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PFC Treatment by Electron-Beam Plasma

B Atmospheric-pressure operation
B High electron energy for efficient PFC decomposition
----- compared to Discharge Plasma

B Fast start, no need for preheat
----- compared to Combustion

B Quick response to change in PFC concentration

B Possibility to reduce HF
----- and also reduce NOXx ?



High-Repetition-Rate Pulsed-Electron-Beam Generator
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Pulsed-Electron-Beam Voltage and Current Waveforms
300 L ) B L L L

N
o
o

Voltage [kV]

0 50 100 150 200 250

Current [kA]

0 50 '1(I)O' B '1E|50' B '2(|)O' 250
Time [ns]



Pulsed-Electron-Beam Emission and Energy Deposition
Into the Atmospheric-Pressure Gas Mixture

Energy Deposition Distribution (Simulation) Pulsed-Electron-Beam Emission to the Air
Gas Chamber

A
Pressure Foil
Anode Foil
@ E
(&
(@)]
(9\}
Cathode
Vacuum =
- Y - :
- Voltage: 200 kV Repetition Rate: 1 Hz

19 cm
Current: 25 kA Exposed to approximately 10 shots

800 Torr (Ar: 82%, Kr: 18%) )
Pulse Width: 80 ns



Electron-Beam Energy Deposition in the Gas Mixture

Deposited energy in the gas (AEdep) s 980 Pulsed-Electron-Beam Injection
evaluated on the basis of the pressure 4 * )
jumps (AP) due to heating by electron %=
- o
beams and an estimated energy . 970
dissipated from the gas in the formof £
- - - (92} ¥
optical radiation (AE,,,). 4
% 960
1 &
AE .= foq —= V, AP
dep rad y - 1 V09 5 [sec]
1Erad = AEdep/ (AEdep - AErad) 950 Time
= 1.25 for Ar, 1.11 for N, (Assumed)
y = ColCy = 5/3for Ar, 7/5 for N, Interval of Pulsed-Electron-Beam Injection : 4.7 sec
C, C, : Specific Heat at Constant Pressure Plasma Volume (Irradiated by Electron Beam) : ~ 10 Liter
Py 2V - d
and Constant Volume, respectively AE 4, Density/Pulse (Plasma Region) : 10 ~ 30 mJ/cm3

V, :GasVolume =58L for Ar, 53 L for N, AE 4, Density/Pulse (Average over Gas Volume) : 2 ~4 mJ/cm3

g



High-Energy Electron Beams for Efficient Generation
of Active Species to Decompose CF,

Excitation, Dissociation, Electron-Beam
lonization Thresholds Injection Energy
I e
Discharge} “\ Electron-Beam >
| |
Plasma | Plasma
| L — | |
1 10 102 103 104 105 [eV]

[High Energy Electron] Electron Energy

Ar — 15 75eV

15. 58 eV
N2 7 x10°10 cm3/s
8 x 10 10 cm3/s l
> CF3+ + F
CF, > Products
12.5eV > CF3 +F




Major Reactions for CF, Decomposition and Removal

Electron beams
generate Ar+, N,", €tc.

i~ 1015 3
1ns [Ionconcentratlon 1042 /cm

Degree of lonization ~ 104

J

CF,+ Art — CFg* +F + Ar (7x 100 cm3/s) |
CF,+ Ar® — products (4 x 1011 cm3/s)
CF,+ N,* — products (8 x 1010 cm?3/s)

s

10 ns
Art, N,*, etc. dissocitae CF, 100 ns

AN

CF; +O — COF,+ F

CF, +O — COF + F

COF,+ O — CO, + F,

COF +O0 — CO, + F

CF; +H — CF,+ HF

CF, +H — CF + HF

2HF + Ca(OH), — CaF, +2H,0
Time U 2HF + CaO — CaF, + H,0

Reactive fragments are
fixed to CaF,, CO,, HF, etc.

J

Reactions proceed sequentially: 1) Generation of active species,
2) Dissociation of CF,, and 3) Scavenging reactive fragments.



Temporal Evolution of the Reaction Species (Simulation)
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CF, Decomposition in Ar-Balanced Gas Mixtures

B Argon-balanced gas mixtures at atmospheric pressure

m CF, concentration = 1000 ppm
W Scavenge reactive fragments using water vapor and Ca(OH),

W High energy efficiency obtained



Number Density [/cm3]

x1016
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3.55
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3.54
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3.53
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351 | | |
1079

Temporal Evolution of CF, Number Density

Simulation
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Experimental Setup for CF, Decomposition
Ar-Balanced Gas Mixtures with water vapor and Ca(OH),

Vacuum Chamber | ‘ Electron-Emission Cathode

‘ |
re

C Anode & G_as-Prgssure
Gas Chamber Electron Beam L~ Sustaining Foils
\ | < }— CF4Gas Mixture

