 1. Schematic of the flowing
afterglow apparatus used for three-
body ionic-recombination reac-
tionsof Rg* + Cl- + He.
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kg, =4.0X107'° cm®s~ !,
Xe+(2P1/2) + C,H, -C,H," + Xe, (9a)

Xe" (?P,,,) + CH, -~ C,H;" + Xe, (9b)
ks, =3.5%x107" cm®s™!,
ko, =5.0%x107 1% em?s !,
Xe* (?°P,,,) + CH, = CH," + Xe, (10a)
Xe* (?P,,,) + CH, —no products, (10b)

kiog =9.0x107"° em?s !,
Kiow = <1X107 "2 em®s— .

These filter gases were premixed with a rare gas and injected
from the first gas inlet. The partial pressures of the filter

"gases were 30-200 mTorr. Although no appropriate filter

gas has been known for the Kr * (*P,,,) productions, its
isolation could be achieved by collisional relaxation from
*P,,, t0*P,,, at high Kr gas pressures.

The RgCl* emission spectra were observed through a
quartz window attached to the main flow tube. Observations
in the 190-600 nm region were made with a Jarrell Ash 1 m
monochromator equipped with a Hamamatsu Photonics
R376 photomultiplier. The output signal of the photomulti-
plier tube was processed with a dc amplifier and displayed on
a strip chart recorder. The detection system was calibrated
in the ultraviolet with a standard D, lamp and in the visible
with a standard halogen lamp.

lIl. RESULTS AND DISCUSSION
A. Excitation processes of RgCIl* excimers

Figures 2(a)—4(a) show typical emission spectra result-
ing from reactions of the metastable Ar(°P,4), Kr(?P,),
and Xe(*P,) atoms with CCl,. Ar(*P, ) and Kr(®P,) were
generated by a microwave discharge of the pure Ar and Kr
gases operated at 0.15 Torr for Ar and 35 mTorr for Kr,
whereas Xe(*P,) was obtained by the microwave discharge
of a 1:50 mixture of Xe:Ar operated at a total pressure of 0.10
Torr. The ArCl(C-4), KrCl(B-X,C-A4), and XeCl(B-
X,B-A4,C-A) emissions are identified together with Cl,(D -
A’) and CCl(4~-X) in agreement with the previous findings
of Setser and his co-workers'*? and Golde and Poletti.?'
These excimers are excited by the chemiluminescent reac-
tions

J. Chern. Phys,, Val. 84, No. 3, 15 Mearch 1981
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ArCl(C-A)
(a)
Ar(*P2.0)/CCls
(b)
Ar*(2Py,2)IC17/He
1 1 1 ]
180 200 nm

FIG. 2. ArCl* emission produced from (2a) the Ar(*P,,) + CCl, reaction
in the Ar afterglow and (b) the Ar * (°P,,,) + Cl~ + He reaction in the
He afterglow at a He pressure of 3.0 Torr (uncorrected for spectral re-
sponse). Oscillatory structure in the 190-200 nm region is due to absorption
of O,. Optical resolution was 3.8 A.

Ar(*P,,) + CCl, -~ ArCI(C) + CCl,, (11)
Kr(3P,) + CCl, »KrCI(B,C) + CCl,, (12)
Xe(*P,) + CCl, —XeCl(B,C) -+ CCl,. (13)

It has been believed that the RgCl* excimers are formed
through the harpoon-type reaction via [Rg* CCl; ] inter-
mediates'®

Rg(*P,,) + CCl, — [Rg* CCl; ] »RgCl* + CCl,.
(14)

KrCl® 8-X C-A

(@)
Kr(®P2)/CCla

CCl(A-X)
)

(b}
Rr*(2Pu2,32)/CL 7 He

D-X

1 ) ] ] 1 1 | i H

!
200 250 nm

FIG. 3. KrCI* emission produced from (a) the Kr(*P,) + CCl, reaction in
the Kr afterglow and (b) the Kr * (*P,,,;,,) + C1~ + He reaction in the
He afterglow at a He pressure of 1.8 Torr (uncorrected for spectral re-
sponse). Optical resolution was 4.7 A.

XeCl* B-X
C-A
}
B-A (@)
=5 Xe(®P2)ICCla
Hel
L]
(b)
Xe*(2Py2,32)/Cl™/He
DI-X
1 ' | L I L
200 300 400 nm

FIG. 4. XeCl* emission produced from (a) the Xe(*P,) 4+ CCl, reaction in
the Ar/Xe afterglow and (b) the Xe* (°P,,,,,,) + Cl" + He reaction in
the He afterglow at a He pressure of 5.7 Torr (uncorrected for spectral
response). Optical resolution was 4.7 A.

When small amounts of Rg(Ar, Kr, or Xe) and CCl,
are added into the He discharge flow through the first and
second gas inlets, respectively, RgCl* emissions are also de-
tected as shown in Figs. 2(b)-4(b). In addition to the
ArCl(C-A4), KrCl(B-X,C-A), and XeCl(B-X,C-4) emis-
sions observed in the Rg(*P,,)/CCl, reactions, weak
KrCl(D-X) and XeCl(D-X) emissions?? are found on the
short wavelength side of the KrCl(B-X) and XeCl(B-X)
main bands. The spectral features of KrCl(B-X,C-4) are
different from those resulting from the Kr(*P,)/CCl, reac-
tion (Fig. 3). Although typical oscillatory structure due to
bound—free emission from highly vibrationally excited states
is found in Fig. 3(a), it is either weak or absent in Fig. 3(b).
The B-X /C-A intensity ratio in Fig. 3(b) is larger than that
in Fig. 3(a). Similar differences are found for the oscillatory
structure of XeCl(C-4) and the B-X /C—-A intensity ratio of
XeCl* (Fig. 4). However, the XeCl(B-X) emission gives a
similar oscillatory pattern as found in the Xe(*P,)/CCl, re-
action.

