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ń
ıc

h
ov

áń
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ćı

h
o

io
n
iz

ov
an

éh
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gí

ı
(t

ep
el

n
ou

en
er

gí
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ń
ım

p
ev

n
é
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čn
é
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šn

á
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ký

ry
s

p
la

zm
at

u
-

ko
le

kt
iv

ń
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śı

o
1

%
od

hu
st

ot
y

io
nt̊

u
(n

i)
.
Ja

ká
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lń

ı
p
ar

am
et

r
p
op

is
u
j́ı
ćı
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ýv
á
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fé

ra
T

=
10

3
K

a
n
e

=
10

12
m
−3
⇒

λ
D

=
10
−3

m

•m
ez

ih
vě
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ř
p
la

zm
at

u
o

p
ol

om
ěr
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ý
n
áb
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ě

ko
u
li

je
ro

ve
n

N
D

=
4 3
π
λ

3 D
n
e

=
4 3
π

   
ε 0
k
T

n
1/

3
e
e2

   

3/
2

.
(1

.2
)

D
eb

ye
ov

sk
é
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tř

i
kr

it
ér

íı
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ř

D
eb

ye
ov

y
ko

u
le

d
os

ta
te

čn
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ž

vy
ja

d
řu
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ču

j́ı
ćı
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vé
m

ok
am

ži
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zẑ
,

(2
.1

)

9



kd
e
x̂
,ŷ
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ký
st

av
ka

žd
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ň̊
u

vo
ln

os
ti

re
p
re

ze
nt

ov
án

je
d
ń
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ń
ı
ko

st
ka

: d
3
r
d

3
v

=
d
x
d
y
d
z
d
v x
d
v y
d
v z
,

(2
.3

)

P
oč
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fá
zo

vé
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čá
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ča

se
t.

R
oz

d
ěl
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ń
ı,

kl
ad

n
á
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ž́ı

k
n
ej

on
eč
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iś

ı
n
a

or
ie

nt
ac

i
v

,
al

e
p
ou

ze
n
a

je
h
o

ve
lik

os
ti

,
tj

.
n
a

ry
ch

lo
st

i
čá
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lé

m
ů
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é,

kt
er

é
zá
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ýc

h
(r

,
v

)
a
t

se
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ěǰ
śı
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áž
ká
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ré

čá
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é

by
ly

p̊
u
vo

d
n
ě
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rá
ce

n
ě
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čá
st

ic
α

z
d

3
r
d

3
v

zp̊
u
so

b
en

ý
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vé
h
o

čl
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čń
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zá

ko
n
a.

D
ob

a
ch

ar
ak

te
ri

st
ic

ká
p
ro

te
nt

o
p
ro

ce
s

je



tz
v.

re
la

xa
čń
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ýt

ro
vn

ěž
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žu
jm

e
B

K
R

se
sr

áž
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čn

ý
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čá
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é

n
ab

it
é

čá
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ká
p
r̊u

m
ěr
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tń
ı
so

u
st

av
u

se
lf
-k

on
zi

st
en

tń
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yń
ı
h
od

n
ot

y
vy

st
ře
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čá
st

ic
.

A
čk
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eń

ı
až
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čá
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ěj

ak
é
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ěr

u
~ n

:

Φ
α
n
(χ

)
=

∫ v
χ

(r
,v
,t

)f
α
(r
,v
,t

)~ n
·v
d

3
v

(3
.1

1)

n
eb

o
za

p
ou

ži
t́ı

sy
m

b
ol̊

u
p
ro

st
ře
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ač

u
je

ko
m

p
on

en
tu

v
ve

sm
ěr
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ýc

h
so

u
řa
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ý

el
em

en
t

d
S

=
~ n
d
S

p
oh

yb
u
j́ı
ćı
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iá
lń
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ič

en
ý
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éh
o

p
ov

rc
h
em

S
:
−n

α
m
α
(V

α
·~ n

)d
S

,
p
ro

to
že

(V
α
·~ n

)
>

0

•V
α

sv́
ır

á
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ěń

ım
,r

yc
h
lo

st
zm

ěn
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ń
ıt

ep
el

n
á
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ř.
M

ax
w

el
l-
B

ol
tz

m
an

n
ov

o)

p α
=
P
α
x
x

=
P
α
y
y

=
P
α
zz

=
ρ
m
α
<
V

2 α
i
>

(3
.3

8)



a
te

d
y

d
os

tá
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vý

te
n
zo

r

1
=

       

