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Drift elektronů v He,  Ne, Ar…
◼ He,  Ar
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Dependence of u on the ratio E/p for different gases: (u) velocity of the 

directed motion of electrons under the action of the electric field E, (p) gas 

pressure referred to the equivalent pressure at 0° C
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DIFÚZE , DRIFT
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DIFÚZE , DRIFT
◼ Difúze
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Einsteinův vztah
◼ Difúze
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Závislost difúze na tlaku a na teplotě   
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Drift nabitých částic v elektrickém poli   
◼ Drift
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Vodivost
◼ Pohyb elektronů v elektrickém poli
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The reduced mobility μ0 m2 s−1 V−1 is the value 

at a gas number density of 2.69 × 1025 m−3. 
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Interpretace transportní rovnice pro plazma

◼ Pohyb elektronů v elektrickém poli
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Treba postupovať veľmi opatrne
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Transportní rovnice pro plazma – vodivost     – zobecněný Ohmův zákon

VODIVOST

V magnetickém poli



Transportní rovnice pro plazma - vodivost

Vodivost a ani netušíme EEDF..? Je to vobec možné…? A čo s(v) ??
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Transportní rovnice pro plazma - vodivost
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Loschmidovo číslo ~2,687x1019cm-3

The reduced mobility μ0 m2 s−1 V−1 is the value 

at a gas number density of 2.69 × 1025 m−3. 

at 1 Torr … N=3.53 10-16cm-3
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Energia elektronů   
◼ Energia, rychlost, 

◼ Einsteinův vztah
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elektrony

Classical kinetic theory
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Trochu teorie



Řešení B. rovnice  

◼ Malý Kracík. 
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Řešení B. rovnice  
◼ Malý a Velký Kracík. 
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Hledáme řešení ve tvaru

aby jsme vyjádřili toky částic 

t

f
trvf

v

v
trvf

m

F
trvf

v

v
trvfv

t

trvf
v

v
trvf

i
v

i

i
ri

i

i 


=++++



+

)()(
)(

),,(),,(),,(),,(

),,(),,(

1010

10 










t

f
f

m

F
fv

t

f i
iv

i

i
iri

i

i 


=++








Lorentzovské přiblížení pro

dvousložkový systém tvořený jednak neutrálními částicemi a 

jednak částicemi, které mají elektrický náboj….

Závislost na rychlosti 



Řešení B. rozklad do dvou rovnic  ◼ Velký Kracík

◼ Rovnice (A) a (B)
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Odvození difúzní rovnice z B. rovnice  Rovnice (A)

),,(),,(),,( 10 trvfvtrvftrvf


+=

Rovnice B

110 ffr


n−=

)).((
3

1
...

14

3

1
...~...

1

3

41

3

4

1

2

0

2

1

2

1

04

1

4 ndvfv
v

n
dv

f
v

n
dvfv

n
v

n

n

n



n


−==−==


−== 



1.v


=

)).((
1

3

1

1

2

n
n

v
n

n
−=



n

n
Dn

n
v


−=−= )).((

1

3

1

1

2

n

n
)(

3

1

1

2

n

n
=D



)()(
1

1
N

E
f

E
f ==

n


Odvození rovnice pro drift z B. rovnice  
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Drift elektronů v He,  Ne, Ar…
◼ He,  Ar
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Dependence of u on the ratio E/p for different gases: (u) velocity 

of the directed motion of electrons under the action of the 

electric field E, (p) gas pressure referred to the equivalent 

pressure at 0° C
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Drift iontů - experiment   ◼ rychlost
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Drift iontů   
◼ Drift iontů
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Drift iontů - experiment   
◼ A
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Drift iontů - experiment   
◼ A

Ne+
Ar+



Drift iontů - experiment   

Ne+
Ar+

1975

in He

in He

in He



Drift iontů - experiment   

Ne+
Ar+

in He

in Ar

in Ar

in Ar
in He



Závislost na hmotě plynů a hmotě iontů   
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Drift tube
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◼ Innsbruck Drift Tube



Ambipolar diffusion



EEDF from Boltzmann equation



Srovnaní driftů iontů a elektronů   ◼ Drift iontů

◼ Drift elektronů
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Difúze v plazmatu
◼ Ambipolární difúze
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Pole v plazmatu, odhad   
◼ Ambipolární difúze
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Rovnice kontinuity a difúze   ◼ A
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Druhý Fickuv zákon



Řešení rovnice   
◼ Chen etc.

◼ Collision phenomena in ionised gases
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Difúze v rovinní geometrii   
◼ Rovina

◼ Separace proměnných
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 In slab geometry, 

 Boundary conditions S=0 at 
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Difúze ve válci  ◼ Válec
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5.3   Steady state solutions
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In steady state, we have

• For constant Ionization function , Q=Zn

The solution is Cosine or Bessel function.

0=




t

n

)(
12 rQ
D

n


−=

n
D

Z
n −=2



 Plane source

 Line source      

)0()( 0QrQ =


)1(

)0(

0

0

2

2

L

x
nn

D

Q

dx

nd

−=

−= 

)/ln(

0)(
1

0 rann

r

n
r

rr

=

=










Difúze   ◼ A

Vývoj plazmatu řízený difúzi



Radiální a axiální rozložení elektronů a iontů  
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CALCULATION OF PLASMA DECAY IN CYLINDER
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AISA vypočtené difúzní ztráty

0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0

10
8

10
9

[D
2
] [10

13
 cm

-3
]

 2.5
 10
 22
 48
 170

T
e
 = 190 K

P
He

 = 7.3 Torr

 

 

n
e
[c

m
-3
]

t[ms]

Diffusion D
3

+

0.02 0.04 0.06 0.08 0.10

10
7

10
8

10
9

10
10

10
11

t
D

 = 1
 
ms

t
D

 = 10
 
ms

t
D

 = 100
 
ms

 [cm
3 
s

-1
]

 10
-9

 10
-8

 10
-7

 10
-6

 

 

n
e
 [

c
m

-3
]

t [ms]
Experimentální data

Free diffusion

t[s]



Difúze v plazmatu   
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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
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Techniques for study of IMR – FALP 

1965



Experimental studies of IMR ➔FA
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cm
-3 
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Table 1. Table of reactions taking place in He/Ar plasma. The values in the middle column are calculated for 80 K if temperature dependence was known.  

