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Collisions of electrons with atoms

Classical or quantum approach?

levV - v=5.9x10’cm s
t~a,/v ~108/ 5.9x107=2x10-16s
A~2A = 2x108cm de Broglie

leV - v=2x10°cm s?
t~ay/v ~108/ 2x10°~6x1014s
A~ 9x10tcm de Broglie



lllustration of a variety of applications wherein cross-section data
involving atomic & molecular physical processes are important.
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At low energies
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bach resonances are also observed for the first time.
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Figure 1
Schematic view of the experimental set-up. The system consists of an electron scattering apparatus with a photoionization cell, a phaotoion
collector, and photon flux monitor of the monochromatized SAH.



Cold Collision Experiments

= photoelectron source induced by SR -
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Schematic view of experimental setup

Research site: Photon Factory at KEK

Xe, Kr, O,

Ar+hv > Art+e

AE <10 meV
E, <30meV

Total cross section of Xe in low
energy region (preliminary data )

Cross section (cm?)

50

W
o
T

T 8 T

N
o
T T

=
o
T T

o

4
Impact energy (eV)




ms and molecules utilizing sync

hini tf

g field t

bach resonances are als

Channel electron multiplier (CEM)

Photon flux monitor

Photoion collector Collision cell
Extraction lens

Photoionization cell §

Synchrotron Radiation

- F
Kr Pa.;

®  Fragant work

stk et al, Sov, Phys, -Tech, Fryvs. 23, 167 [1878)
Jeat ot sl Procesdings 13th ICPEAGC, 93 (1983)

O Ferch &l al, Proceedings 151h ISPEAC, 132 (1987
Subramanian and Kumar J, Fhys. 8 20, 5505 (1387}

-

£ Bugirnan ard Lofirann, J. Plvye. B 20, 5807 (1987 .
5 Saryioowski ef ak, Phvs. Ser, 54, 271 [10946) P
— — MeEachvan and Staular, J, Fhws. B 17, 2507 (1384 il
=--=Fonealak, J, Fiwa. B 17, 3270 (1984} :
¥ —-— Bell sl sk, J. Phys, B 29, 4205 (15868 I

- —— - - rminagh el al,, J. Pfys, B 26, 1727 (1853

40 T
Kr

=
o 30F
S ~
]
= "
S 20k
b
i ]
3 B
]
a
S 10

)

001

Figure 2

0.1 - I. 10
Electron energy (eV)

Total cross sections for electron scattering from krypton. The vertical armow at around 10 eV shows the position of the structure due o

Kr (4p°&s” <Py Feshbach resonance.



1
53,36

Pue. 5.8. TMonwoe ceucnue paccesiins WIEKTPOHA Ha
aToMe HeoHa.
chnepnmem (MeTo,u Pamaayapa): O — [101];
— 129]; .- =92} —= 7 —— _795]. Teoprs: — —
— {1091
°2
6%4

10k

L 11l Ll I\/Illllnl 1 Iinnu]_
00012 4 6001 2 46 61 2 4 6 10 2 46,30

Puc. 5.9. Juddysnonnoe cedenne CTOJKHOBEHHS SJeK-
TPOHA C aTOMOM aproma.

SKCTepHMeRT (no;uemxnocrb 2CKTPOHOB TipH MAJNK TONHX K
TeMHEFaTyan [21]; —— — [47]; x — [60];

D Lzl A — Cl4a) — . — e
108]; + = [43]. Teopua: — —— — [871.

m;}

20

Cross sections (10

%]
2

P
=

-
=

Kr

Puc. 5.12. JlubhdyasoHHoe coueHHe
CTONKHOBEHHSl 3JEKTPOHa ¢ aTOMOM
KPHITOHA,

JKCnepUMeNT (ITONBHKHOCTL 3JeKTPOHOB
MajHX TO0AAX H TeMnepaTypax):

I
J'-":J‘Il‘ ak, rln,-:. Sora 54, 271 (1
Mar, J. I'll,'s.3‘|'|' 2507 (13984]
B4}

x B2
7’;/«1

7
&
5
4

g
2

|IIlII|f 1 I\lIHII L I|ll|||| 1 i||IIUI ?

