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B*$C$)D$⇒$B*DE$⇒$BD$C$*$

Production of ions: how to produce? 

Negative ions: 
!  Electron attachment (rare) 
!  Molecule dissociation 
!  Molecule excitation (has the highest probability) 
!  Charge exchange (on hot surface) 

F/-&')5$8'"7$GHB%$<)(:&')5I$JK$L"M+<5,+$Positive ions: 
!  Electron impact 
!  Photons 
!  Hot surface 
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Electronic configuration: 
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Reaction cross section (!): 
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Concept of reaction cross section ! and mean free path "#
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Ionization cross section: 
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Charge exchange: 
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Ionization versus charge exchange:  
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dnq
dt

= ne ! q!1"q
ioniz ve nq!1 + n0 ! q+1"q

exc vi nq+1 ! n0 ! q"q!1
exc vi nq ! ne ! q"q+1

ioniz ve nq !
nq
" i

Destruction Creation 

Magnetic Confinement 
Losses 
(semi-empirical) 

Ionization Charge exchange 

ni = ion density, charge state q = i 
n0= neutral density 
ne= electronic density 
%i= confinement time 

 

Balance equation: plasma of multi-charged ions: 

!  The processes regarding the each charge state can be described by balance 
equation:  
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Cross section examples: 
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dN9/(+<$
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Energy versus charge 
exchange cross section: 
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Charge exchange and intensity decay in Low Energy Beam line: 

P3+79<)5$Q8"'$(2+'-)$)3(2+#-)TI$
D  r)VhC$Q!()t$\PDSX$7UT$$ $ $$
D  9'":"#$;)+7$Q!()t$SPDSm$7UT$
D  !#:)#5/:N$+n)'$:2)$/"#$5"&'()I$SZZZ$#B$
D  Y)#-:2$"8$YP*dI$UZ$7$

Z$

UZZ$

\ZZ$

[ZZ$

XZZ$

SZZZ$

SUZZ$

Z$ h$ SZ$ Sh$ UZ$

=-
"*
-%
.";

'K-
!M
'

X.%"2-+*':'K$M'

=-"*-%.";'#>'J*@B?'2)#-0'"O*'W*2$').-*V'
jRSPDa$7;+'$

jRhPDa$7;+'$

jRUPD[$7;+'$

Z$

UZZ$

\ZZ$

[ZZ$

XZZ$

SZZZ$

SUZZ$

Z$ h$ SZ$ Sh$ UZ$

=-
"*
-%
.";

'K-
!M
'

X.%"2-+*':'K$M'

=-"*-%.";'#>'6,#"#-'2)#-0'"O*'W*2$').-*'

jRSPDa$7;+'$

jRUPD[$7;+'$

jRSPDh$7;+'$

B5$:2/5$)3+79<)$52"M5$:2)$9')55&')$"8$Y"M$
P#)'-N$*)+7$</#)$9<+N5$+#$/79"':+#:$'"<)$/#$
;)+7$:'+#59"':$/#$:2)$(+5)$"8$2/-2<N$(2+'-)$
/"#$;)+75K$d2/5$/5$.&)$:"$(2+'-)$)3(2+#-)$
')+(1"#K$B5$(+#$;)$5))#$:2)$9')55&')$52"&<.$
#":$)3()).$:2)$A+<&)$"8$+;"&:$SPDa$7;+'K$!#$
:2)$(+5)$"8$<"M$(2+'-)$5:+:)5$:2)$9')55&')$
')=&/')7)#:$/5$+:$<)+5:$"#)$"'.)'$"8$
7+-#/:&.)$b)+5/)'cK$`":)I$."$#":$8"'-):$
)<+51($("<</5/"#5O$d2/5$')+(1"#$2+5$:2)$('"55$
5)(1"#$("'')59"#./#-$:"$92N5/(+<$5/0)$"8$
+:"7K$

II/15 

H. Koivisto, JUAS2013, 4th March, 2013, Haute-Savoie, France 

(:2$6)*'9&'Y*-*",23#-'#>'-*1",2)'.-"#'"O*'6)2%$2'R%'*)*+",#-'.$62+"'.#-.<23#-'
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t = ! / vo)7)7;)'I$ Q17)$:"$:'+A)<$:2)$<)#-:2$
"8$S$7)+#$8'))$9+:2T$
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(:2$6)*'9'+#-3-1*%Z'

