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Vibronic optical emissions from CSEAI — X!=*) and CS(&1 — X!=*) transitions have been identified

from dissociative recombination (DR) of ¢Sand HCS" plasmas. All of the spectra were taken in flowing
afterglow plasmas using an optical monochromator in the-digible wavelength region of 186800 nm.

For the CS(A— X) and CS(a— X) emissions, the relative vibrational distributions have been calculated for

v < 5andv < 3in both types of plasmas for the CS(A) and CS(a) states, respectively. Both recombining
plasmas show a population inversion from #e= 0 to v/ = 1 level of the CS(A) state, similar to other
observations of the CS(A) state populations, which were generated using two other energetic processes. The
possibility of spectroscopic cascading is addressed, such that transitions from upper level electronic states
into the CS(A) and CS(a) states would affect the relative vibrational distribution, and there is no spectroscopic
evidence supporting the cascading effect. Additionally, excited-state transitions from neutral sé@r—(S(

3P,) and SPS) — 3Py)) and the products of ieAmolecule reactions (CSEB" — AI), CSH(B2=+ — AZI),

and CS* (A1, — X2I1y)) have been observed and are discussed.

1. Introduction state crossing, was not calculated and therefore detailed
information is still needed to determine the likelihood of the
suggested tunneling mechanism. In addition, Rosati &t al.
guantitatively assigned the total emission intensity from the

studies of this process, a considerable amount of effort has bee easured ,MB - A) with a yield 19%t 8% originating from
devoted to determining the recombination rate coefficients, he NZ(B’_” = 1). o ) o
including a few as a function of temperatdré2 and more There is also some indication of a tun_nellng mechar_usm_ in
recently, effort has been directed to determining the neutral the case of the CO(a) state produced in the recombinations
product (ground electronic state) distributidds** Since DR HCO'/DCO".“¢ However, it was not possible to determine the
is an energetic process, often the products can be in electroni-elative population of the resonant level (because of spectral
cally excited states. Information on the states populated, andline overlap) although there is some indication of an enhance-
vibrational excitation in these states, suggests reaction mechament as this level is approached. Theoretical calculations are
nisms and puts constraints on theory. For example the recom-available for this system, although there is disagreement as to
binations of NH™ and ND* result in the population of the ~ where the ion potential surface (represented as a curve) is
N2(B3I1y) state which undergoes a radiative transition to the crossed by the repulsive curve to ground state prodééiNo
A33,+ state?® Observation of these emissions, together with the detailed information is available for dissociation to the CO(a)
known Franck-Condon factors for the transition, led to a state; however, calculations with approximate poterittalave
determination of the vibrational population distribution of the given reasonable agreement with the experimental vibrational
B state populated in the recombinations. Comparison of the ratio distribution.

Dissociative electron-ion recombination (DR) is an important
ionization loss process in many plasmas varying from the
interstellar medium (ism) to those used as gas ldsérén

of the population distributions produced with#" and ND* An example of the applied significance of these recombina-
has shown that the relative population6f= 6 for NH™ is tions is the observation of CO {a X) Cameron band emissions
enhanced by a factor of1.6 over the population for D" at from the Red Rectangle of the interstellar medffhese show