G001z 4 60012 4607 2 46140 2 46 10£,,38

Puc. 5.3, Jluddysnonnoe ceueHie CTONKHOBEHHS SJek-
TPOHA C ATOMOM TIeJiHsl.

DKCIepHMEHT (NOARHKHOCTH SneKTDOHOB npd ManeIx ncnsx

W Temmepatypax) [ [39]. /_\, — [ 73, — . — —[88];

i e — — [13];
—[75); —— — [32]:
————— — pacueT 1o Hopmyne (a 37).




N

2 3 4 6 7 8 1y}
Electron velocity (v volts}

Fic. 1.10. Qbserved total collision cross-sections of He and Ne

.
.
ee® 0

2

S S T S B
3 4 5 é 7 8
Electron velocity (v/Volts)

9

10

F1e. 1.9. Observed total collision cross-sections of

A, Kr, and Xe.

2 3 4 5
Electran velacity (V'Volrs)

Fic. 1.16. Obeerved total collision eross-sections of Li, Na, K, and Cs.

2000

[+ 0 177
100 150 200
Collision energy /
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Very low energies



TOPICAL REVIEW

Very low collision energies

Electron-molecule collisions at very low electron energies

F B Dunning

Department of Physics and the Rice Quantum Institute, Rice University, PO Box 1892,
Houston, TX 77251, USA

J. Phys. B: At. Mol. Opt. Phys. 28 (1995) 1645-1672. Printed in the UK
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Figure 1. Schematic diagran'l of the vuv photoionization apparatus used for. attachment

studies (Chutjian and Alajajian [985a, b).
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Electron attachment at very
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Figare 3. Cross sections for electron attachment to CCl,. @, 5-K(np); —- —, o,(v)-
K(np) (Frey et al 1994b); O, 6.-K(ap} (Ling et al 1992); ——, free electrons (Hotop
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Kvantova mechanika

Jednorozmérny rozptyl

+d

Kvantova mechanika |
J. Klima B. \elicky
MFF 1992



Jednorozmérny rozptyl

VInova funkce ma tvar superposice Brogoliovych vin

k =+ 2mE /h? k =+2mE/h?

v, (x,t) = (Ae" +Be™)e™" x<-a v, (1) = (Fe™ ‘A‘

—a +a X

»
»

w, (x,1) = (Ce™* + De ™)™ |x|<alllk' = /2m(E +V,)/h?

a) dopadajici Castice = A

b) odrazena Castice =»B
¢) prochazejici ¢astice =»F+#0, G=0



v, (x,t) = (Fe")e™"" x>a

Jednorozmérny rozptyl

v, (x.t) = (Ae" +Be™*)e"" x<-a ‘ k =+/2mE /h?
VO

W, (x,t) = (Ceik'x n De—ik'x)eiEkt/h ‘X‘ <a

Parametry jsou

Hladkost reSeni v bodech +a
Urci konstanty B, C, D, G,
Hodnota A je vstupni parametr

_E k i(k—k"a
C=> (1+A, )e

Tok dopadajicich castic

Tok odrazenych castic

Tok proslych castic




v _ 2
Jednorozmérny rozptyl X k=+2mE/h

K =2m(E +V,)/h?

Parametry jsou v, (1) = (Fe®)e"  x>a

Hladkost FeSeni v bodech t+a
Urci konstanty B, C, D, F,
Hodnota A je vstupni parametr

/H A = function(F)

A =e”®(cos(2k'a) — i(%) sin(2k'a))F



Jednorozmérny rozptyl X k =v2mE/h?

Y K =2m(E +V,)/h?
0

Parametry jsou

Koeficient priichodu T, koeficient odrazu R

Pro velké E se T=2>1,

C N
N A

\4




Efekt Ramsauera

Parametry jsou Tt Pro velké E se T>1,

/\J

v,

K =2m(E +V,)/h?