%+7)$M+N$M)$-):$

! =
vn

vq" cenq

R$9)#):'+1"#$.)9:2$"8$#)&:'+<$/#:"$
:2)$9<+57+$+-+/#5:$(2+'-)$
)3(2+#-)$')+(1"#$

Y):5$+55&7)I$:":+<$)<)(:'"#$.)#5/:N$R$h$K$SZSS$)<)(:'"#5^(7V$Qt$:N9/(+<$8"'$P4o!%T6$+;"&:$hZ$v$
2+A/#-$)#)'-N$t$UZ$)l$+#.$+;"&:$hZ$v$2+A/#-$)#)'-N$t$hZ$,)l$Q("<.$+#.$2":$)<)(:'"#$
9"9&<+1"#6$;":2$t$J+3M)<</+#TK$@)$-):$8"'$#)&:'+<$+'-"#$+:"7$Q)<)(:'"#$/79+(:$/"#/0+1"#TI$

G#$*4#,5&'$25*'%#$*'2%%1$63#-%'2-7'"O*-'*%3$2"*&$$
$ $ $9'".&(1"#$'+:)$8"'$r)VhC$"$r)V\C$A/+$(2+'-)$)3(2+#-)$
$ $ $9'".&(1"#$'+:)$8"'$r)VhC$"$r)V[C$A/+$)<)(:'"#$/79+(:$

"  QUZ$)l6$d#$R$UaV$LT$R$Sa$77$Qt$!/"#$R$VPDUZ$7UT$
" QhZ$,)l6$d#$R$UaV$LT$R$V\$77$Qt$!/"#$R$VPDUU$7UT$
"  QUZ$)l6$d#$R$SS[ZZ$LT$R$SSZ$77$Qt$!/"#$R$VPDUZ$7UT$

`"1()I$B<:2"&-2$:2)$/"#/0+1"#$('"55$
5)(1"#$/5$7&(2$<"M)'$8"'$hZ$,)l$
)<)(:'"#5$:2/5$/5$("79)#5+:).$;N$
7&(2$2/-2)'$A)<"(/:NO$U#.$-)#)'+1"#$#)&:'+<$
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Definition of plasma: 
`"M$M)$,#"M$2"M$:"$/"#/0)$+:"75$")A)#:&+<<N$9<+57+$/5$-)#)'+:).O$

S6PCZU$

S6PCZ\$

S6PCZ[$

S6PCZX$

S6PCZV$ S6PCZm$ S6PCSh$ S6PCUS$ S6PCUa$ S6PCVV$

P*
$
6*

,2
"1
,*
'KI

M'

NO2,0*7'Y2,3+)*%S$@'

B&'"'+$
F<+7)5$

2e9I^^MMMK59+()K("7^SU[ZhDhZD.))9D59+()D#);&<+D92":"5K2:7<$
2e9I^^f"&'#+<M)),K("7^M9D("#:)#:^&9<"+.5^UZSS^Z\^+&'"'+D;"')+</5D(&':+/#5D+<+5,+Kf9-$
2e9I^^/7+-)5UK<+N"&:59+',5K("7^S^UVSmSm^;&'#/#-Dw+7)5DN)<<"MD?')Kf9-$
2e9I^^MMMK9<+57+K/#9)K;'^YBjxj"':+<^YBjx%/:)^F/-&')5^d",+7+,x%(2)7+1(K-/8$
2e9I^^')+.NM/5("#5/#KM/K-"A^</-2:#/#-^/7+-)5^Y/-2:#/#-xSKf9-$
2e9I^^SK;9K;<"-59":K("7^xL\-7UN0-8)"^d!Vmh)/Z[=!^BBBBBBBBB!5^=8L&-Z&Gu=B^5S[ZZ^`"A+
C`)"#C%/-#xVZ[Kf9-$
2e9I^^MMMK7')(</95)K("7^%P92":"^d%PSmmm^/7+-)^dmm("79U*MKGjy$
2e9I^^7)./+KM);K;'/:+##/(+K("7^);D7)./+^Z\^mUmZ\DZV\Da4V>[\ZmKf9-$

`);&<+$

!#:)'5:)<<+'$59+()$

%"<+'$M/#.$

%"</.56$</=&/.5$+#.$
-+5)5K$d""$(""<$+#.$
.)#5)$8"'$(<+55/(+<$
9<+57+5$:"$)3/5:$

F<&"')()#:$</-2:$

%"<+'$("'"#+$

J+-#)1($("#?#)7)#:$8&5/"#$

Y/-2:#/#-$

%"<+'$("')$

j<+57+I$=&+5/#)&:'+<$
Q7+('"5("9/(+<<N$#)&:'+<T$
5&;5:+#()$("#:+/#/#-$7+#N$
/#:)'+(1#-$)<)(:'"#5$+#.$$/"#/0).$
+:"75$"'$7"<)(&<)56$M2/(2$)32/;/:$
("<<)(1A)$;)2+A/"'$.&)$:"$<"#-$
'+#-)$4"&<"7;$8"'()5K$j<+57+$(+#$
;)$("#5/.)').$+5$8"&':2$5:+:)$"8$
7+e)'K$

