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CH(A2A-X2IT, B2Y —XI,, and C2x*—X2[L) and Ca(d3[Ig—ad[l, CUl—AlUl,, e3[lg—adll, and
D1%,*—X!%*) emission systems have been observed by dissociative excitation of C2Hs by collisions
with metastable Ne(3P2:16.62 and 3P¢:16.72 eV) atoms in the flowing afterglow. The emission
rate constants of CH(A,B,C) and C2(d,C,e,D) were determined to be 1.72 and 10.2 X 1013 cm3
molecule? s1, respectively. The major product was Ca(d), which occupied 78% of all emitting products.
A comparison of the total emission rate constant, 1.19 X 1012 cm?3 molecule s, with reported Penning
ionization rate constant indicated that branching ratios of Penning ionization and dissociative
excitation in the Ne(3Po2)/C2Hz reaction are 99.3 and 0.7%, respectively. The nascent vibrational and
rotational distributions of CH(A:v'=0-2,B:v'=0) and C2(d:v'=0—6, C:v'=0-3, e:v'=0-6, D:v'=0-2) were
determined and compared with statistical prior ones. The rotational distributions of major CH(A:v'=0—
2) and Cz(d:v'=0-6) states were expressed by single Boltzmann temperatures of 2500-4200 K and
1300-2850 K, respectively. The reaction dynamics could not be explained by simple statistical models.
It was concluded that rotationally excited CH* and vibrationally and rotationally excited Cz2* are
formed via transbent Rydberg (superexcited) CeHz** states with elongated C=C bond and bending
mode excitation.

Key words: Dissociative excitation, Acetylene, Metastable Ne* atoms, Flowing afterglow, Energy transfer,
Rovibrational distribution, Superexcited state, Trans-bent Rydberg state

1. Introduction Ca(d*Ig—ay, Cllg~Ally, e3[1g—aslly,
D1Z+—X1Ze*, and ElZ'~All,), and H(Balmer
Rate  constants and product state series) emission systems were observed via

distributions in reactions of rare gas active
species with acetylene are pertinent to an
understanding of the discharge chemistry in
rare gas—acetylene mixtures used to produce
amorphous hydrogenated carbon (a-C:H)
films.1-? The reaction of CzHz by collisions with
metastable He(23S:19.82 eV) atoms has been

studied by emission spectroscopy®?® and
electron spectroscopy.” In the optical
spectroscopic studies on the He(23S)/C2Hs

reaction by Chang et al.? and Winicur et al.4®
using a flowing afterglow (FA) method,
CH(A2A-XTT;, B2 -X2IT,, and C?5—XCIT),
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dissociative excitation (1a).

He(23S) + Cz2Hs

— CH¥*, C2*, H* + neutral products + He (1a)
— CH, Cq, H + neutral products + He  (1b)
i CZH2+(X2Hu,Av 2Ag,E22u+) + He + e (1C)

Chang et al. measured relative intensities of
each emission system.? Other competitive
product channels are dissociation into non-
emitting neutral products (1b) and Penning
ionization leading to C:Ho*(X,4,B) (1c). A
comparison between the total quenching cross
section and excitation cross section indicated
that dissociative excitation (la) is a minor
process, which occupies only 6% of total product
channels.?

To our best knowledge, no optical
spectroscopic study has been performed on the
dissociative excitation of acetylene by collisions
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with metastable Ne(®P2:16.62 eV and 3Po:16.72
eV) atoms, although Penning ionization
electron spectroscopic studies on the formation
of the CaHo*(X2[1,) state have been carried
out.8? In the present study, UV and visible
emission  spectra resulting from the
Ne(3Po2)/C2Hs reaction are measured in the Ne
afterglow. The emission rate constants of each
emitting species are determined by using a
reference reaction method. Rovibrational
distributions of excited species are determined
from a computer simulation of observed spectra
and compared with statistical prior ones. We
discuss the reaction dynamics in terms of
molecular structure and electronic structure of
precursor superexcited CeHo** states. The
energy-transfer process from Ne(3Po2) to C2Hz
is compared with those from He(23S) to CsH2¥
and under vacuum ultraviolet (VUV) Nel
photoexciation (16.85 eV) and synchrotron
radiation (13.8-24.8 eV).10.1D)

2. Experimental

The FA apparatus used in this study was
similar to that reported previously.!213 In brief,
the metastable Ne(3Po2) atoms were generated
by a microwave discharge of high purity Ne gas
(purity >99.99%) operated at a Ne pressures of
0.1 Torr (1 Torr = 133.3 Pa). The effect of ionic
active species was examined by using an ion-
collector grid placed between the discharge
section and the reaction zone. A small amount
of CoHs (purity 99.0%) was injected into the Ne
afterglow from a nozzle placed 10 cm
downstream from the center of the discharge.
The partial pressure of C2Hz in the reaction
zone was 1-6 mTorr.

Emission spectra were observed through a
quartz window placed around a C2Hz gas inlet.
A Spex 1.25 m monochromator equipped with a
Hamamatsu Photonics R376 photomultiplier
was used for spectral measurements in the
200-840 nm region. The relative sensitivity of
the optical detection system was calibrated
using standard Dz and halogen lamps.

