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I am sorry for English, Czech and Slovak language …  , ☺, ☺, , …. 

Advanced Plasma Physics 



Phase space
◼ We move from an exact description to a description using probabilities.

◼ Distribution functions

N interacting particles, ---- each obeys the laws of classical dynamics.

The element dG in G space as: dG =dr1 dr2…..drN dp1…..dpN=drNdpN

The system file represents a "cloud" with a density of r(t, r1, r2,…..rN, p1,…..pN)

rA "cloud" with density

Vectors: ri , pi impulseCoordinate,

r(t, r1, r2,…..rN, p1,…..pN)



Phase space 6N dimensional space

N interacting particles, ---- each obeys the laws of classical dynamics.

Element d G in G space as: dG =dr1 dr2…..drN dp1…..dpN=drNdpN

The system file represents a "cloud" with a density of r(t, r1, r2,…..rN, p1,…..pN)

The total number of phases in the file is 

∫ r(t, r1, r2,…..rN, p1,…..pN) drNdpN = W

Probability density .

..density of probability

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W

By integrating P over a subset of variables, we obtain a "projection" independent of rN-qpN-q

Pq(t, ra1, p aq) = ∫ PN (t, r1, r2,…..rN, p1,…..pN) drN-qdpN-q

r(t, r1, r2,…..rN, p1,…..pN)

impulsecoordinate

We introduce several new functions

the ensemble of files

file ensemble  ….  file



N interacting particles ----

point (phase) in 6N dimensional space G

point in G has coordinates r1, r2,…..rN, p1,…..pN

We introduce several new functions

Phase space

Probability density 

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W

Element dG in G space as: d G =dr1 dr2…..drN dp1…..dpN=drNdpN

The system file represents a "cloud" with a density of r(t, r1, r2,…..rN, p1,…..pN)



Phase space

N interacting particles, ---- each obeys the laws of classical dynamics.

Element d G in G space as: d G =dr1 dr2…..drN dp1…..dpN=drNdpN

The system file represents a "cloud" with a density of r(t, r1, r2,…..rN, p1,…..pN)

has coordinates

The total number of phases in the file is 

∫ r(t, r1, r2,…..rN, p1,…..pN) drNdpN = W

Probability density 

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W

By integrating P over a subset of variables, we obtain a "projection" independent of coordinates rN-qpN-q

Pq(t, ra1, p aq) = ∫ PN (t, r1, r2,…..rN, p1,…..pN) drN-qdpN-q

If we integrate through impulses, we get the probability that the system has a certain configuration 

of distribution in space

PN (t, r1,…… rN) = ∫ PN (t, r1, r2,…..rN, p1,…..pN) dpN

r(t, r1, r2,…..rN, p1,…..pN)

impulsecoordinate



If we integrate through impulses, we get the probability that the system has a certain configuration 

of distribution in space

PN (t, r1,…… rN) = ∫ PN (t, r1, r2,…..rN, p1,…..pN) dpN



Liouvillův teorém ◼ Hamiltonian N Particles

◼ Generalized coordinates

We follow the time evolution of the set of N particles... 

each particle moves in accordance with Hamilton's equations:

The motion of the particles of the system can be viewed as canonical transformations of the Jacobian transformation 

J=1 and therefore the 

∫ dG  = ∫ drNdpN = const, (1.10)

The phase volume does not change. The phase volume moves like an incompressible liquid...

Therefore, we can write a "continuity equation"

r(t, r1, r2,…..rN, p1,…..pN)
J=1

!!!!!!!!!!



Therefore, we can write a "continuity equation"

Liouvillův teorém

∫ dG  = ∫ drNdpN = const

The phase volume does not change. 

The phase volume moves like an incompressible liquid...



Introduction ◼ Forms of Liouvil's theorem

◼ External and internal forces 
Pořadí 

deriivací 

 

Collisions 

If we integrate through impulses ... 

