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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

D00@eOIOO0DONONODO CO co,00000000000000000000000 cOO0O
070801000 col0NNNNIDNNNNNNNNNNNDNNDN Co, 000000000
00000000 COo,0000000000000000000000000000000000
000000000000 OCO0000 2300000000000000 OBlakeDO0000 C30,
0000000000000 0000000(CO),0000000 “00000Fg24ad000



00000000000 OCO000 035+0050000000 CO,0000000000000
0000000000 0000D0000D00000000000000000000R.7-90000
0000000000 D0000D000D0000CcO0D00ODO0UOD C,0000n000ono
0(CO).C,(m=1-150 000 0000000000000 0000000000oooog ¥%g0
0000000000000 000D0D00000000000D00000000000000O0O
(2780 0000000000000000O0DO000ODOO0O0O0ODOO0OODOOOOODOOOO
0000000000 0000000000000000000000000000000OFg.24
00 oCO00D000DD00ND000NDN0NDD00DD00DD000oDno0onoOoo
O0D0D000OoOCO00DD00NDDN00NDDN00NDND00DND00ND00nDnooonodg

15[ T T T & ._0.5o 15 T L T ':0-50
- = - X i r—
—> 1048 _ I Jos €
g X x X ] 0.4 % S [ % % ] %
z Ir X . Jos E 3 T o <> —_o.3§
z x 1 8 2 [[ &ffina) -
5 Jo2 8 & __f[lo a&re 402 8
§ o5k e a@na) |1 B § 05 [a Guoffind) i &
14 L ° o &et) |401 g o L § 401 2
. L] A Goffina)] S s 8 ) 2 ] 1 ©
ol . ®® | P P R I O T ——— AL
0 1 2 3 4 5 0 20 40 60 80 100
Discharge current [mA] Ar mole fraction [%)]
(a) Dependence on discharge current, | (b) Dependence on Ar mole fraction
(Ar/C0O=0.5, t,=0.35s, p=6Torr) (I=2mA, t,=0.35s, p=6Torr)
15_...,...,...,...,..._0.5 1'5_IIIQIII| T T T _0-50
: 4 o L b =
L ] = i — 04 g
—_ — 04 = = L X X
s [ X x X X—): % % L x x X ] é
s 1fF X Joz3 E 3 1Ir . Jo3 £
T ) ) 1Y° < 2 - a o & (fina) ] 5
> r 8 o &(net) |1 2
z [lo &(net) 1 s conld o2 8
2 Fl A Go(final) ° a 1028 3 i ° A Gooffinal)| 792 S
§ °° ¢ | & B°°F 2e o o 101 2
i [ J _' 2 o L -1 01 >
x i 8 pe ] 0.1 g [ a & Q 8 (>)<
0 B ! A T 0 0 L | M BT R | P TR B 0
0 0.2 0.4 0.6 0.8 1 0 2 4 6 8 10
Residencetime, t, [g] Discharge pressure [Torr]
(c) Dependence on residence time, t; (d) Dependence on discharge pressure, p
(I=2mA, Ar/C0O=0.5, p=6Torr) (I=2mA, Ar/C0=0.5, t,=0.35)
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

13



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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C+CO+M - C,0+M,k = 6.3E-32 cm®/s (T{=300K)™. (3.25)
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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 ™",
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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)
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(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
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Fig. 4.2 Comparison between Farreng's experimental results™ and our calculated ones function with V—E term
( ) and without V—E term (—- —) (In our calculation, N, and O, are omitted).
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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.