CF, Ar :
IN Atmospheric-Pressure
Nonthermal Plasma
— Gas Sampling
C02 \ /
ouT \ CaF, ¥ ca©H),slurry /
H,O

| ‘Bubbling l HF CO,
ul

Circulation
Ca(OH), a o
2 < Pump

| o
Water Reservoir
l CaF,




Destruction and Removal Efficiency [%]

Experimental Results of CF, Decomposition

Ar-Balanced Atmospheric-Pressure Gas Mixtures

Pulsed Electron Beam
100 ¢ CF, 1000 ppm, Ar base |

:(Present Work) . B O — :
80| ~ :
| _ "SDBDv
-~ CF, 1000 ppm, N,:Ar = 1:10
60 - .
/
| » DBD? ;
40 DBD?2 CF, 500 ppm, N, base |
- /" CF, 500 ppm, He base — T
4 —
[/ oo =T
201 //// DBDY |
- CF, 1000 ppm, N, base
L L /u L | L L L L | L L L L | L L L L | L L L L |
OO 5 10 15 20 25 [J/lcm3]

0 1 2 3 4 5 6 7 [WhL]
Specific Energy Density

1) G.J. Pietsch, etal.: Proc. 10th Int. Symp. High-Press. Low-Temp. Plasma Chemistry (2006) p.128.
2) Y. Kim, etal.: IEEE Trans. on Plasma Science 33, 1041 (2005).



Number of Fluorine Atoms Fixed in Ca(OH),
(Measured In the Ar-Balanced Gas-Mixture Experiments)

Electron Beam

CF, 1000 ppm, Ar base & Gas Chamber
= 0,
cF, Ar |10 kPaT, 58 L, DRE = 92% sampling
N — > Fluorine Atoms Decomposed = 11 mmol >
l Can Ca(OH), Slurry
H0 : - HF CF,
Fluorine Atoms Fixed ~ 1.4 mmol
Cco,
ouT X - Bubbling k Ci;culation <
ump
Ca(OH), aq I CaF, Oo J

) ) 5 L/min
Fluorine Atoms Fixed

~ 0.35 mmol




Effect of Water Vapor on CF, Number Density

25 _
mE : H,O Concentratior )
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o 24} :
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Numerical Simulation and Experimental Results
of CF, Decomposition and Removal Efficiency
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CF, Decomposition Paths in Ar-Balanced Gas Mixture

: 3
[ Ar & Electron Beam ] Input = 20 mJ/cm

CF, : 1000 ppm
/ Pressure : 1 atm
dN/dt _ @

Ar* :5x 1015 /cm3
Ar*:1x1015/cm3

Products H,O CF, @

Ar*™and Ar* dissociate CF,.
etc ?

Water Vapor quench Art and Ar*,



CF, Concentration (1000ppm)
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CF, Decomposition in N,-Balanced Gas Mixtures

W Nitrogen-balanced gas mixtures at atmospheric pressure
m CF, concentration = 900 ppm
B Scavenge reactive intermediates using CaO only

B HF emission reduced using no water vapor as a scavenger



Experimental Setup for CF, Decomposition
N,-Balanced Gas Mixtures with CaO
CF, Gas Mixture
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Experimental Results of CF, Decomposition
N,-Balanced Atmospheric-Pressure Gas Mixtures

560/
- - —
> | L1- =]
S L Pulsed Electron Beam L - ~O ]
.g . CF4 900 ppm, N, base . e ]
= [ (Present Work) et P ]
w 407 ff," f/ DBD? i
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2 30 7 ]
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g I
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Q I
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1) G.J. Pietsch, etal.: Proc. 10th Int. Symp. High-Press. Low-Temp. Plasma Chemistry (2006) p.128.
2) Y. Kim, etal.: IEEE Trans. on Plasma Science 33, 1041 (2005).



Number of Fluorine Atoms Fixed in CaO
(Measured in the N,-Balanced Gas-Mixture Experiments)

Electron Beam

CF, N,

-

CF, 900 ppm, N, base & Gas Chamber

130 kPa, 53 L, DRE =32%

Fluorine Atoms Decomposed = 3.3 mmol

I CaF,
CaO

Fluorine Atoms Fixed ~ 3.9 mmol +/-50%




Byproduct gas species with small concentrations

DRE = 26%, SED =4.1 J/cm3 (1.1 Wh/L)
* . lower than the detection limits

HF

NF3

COF,

< several 100 ppb™

< several ppm™

< several ppm™

Cco,

CcO

CN-

NO,

NO

<1ppm

5 ppm

< 1.5 ppm™

<1ppm*| <1ppm*




CF, Decomposition Paths in N,-Balanced Gas Mixture

: 3
[ N, & Electron Beam ] Input : 20 mJ/cm
CF, : 1000 ppm
/_\ e~ Pressure : 1 atm
d—l\|i|/dt:2x107 ? N2 @
=2x107 .. s
CV \ CF4 E +.. 5:93))((]i(2)15//((;:rr:3

Products Products

CF, ?

N+ N, N, + N, N*and N,* dissociate CF,.



Summary

B EFE—LTS XTIk D CF, D RNIERE
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