PN (t, r1,…… rN) = ∫ PN (t, r1, r2,…..rN, p1,…..pN) dpN

Dependence on time and position

r(t, r1, r2,…..rN, p1,…..pN)

Probability density 

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W



1.3 Gibbs' H theorem ◼ entropy

◼ Reversibility and Irreversibility of the processes

This means that the system does not evolve over time..... 

…that is, an unequilibrium system can never reach a state of equilibrium.

Paradox - classical mechanics leads to a strictly reversible description, while nature behaves 

irreversibly ...

S=-kH=-k∫PNlnPNdG,    kde H = ∫PNlnPNdG

dH/dt=0 dS/dt=0

Using Liouville's theorem, we obtain the expression

=0

Time development – entropy increases

System entropy increases, dS/dt>0

density of the probability

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W

Or our approximations are inaccurate....



1.3 Gibbs' H theorem ◼ entropy

◼ Reversibility and Irreversibility of processes

This means that the system does not evolve over time..... 

That is, an unequilibrium system can never reach a state of equilibrium.

Paradox - classical mechanics leads to a strictly reversible description, while nature behaves 

irreversibly. (?...) ...

S=-kH=-k∫PNlnPN,    where H = ∫PNlnPN

dH/dt=0 dS/dt=0

Using Liouville's theorem, we obtaine the expression

Time evolution – entropy increases ...... System entropy increases, dS/dt>0

Or our approximations are inaccurate....



1.4 BBGKY equation
1.4 BBGKY equation

The function PN (t, r1, r2,…..rN, p1,…..pN) has certain properties resulting from its relationship to particles... 

Using this feature  we can determine some macroscopic quantities characterizing a given set of particles at point r

J(t,r) = ∫ J(r) PN (t, r1, r2,…..rN, p1,…..pN) drN dpN (1.27)

where J(r) is the current density operator

J(r)= S pid(r-ri) (1.28)

ĵ(r)= S e/m*pid(r-ri)

Probability density

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W

(Bogoljubov, Born, Green, Kirkwood, Yvon)

Current Density (Charge Flow) Operator



Introduction to BBGKY 
(Bogoljubov, Born, Green, Kirkwood, Yvon)

 

V-sFs(t,r1, ......rs,p1....ps) is the probability that the group of S particles from the set of 

N particles will be in time t in the element dr1, ......drs,dp1....dps regardless of the state 

of the remaining (N-s) particles.



For interacting particles ◼ Let's narrow down the generality of the Hamiltonian a bit

  Probability density 
PN=  r(t, r1, r2,…..rN, p1,…..pN) / W

V-sFs(t,r1, ......rs,p1....ps) is the probability that the group of S particles from the set of N particles will be located at 

time t in the element dr1, ....drs,dp1...dps regardless of the state of the remaining (N-s) particles.



Fij is interaction potential between particles i and j

Fs is a function of Fs+1 system of equations

BBGKY Equation

We are where we were!!

S+1

◼ After many modifications ....

◼ After many restrictions 

◼ After many simplifications
In the limit….



◼ After many modifications ....

◼ After many restrictions 

◼ After many simplifications

 

BBGKY equation of application at s=1, s=2

S=1

S=2

Fij is interaction potential between particles i and j

Fs is a function of Fs+1 system of equations



Derivation of the Boltzmann equation

 



Finding solutions to B. equation ◼ In the shape of a row

 

Fs
(0)

Fs
(1)

 

Fs
(2)

nr0
3<<1

v=1/n



2. Mutual Interaction of particles
◼ We will analyze elastic collissions 

◼ Collisions e- neutral, e- ion, e-e.....
We already have the equations

 

.... What we need is the knowledge of particle interaction .... 

Elementary Processes in a Different Concept

Fij is the interaction potential between the particle i and particle j 

Fs is a function of Fs+1 system of equations

Fs
(0)

Fs
(1)

V-sFs(t,r1, ......rs,p1....ps)  is the probability that the group s of particles from the set of 

N particles will be at time t located in the element dr1, ......drs,dp1....dps regardless of 

the state of the remaining (N-s) particles.