36



000000000000 000000000000D000000000000000000000
000000000000 000evOODOODOODODOOODOODDOOODDOOOOODOO
0000000000000 000D0000D0000D0000D0000D0000evOO0OO0OOO
00D0000D0000D41200000

0000000000 D0000D000D000D0000D00000000 Ar00000000
00D0000D000D000D000D Fig. 460000Farenq0 0000000 HeOOODDO
0coOo0OD0O0ODOODO00O0DDO00oDD00ODO00ODO00ODoO0OoDoOoOonooo
O0Ar00D0000D00O0DO0OHeD COODOOODOOODODOODO V-TODOOODO
O00D00coO0ODOO0ODOOODOOODOOOoDoOooD ™opoooooooooo
0000000000 D0000D000D000000000D0000D0000D000DO000noO
000D000DO00PYMODOOODOOODOOODOOODOOODOOOO HeOODODOOOD
00D0000D000D0000D0D000D Ar0D0000000000000 Ard HeD V-TOO
0000000000 D0000D000D0000000 COHeOCOArOODDO00Dnoono
0000000000000 D000D000D000D0000D0000DO0OOOvV-TODO000O
000000D0000D0000D0000D00000000000000 COHeOCOArODOOON
000D000D000D0000DO0 V-TODOOOODOOODO0OO000O000000v-rogon
0000000000 D000DOFg 4600000000000000000 CO/Med CO/Ar
000000D0000D0000D000DOV=-TODODOO VDFOODOOODOOODOOO0OD
000000000000 Ar0000000000D0000D0000D00O0DO0O0DO00OO
00 HeOODOOODOOODOOODOOODOOODODOOOODOOOOD Ar00D0O0O00OD
00D0000D000D00O0DO00O0DO0 V=T 0O0ODOO0OO00D00O00DOO000D0OO000DO
0000000000000 0D0000000000000Mm

412 00000000O00OO0ODOODODOODODbOD

U0 evObOoobOoobObhooboobbooboboobooobbooboobbooobooo
OO0EEDRHOOOOODO(VDRAOOODOOOODOOODOOOOOODOUODOOOODOODOO
gogbbooboooobboobuoobbooboooooobobooboobbooboboooobon
gogbogbobooobboobuoobboobboooouoobbooboobboobobooobon
gogbogboboobbouobooobboobbodobo eebFO0O0OO0ODOOO0OOOOODOO0
000000000000 00000000000000000000000 o000 2000
ooooOobOOo00obOOoOo vbrODOOO Fig 4700000 000C0O0DOO0O 2000000DOO
o0ooO0obOOo00obOOo0bOboO0bOdFrg 470000000DO00DOODOOOODOOODOO
O00O0O0bOo00b0oU0bboOU0b0bDOrig47@UOOD0O0ODbO0O0ODOOO 1evOO0OODO
O00O000O00O0b0DOO0O0O0O0OFrg 47O O0DOOOOODOOOODOOOOODOOODO
oobooobo0obOooboobboOddfFrig 4700000 DOUODbDOODODOODOO
oo0o00O0bOo00bOoObb0dbFrgs 47d, g0 000D OODOODOOODOOODOO
O0Fig 47d0D000000DOO0ODOODOOODOODOOOOOOOODOOOODOOODO
gogbogboboobobooboboobboobuoobbooboooboobboobooab

37



Vibrational distribution function, CO(v)/CO

Vibrational distribution function, CO(v)/CO

Vibrational distribution function, CO(v)/CO

lgem——T——T———T1—— T
T~100K
Ne=1.5x 10"%m? ]
107 | CO=3Torr
E Ar=3Torr E
10° ¢ 3
107 ¢ 3
10 ¢ 3
10°
0 50
Vibrational quantum number, v
(a) For different mean electron energy, £(eV)
lyem—b——7—— 77—
&25eV 7
TF=100K ]
10t L CO=3Torr
E Ar=3Torr 3
107 i 13C160(V) N.=15x 10" ]
Ne=3.0x 10 §
E Ne=1.5x 107
107 3
0% ¢ 3
10° :
0 10 20 30 40 50
Vibrational quantum number, v
(c) For different electron density, N, (cm®)
10— ———r—
Ne/p=1.5x 10*°cm*/6Torr 3
£&2.5eV ]
10 L Ty=100K -
£ CO/Ar=50/50 E
0% ¢ 3
10° ¢ 3
10 3
10°
0

Vibrational quantum number, v

(e) For different pressure, p(Torr)
(ionization degree is constant)