3. Results and discussion

3.1 Emission spectra and dissociative
excitation processes

Figure 1 shows a typical emission spectrum

obtained from the Ne afterglow reaction of C2Ha.

The CH(A2A-X2[1: and B2Z -X21,) and
Co(dMMg—aslly  and CHUIg—ATl.) emission
systems are identified in the 330-570 nm
region. In addition, CH(C2z+-X2[l,) and

PR TR A & B Tty

350 400 450 500 550 nm

Fig.1. Emission spectrum obtained from Ne
afterglow reaction of C2Ha.

Cao(e’g—adls  and DIZ,*—X1Z,") emission
systems are identified in the 315 nm and
210—-300 nm region, respectively (not shown in
Fig. 1). The contribution of ionic active species
to the observed emissions was examined by an
application of a suitable electrostatic potential
to the ion-collector grid. By trapping Ne* and
Ne2* ions, no appreciable changes were
observed in the intensities of CH(A-X, B-X,
and C-X), and Cz(d—a, C-A, e—a, and D-X)
emissions. These results indicate that ionic Ne
species do not participate in the formation of
these emitting excited species. The lack of Ne*
and Nez* ions under the operating conditions
was confirmed by monitoring the
CO*(A2[1;-X23+) and No+(B2Z *—X2Zg")
emissions resulting from the Ne* + OCS and
Ne2* + N2 charge-transfer reactions,
respectively.1415 On the basis of above findings,
Ne(®Po2) atoms are responsible for the
production of these emitting excited states.

Figures 2a and 2b show energy-level
diagrams of C:Hs* and CH(A,B,C), and
C2(d,C,e,D) states from CzHs, where ionization
potentials (IPs) and dissociation limits (DLs)
for the formation of each excited state are
shown. The first IP of the ground C:Hz*(X2IT,)
state is 11.403 eV.1617 Since this potential
energy is lower than the energies of
Ne(3Po2:11.62 and 11.72 eV), C2Ha* ions can be
formed by Penning ionization (2a).

Ne(3Po,2) + C2Hz
— CoHa*(X2[1,) + Ne + e (2a)
— CH*, C2* + neutral products + Ne  (2b)
— C32H, Cs, C + neutral products + Ne (2c)

Actually, the formation of CoHs*(X2IT.) has been
observed by Penning ionization electron
spectroscopy.8? Dissociative excitation (2b)
competes with Penning ionization (2a). In this
case, the formation of CH(A,B,C) + CH occurs
above the first IP of CeHa (X 2[Tu:(17w))), as
shown in Fig. 2. Therefore, CH(A,B,C) radicals
are formed through superexcited C2Hz** states,
from which dissociative excitation (2b) and
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Fig. 2. Energy-level diagrams for the

formation of CH(A,B,C) and C2(d,C,e,D) states
from C2Hsz. DL and IP mean dissociation limit
and ilonization potential, respectively.
Thermochemical and spectroscopic data
reported in Refs. 16-19 are used for the
calculations.

autoionization leading to CaHa*(X2IT.) (2a) take
place competitively. In addition to processes
(2a) and (2b), dissociation into non-emitting
neutral products (2¢) can occur.

CoHa* and electrons are formed
simultaneously in Penning ionization (2a).
Since the IP of the ground CoHa(X2ITu:(17u) 1)
state is higher than the DLs for C2(d,C,e) + Ha,
the following two-body electron-ion
recombination process may be responsible for
the formation of Ca(d,C,e).

CoHat(X2MMu:(1nw) ) + e- — Cao(d,C,e) + Ha. (3)

To examine the contribution of above process,
effects of the addition of a typical electron
scavenger, SFe (purity 99.7%), was examined.
SFs scavenges thermal electrons very rapidly:

e + SFs — SF¢ (4)
ks=2.2x107cm3 s (Ref. 20).

Figures 3a and 3b show emission spectra
observed after SFe¢ addition and without SFs
addition, respectively. No significant intensity
changes are observed before and after SFs
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Fig. 3. Emission spectra obtained from Ne
afterglow reaction of C2Hz (a) by the addition
of a small amount of SFs and (b) without
addition of SFs.

addition. These results indicate that electron-
ion recombination process (3) does not
participate in the formation of C2(d,C,e) in our
conditions. Thus, it is concluded that Cz(d,C,e)
are formed via dissociative excitation of CeHg2
by collisions with Ne(3Po2).

3.2 Emission rate constants of CH* and Cz*

Possible excitation processes of CH(A,B,C)
and C2(d,C,e,D) by Ne(3P2) atoms are as follows:

Ne(3P2) + C2Hz

— CH(A) + CHX) + Ne + 3.78 eV, (5a)
— CH(B) + CH(X) + Ne + 3.47 eV, (5b)
— CH(C) + CH(X) + Ne + 2.71 eV, (5¢)
— C2(d) + 2H + Ne + 3.29 eV, (62)
— Ca(d) + Hz + Ne + 7.81 eV, (6b)
— C2(C) + 2H + Ne + 1.52 eV, (6¢)
— C2(C) + H2 + Ne + 6.04 eV, (6d)
— Ca(e) + 2H + Ne + 0.76 €V, (6e)
— Cz(e) + Ho + Ne + 5.28 eV, (69)
— C2(D) + 2H + Ne + 0.53 eV, (6g2)
— Cao(D) + H2 + Ne + 5.05 eV. (6h)

For the reactions with higher-energy Ne(3Po)
atoms, 0.10 eV higher excess energies are
released in the above reactions. Among above
processes, highly exoergic reactions (6b), (6d),
(60), and (6h), in which H2 molecules are formed,
will be unfavorable, because large excess
energies should be released as rovibrational
energies and kinetic energies of products.