Kr: a=2A
E=14 9V0257.97 eV

Vo E=0.013 V,=0.75 eV



Jednorozmérny rozptyl

Parametry jsou 1 Pro velké E se T>1,

K =2m(E +V,)/h?

Kr: a=2A
E=14 9V0257.97 eV

E=0.013 V,=0.75 eV
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Energy levels H

5.2 ’ Atomic structure and
atomic spectra

Rotational states
Vibrational states 12186 cm
Electronic states

Fig. 15.12. A Grotrian diagram which

lonisation summarizes the appearance and
analysis of the spectrum of atomic 7414 em™'1-2
hydrogen. The thicker the line, the
more intense the transition.
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Fig. 15.1. The spectrum of atomic
hydrogen. The spectrum is shown on
the left, and is analysed into its
overlapping series on the right. Note
that the Balmer series lies in the visible
region.
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Energy levels H

5.2 | Atomic structure and
atomic spectra

Fig. 15.12. A Grotrian diagram which

summarizes the appearance and

analysis of the spectrum of atomic 7414 ¢cm™! 7

hydrogen. The thicker the line, the 656.7 nm (H,)

more intense the transition, ‘f%_ 486.1 nm (Hp)
/213638 cm !, 4345 nm (H,)
24 380 e, 410.2 nm (Hj)

-102 824 em™", 9725 nm
9749t cm™ !, 102.57 nm
-82263 cm™!, 121,56 nm
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Fig. 15.12. A Grotrian diagram which

summarizes the appearance and

analysis of the spectrum of atomic

hydrogen. The thicker the line, the

more intense the transition, 09677ecm ™' L |
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Molecule:
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Time scale of interaction with electron
What happens to the molecule when an electron
goes by?
e ) (8) — 70 eV electron == 5 x 10°m/s
LV — Molecule=10 A=1nm
i ufamsmsumuemmuns Traag, olecu )
‘ ke "le o Transit time=2x 1016 g
* Molecular vibrations = 1012 g

+ Electronic time scale ~ 10716 g

* Frank-Condon principle: nuclei remain frozen in position
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13.1. Potential energy curves for olectronic states of H, and
H_fr lying within 20 ¢V of the ground state.




Interaction with molecules

Typical potential curves of diatomic molecules and H,




Franck-Condon Principle
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Cross sections for vibrational excitation, dissociation, 1onization...H,

> H,(v) +e....... Vibrational excitation
2> H+H +e.......  Dissociation

2> H,”+hv+e... Photon excitation

>

9

Interaction enerey (0V)

Nuclear separation ()

Fia. 13.1. Potential energy curves for electronic states of H, and
Hy lying within 20 ¢V of the gronnd state.

Cross-section (¢

._
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Electron energy (eV)

Fic. 13.37. Cross-sections assumed by Engelhardt and Phelps in their analysis of swarm

data in H; and D, for electrons of characteristic energy greater than 1eV. Q4 momentum-

transfer cross-section, @j, ionization cross-section, Qs dissociation cross-section, Quy

photon excitation cross-section, @y vibrational excitation cross-section ( H,,
———D,}.




Detalls of interaction of electron with H, (1990)

CROSES SECTIONS FOR ELECTROMN COLLISIONS WITH HYDROGEM

T T TTTIrT T T T T T T T T TTTTIT

]

H +H(3ID

H'+H(20

Elastic

100 /D lonization

] / bix!
F Rotational J}~ u=ll edy
[ J=0-2 Vibrationa

10"- J=I—-3[ D',

S 7 \ ~
: V2 ( \\ o
L + gl

E'z}aly e

v=3 |
L L Ll Lil L Illllill L L LLLLL | L iilil L L4 i

1072 10" 10° 10' 10° 10
Electron Energy (eV)

H* +H(ls)
H{Is)+H(4e)
H(ls}+H(3¢)

I8 1uaily

Potential Energy (eV)

H(1s)+H(2¢)
e
= — |
W‘—l 7 3z
H'T %se C]H.:EDR'
EF'si2so +ipa S :1;::::_
'sipe

Cross Section(10~'cm?)

