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Elementary processes considered:
Inelastic electron interactions with
atoms/molecules/nanoparticles

(1onization and attachment)

Intrinsic fundamental interest
Provide data needed for plasma modelling

and diagnosis and other applications
Radiation damage

Data acquisition (processes, properties)

Data analysis and assessment
Data compilation (ADAS, IAEA)




Inelastic low-energy electron
interaction with molecules

AB + e - AB” lonization
— A* + B dissociative 1onization
— AB” excitation
— ...

AB + e —» AB* electron capture




Dissoclative Electron Attachment
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Dissociative electron attachment AB + ¢ => AB-* => A- + B can be described via the
formation of a temporary negative ion AB-". The electron in this molecular anion state
AB- (also called the resonant state) can autodetach with a finite lifetime (related to the
width of the resonance), leaving behind a vibrationally excited neutral molecule. On
the other hand, if the lifetime of the resonance is long enough, the anion AB- can
dissociate into A+B-, leading to the process of dissociative electron attachment.



lon yield (arb. units)

Electron attachment to molecules

AB + e - AB* transient negative ion

AB# — AB- stabilization
AB# — AB + e autodetachment

: AB* - A+B" DEA

10
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N
—

Positive 10n production
Cross sections

DEA

N

T 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
electron energy (eV)






1. The discovery: the e/m determination
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2. Other properties accurately known:
(besides spin)

Elementary charge:
e=1.60217733x 10" C

Mass;
m,/m, = 1836.152 470  LIMSIP,66 (1985)327

Magnetic moment: p = g (e/2m)s

-2x(1+0.001 159 6352 188) Dekmelt e.a., PRL, 59(1987)26
-2x(1+0.001 159 652 140) Kinoshita,Quant. Electr., 1990




5. ,, Why investigate still properties of
the electron ?

Motivation:

———

1. Most important primary ionizing
agent

. . . . - =+
(compare ionization cross sections for ¢, hv, p )

2. Simple and cheap to produce

3. Many applications :

& inass spectrometry

¢ plasina physics and chemistry

v atmospheric physics and chemistry
A radiation p@sics




].Plasma: Electrons, lons,Neutrals Jen Eip&ucho“:
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—— |lonization with e release:]

5 H" impact [17] |
© Total ionization:
44 e impact [8] |
= Direct ionization: |
H" impact (present data)
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Institut fiir lonenphysik
Universitét Innsbruck

: (1) Astrophysical plasmas §
: - stellar atmosphere §
- ionosphere :
- lightning
- solar corona

Mlotivaiion

Institut fiir lonenphysik
Universitat Innsbruck

(2) Industrial plasmas

- plasma deposition
- plasma etching

% (3) Laboratory plasmas

- gas discharges
- ion sources

- gas lasers

- fusion plasmas




Motivation

4 Origin of life (photosynthesis)

4 Life in space
4 Radiation damage at a molecular level

4 Improved radiation therapy




@ In space electrons are released via photon matter
Interactions (photo effect and photo ionization): origin of life

Incident
gamma quantum

Photoelectron




Winy elecirons 7

@ High-energy projectiles release in matter ~40000 electrons
per MeV deposited energy with kinetic energies below 20eV:
radiation damage

Secondary
electron tail

Electron
cross section

N(E), o(E) (arb. units)

0 10 20 30 40 50 60
Energy (eV)




Wiy elecirons 7

@ Low-energy electrons have high damage cross sections

N(E)x o(E) (arb. units)

DEA ionization
0 10 20 30 40 50 60
Energy (eV)
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Outline

Part I: Fundamentals
A. Tonization processes and Ions produced
B. Ionization mechanisms

Part II: Kinetics and energetics for the
production of cations and anions

Part III: Electron attachment
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Part I: Fundamentals
A. Tonization processes and Ions produced

Direct Ionization — Indirect 1onization

Stable 1ons — unstable (metastable) 1ons
Singly-charged 1ons

Multiply-charged 1ons

Parent 1ons — fragment 1ons

Cations - anions




Electron-Particle Interaction

e + atom : # clectronic excitation

e + molecule : # electronic excitation
# Vvibrational excitation
# rotational excitation
# dissoclation