The emission rate constants for reactions (5)—
(6) can be determined by using the reference
reaction method if a reliable reference reaction
exists. In the case of the He(23S) reaction, the
following reference reaction can be used.
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He(23S) + N2
— Not(B2xyt:v' =0,1)+He+e  (7)
k7=2.87 X 1011 cm3 molecule® s (Ref. 3).

To the best of our knowledge, no convenient
reference reaction has been known for the
Ne(3Po2) reaction. Therefore, we used here the
Ne(®Po2)/NO reaction as a new reference
reaction.

Ne(3Po2) + NO — NO(A2s+) + Ne (8a)
— NO*+ Ne + e (8b)

Since the formation of NO(A23*) from the
Ne(3Po2)/NO reaction is highly exoergic (non-
resonant by about 10 eV), initial formation of
highly NO** states and radiative cascade from
such high energy states may contribute to the
formation of the low energy NO(A25*) state.
Total deexcitation rate constants (or cross
sections) of Ne(®P2) and Ne(3Pg) by NO, (8a) +
(8b), were reported to be 2.1 X 101! cm?3

Table 1. Emission rate constants (x 1013 cm?
molecule! s1) and branching ratios (%) of
excited fragments produced from CzH2 by the
Ne(®Po2) reaction, and branching ratios of
excited fragments produced from CzH2 by the
Ne(®Pos2) reaction, Nel VUV photoexciation,
and the He(239) reaction.

Ne(*Po.) Nel He(2’S)
16.62 eV 16.85 eV 19.82 eV
16.72 eV
This work Ref. 10 Ref. 3
Kem Branching ratios (%)
CH(A) 1.5 13 20 33
CH(B) 0.22 1.9 1.7 6
CH(C) 0.0046 | 0.04 1.3 <<1
sum 1.7246 15 23 <40
Ca(d) 9.3 78 47 33
C2(0) 0.69 5.8 25 7
Ca(e) 0.22 1.9 3.9 7
C2(D) 0.0069 | 0.06 1.7 <1
C2E) <1
sum 10.2 86 78 <49
CH* 3
Molecular and
unassigned 8
H-lines <1
total 11.9 101 101 100

JUN KRB & B T2

FA3E 1= 11

molecule? s1 (= 29 A?) and 2.0 X 1070 ¢cm3
molecule! st (= 27 AZ), respectively,2D whereas
Penning ionization cross section for the
Ne(3Bo,2)/NO reaction (8b) was measured to be
21.4 A2 at an effective temperature of 435 K.22
Assuming that Penning ionization cross section
of NO at thermal energy is the same as that at
435 K, and the difference between the total
deexcitation rate constant and Penning
lonization rate constant corresponds to energy-
transfer reaction leading to NO(A), the rate
constant of process (8a) is estimated to be 4.8
X 1011 ¢m3 molecule! s by using an average
total deexcitation constant for Ne(®Ps) and
Ne(3Po). An estimate of emission rate constants
was carried out by comparing the integrated
emission intensity of each band system with
that of NO(A-X) in prepared mixtures of
C2H2/NO. If there is no nonradiative decay and
pumping from the observation region, the
emission rate constants equal the formation
ones.

Emission rate constants and their branching
ratios thus obtained are given in Table 1. For
comparison, reported branching ratios of each
emitting species in Nel VUV photoexciation
(16.85 eV)10 and He(23S) reaction® are given.
The total emission rate constant of Ca(d,C,e,D)
by the Ne(3Pos) reaction, 10.2 X 10713 cm3
molecule? 1, is larger than that of CH(A,B,C),
1.72 x 1013 cm3 molecule® s'1, by a factor of 5.9.
This result implies that C2* is more favorable
excited products than CH* in the Ne(3Poz)
reaction. Here, C2* and CH* stand for
C2(d,C,e,D) and CH(A,B,C), respectively.

Among CH* and Cz* products, the CH(A) and
Cs(d) states are major product states, which
occupy 87% and 91% of total emission rate
constants in CH* and Cs*, respectively. The
total emission rate constants of CH(A,B,C) and
Cs2(d,C,e,D) in the Ne(3Pos2)/C2H:z reaction is
1.19 X 10712 cm3 molecule! s, This value is
smaller than 1.01 X 101! ¢cm3 molecule® st in
the He(23S) reaction® by a factor of 8.5. The rate
constant of Penning ionization (2a) has been
measured to be 1.72+0.02 X 101 cm3
molecule® s1.29 A comparison of this value with
the kem(total) value obtained in this study gives
branching ratios of Penning ionization (2a) and
dissociative excitation (2b) to be 99.3 and 0.69%,
respectively. Based on this result, dissociative
excitation (2b) is a minor exit channel in the
Ne(3Po 2)/C2Hs reaction.

