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e+A-—>A +2 Tonization by electron-atom collision (> 10 eV)
e+ A 52 +A Electron metastable ionization (eV)
e+ AB — AB’ Ionization by electron attachment

A"+B—>A+e+B" | Metastable neutral ionization  collision
(Penning ionization)

A"+B—>A+B' Charge exchange

AT+B— A +B +e Ionization
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Atom or | Lonization | Electron | Metastable| Lowest |Dissociati
molecule | potential | affinity | energy excitation |on energy
| (eV) (eV) level (eV) | energy (eV) (eV)
H . 13.6 0.75 - 10.2 ~
He 24.6 - 19.8 21.2 -
0 13.6 1.5 1.97 9.2 -
F 17.4 3.5 - 12.7 -
Cl 13.0 3.6 - 8.9 -
Hy 15.6 - - 11.5 4.5
0, 12.5 0.45 12 79 5.1
Cly 13.2 2.5 - - 2.5
CsHs 9.6 - - - .
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Metal Smax E (eV)
Ag 1.5 800
Al 1 300
Au 1.5 750
cd 1.1 400
Cu 1.3 600
Fe 1.3 350
Mo 1.25 375
Ni 1.3 550
Pt 1.8 800
W 14 700

Lol ollae 3 Lessandl sl Ga 5T suad 6581 Slas¥l @ulae

(2) dJJ-"L‘ é L._.u- :...!'I.Lhi _’t uUaits L'-“?.TJ

S I 5 50 Sai) hebas 1(2) gl

d=1at
Substance® Vi (V) Vi (V) Smax fovr(ggax

” ) ] 05 85

K - - 0.7 200
cu 5100 - 1.3 600
Ag. Au ) i 13 800
W . - 1.5 500
C 160 ~1000 1.3 600
Soot - - 0.4-0.8 500
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Pt

Mo

NaCl

MgO
Pyrex glass
Soda glass

Oxide cathode BOSrO

ZnS
Ca tungstate

140"
~20

30 — 50
30 - 50
40 - 60

1200
-1400
2400

900

3500

6000 — 9000 |

3000 ~ 5000

1.6
13

2.4-4
2.3

5-12

300

350

- 600

400
300 —- 400
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1400
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' i se A eV

s o g SSIV 5 e s 5T sl Dls f 25U 5 0
Laghl a3l o g sl B 532000 p0 ST a1  wolom s e (Jaghl) el
(3) Jpddl - el Lo dpeliie iy hay b 7SOV e @ lalt W)Y Jhay
o yos G3ball tewlST 03Ul pad (3 g 0 iU Ltall UL ams e
‘).-...Jl Ji_g.:uu(4) JJJ.:L\ Js‘d&»db:; OJL\.UUAQJLG _)Le-ﬁa‘ bl L‘;-JJ
dJM\M\SiuAJ.J

gt A SN 22l U amy 1(3) J g

Metal Ao (m? K% | Work Function (eV)
\'4 70.0 x 10* 455
Ta 55.0x 10* 425
Ni 30.0 x 10* 515
Cs 160.0 x 10* 2.14
Pt 32.0 x 10* 5.65
Cr 48.0 x 10* 4.50
Baon W 1.5x 10* 1.56
Cson W 3.2 x 10* 1.36
c - ’ 5.0
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13,0 il po e alad) AeualSY Jatll g 1(4) J gt

Oxide Work Function (eV)
BaO 1.0

CuO 52-54

Cu0 52-54
ThyO, 6

WO; 3.5

Zr0, 9.2

Jlaedl 305 3 DS Laesedl SV land Ll BES oy (5) J gtk |
st ol b pasaadl o g g NV a Lo ped YT anglh o g dime .y 45T
| ‘ Lol aiall od