[ WETIn

1

1073

H(1s) +H(1s)

Fig. 2. Comparison of cross sections for Ilisior neatral H,. Also for eroas sections of i of atomic T T T TTTT T T T T 17717
hydrogen are shown. These data are taken at room lemperatures.
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F10. 1. Some important energy levels of molecular hydrogen and molecular ion (see Ref 5).
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Cross Sections and Related Data for Electron Collisions with Hydrogen
Molecules and Molecular lons®

Y
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Cross Section (cm?2)

H. Tawara,Y. Itikawa,” H. Nishimura,” andM. Yoshino™ 10" e+ Hz;*T_C);-aT_ ion @ { ‘-JE

National Institute for Fusion Seience,” Nagoya 464-01, Japan —Hy @ ]
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{ Received July 3, 1989; revised manuscript received November |, 1989 10-8E —H*+H* @ 'y / 3
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fniaation, aachment, nd recombination of hydropen molecules and molecula ions - etH2s)oHT  ® -
(H 3t H ") by electron impact as well as for properties of their collision products. 10‘1.91 DU ! 111t ]>|01 1 Lol > 1 [

Key words: electron impact; hydrogen molecule; hydrogs lecular fon; scattering; elastic inte-
gral; vibrati itation; rotational excitati issociation; jonization; photon emission; cross

section, '
J. Phys. Chem. Ref. Data, Vol. 19, No. 3, 1000

Electron Energy (eV)

FiG. 16. Cross sections of the production for total ion, molecular hydrogen ions, protons and double protons. Those of
proton production from H and H(2s) are also shown for comparison (see Ref. 125). Note that the short
curves, for proton production at lower energies, correspond to the processes via 2E, (near-zero energy|
protons) and >, (repulsive state), respectively.
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Fig, 21, Potential energy curves of Hy, Hy' and H] ' and the expecied energy distributions of protons produced via * " and * £, states of H' in
dissociative ionization of H, (see Refl 115).
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Fia. 11.30. Momentum-transfer cross-section for electrons in N,. i
by Engelhardt, Phelps, and Risk from analysis of swarm data, —- — derived
by Pack and Phelps from analysis of their drift velocity observations, — — —
derived from drift velocity observations of Crompton and Sutton. --
cross-section measured by Ramsauer method.
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Rotational excitation N,

106 EXCITATION, DISSOCIATION, AND ENERGY TRANSFER

meV

0.0y

Energy above the ground state (v, J

L J =40

-l =30
[} =20
J=10

2Ny HCI LiF Ki

Figure 2-2-1. Vibrational-rotational levels (quantum numbers v and J) of a few diatomic
molecules. The (v =1, J = 0) level of H, lies 0.54eV above the ground state (v = 0,
J = 0). Rotational level spacings for H, are uniquely large, about 15/ meV, where J is the
quantum number for the upper level. For the ortho species of H,(0-H,), the nuclear spins

are parallel; for the para version (p-H,), the nuclear spins are antiparallel. [From
Shimamura (1984).]

Fie. 11.31. Cross-sections for rotational and vibrational excitation of nitroger'x.
Q% is the cross-section for the rotational excitation J = 4 —>J = 6, _2va is
the surn of the cross-sections for vibrabional excitation consistent with the

Electron energy (eV)

swarm data.




Vibr. excitation of N, fine structure
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Fro. 11.31. C i for innal and vibrational itation of nitrogen.
Q) ie the cross-section for the rotarionsl excitation S — 4 —J = 6. E,Q.is
the sum of tho cross-sections for vibrationu! excitation consistent with the
swarm data.