N Reaction

Rate coef.

Ref.[cm3s−1], [cm6s−1]

1 He+ + He + He → He2
+ + He 1×10−31 [Ikezoe et al., 1987]

2 Hem + Hem → He+ + He + e− 5×10−9 [Deloche et al., 1976]

3 → He2
+ + e− 5×10−9 [Urbain et al., 1999]

4 He2
+ + e− → 2He <5×10−10 [Deloche et al.,1976]

Ar+ formation and destruction

5 He+ + Ar → Ar+ + He <1×10−13 [Johnsen et al., 1973]

6 Hem + Ar →Ar+ + He + e− 7×10−11 [Glosík et al., 1999]

7 He2
+ + Ar → Ar+ + 2He 2×10−10 [Ikezoe et al., 1987]

8 Ar+ + e− + e− → Ar + e− 1.1×10−17 [Kotrík et al., 2011]

9 Ar+ + e− + He → Ar + He 2.7×10−26 [Bates et al., 1965]

Arn
+ formation and destruction

10 Ar+ + Ar + He → Ar2
+ + He 1.3×10−31 [Smirnov, 1977]

11 Ar2
+ + e− → 2Ar 8×10−7 [Okada et al., 1993]

12 Ar2
+ + Ar + Ar → Ar3

+ + Ar 3.2×10−30 [Hiraoka et al., 1989]

13 Ar2
+ + Ar + He → Ar3

+ + He 5.5×10−31 [Smirnov, 1977]

14 Ar3
+ + e− → 3Ar 3.6×10−5 Estimate

15 Ar3
+ + Ar + He → Ar4

+ + He 5.5×10−31 Estimate

16 Ar4
+ + e− → 4Ar 3.6×10−5 Estimate
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Techniques for study of IMR – reality
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Techniques for study of IMR – reality



FLOWING AFTERGLOW
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Flow-tube diameter: 50mm
P: ~10 Torr

T: 100-300 K
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Positive ion/electron dissociative recombination

⚫ e.g. NO+ + e  → N + O
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Evolution along the flow tube
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High temperature study



RENNES    MS - FALP



RENNES absorption studies

N2 entry port
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Emission spectroscopy for identification products of recombination

collisional radiative recombination of argon ions

Ar+ + e- + e-
→Ar + e-

Pittsburg Rainer Johnsen FALP



The Pittsburgh flow tube

Laser

window

Laser beam in

Quartz

windows
Turbo

pump

Roots

pump

Movable

reagent inlet
Langmuir

probe

Retractable

reagent inlet Mass

spectrometer

Fixed

side inlets

FLOW TUBE (side view)

Laser

beam out

Retractable

mirror
D.C. discharge

Microwave discharge

Movable 

PMT

FLOW TUBE (top view)

Ar+ + H2 →   Ar H+ + H   (+ 1.53eV)

ArH+ +H2 →  Ar +  H3
+ (+ 0.57 eV)



N.G.ADAMS University of Georgia, Viktoria Poterya



FA– Flowing Afterglow 2005
MFF.CUNI.CZ
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FA– Flowing Afterglow 1965 -2006
MFF.CUNI.CZ

CU – Chemistry 1980: 

Eldon Ferguson  watching the  flow-tube centers

1980
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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
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Ion-molecule reactions



Techniques for study of IMR – reality
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Techniques for study of IMR –

reality
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Recombination in He/Ar Afterglow Plasma at Low Temperatures

P. Dohnal, P. Rubovič, T. Kotrík, R. Plašil, and J. Glosík 
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Techniques for study of IMR –

reality



CRYO-FALP

30-300 K



Low Temperature Collisions

in Flow Systems and Traps

(state-of-the-art experiments)





Isentropic expansion and uniform supersonic flow

Laval nozzle and isentropic flow

uniform supersonic flow
T = 7 – 220 K
 = 1016 – 1018 cm–3nozzle throat diameter 

3 mm – 5 cm

chamber pressure 0.1 – 0.25 mbar
max pumping speed  30000 m3 h-1

Axisymmetric Laval nozzle

50-100 l/min carrier gas
(He, Ar) + reagent + 
precursor

Smith, Sims & Rowe,

Chem Eur J, 3[12], 1925-1928 (1997)



CRESU: Cinétique de Réaction en Ecoulement Supersonique Uniforme

B. Rowe (Rennes), I. Sims (Rennes), M. Smith (Tucson)



Schematic of the CRESU apparatus devoted to the 

measurement of ion/molecule reactions at low 

temperatures



CRESU apparatus 

Variation of the rate coefficient with temperature 

N+ NH3



k(T)

A

B

T0, p0

z, t

[B]

T

const.

Pulsed Uniform 

Supersonic Expansion

A + B → Products

k = (t [B])-1



Free jet flow 
reactor 
Mark Smith

The jet originates from a pulsed beam valve 1, and ions are produced by REMPI using a focused pulsed laser. 
The reaction zone is bounded by a repeller plate 2 and an endplate 3: 
ions are propelled, by a pulsed voltage on the repeller, towards a sampling aperture in 
the endplate which leads to a TOF-MS 4 
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