Total quenching cross sections of He(23S) by Ar, Kr,
and Xe at 300 K have been determined to be 5-10, §-10, and
10-14 A2, respectively.® Since these values agree well with
the total ionization cross sections of 7-23, 8, and 11 A2 for
Ar, Kr, and Xe, respectively,® Penning ionization leading to
Rg™* ions is the only product channel in the He(23S)/Rg
reaction. On the basis of Penning ionization electron spec-
tra,” allRg * ions formed through process (6) are located in
the ground 2P,,, and °P,, states. The
Rg* (?P,,,3,, )/CCl, ion-molecule reactions can be ex-
cluded from the possible excitation mechanism, because the
excimer formation is endoergic based upon thermochemical
and spectroscopic data:?32°

Ar* (?P,,,) + CCl, - ArCl(C) + CCl; —3.0 eV, (15)
Kr* (2P, ,,) + CCl, »KrCl(B) + CCl;* — 2.6 eV, (16a)

—~KrCI(C) + CCl;* — 2.6 eV, (16b)
- KrCl(D) + CCI;" — 3.2 eV, (16c)

J. Chem. Phys., Vol. 94, No. €, 15 March 1291
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Kr* (P,,,) + CCl, - KrCI(B) + CCl;* — 3.2 eV, (17a)
~KrCI(C) + CCl; — 3.2 &V, (17b)

- KrCl(D) + CCl;* — 3.9 eV, (17¢)
Xe* (?P,,,) 4+ CCl, »XeCI(B) + CCl; —2.2 eV, (18a)

—-XeCl(C) + CCl" — 2.2 eV, (18b)

-XeCl(D) + CCl;H — 3.4 eV, (18c)
Xe* (?P,,,) + CCl, - XeCl(B) + CCl;* — 3.5 eV, (19a)

—XeCl(C) 4+ CCl;* — 3.5 eV, (19b)
—XeCl(D) 4 CCl}* — 4.7 eV, (19¢)

where the AH 5,4 values for ArCl(C) and KrC1(B,C,D) are
estimated assuming that their ground electronic states are
flat and the energy separation between the B and C states of
ArCl* is zero by analogy with other rare gas halides.?*?7-28
CCl, is a good thermal electron scavenger with a large elec-
tron attachment rate constant of (3—4)x 10~ 7cm?®s~! at
300 K.° The thermal electron attachment to CCl, has been
known to provide exclusively negative C1~ ions®

e~ +CCl, —»Cl~ + CCl,. (20)

In the present experiment, CI~ must be produced by
attachment of Penning electrons to CCl,. Thus most prob-
able excitation process of RgCl* is either two-body or three-
body ionic-recombination reaction as predicted in high-
pressure electric discharge of mixtures of rare gases and
halogen-containing compounds:'~>*°

Rg* + Cl~ + (Rg)—>RgCl* + (Rg). (21)

In an FA-mass spectroscopic study of Smith et al. on two-
body ionic-recombination reactions of Rg* (Rg = Ar, Kr,
or Xe) + X~ (X =F or Cl) at 300 K,*' no reaction was
observed and the upper limits of the reaction rate constants
were estimated to be (0.2-1.0) X 10~ 3cm?®s~!. On the oth-
er hand, rate constants of three-body ionic-recombination
reactions Rg* + X~ + Rg were theoretically evaluated to
be ~10~*[Rg]cm® s ~ .32 By using this value, the apparent
two-body rate constant is expected to be the order of 10~ 5
10~ %cm® s~ ! at the present He buffer gas pressure range of
1-10Torr. Actually, large apparent two-body rate constants
of the order of 10~ °-10 " "cm®s ! have been obtained for
the three-body ionic-recombination reactions.>** Since the
detection limit of two-body reactions in our FA apparatus is
~10"YPcm?®s~!, and the formation rate constant of CI~
from electron attachment reaction (20) is large, these values
are sufficient to observe the excimer emissions.

In order to determine whether RgCl* emissions occur
from the two-body or three-body reaction, the dependence
of the emission intensity of RgCl* on the He buffer gas pres-
sure was compared with that of RgF* from the two-body
Rg* /SF¢ reaction (4). Measurements were carried out by
using a 1:12 mixture of SF,:CCl, as a reagent. As an exam-
ple, results for XeCl(B-X) and XeF(B-X) areshownin Fig.
5. The XeF (B-X) emission appears at a He pressure of ~0.4
Torr, increases up to a peak at ~0.75 Torr, and slightly
decreases in the 7.5-19 Torr range. The change in the
XeF (B-X) intensity with the He buffer gas pressure domin-

XeCl(B-X)

Emission Intensity (Arb. Units)

1 1

i
0 5 10 15 20
He Pressure (Torr)

FIG. 5. Dependence of XeCl(B-X) emission from Xe* (*P;,,) + Cl~
+ He and XeF(B-X) emission from Xe * (*P,,, ) + SF, on the He buffer
gas pressure.