1
0

0
0

1
0

0
0

1

       
(3

.4
1)

V
to

m
to

p
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ký
ch

p
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é

en
er

gi
e

Q α
,
p
ře
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ě
lo

v
a
ćı
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á
ry

ch
lo

st
u
α
i(
r,

t)
,t

en
zo

r
2.

řá
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é

en
er

gi
e
Q α

.

Ja
ko

fo
rm

ál
ń
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šš́
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lá
d
ej

m
e

•p
ou

ze
je

d
en

d
ru

h
čá
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á
h
y

a
b
in

á
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ěp

od
ob

n
os

t
vý
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rń
ıh

o
ch

ao
su

.
D

ob
ře
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tš́
ı

n
ěž
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ač

ń
ı
in

va
ri

an
ty

:

m
+
m

1
=
m

+
m

1
(4

.5
)

m
v

+
m

1
v

1
=
m

v
′ +

m
1
v
′ 1

(4
.6

)
1 2
m
v

2
+

1 2
m

1
v

2 1
=

1 2
m

(v
′ )2

+
1 2
m

1
(v
′ 1
)2

(4
.7

)

(4
.8

)

4
.1

.3
M

a
x
w

e
ll
-B

o
lt

zm
a
n
n
o
v
sk

á
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ři

u
rč
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ćı

fu
n
k
ce

Č
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ý

in
te

gr
ál

je
ro

ve
n

(2
π
k
T
/m

)1/
2
,
ta

kž
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ń
ı
h
od

n
ot

a
čt
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á
h
o
d
n
ý
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ý
d
o

p
ol

e
ko

n
ze

rv
at

iv
ń
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ń
ıc

h
si

l
p
oṕ
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á

ro
zd

ěl
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kž

e

n
(r

)
=
A

0
ex

p
[−
U

(r
)

k
T

]∫ v
f 0

(v
)d

3
v
.

(4
.5

3)

O
zn

ač́
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ý

u
rč
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ži
tý
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ř́ı

p
ad

em
v

p
la

zm
at

u
je

p
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ěk

te
rý
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éh

o
st

u
p
n
ě
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ěř
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kž

e

∆
T

=
4T

1/
2

k
ln

(g
a
/g

b)
=

4U

[k
ln

(g
a
/g

b)
]2

(4
.6

7)

od
ku

d
vi

d́
ım

e,
že
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éh
o

st
av

u
je

m
n
oh

em
vy

šš́
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rč

it
kv

an
to

vě
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ká
,
m

ů
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tá
ch

h
od

n
ě
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čá
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čá
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ké

ja
ko

so
u
ča
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sé

ri
i
n
ás

le
d
n
ýc
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ži
té
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tě
ch

to
ty

p
ec

h
p
la

zm
at

u
p
ak

h
ra

j́ı
el

ek
tr

on
y,

p
ro

to
že

ry
ch

le
re

ag
u
j́ı

n
a

el
.
a

m
g.

p
ol

e.



5
.2

B
in

á
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či

ny
p
o

sr
áž
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tá
lń
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čá
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zá
ko

n
a

za
ch

ov
áń

ı
hy

bn
os

ti
b
ěh
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ři

b
in

ár
ń
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éz

ké
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áž
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ř́ı

p
ad

ě
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žk

y

D
yn

am
ik

a
b
in

ár
ń
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á
ko

n
st

an
ta

;
r

je
st

ál
e

ko
lm

é
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áń
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ṙ
·ṙ
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(ṙ

2
+
r2
θ̇2

)
+
U

(r
)

=
1 2
µ
g

2
.