Raloiz 1y 48 V2 i gro 200 ok agdl k¢ g A i L) S 1(5) g

Eiectric Schottky | Thermionic Field Thermionic
field x 10° | decrease emission emission field emission
(Vem™) | of W(V) | Aem™) | jAem?) | - jAcem?)
0 0 0.13 x 10° 0 0
0.8 1.07 8.2 x10° 2x107% 1.2 x 10*
1.7 1.56 5.2 % 10 22 x 10* 1.0 10°
2.3 1.81 1.4 x 10° 1.3 2.1 % 10°
2.8 2.01 3.0 % 10° 130 8 x 10°
3.3 2.18 . 6.0x10° 47 x10°

2.1 x 10°
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Laiall b gall de Wil bgll Gond vl am Oy (6) J sl 51 Jais 5

ek cljle g ol gl
B AN 8 o Aoy die (5 8 = o) By Bl dangll o 1(6) Jsiter

Cathode | Air Ar H; He Hg N, Ne O

Al 025 | 029 | 0.72 | 132 | 0.33 | 0.31 | 0.64 | 0.24
C - - 0.9 - 0.6 - - -
Cu 0.23 - 0.8 - 0.6 - - -

Fe 052 {033 ] 09 | 130 | 034 | 042 | 0.72 | 0.31

Mg | - - 0.61 | 1.45 - 0.35 - 0.25
Hg - - 0.9 - - - - -
Ni - - 0.9 - 04 - - -
Pb - - 0.84 - - - - -
Pt - - 1.0 - - - - -
Zn - - 0.8 - - - - -

A (38 35 ltn (g kel IS5 i Syl Jasgll 3 5 o goidl 0ol

ool g a1 Sl Jerns g b gip Janghl Ak 5 83bs Jo Sitazna (2 5al1)
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sede 3 el Gl s BUL oLl By 4x 10° VmmT spue
L) oe o)l bagall 10° Amm? iy 5 gen 8 sl (500 0.1 — 1 Amm™®
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Parameter Thermionic qggﬁlﬁﬂﬁ?
Cathode fall region
Voltage (V) 10 15
Depth (mm) 0.001 0.1
Electric field (V mm™) 10 x 10 150
Cathode root
Temperature (K) 2800 2300
Movement Stationary or slow Rapid movement
movement
Current density (A mm?) | 1-10? 10% - < 10°
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daaz oLl dy Jadludt danall Glow s V, il dnnall g 1(8) J gt

Cas Pressure (Torr) \Y d, (cm)
H, 1-5 17-19 0.5-0.7
N 0.8 16.5 -
0 1 142 -
~0.1 - >0.12
He 10 26 -
Ne 10 17 -
Ar 20 10 -
0.5 15.3 -
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Representative values

Discharge region

Glow Arc
Cathode process ggiggiggry zrl:l?;gl(i)gnic / field
Pall voltage (V) 300 815
Fall thickness (mm) 10 0.1-10
current density (A mm™) 0.1 10-10*
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Anode _
Fall voltage (V) 20-30 3-12
Fall thickness (mm) 10 0.1
Current density (A mm™) o0 10
Column

| Voltage gradient (V mm™) 1-10 1
Current density (A mm™®) 2x107 10
Mean temperature of neutral Close to
particles (K) ambient 6000
Number density (electrons m™) 5x 10" -
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ICP! FAA? GFAA® MiIp* Arc®

Temp (K) 4000-8000 | 1500-2500 | 2000 1000-2000 3000-8000
¢/em® 510" 3-9x13"° 7x10" 10"-10"
gas argon air/acetylene | argon helium argon
LOD (conc)® | 2ppb 10ppb 0.1ppb 8ppb
LOD (mass)’ | 4ng 20ng 5ng 16ng
SME? ME SE SE ME ME
Heating Induction | combustion { voltage magnetron voltage
Method across across

° graphite tube graphite tube
A Range’ 120-900 | 190-900 190-900 190-900 190-900
Range'® 4-6 3-4 2-3 3-4 3-4
AA source HCL HCL
Common ppb of pm of Single halogens Relg)laced by
Applicati numerous metal (high | element low | (CL Bt,etc) | 1C

pplication | metalsin | volume) volume
solution (ppb, pg)

Price"! $100.000 | $35.000 $55.000 $65.000
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Sample size | Flow (mL) Flow (mL) Static (pL) Flow (mL) Flow (mL)

Interfer argot, molecul? molecul., He emis'® elect'”
emis :

Instrum contin scatter'? contim Ar emis.,

System" contin
27.12,

Frequency 40MHz 2450MHz DC

Power 1-2kW ' 0.2-1kW <100W -

- Inductively Coupled Plasma-Atomic Emission Spectrometer.
- Flame Atomic Absorption.

