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Why fusion ?

To avoid the last step, if possible! =»



billion kilowatthours

= 4500

U.S. electricity generation bS major energy source, 1950-2019

1960 1970 1980 1990 2000 2010

@ petroleum and other @ renewables @ nuclear @ natural gas @ coal

U.S. electricity generation from renewable energy sources, 1950-2019

billion kilowatthours

USA

1960 1970 1980 1990 2000

solar @ wind @ geothermal @ biomass @ hydroelectric

Partly from https://ourworldindata.org/energy
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Nuclear share (%):
[ France 76.3
[ i aine 56.5
I | 559 é

The 30 Most Reliant Countries
o on Nuclear Energy

Slovenia 38.0 Nuclear electricity generation as % of total
Belgium 315 electicity generated within the country

Armenia 34.5

Sweden 34.3

Finland 33.7

Switzerland 33.5

Caech Rep. 325 é
South Korea 31.7

[ . Bulgaria 31.3
I Spain 203
I United States 19.5
I United Kingdom 18.9
I Russia 18.6
I Romania 17.3
I Canada 16.6
I Germany 141
I Mexico 6.8
I Argentina 4.8
I South Africa 4.7
M Pakistan 4.4 Nuclear share:
I Netherlands 37 @ 2bove 50%
W india 35 C 30-50%
Woum 30 @ 1030% inematoal Jilo
W Brazil 28 . below 10% Atomic Energy FactsMa p?com

Agency (IAEA),
l1ran13 2015 ER 4
| Japan 0.5 .




04:00

Solami elektrarny
@ Zpracovéni odpadu
Plynové zdroje
@ Vodni elektrarny

Partly from

08:00 12:00
Vétrné elektrarny — onshore
Ostatni

® Cerné uhli

@ Biomasa

https://ourworldindata.org/energy

Ceska republika: Vyroba elektfiny

nuclear

16:00 2

@ Precerpavaci elektrarny
Ostatni OZE

@® Hnédé uhli
Jaderné elektrarny

# Ostatni
¥ Ropa

16. Uno

Priliv
O Uhii

@ Geotermalni
Biomasa

Solarn (ohev)@ Solarni panely @ Vitr
9 0dpad

0 Voda

0 Jadro

014

Zemni plyn




Exajoules (E))

can you see the correlations ??7??
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Primary direct energy consumption by source, World
Energy consumption is shown as direct primary energy. This means this does not correct for fossil fuel
inefficiencies in conversion to useful energy estimates.
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Death rates from energy production per TWh

Death rates from air pollution and accidents related to energy production, measured in deaths per terawatt hours (TWh)

Brown coal
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Debye shielding

n,=n,exp(eV /k1)) vy ="L_"° (n,—n,)= _—enoo[l—exp(i)]
Z & E, kT,
eV<<KT,, exponential can be _ _
approximated by linear term=> VWV = —° n| eV] _ < eV _¥
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In one dimension the solution indicates exponential decrease of potential
=>» perturbing effect of a charge will tend to penetrate into the plasma only
to the distance of the order of the Debay length A,

Linear approximation just to understand problem




Dgeye stiieldine

Spherical symmetry
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calculation

o(r) = (Zieldmeg)/r ™ |, = 69\ﬁ  TinK,ninm™
n

o.(v) =2/ b db at 1000K, n=4.8x10%m-3= 4.8x10° cm-3
;=1 mm =0.001m

at 10K, n=1x101%m-3= 1x104 cm3

|,~2 mm ~ 0.002m
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Figure 1.1: Potential ¢; around a test particle of charge ¢; in a plasma and
Coulomb potential ¢cou, both as a function of radial distance from the test
particle. The shaded region represents the Debye shielding effect. The charac-
teristic distances are: Ap, Debye shielding distance: -n.e_l’fg, mean electron sep-
aration distance; bSl. = ¢?/({4meo}T), classical distance of “closest approach”
where the e¢/T << 1 approximation breaks down.