antly reflects variation of the concentration of He(2%S)
which provides Xe* and slow electrons through process
{6). The XeCl(B-X) emission appears at a higher He pres-
sure of ~0.7 Torr and the intensity increases more rapidly
than for XeF (B~X). No decrease in the XeCl(B-X) intensi-
ty is found at the high pressure range. These results suggest
that the buffer He atoms participate in the formation of
XeCl(B). A similar tendency was found for XeCIl(C,D),
ArCl(C), and KrCl(B,C,D). From the above facts, it was
concluded that the RgCl* emissions result from the three-
body ionic-recombination reactions at thermal energy:

Rg* (?P,53,2) + Cl~ + He—RgCl(B,C,D) + He.
(22)

There is a possibility that RgCl* excimers do not arise from
direct process (22), but an indirect process via predissocia-
tion of an [Rg* C1~ ]* intermediate into Rg(*P,4) + CL:

Rg* (*°Py,33,) + C1~ + He—»[Rg*Cl~ ]* + He
—Rg(®P,,) + Cl + He,
Rg(*P,4) + CCl, —RgCl* 4+ CCl,.

(23)
(24)

In order to examine such a possibility, N, was premixed with
CCl, and N, (B-A4) emission resulting from excitation trans-
fer reactions of Kr(®P,) and Xe(*P,,) with N, was ob-
served:

Kr(3P,) + N, =N, (B’ = 3-12) + Kr,*¥  (25)
Xe(*P,) + N, =N, (B’ = 5) + Xe, (26)
Xe(*P,) + N, =N, (B’ = 10,11) + Xe3"*®  (27)

The absence of the N,(B-4) emission in the visible region
led us to conclude that the above indirect processes are un-
important.

J. Chem. Phys., Vol. 84 No. 8, 15 March 1921
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B. Spin-orbit state selectivity in the formation of
RgCl(B,C,D)

Investigation of the ground®P;,, and 2P, , states of rare
gas ions is part of a general concern about the reactivity of
different spin—orbit states of reactant.’® In the present study,
the effect of spin—orbit states of Rg ™ (°P, ,3,, ) on the for-
mation of RgC1* was examined for Kr* and Xe * . Experi-
ments for Ar* were not attempted, partly because only
Ar* (?P,,,) is present under the operating conditions, and
partly because ArCl(B-X,D-X) emissions in the vacuum uv
region are outside the present observation. The only finding
about the spin—orbit state selectivity in the Ar* reaction is
that the ArCl1(C-A4) emission results from the Ar* (*P,,,)
reaction:

Ar* (*Py,,) + C1~ + He—ArCI(C) + He. (28)
This selectivity agrees with that found for the Kr* and
Xe™* reactions described below.

Figures 6(a)—6(c) show the KrCl* spectra resulting
from the three-body ionic-recombination reactions by
Kr* (°P,,13,,), Kr* (°P,,, ), and Kr * (?P;,, ), respective-
ly. The Kr * (*P,53,,) spectrum measured without spin—
orbit state selection consists of the B(1/2)-X(1/2),
C(3/2)-A(3/2),and D(1/2)-X(1/2) transitions of KrCI*.
When Kr * (?P,,, ) was selected, an intense D—X transition
and weak B-X and C-A transitions are observed. On the
other hand, a strong B~X transition and a weak continuous
C-A transition are found by the Kr * (?P,,, ) reaction. The
(B-X + C-A4)/D-X ratio in the Kr* (°P,,, ) reaction was
independent of the O, filter gas pressure (0.08-0.2 Torr)
and the He buffer gas pressure (1-20 Torr). Therefore, the
contribution of residual Kr * (*P,, ) ions and collisional re-
laxation from D to B are expected to be unimportant for the
KrCl(B) formation. A similar slow electronic state transfer
from D to B by collisions with the He buffer gas has recently
been found by Yu and Setserin a Kr(®P,) sensitization study
on the relaxation and quenching of KrCl* from the low-
pressure collision-free limit up to ~5 atm pressure.”® The
radiative lifetime of KrC1(B) 75 is theoretically estimated to
be 6 ns.*® Although 7, has not been reported to our best
knowledge, it will be the same order of 75 by analogy with
other rare gas monohalides.”*?” The energy separation be-
tween the B and D states AEy, is large (~5500 cm ~').
Therefore, the slow energy transfer from D to B is conse-
quent of the short radiative lifetime of the D state and the
large AE g, separation. In contrast with the slow D — B ener-
gy transfer, Yu and Setser®® found that the B and C'states are
collisionally mixed at high buffer gas pressures because of a
long 7 value of 87 ns and a small energy separation of
AEg. =E, —Ep=0+50 cm~'. Assuming a rigid
sphere collision, KrCl(B) and KrCl(C) experience 0.2 and
2.7 times collisions with He, respectively, within their radia-
tive lifetimes at a He buffer gas pressure of 5 Torr. In the
present study, the B—X /C-A4 ratio increased form 2.0 to 4.7
with increasing the He buffer gas pressure from 1.5 to 5.5
Torr. On the basis of this finding, collisional relaxation takes
place under operating conditions. Summarizing the above
results, the KrCl(B,C,D) excimers are formed from the fol-

KrCl* B-X

(a)

Kr*(2Pu2,32)
C-A

(b)
Kr*(?Puz)

{c)
Kr(2Pa2)