The total branching ratio of Ca(d,C,e,D) in
the Ne(3Po,2) reaction (86%) is larger than those
in the Nel VUV excitation (78%) and the
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He(23S) reaction (49%) by factors of 1.1 and 1.8,
respectively. Among the C2(d,C,e,D) products,
the selectivity of the Cz2(d) state in the Ne(3Po,2)
reaction (91%) is larger than those in the Nel
VUV excitation (60%) and He(23S) reaction
(67%). Thus, the most outstanding feature in
the Ne(Poz2) reaction is the preferential
formation of the lowest Cz(d) state.

3.3 Rovibrational distributions of CH(A,B)
and Cz(d,C,e,D) in the Ne(3Po,2)/CeHs reaction

Rovibrational distributions of CH(A,B) and
C2(d,C,e,D) in the Ne(3Po2)/C2Hs reaction were
determined by a computer simulation of
emission spectra because rotational lines were
not fully resolved. The CH(C—X) emission was
too weak to make a spectral simulation. Since
the spin—orbit splitting is very small in the A,
B, and X states of CH,!? rotational levels of the
CH(A,B,X) states are represented by the
quantum number N. The band intensity
(photons s!) of a transition from a (v',N") level
toa (v',N") level is expressed as

= 3
Iv'N’v”N” x Nv'N’Rez(rv'v”)Qv'v”Vv’N'u”N”SN'N”/gN' (9)

where N,, is the rotational population in a
given vibrational level v/, Re(7,,) the
electronic transition moment, q,,- the Franck-
Condon factor, wv,y,w-+ the transition
frequency, Sy~ the rotational line strength,
and gy =2N'+1.29 The electronic transition
moment of CH(A-X) was assumed to be
constant. The following Rydberg-Klein-Rees
(RKR) Franck-Condon factors calculated by
using molecular constants tabulated in Ref. 19
were employed for the simulation of the Av =0
sequence of CH(A-X): g9 = 0.9907, q; =
0.9794, and ¢q,, =0.9793. RKR Franck-Condon
factors were also calculated for the Cz2(d—a, C—A,
e—a, and D-X) transitions using reported
molecular constants.® They are reported in a
preceding paper.25 The rotational line strength
Sy was deduced from the formula given by
Koviacs.2® A  Gaussian slit function was
convoluted into rotational lines to calculate the
spectral envelope. For C: radicals in which
spin—orbit splitting is large,!®¥ rotational
quantum number is given by J instead of N.

In Figs. 4-9 are shown the observed and best
fit spectra of the CH(A-X, B-X) bands and
Cs(d—a, C-A, e—a, and D—-X) bands obtained
assuming single Boltzmann rotational
distributions for each v’ level. Vibrational
distributions and rotational temperatures thus

obtained are given in Tables 2 and 3. From the
observed rovibrational distributions of CH(A,B)
and C:(d,C.e,D), we estimated the average

Q(0,0)
R-branch

‘ Q(2,2)
(b) Calc. lﬂ"h
(mwww W

420 430 440 nm

Fig. 4. (a) observed and (b) simulated
emission spectra of CH(A2A-X2IT,) band
system in the Ne(3Po,2)/C2H2 reaction.

Q, P-branches

R I

{
|

(b) Calc.

H (a) Obs.
Wbl

(.

v,

390 400 nm
Fig. 5. (a) observed and (b) simulated
emission spectra of (0,00 band of

CH(Bzz —X2[1,) band
Ne(3Po2)/C2Hs reaction.

system in the
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vibrational and rotational energies of each CH*
and C2* state, denoted as <E,> and <E,>, and
the average yields of total available energy into
these degrees of freedom, denoted as <f,> and
<f,>, respectively. Symbol <f;> represents the
average yield of total available energy into the
relative translational energy. The <E,>, <E,>,
<f,>, <f,>, and <f;> values obtained for CH* and
Co* are summarized in Tables 4 and 5,
respectively.

Av=-1 (23
(1.2)

) Vu

(a) Obs.
520 540 560 nm
Fig. 6. (a) observed and (b) simulated

emission spectra of the Ca(d*ITy—a®[1.) band
system in the Ne(3Po 2)/C2H2 reaction.

(0,1)
(b) Calc. (1,2)

(a) Obs.

N

400 410nm

Fig. 7. (a) observed and (b) simulated
emission spectra of the C2(CIT,—AIT.) band
system in the Ne(3Po 2)/C2Hz reaction.
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According to our optical spectroscopic study
on the formation of CH(A,B) from the
He(238)/CHs reaction,?”? the rovibrational
distributions of CH(A,B) in the FA experiment
was identical to those in the low-pressure beam
experiment. Therefore, it was concluded that
the vibrational and rotational relaxation of

©.4)

(a) Obs. ‘ N
o,

210 250 290 nm

Fig. 8. (a) observed and (b) simulated
emission spectra of the Ca(e3[Ty—a®1,) band
system in the Ne(3Po2)/C2Hz reaction.