2o GKhT, EE—
d ez (le nlOTZ -+ Zzznonl) For quasineutral plasma,

Nyo= Nyo= N/2= with T,=T, we obtain




Oscilation
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Gaus equation
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medz(x)/dt

Langmuir, or plasma, frequency

|y, = 2T/ me)%zthermal electron velocity



oscilations and collisions

~1/w

T

collision collision

Condition of ideal plasma

ZD.p /wcollision > 1

Many types of collisions .....



Coulomb Logarithm



Coulombic interaction

Coulombovsky rozptyl

Coulombic interaction ... formula for angle

Literatura:
,,Velky Kracik® ... ¢isla rovnic...

Coulomb Logarithm

kde suma pfes i zna¥f setiténi pfes viechny &astice svazku. Vyraz ¥ (dg./d?) je moino
0]

celkem snadno uréit: fyzikalng totif znamen4 zménu relativni rychlosti svazku &istic
za jednotku Zasu, nebo — co¥ je toté? — zménu relativni rychlosti jedné Zastice svazku
vlivem srdZky, vynasobenou poltem sra¥ek za jednotku asu (pfedpoklédime, ¥e
interakei svazku miiZeme rozdélit na jednotlivé binirni srazky).

g ,
Ag=g'g , K=K

g l z Obr. 2.10.
Ag=-g (1-cos xJ

o

Zménu relativni rychlosti jccfﬁé astice svazku Ag, uréime snadno z obr. 2.10.
Snadno zjistime, e L

{2.136) Ag. = —g(l —cosy) = —2¢ siu'f.

Polet sriZek za jednotku asu zévisi zfejm& na prifezu svazku; za jednotku asu
»dosihnou” silového centra pouze ty &stice, jefichZ vzdalenost Z < ¢ . 1 sec. Podet
dastic, které projdou elementirni plochou b db de za jednotkn &asu a »»dosdhnou*
silového centra, pak zfejm& bude :

(2.137) gn.bdbde,

kde n, je koncentrace Zastic svazku. Vynasobime-li nynf (2.136) vyrazem (2.137)
a zintegrujeme-li vysledek pfes celou rovinu £, dostaneme, Ze

w0 2
(2.138 L T —2gsintgn
1
=5 dt 0 o 2
a odtud :
(2.139) V r_s 2¢%n,u 2nj b sin? g db.

g

o

Uvazime-li nyni, %o podle (2.106)}ig x/2 = b,/bJmtZeme dale psat, Ze

{2.140)

Integral

(2.141)




In(E.kinetic/E.potential)
at distance |

Uz jsme ukézali, Ze plati....

Coulomb logarithm

logaritmicky diverguje pro velké hodnoty parametru b. Abychom dostali pro F
konetné hodnoty, musime v Ln&jakym zplsobem omezit horni integrani mez.

V pfedchozim odstavei jsme si ukézali, Ze efektivni interakéni potencil
tastic je Fadove dosahu I,;; binfrnf{ coulombovské staZky je pak moZno uvaZovat pouze

pro srazkovy parametr b < ;. Za horni integraéni mez L je tedy moZno zvolit ;.
Dostaneme

la 2 2
(2.142) _[F bdb n\/(ﬁai’i)

Velidina 4 urfena rovnici (2.143) se nazyva coulombovsky logaritmus,
Pfedpokladali jsme, Ze platf

(2.145) li > bo.

Tato podminka viak plyne pfimo z pfedpokladi (2.120), které maji platit pro libo-
volné r. PoloZme tedy r = I, a pfedpoklddejme pro jednoduchost, Ze Z, = Z, = 1.
Sedtenim nerovnosti (2.120) (¢(r) bereme v prvnim pfibliZen! jako coulombovsky)
dostaneme

2 2
(2.146) L en Ty,

dne, I,
coZ je moZno piepsat jako
2¢%

2.147 Ly ———.
( ) : 4xsok(T) + T3)

ProtoZe ale 3k{T, + T3) ~ pg®, je moino (2.147) déle pfepsat na
6e?
(2.148) Iy » —— ~ by
dne,ug*