Interaction of particles
◼ Conservation Laws

The center of mass of a two-particle system 

moves at a constant speed throughout the collision process

◼ We will analyze elastic collisions

◼ Collisions e- neutral, e- ion, e-e.....
The force exerted by particle 2 on particle 1 is F12 

F12 = -F21 2.1
We will assume that the forces decrease fast enough with r

Laboratory and centrum of gravity of system

Attention m1 and m2 are dimensionless

[kg]
different 

Definitions

of m



Relative velocity during a collision
◼ Maintaining Relative Velocity

◼ Movement around the power center

The laws of conservation of energy imply

The absolute value of the relative velocities is conserved during 

a collision, only their direction can change

g12=ŕ12Relative velocity 

????..is ok...



Motion of a fictitious particle ◼ Motion in a plane

With the position of the center of mass ???

Parallel

Vectors



Derivation of the Boltzmann equation

 



2. Interaction of particles
◼ We will analyze elastic collisions

◼ Collisions e- neutral, e- ion, e-e.....
We already have the equations

 

.... What we need is knowledge of the interaction of particles.... 

Elementary Processes in a Different Concept



Distribution function …. Chapter 3



Center of mass system ◼ Motion in the center of mass system 

◼ It is advantageous to work in the center 

of mass system

Fiction of the motion of a particle in a force field



Motion in the Field of Central Forces ◼ Collision parametr 

◼ Dispersion angle

Fiction - the movement of a particle in a force field

Derivation



e- with Ar

D~2(1/2000)/40=1/40 000

Elementary consequences ◼ Energy transfer in a collision 

◼ A large difference in masses

◼ Equal masses
The laws of conservation of energy imply

What Leads to a Relationship

 

Ar+ with Ar

D~1/2

before after

h=m2/m1

before

after



Differential cross-section. ◼ Elastic collisions. 

◼ Differential cross-section.

N

N particles per second

dn=s(c) N dW 

dn=Nb db d(e) 

dn=Nb db d(e) =s(c) N dW = N s(c) sinc dc d(e) 

s(c) = (b/sinc). db / dc

Differential cross-section of elastic collision

Differential cross-section of elastic collision



Total effective cross-section ◼ Total effective cross-section

◼ The Problem with the Experiment

N(v)

dn=s(c) N dW dn=Nb db d(e) 

sc(v) = ∫s(c) dW = 2p∫s(c) sinc dc = 2p∫ b db 

s(c) = b db / dc sinc

c …..0-p b  …..0-infinity

Divergent integral ????

sc(v) = pD2 for the collision of two perfectly flexible spheres

Total cross-section of elastic collision



Transport cross-section ◼ Transport cross-section.

◼ cross-section of deflection

(1-cosc)

Transport cross-section

Deflection cross-section



Coulomb particle scattering ◼ Coulomb particle scattering

◼ Rutherford's formula

U(r) = Z1 Z2e
2/4pe0r .. Interaction potential

We gett g(c/2)=b0/b, which is the relation c, b0 a b

Dropped b

U(r) = mg2*b0/r

Coulomb particle 
scattering



Rutherford's formula
◼ Rutherford's formula

◼ Experiment.

Detector

c

Collision chamber (beam)

Zdroj

sc(v) = ∫s(c) dW = 2p∫s(c) sinc dc = 2p∫ b db 

The problem is with the determination of sc

The problem of long-range collisions



Distribution functions

),,( tvrf


vdrfd


The number of particles with a 
coordinates r,v,t  in drdv

vdrdtvrf


),,(

Particle concentration ),( trn


Mean particle velocity ),(0 trv


Flow of quantity y through 

unit area moving with velocity v0

== VfdVV


)(yy



Velký Kracík

Derivation of the Boltzmann equation



Large Kracik Derivation of the Boltzmann Equation

 