]+5$:"$8&<?<<$8"<<"M/#-$("#./1"#5I$
!  Yzz">6$M2)')$Y$/5$(2+'+(:)'/51($

<)#-:2$"8$:2)$9<+57+$+#.$$/5$">$
>);N)$<)#-:2$

$
!  $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$
!  j<+57+$8')=&)#(N$%5$/5$<+'-)$

("79+').$:"$#)&:'+<D)<)(:'"#$
("<</5/"#$8')=&)#(N$

ND =
4
3
!"D

3ne >>1
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Debye length: 

>);N)$<)#-:2$/5$:2)$<)#-:2$M2)')$8'))$(2+'-)5$Q"8$9<+57+T$5('))#$"&:$)<)(:'/($?)<.K$d2)$/#/1+<$
+79</:&.)$"8$)<)(:'/($?)<.$.)(')+5)5$:"$:2)$A+<&)$"8$PZ^)$M/:2/#$:2)$>);N)$<)#-:2K$

Boltzmann constant: e
!E
kT!:$(+#$;)$.)'/A).$5:+'1#-$8'"7$$ M2)')$)#)'-N$P$/#(<&.)5$;":2$

,/#)1($+#.$9":)#1+<$)#)'-NK$]"M)A)'6$:2)$59+1+<$.)9)#.)#()$"8$./5:'/;&1"#$.)9)#.5$"#<N$
"#$:2)$)<)(:'/($9":)#1+<6$/K)K$$$

n! e
"q!
kT

!#(<&./#-$./5:'/;&1"#$8"'$/"#5$+#.$)<)(:'"#5$+#.$+55&7/#-$:2+:$:2)$9":)#1+<$$/5$0)'"$8+'$8'"7$
:2)$b./5:&';+#()c$M)$M/<<$-):I$

!0
d 2"
dx2

= e(ne ! Zni ) = ene" e
e"
kTe ! e

!eZ"
kTi

#

$
%%

&

'
((

o)7)7;)'$j"/55"#$)=&+1"#I$
!2! = "" /#0

.)#5/:N$
B55&7/#-$:2+:$'&E?F(/5$57+<<$M)$";:+/#I$

d 2!
dx2

!
e2ne"(1+ ZTe /Ti )

"0kTe
!

o)7)7;)'I$

ex =1+ x + x
2

2!
+
x3

3!
+....
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o)7)7;)'I$

d 2!
dx2 = constant!  !  solution ! = Ae constantx +Be" constantx

y")5$:"$/#?#/:N6$#":$+$9"55/;<)$5"<&1"#O$

4"#5)=&)#:<N$M)$";:+/#I$ !(x)! e
"
x
"D

where !D !
"0kTe

nee
2 (1+ ZTe /Ti )

"

#
$

%

&
'

1/2

 where !D  is Debye length

`":)I$&5&+<<N$/"#$9+':$/5$"7/e).$QF'GGF2T$ ! !D "
"0kTe
nee

2

#

$
%

&

'
(

1/2
`":)I$S$)l$("'')59"#.5$:"$SS[ZZ$L$

Z$

UZZZZZ$

\ZZZZZ$

[ZZZZZ$

XZZZZZ$

SZZZZZZ$

SUZZZZZ$

S6ZZPDZ[$ S6ZZPDZh$ S6ZZPDZ\$

()
*+
",
.+
'/
*)
7'
KL
S$

M'

X.%"2-+*'>,#$'"O*'*)*+",#7*'K$M'

X*+2;'#>'*)*+",.+'/*)7'('.-'6)2%$2'

d)$R$SZ$)l$
#)RSZSS$)<)(:'K^(7V$

PZ$R$S$Jl^7$
">$t$aZ${7$

!#$:N9/(+<$<+;"'+:"'N$9<+57+$">$/5$A)'N$57+<<O$
j<+57+$ #)p7DVq$ d)$pLq$ ">$p7q$

$

%"<+'$("')$ SZVU$ SZa$ SZDSS$

d",+7+,$ SZUZ$ SZX$ SZD\$

y+5$./5(2+'-)$ SZS[$ SZ\$ SZD\$

!"#"592)')$ SZSU$ SZV$ SZDV$

%"<+'$M/#.$ SZ[$ SZh$ SZ$

!#:)'5:)<<+'$
7)./&7$

SZh$ SZ\$ SZ$
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Plasma oscillations (%p): 