300 K, increasing dramatically to 6 at 100'k?°The energy ~ a CO (a) state vibrational population distribution very similar
level for »" = 6 is closely resonant with the vibrational ground  to that observed in the laboratory from the HC@combination.
state ¢ = 0) of the recombining BH* ion and this accidental  yan et al?® have analyzed this situation in detail and concluded
resonance strongly suggests a mechanism involving quantumthat this recombination is indeed the source of the interstellar
tunneling through a barrier between the bound ionic potential emissions, the first time an individual chemical reaction has
surface and the repulsive dissociative curve to the produgts N peen observed outside the solar system. This lends strong
(B®[g) and H. Such a scenario was suggested by Bates as gndependent support of the widely accepted view that interstellar
general possibility prior to this work™*® Recently, potential  chemistry is driven significantly by ionic reactions. This
energy curves (A and W) for the products M H have been  conclusion was previously based on the general agreement
calculated for the BH*/e” systent® Unfortunately, the b B between overall model calculations and observed neutral
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sulfur37-5% How much C$ is contributing to the total cosmic  maximizes the mixing of the SFprior to the formation of the
abundance of sulfur is unknown, but recombination studies of recombining ion; thus, DR is nearly completely quenched. All
CSt and HCS' could give insight into the existence of the of the other reactant gas ports are ring ports facing upstream so
molecule and possibly its contribution to the ism. Like £O that the gas is uniformly dispersed in a small axial distance.
CS; is symmetrical, thus rendering it unobservable in the The details of the spectroscopic techniques have recently been
microwave and infrared regions available in the ISM, but recent published’® In these studies Ar, il and C$ were consectively
work has proved the presence of fiiscomets by identification added to the He flow as discussed in section 2.1. All of the
of UV emission lines$® In addition, CS and S have been measurements were conducted at room temperature, although
observed in the ish§ and cometary comd&@.These are both  the apparatus has the capability to operate between 80 and 600
products of the DR of C8, which may point to the existence K. Reactant gases were used as supplied by the manufacturer
of CS in the ism. (National Welders Supply Co.) and, in all cases, were further
In order to try to establish general trends in the DR process purified by passing through molecular sieve traps at low
and also to gain knowledge about charge-transfer mechanismgemperature (80 K for He (99.995%) and £99.999% purity)
of ion-neutral reactions (i.e., long range versus an intimate and 200 K for Ar (99.999% purity)). G99.9% purity) was
encounter) we have continued to investigate recombination freeze-pump-thawed several times before use.
emissions with studies of the gSrecombination analogue of 2.1. Plasma Kinetics and Spectral EmissionsHet and
CO;* studied previousB—64and HCS', which is moving the helium metastable atoms, Mevere produced in the discharge
studies to more complex protonated ions. This additionally and studies were conducted at about 2 Torr to ensure that most
enables the effect of the protonation on recombination to be of the He" was destroyed a short distance downstream by the
assessed. association reaction

+ +
2. Experimental Section He + He+ He—He, +He

_ —31 . 61
The studies were performed using a flowing afterglow, the k=1x10"cm’s ™ (1)

basic features of which have been described in detail previ- Note thatk is the reaction coefficient and is termolecular for
ously?>%¢and this detail will not be repeated here. Briefly, He eq 1 and bimolecular for the rest of the chemical equations. Ar

is passed through a microwave discharge ionization source, andyas added further downstream to destroy,Hand Hé' by
the plasma and remaining He proceeds along the flow tube to

a downstream mass spectrometer under the action of a RootHe,” + Ar — Ar” + 2He k=2.0x 10 Pcm’s™  (2)
pump. At a series of positions along the tube, measured flows

of various reactant gases can be added and the chemicaHg™ + Ar — Ar™ + e+ He

reactions m_oni;ored by_ the mass spectr_ometer/ion det_ection k=7x 10 Yemst (ref 71) (3)
system. lonization density can be determined as a function of

distance along the flow tube using an axially movable Langmuir creating an At/e plasma, with only a small presence of e
probe®”®® At a position downstream in the flow, photon approximately 0.2% of the total ion density at the addition point
emissions from the afterglow plasma can be observed by of CS,. CS vapor was added to produce the recombining ion
focusing those emissions onto the entrance slit of an optical CS;*

monochromator (Action Research Corporation model AM-506),

spectrally dispersed and detected by a cooled photomultlpherAr +CS,— —S"+ CS+ Ar 93% (4)
(Products for Research housing with an EMI 9816QB photo- _ 10 .3 1

multiplier) followed by photon counting, by a gated photon k=3.7x10"cm's ~(ref 72)
counter (Stanford Research Systems Model SR400). A reactant — CSZ+ + Ar 7% (5)
gas inlet ring port facing upstream is situated just downstream

of the monochromator viewing region so that the emissions can Note also that S reacts further by

be produced in a very localized region; a He flush is added to

this flow to optimize the chemistry in the emitting region. A S™+CS,—~S," +CS  52% (6)
port is located further upstream in the flow tube through which k=14x 10 cms

known flows of reactant gases can be pulsed to produce slugs

of reactive gases in the flow; this was used in previous —>CSZ++S 48% ©)

spectroscopic experiments to distinguish emissions from specific

reaction$®70 |n this mode, two photon counters are used one as measured in our laboratori@sNote that rate coefficients