(5
.2

9)



M
om

en
t

hy
b
n
os

ti
vz

h
le

d
em

k
p
oč

át
ku

je
d
án

L
=

r
×

(µ
ṙ)
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eń
ı

ú
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ř́ı

p
ad

ě
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é
⇒

b 0
a
χ

js
ou

kl
ad

n
é
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ú
či
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ćı

ch
ry

ch
lo

st́
ı
g

=
v

1
−

v
n
a

čá
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yž
χ

st
ou

p
á
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vá
fr
ek

ve
n
ce

ν
≡
τ
−1

=
n

g
σ

tv
,

(5
.7

3)

co
ž
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áž
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či

n
n
é
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ře
z

je σ
(χ

)
=

b3

2b
0
si

n
χ

co
s2

(χ
/2

)
(5

.8
6)



n
eb

o
za

p
ou

ži
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ké
p
ot

en
ci

ál
ń
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ř́ı

sp
ěv
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ač

eń
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oč́

ıt
at

Λ
u
va

žu
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ěl

ov
ać
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śı

m
e

ře
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ń
ı

p
ro

-
st

or
⇒

zá
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á

n
ez

n
ám

á
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ěj

ak
é
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žd
ý
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ře

t́ı
čl
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śı

ly
F
i
n
ez

áv
iś
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ř́ı

sl
u
šn

é
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ču

je
m

g.
śı
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ń
ı
in

te
gr

ál
vz

ta
hu

(6
.7

)
je

ro
ve

n
nu

le
,
m

ám
e

∫ v
χ
a
·∇

v
f α
d

3
v

=
−n

α
〈a
·∇

v
χ
〉 α

(6
.1

2)

K
om

b
in

ać
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tá
vá
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čá
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ěj́

ıć
ı
ce

lý
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áź

ı
k

p
ro

d
u
kc

i
n
eb

o
zt

rá
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lý
ch

p
ár̊

u
za

p
sa

t
p
om

oć
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áž
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ké

ho
tl
ak

u
P α

:

∇
·(
ρ
m
α
〈V

α
V
α
〉)

=
∇
·P

α
(6

.3
3)

T
ře
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é
zá
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ž

od
p
ov́

ıd
á
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ń
ıč
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áń
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ýc
h

sr
áž
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ož

en
ou

z
r̊u

zn
ýc

h
čá
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ře

d
ń
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ů
že

m
e

p
sá
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ře

p
sa

t
ja

ko

1 2
u

2 α
S
α

+
n
α
u
α
·〈

F
〉 α
−

u
α
·(
∇
·P

α
)
+

u
α
·A

α
−

u
α

2
S
α
.

(6
.5

4)



D
os

az
eń
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tý
čl
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lé
n
a

ry
ch

lo
st

i
je

vý
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ěn
a

hu
st

ot
y

te
p
el

n
é
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ěn
a

hu
st

ot
y

te
p
.
en

er
gi

e
d́
ık

y
vs

tu
p
u

čá
st

ic
o

st
ře
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čl

en
-

p
rá
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ý

čl
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rá

žk
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ž
je

sp
ec

ifi
ck

é
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čá
st

ic
e,

kt
er

é
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ě

ve
tv

ar
u

pρ
−γ m

=
ko

n
st
.

(6
.7

3)

D
er

iv
ov

áń
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in

y
n
α
,
u
α
,
P α

a
ve

kt
or

u
to

ku
te

p
la

q
α

=
⇒

Ž
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é

p
ro

p
la

zm
a

ja
k
o

v
o
d
iv

o
u

k
a
p
a
li
n
u

U
va

žu
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čá
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ćı

se
ce

lk
ov

ou
st

ře
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tř
et́

ı
čl
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ń
ı.