BBGKY equations applied for s=1, s=2

Taylor function for G

Na pohyb částic systému je možno se  dívat jako na 

kanonické transformace Jakobian transformace je 1 a proto je 

∫ dG  = ∫ drNdpN = const,

Fázový objem se nemění. Fázový objem se pohybuje jako nestlačitelná 

kapalina… proto můžeme napsat „rovnici kontinuity“

GXAGXAG A+=+ .)()(


a
ss

u
m

p
ti

o
n

s



Big Kracik Derivation of the Boltzmann Equation

 

BBGKY equations applied for s=1, s=2

Taylor series - for function G

Na pohyb částic systému je možno se  dívat jako na 

kanonické transformace Jakobian transformace je 1 a proto je 

∫ dG  = ∫ drNdpN = const,

Fázový objem se nemění. Fázový objem se pohybuje jako nestlačitelná 

kapalina… proto můžeme napsat „rovnici kontinuity“

GXAGXAG A+=+ .)()(


G(A+X)-G(A)=XDAG



Velký Kracík

“volume” element

Number of particles

in an element

All such j-th particles 

hits the i-th particle at the origin

The i particles in the element is:

i

j
fj

fiAfter the collision

leaves the element

A-
ij

A+
ij

Number of collisions 

= the number of particles that leave the drdvi element is:



Velký Kracík
Volume element

Počet částic v elementu

All such j-th particles 

hits the i-th particle at the origin

The i-th particle in the element is:

Number of precipitations 

= the number of particles that leave the element dridvi is :

Similarly, for the number of particles, 

that enter into the element

Inverse Process



Velký Kracík

“volume” element

Number of particles

in an element

All such j-th particles 

hits the i-th particle at the origin

The i particles in the element is:

i

j
fj

fi
After the collision

leaves the element

A-
ij

A+
ij

Number of collisions 

= the number of particles that leave the drdvi element is:



Velký Kracík

The Law of Conservation of Energy and Impulse



Velký Kracik continued



Full text



Collision term ◼ Some properties of the collision term

◼ Precipitation invariants

We will show that for some functions -

invariants

It is

In detail



Collision term – a deterrent example
◼ Some properties of the collision term

◼ Precipitation invariants



Collision term – a deterrent example

result

If this is equal ….= 0,

then this is = 0

Particles of the same species

Particles of the same species

◼ Some properties of the collision term

◼ Precipitation invariants



Collision term – a deterrent example
(frightening)

But the result…..

◼ Some properties of the collision term

◼ Precipitation invariants (srazkove invarianty)



Gibbs H-theorem ……………………PAST LECTURE

 

This means that the system does not evolve over time..... i.e., an unequilibrium system can never reach a state of 

equilibrium.

Paradox - classical mechanics leads to a strictly reversible description, while nature behaves irreversibly ...

And we were unhappy



Boltzmann's H-theorem       …special case

0
t

H
d

d

0,0 == Fr



And we have no paradox - entropy is increasing

Particles of the same species

Particles of the same species

Let's do function



equilibrium ◼ Derivation of  

◼ Maxwel distribution funkcion.0=
t

H
d

d

Precipitation invariants 



0=
t

H
d

d

Maxwel distribution funkcion.



Mean values



Boltzman H-theorem        in general

0,0  Fr



0
t

H
d

d



Maxwel distribution function ◼ Potential field

0,0  Fr


0=

t
H

d
d

=0 =0

All this in 

balance

This only shows that it does not have an internal contradiction 

balance... thermodynamic equilibrium ???

Equilibrium -- that's terribly strong

It is necessary to understand this so 

that we can use it???



Boltzman H-theorem       …. in general

0,0  Fr



0
t

H
d

d



Maxwel distribution function
◼ Potential field

0,0  Fr


0=

t
H

d
d

- f is standardized to n !!!

- f was derived from

assumption v0=0!!!

!!!!!!!!