of which collect counts when the pulsed gas is absent and the(k) and the percentage product distributions were obtained from
other when it is present. Counting on each point in the scan is literature compilationg? unless otherwise indicated by a refer-
done until a predetermined signal-to-noise ratio is achieved, suchence after the rate coefficient;’Sand C$* then only react
that each point with signal is just as statistically accurate as the slowly with CS by association and are available to recombine
next, see Williams et al. and Mostefaoui et al. for deté¥. with electrons. Ground state’Scan only recombine to give S
For these experiments-al% Sk/He mix was pulsed into the  atoms with an available energy of (4.95 eV). It is only
flowtube and used to attach electrons and quench the DRenergetically possible to produce low-lying, nonradiating states
process, as described previou&lyBriefly, the difference  of S. These accessible statéSy( D, and®Py 1 ) are all in the
between the SfFabsent versus present in the flowtube, is the ground electronic state (8p*) configuration of S.

signal originating from the DR process, thus enabling the DR~ The HCS* recombining ion was produced by adding td
emissions to be distinguished from all other emissions. The the flow tube downstream of the Ar but prior to the8hence
pulsed gas port is a single tube facing upstream and locatedthe reaction sequence is

just upstream of the monochromator viewing region. The N N 03 1

location and orientation of the pulsed gas port are such that it Ar'+H,—~ArH" +H k=89x10 "cm's " (8)



936 J. Phys. Chem. A, Vol. 112, No. 5, 2008
ArH" + H,—H;" + Ar k=6.3x 10 Pcm®s™ (9)

H," + CS,—~HCS," +H,
k=6.8x 10 *cm®s ! (ref 72) (10)
A small percentage of # (2%) is also generated in reaction
8, but this is rapidly converted tog4 by reaction with H.”3

For CS*™ and HCS*' recombination, the following channels
are energetically possible:

CS,"+e—S+CS+551leV (11)
—C+S,+257eV (12)

and
HCS," + e—H + CS,+ 6.53eV (13)
— SH+ CS+ 7.35eV (14)
—CH+S,+251eV (15)
— S+ HCS+ 4.02eV (16)

but are not necessarily all significant. Energetics refer to ground_lj\lote that when electrons are absent negative ions are present

state products and have been calculated using data from NIS
compilations’* The reaction sequences producing these ions

have been modeled kinetically as a function of distance along
the flow tube for the neutral concentrations used in these studies
and the ion concentrations are plotted as a function of distance

in Figure 1. In the C8&" formation case, CS is the dominant
ion by a factor of 1.33 overZS. In any case, as noted earlier,
ground state 8 recombination can only yield S atoms in
nonradiative states. The next most abundant iofl, &srnearly

2 orders of magnitude smaller in this region and has a slow
recombination rate. Thus, it is not competitive. In the HCS
case, prior to the introduction of GShere is some remaining
He", 1 order of magnitude lower thansf which can react
with CS,

He"+CS,—~S"+CS+He 58%
k=2.0x10°cm’s™ (17)
—CS"+S+He 31% (18)
—C"+S,+H 11% (19)

The S and CS products react rapidly, 1.4 1079 cm® st

and 1.3x 107° cm? s™1 respectively, with Cggenerating $"
(52%) and C8" (48%) from the $ reaction and 100% GS
from the CS reaction’? Even with this generation of GS,

for this case, its number density is still more than 30 times less
than HCS', the ion of interest, thus interfering emissions are
relatively insignificant. Following the small product channel
(19), the C reacts with Cgto produce CS and C', 91% and

9% respectively, yet these ion concentrations are insignificant

compared to the magnitude of HESThus, it can be seen from
the modeling that HCS is by far the dominant ion.
3. Results and Discussion

Spectral scans from the @9e and HCS'/e plasmas were
acquired over the wavelength range ¥&D0 nm, and the

wavelength regions where there were significant emissions are

shown in Figures 2 and 3.
Over the range of 180800 nm, the identified emission
features are the CSEN — X1=t), SES) — 3Py), SES, — 3Py),

Molek et al.

CS(I1 — XI=h), CS(B=T — Al), CS(BZ' — AT)), and
CS, (A2, — Xg). Obviously the ion emissions can only
originate from ior-molecule reactions, whereas the neutral
emissions can originate from these or from DR. The origins of
the neutral emissions were determined in several ways. For
example, for the CS(A~ X) emissions, the spectrum over the
wavelength range 24290 nm was obtained, see Figure 4.