Transmitted current {arbitrary units)

20 30 3-8
Electron energy (eV)

Fie. 10.32. Fine structure observed by
Clolden and Nakano in the transmission of
electrons through N, The points are
obtained from a number of plots of the
transmitted current. Because of electron
optical effects no significance attaches to
the relative magnitudes of peaks and
troughs,

POTENTIAL ENERGY ({electron volis)

of a theory such as that outlined above. Haas suggested that we
must regard the collisions as taking place in two stages—the incident
electron is first captured to form a negative ion N, that is energetically
unstable but has a Jifetime greater than a vibrational period. It eventu-
ally breaks up, becoming a neutral molecule that may be in an excited
vibrational state—in other words, the process is regarded as a resonance
one of the same type as that found in elastic scattering of electrons by
helium and other atoms and molecules (see Chap. 9).
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Fraurr 1. Potentinl cnergy curves for Ny and Np*.*
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Time scale of 1onization

oy, : « What ha?_ppens to the molecule when an electron
~... l‘ goes by?
e ) (8 '00, o — 70 eV electron => 5 x 10° m/s
Q- --------ll""’ ® — Molecule= 10 A= 1 nm
* Transit time =2 x 1016 s
D * Molecular vibrations > 101 s

+ Electronic time scale ~ 10716 g

* Frank-Condon principle: nuclei remain frozen in position
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 First ionization energy (IE,)

The minimum amount of energy required
to remove the most loosely bound
electron from an isolated gaseous atom
to form a 1+ ion.
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lonization energies of molecules
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lonization cross section He and N,

Electron impact

—— This work

- - - - Seltzer's model
Rudd's model (relativistic)
PARTRAC (2008)

=i NOREC (2008)
Bousis (2008)
Djuric (1988)
Schutten (1966)
Bolorizadeh (1986)

4

10° 10° 10" 10°

10°  10° 10
Electron energy (eV)

New J. Phys. 11 (2009) 063047
doi:10.1088/1367-2630/11/6/063047

Cross sections for the interactions of 1 eV—
100 MeV electrons in liquid water and

BEB W. Hwang, Y.-K. Kim and M.E. Rudd, application to Monte-Carlo simulation of HZE

J. Chem. Phys. 104, 2956 (1996). radiation tracks

lanik Plante!2 and Francis A Cucinottal



lonization cross section He and N,

—— This work

- - - - Seltzer's model
Rudd's model (relativistic)
PARTRAC (2008)

=i NOREC (2008)
Bousis (2008)
Djuric (1988)
Schutten (1966)
Bolorizadeh (1986)

4

10° 10° 10" 10°

10°  10° 10
Electron energy (eV)

New J. Phys. 11 (2009) 063047
doi:10.1088/1367-2630/11/6/063047

Cross sections for the interactions of 1 eV—
100 MeV electrons in liquid water and

BEB W. Hwang, Y.-K. Kim and M.E. Rudd, application to Monte-Carlo simulation of HZE

J. Chem. Phys. 104, 2956 (1996). radiation tracks

lanik Plante!2 and Francis A Cucinottal



lon source

2.3. Electron impact ionization

» The cross section for the impact ionization is by orders of magnitudes higher than the cross section for
the photo ionization.

» The cross section depends on the mass of the colliding particle. Since the energy transfer
of a heavy particle is lower, a proton needs for an identical ionization probability an ionization energy
three orders of magnitudes higher than an electron

10_—15 —

1017

T
E(eV)

ELGURE 4
‘Tonization cross sections as functions

of energy _for-ionizihg collis!on_s with fas_l electrons, prubul;ls,
and phototis. (From Winter, ¥, in E:;:'plerfntmté!lMc'l’hG:i's in H@y- l'q”. Physics, Springer-Verlag,




lonization by electron impact
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Thomson’s formula
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Calculated ionization cross section of the 3P, state in Ne using the DM

formalism. The full curves refer to the contributions from the various

subshells and have been labeled appropriately. The sum of the various

subshell contributions has been labeled by the symbolé6. Also shown is —_ 2 2 .

the Born calculation of Ton-That and Flannery (broken curve, see 2> Gi— 471:3.0 (I H/ 8) : (S/I_l) B ffunCtion(S/I)
text for details). The experimental data points (diamonds) are those of

Johnston et al . Two typical error bars (combined systematic and _

statistical uncertainty) are shown for the experimental data. cSi_z Gj, sum of the various subshell contributions
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lonization cross section — idea of experiment
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Electron impact ionization
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Figure 3. Cross Section of an Electron Impact Source
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lonization cross section N, s