]
250 nm

1
200

FIG. 6. KrCl* emissions produced by the (a) Kr' (°P,,,,,,) + Cl~
+ He, (b) Kr * (®P,,,) + Cl~ + He, and (c) Kr'* (°P,,,) + Cl~ + He
reactions in the He afterglow at a He pressure of 5 Torr (uncorrected for
spectral response). Optical resolution was 4.7 A.

lowing excitation and relaxation processes under the present
experimental conditions:

Kr* (?P,,) 4+ Cl~ + He—KrCl(B) + He, (29a)
—KrCI(C) + He, (29b)
—KrCl(D) 4 He. (29¢)
Kr* (°P,,,) + C1~ + He—-KrCIl(B) + He, (30a)
KrCI(C) + He, (30b)
KrCl(C) + He—-KrCIl(B) + He. (31)

The branching fraction of k,q,:k,, Was estimated to be
0.21 4 0.02:0.79 4+ 0.05 from the integrated intensities of
the KrCl(B-X) and KrCl(D-X) emissions. In the present
study, low He pressure experiments below 1.5 Torr were
difficult, though they are necessary to obtain the nascent B—
X /C~A ratio in the three-body reaction. The nascent k,,,
:kyop and kyq,:k50, branching fractions were estimated by
extrapolating the He pressure dependence of the B—X /C-A4
ratio to the zero He pressure. The nascent kg, :k59, and kg,
:kyo, ratios thus obtained are 0.61 4 0.06:0.39 4- 0.04 and
0.60 + 0.06:0.40 4 0.04, respectively.

Figures 7(a)-7(c) show the XeCl* spectra obtained
from the three-body ionic-recombination reactions by
Xet (PP, 53, ), Xe* (®P,,,), and Xe * (®P,,, ), respective-
ly. The most outstanding feature of the XeCIl* spectrum by
the Xe * (*P, ,.3,, ) reaction in comparison with the KrCl*
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XeCl* B-X

(a)
Xe*(2Puz,a2)

Clz(l?'-A')

(b)

rA Xe*(2Pi)

(c)
Xe*(2Pu2)

i ] 1

I 1 1
220 240 260 280 300 320 nm

FIG. 7. XeCl* emissions produced by the (a) Xe * (*P, ,,,,,) + Cl~ + He,
(b) Xe* (*P,,,) +Cl~ + He, and (c) Xe* (°P,,,) + Cl~ + He reac-

tions in the He afterglow at a He pressure of § Torr (uncorrected for spec-

tral response). Optical resolution was 4.7 A,

spectrum by the Kr* (*P, ,, 3, ) reaction is that the intensity
of the D-X emission is very weak, relative to that of the B—-X
emission. It should be noted that only D-X is detected by the
Xe* (*P,,,) reaction. The upper limit of the XeCl(B-
X)/XeCl(D-X) ratio was estimated to be 0.08 from the sig-
nal-to-noise ratio. The Xe* (*P,,,) reaction provides a
strong B-X transition and a weak continuous C-4 transition
asin the Kr* (*P;,, ) reaction. Since the B-X /C-A ratio in
the Xe* (*P;,,) reaction decreased from 5.0 to 2.0 upon
reduction of the He pressure from 6.0 to 1.5 Torr, the elec-
tronic state transfer from C to B takes place even at the low-
est He pressure of 1.5 Torr used to obtain a reliable B-X /C-
A ratio. Consequently, the XeCl(B,C,D) excimers result
from the following spin—orbit selective reactions and subse-
quent collisional relaxation under the operating conditions:

Xe* (*P,,,) + Cl~ + He—XeCl(B) + He, (32a)
—XeCl(D) + He, (32b)
Xe* (3P,,,) + C1~ + HeXeCl(B) + He,  (33a)
—-XeCl(C) + He, (33b)

XeCl(C) + He— XeCl(B) + He. (34)

In order to obtain the nascent k ;;,: k55, branching ratio,
effects of collisional relaxation from C to B must be correct-
ed. The 75 and 7. values were measured as 11.2 4 0.2 and
131 4 10 ns, respectively,*’ and the separation between the
B and Cstates is small (AE,. = — 90 + 2cm ~').%° A sim-
ple gas kinetic model predicts that XeCl(B) and XeCl(C)

collide with the buffer He gas 0.3 and 4.0 times, respectively,
during their radiative lifetimes at a He pressure of 5 Torr.
The collisional relaxation of XeCl(B,C) by the buffer He
atoms has been studied by Dreiling and Setser.'® According
to their results, the C— B electronic energy transfer takes
place below He pressure of 1.5 Torr. The nascent ks, k53,
ratio was estimated to be 0.62 + 0.06:0.38 4 0.04 by
smoothly extrapolating the He pressure dependence of the
B-X /C-A ratio into the zero He pressure.