To distinguish emissions from processes involving electrons,
a ~1% mixture of Sk in He was pulsed into the flow tube,
just upstream of reactant port 4 (£&ddition point), while
accumulating the counts at each wavelength when tkev@s
absent and present. Wheng3$-present, the electrons are rapidly
attached to form mainly SF with a small amount of Sf 7576
and DR is quenched, thus quenching the emissions from that
source. Therefore, subtraction of the counts when electrons are
absent from those when electrons are present gives a spectrum
due only to processes involving electrons, which in this case is
limited to the DR process. Additionally, this differencg) (
between Skout and Sk pulsed in is integrated until §0S of
10 is achieved, wheréSis the statistical error associated with
counting’® An example of the DR spectrum (i.e., spectrum of
the difference) and integrated spectrum is shown in Figure 4.

The details of this technique have been published recéhtly.

and thus ior-ion recombination can occur. Any emissions from
this process would have appeared as negative going counts,
which were not observed. This process is not expected to be
very significant, since the recombination rate coefficients are
typically 1 order of magnitude smaller than DR rate coef-
ficients/” Also, less energy is available by the electron
detachment energy of the negative ion, giving less chance for
electronic excitation. The icehion recombination process is
generally considered to proceed by electron transfer at long
range and so would only produce the neutralized ions. However,
there has been no evidence of such emissions in the region of
the CS(A— X) transitions. With the amount of $Rdded to
cause rapid attachment, there would have been no significant
effect on the ion chemistry, since rapid attachment coefficients
are typically 2 orders of magnitude larger than for-enolecule
reactions.

To further confirm that the CS(A> X) emissions were only
from DR, the discharge cavity was moved to change the
upstream ionization density and thus the electron density, [e],
in the flow tube. The density just upstream of the,@8dition
point was determined using the axially movable Langmuir probe
operating in the orbital limited regidi¥,and the spectrum was
determined at each density with a separate determination of the
intensity of a series of the spectral peaks including one resulting
from each' populated. For a recombination source of the
emissions, intensity is proportional torJle] or [e]? for a
recombining ion density which is a constant fraction of [e]. The
relationship between intensity and electron density is developed
below:

A e+
=— w] for quasineutral plasma
[e] =[+] (20)
d[product]

O intensity(] []? (21)

dt

Figure 5 shows a loglog plot of intensity versus [e] for a
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Figure 1. Kinetic modeling of the ion concentrations as a function of position along the flow tube for typical conditions under which the spectral
studies were made. Distance 0 cm onxaxis indicates the position of the plasma source (i.e., microwave discharge) (a) For an HefAa&D$a
and (b) for an He/Ar/HICS; plasma. Typical neutral concentrations were [Ar}.5 x 10 molecules cm® (added at port 2), [/} = 1.0 x 10"
molecules cnm? (added at port 3) and [GB9.0 x 10" molecules cm?® (added at port 4) with a He pressure of 2 Torr. Note that spectroscopic
emissions are observed in the vicinity of the,G8ldition point. Details of the ion concentration variations are discussed in the text.
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Figure 2. Spectral scans in the range of 180 to 800 nm for the’CS  Figure 3. Spectral scans in the range of 180 to 800 nm for the HCS
recombining plasma. The major emission features are indicated. Theserecombining plasma. lllustrated are the major emission features. These
have been rescaled and plotted in four different graphs, labeted a  nave been rescaled and plotted in four different graphs, labeted a
corresponding to each feature on the main scan. corresponding to each feature on the main scan.

series of vibronic transitions which is linear with a slope of 2 tional levels have been identified for CS(A X) and CS(a—
indicating a recombination source for the CSfA X). Here X) in spectra of the C8/e and HCS'/e plasmas, Figures 6
the only possible source is reaction 11. In contrast to this, the and 7.

dependence of the GS emissions on electron density for These observed vibrational levels are all energetically acces-
various vibronic transitions are also shown in Figure 5. These sible for both CS(A) and CS(a) states with the exception’ of
have a slope close to one as expected for ar-foolecule = 6 (CS(A) state) from the GS/e plasma. This emission is

reaction source (Ar + CS), such as reaction 5. Note, that relatively weak, 2% of the main (0,0) transition, but may be

emissions from iormolecule reactions are independent of the due to residual internal energy in €S The residual internal

pulse valve operation. Therefore, these emissions get subtracte@nergy could be quenched by the addition of excess T

out from the signal (S= A — B) collect for emissions from extra C$ would react with the internally excited GS(CS*)