!  Y):5$+55&7)$:2+:$:2)$("79<):)<N$#)&:'+<$9<+57+$/5$/#/1+<<N$)A)#<N$./5:'/;&:).$
!  d2)#$<):$+$57+<<$./5:&';+#()$:"$:2)$./5:'/;&1"#$"8$)<)(:'"#5$Q52"M#$/#$?-&')$;)<"MT$

Y):5$7"A)$:2)$)<)(:'"#5$/#5/.)$:2)$;"3$:"$'/-2:$QH$./')(1"#TK$
B5$+$')5&<:$"8$:2/5$$"#<N$/"#5$)3/5:$/#5/.)$:2)$;"3K$|#$:2)$'/-2:$
5/.)$"8$:2)$;"3$#)-+1A)$#):$(2+'-)$)3/5:5K$d2)$(2+'-)$"8$
:2)5)$A"<&7)5$/5I$

B$

dq = ±enAdx

BI(

BH(

C$D$C$D$C$D$C$D$C$D$C$D$C$D$
D$C$D$C$D$C$D$C$D$C$D$C$D$C$
C$D$C$D$C$D$C$D$C$D$C$D$C$D$
D$C$D$C$D$C$D$C$D$C$D$C$D$C$
C$D$C$D$C$D$C$D$C$D$C$D$C$D$
D$C$D$C$D$C$D$C$D$C$D$C$D$C$
C$D$C$D$C$D$C$D$C$D$C$D$C$D$

3$
Gauss :

E !ds =
dq"
!0

"

# Ex = $
enex
!0

     Fx =
e2nex
!0

!ma+ e
2nex
!0

= 0

!
d 2x
dt2 +

e2ne
!0me

x = 0

! ! p
2

]+'7"#/($"5(/<<+:"'O$

d2)$./5:&';+#()$(')+:)5$:2)$
)<)(:'/($?)<.$M2/(2$:'/)5$:"$
')5:"')$:2)$=&+5/#)&:'+</:NK$
j<+57+$5:+':5$:2)$"5(/<<+1"#$+:$
8')=&)#(N$%5O$

`":)I$9<+57+$"5(/<<+1"#$.)9)#.5$"#$7'(
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Charged particle in magnetic field: 

J+-#)1($?)<.$/5$&5).$8"'$9<+57+$("#?#)7)#:$+#.$:"$-&/.)$9<+57+$9+'1(<)5K$*)2+A/"'$"8$
9+'1(<)$/5$-"A)'#).$;N$Y"')#:0$8"'()$$
$
$ md

!v
dt
= q !v!

!
B+ q

"
E

m
qB

=!c

d2)$9+'1(<)$5:+':$:"$(/'(&<+:)$+'"&#.$:2)$7+-#)1($?)<.$</#)$+:$:2)$8')=&)#(N$

yN'"8')=&)#(N$"'$
Y+'7"'$8')=&)#(N$

P<)(:'"#$/#$2"7"-)#"&5$*D?)<.$
o+./&5$"8$Y+'7"'$7"1"#$Q-N'"7"1"#T$

r = v!
!c

G#4'"#'2,,2-0*'"O*'6)2%$2'+#-/-*$*-"['
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Current coil in magnetic field: 

4/'(&<+1#-$(2+'-).$9+'1(<)$8"'75$+$(&'')#:$<""9$M2/(2$(+#$
;)$("#5/.)').$+5$+$7+-#)1($./9"<)K$d2)$7+-#)1($./9"<)$
7"7)#:$/5$.)?#).$+5$

J+-#)1($./9"<)$

!m = I
!
S

@2)')$%$/5$:2)$+')+$"8$:2)$<""9K$d2)$./')(1"#$"8$5&'8+()$
A)(:"'$/5$.)?#).$+5$/5$52"M#$;N$:2)$?-&')K$d2)$("#()9:$"8$
7+-#)1($./9"<)$2)<95$&5$:"$&#.)'5:+#.$:2)$:"'=&)$+#.$
8"'()$+i)(1#-$"#$:2)$(&'')#:$<""9K$

