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Fig. 1.1 Schematic of vibrational energy exchange reaction between different i sotopic species.
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Fig. 1.2 Schematic of vibrational energy exchange reaction between same isotopic specie.
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Table 2.1 Experimental conditions

Discharge pressure 2-10Torr (0.27-1.33kPa)

Discharge voltage 3-9kV

Discharge current 0.5-5mA

Discharge frequency 50Hz

Total gas flow rate 10-200cm*/min (101.3kPa, 293.15K)
Quadru-pole

AC 9kV

(50H2) mass spectrometer

co/Ar —> =P Pump
—>
LN,
cooling bath
U-tube for
S~ CO, sublimation
and O; decomposition

Fig. 2.1 Schematic diagram of experimental apparatus.
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Fig. 2.2 Photographs of experimental apparatus; (a) discharge section, (b) discharge tube,
(c) discharge tube with polymer deposit after 30 minutes discharge (upper: I=5mA, lower: 1=2mA).

(a) CO:Ar=100:0 (b) CO:Ar=50:50 (c) CO:Ar=0:100

Fig. 2.3 Photographs of glow discharge plasma
(Discharge pressure: 6Torr, Discharge voltage: (a)5.3kV, (b)4.1kV, (c)1.1kV,
Discharge current: 2mA, Total flow rate: 50ml/min (sccmy).
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Purely vibrational mechanism (PVM)

CO(v) + CO(w) —» CO,+C, (2.6)
Polymerization process

C+CO+M - CCO+M, (2.7)

CCO+CO+M - OCCCO+ M, (2.8)

C;0, - polymer. (2.9
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Fig. 2.4 Reaction yield and oxygen/carbon mole ratio in polymer deposit.
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Fig. 2.5 Enrichment coefficient in polymer deposit.
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Table 2.2 Experimental results with various discharge current (Ar/(Ar+C0O)=0.5, t,=0.35s, p=6Torr,)

Reaction yields Enrichment coefficients O/IC
| V  EN mo'e
Run no. 9C02 Hc 13 18 13 ratio
(mA) (kV) (Td) (final) (finaI) Hc(net) CO2 CO2 .,BC 13,8c(net) in
o o) @ (fina) (find) (find) deposit
A-19Y 0.5 5.8 15 0.026 0.026 0.020 117 130 229 2.71 0.24
A-23 0.8 5.8 16 0.043 0.077 0.057 1.10 1.37 231 2.79 0.26
A-15 1 57 15 0.060 0.072 0.051 114 1.35 2.24 2.77 0.30
A-1,107 2 6.2 16 0.24 0.37 0.23 1.04 1.20 1.87 2.44 0.39
A-14 3 6.6 18 0.49 0.79 0.50 1.01 1.10 144 1.70 0.37
A-16 4 6.4 17 0.94 1.53 0.93 1.00 1.07 1.22 1.36 0.39
1) 000000000000 Rg. 2400000000000
2) A-LA100000
Table 2.3 Experimental results with various Ar mole fractions (I=2mA, t,= 0.21s, p=6Torr)
Reaction yields Enrichment coefficients oIC
rin A v BN T4 & mole
Ar+CO 02 13 18 13 ratio
o ¢ (%) ) (kv) (Td)(final) ~ (fina) HCE; % (finca(llji (finca(llji (fir’18alc) Chelne) n
o) (%) deposit
A-22 0 8.7 23 0.087 0.14 0.090 1.02 1.08 141 1.65 0.37
A-3 10.9 8.1 22 010 014 o0.077 1.03 1.10 1.50 1.89 0.43
A-6 29.7 7.1 19 0.13 0.15 0.0%4 1.06 1.16 171 2.10 0.36
A-24 47.3 6.2 17 013 0.20 0.13 1.06 124 1.98 2.52 0.36
A-5 69.7 4.5 12 0.13 0.18 0.13 1.09 1.29 1.92 2.27 0.27
A-17 86.2 3.6 9.7 019 0.36 0.26 1.08 1.30 1.66 1.94 0.29

Table 2.4 Experimental results with various residence time (I=2mA, Ar/(Ar+CO)= 0.5, p=6Torr)

Reaction yields Enrichment coefficients O/?

t V  EN mole

Run no. r oz & 13 18 13 ratio
© (V) (T (ina) (na) FEW S o et ne in

%) (%) deposit

A-21 0.10 6.1 16 0.070 0.0 0.065 1.06 120 192 247 0.37
A-24 0.21 6.2 16 0.13 0.20 0.13 1.06 1.24 1.98 2.52 0.36
A-1,10" 037 6.2 16 024 037 0.23 104 120 187 244 0.39
A-820° 0.60 6.2 16 044 0.63 0.43 1.04 1.19 1.83 2.25 0.33
A-7 0.86 6.2 16 057 091 0.60 104 118 1.83 2.26 0.34