DR products, thus are not a source of interference. in a charge-transfer reaction that would leave the excess energy
Emissions from the DR process give rise to two main in the neutralized CS see below:

electronic transitions which arise from the dominant energy

channels, 11 and 14. The additional energy beyond the energy CS;* + CS,—CS* + C%+ (22)

needed for electronic excitation to CS(A) and CS(a) states can

go into kinetic and internal energy of the molecule. Assuming Evidence for the above reaction could be obtained by monitoring

all energy goes into internal energy, the vibrational leveF the intensity of transitions, produced by DR, with the addition
5 (CS'/e) andy' = 24 (HCS'/e) of the CS(A) state can be  of excess C§ If internal excitation existed, then the intensities
energetically accessed. For CS(@)= 17 (CS'/e) andy' = for the scanned transitions would change because of quenching

37 (HCS'/e) are energetically accessible. The observed vibra- the internal excitation and an effective reduction of the intensities
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Figure 4. Shown are vibrationally resolved CS(A-X) emissions, Figure 6. Major vibronic (, ) emission features from the CS(A
generated following electron recombination of £SThese emissions ~ —~ X'=") transition in a C&" recombining plasma(red) and a HES
were obtained by pulsing $finto the Ar‘/e plasma upstream of the ~ '€combining plasma(black).

CS addition point to attach electrons forming negative ions and

quenching DR emissions. These emissi@sye the only ones evident &0 CS(@T~X'r) 3
in this wavelength range and some of the vibrational states'() are 8= |5
indicated.§0Sis also shown, which represents the constant signal-to- i gé sl i
noise ratio in the spectrum achieved by appropriately changing the count 3 s:gﬁ | 23 2%; J
period. In this case, photon counts have been accumulated at each ® sde 188 e2d| i s
wavelength until agdS ratio of at least 10 was achieved. Note, * = i | (T HCS, e
indicates where the predetermin&®dS could not be achieved in a B2 {1 E. Ao N CS; +¢
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%.-; * 22 zy 1 & Slope = recombining plasma(black). These features arise from a spin forbidden
E‘ 104 transition resulting in lower intensity features than those from the CS-
E (AT — XI=) transition, Figure 6.
A
i /;/e* . 0N, FCF 23)
)
where v is the frequency of the transition amd, is the
0.1 population of vibrational level’. These relative distributions

10° Blectron Density (erm”) 10" 310" are shown in Table 1. o _ _ _
Figure 5. Intensity change due to a variation in the electron density For the C,;S(A) SIat?’ there is an increase n rglatlye populgtlon
for a series of ', v'") transitions. The slope of the data on a+dgg from th? vo= 0 o = 1 for both recombining lons. Th|§
plot indicates the type of reaction, iemolecule or DR, that is population inversion has been observed before in previous
producing the emissions. A slope of 2 is indicative of the DR process, studies where the CSEN — X1=*) was produced by dissocia-
yielding CS(A-X) transitions. A slope of 1 is due to iemolecule tive excitation of C$, by electron impac® and by the reaction,
reactions, seen in the @S(A-X) transitions (see section 3 for further Ar(3P,) + CS. 1t is noticed that, in the HGS recombination
explanation). the v/ = 1 has a greater population inversion, which maybe

. . N due to the higher energy associated with this recombination.
would be observed. This effect is not seen in Figure 8, where Also interesting to note is the increase in relative population

the CS(A— X) transitions are monitored at a €8umber oing from they’ = 3o/ = 4 (HCS), which is not observed
density as used in the experimental data presented and at g, (e CS' case. This change was r;ot observed by Zubek et
number density of C&that was four times larger for both ¢Se al.’8 or Xu et al” The reason for this behavior is unknown to
and HCS /e plasmas. It can be seen that there is no change inthe authors. The distribution for the CS(a) state only goes to
any of the transitions indicating the absence of internal — 2 gue to the lack of availability of FCF for other transitions.
excitation. Note that, in the GSplasma, the change is so small | is noticed that there is a population inversion that increases

that the two spectra are on top of one another. The possibleyth increasing’ in the CS* plasma, yet this is not observed
explanation for the occupancy of the= 6 level is that there in the HCS* plasma.