Av =0
(b) Calc.
(a) Obs.
210 240 nm
Fig. 9. (a) observed and (b) simulated

emission spectra of the C2(D1Z,*—X1Z*) band
system in the Ne(3Po2)/C2Hz reaction.
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CH(A,B) by collisions with the buffer He gas
was insignificant in the FA experiment. In the
present Ne FA experiment, operating pressure
(0.1 Torr) was lower than that that in the He
FA (0.5-1.0 Torr). It is therefore reasonable to
assume that the vibrational and rotational
relaxation of CH(A,B) by collisions with the
buffer Ne gas is also insignificant. Radiative
lifetimes of Ca(d,C,e,D) states are relatively
short : 97-104 ns for d(v'=0-2), 28-31 ns for
C(v'=0-2), 254-340 ns for e(v'=0-2), and 14-18
ns for D(v'=0-2).28) Therefore, the vibrational
and rotational relaxation of C2(d,C,e,D) by
collisions with the buffer Ne gas will be also
insignificant under operating conditions.

The following tendencies are found for the

observed rovibrational distributions of CH*
and Ca*.

(A) Formation of CH*

(1) The vibrational population of CH(A:v'=0-2)
decreases with increasing v'. The
rotational temperature of CH(A) decreases
from 4200 K to 2500 K with increasing v’
from O to 2. The rotational temperature of

Table 2. Rovibrational distributions of
CH(A,B) produced from the Ne(3Po2)/C2Hs
reaction. N,y and P}, represent observed and
calculated prior vibrational distributions,
respectively. P), were calculated assuming

two-body and three-body  dissociation

processes.
P?, P?,
Emitting species N, v v T./K
Two-body Three-body

v'=0 100 100 100 4200

CH(A) v'=1 45 72 63 3000

v'=2 7 51 39 2500

CH(B) v'=0 100 2500

CH(B: v'=0) is 2500 K, which is lower than
that of CH(A:v'=0).

(2) The <E,> and <E,> values of CH(A,B) are
small (0-0.32 eV). The <f,> value for CH(A),
8.60%, is larger than the <f,> value, 3.46%,
by a factor of 2.5. The <f,> value for CH(B)
1s zero due to predissociation of vibrational
excited states,2%30 The <f,> value for CH(B)
is 6.21%, which i1s smaller than that for
CH(A) by 28%

(3) Results shown in (1) and (2) imply that
more excess energies are deposited into
rotational energies than into vibrational
energies for the formation of CH¥*. It is
therefore reasonable to assume that
precursor superexcited CzHz** states have
non-linear structures.

(4) The <f,> + <> value for CH(A) is 12.1%,
whereas that for CH(B) is 6.2%. These
results suggest that almost all of the total
available energies (88% for CH(A) and 94%
for CH(B)) are channeled into rovibrational
energies of CHX) and relative
translational energy of CH(A or B) + CH(X)
products.

Table 4. Average vibrational and rotational
energies (eV) deposited into CH (A,B) and
average fractions of vibrational and rotational
energies (%) deposited into CH(A,B) in the
Ne(3P2)/C2Hs reaction.

<E,> 0.13
<E,> 0.32
CH(A) <fy> 3.46
<fi> 8.60
<f,>+<f,> 12.06
<E,> 0.0
<E,> 0.22
CH(B) <f,> 0
<f.> 6.21

<f,>+<f> 6.21

Table 3. Rovibrational distributions of C2(d,C,e,D) produced from the Ne(3Po2)/C2H2 reaction.

Cax(d) Cy(C) Ca(e) Cy(D)

v Ny P, T, /K N,/ Py T./K N,/ Py T./K N, Py T./K
0 100 100 2850 100 100 2000 100 100 1000 83 100 800
1 95 81 2750 60 63 1500 60 57 1200 100 20 800
2 88 66 2300 50 36 1000 27 30 700 43 0 450
3 55 52 2000 40 19 1000 12 14 400

4 63 41 1700 7 5 300

5 58 32 1500 3 1 300

6 50 25 1300 1 0 300
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Table 5. Average vibrational and rotational
energies (eV) deposited into Cz2(d,C,e,D) and
average fractions of vibrational, rotational,
and translational energies (%) deposited into
Ca(d,C,e,D) in the Ne(3P2)/C2Hs reaction.

<E,> 0.53

<E,> 0.19

<f,> 16.01

2 <f‘:> 5.75
<f,>+<f;> 21.76

<f¢> 78.24

<E,> 0.24

<E,> 0.13

<f,> 16.63

€0 <?;> 8.60
<f,>+<fp> 25.23

<f> 74.77

<E,> 0.12

<E,> 0.082

<f,> 15.59

Cale) <?;> 10.78
<f,>+<fy> 26.37

<f> 73.63

<E,> 0.18

<E,> 0.063

<f,> 34.38

€2(D) <?;> 11.86
<f> +<f> 46.24

<f> 53.76

(B) Formation of Ca*

(1) Vibrational populations of Ca(d,C,e)
decrease with increasing v', except for
Co(d: v' =4, b5), whereas vibrational
population has a peak at v'=1 for Ca(D).
Vibrational excitation is suppressed with
increasing the formation energy of Csz state
from d to C and e states. In general,
rotational temperatures of Ca(d,C,e,D)
decrease with increasing v'. They decrease
with increasing the formation energy of C:
state from 2850 K to 300 K: Ca(d) > Calc) >
Ca(e) > C2(D).