1) A-1,A-100000
2) A-8,A-200000
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Table 2.5 Experimental results with various discharge pressure (I=2mA, Ar/(Ar+CO)= 0.5, t,=0.359)

Reaction yields Enrichment coefficients O/ IC

p \Y EN g, 4 mole

Run no. 02 13 18 13 ratio
(Tory (V) (1) (iina) (ina) 0NV S Moo A spmey  ip

o) (%) O deposit

A-11 2 3.6 29 0.81 1.48 0.83 1.02 1.05 1.05 1.09 0.44
A-18 3 4.2 23 0.35 0.62 0.38 1.03 110 131 150 0.38
A-9 4 4.6 18 0.22 0.36 0.23 1.05 114 1.65 2.00 0.34
A-1,10V 6 6.2 16 024 0.37 0.23 1.04 120 187 2.44 0.39
A-12 8 7.8 16 024 0.36 0.22 1.02 114 1.66 2.07 0.38
A-13 10 8.9 14 022 0.30 0.18 1.04 1.16 172 2.18 0.39

1) A-1,A-100000
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Fig. 3.1 Reaction rate of vibrational relaxation and excitation of CO molecules by each process.
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O,+e -~ 0+07, (3.21)
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0000000000000 0,000 00000 D00NDNDO0NNDON 0,0000D0000DO
0000000000 0000D0000D0000D0000000D0 coOD000onDoooonoooo
000000000000 00,000 0O00D00 “™®oooo0o000DonN00nnooono
O0DD00oO0 coDOdOoODOOcCco,0000D0000D00NDnno0Nnooonnonoon

CO+0~ - CO,+e k=5E-10cms””, (3.23)

obobgoogoooooobo co,buobgnoooonoooonoonoonoooooooooong
ooobooooobobobooobUo ooboboooooobobobOobDOoboboobOooDo
gooooooo

2) C,10 C,00 C30;
cucongnog co,bunobobobob cob0booooooooooooooooo
gboboboboboboobo

C+C+M - C,+M,k=3.0E-33cm®s"®, (3.24)
C+CO+M - C,0+M,k = 6.3E-32 cm®/s (T{=300K)™. (3.25)
C,O0+CO+M - CgO,+M, (3.26)
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CO+e - CO®@mM)+e,

co@MDID0UDODDNOD Co,0 cCO0n0nOunn

(3.28)

CO@’M) +CO — CO,+C,, k= 1.4E-12 cm*/s (T,=300-350K)*, (3.29)

co@M)+e - C+O+e

co@mM)+0, — CO,+ 0, k=6.0E-12cm’s ™",

(3.30)

(3.31)
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(2) Purely vibrational mechanism (PVM) reaction

CHO(P)(V) + C(HO@MW) - C(i) + OEICHO@),  Eip+Eq">Epvm.

(2) Electron impact dissociation
CHO(P)(v) +e — C(i) +O(p) + e,

O(P)C(i)O(a) +e - C()O(p)(v) + O(a) + &,
O(p)O(q) +e - O(p) +O(q) + e

(3) Heterogeneous reaction
C(i)(s) + O(p) + Wall — C()O(p)(v) + Wall,
C(HO(P)(v) + O(a) + Wall - O(p)C()O(a)(s) + Wall,
O(p) + O(q) + Wall — O(p)O(q) + Wall.

(4) Stable products formation
Cliy +Wall - C(i)(s) +Wall,

O(P)C(HO(q) +Wall — O(p)C(H)O(a)(s) + Wall.
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(3.33)
(3.34)

(3.35)

(3.36)
(3.37)

(3.38)

(3.39)

(3.40)
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Table 3.2 Reaction rate of elementary processes used in the calculation model

Reactions ke (cm®/s) R (cm3¥sh) Ty (K)
(3:32) CO(W) +CO(*) .  CO,+C 1.37E-16 1.58E+15 100
(3.33) CO+e - C+0O+e 1.12E-11 1.23E+16 E/N=80Td
(3.34) CO,+e - CO+O+e 1.86E-10 4.82E+13 E/N=80Td
(3.35) O,+e L O+O+e 5.52E-11 8.76E+11 E/N=80Td
(3.36) C+O+Wal .  CO+Wal 5.20E+04 1.23E+16 100
(3.37) CO+0+wWdl - CO, + Wall 2.08E-02 4.93E+09 100
(3.38) O+ 0+ Wal - O, + Wall 1.03E+02 2.46E+13 100
(3.39) C + Wall L+ Wal 6.00E+04 1.45E+16 100
(3.40) CO,+Wal . COL9) +Wal 3.13E+04 2.13E+18 100