- Graphite Furnace Atomic Absorption.

- Microwave Induced Plasma.

- DC plasma arc.

- The limit of detection for iron by concentration (MIP-AES is used primarily for
nonmetals).

- The limit of detection for iron by absolute mass (for ICP. FAA, DCP assumes 2 mL
volume, GFAA assumes 50 ul).

- Single or multielement analysis possible on a single sample. For example a commercial
ICP can simultaneously detect 20 elements but a graphite furnace atomic absorption
system is only capable of single element detection with a single «shot".

- The linear dynamic range (orders of magnitude).

- The wavelength range of the technique. These values can vary with sources. dispersing
element. and detector chosen.

- Varies with vendor. model. accessories. etc.

- Interferences from instrumental system.

- Ar emission; continuum background.

- Molecular emission; absorbance from gas species (e.g. C.c N.c etc.).
- Scattering from particulate matter.

- Helium emission.

- Electrode degradation (e.g.,W, WC, emission etc.)
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Element LOD Element LOD Element | LOD
Ag 0.9 Hg 1 Sb 10
Al 3 Ho 04 Sc 0.2
As 50 1 Se 50
Au 8 In 9 Si 3
B 0.8 Ir 5 Sm 2
Ba 0.09 K 20 Sn 60
Bi 30 Li 03 Ta 10
Br Lu 0.2 Tb 2
C 75 Mg 0.07 Te 10
Ca 0.02 Mn 04 Th _
Cd 1 Mo 3 Ti 0.4
Ce 5 Na 3 Ti 30
Cl Nb 10 Tm 0.6
Co 1 Nec 2 U 15
Cr 2 Ni 5 \% 0.5
Cs : Os 6 W 8
Cu 0.4 P 30 Y 0.3
Dy 2 Pb 10 Yb 0.3
Er 1 Pd 3 Zn 1
Eu 0.2 Pr 2 Zr 0.7
F Pt 10
Fe 2 Rb 30 He, Ne
Ga 4 Re 5 Ar
Gd 0.9 Rh 5 Kr, Xe
Ge 20 Ru 6 H, O
Hf 4 S 30 N, C

LOD = limit of detection
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Discharge | Discharge | Pulse | Number Gas Pulse
current | length | of pulses | temperature | energy
(A) (ns) | per cycle (K) (mJ)
Dielectric 0.01-100 { <100 | >100 ~300 <0.1
barrier
- discharge
Corona 0.01-10 ~50 - 51 ~ 300 ~33
discharge
Atmospheric | 0.01-0.20 | ~50 -21 <1000 ~2
pressure
low
ischarge
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Mean free path at 1 Torr ~50x 10%m
Debye length ~10*m
Electron densities 10 -10" m?
Degree of ionization 10°- 10"
Electron energies 1-8eV

Ion energies > 10eV

Gas pressure 0.1 -1 Torr
Frequency DC 13.56 MHz
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Eleetron Electron
Source Gas Flfss_f_‘)'r ¢ | temperature 7, | number density
pior (eV) (n, m”)
DC glow 0.1-1 1-8 10 -10"
Capacitively coupled | 0.05 -1 2-4 10" - 10"
Inductively coupled 10% - 10" 1-10 10% -5 % 10"
Magnetron 0.001 - 0.2 2-4 10" - 10"
Electron cyclotron 1075 - 107 5_15 10'8
resonance
Microwave 10°-5 5-15 10"~ 10"
Helicon 0.01-0.1010 5-15 10%-10"
<o g eL,.':JC_;...a: wlbes foitll ol falyl 1(3) J g
R Pressure Ton density Degree of
Plasma typegrill (Torr) (m™) ionization
Deposition / etching <10 <10" 10°
Reactive ion etching 107~ 10" 10" 1010
Magnetron sputtering 10° 10% 10 - 107
Electron cyctron <107 - 107 104 <107
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Parameter ECR RF