Electron-Particle Interaction

ABC + e — [ABC*]* - A* +BC +KER

Primary 1onization event

Energy storage and disposal

Final reaction products




Electron impact 1onization processes

A+e > A+e
A* + e
A**_|_e
AT + 2e
AT+ 2e
AT + 3e
A- + hv

elastic scattering
excitation

double excitation
1onization
excited 10n
double 10nization
attachment

(A** = A" + ¢)

(A™" > A" + e)



Electron impact 1onization processes

AB +e¢e —»> AB + ¢ elastic scattering
AB* + ¢ excitation
AB** + ¢  double excitation (AB** > AB" + ¢)
AB" + 2¢ 1onization

AB™ + 2e  excited ion (AB™ — AB*" + e)
AB™ + 3e double 1onization
AB- + hv attachment (AB-—> A- + B)

AB + ¢ — AB(v,k) + e wvibrational, rotational excitation
A+ B dissociation
A" + B + 2e dissociative 1onization
A" + B "+ 3e dissociative double 1onization
A" + B~ + e 1o0n pair formation
A" +B + 3e double dissociative 1onization



Direct and indirect 10nization processes

Crowe el af. 1922
Diteed . Acre —» Aft rle

Au'lviuhh-d\‘ov\: Arie - A,*[h ?.19‘ 3»{.)48_4

At (30 3105) +e,

T T T T T T

Ar+e —>Art]

Q.[t t—l'\ ‘."\\\Q_QS

u..'d«.l L !L(J\".'ll ]-kl 1:\- W

channel s

QEE. o o
E.\n.x‘rg ‘

ditecd LL\nm\ghj

Loy

Lf(‘_dto;le?
1 dela }

_Relative partial ionization cross section (arb. units)

Electron energy (eV)

Adaw cayk ol al., 1932

1+
Ny se 25 N,
& .
=
(g
"y
(e
(@]
2= 3p
No
cg of
.chz
=
S o b
€ R 1
g O 100 300
| | |

| |
No+e—Ny""+2e

I

I 500

Ll

NS

Can.L\a Nesbet : Y23V

Electron energy (eV)

JAEI Y30e V




Cqo T € — parent & fragment 1ons (200 eV)
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Cqo T € — multiply charged 1ons
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Part I: Fundamentals
B. Ionization mechanisms

1. Franck Condon principle

2. Unimolecular dissociation




V(r) m eV [onization mechanism I:
The Franck Condon principle

30

H, + e > H,"

—> H

—>H + H*

10

15.4 ¢V adiabatic ionization energy !!

20 Internuclear distance in 10-8cm

E=100 eV: v=6x108cm/s; t=s/v=10-%/6x10° ~ 2x10-!7s « t ~10-!4s



Electron impact 1onization: mechanism

The Franck Condon principle

1

le_—)H; (%;) )H +H

20

Electron energy (eV)

o(H* Ho) /6 (Hst /1 Ho) in (%)

Franck Condon Factors
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Electron impact 1onization: mechanism

The Franck Condon Range and different Cases

F.C.range
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Potential energy (ev)
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H-H Internuclear separation (A)

E=100 eV: v=6x108cm/s; t=s/v=10-%/6x10° ~ 2x10-!7s « t ~10-!4s



Electron impact 1onization: mechanism

The Franck Condon principle

Several cases are possible:

(1)‘ The final level accessible 1ies within the region of discrete vibrational
states of the upper potential energy curve (e.g. transition I-I2 (x': ) »
Hy (B‘t;) in Fig. 1). The probability that the vibrqtiona] quantum number
will change depends on the relative position of the potential energy cur-
ves.

(2) The final level accessible 1ies not only within the region of discrete
vibrational states but includes some part of the continuum (e.g. transi-
tion H, (x)z;) + H2+ (zz;)). Hence, some of the transitions will lead to

dissociation.