P
ro

to
že
〈v

α
〉=

u
α

a
p
ro

lib
.
ve

kt
or

v
p
la

t́ı
(v
×

B
)
·v

=
0,

m
ám

e
∑ α
n
α
〈F
·v
〉 α

=
J
·E

+
J

m
·g
,

(7
.3

9)

kd
e
E

a
g

js
ou

vy
st

ře
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ře

d
ch

oź
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ře

t́ı
a

čt
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ń
ıž
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ů
že

m
e

p
sá
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ń
ı
e
l.

n
á
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ěl

ám
e-

li
d
iv

er
ge

n
ci

vz
ta

hu
(7

.4
7)

,
d
os

ta
n
em

e

∂ ∂
t(∇

·B
)

=
0

(7
.5

3)

n
eb

ol
i

∇
·B

=
k
on
st
.

(7
.5

4)

T
ak

že
M

ax
w

el
lo

va
ro

vn
ic

e
∇
·B

=
0

(7
.5

5)

je
vl

as
tn

ě
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ů
v

zá
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čá
st

ic
e:

∑ α
n
α
q α

(∂
u
α

∂
t

)
+

∑ α
n
α
q α

(u
α
·∇

)u
α

=
∑ α
n
α
(
q α m
α
)〈F

〉 α
−

(7
.5

6)

−∇
·[∑ α

(
q α m
α
)P

α
]+

∑ α
(
q α m
α
)A

α
−

∑ α
(
q α m
α
)u

α
S
α

(7
.5

7)

Ú
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ě

ro
vn

ic
e

(7
.5

6)
:

P
ou

ži
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ě

pr
vń
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lň
u
j́ı

ro
vn

ic
i
za

ch
ov

áń
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čl

en
v

(7
.6

5)
n
aṕ
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ać

ıc
h

se
d
á
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ře

d
p
ok

lá
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eń
ı

σ
0

=
n
e2

m
eν
ei
,

(7
.8

2)

co
ž
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ře

d
st

av
u
je

po
dé

ln
ou

el
.
vo

di
vo

st
.
P

ak
d
os

tá
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ře
zd̊

u
vo

d
n
it

el
n
é.
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ěń
ı

v
ča
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é

zm
ěn
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té
to

ro
vn

ic
i
vy

ja
d
řu
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ěn

u
el

.
in

te
n
zi

ty
)

a
zj

ed
n
od

u
še
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ů
v

zá
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ač

ń
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šu

je
ja

ko

m
e
D

u
e

D
t

=
−e

(E
+

u
e
×

B
)
+

A
e

n
e
.(

8.
2)

125



M
ak

ro
sk

op
ic

ký
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vá
fr

ek
ve

n
ce

p
ro

p
ře
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čá

st
ic

em
i.

V
to

m
to

vz
ta

hu
js

m
e

za
n
ed

b
al

is
tř
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tá
vá
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áž
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iž
u
j́ı

st
ře
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ń
ı

ry
ch

lo
st

el
ek

tr
on̊

u
ex

p
on

en
ci

el
n
ě
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ř́ı

p
ad

ec
h

ja
ko

je
n
ap

ř.
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čń

ı
p
la

zm
a,

m
ů
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eá

rń
ı

čl
en

y
-

so
u
či
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ře

d
p
ok

lá
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ež

|(u
ek
E

)/
ω
|.N

el
in

eá
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ě

|u e
|¿

|ω
/k
|,

(8
.1

7)

kd
e
ω
/k

p
ře
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ět
la

,
za

t́ı
m

co
am

p
lit

u
d
a

st
ře
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rń
ı
čl
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lá
d
ám

e,
že

ap
li-

ko
va

n
é
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vá

m
e

tu
to

so
u
st

av
u

ro
vn

ic

x̂
:

J
x

=
σ

0
E
x
−

Ω
ce ν e
J
y

(8
.3

0)

ŷ
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éh

o
s
B

0
a

ko
lm

éh
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á
n
eb

o
tr
an

sv
er

zá
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ět

an
al

og
ic

ky
p
od

le
vz

ta
hu

(8
.4

1)
.

P
ok

u
d

m
ů
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áž
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vń
ı
sr

áž
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še S

=
∑ α
S
α
.