Vibrational distribution function, CO(v)/CO

Vibrational distribution function, CO(v)/CO

Vibrational distribution function, CO(v)/CO

lm—r———r—— 1

T T
£&2.5eV

Ne=1.5x 10%°%cm’ ]

10* CO=3Torr
Ar=3Torr E

1072 L 13C160(V) .
: ~ T;=100K 3

T,=200

0 10 20
Vibrational quantum number, v

(b) For different tranglational temperature, 7,4 (K)

lem-r—b—— 77— 77— 17—
£&2.5eV 3
T=100K ]
107 | Ne=1.5x 10%%m™®
E CO/Ar=50/50 3
0% ¢ E
£ p=3Torr ]
10° L T
10 | 3
10° .
0 10 20 30 40
Vibrational quantum number, v
(d) For different pressure, p(Torr)
(electron density is constant)
lgem———7—7——T— 17—
£&=2.5eV E
) TF~100K
107 g Ne=1.5x 10"%m
2 CO=3Torr ~ J
107 | 5
107 3
: r
0% ¢ 3
10°
0

Vibrational quantum number, v

(f) For different Ar partial pressure (Torr)

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
energy by Maxwellian distribution (------ ) and Druyvesteyn one (—) for different electron density.
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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).



2 1 1 1 T T T
_ CO/Ar=50/50
5 1=2mA
ﬁ l 5 | Tg:].OOK
= Pevn=1x 107
g Jo.c=1x 10* |
T 1k
8 N
= keo.o=10"7-102cm¥s |
S
505} -
c
L i
0 | L 1 1 1 1 |
0 20 40 60 80 100
Reduced electric field, E/N (Td)
(a) 3C enrichment coefficient for CO,(s)
ol—— .
keo.0=10"-10"2 J
< 008} Keo0=10™ .
g —10y15 ]
& 0.06 - keo0<10 .
k=] ]
)
>\ -
5 0041 corar=s0i50
b3 1=2mA
§ 002 | Te=100K
PWM=1X 1077
Joc=1x 10° 1
0 L 1 |
0 20 40 60 80 100
Reduced electric field, E/N (Td)
(c) Reaction yield of CO,(s)
01 T T T T T T T
< | CO/Ar=50/50 =107 ]
ea: 0.08 =
= U [~ Ty=100K _10716 N
§ L Paym=1x 107 koo =10 J
Ke] = 3
Eoopf f I e .
N 0-0
@) L ]
B -14
5 0.04 Kco.0=10 -
g L ]
= keo-0=10"
% 0.02 - 00=1027
= L i
0 1 1 . |
0 20 40 60 80 100

Reduced electric field, E/N (Td)

(e) Molefraction of O, molecule

Enrichment coefficient, o

Reaction yield, & (%)

Mole fraction of O atom (%)

20

=
o

=
o

(&)]

0.1

0.08

0.06

0.04

0.02 -

0.1

0.08

0.06 -

0.04

0.02

CO/Ar=50/50

I=2mA
- T,=100K
| Pp\/M=l>< 107
Joc=1x 10*
1 1 1 | L | L 1 1
0 20 40 60 80 100
Reduced electric field, E/N (Td)
(b) °C enrichment coefficient for C(s)
T T T T T T T T
L Keoo=10"7-10"2 -
[ CO/Ar=50/50 ]
L 1=2mA .
T;=100K h
PWM=1X 1077
F Jec=1x 10° .
1 1 | L | L 1
0 20 40 60 80 100
Reduced electric field, E/N (Td)
(d) Reaction yield of C(s)
T T T T T T T T T
| CO/Ar=50/50 /
I=2mA .
~ T=100K 00=10 y
L Ppyw=1x 107 g
Yoc=1x 10° keo0=10"° i
- keo.o=10"5 -
[ keoo=10" ]
I kco.o=10’13-10’12 |
1 M 1
0 20 40 60 80 100

Reduced electric field, E/N (Td)
(f) Mole fraction of O atom

Fig. 4.26 Calculated results of isotope enrichment and reaction yields of stable products CO4(s) and C(s) and mole
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Table B-1 Molecular constants
2c16G 3 13¢160 12¢18G 9 1416y b)
) 2170.21 2121.98 2117.91 2079.74
WXe 13.461 12.87 12.82 12.36
a) Ref. 108), b) Obtained by mass scaling
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E-1. 000000