Odtud ji vidime, ¥e nerovnost (2.145) je jiZ spln&na, plati-li (2.126), nebo jinymi slovy,
pfedpoklddime (stejng jako v 1. kapitole), ¥e interakini energic ¢astic je mnohem
mendi ve srovnin{ s jejich tepelnou energii. K tomuto vysledku je moZno dojit
je¥t& trochu jingm zpisobem. Aby ,,ofezani” integralu L(2.141) m&lo fyzikalni smysl,



=
{2.140) F=2 42| 240
g ] bg -+ bz
Integral

(2.141) L= j ®_bdb
o by + b2

(2.151) |F| = konst L,

kde L je ddno rovnici (2.142), resp. (2.143). Sledujme dale, jak zavisi |F| na uhlu
rozptylu &astic. Na zdkladg (2.106) miZeme tvrdit, Ze pro b » b, je

(2.152)

a tedy rozptyl na malé uhly odpovidi dalekym priletim. Hranici mezi dalekymi

tvaru

(2.153)

kde

(2.154) closed :
je coulombovsky logarit

distant

je coulombovsky logaritmus odpovidajici dalekym priletiim. Z (2.153) je zfejmé, Ze
stfedni silu, kterd piisobi na &astici 2 ze strany svazku &astic I, miZeme rozdélit
na dv& &asti a to na silu F, ,, odpovidajici blizkym priiletim, a F, ,, odpovidajici
dalekym priletim; pro F, , a Fs, plati

(2.156) |Fo.p.| ~ Ly,




Tem pe ratu re dependence V jednoduchém pkipad& kdy ug* ~ 4k(Ty + T3), Ty = T, = Ta |Z,

je moZno (2.161) ptepsat na tvar

V zévéru tohoto odstavee uvedeme jedt¥ nékolik poznimek, tykajicich se 42, 10%\1/2
coulombovského logaritmu L. Z (2.143) vidime, e L zvisi logaritmicky na pug>. (2.162) o =Ly +n (—,_—) ’
V disledku této logaritmické zavislosti je mofno v mnoha piipadech nahradit pg® T
stfedni hodnotou této veliiny nebo tepelnou rychlosti &stic, tj. mizeme poloZit
#g® ~ 3k(T, + T;). Abychom si utvofili pfedstavu, jak zavisi Lna teplot¥ a koncen-
traci, pfedpoklddejme pro jednoduchost, ¢ T, = T, = T ‘Coulombovsky logarit-
mus ma pak jednoduchy tvar

3/2
e[t ()]
nliz o2

Teplota K

5.10%( 10*

17,60
16,44
15,29
14,14
12,99
11,84

10,69
Coulomb logarithm 29

7,23

L~5-20...... 493
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Rutherford atom

< 10-10m >

= Not to scalelll

/

If it were to scale,
# the nucleus would
I' be too small to see
‘ Even though it has
A : more than 99.9%

-~ j‘ of the atom’'s mass




Collisions in plasma

Reactions in plasma

Interactions of particles in plasma

Collisions of electrons with atoms

Classical or guantum approach?
Electron: A, (4K) ~ 540 A~ 54x10°m
leV - v=5.9x10’cm st

1~8,/V ~10-8/ 5.9x107=2x10"16s

A~2A =2x108cm de Brolie

Ar+:
leV = v=2x10°cm s
1~8,/V ~10-8/ 2x10°~6x1014s

A~ 9x10cm de Broglie
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“Electron-Driven Processes: Current Status and Future Perspectives of
Scientific Challenges and Technological lectron Interactions with Molecules, Clusters,
Opportunities Surfaces, and Interfaces

1. Workshop on “Fundamentgpl-€hallenges in Electron-Driven Chemistry™,
Berkeley, October 9 & 10%
Organizers: C. Williatir¥cCurdy, Lawrence Berkeley National Laboratory Kurt H. Becker, Stevens Institute of Technology (SIT)
Thomas N. Resciono, Lawrence Livermore National Laboratory C. William McCurdy, Lawrence Berkeley National Laboratory (LBNL)
= . Thomas M. Orlando, Pacific Northwest National Laboratory (PNNL)
Thomas N. Rescigno, Lawrence Livermore National Laboratory (LLNL)
and Lawrence Berkeley National Laboratory (LBNL)

his report can be found on the World Wide Web at:
http://attila.stevens-tech.edu/physics/People/Faculty/Becker/EDP