The spin—orbit state selectivity for the formation of each

excimer state in the three-body ionic-recombination reac-
tions is summarized in Table I along with the corresponding
selectivity found in the two-body Rg* (°P, ,3,, )/SF¢ and
Rg(°P,,)/CCl, reactions. The B:C ratio for the
Xe(3P,) /CC], reaction obtained in the present study agrees
well with that of Kolts et al.'® The B /C ratio by the Rg(3P,)
reaction increases from 0.49 to 1.6 in the Ar(*P,), Kr(®P,),
Xe(*P,) series. Extensive measurements for the Xe(*P,) re-
actions with halogen donors giving XeCl* have shown that
the nascent B /C ratios generally are 1.4 + 0.2.'® Here we
found that the nascent B /C ratio of XeCl* is approximately
the same for the Xe * (°P;,,) + C1~ + He reaction (B/C
=1.6). The Kr* (°P,,,) +Cl~ + He and Kr* (?P,,,)
+ CI~ + He reactions give a similar ratio of ~1.5. This
value is about 60% larger than that in the Kr(*P,)/CCl,
reaction. We have recently shown in the two-body ionic-
recombination reactions of Rg * (*P,,, ;,, ) /SF; that there
are propensities for the formation of D in the Rg* (°P, )
reaction and for the formation of Band Cinthe Rg* (*°P;,, )
reaction.” Here, it was demonstrated that a similar high
spin—orbit state selectivity is conserved in the three-body
ionic-recombination reactions Rg * (*P, ,3,,) + Cl~ + He
for Kr* and Xe*. In the all Rg * (*P;,, ) reactions, only B
and C'states are produced with B /Cratios of 1.5-2.1. On the
other hand, the B, C, and D states are formed by the
Rg* (*P,,,) reaction and the D /(B + C) ratio depends
upon the reaction system. The D /B ratio is nearly equal for
the Kr* (*P,,,)/SF; and Xe™* (*P,,,)/SF¢ two-body re-
actions, while a significant difference is found in the D /(B
+ C) selectivity between the Kr * (*P, , ) + C1~ + Heand
Xe* (?P,,,) + Cl~ + He three-body reactions.

The formation of RgCl* excimers proceeds through the
approach of an Rg* and Cl~ ion pair under their mutual
Coulombic field followed by deactivation of the ion pair by
collision with the third-body He atom. Assuming that the
He atom acts only an energy acceptor, potential energies of
Rg™ + Cl1~ + He are not perturbed by the He atom. Ac-
cording to theoretical calculations on rare gas monohalides
by Dunning and Hay,?*?”® the B and C states of RgCl* are
diabatically correlated to the Rg* (*P;,,) + Cl~ ion pair,
whereas the D state dissociates to Rg * (*P, , ) + Cl~. Fig-
ures 8 and 9 show potential energy diagrams of
KrCl(B,C,D) and XeCl(B,C,D), respectively. Figure 8 is
drawn assuming that the potential curves of KrCl* are the
same as those of XeCl* except for their relative energies. The
preferential formation of D from the Rg* (°P,,, ) reaction
and the selective formation of Band C from the Rg ™ (*P;,;)
reaction suggest that the Rg* (°P,,,) + Cl~ and Rg*
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TABLE 1. Branching fractions of RgX* excimers.
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Branching fraction of RgX(B,C,D)

Reaction system | e r,
Sadeghi ez al.* Ar(*Py) + CCl, 0.19  (0.26) ~0.07(~0.08) 0.74 (0.66)
Ar(*P,) + CCl, 0.33 0.67
This work Kr' (°P,,,) +Cl~ + He 0.19 4+ 0.02 0.12 4+ 0.01 0.69 4 0.04
Kr* (°P,,,) +Cl~ + He 0.60 + 0.06 0.40 + 0.04
Tsuji et al.® Kr* (°P,,,) +SF, 0.05 0.95
Kr' (°P;,,) + SF¢ 0.62 0.38
This work® Kr(*Py) + CCl, 0.48 4 0.05 0.52 4 0.05
This work Xe* (?P,,,) + Cl~ +He 50.07 20.93
Xe* (*Pyp) + Cl~ + He 0.62 + 0.06 0.38 + 0.04
Tsuji et al? Xe* (°P,,,) + SF, 0.06 0.94
Xe* (°P,,) + SF, 0.68 0.32
Kolts et al.? Xe(*P,) + CCl, 0.60 (0.55) 0.40 (0.45)
This work® Xe(*P,) + CCl, 0.62 + 0.06 0.38 + 0.04

* Reference 20. Values in parentheses are obtained from data in Table II, which are different from those in Table 1.

" Reference 7.
“ Ratios were obtained at a Kr pressure of 35 mTorr.

9 Reference 16. Ratios are from spectra taken at 0.09 to 0.15 Torr. Values in parentheses are zero pressure extrapolated limit.

¢ Ratios were obtained at an Ar pressure of 0.1 Torr.

(*Py,,) + Cl~ characters are generally conserved in the
three-body reaction of Rg* (°P,,,;,,) + C1~ + He. This
means that the third-body He atom acts as only energy ac-
ceptor and relaxation from the entrance Rg * (°P, )+ Cl™
potential to the Rg* (*°P;,,) + Cl~ potential by collisions
with the third-body He atom is not so efficient. For the ex-

124
Kr* 2Py p)+Cl T —>
Kr* (2Py,) 401~ —>— &
10 =
| —
| =
I
T |
8- D Kr*:CI*
% '
6 6 - C B
e
4
w A KrCl
2 A
\ Kr+ClPy2)
X
%7 T
Kr + Cl( 2P3yp)

T T T T T T T
R (Kr-Cl)

FIG. 8. Potential diagram for KrCl. The potentials were sketched from
analogy to the XeCl potentials of Ref. 24. Low-lying state of Kr*, Kr * , and
CI* are shown to the right. The ion-pair energies, Kr* (*°P,,,,,,) + Cl ™,
are indicated by the two longer lines; the Band C curves go to the lower of
these and the D curve to the upper.

