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• Physics of Swarms definitions
• Swarm experiments, 
• Hydrogen problem
• Kinetic theory and Monte Carlo 

simulations

Plan for today

simulations
• Cross section and transport data sets 
• And where does the Quantemol enter 
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swarms
• Ensemble of charged (perhaps also neutral) 

particles 
• In gas under the influence of collisions with 

gas molecules and the external field,
• No collisions with the remnants of previous • No collisions with the remnants of previous 

collisions
• No mutual interaction (Coulomb or collisions)
• No effect on the field by shielding 
• Properties of the gas unaffected by the 

swarm
i.e. the low current (space charge) limit of ionize d gases
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pressures 0.1- 10 Torr
-spatial scans of the absolutely 
determined smission;
-low currents (1mmmmA): uniform 
field
-normalization at the anode!
-single photon counting

self sustained self sustained -- TownsendTownsend
Discharge Discharge 

STEADY STATE TOWNSENDSTEADY STATE TOWNSEND

-glass cylinder to allow operation
to the left of the Paschen minimum;
-very high values of E/N
-emission coefficients- quenching



Pulse-Townsend apparatus
for measuring drift velocities
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An example chosen to show the problem 
of non-uniqueness

(model cross section is similar to 
parahydrogen)
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-vibrational excitation cross 
section

-beam; theory

-swarm data: pure hydrogen;

mixtures with He and Ne!!

-neural network analysis; 
Huxley formula; .....

-NITROGEN PROBLEM

BENCHMARK CROSS 
SECTIONS !!!!!
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Gaseoeus electronics, 
positronics

Kinetic theory

(or Monte Carlo)

Cross sections, V(r)

Atmospheric  
physics, chemistry

Multi-wire                 
drift tubes Ion chemistry

Swarm 
experiments

T. Makabe,              
Z. Petrovi� �

M. Charlton              
J.W. Humberston

R.E. Robson           

Petrovi�  et al, PSST 
16, S1-12 (2007)

W. P. Allis, 
1956

Kumar, Skullerud, Robson, 1980

Kinetic equation valid for any m, m0 (ions, electrons, positrons, muons, …)
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• Physically meaningful  quantities are velocity “moments”    <ffff i > = ���� dc f(r,c,t) ffff i (c)

• Solution procedure valid for particles of anymass m, anycross sections, any E, B

• E.A. Mason et al (Ann. Phys. 1975,1978, J. Chem. Phys. 1979); K. Kumar, Aust. J. Phys. (1967)
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The cross section of CF4
•L.G. Christophorou, J.K. Olthoff and M V V S Rao 
J.Phys. Chem. Ref. Data 25 (1996) 1341

•M. Kurihara, Z.Lj. Petrovi�  and T. Makabe
J.Phys. D: 33 (2000) 2146

(1) Momentum transfer Qm --
(2) Vibrational excitation Qv1 0.108
(3) Vibrational excitation Qv3 0.168
(4) Vibrational excitation Qv4 0.077
(5) Electronic excitation Qex 7.54
(6) Electron attachment Q 6.4
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(6) Electron attachment Qa 6.4
(7) Dissociative ionizaton Qi1 16.0
(8) Dissociative ionizaton Qi2 21.0
(9) Dissociative ionization Qi3 26.0
(10) Dissociative ionization Qi4 34.0
(11) Dissociative ionization Qi5 34.0
(12) Dissociative Ionization Qi6 41.0
(13) Dissociative ionization Qi7 42.0
(14) Neutral dissociation Qd1 12.0
(15) Neutral dissociation Qd2 17.0
(16) Neutral dissociation Qd3 18.0
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 Monte Carlo analysis: Belgrade group 2003
 Experimental results: Christophorou et. al. 1996
 Boltzmann analysis: Christophorou et. al. 1999
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Cross sections for electrons in NO
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Cross sections for electrons in NO
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MC isotropic and TTT electron energy 
distribution functions (EEDF’s) 

comparasion at the end of 10-100Td range of the largest 
divergence between TTT results and experimental data of DT/m

(see Fig.2)
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cross section source

2 elastic momentum transfer Zecca et al. (2003)

3, 4, 5 vibrational excitation Kitajima et al.(2000), Azria et al.(1975)

6, 7 ,8 electronic excitation
Hayashi (1992), Karwasz et al.(2001), 
Biagi(2008) 

9 dissociative attachment Rapp and Braglia (1965)

10 ionization
Märk et al.(1981)- extrapolated by Born 
aproximation 
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Fig. 1. Electron impact cross sections for scattering on  CF4 (1- el. mom. 
transfer, 2- vib. exc. v=1, 3-vib.exc. v=3, 4 - excitation v=4, 5-electron 

excitation, dissociation to products CF3 (6) , CF2 (7), CF(8), 9-diss.el.at.(F-), 
10-diss.el.at (CF3-),11-CF3

+ + F + 2e (ionization), 12-17 other ionization by 
products.

CF4 cross sections 
[ M. Kurihara, Z. Lj. 

Petrovi�  and T. Makabe, 
J. Phys. D: Appl. Phys. 

33 (2000) 2146. 
expanded according 
to Anemie Bogaerts]
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