W. Hwang, Y.-K. Kim and M.E. Rudd, J. Chem. Phys. 104, 2956
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Fic. 8. Ionization efficiency curves for several ions from acetylene (493).




lonization cross section data from
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lonization - Ell of CH,

Determination of ionization energies (IEs)
for EII of CH, for the following reactions:
—->CH", + 2¢
—-CH"; +H + 2¢
—-CH;+H +e
—-CH", + H, + 2¢
—-CH"+ H +H, + 2e
—-CH"+H +H,+e
—->C+ + 2H, + 2e.

ow(E, p)= 0
A,(E - 1E1)%!

A,(E - TE1)4 + A,(E - TE2)®

(1)
(2a)
(20)
€)
(4a)
(4D)
)

for E < IE,(Ar)
for E>IE,and E<IE,
for £ >1E,
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I\/Iultlple lonization Multiple ionization of helium and krypton by electron impact
close to threshold: appearance energies and Wannier exponents

J. Phys. B: At. Mol. Opt. Phys. 35 (2002) 46854694
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re 1. lon signal as a function of electron energy for the formation of He' ions (top) and He=*

ttom) in the near-threshold > shown as open ¢ the fits are

are indicated, are the AEs for the individual data sets shown
ted in table 1 which were obtained from a comprehensive

Table 1. AE values in eV for the formation of He* and He®" ions in comparison with other
culated AE values.

c value 1] Redhead [45]  This work

24.6 £0.15
71905 £ 0.3
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MUItlpIe lonization Multiple ionization of helium and krypton by electron impact

close to threshold: appearance energies and Wannier exponents

J. Phys. B: At. Mol. Opt. Phys. 35 (2002) 46854694
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Figure 2. Ion signal as a function of electron energy for the formation of Kr™* ions (n = 1-6) in
the near-threshold region. The measured data are shown as open circles, the fits are shown as solid
curves. The AEs, which are indicated, are the AEs for the individual data sets shown and may
differ from the AE values listed in table 2 which were obtained from a comprehensive analysis of
many individual data sets.
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Cross Beam 1on Source, calculations
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Cross Beam ion Source

Cross Beam ion source
with magnets

Two filaments
Easy to degas
Good ion focussing
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Mass spectrometer
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lon detector — Discrete dynode SEM
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Mass spectrum
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lonization of C60
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Cr0 i + . <
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Electron energy (eV)
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rimental data

s the present

Distribution of carbon clusters produced under various experimental conditions.
a) Low helium density over graphite target at time of laser vaporization.
b) High helium density over graphite target at time of laser vaporization.
¢) Same as b), but with addition of "integration cup" to increase time between vaporization and cluster analysis.
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Electron-Impact Induced Fragmentation of Fullerene Ions

The measurements were performed employing the electron-ion crossed-beam setup. A commercially available powder of fullerenes was
evaporated with an electrically heated oven. The neutral vapor was introduced into a 10 GHz Electron Cyclotron Resonance lon Source (ECRIS).
The extracted ion beam was collimated to 2x2 mm? after mass to charge analysis and crossed with an intense electron beam. The energy of the
electrons can be varied between 10 and 1000 eV. After the electron-ion interaction the fragment ions Csg 9* were separated from the incident ion
beam of C,9* by a 90° magnet and detected by a single-particle detector. The flight time between the interaction of the C,9* ions and the
analysis of the product ions is in the order of 10 us. The current of the parent ion beam was measured simultaneously in a Faraday cup.

Binding energy value of about 11 eV FRAGMENTATION
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Electron-Impact Induced Ionization of Fullerene Ions

IONIZATION A semi-empirical concept for the calculation of electron-impac
ionization cross-sections of neutral and ionized fullerenes

+
CGO

experiment
theory

—
<L

B
c
2
=
0
0]
o
o
73
o
p -
O

experiment
theory

Cross section {i\}

Cross section (A)

experiment
theory

" oo
Electron energ ) Electron energy (eV)

100
Electron energy (V)

Cross-section for the formation of Cgy
1 ation of Cgg

. the solid line represents the present

calculation.