cimer formation, the attractive ion-pair potentials must pass
through a number of Rg* + Cl and Rg + CI* covalent-
potential crossings. If the ion-pair potentials strongly couple
with some of these covalent potentials, this coupling will
divert trajectories from the ion-pair potentials to products
correlating to the neutral fragments. The preferential forma-

12
10+ %e*(%Py2) 4 CI> = —
=0
Xe*(?P3,2)+C|'—>:—:——
* e
< xe* | ci*
A !
i
> @
E? 6
] [
& B
4~
XeCl
2 A
Xe +CI(2Pu2)
X
0] T~
Xe +ClI{P3s)

R (Xe-Cl)

FIG. 9. Potential diagram for XeCl and atomic Xe* and CI*. The XeCl
potentials were sketched from the information in Ref. 24. The B and C
curves are correlated to the lower Xe * (®P,,,) 4+ Cl~ ion pair and the D

curve to the upper Xe * (*P,,, ) + Cl~ one.
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tion of D by the Rg * (°P,, ) reactions and the selective for-
mation of B and C by the Rg* (°P,, ) reactions imply that
there are diabatically passes to form RgCl* from the ion-pair
potentials, even though many Rg* + Cland Rg + CI* po-
tentials are present and some of them can strongly interact
with the entrance ion-pair potentials.

The formation of KrCl(B,C) in processes (29a) and
(29b) suggests that an energy transfer takes place from the
upper Kr* (?P,,,) +Cl~ potential to the lower
Kr* (?P,,,) + Cl~ one. There are two possible processes
for the formation of KrC1(B,C) by the Kr+* (°P,,,) + C1~
reaction. One is collisional transfer by the third-body He
atom from [Kr* (?P,,,)Cl™ |* to [Kr* (?°P,;,,)Cl™ ]*
The other is intramolecular energy transfer from
[Kr*(?P,;,)Cl™ ]* to [Kr™ (*P;,,)Cl~ 1* through another
potential which intersects both potentials. Possible poten-
tials are Kr+ * 4 Cl~ 7, Kr* 4 Cl, and Kr + CI*, which
can couple with both the upper and lower ion-pair poten-
tials. The predissociation mechanism could also be involved
in the latter process for the KrCl(B,C) formation from
[Kr* (?P,,,)Cl~ ]*. If trajectories leave the KrCl(D) po-
tential as Kr* 4+ Cl or Kr + Cl* and if these trajectories are
diverted back to KrCI(B,C) at long range from the
Kr* (?P,,,)Cl~ potential, then KrCI(B,C) will be pro-
duced. A similar breakdown of Rg* (*P,,,) + X~ charac-
ter has been found in the two-body Kr * (?P,,, }/SF¢ ionic-
recombination reaction, in which the formation of the B
state must proceed through the latter intramolecular energy
transfer from [Kr* (*P,,,)SF, ] to [Kr* (°P,,,)SF, 1.7
It may therefore, be reasonable to assume that the intramole-
cular process as well as the collisional transfer process takes
part in the formation of KrCl(B,C) in the three-body reac-
tion. One reason for the low XeCl(B) yield from the
Xe* (*°P,,,) + Cl~ + He reaction is a large AE,, separa-
tion of 1.24 eV which will reduce the possibility of such a
collisional transfer process. As shown later, if XeCl(B) is
produced by the three-body reaction, the XeCl(B) forma-
tion must compete with both the XeCl(D) formation and
predissociation of [ Xe* (*P,,, )C1~ ]*. Thus the other rea-
son for the low XeCl(B) yield is competition of fast predis-
sociation of [Xe™ (*P,,,)Cl~ ]* into Xe* + Cl and/or
Xe + CI*.

The spin—orbit state selectivity for the excimer forma-
tion in reactions of metastable Rg (3P2'o) atoms with halo-
gen-containing molecules has been studied by Golde and Po-
letti*' and Setser and his co-workers.?>*? It was found that
Rg(®P,) atoms give only the B and C states, while Rg(*P,)
atoms give a mixture of B,C, and D states with B and D being
favored. These results have been generally explained by the
conservation of the Rg ¥ ion—core configuration during the
reaction; Rg(®P,) atoms would be expected to form
Rg* (*P;,, )X ~ ionic products in the B and C'states, where-
as Rg(®P,) atoms should yield the D state through an
[Rg™* (°P,,, )X~ ]*intermediate. The formation of Band C
from the Rg(®P,) reaction, which does not conserve the ion—
core configuration, was explained by a crossing between the
Q) = 0~ entrance channel potential from Rg(*P,) with an
Q) = 0~ potential arising from Rg * (°P,,, ) + X . The de-
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FIG. 10. A comparison of XeCl* and XeF* emissions resulting from the
Xe' (°P,4,,) +Cl- +He and Xe' (®P,,,,)SF, reactions at
[Xe* (P,2)]:[Xe " (*Py,;)] ratios of 1:1, 5:1, 9:1, and 1:0 for (a)-(d),
respectively (uncorrected for spectral response). The spectra were mea-
sured at a He buffer gas pressure of 4.5 Torr with optical resolution of 4.7 A.

gree of the D /(B + C) selectivity in the Ar(*P,) reactions
with various halogen donors has been measured as 0.53-
2.8.° In the Rg(*P,) + RX reactions, the crossing between
the two 2 = 0~ potentials must occur before the formation
ofthe [Rg * (*P, , )RX ™ ] intermediate. Since such a cross-
ing is unnecessary in the ionic-recombination reactions, a
higher propensity for the formation of RgX (D) can general-
ly be achieved.