(2) The <E,> value decreases with increasing
the formation energy of Ca(d,C,e) from 0.53
eV to 0.12 eV, and increases to 0.18 eV for
C2(D). The <E,> value also decreases with
increasing the formation energy of
Cz2(d,C,e,D) from 0.19 eV to 0.063 eV.

(3) The <f,> values for C2(d,C,e,D) + 2H are

FNRFRF B E B L&

FA3E 1= 15

larger than the <f,> values by factors of 1.4—
2.9. This suggests that deposition of excess
energy into vibration is more favorable
than that into rotation for the formation of
Co*. It is therefore reasonable to assume
that a significant change in C=C bond
length occurs in precursor CzHz**
superexcited states after excitation.

(4) The <f,> + <f;> values for C2(d,C,e,D) + 2H
are 22, 25, 26, and 46%, respectively. Based
on these results, most of available energies
(74-78%) are deposited as relative
translational energies for the formation of
the low lying Cs(d,C,e) states, whereas
about a half (54%) of the available energy is
channeled into the relative translational
energies for the formation of the highest
Ca(D) state.

3.4 The reaction dynamics of the

Ne(3Po,2)/C2H> reaction

3.4.1 Statistical models

The formation dynamics of CH(A,B) and
C2(d,C,e,D) from the Ne(3Po2)/C2Hs reaction is
discussed assuming two-body and three-body
dissociation mechanisms, which have been
used in the formation of CH(A2A) from
Ar(3P2)/CHs and Ar(3P2)/C2Hs,3132 OH(A2Z+)
from Ar(3Po2)/H20,3® and NH(ASIL) from
Ar(3Po2)/NH3.39

(a) Two-body dissociation process through
resonant excitation transfer

Ne* + C2H2 — C2Ha** + Ne
Ce2H2** — CH(A,B) + CH(X) 10

(b) Three-body dissociation process through
resonant excitation transfer

Ne* + CoHs — NeCoHo**
NeC:H2** — CH(A,B) + CHX) + Ne (11)

(¢) Three-body dissociation process through
resonant excitation transfer

Ne* + C2H2 — C2Hao** + Ne
CoHa** — Ca(d,C,e,D) + 2H (12)

In processes (10) and (12), energy is resonantly
transferred from Ne* to C2Hs, and then CoHo**
dissociates into CH(A,B) + CH and C2(d,C,e,D)
+ 2H. In process (11), CH(A,B) are produced
through three-body dissociation of NeCoHz**
complex.
Statistical

vibrational and rotational
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distributions were calculated for the above
three processes. According to a simple
statistical theory,3537” the probability of
forming a CH*(v’,N') rovibrational level and a
CH*(v') vibrational level through processes (a)
and (b) is, respectively, expressed by

POy o< 2N"+ DEp0 o (Brot = Evgye = Evguy = Ergus)™/?
(13a)
Py o Locneo (Brot = Evgys — EVCH(X))S/Z (13b)

PPy o 2N"+ )2y o (Bror — E.

— — 3
VcH* EVCH(X) ETCH*)

(14a)

4
Pg o Locneo (EtOt = By — EVCH(X)) . (14b)

On the other hand, that of process (c) is given
by

Piy o (2] + 1) (Eror — Eve,r = ErCZ*)Z (15a)

P o (Epor — EVCZ*)S- (15b)

The prior vibrational distribution of
CH(A: v'=0-2) and rotational distributions of
CH(A: v'=0-2,B: v'=0) calculated for processes
(a) and (b) are compared with the observed ones
in Table 2 and Figs. 10a and 10c—10e. The prior
vibrational distribution of CH(A: v'=0-2) and
rotational distributions of CH(A: v’ =0-2,
B: v’ =0) predict higher vibrational and
rotational excitation than the observed ones for
both two-body and three-body dissociation
models.

The deviation from prior rotational
distribution can often be expressed in the form
of surprisal,3?

I, =-In[PW)/PeW)], = A9 + Af, (16)
Ig=-In[P(w,N)/P(w,N)] = 6y + Org, (17

where f, = E,/E;q, Iy = En/(E¢or-Ey), Pv) =
N, and P(v,N) = N,y

Figure Al in Appendix shows vibrational and
rotational surprisal plots of CH(A: v’ =0-2,
B: v'=0). When the two-body and three-body
dissociation models are used for P2y and P9,
good linear relationships are found in the
surprisal plots of CH(A: v'=0-2,B: v'=0). These
results imply that an exponential gap behavior
is present between the experimental and
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from 3.78 eV to 0.78 eV in process (a).
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statistical distributions. From slopes of each
surprisal plot, large positive surprisal
parameters are obtained in all cases (Table Al
in Appendix) because observed vibrational and
rotational distributions are significantly lower
than those expected from two-body and three-
body prior distributions. The rotational
surprisal parameter of CH(A: v'=0-2) increases
with increasing v’, suggesting that the
deviation from prior distributions increases
with increasing v'.

To find out how much lowing the total
available energy matches the observed
distribution, prior rotational distributions of
CH(A:v'=0) are calculated by reducing the total
available energy from 3.78 eV to 0.78 eV as a
typical case (Fig. 10b). Then, a reasonable fit of
the peak position is obtained at the lowest
available energy of 0.78 eV, indicating that a
large excess energy of 3.0 eV must be deposited
as relative translation energy of Ne(3Pg 2)—C2Hs
before the formation of precursor CoHa** states
according to this model.