_(3) The final level accessible 1ies within the continuum of a repulsive state

and all transitions lcad to d1ssoc1ation (e.g. trans1tion Hy (x‘: ) +
H ( z, *).
2



vone BE-l)etermination

—> H"
H,*
201
e e e L s —>H+H"
18.09
(18.08) BE (H-H") =2.666 ¢V

i =
R 3

Distance in 10-3¢cm

20






HEM data analysis:
(Oy), + € > (0,),"

lon signal (arb. units)

100

10

=

Fit function: (E) =b + o, *(E-IE)P

7 8 9 10 11 12 13 14

Corrected electron energy (eV)




HEM data analysis:

+
O; + e—>0q,

(O3); + €>(0,),"

Binding energy of ozone dimer 10n:

O,"

IE(O,")
12.70(2) eV

D(0,"- 0,): 2.70 eV

IE((O3),")
10.10(22) eV

O,

(O3),



,,dimer geometry*

,twisted boat*

+ <
»0, — O,




Photoelectron spectroscopy:Adiabatic & vertical IE

Detector —
o

<

Electron
Spectrometer

e
Photon ' l
- Source ) l ]
hv
21.22 eV

& __MCA

T LL_JM"
Coulnts _

— Electron Energy -»

Fig.2.1. Schematic of the experimental arrangement for photoelectron spectroscopy (PES). MCA:
multichannel analyzer.




Photoelectron spectroscopy:Adiabatic & vertical IE

CO

Ener
0 o ay :
Ionization energy lon T
- eV : B Energy/eV
o' e 2
209 @ 2-———-fFk-——=-Z A= CO
1 = _ﬁ?-o 6
19 + Elrggtrons 4 1 2120 6V
31 \ lon -
18 Cooooopoooo Rl o 2]
4- SIsopITToiAes mfﬂ "
17 - CTITCDIZRIZCZoCT g;: —2 ’
3 I | Y i 0 hv=21.22 eV 24
16 1
Y 12
15 vt 14 A
___________ " B
7 S Y I A B b e u’ . 2 EloeLi:r':rci)ns Ty 0%
Y|~~~ g = -16 4 A A
Y i Photoelectron Molecule 18 v e
Electron 4 spectrum of CQ o
energy /eV /‘JJZ (V”: 0) -20 | i o2s
, 0

Internuclear distance R

Fig. 2.3. PE spectrum of CO obtained by Hel radiation and potential energy curves for the neutral
molecule and the three ionized states (adapted from [48]).



Ionization mechanism II: Vibrational predissociation

(AB...CD) + e » - parent & fragment 10ns

(AB...CD)" 5 > >

>A"+BCD* —> A "+B+CD
>AB"+CD* —»> A"+B+CD
A+B"+CD
—>A+BCD™ —> A+B"+CD
A+B+CD'

—-AB*+CD" —> A+B+CD"

Decay paths for parent ion formed: If the the molecular 1on 1s complex
enough so that Lissajous motion on the potential energy hypersurface is
sufficiently complicated, the existence of metastable ions can be
rationalized in the framework of QET or RRKM.




Ionization mechanism II: Vibrational predissociation

To=70eV Tonization of alkenes:
J Methane 16
| Ethane 30 CnH2n+2 + e >
I Propane 44 parent & fragment 10ns
l n-Butane 58
.

i n-Pentane 72

n-Hexane 86

Ii J n-Heptane 100

''''''''''''''''''' o

20 40 60 80 100120

Reduced mass m/z




Ionization mechanism II: Vibrational predissociation

I~

CaHgt
24,5

Cz2Hs+
84,5

(3H;t
193

Col4t
499

(3Het
49

CaHst
10,7

CaHet
2,52

€Y, [
17,0

CzH3t
33,3

. Gt

73

(3Hat
5,29

(H3t

5,2 ’

GHT
3,38

CHT
0,79

CHat
2,08

C,;Hy; + e — parent & fragment 10ns

(decay paths & relative abundance 1n mass spectrum)

(H+
on




High appearance energy

lon current (counts/s)

Bd -~ 1

3 Cypte— “60
: 60
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BE+KS . /[ J

101 & FTET E ] RO RO PY Ry e e X a2 §

0 0 20 30 40 50 60 70 80

Electron engrgy (eV)

IE=7.6eV E=43.7¢eV




Final result for the C,," binding energy

Experiment: 17 Measurements - which have been analysed
by using the complete today’s knowledge- yield a binding energy
(mean value) of

10.0£0.2¢eV

Theory: A.D.Boese and G.E.Scuseria have carried out very accurate
D(ensity)F (unctional) T (heory) calculations and obtain for the 1onic
Ce," binding energy

10.2 eV

Binding energy (10 e€V) larger than 1onization energy (7.6 €V) !!!