is energetically a small percent (2%) of molecules fromahe The S | emissions at wavelengths of 190.04 and 191.47 nm
= 5 level that will occupy the’ = 6 level. This is based on  are equivalent to a transition energy of 6.52 eV. Neither the
the room-temperature Boltzmann distribution for tie= 5 CS*' nor HCS' DR (egs 11 and 16) have sufficient energy to

level; therefore, emissions from thé = 6 level are not  produce the sulfur transitions observed. The other possible
surprising. The identified vibrational transitions along with source may be an iermolecule reaction, yet the ledog plot
available FranckCondon factors (FCF) for the electronic of intensity versus [e] has a slope of 2, which corresponds to
transitions were used to calculate the relative vibrational the DR process. Note this plot is not shown to avoid repetition
distribution due to the similarities to the plot of the CS(A X) transitions
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Figure 8. Spectra of C8/e recombining plasma (a) and HC& recombining plasma (b) taken in the region of the CB[A> X=") transition,

at both a high number density (red) of £&nd the lower number dens

ity used in experiments (black). There is no change in intensity of the

transitions between the number density used in the experiments and a number density that was four times larger. This is evidence supporting the
absence of additional excitation in the recombining ion (see the text discussion referring to eq 22 for a detailed explanation).

TABLE 1: Relative Vibrational Distributions for CS(A I —
X1X*) and CS(@II — X1X*) Transitions Originating from
DRa

relative distribution relative distribution

CS(ATI — X15¥) CS(&I1 — X13¥)
v cs* HCS* v CcS* HCS*
0 1.000 1.000 0 1.000 1.000
1 1.075 1.262 1 1.200 0.900
2 0.800 0.952 2 1.400 0.900
3 0.500 0.643
4 0.500 0.762

aThe electronic transitions are presented for both recombining
plasmas, C8/e- and HCS'/e". All vibrational levels are normalized
to the' = 0O level.

in Figure 5. Since there is no evidence for excitation in the
CS" recombining ion (Figure 8), the other possibility is
excitation in $*. However the only source of,Sis eq 6 and
there is not enough energy involved to excite ® where DR
of S;™ will produce the emissions observed. This leaves only
radiative recombination of'Sto produce the emissions, yet this
is thought of as being a very slow process. Overall there is no
spectral interference from this source with the recombining ions
of interest since the all radiative emissions from S atoms are at
shorter wavelengths than emissions of interest (i.e., CS(A
X) and CS(a— X)).

Another transition that was identified as being due to ar-ion
molecule transition was the CE8B2=" — AZI,) in the region
of 405-415 nm. The C$(BZ=+ — AZI;) vibronic transition
intensities were observed to vary proportionally to the electron
density on a log-log scale, similar to the GS transitions, as
expected from iorrmolecule reactions. Vibronic transitions
(0,0), (1,1), and (2,2) for this transition have been observed in
previous work by Yencha et &.In addition, the CS(&&+ —
A1) transition has been identified in the region of 3320
nm as well using previous work by Yencha ett@&Both of
these transitions have been identified as coming from the He
+ CS; reaction by Yencha et al. The comparison between the
results from this study and the results from the Yencha et al.
study agree that the CE2Z" — AZ[l) transitions are
originating from ion-molecule reactions. This latter study also
finds no evidence for these emissions originating from DR.

4. Conclusions

It has been shown that dominant emissions from the CS-
(AT — X1=*) occur in both the C8/e and HCS'/e plasmas.

From these emissions relative vibrational state distributions have
been assign up to thé = 4 level. The increase in the population
inversion fory’ = 1 in the HCSt/e plasma compared to that

in the CS*/e plasma is consistent with the higher energy
associated with the HGS recombination. Also consistent with
the higher recombination energy are the greater relative popula-
tions in the HCS'/e case than the case £& foro' > 2 levels.
There is evidence for the vibrational transition from the= 6

in CS;*/e plasma, yet this is only one quantum number (0.12
eV) above the highest energetically accessible 5 level, in
which a small percentage can occupy the= 6 level from the

v' =5, according to the room-temperature Boltzmann distribu-
tion. Comparing spectral intensities at two 8mber densities,
one at experimental concentration and one higher, gives no
indication of internal excitation in the recombining ion, Figure
8. In addition, this vibrational levely’ = 6, is only 2% of the
main transition. Everything being considered, it is not a strong
indication of internal excitation.