C. Relative formation rate constants of RgCI(8,C) and
RgCi(D)

In order to examine the relative formation rate constant
of RgCl(D-X) from the Rg * (*P,, ) reaction and RgCl(B-
X,C-A) from the Rg™ (°P,,,) reaction, RgCl* emissions
from the three-body reactions are compared with RgF*
emissions from the Rg * /SF{ reactions by using a 1:10 mix-
ture of SF:CCl, as a reagent. As an example, Fig. 10 shows
XeCl(B-X,D-X) and XeF(B-X,D-X) emissions obtained
at various [Xe™* (*P,,,)]/[Xe* 1(°P;,,)] ratios. At the
lowest [Xe* (*Py;,)1/[Xe* (?Py,,)] ratio of 1:1 [Fig.
10(a)], the XeCl(B-X) and XeF(B-X) emissions are
dominant. With increasing the [Xe*(*P,,)]/
[Xe™* (?P,,,)] ratio by addition of the filter O, gas, the
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XeCl(D-X) and XeF (D-X) emissions are enhanced and the
XeCl(B-X) emission finally disappears. A significant differ-
ence in the B-X /D-X ratio is found between the XeF* and
XeCl* emissions, indicating that a large difference is present
in the kgyx(p)/Krex(z) ratio between the two-body and
three-body ionic-recombination reactions. When SF, was
introduced from a few mm downstream from the Xe gas inlet
in order to obtain a nascent intensity ratio between XeF (D-
X) from Xe* (®°P,,,)/SF; and XeF(B-X) from Xe*
(?P;,,)/SF¢ , the B-X /D--X ratio was ~ 2. This result, cou-
pled with that fact the [Xe * (*°P,,)]/[Xe* (°P, ;) | ratio
formed in the He(2S)/Xe Penning ionization is ~ 2, sug-
gests that there is no significant difference between the for-
mation rate constant of XeF(D-X) from Xe* (*P, , )/SFq
and that of XeF(B-X) from Xe* (>P;,, )/SF, . Similar re-
sults have been obtained for KrCl* and KrF* emissions.
Assuming that the formation rate constants of RgF(D-X)
fromRg* (*P, ,2)/SF, are the same as those of RgF (B8-X)
from Rg* (°P,,,)/SF, , the relative formation rate con-
stants of RgCl(B-X) and RgCl(D-X) in the three-body ion-
ic-recombination reactions are evaluated. The k,,. /%50, and
ks, / k53, ratios are estimated to be 0.23 4 0.03 and 0.053
+ 0.010, respectively, by comparing the integrated intensi-
ties of RgCl* emissions with those of RgF* emissions. These
ratios and the nascent B:C:D distributions of RgCl* give
(Kyoa + Kooy + Kaoe )/ (K3oa + K30p) = 0.20 £0.03,  kyo./
(kyoa + K30p) = 0.14 1 0.02, (kyp + k3pp)/ (K33, + k33p)
= 0.033 + 0.06-0.035 +- 0.06, and ks,,/ (K33, + K335)
= 0.033 + 0.06.

There are two possible reasons for the smaller formation
rate constants of RgCl(D) from Rg* (*°P,,,) + Cl~ -+ He
than those of RgCl(B,C) from Rg* (*P;,,) + Cl~ + He.
One is that the total rate constants of
Rg* (?P,,,) +Cl- + He are smaller than those of
Rg* (°P,,,) + Cl~ + He. The other is that predissociation
rates of [Rg*'(*P,,,)Cl"]* into Rg*+ Cl and/or
Rg -+ CI* are faster than those of [Rg™* (°P;,,)C1™ ]*. In
order to examine the former contribution, various Rg/CCl,
mixtures were introduced from the first gas inlet to form
RgCl(B,C,D) excimers and a small amount of SF, was in-
jected from the second gas inlet to monitor residual
[Rg* (*P,,,)]/[Rg* (°Py,,)] ratio by observing the
Rg* (*P,,;,,)/SF¢ reactions. For example, Figs. 11(a)
and 11(b) show the XeF (B-X,D-X) spectra observed with-
out and with CCl, mixing, respectively. Although the
XeF (B-X,D-X) emissions reduce their intensities by addi-
tion of CCl, by a factor of ~4 as shown in Fig. 11(b) due to
quenching of Xe™* (?P,,,,,,) by the three-body ionic-re-
combination reactions and the Xe * (*P, ,3,, )/CCl, reac-
tions, the XeF (D-X)/XeF (B-X) ratio is essentially identi-
cal. When the XeF(B-X,D-X) emissions from the
Xe* (?P,,,4,, )/SFq reactions were measured by using var-
ious SF./CCl, mixtures, the D-X /B-X ratio was indepen-
dent of the relative concentration of CCl,. This implies that
there is no significant difference in the total rate constants
between the Xe * (°P,,,)/CCl, and Xe* (*P,,,)/CCl, re-
actions. On the basis of above findings, the total rate con-
stants of Xe* (?°P,,,) + Cl~ + He and

XeF(B-X)

XeF(D-X) ()

(b)
XeCl(B-X)

1 1 1 1 1 ) 1 1 1

220 240 260 280 300 320 340 360 380 nm

FIG. 11. XeF* emissions resulting from the Xe * (*P, ,;,,) + SF, reac-
tion (a) without CCl, mixing and (b) with CCl, mixing from the first gas
inlet at a He pressure of 1.3 Torr (uncorrected for spectral response ). Opti-
cal resolution was 4.7 A.