(8
.5

2)

P
ro

p
la

zm
a

ob
sa

hu
j́ı
ćı
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tń

ıc
h

vn
it

řń
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é

p
ro

vo
ln

ý
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vý
sl

ed
ke

m
té
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ů
že

m
e

ro
vn

ic
i
ko

nt
in

u
it
y

za
p
sa

t

∂
n
′ e

∂
t

+
n

0
∇
·u

e
=

0,
(8

.7
1)

kd
e

js
m

e
za

n
ed

b
al

i
so

u
či
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ž

m
ů
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vá

m
e

di
fu

zń
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ćı

,
je

hu
st

ot
a

el
ek

tr
on̊

u
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á
s

ro
st

ou
ćı
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ě

ja
ko

σ
⊥)

,
je

d
if
u
ze

čá
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še

m
n
em̊

u
že

m
e

za
n
ed

b
at

p
ro

st
or

ov
ý

n
áb
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vá
a

za
n
ed

b
áv

ám
e

sr
áž
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ě

ro
vn

ic
za

n
ed

b
at

.
Je

ji
ch

zk
om

b
in

ov
áń
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čl
e
n

O
d
vo

d́
ım

e
B

ol
tz

m
an

n̊
u
v

sr
áž
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áž
ky

.
S
rá
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ćı

ch
sl

ab
ýc
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áž
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ěl

.f
ce

v
d̊
u
sl

ed
ku

sr
áž
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áž
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ćı
v

in
te

rv
al

u
d

3
v
.

V
yj

ád
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é

čá
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ý

ve
sr

ov
n
áń

ı
s

in
te

ra
kč
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čá

st
ic

em
i
α

le
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či

n
em

f α
(r
,v
,t

)d
3
rd

3
v
f β

(r
,v

1
,t

)d
3
v 1
g
b
d
b
d
ε
d
t.

(9
.5

)

Z
d
e

js
m

e
p
ře
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ıž

se
čá
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yń

ı
zk

om
b
in

u
je

m
e

vý
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kž
e

d
os

tá
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ě

te
d
y

m
ů
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áž
ko

u

d
3
v
d

3
v 1

=
|J c
|d3
V

0
d

3
g
,

(9
.2

2)

kd
e
J
c

je
Ja

ko
b
iá
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oč́
ıt

ám
e

d
et

er
m

in
an

t
n
az

n
ač
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vš
ec

h
tř́
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ń
ı

9
.2

.1
R

o
zv

o
j
ro

zd
ě
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•Č
le

n
s
m

=
1

a
n

=
0

se
ro

vn
á
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čl
en

je
p
ro
m

=
0

a
n

=
1,

p
ři
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vý
ra

ze
m

(v
·v̂

z
)/
v

9
.2

.2
A

p
ro

x
im

a
ti
v
ń
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ře

ṕ
ı̌s

em
e

ja
ko

(δ
f e δt

) s
ra

zk
=

∫ v
1
f n

1
d

3
v 1

∫
2π 0
d
ε

∫
∞ 0

(f
′ e−

f e
)
g
b
d
b.

(9
.3

7)

P
ro

to
že

hu
st

ot
a

n
eu

tr
ál

ń
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čá
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áž
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ře

d
p
ok

lá
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či

n
n
ý
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á
žá
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ýc

h
in

te
ra

kć
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ń
ı
F
o
k
k
e
r-

P
la

n
ck

o
v
a

sr
á
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té
to

ve
li
či
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áž

ek
je

∫ v
χ

(v
)(
∂
f α ∂
t

) s
ra

zk
d

3
v

=
∫ Ω

∫ v 1

∫ v
(f
′ αf
′ β1
−
f α
f β

1
)χ
g
σ
(Ω

)
d
Ω
d

3
v 1
d

3
v

=
(9

.5
3)

∫ Ω

∫ v 1

∫ v
f α
f β

1
(χ
′ −

χ
)g
σ
(Ω

)
d
Ω
d

3
v 1
d

3
v



,
kd

e
χ
′ =

χ
(v
′ )

je
je

d
in

á
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áž

ce
.
P

ro
sl

ab
é
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á

ve
li
či
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až

it
vy

lo
u
či
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é
zá
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ćı

ch
C

ou
lo

m
b
ov

sk
ýc
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