(No macroscopic movement)



◼ Potential field

vxF>0

F<0
F=0

- f is standardized to n

f was derived under the assumption of v0=0  ➔ no macroscopic motion
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Maxwel distribution function

Ion trap



Maxwelova rozdělovací funkce
◼ Potenciálové pole 
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Density of trapped particles
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Potenciál silového pole



Maxwelova rozdělovací funkce
◼ Potenciálové pole 
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Density of trapped particles
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Potenciál silového pole

Magnetické pole ????



Motion in fast oscillating field
Homogeneous electric field / Inhomogeneous electric field 



22-pole ion trap

V

+ +++
+ +++



8-pole trap

Effective potential 

8-pole trap



Keď my sme ešte boli Barbari
When we were still Barbarians 

22-pole trap 

10-300 K



Ion trap



The Reality of Everyday Life PFP 3A- 2024

EVERYDAY REALITY

Ion trap



Rate Law

• rate = k[A]x[B]y

• rate order = x + y

• knowledge of order can help control reaction

• rate must be experimentally determined

Injection

mixing
detector

Flow meter



FA– Flowing Afterglow principle 

Reactor with plasma



Techniques for study of IMR – FALP 

1965



Experimental studies of IMR ➔FA

Flow 

Tube 

REACTANT GAS 

ION DETECTOR 

PLASMA  

SOURCE 

PUMPING 

Diameter ~7cm;    Length 100cm,    Gas Velocity 100m/s, 

Pressure ~1Torr,    Plasma Density ~ne=n+~ 10
10

cm
-3 



Techniques for study of IMR



Techniques for study of IMR – reality



Techniques for study of IMR – reality



Techniques for study of IMR – reality



Techniques for study of IMR



FA– Flowing Afterglow HHCOCOH ++ ++
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FA– Flowing Afterglow

He+

Hem

microwave 

discharge

H3
+

H2 CO
COH+

HCO+ HCO+

He2
+

COH2

He REACTION

e-

He

H2
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mwHe

QMS

100-700 K
HHCOCOH ++ ++

3



FA– Flowing Afterglow 2005
MFF.CUNI.CZ



FA– Flowing Afterglow 2005
MFF.CUNI.CZ



FA– Flowing Afterglow 1965 -2006
MFF.CUNI.CZ

CU – Chemistry 1980: 

Eldon Ferguson  watching the  flow-tube centers



FALP – MFF.CUNI.CZ 0
FA 2002 Ar H2

mwHe

Plasma, IMR, Recombination

Diagnostics

O.Novotný

2002

2004

2005
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Principle of Flowing Afterglow Langmuir Probe - FALP

Formation of H3
+ in He/Ar/H2 mixture (10 Torr)
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Apparatus -FALP  

α ~ 5x10-9 cm3s-1

Plasma decay can be monitored up to 35 cm ➔ 65 ms, Temperature – 130 - 300 K Pressure up to 12 Torr
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Evolution along the flow tube
vDL
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Ion-molecule reactions
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Reactant

Flowing Afterglow 1968



FALP example ◼ Summarize what is expected of the 
participants.

◼ TO UNDERSTAND THE PROBLEM

l



Plasma parameters along the flow tube
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EEDF 
measurements
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The time evolution of the EEDF in the recombination dominated FA plasma

In  He (p= 9 Torr) with small admixture of HCOH (0.05 %).

EEDF is normalized to the electron number density.
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Plasma parameters along the flow tube
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Maxwell‘s distribution function ◼ Magnetic field

0,0  Fr



0=
t

H
d

d



The Reality of Everyday Life PFP 3A- 2024

End of story

EVERYDAY REALITY



The Reality of Everyday Life PFP 3A- 2024

End of story

EVERYDAY REALITY



Maxwell's Transport Equations – Transfer Equations

◼ Integration of B. equation 

◼ Relations between quantities

atd.



◼ Integration of B. 
equation 

◼ Relations between 
quantities

atd.