Xe* (P, 2 ) + Cl™ + He are nearly the same and the small
XeCl(D-X)/XeCl(B-X) ratios are attributed to the fact
that the entrance Xe* (°P,,, )Cl~ potential correlating to
XeCl(D) suffers more loss via competition with predissocia-
tion than do the Xe * (*P;,, )C1~ potentials correlating to
XeCl(B,C). A similar result was obtained for the KrCl(D-
X)/KrCl(B-X) ratio in the Kr* (®P,,,,,,) + Cl~ + He
reactions. When emission spectra resulting from
Rg* (®P,,53,,) + Cl~ + He were observed in the 190-600
nm region, neither strong Rg* nor Cl* were detected. There-
fore, it is reasonable to predict that most of Rg* and/or CI*
atoms produced through predissociation are located in ei-
ther nonemitting states or emitting states outside the present
observation region. The metastable Rg(°P, , ) atoms can be
removed from the possible candidates as shown in Sec.
I A.

The formation rates of Rg* and C1* must depend upon
the crossing points of the ion pair (RgCI*) and relevant
Rydberg (Rg* + Clor Rg ++ Cl*) states and the strength of
the coupling between each pair of states. Assuming that the
Rg* + Cl and Rg + CI* potentials are simply repulsive, 12
and 28 Kr(®P,) + CI(?P,) and Kr('S,) + CI* potentials
can intersect the KrCl(B,C) and KrCl(D) potentials, re-
spectively,whereas three Xe(*P,;) + CI(*P;) and 19
Xe(®P,) + CI(?°P;), Xe('S,) +Cl*, and Xe(6p)
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+ CI(*P;) potentials can cross the XeCl(B,C) and
XeCl(D) potentials, respectively (see Figs. 8 and 9). The
crossing points for the formation of Rg* and CI* occur at
shorter internuclear distances for RgCl(D); hence, the
strength of the interactions is stronger. Since more predisso-
ciation channels are open and the interactions between the
ion-pair potential and the dissociative Rydberg potentials
are stronger for the upper RgCl(D) potentials, the predisso-
ciation rates of [Rg * (*P, , )C1~ | * will be faster than those
of [Rg* (?P,,,)Cl™ ]*. This is consistent with the lower
RgCl(D) yields from Rg™* (°P,,,) + Cl~ + He than the
RgCl(B,C) yields from Rg * (°P;,,) + Cl~ 4 He. The dif-
ference in the predissociation rate will be enhanced with in-
creasing the AEz, value (AEg, ~0.7 eV for KrCl* and 1.24
eV for XeCl*), because the difference in the number of pre-
dissociation channels becomes large. This can explain the
present observation that the relative formation rate constant
of XeCl(D) from Xe* (®°P,,,) + Cl~ + He to that of
XeCl(B,C) from Xe* (°P,,,) + Cl~ + He is smaller than
that for KrCI* by a factor of 4.2.

D. Summary

Appropriate filter gases were used to prepare one of the
spin-orbit states of Rg * (*P, , 3,, ) in the flowing afterglow.
The spin-orbit state selectivity was studied for the three-
body ionic-recombination reactions of Rg* (*P,,,,,,)

+ CI™ 4 He. The KrCl* and XeCl* product state distribu-

tions from the two spin—orbit states show a propensity for
the D(Q = 1/2) state formation by Rg* (*°P,,, ); the Rg *
(*P,,,) reactions give only the B(f2 =1/2) and C(Q
= 3/2) state products. These selectivities have been ex-
plained by conservation of Rg* (*°P,,,) + Cl~ and Rg*
(*Py,,) + Cl~ characters. The degree of conservation of
spin—orbit state selectivity depended upon the reaction sys-
tem. A high conservation of Rg* (®P,,,3,,) + Cl~ char-
acters was found for the D state formation by Xe* (*P,,,)
+ Cl~ + He and for the B and C state formation by
Rg* (*Py;;) + Cl™ + He for both Kr* and Xe™*. Mean-
while, a breakdown of the Kr* (ZPl ,2) + Cl™ character
was found for the Kr * (*P,,, ) + Cl~ + He reaction. It was
attributed to collisional transfer from the Kr* (?P,,,)Cl-
potential to the Kr * (*P;,, )Cl~ one and/or intramolecular
energy transfer from the Kr* (?P,,,)Cl~ potential to the
Kr* (*P,,,)Cl~ one. The relative formation rate constants
of RgCl(D) from Rg* (*P,,,) 4+ Cl~ + He to those of
RgCl(B,C) from Rg* (*P;,,) + Cl~ + He were estimated
by reference to RgF(B-X,D-X) emissions from
Rg* (°P,,3,,)/SF¢ . The ky.cypy/kxrciney Tratio in the
Kr* (?P,,53,,) + Cl~ + He reaction, 0.14 +0.02, was
larger than the KAy.cpy/Kxecisey ©One in  the
Xe* (*Py,53,,) + C1™ + He reaction, 0.033 + 0.006. The
smaller ratio in the latter reaction was interpreted as due to
faster predissociation of [Xe* (*P,,)Cl~ ]* into Xe*
+ Cl and/or Xe + CI* than that of [Kr* (?P,,,)Cl "~ |*
into Kr* + Cl and/or Kr + CI*.
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