Table E-1 Experimental results with different discharge current (t,=0.73 p=5orr)

Flow rate (sccm) | v EIN Reaction yields Eg;ﬁggﬁ?;
M o A b WM g gy hw
B-10 10 0 0 05 5 21 0.041 0.033 1.05 1.50
B-9 10 0 0 1 6.4 27 0.073  0.073 1.08 1.62
B-7 10 0 0 2 5.8 24 0.171  0.196 1.07 1.48
B-8 10 0 0 4 7.2 30 0.375  0.603 1.03 1.29

Table E-2 Experimental results with different discharge current (t,=0.58s, p=6Torr)

- Flow rate (sccm) | Vv EIN Reaction yields Eggﬁg?;ﬁ?;

co A he M T goon am  Bhe C&
B-37 5 10 0 0.5 3.7 13 0.049 0.049 111 1.26
B-34,38Y 5 10 0 1 395 136 0.090 0.119 1.20 182
B-36 5 10 0 2 4.7 16 0.196 0.304 1.15 2.02
B-35 5 10 0 3 54 19 0.456 0.619 1.07 181
B-39 5 10 0 4 5.6 19 0.652 0.847 1.05 1.66
B-40 5 10 0 135 4.7 16 6.409 9.015 0.99 1.07

1) B-34,B-380 000
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Table E-3 Experimental results with different discharge pressure (1I=2mA)

L Enrichment

- Flow rate (sccm) N D v EIN Reaction yields coefficients
co A He © (M &) 0D g 0 aw) Che &

B-25 10 0 0 0174 12 4.4 76 0.122 0.196 1.02 1.03
B-15 10 0 0 0872 6 7 24 0.196 0.206 1.09 171
B-24 10 0 0 1017 7 7.2 21 0.147 0.171 112 1.67

Table E-4 Experimental results with different discharge pressure (I=1mA)

. . Enrichment
Flow rate (sccm) r D v EIN Reaction yields coefficients

Run no.

Torr kV Td

co A He O (oM &) (T g 0 aw “fe &
B-34,38Y 5 10 0 0.581 6 395 136 0.090 0.119 1.20 1.82
B-45 5 10 0 0775 8 56 145 0.163 0.196 1.10 2.06
B-42 5 10 0 0969 10 6.8 141 0.196 0.239 1.09 2.17
B-43 5 10 0 1163 12 83 143 0.239 0.261 1.07 2.16
B-41 5 10 0 1453 15 101 139 0391 0.326 1.05 1.98

1) B-34,B-380 000

Table E-5 Experimental results with different discharge pressure (1I=2mA)

. . Enrichment
Flow rate (sccm) N D v EIN Reaction yields coefficients
Run no.
S Torr kV Td
co Ar He © (@ (&) (0D g @ aw ke &
B-36 5 10 0 0.581 6 47 16.2 0.196 0.304 1.15 2.02
B-33 5 10 0 0.969 10 77 159 0.456 0.521 1.07 2.24
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Table E-6 Experimental results with different Ar mole fraction (I=2mA, t,=0.17s, p=6Torr)

. . Enrichment
Flow rate (sccm) v EN Reaction yields coefficients
Run no.
kv Td
co A He WD g ) a  he &
B-14 50 0 0 6.2 21 0.033 0.042 1.13 1.52
B-13 40 10 0 4.2 14 0.045 0.045 1.20 1.61
B-18 25 25 0 3 10 0.039 0.049 1.16 1.81
B-11 10 40 0 2.4 8.3 0.122 0.114 1.05 1.33

Table E-7 Experimental results with different Ar mole fraction (I=2mA, p=6Torr)