Other related reports can be found at the following web sites:
http://www.lbl.gov/ICSD/mecurdy/epic_home.htm
http://www.er.doe.gov/production/bes/chm/RadRprt.doc
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r Electron + Molecule
‘ __ ‘

Elastic Scattering

Inelastic Scattering

Excitation Tonization Attachment Dissociation

Electronic Excitation Parent Tonization Parent Attachment Neutral Dissociation

o

Wibrational Excitation Dissociative Ionization Dissociative Attachment Dissociative Excitation
Rotational Excitation Dissociative Tonization

Dissociative Excitation Dissociative Attachment




Details of interaction of electron with H, (1990)
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H. Tawara,Y. Itikawa,” H. Nishimura,” and M. Yoshino™
Fig. 2, Comparison of cross sections for various collision processes in neutral H,. Also for comparison, cross sections of lonization of atomic

Nationa, [ Frestitute, Jor Fusion Science,” Nagoya 464-01, Japan
hydrogen are shown. These data are taken at room temperatures.

(Received July 5, 1989; revised manuscript received November 1, 1989)

Data are compiled and svaluated for collision processes of excitation, dissociation,

fomi ani ion of hydrogen molecules and lar ions
(H ', H ;') by electron impact as well as for properties of their collision products.

Key words: electron impact; hyd molecuole; hyd: lecular fon; ing; elastic inte-
gral; vi i ; ionigation; photon cross
section,

J. Phys. Chem. Ref. Data, Vol. 19, No. 3, 1960




Cross sections for vibrational excitation, dissociation, ionization...H,

: Y§§ «x BWH,+e D H,v)+e...... Vibrational excitation
BRI § T - H+H +e.......  Dissociation

2> H,”+hv+e... Photon excitation

>

9

Interaction encrey (eV)

Nuclear separation (A)

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

20 30
Electron energy (eV)

4¢) 50

F16. 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, @, lonization cross-section, {qiss dissociation cross-section, @py
photon excitation ecross-section, @y vibrational excitation eross-section ( H,,
———Dy).




Cross section

Reaction cross section

Collisional cross section

Reaction coordinate




Hi+Ar = ArH™ +H Single collision

|
@ @
v, \ /

,
ArJAr JAr

1(x)

Spohlona

Collisional cross section




Single collision HY +Ar = ArH"+H
@ 5

®

(2)

9

]

. @\‘J
5 -
®

reaction cross section 1=1 Oexp( oh Arx)

2 . . .
Veoy =+NV., =+MS =+nvzo° =+NVo  Collisional cross section Sorem

d ‘
d—izvclo,,‘ v (L Q Q | re.< ; >

1(t) =1,exp(—vt)=1,exp (—on vre,t) I=1,eXp(-aNnyX)




Single collision HY +Ar = ArH"+H
X
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(L Q% &

®

%)
G)

!
X
X
m
I

reaction cross section

ﬂ —IN ﬂ — _6IN Proportionality factor
dx dx

dl_din(l) _ 1 (X) = 1, exp(—oNx)

ldx dx

polarizab



H, +Ar = ArH"+H
A + B->C" + D

Vr
LAr Ar BAr

@

e

1(t) =1, exXp(—vt) =1, exp(—onv, t) Bamad 1=1,6Xp(-oN 4 X)



lon source Impact ionization

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
~ proton

wer  electron

 Arse

A2 ) .... -. : . },,
% 1078}

EEEEEEN EEpisEEEEEEEEEEEEEEEEEEEESR
o s

T
E(eV)
FIGURE 4

; [ ionizit i i electrons, pratons,
t sections as functions of energy for ionizing collisions with fast €
:uul:ilz;hztr;;:wfﬁmm Winter, H,, in Experimental Méthode in Heavy lon Physics, Springer-Verlag,