B&(dF1 = !ev "B(ANdl) = Idl "B

Y):5$("#5/.)'$:2)$')(:+#-&<+'$<""9$52"M#$"#$
'/-2:K$d2)$)<)(:'"#5$)39)'/)#()$:2)$Y"')#:0$8"'()$
+#.$:2)$8"'()$"#$57+<<$B&$/5$

I = NevA

F"'$<)#-:2$'@D$Q5/.)$!JT$M)$-):$$

!F1 = I!L1 !B = I!L1Bsin"

B$R$('"55$5)(1"#+<$+')+$"8$M/')$ II/23 
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%+7)$8"'()$/#$7+-#/:&.)$;&:$/#$"99"5/:)$
./')(1"#$:"$/5$+(1#-$"#$5/.)$o%$"$:":+<$8"'()$
9)'9)#./(&<+'$:"$*D?)<.$/5$0)'"K$]"M)A)'$
:2)')$/5$:"'=&)$F$+i)(1#-$:2)$(&'')#:$<""9$
M2/(2$:)#.5$:"$:&'#$$$9+'+<<)<$:"$*D?)<.K$d2/5$
:"'=&)$/5I$

!T = I!S !B = !m!
!
B

j":)#1+<$)#)'-N$<5$(2+#-)5$/8$( (2+#-)5I$

!Up /!! = I"SBsin!

+#.$;N$:2)$/#:)-'+1"#$M)$-):$

!Up = "I!SBcos" = "
!m #
!
B

!
!
F = grad( !m "

!
B)

o)7)7;)'I$ !F = !gradUp

!  d)#.$:"$:M/5:$:2)$("/<5K$
!  $4+&5)5$A)'N$5:'"#-$8"'()5$;):M))#$

("/<5$Q')7+',+;<)$9'";<)7$/#$:2)$(+5)$
"8$%4$("/<5OOT$"$(+#$(+&5)$7"A)7)#:$
"8$("/<$"$8'/(1"#"=&)#(2/#-W$
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Electron (charged particle) in magnetic field: 

d2)$)+'</)'$:')+:7)#:$(+#$;)$+99</).$:"$)<)(:'"#$Q)<)(:'"#$8"'75$+$(&'')#:$<""9$/#$*D?)<.TK$

Fz = µ
dBz
dz

,  where µ=m= 1
2
mv!

2

Bz
= IS  (=magnetic dipole)

!  d2)$7+-#)1($./9"<)$7"7)#:$"8$)<)(:'"#$:)#.5$:"$:&'#$5"$:2+:$/:5$
./')(1"#$/5$9+'+<<)<$:"$*D?)<.K$$

!  d2)$)<)(:'"#$8))<5$+<5"$:2)$8"'()$M2/(2$(+&5)5$:2)$')w)(1"#O$$

$
!  {$/5$17)$/#A+'/+#:6$/K)$M2)#$*$/#(')+5)5$"$$$$$/#(')+5)5$
$$$$$$"$A!!$Q9+'+<<)<$M/:2$*T$.)(')+5)5$"$')w)(1"#$/8$*$/#(')+5)5$$
$$$$$$$$$$)#"&-2K$$o)w)(1"#$.)9)#.5$"#$$$$$$D'+1"$+#.$"#$K#"BL(

(M#"$("#?#)7)#:$/8(K#"BL(C(NO(

v!
v!
vII

J+-#)1($7/''"'$$
Q("#?#)7)#:$/#$"#)$./')(1"#T$
J+-#)1($;"e<)$
Q("#?#)7)#:$/#$;":2$./')(1"#5T$

II/25 

H. Koivisto, JUAS2013, 4th March, 2013, Haute-Savoie, France 

Collisions in plasma: 

d2)$:'+f)(:"'N$"8$)<)(:'"#$Q+#N$(2+'-).$9+'1(<)T$(+#$;)$./5:&';).$;N$("<</5/"#5K$!8$
("<</5/"#$8')=&)#(N$/5$"8$:2)$"'.)'$"8$:2)$-N'"8')=&)#(N$"'$2/-2)'$:2)$9+'1(<)$/5$#":$
7+-#)1(+<<N$("#?#).K$