Maxwell's Transport Equations – Transfer Equations



Maxwellovy transportní rovnice – Zákony zachování  

◼ Integrace B. rovnice 

◼ Vztahy mezi veličinami



Transportní rovnice pro plazma ◼ Plazma,Předpoklady



Transportní rovnice pro plazma ◼ Plazma,Předpoklady
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Rutherfordova formule
◼ Rutherfordova formule

◼ Experiment.

Detektor

c

Srážková komora (paprsek)

Zdroj

Problém je s určením sc

Problém srážek na velkou vzdálenost 

sc(v) = ∫s(c) dW = 2p∫s(c) sinc dc = 2p∫ b db 
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Debyeho stínící vzdálenost
◼ Shrňte, co se od účastníků očekává – pochopit, co je plazma. 
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For quasineutral plasma, 

n10= n20= n/2= with T1=T2 we obtain 
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Stínění v plazmě  ◼ Stínění v plazmě

◼ Ustanovení debyovského stínění

~Zi/r

~e-r/ld

ld
2 =e0kT/ne2

v2~kT/me

ld
2 =kT/me * 1/w0e

2 = v2 /w0e
2 

sc(v) = 2p∫ b db 

Problém srážek na velkou vzdálenost

f(r) = (Zie/4pe0)/r *e
-r/ld



Zvláštnosti coulombovského rozptylu  
◼ Coulombovský rozptyl

◼ Coulombovský logaritmus



Zvláštnosti coulombovského rozptylu  
◼ Coulombovský rozptyl

◼ Coulombovský logaritmus

ln(E.kinetická/E.potenciální)

Ve vzdalenosti ld
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Už jsme ukázali, že platí….



Další kroky  

Fdp/ Fbp~L>>1



Závislost na teplotě  



Quo vadis domine nostra

◼ Shrňte, co se od účastníků očekává. 

◼ Shrňte, co se očekává od vás.





Fázový prostor 
◼ Přecházíme z exaktního popisu na popis pomocí 

pravděpodobností.

◼ Rozdělovací funkce 

N interagujících částic ---- každá se řídí zákony klasické dynamiky.

Element d G v G prostoru jako:   d G =dr1 dr2…..drN dp1…..dpN=drNdpN

Soubor systému představuje „oblak“ s hustotou r(t, r1, r2,…..rN, p1,…..pN)

r



Fázový prostor 
◼ Přecházíme z exaktního popisu na popis pomocí 

pravděpodobností.

◼ Rozdělovací funkce 

N interagujících částic ---- každá se řídí zákony klasické dynamiky.

Element d G v G prostoru jako:   d G =dr1 dr2…..drN dp1…..dpN=drNdpN

Soubor systému představuje „oblak“ s hustotou r(t, r1, r2,…..rN, p1,…..pN)

Celkový počet fází v souboru je 

∫ r(t, r1, r2,…..rN, p1,…..pN) drNdpN = W

Hustota pravděpodobnosti 

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W

Integraci P přes podmnožinu proměnných získáme „průmět“

nezávislý na souřadnicích rN-qpN-q

Pq(t, ra1, p aq) = ∫ PN (t, r1, r2,…..rN, p1,…..pN) drN-qdpN-q

Pokud prointegrujeme přes impulsy získáme pravděpodobnost, že systém má určitou konfiguraci

rozložení v prostoru

PN (t, r1,…… rN) = ∫ PN (t, r1, r2,…..rN, p1,…..pN) dpN

r(t, r1, r2,…..rN, p1,…..pN)

Pq(t, ra1, p aq) 
„průmět“

oblak



Liouvillův teorém ◼ Hamiltonián N častíc

◼ Zobecněné souřadnice 

Sledujeme časový vývoj souboru N částic… 

každá částice se pohybuje v souladu s Hamiltonovými rovnicemi:

Na pohyb částic systému je možno se  dívat jako na kanonické transformace Jakobian transformace J=1 a proto je 

∫ dG  = ∫ drNdpN = const, (1.10)