Bold typeld Unit: 1/s

Table 3.3 Reaction rate of gas phase reactions among CO, CO,, C, O,, O

Reactions k(cm¥s)  k (cm¥s) R (cm®sY R(cm®s?)  T4(K) Reference
(351 CO+O0+M CO,+M 1.2E-36 2.0E-102 4.74E+10 7.88E-71 300 91)
(3.52) O+0+M _ O, +M 1.1E-33 6.0E-95 3.58E+07 1.45E-64 300 91)
(3.53) C+O+M _ CO+M 4.8E-33 1.6E-212 1.59E+08 2.67E-177 300 92)
(3%9) CO+0, _ CO,+0 6.2E-23 1.6E-22 7.44E+07 2.58E+03 1000 93)
(3.55) O, +C _ CO+0 3.3E-11 1.2E-111 3.31E+13 8.19E-83 300 79)
(3.56) CO,+C t CO+CO <1.0E-14 <[.0E-7110 <1.64E+11 <8.30E-76 300 79)

Italic typel] Calculated from forward rate constant and equilibrium constant
Bold typel Unit: cm®/s

Table 3.4 Calculated number density of chemical species

Ar CcO CO(v*)  CO, C 0O, (0] CO4(s) C(s) M e
frlzlcct)ilgn 50E-01 50E-01 69E-05 12E-04 42E-07 72E-06 4.1E-07 12E-03 13E-03 10E+00 6.6E-09
Number

X 3, 29E+17 29E+17 4.0E+13 6.8E+13 24E+11 4.2E+12 24E+11 6.7E+14 T7.4E+14 58E+17 3.8E+09
density(cm™)

These values correspond to calculated results plotted on Fig. 4.22(a) at t = 0.35s and E/N=80Td
v* > 27
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d
ot Notw = stsN Ncowwﬁzzfp qKaaNeNo(p)ciyoa) +22(p qKasNeNo(pyoqH D0 00O O TI
i=1 q—l g=1

(3.58)

d

<t Nowo@ = kasNeNopyora) * Kas NogpyNoga)/No,
(3.59)
2 2 2
Neg) = ZZZZ Kevm NEpNJg + D KssNeNcgyo(py™ KasNegy (3.60)
p=1j=19g=1 w p=1
d w
ot Voo = zz Kewma NiZpN}'q = KaaNeNogpycqyore ™ KaoNotmcaror (3.61)
=1 w

d
ot Negys) = _JC(i)(s) KgsNo +Kgg NC(i)’ (3.62)

d
4t Nowcioars = FeiokerNo * o karNow +KaoNotpiciow, (3.63)

— \

fis =N, p/ NC(.)O(p) (3.64)
Serorm = Neworm / Nco, (3.65)
Ocixs) = Newys/ NC(s), (3.66)
n',=Lv=0,0n' =0vz0C (3.67)
Zp,q =Lp=qU Zp,q =]/2,p¢QF (3.68)

00 00 Negy, Nopemo: Negys: Nogcios: Nogow: Nepog U0 U OO C(i), O@CHO(p), C(i)(s),
0(G)CHOM)(S), O@OM), CHOEI DO Dm0 D00, 0 CiHO@EI D000 D00ON VDR
vibrational distribution function)O 0 0 0 (3.57)0 (3.630 0 (3.)0 0000000000000 O00O0O
000000000000 000000

33000n0b0uoooooooboon

00000D0DOO0O0D0O00D0DOO0O(EEDFO eectron energy distribution functionnd OO OO0 O OO0
00000000000 BotzmannO OO OO0 O0O0DO0DO0O0OO0ODOODDOOOOOODOO
00000000000 000000 BoltzmannO OO OOOOOOOODO

aF —(eo/m)E _F +c* +Zc O dn,(t) = F(v,t)dv, (3.69)
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Fig. 4.1 Comparison between experimental VDFs (o ) in literature and
calculated ones with V-E term ( ) and without V-E term (—- —).

33



00D0000D000DO00C0ODO00D “0000000000000000D0000DO000DO
Fig. 420 000VDFOOOOOOODDOOOO® oo ®c®oooooooooooooooon
0000000000 D0000D000D00000D000D000D000D000DooOOnoO
oooooon

Beo(v)/2cov)

13 rp —
L) fo 13C0(v) fo 20(v) (4.9
v=0 v=0
00000 Fig. 42b)00000000000000D0000D00O0DOO0ODO0OODO0OOO
00D000DO000DOO0On