Cross sections for vibrational excitation, dissociation, ionization...H,

Interaction encrey (eV)

Nuclear separation (A)

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

= H,(v) +e....... Vibrational excitation

-> H + H +e....... Dissociation
2> H,"+hv+e... Photon excitation
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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. @3 momentum-
transfer cross-section, Qj, ionization cross-section, Qgjss dissociation cross-section, @un

H,,

photon excitation ecross-section, @y vibrational excitation cross-section (
——— D,
2 )



Electron scattering cross-section on

Collisions with electrons L 'e + Ar
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Fig. 2. Comparison of eross sections for various collision processes in neatral H,. Also for comparison, croas sections of lonization of atomic Lieberman&Lichtenberg
hydrogen are shown. These data are taken at room lemperatures. |




Cross sections for vibrational excitation, dissociation, ionization...H,

Interaction encrey (eV)

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

2> H,”+hv+e... Photon excitation

>

9

Nuclear separation (A)

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

20 30 40 50
Electron energy (eV)

F16. 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-
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Electron scattering cross-section on Ar
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Some experiments and data....
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Actual experiments and theory
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updates.

Very Important Paper

Formation of H;* in Collisions of H,™ with H, Studied in a
Guided lon Beam Instrument

Igor Savi¢,*? Stephan Schlemmer,™ and Dieter Gerlich™®
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Figure 1. The Guided lon Beam instrumeant NOVion consists of a storage ion source (S15), a first quadrupole (4P,), an octopole, guiding the ions through a
scattering cell, a second quadrupole (4P,), and a Daly type ion detector. Three separated vacuum chambers are pumped by turbopumps with pumping
speeds of 180 I/s for hydrogen. For determining integral cross sections of ions reacting with neutrals, the target gas is leaked alternately into the scattering
cell (5C) or into the main chamber (MC) containing the octopole. The net pressure p is the difference between the two values measured under these two

conditions, p" and p™.
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Older experiments and theory
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Low energy collisions with molecules



Collisions of electrons with atoms (atomic beams)
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Total collision and reactive cross sections comparison
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Collisions of electrons with atoms — Ramsauer’s method
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Collisions of electrons with atoms — Ramsauer’s method
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Fic. 1.1. Ramsauer’s apparatus for measurement
of collision cross-sections.
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Details of Ramsauer effect
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————— — pacueT T10 Qopmyae (5.37).

0.1 L 1ol Lol N | |;J|nu]_
"00012 4 6001 2 4607 2 46140 2 46,30

Puc. 5.9. Juddysnounoe cedenue CTOJKHOBEHHS SJeK-
TPOHA C aTOMOM aprona.

BKCTe pUMeNT (no,mamxnoc-rb snex'rponoa NPH_ MAJBX TIOAAX H
TeMne ax): 2 — [47]; x — [60];
o — FQI] O L2k A — [a4)— . — 16);

—1108]; + = [43]. Teopusa: — —— — [87].




Freguencies of elastic collisions

51=-NQI, 8x
Io= 15 exp(- QNXx)

lL(v) NS

L 1 1 L. i 1 L 1 1 1 1 L 1 i 1 L 1 1.
0 2 3 4 5 6 7 8B o 1 2 3 4 5 6 7 8 9 10
Electron velocity (¥ volts} Electron velocity (vVolts)

Fic. 1.10. Qbserved total collision eross-sections of He and Ne Fic. 1.9, Observed total eollision cross-sections of
A, Kr, and Xe.
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Radius of the first Bohr orbit of H atom
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Puc 2.5, YactoThl ynpyrux CTOJKHOBEHHH 3JeKTPOHOB, p=1 T0p: a — B H, n
He;, 6 — B MHepTHHX ras3ax; WTPUXOBhE JHMHHH — YyA00HAasA annpOKCHMalus MpPH

Collision Frequencies pacserax [24]
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Figare 3. Cross sections for electron attachment t 9, F-K(n: -
K(np) (Frey et al 1994b); O, &.-K(np) (Ling et a H , free elecuiv.., \rotop
1994); - - -, free electrons (Orient ef af 1989); A, frec electrons (Christodoulides and
Chiistophorou (1971); ----, theory (Kiots 1976).