Fázový objem se nemění. Fázový objem se pohybuje jako nestlačitelná kapalina…

proto můžeme napsat „rovnici kontinuity“

r(t, r1, r2,…..rN, p1,…..pN)
J=1





Úvod ◼ Formy Liouvilovho teorému

◼ Vnější a vnitřní sily   
Pořadí 

deriivací 

 

Collisions 

Pokud prointegrujeme přes impulsy …

PN (t, r1,…… rN) = ∫ PN (t, r1, r2,…..rN, p1,…..pN) dpN

Závislost na čase a poloze

r(t, r1, r2,…..rN, p1,…..pN)

Hustota pravděpodobnosti 

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W



1.3 Gibbsův H teorém ◼ entropia

◼ reversibilita a ireversibilita procesů

To znamená, že systém se časově nevyvíjí….. 

t.j. nerovnovážný systém se nemůže nikdy dostat do stavu rovnovážného.

Paradox- klasická mechanika vede k přísně reverzibilnímu popisu, zatím co příroda se 

chová ireversibilně …

S=-kH=-k∫PNlnPNdG,    kde H = ∫PNlnPNdG

dH/dt=0 dS/dt=0

Použijíc Liouvilla teorému dospějeme k výrazu

=0

Časový vývoj – entropia roste

Entropia systému roste, dS/dt>0

Hustota pravděpodobnosti 

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W



1.3 Gibbsův H teorém ◼ entropia

◼ reversibilita a ireversibilita procesů

To znamená, že systém se časově nevyvíjí….. 

t.j. nerovnovážný systém se nemůže nikdy dostat do stavu rovnovážného.

Paradox- klasická mechanika vede k přísně reverzibilnímu popisu, zatím co příroda se 

chová ireversibilně .. (?...) …

S=-kH=-k∫PNlnPN,    kde H = ∫PNlnPN

dH/dt=0 dS/dt=0

Použijíc Liouvilla teorému dospějeme k výrazu

Časový vývoj – entropia roste ……Entropia systému roste, dS/dt>0



1.4 Rovnice BBGKY
1.4 Rovnice BBGKY

Funkce  PN (t, r1, r2,…..rN, p1,…..pN) má určite vlastnosti plynoucí z jejího vztahu k částicím… Pomocí této funkce

můžeme určit některé makroskopické veličiny charakterizující daný soubor částic v bodě r….

Např. proudová hustota v bodě r je daná vztahem

J(t,r) = ∫ J(r) PN (t, r1, r2,…..rN, p1,…..pN) drN dpN (1.27)

kde J(r) je operátor hustoty proudu

J(r)= S pid(r-ri) (1.28)

ĵ(r)= S e/m*pid(r-ri)

Hustota pravděpodobnosti 

PN=  r(t, r1, r2,…..rN, p1,…..pN) / W

operátor hustoty proudu (toku náboje)



Introduction to BBGKY 
(Bogoljubov, Born, Green, Kirkwood, Yvon)

 

V-sFs(t,r1, ......rs,p1....ps) is the probability that the group s of particles from the set of N 

particles will be at time t located in the element dr1, ......drs,dp1....dps regardless of the state 

of the remaining (N-s) particles.



For interacting particles ◼ Let's narrow down the generality of the Hamiltonian a bit

 
 

V-sFs(t,r1, ......rs,p1....ps)



Fij je interakční potenciál mezi i-tou j-tou částicí

BBGKY Equation ◼ After many modifications 

◼ After many restrictions 

◼ After many simplifications

we are where we were!!

S+1

Fs is a function of Fs+1 set of equations



Zákony zachování – řešení B.   
◼ A

2003

„EEDF Cooling in He and in Ar“   



Only collisional term

„EEDF Cooling in He and in Ar“   
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Ar

He

e



Ar, 0.5 Torr
ne=107cm-3

„EEDF Cooling in He and in Ar“   
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Ar, 0.5 Torr

ne=1010cm-3

Ar, 0.5 Torr
ne=107cm-3

ne=107cm-3

ne=1010cm-3

„EEDF Cooling in He and in Ar“   