!ei =
2niz

2e4 ln!
12" 3/2#0

2 me (kTe )
3/2

P<)(:'"#D/"#$("<</5/"#$8')=&)#(N$

! ii =
niz

4e4 ln!
12" 3/2#0

2 M (kTion )
3/2 !"#D/"#$("<</5/"#$8')=&)#(N$

!ee !
!ei

niz
2 / ne

P<)(:'"#D)<)(:'"#$("<</5/"#$8')=&)#(N$

! = ne!D
3

$P4o!%$Q:N9/(+<$A+<&)5TI$"3N-)#$9<+57+6$+A)'+-)$P(C(Q;(?F'(R(SN('I;(?F2(R(D('I;(7'(R(DNTDU(6TV((

! ii ! 600kHz > !ei !150kHz > !ee ! 30kHz

`":)I$-N'"8')=&)#(N$8"'I$
/"#5$t$UZZ$,]0$
)<)(:'"#5t$UZ$y]0$

"$!"#5$+')$#":$7+-#)1(+<<N$("#?#).O$
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Electron Cyclotron Resonance, Upper Hybrid Resonance 

(N\'O*23-0&'&oFR&(R$)*^7)$

P<)(:'"#$/#$7+-#)1($?)<.$*$P<)(:'"#$(N(<":'"#$')5"#+#()$"((&'5$M2)#$("#./1"#$

!RF =!c

/5$8&<?<<).$

!#$+../1"#6$:2)$)}(/)#:$2)+1#-$')=&/')5$:2+:$-N'"D
7"1"#$"8$$)<)(:'"#$2+5$:2)$5+7)$92+5)$M/:2$:2)$oF$
`":)I$2/-2$8')=&)#(N$</7/:$"$/"#5$(+#$;)$("#5/.)').$
5:+1"#+'N$

oF$P$?)<.$A5$17)$

j"<+'/0).$9<+#)$M+A)K$@+A)$9'"9+D
-+1"#$9)'9)#./(&<+'$:"$)3:)'#+<$*$?)<.$

4/'(&<+'<N$Q'/-2:$2+#.T$9"<+'/0).$M+A)$$
@+A)$9'"9+-+:)5$+<"#-$)3:)'#+<$*$?)<.$

P4#']$2.-^'T,*%#-2-"U'O*23-0'$*+O2-.%$'&'
H]o$2)+1#-I$$$!RF

2 =!c
2 +! p

2
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Electromagnetic induction: 

!
E !dl
"!"

#" = #
d
dt

!
B !dS
" !"

S
"

P<)(:'"7+-#)1($/#.&(1"#$(+#$;)$&5).$8"'$9<+57+$2)+1#-I$

F+'+.+N$<+MI$J+-#)1($w&3$:2'"&-2$:2)$("/<$(2+#-)5$"$A"<:+-)$
l$QRPYT$/5$/#.&().$:"$:2)$("/<$Q)<)(:'"7"1A)$8"'()I$)K7K8T$

Y""9^("/<$$

_'
L = dl!! QY)#-:2$"8$:2)$<""9T$

)K7K8$/#(')+5)5$M2)#$BLEB,$/#(')+5)5$

d2)$/#.&().$)K7K8$:'/)5$:"$,))9$7+-#)1($w&3$:2'"&-2$:2)$
("/<$("#5:+#:$

@2+:$2+99)#5$/#$:2)$(+5)$"8$9<+57+_$
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3$ 3$ 3$ 3$ 3$ 3$ 3$ 3$

3$

j<+57+$

!p

!Irf

!I plasma j)#):'+1"#$.)9:2$"8$PJ$M+A)$Q5,/#$.)9:2T$

Y):5$("#5/.)'$:2)$("#./1"#$52"M#$;)<"M$M2)')$+$A+(&&7$(2+7;)'$/5$5/:&+:).$
/#5/.)$+$(&'')#:$("/<K$Y):5$+<5"$+55&7)$:2+:$:2)$(&'')#:$2+5$+$8')=&)#(N$8K$
4"#5)=&)#:<N6$:2)$*D?)<.$-)#)'+:).$;N$:2)$("/<$"5(/<<+:)5$+<5"K$B5$+$')5&<:$"8$:2/5$
)K7K8$/5$/#.&().$M2/(2$+(()<)'+:)5$:2)$9<+57+$9+'1(<)5$/#$"'.)'$:"$9'".&()$
(&'')#:$M2/(2$:'/)5$:"$5:"9$:2)$w&3$8+<</#-$":2)$)<)(:'"#5$"8$:2/5$(&'')#:$("<</.)$
M/:2$#)&:'+<5$+#.$(+&5)$/"#/0+1"#O$

skin depth= 2
µµ0!"

9)'7)+;/</:N$ ("#.&(1A/:N$

Plasma generation by electromagnetic induction: 
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Ion beam formation: 
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Designing HV-structures: 
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The Paschen Law: 
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