The prior vibrational and rotational
distributions of Ca(d,C,e,D) calculated for
three-body process (c) are compared with the
observed ones in Table 3 and Figs. 11 and 12.
The observed vibrational distributions of Cz2*
are higher than prior ones except for the Ca(e)
state, for which a reasonable agreement 0 20 40 60 80 100
between the observed and prior distributions is
found for the v'=0-3 levels. These results are
opposite to those of CH(A), for which the
observed vibrational distribution is lower than
the prior one. On the other hand, the observed
rotational distributions of Ca(d,C,e,D) are lower
than prior ones, as in the case of CH(A,B). To
find out how much lowing the total available
energy is required to reproduce the observed 7
distribution, prior rotational distributions of TR T
Ca(d: v'=0) are calculated by reducing the total N Rotational level of C,(C)
available energy from 3.29 eV to 0.79 eV as a
typical example (Fig. 11c). Then, the observed
peak of the rotational distribution can be
reproduced when the total available energy is
reduced by 2.5 eV. In such a case, non-resonant
excitation transfer with a  significant
momentum transfer is required. However, the
possibility of such a non-resonant energy
transfer to 2.5 eV lower C2H2** states will be
small, because a significant energy transfer to
relative translational energy of Ne(3Po2)—C2H2 . .
is required due to highly repulsive interactions Fig. 11.  Observed and three-body prior
between Ne(®Po2) and C:H: in the entrance rotational distributions of Ca(d: v'=0-6, C:
channel. ’ v'=0-3) in the Ne(3Po.2)/C2Hz reaction. In (c),

Figures A2 and A3 in Appendix show an excess energy was varied from 3.29 eV to
0.79 eV.
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vibrational and rotational surprisal plots of
Ca2(d,C,e,D). Vibrational and rotational
surprisal parameters obtained from slopes are
given in Table Al in Appendix. Vibrational
surprisal parameters of C2(d,C,D) are negative,
because the observed vibrational distributions
are higher than prior ones. On the contrary,
rotational surprisal parameters of Csz(d,C,e,D)
are positive except for Cale: v’ =6) and
Ca(D: v'=2), because the observed rotational
distributions are lower than prior ones.
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rotational distributions of Cz(e: v’ =0-6,
D: v'=0-2) in the Ne(3Po2)/C2H2 reaction.

3.4.2 Effects of molecular structure and electronic
structure of superexcited C2Ha2** states on the
reaction dynamics

A comparison between the observed and
statistical prior distributions of CH* and Cg*
suggests that excess energies are not
partitioned in an entirely statistical manner
between all degrees of freedom of the CH(A,B)
+ CHX) and C:(d,C,e,D) + 2H products.
Therefore, CH* and C2* are not formed through
long-lived precursor states, where excess
energies are distributed into all degrees of
freedom statistically. Based on the above facts,
the reaction dynamics for the formation of CH*
and Cs* is not governed by statistical models.

Hereinafter, we discuss the reaction
dynamics in terms of molecular structure and
electronic structure of precursor CoHo** states
in the Ne(3Po2)/C2Hs reaction. The ground state

acetylene molecule has the electronic
configuration,

(16,)2(10,) 2(20,)%(20,) A30,)%(1m,)*

(1m)(8c,) % 12+, (18)

Removal of two outermost orbitals are possible
in the energy of Ne(3Po2) studied here. The IPs
of the (1r,)! ground X2IT. state and the first
excited (3c,)? A2A, state of C2Hz* are 11.403
and 16.297 eV, respectively.16.17

Based on our optical spectroscopic studies on
the dissociative excitation of simple polyatomic
molecules by rare gas metastable He(23S) and
Rg(3Pos2) atoms,3842 gspin-conservation rule
generally holds during the reaction. Therefore,
high-energy C2H2** superexcited triplet states
around 11.62-11.72 eV are expected to be
formed after near-resonant energy transfer,
because the ground state of CzH2 is singlet.
Although no information on such high-energy
triplet states near the second (36g)'1 ionic state
of C2Hz2* has been obtained, high-energy singlet
states near the (3c,)! A 2A; ionic state of C2Hz*
have been studied under VUV
photoexcitation.l? Two npn* « 3oz Rydberg
series, A and B, have been observed. Rydberg
series A has a convergence limit of 16.611 eV
(74.642 nm), which is 2530 cm’ above the
threshold of C2Hs*(A 2A,) and series B has a
convergence limit of 16.358 eV (75.795 nm),
which is 492 cm? above the threshold of
C2Ha (4 2A,). In the above two Rydberg series A
and B, long progressions of vz (symmetric C=C
stretching) mode and vs4 (symmetric bending)
mode peaks were observed, suggesting that the
superexcited states formed in this wavelength
region have elongated CC bond and non-linear
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structure.