Cross sections for vibrational excitation, dissociation, 1onization...H,
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Figure 3. Optical excitation function for VUV photons measured with channeltron and
MgF, window (1120-1300 A); pressure 4 x 1077 bar: collection time 7 h; 4-9 meV/chan-
nel. Energy positions of known resonances are indicated. The dissociation energy for
Hi2p} = H(1s) is marked by an arrow.
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Fic. 13.37. Cross-sections assumed by Engelhardt and Phelps in their analysis of swarm
data in H; and D, for electrons of characteristic energy greater than 1eV. Q4 momentum-
transfer cross-section, @j, ionization cross-section, Qs dissociation cross-section, Quy

photon excitation cross-section, @y vibrational excitation cross-section (

H,,
———D,).




Cross sections for ionization...H
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lonization cross section

[onization, excitation .....

N, (vi)) +e(e) =N (v)) +e(e) +ey(ey)
P Nf(en) + Nlewin) T+ e17(e3) +e,7(e4)

NH, + e(g,) = .....to several product - channels



Neutral — Rydberg
Interaction
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Figure 8. Rate constants for Ryvdberg destruction and free-<ion production in Rydberg atom
collisions with SFs. The data are plotted as a function of #* =n—& when & is the quantum
defect. O, K(np) destruction {Zheng et af 1990); A, K(nd) free-ion production (Zollars ez
al 1986) ; B, Ne(ns) free-ion production (Harth ef 2/ 1989); — .. — calculated values
=2 I=l=n—1 (Klar et al 1994a).
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Photoionization from Ar metastable

FARADAY MIRROR
BREWSTER 0

)
/ EXCITATION

CUP

REACTION
CHAMBER

" aFé%gTABLE
e B

IONIZATION
LASER

QUADRUPOLE “cccccces AHED )
S TROMETER

A= 8118 nm

MCP ION @
DETECTOR €LECTRON

IMPACT

Figure 4. Schematic diagram of the laser-induced photoionization apparatus used fq
attachment studies (Klar e af 1994b).




Franck-Condon principle - FOTOIONIZATION

MO diagram for the three highest occupied MOs in CO accessible by Hel radiation. PES of CO obtained by Hel
radiation and potential energy curves for the neutral molecule and the three ionized states.
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Alkali metals

i 3Y 4 5

Electron velocity (VVoits)

Fre, 1.16. Obaserved total collision cross-sections of Li, Na, K, and Ca.
Fic. 1.6. Schematic diagram of the arrangement of apparatus
developed by Simpson for observing fine stracture in the

variation with energy of the transmission of electrons through
gases.




TOPICAL REVIEW

Very low collision energies

Electron-molecule collisions at very low electron energies

F B Dunning

Department of Physics and the Rice Quantum Institvte, Rice University, PO Box 1892,
Houston, TX 77251, USA

-1672. Printed in the UK
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Electron attachment at very low electron energies
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Figure 3. Cross sections for electron attachment to CCL. @, 5-K(nmp); — - —, o(V)-
K(np) (Frey et al 1994b); O, G- p} (Ling et al 1992); , free electrons (Hotop

1994); - - -, free electrons (Orient ¢f aN989); A, free electrons (Christodoulides and
Christophorou (1971); —--, theory (Kiots 197
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1979, Chutjian and Alajajian 1985a); --—-, theory {(Kiots 1976).




Partial cross section for excitation

T

YT

Ava (Fyia

T

9q

€ € (eV)

Fig. 4. Cross-section set for NO (1986). Fig, 6. Electron collision cross-section set for NH3 (1986) .
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. Cross sections for electron attachment to CCL. @, 5-K(nmp); —- —, o(v)- e- + CCL‘,—}CC!; * "'"’CCIB + Cl-

) (Frey et al 1994b); O, 6.-K(ap} (Ling et af 1992); , free electrons (Hotop
1994); - - -, free electrons {Orient ef ai 1989}; A, free electrons {Christodoulides and
Christophorou (1971); —---, theory (Klots 1976).