The issue of cascading must be addressed, for the case of
the HCS'/e plasma there is enough energy to populate the
singlet CS(A, v' < 7) and the triplet CS(&X", v/ < 46), CS(d
3A, v < 26) and CS(&, v/ < 22) states. Starting with the
CS(A) state, there is a possible contribution to the singlet CS-
(A) state transitions from(,0), yet these were looked for and
no significant peaks were observed. The next contributions
considered were transitions from the triplet states, GSG5-

(d), and CS(e)), to the CS(a). These fall in the range from-400
800 nm for the ', 0) transitions. From 580800 nm, there are

no features corresponding to any of these transitions, but from
400-580 nm, it is difficult to tell due to overlapping transitions,
from ion—molecule reactions. In the case of the,€plasma,
there is less energy available from the DR, thus the Q3fjate

is not accessible and the only accessidleevels in the triplet
states are CS(a=", +/ < 18), CS(d3A], v < 12) and
CS(e=, v' < 8). None of the ¢, 0) transitions were observed,
yet this maybe be due to unfavorable Fran€ondon factors
and to the authors knowledge these are not available in the
literature. Thus there are not any conclusive findings to say that
these higher energy triplet states are contributing to the CS(a)
state vibrational population.

In summary, it was concluded that the emissions at 190.04
and 191.47 nm wer S | transitions. These transitions are
associated with DR, which is possibly from radiative recom-
bination of the S ion generated in Ar + CS; reaction. Next
the CS (a— X), which is the only spin forbidden transition
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seen, yet this shows that slower emitting transitions are observedexperiments and Applicationg/olf, A., Lammich, L., Schmelcher, P, Eds.;
and that detection of other slow radiative decays could be 'stitute of Physics: London, 2005, J. Phys. Conf. Series 4, pp-188.

(20) Rowe, B. R.; Queffelec, J. L. IDissociatve Recombination:

obtained, yet none were observed. It should be noted that bothTheory, Experiment and Applicatigriditchell, J. B. A., Guberman, S. L.,

the CS(a— X) and CS(A— X) transitions have been identified
as originating from the DR, whereas the £5A — X)
transition has been shown to arise from-tanolecule reactions.
Other transitions originating from iermolecule reactions are
the CS (Bt — AZI;) and CS(BXt — AMI), presumably
from the He reaction with C$ as seen in the literatufé.
There is evidence of GSin cometary coma€’ It is not
unreasonable to assume that the protonated formH@Sists

Eds.; World Scientific: Singapore, 1989; pp 1531.

(21) Queffelec, J. L.; Rowe, B. R.; Vallee, F.; Gomet, J. C.; Morlais,
M. J. Chem. Phys1989 91, 5335-42.

(22) Adams, N. G.; Herd, C. R.; Geoghegan, M.; Smith, D.; Canosa,
A.; Gomet, J. C.; Rowe, B. R.; Queffelec, J. L.; Morlais, MChem. Phys.
1991, 94, 4852-4857.

(23) Queffelec, J. L.; Rowe, B. R.; Morlais, M.; Gomet, J. C.; Vallee,
F. Planet. Space Scl985 33, 263-270.

(24) Vallee, F.; Gomet, J. C.; Rowe, B. R.; Queffelec, J. L.; Morlais,
M. In AstrochemistryVarda, M. S., Tarafdar, S., Eds.; Kluwer: Dordrecht,

there also. Evidence for smaller fragments of these molecules1987; pp 29-30.

have also been seen, making the study of the recombination of

these two molecules important in determining the contribution

(25) Rowe, B. R.; Vallee, F.; Queffelec, J. L.; Gomet, J. C.; Morlais,
M. J. Chem. Phys1988 88, 845-850.
(26) Vejby-Christensen, L.; Andersen, L. H.; Heber, O.; Kella, D.;

to interstellar molecules, both neutrals and ions. This information Pedersen, H. B.; Schmidt, H. T.; Zajfman, Astrophys. J1997, 483, 531—

will guide the theory of these two recombination processes and >40:

possibly give insight into determining the potential energy
surfaces for these recombinations.
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