In the Ne(3P¢2)/C2H2 reaction, it is likely that
C2H2 molecules are initially excited into
unknown near-resonant triplet nprn* <« 30
Rydberg states converging to the A4 2Aq state of
C2H2*. Molecular structures of these Rydberg
states are expected to have the same character
as that of the A 2A; state of CoHs*. Since the
A 2A; state of CoHs* is formed by removal of
bonding 3o, orbital, C=C bond is elongated
after ionization. It should be noted that the
A2A state of C2Ho* has a trans-bent structure,
and two CCH bending modes are accessible by
a vertical transition.!V It is expected that
superexcited triplet Rydberg states have also a
transbent structure with a loosened CC bond

and excited CCH Dbending vibration.
Decomposition of transbent superexcited
triplet states with an expanded C=C

internuclear distance and excited bending
vibrational mode results in high rotational
excitation of CH* and high vibrational and
rotational excitation of Cz* observed in this
study.

Ne(3Po2) + linear C2H2

— transbent C2H2** + Ne (19a)
trans-bent CoHo**

— CH*(high N) + CH (19b)

— Co*(high v’ and J') + 2H. (190).

4. Summary and Conclusion

Dissociative excitation of C2Hz by collisions
with metastable Ne(3Po2) atoms has been
studied by observing CH* and C2* emissions in
the Ne FA. The effect of SFs addition into the
Ne afterglow indicated that secondary C2Hz"/e-
electron-ion recombination reaction does not
participate in the formation of Ca(d,C,e) and
they are formed through the primary
Ne(®Po2)/C2H2 reactions. The emission rate
constants of CH(A,B) and C:(d,C,e,D) were
determined by wusing a reference reaction
method. The major product was Ca(d), which
occupied 78% of all emitting products. This
value was larger than reported values of 47%
by Nel photoionization (16.85 eV) and 33% by
He(238:19.82 eV) collisions. The total emission
rate constant of CH* and C2* in the
Ne(3Po,2)/C2H2 reaction was smaller than that
in the He(23S)/C2Hs reaction by a factor of 8.5.

In this study, dissociative excitation (2b) was
examined. A comparison of the total emission
rate constant, 1.19 X 10712 cm3 molecule?® s1,
with reported Penning ionization rate constant

JUN KRB & B T2

FA3E 1= 19

indicated that branching ratios of Penning
lonization and dissociative excitation in the
Ne(3Po2)/C2Hz2 reaction were 99.3 and 0.7%,
respectively.  Actually, Dbeside Penning
ionization (2a) and dissociative excitation (2b),
dissociation into non-emitting neutral products
(2¢) can occur. If the total quenching rate
constant of Ne(3Po,2) by C2Ho, kq = koa + kob + ko,
is known, we can estimate the kec value using
koa and ko, values. Unfortunately, the kq value
has not been measured, so that no information
on ks can be obtained. Thus, a further
experimental study on 4kq is required to obtain
information on branching ratio of dissociation
process (2c).

The nascent vibrational and rotational
distributions of CH(A: v' =0-2,B: v' =0) and
Ca(d:v'=0-6, C:v'=0-3, e:v'=0-6, D:v'=0-2)
were determined and compared with statistical
prior distributions. It was found that the
reaction dynamics is not governed by statistical
models but it is dominated by molecular
structure of precursor state. CH(A,B) and
C2(d,C,e,D) are formed via transbent near-
resonant Rydberg states converging to the first
excited A 2Ay; state of C:Hs*. Non-linear
precursor superexcited states with enlarged
C=C bond and excited CCH bending vibration
led to vibrationally excited C2* and rotationally
excited CH* and Co* fragments.
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f, Cz(d: v'=0-6), Ca(C: v'=0-3), Cale: v'=0-6),
and Ca(D: v' =0-2) in the Ne(3Pos2)/C2H2
reaction.

Fig. A2. (a) Vibrational surprisal plot of
Ca(d: v'=0-6), C2(C:v'=0-3), Czle:v'=0-6),
and Cz(D: v’ =0-2) in the Ne(3Po2)/C2Hs
reaction.
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Table Al. Surprisal parameters for CH(A,B) and
C2(d,C,e,D) produced in the Ne(3Po2)/CoHs

reaction.
Vibrational Rotational surprisal
surprisal parameter parameter
Two Three Two Three
body body body body
CH(A) 11.3 9.8
CH(A: v'=0) 6.9 5.0
CH(A: v'=1) 9.8 7.9
CH(A: v'=2) 12.6 10.7
CH(B: v'=0) 11.8 9.4
Ca(d) -1.8
C2(C) -1,8
Ca(e) ~0
Cx(D) -5.6
Ca(d: v'=0) 10.4
Ca(d: v'=1) 9.9
Ca(d: v'=2) 11.2
Ca(d: v'=3) 12.0
Ca(d: v'=4) 134
Ca(d: v'=5) 14.0
Ca(d: v'=6) 15.0
Ca(C: v'=0) 5.7
Co(C:v'=1) 7.0
Co(C: v'=2) 9.5
Co(C: v'=3) 7.0
Ca(e: v'=0) 5.7
Ca(e: v'=1) 3.0
Ca(e: v'=2) 5.4
Ca(e: v'=3) 8.3
Ca(e: v'=4) 7.7
Ca(e: v'=5) 32
Ca(e: v'=6) -0.8
Ca(D: v'=0) 5.0
Ca(D: v'=1) 1.9

Co(D: v'=2) 0.4