Rate coefficients of elementary processes

A+B—>C+D A+ B—- products

dLAT_ yranies

dt ~300 K
reactants products rate coefficient
Electron atomic ion rec. Art + e Ar + hy ~101cmsst
Electron - ion recomb. O, +e O+0 2x10"cm?3st
lon — ion recombination Art+ CI- Ar + ClI 2x108cm3s1
Attachment CCl,+e Cl-+CCl, ~10"cmds !

Penning ionization He* + Ar Art +e + He 7x10-cm3s
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Electron attachment at very low electron energies
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Figare 3. Cross sections for electron attachment to CCl,. @, 5-K(np); —- —, o,(v)-
K(np) (Frey et al 1994b); O, 6.-K(ap} (Ling et al 1992); ——, free electrons (Hotop
1994); - - -, free electrons (Orient ef af 1989); A, free electrons {Christodoulides and
Christophorou (1971); -—-, theory (Kiots 1976).
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Figure 2. Cross section for qllectron attachment to SFi. W, 5-K(mp), — —, al{v}-K{np)
(Ling et af 1992). O, 8.-Rb(ns) (Zollars et af 1985); ——, free electrons (Klar et al
1992a, b); - - -, free electrons (Chutjian and Alajajian 1985); &, free electrons (Pai et af
1979, Chutjian and Alajajian 1985a); -—-, theory (Klots 1976).




Collisions of electrons with atoms — Ramsauer’s method

Lenard 1903
Akesson 1916
Ramsauer 1921

ATENUATION METHOD

Ol~-NI dx
0l=-Nol 6x
1= 1, exp(- cNX)

Fic. 1.1. Ramsauer’s apparatus for measurement
of collision eross-sections.

Photo cathode §

Mono energetic electrons
I\\ 1= 1, exp(- oNXx)




Collisions of electrons with atoms — Ramsauer’s method
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Fie. 1.1. Ramsauer’s apparatus for measurement
of collision eross-sections.
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Akesson 1916
Ramsauer 1921
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Fig. 1.9. Observed total collision eross-sections of
) A, Kr, and Xe.




Collisions of electrons with atoms — Ramd

Photon flux monitor
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Fie. 1.1. Ramsauer’s apparatus for measurement
of collision eross-sections.
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Ramsauer 1921
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Fig. 1.9. Observed total collision eross-sections of
) A, Kr, and Xe.
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Total collision cross section — e/atoms
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Fie. 1.11. Total collision cross-sections of atomic hydrogen.
@ observed by Brackmann, Fite, and Neynaber ; observed
by Neynaber, Marino, Rothe, and Trujillo.
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Fig. 1.9.‘ Observed total collision cross-sections of
L L 1 1 ] 1
A, Kr, and Xe. o ¢ 7 8
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Fig. 1.10. Observed total collision cross-sections of He and Ne.

a,=0.53x10-%cm~0.5A
Radius of the first Bohr orbit of H atom




Understanding plasma

Collisions
Classification of collisions =>» elastic
-=> Inelastic

The concept of collision cross-section
51=-NQI, 5x
Ip= 1, exp(- QNX)

Hypothetical gas of rigid spheres of cross section Q

Slow decrease of interaction potential - Small deviation ....

—> problem with concept of integral cross section

Electronic and ionic impact phenomena

\Volume 1 — Collisions of electrons with atoms
H.S.W. Massey and E.H.S.Burhop, Oxford, Clarendon Press, 1969
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Multiple collision — plasma
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Collisions of electrons with atoms (atomic beams)
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Fi1o. 1.2. Schematic diagram of the arrangement of apparatus used by Fite,
Brackmann, and Neynaber for observation of elastic scattering of electrons by
atomic hydrogen.
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Figure 1
Schematic view of the experimental set-up. The system consists of an electron scattering apparatus with a photoionization cell, a phaotoion
collector, and photon flux monitor of the monochromatized SAH.