Kvantova mechanika

Jednorozmérny rozptyl

+d

Kvantova mechanika |

J. Klima B. Velicky
MFF 1992
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Jednorozmérny rozptyl

VInova funkce ma tvar superposice Brogoliovych vin

k =+2mE/h® k =+2mE/h?

i (x.1) = (A" +Be ™)e™ " x<-allilly (xt) = (Fe™ +Ge ™)e™" x>a

w, (x1) = (Ce** + De ™)™ |x|<aflk =.2m(E +V,)/h?

a) dopadajici Castice = A

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



Jednorozmeérny rozptyl _a 13 X

v, (X,1) = (Ae" +Be "™)e™" x<-a

" (X,t) _ (Ceik'x n De—ik'X)eiEkt/h |X| <a

v, (x,1) = (Fe™)e™"" x>a

Parametry jsou

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

Tok dopadajicich castic

Tok odrazenych castic

Tok proslych castic




Jednorozmeérny rozptyl _a 13 X

v, (x,t) = (Fe")e™" x>a

Parametry jsou

Hladkost reseni v bodech +a

Urci konstanty B, C, D, G,
Hodnota A je vstupni parametr

Tok dopadajicich castic

Tok odrazenych castic

Tok proslych castic




w P — . 2
Jednorozmerny rozptyl ¥ k=+2mE/h

K = 2m(E +V,)/h’

v, (x,1) = (Ae™ + Be ™)e™'" x<-a

Parametry jsou v (x0) = (Fe®)e™"  x>a

Hladkost FeSeni v bodech +a
Urc¢i konstanty B, C, D, F,
Hodnota A je vstupni parametr




w P — . 2
Jednorozmerny rozptyl ¥ k=+2mE/h

K = 2m(E +V,)/h’

v, (x,1) = (Ae™ + Be ™)e™'" x<-a

Parametry jsou v (x0) = (Fe®)e™"  x>a

Koeficient prichodu T, koeficient odrazu R

Tt Pro velké E se T>1,
1 LN\ T\ N\

e </ </

\ 4




Efekt Ramsauera

Parametry jsou Tt | Pro velké E se T>1,

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

>V,=57.97 eV

=0.013 V,=0.75 eV



Jednorozmérny rozptyl

Parametry jsou o Pro velké E se T>1,

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

Kr: a=2A
E=14 9V0:57.97 eV

E=0.013 V/,=0.75 eV



Frequencies of elastic collisions

51=-NQI, 8x
Io= 1, exp(- QNXx)

1 ! L ; L L L L L
1 2 34 5 6 7 8 9 10

1 1 L L 1 ] ] 1

0 | 2 3 4 5 6 7 Electron veiocity (vVolts)

Electron velocity (v volts) Fia, 1.9, Observed total collision cross-sections of
’ A, Kr, and Xe.
V F1a. 1.10. Observed total collision cross-sections of He and Ne,
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Puc 2.5, YactoThl ynpyrux CTOJKHOBEHHH 3JeKTPOHOB, p=1 T0p: a — B H, n
He;, 6 — B MHepTHHX ras3ax; WTPUXOBhE JHHHH — yA00HAasA annpOKCHMalus MpPH

30:0.53X10'80m~0,5A pacuerax [24]
Radius of the first Bohr orbit of H atom




TOPICAL REVIEW

Electron-molecule collisions at very low electron energies

F B Dunning

Very low collision energies
1995
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; of the vuv photoionization apparatus used for attachment
studies (Chutjian and Alajajian [985a, b).
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Figure 1. Schematic diagran; of the vuv photoionization apparatus used for attachment
studies (Chutjian and Alajajian [985a, b).
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Electron-molecule collisions at very low electron energies

Very low collision energies

Kr('Se) + Ao —Kr (°Py2) +e (&)

F B Dunning

Department of Physics and the Rice Quantum I[nstitute, Rice University, PO Box 1892,
Houston, TX 77251, USA
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Figure 2. Cross section for qleclron attachment to 8F,. W, &-K(np); — - —, a.{v)=-K(#p)
(Ling et af 1992). O, 6.-Rb(ns) (Zollars ez al 1985); ——, free electrons (Klar et af
1992a, b); - - -, free electrons (Chutjian and Alzjajian 1985); A, free electrons (Pal et ol
1979, Chutjian and Alajajian 1985a); --—-, theory {Klots 1976).