000D00000D000DO0 VDFOOOODODOOOD VDFOODO@AOODDO0O00O0Do00o
000000 Figs 43500 0 0Fig. 4.3(b)JFig. 44b)00 00 Fig.450000000000000
0000000000 D0000D000D00000D0000D0000D000D000Do00OnO
0000000 Fig.43@)U0Fig.44@000000000000000000D0O000DOOOODO
000000000 Akulintsey 0000000000000 0000000000000 000OD0O
00D0122000000000Akuintsey 000000 VVOV-TOChemOOOODDOO0ODO (31)
0000000000000 0D000000000000000®c®o00000n0 conooooa
0000000000 D000D0000D ChemDOOO PVMMOODODOOODOOOODOOPYMO
000000000000 0000000D0000000(@3340000000000000000
0000000000 MO0 OFigs. 45 b)0 00000 2000000 GordietsO OO OO0OO
0000000000 D0000D0000D00000000000000 VDFOOOOODOOOD

gogboooobooobooobbooobooon

1o / § o)
13ﬁ(VDF) - \\l/:V* V=Vv*

max Vmax
> Bco(v) 2co(v) -
v=0 v=0

(4.5)

000 vw=27000000000 PVMOO@E3ODODOD0D00D00RE' D00O000O00OOOOO0
DDDDDDDDDEi,pZEGeVDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
ggbooboboooboboobuoobboobooboboobobooboobboobooooon
goodoobooboobbotoooooooboboobootbuoooooboobbbouoooaooonn
000000D0000D0000D0000D *0000@50000000000000onooooon
000000000 0bOo0bDOo0bOo0bobooEBULODODODLODOOLOOoOoDOoOoDOOOoDO
ggoooobooan

00 Figs.41-500000000000000000OO0O0DOOODODOODOOODOOODO
gobobooooboooboboobobobooboobbooboooboobbooboobobon
o00oO0b0o0obDOooboobbO00obobo0bOUb0O(RichO PorshnevDOOOOOODOO
oo0O0 coOoooOooOog coou coppoboooooopbooooooboobboooon
gogbogbooboooboboobuoobboobooobooobobooboobbooboboooobon
gooooobooo@uooo)yoooooobooooooobooooooD)yOboooboooboo
gogboooobooobobbooobbooboobboobooboboobbooboobobon



Vibrational distribution function, CO(v)/CO Vibrational distribution function, CO(v)/CO

Vibrational distribution function, CO(v)/CO

lygmem————T7——71 7173 W77
, T=125K : T=125K ]
10 § Tv11=2300K | — Ty11=2300K ]
CO/He=4/96 3 % 3 CO/He=4/9%6 A
10 3 5 5
F E 5 ]
10° L i 8 ]
E E @ i
o ] £ E
4 i T % r 3
107 E E | ]
E E ] r i
PR I T B TR | N (N 01 R T T S R
0 10 20 30 40 50 0 10 20 30 40 50
Vibrational quantum number, v Vibrational quantum number, v
(a) Vibrational distribution function (b) Enrichment coefficient
Fig. 4.2 Comparison between Farreng's experimental results™ and our calculated ones function with V—E term
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Fig. 4.3 Calculated VDFs and enrichment coefficient for CO molecules of each vibrationa level(T, ; ;=2000K).
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Fig. 4.4 Calculated VDFs and enrichment coefficient for CO molecules of each vibrational level (T, ; ;=4000K).
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Fig. 4.5 Calculated enrichment coefficient by analytical solution, eq. (2.13), (------ ) and our
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Fig. 4.6 Caculated VDFs and enrichment coefficient for CO moleculesin each vibrational level.
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Fig. 4.7 Dependence of calculation parameters on caculated VDFs by
Maxwellian electron energy distribution (------
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Fig. 4.8 Calculated **C enrichment coefficient for vibrationally excited CO molecules as a function of mean electron
energy by Maxwellian distribution (------ ) and Druyvesteyn one (—) for different trandational temperature.
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Fig. 4.9 Calculated **C enrichment coefficient for vibrationally excited CO molecules as a function of mean electron
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Fig. 4.10 Calculated *C enrichment coefficient for vibrationally excited CO molecules as a function of mean electron
energy by Maxwellian distribution (------ ) and Druyvesteyn one (—) for different gastotal pressure.
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Fig. 4.23 Calculated results of isotope enrichment and reaction yields of stable products CO,(s) and C(s) and mole
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Fig. 4.24 Caculated results of isotope enrichment and reaction yields of stable products CO,(s) and C(s) and mole
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Fig. 4.25 Calculated results of isotope enrichment and reaction yields of stable products CO,(s) and C(s) and mole
fraction of O, and O at the end of discharge tube as a function of reduced electric field with keyy=1x 107(residence

time: 0.1s, ye=1x 102, jp.c=1x 103).
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Fig. 4.26 Calculated results of isotope enrichment and reaction yields of stable products CO4(s) and C(s) and mole
fraction of O, and O at the end of discharge tube as a function of reduced electric field with keyy=1x 107(residence
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