. . Enrichment
Flow rate (sccm) r v EIN Reaction yields coefficients
Run no.
co A He O 0D g 0 aw ke A
B-15 10 0 0 0872 24 0.196  0.206 1.09 171
B-12 10 5 0O 0581 4 14 0.106  0.122 114 1.93
B-17 10 15 0 0349 238 10 0.090 0.122 111 1.68
B-11 10 40 0 0174 24 8.3 0122 0114 1.05 1.33
Table E-8 Experimental results with different Ar mole fraction (I=2mA)
. . Enrichment
Flow rate (sccm) r D v EIN Reaction yields coefficients
Run no.
CO Ar He (8 (Torr) (V) (Td) Goa(%)  &(%) Loz 13,3(:
B-32 5 5 0 0872 6 5.7 20 0212  0.358 1.13 1.89
B-36 5 10 0 0581 6 4.7 16 0.196  0.304 1.15 2.02
B-31 5 180 0 0067 85 3 7.3 0212  0.293 1.00 115
B-46 5 195 0 0068 94 33 73 0244  0.261 1.00 1.09
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Table E-9 Experimental results with different He mole fraction (1=2mA, t,=0.17s, p=6Torr)

. . Enrichment
Flow rate (sccm) v EN Reaction yields coefficients
Run no.
kv Td
co A He WD g ) a  he &
B-14 50 0 0 6.2 21 0.033 0.042 1.13 1.52
B-22 40 0 10 5.8 20 0.053 0.065 1.21 2.08
B-23 25 0 25 4.8 17 0.065 0.094 1.15 1.74
B-19 10 0 40 4.2 14 0.171 0.228 1.06 1.15

Table E-10 Experimental results with different He mole fraction (I=2mA, p=6Torr)

Flow rate (sccm) r v EIN Reaction yields ES Qﬁr;gﬁ?;
o A b @ W g aen ke R
B-15 10 0 0 0.872 7 24 0.196 0.206 1.09 171
B-20 10 0 5 0581 54 19 0.228 0.277 117 1.88
B-21 10 0 15 0349 46 16 0.147 0.212 112 1.56
B-19 10 0 40 0174 42 14 0.171 0.228 1.06 1.15

E-5.Ar/THeO O D00

Table E-11 Experimental results with different Ar and He mole fraction (I=2mA, t,=0.17s, p=6Torr)

Flow rate (sccm) v EIN Reaction yields E(? ;ﬁggﬁ?;
Y o A v KT gy ey "me A
B-11 10 40 0 24 8.3 0122 0.114 1.05 133
B-26 10 30 10 31 1 0212 0171 1.07 159
B-16 10 20 20 34 12 0.163  0.187 1.10 1.62
B-27 10 10 30 3.7 13 0456  0.250 1.05 154
B-19 10 0 40 4.2 14 0171  0.228 1.06 115
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E-6. 000000 ArOO)

Table E-12 Experimental results with different discharge current (t,.=0.068s, p=9.4Torr, T,,=77K)

Flow rate (sccm) | v EIN Reaction yields EQ ;ﬁré?;re]?;
Run o CO Ar He (mA) kv)  (Td) GoxA%)  G(%) s Co2 13,3(:
B-46 5 195 0 2 33 7.3 0.244 0.261 1.00 1.09
B-50 5 195 0 6 3.7 8.1 2.020 1.760 0.98 0.97
B-49 5 195 0 10 3.4 7.5 4.758 3.975 0.97 0.96
B-51 5 195 0 14 3 6.6 7.495 6.191 0.98 0.97

E-7. 00000 O(Tw=273K)

Table E-13 Experimental results with different discharge current (t,=0.068s, p=9.4Torr, T,,=273K)

. . Enrichment
Flow rate (sccm) | v EIN Reaction yields coefficients
Run no.
mA kv Td

CO Ar He ( ) ( ) ( ) QCOZ(%) QC(%) 13 ﬂCOZ 13 ﬁC
B-47 5 195 0 2 1.9 4.2 0.342 0.179 0.98 1.00
B-52 5 195 0 6 2.2 4.8 0.880 0.978 0.96 0.99
B-48 5 195 0 10 2.2 4.8 1.369 1.597 0.94 0.99
B-53 5 195 0 14 2.4 5.3 1.629 2.216 0.94 0.98
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