Infrared multiphoton excitation, dissociation and 1onization of C,, , M.Hippler,
M.Quack, R.Schwarz, G.Seyfang, S.Matt, T.D.Mirk, Chem.Phys.Lett. 278(1997)111





Unimolecular (metastable) dissociation

3 major mechanisms:
1. Vibrational (statistical) predissociation
2. Electronic predissociation

3. Tunneling through a (rotational) barrier



Energy (eV)

‘ :i: qy_.u{"' 1-&7!11 | el' al,

12

11

10

Transition forbidden by (1) some selection
rule or (11) hindered by small overlap integral

Electronic predissociation:

SH, + e — [SH,"]*

st D)+—H2.

[SH,"]* - ST+ H,

a"'(ﬂs)+H2

+e,\w —

Internuclear separation st- H2 _



RULES OR HINDERED BY A SMALL OVERLAFP INIEGKAL.

3.  (ROTATIONAL) TUNNELING THROUGH A BARRIER

———
-—-
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The potential energy of the N atom in the NH, molecule, as a function of
its distance from the plane containing the three H atoms. which lies at

Tunneling through a barrier




Schematic potential energy curves for uracil e

@0 0o

along the N;-H streching coordinate. DBS: Kaufmann, Bowen, Schermann oo

Energy (eV)

U+e — (U-H) +H

v3: N Feshbach Resonance: H atom
tunneling will be rapid (broad width)

35 v2: NFR: barrier for tunneling large,
] | lifetime longer and narrower width
3.0- v=2 v=3
5 < 31 | o
2.5 = 3 A
] o |
2.0+ o ]
= ]
i — 2.
(- ]
1.5 o |
] g ]
1 . O 7 0 14
n ]
i 8 ]
0.5+ S
1 O_ T T
0.0 0 0 1 2
] V D|pole bound state Electron energy (eV)
-0.5 :
05 1 0 1. 5 2 0 25 Tunneling of H from N1 site, through
potential barrier formed by avoided curve
( A) crossing of the dipole bound jl:ate and the
N(l) Stretching coordinate antibonding o*(N1-H) anion dtate




Tunneling through barrier

e ;.T
TR

BENLEE 2
; .

Potential énergy (arb. units) , \{e

R

Y Predisscciation by tonel 2 -
¥ Predissociation by tunnel o . .
through rotatnor%bu;?:épsg* V. effective potential energy
| .~ combination of V plus
rotational energy of diatomic

S0

V potential for L=0

J =K=L
rotational quantum number




Electron impact 1onization: mechanism

Time evolution of the 1onization process

Electron Impact lonization

(') 10716 1o|"3 0 8 10° sec

I : :/,A" +B : dissociative capture

I v M™" | > M~ 4+ hv resonance capture

[ | I >

: 4. |/ . i M + hv f.luores.;conco |

' | Mte "—’\ A"+B +e I __ion pair production

| | M*+ 2e | autoionization

: { ! A+B+e { predissociation
M+¢~T(M*)'—!-> ' T ' parent ion

fragment ion
- metastable ion

doubie ionization
Coulomb explosion
At +B*+3e | metastable ion

Figure 4. Schematic time chart of possible electron impact ionization processes.




Electron impact 1onization: mechanism

15 hexadiyne (CgHg) + € —

1OnS

15 t=18us 78 ¢t
_10 77 = C‘.Hs_l-

Time evolution of
the 10nization
process

10 14 18
Electron energy (eV)
shila Aok, 1980 (TiMs)

— Partial ionization cross section (arb.units, to scale)
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