Plasma diameter (mm) 100 100
Plasma length (mm) 200 50
Frequency 2.45 GHz 13.56 MHz
Power (W) 500 200
Gas pressure (Pa) 0.0352 (0.4 x 107 Torr) | 1.06 (75 x 10° Torr)
Electron temperature 7, (eV) | 10 5
Electron number density #, 17 16

3 10 10
(electrons m™)
Degree of ionization 10' 107?
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Gas First cathode | Negative glow Positive column
Helium Red Green Red to violet
Argon Pink Dark blue Dark red
Neon Yellow Orange Brick red
Krypton |- Green -

Xenon - Olive green -
Air Pink Blue Pink
Hydrogen | Brownish red Pale blue Pink
Nitrogen | Pink Blue Red
: Yellowish Pale yellow with pink
Oxygen Red white centrz F
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UV band Wavelength (nm) Photon energy (eV)
UVA 400 - 315 3.1-3.9
UVB 315 280 3.9-44
Actinic 320-200 44124
Vacuum UV 200 -100 62-124
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Charge of electron, e, 1.6 x 10°C

Avogadro's number, 74, 6.02 x 107 particles mol™ at NTP (normal
temperature and pressure, 20° C and 760 Torr)

Boltzmann's constant, k= Ry /n4, 1.38 x 107 'S

Electronvolt, eV, 1.6 x 107 ]

Loschmid's number, 1y, 2.69 x 107 particles m>ina gas at NTP
Mass of electron, m,, 9.11 x 107! kg

Mass of proton (hydrogen atom), m,, 1.67 x 10% kg

Mean free path (nitrogen), Az, 6.63 x 10 m at NTP
Permeability of free space 1y, 41 x 107 Hm'

Permittivity of free space &, 8.85 x 1072 Fm™!

Planck's constant, 4, 6.626 x 104 Js

Random velocity (nitrogen molecule), u,, 509 ms™ at NTP

Ratio of mass of proton to mass of electron, 1833

Universal gas constant, Ry, 8.31 JK™! mol

Stefan — Boltzmann constant, k, 5.67 x 108 W m? K*

Velocity of light, co, 3 x 10% ms™

1 bar =760 Torr 101 kPa
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1 bar = 760 Torr = 100 kPa or 10° Pa
1 mbar = 100 Pa

1 Torr=133Pa

5Torr=0.133 Pa

101 kPa = 760 Torr =1 atm = 10° Pa
1 kPa=7.52 Torr

100 Pa = 0.752 Torr

1Pa=7.52x 107 Torr

1 mPa =7.52 x 10°® Torr
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air cored transformer

‘—‘D- amplifier
I_'- capacitor
_"{>I_ diode
? discharge
1

earth connection

ferrite ring inductor
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IGBT

inductor

iron cored transformer

MOSFET
W__ resistor .
% thyrist or
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‘ n_e* \?
Electron plasma frequency wp, = | —&
m.&,

1

Ton plasma f me |?
n plasma frequency @,; =

, “ m&y

Electron cyclotron or gyro frequency @, = fnﬁ—g
e

Ion cyclotron or gyro frequency . = %IB-
i
1

V)
Debye length Ap = (_IQ;T%"'Q]

n,e

. 3
Free electrons in Debye volume Np = %ﬂ: nedp
Velocity of electro-magnetic waves v = 1

V HolyrEgér

1
~ Hoo

Impedance of free space Zg = L]

)

Velocity of light in free space ¢ =

Phase velocity v, = %’-

= do

Group velocity v, T
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