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(nap) (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 lor electron attachment to SF,. B, & -K(np); — - —, o {v}=-K(np)
(Ling et af 1992). O, &.-Rb(ns) (Zollars et al 1985); ——, free electrons (Klar et al
1992a,b); — — -, free electrons (Chutjian and Alajajian 1985); &, free electrons (Pai et al
1979, Chutjian and Alajajian 1985a); -—-, theory (Klots 1976).
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Cold electron scattering in SFg and CgFg: Bound and virtual state channels

D. Field."* N. C. Jones.! and J.-P. Ziesel®

lDe}mr'mmm of Physics and Astronomy, University of Aarhus, DE- 8000 Aarhus C, Denmark
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Phot&o;i;:ﬂon
M — =
(__, IN & Il Collision ! )\

IR ———

Channeltron E ~ h V —15.756V

FIG. 1. A scale diagram of the apparatus. Monochromatic syn-
chrotron radiation from ASTRID (Av) enters a photolonization re-
gion containing Ar. Photoelectrons, expelled by a weak electric
field, are focused by a four-element lens [38] into a collision cham-
ber containing the target gas. Transmitted electrons are detected at
the channel electron multiplier (channeltron) situated beyond some
further electron optics. The apparatus may be immersed in an axial
magnetic field of 2% 107 T.

Dctection Ontics

The general process which we study involves electron at-

tachment.

e +M—M ., M=SFsCFs. (1)

B=0.002T

Ar +hv=>Art+e(g)
g~hv-15.75eV

SF; + e(e)=» X +Y
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Total integral scattering
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Alle [44]

—— Munjal [25] Theory

— — -Yuan [21] Theory
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Experimental data obtained with a high-resolution transmission experiment are presented for the scattering
of electrons in the energy range 20 meV-10 eV for NHi, 25 meV -
OCS. Data include cross sections for both integral scattering and scattering into the backward hemisphere, the
latter up to 650 meV impact energy, with an electron energy resolution of between 1.6 and 3.5 meV. The new
data allow the first detailed comparison with theory for the energy regime dominated by rotationally inelastic

10 eV for H,S, and 15 meV-2.5 eV for

and elastic scattering for these species. It is evident that theory still lacks quantitative predictive power at low
energy, although qualitative agreement is consistently good for all three species. A discussion is given of the
possible presence of a virtual state in OCS scattering as recently proposed on theoretical grounds.

NH, +e-

FIG. 1. (Color online) NH;:
the variation of the sum of the in-
tegral elastic and inelastic cross
sections, &y, between 0.675 and
10 eV. Also shown are experi-
mental data from Sueoka et al.
[42], Szmytkowski et al. [45], and
Alle et al. [44] and theoretical val-
ues from Munjal ef al. [25] and
Yuan et al. [21].
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FIG. 3. (Color online) H,S:
the variation of the sum of the in-
tegral elastic and inelastic cross
sections, op;, between 380 meV
and 10 eV. Also shown are ex-
perimental data in Szmytowski et
al. [48.49] and Gulley ef al. [47]
and theoretical values from Jain et
al. [50] and Gupta et al. [26].

OCS +e

FIG. 5. (Color online) OCS:
the variation of the sum of the in-
tegral elastic and inelastic cross
sections, or;, between 120 meV
and 2.5 eV, and the elastic and in-
elastic backward scattering cross
section into the backward 27 sr,
between 39 and 6350 meV. Also
shown are experimental values
from Szymtkowski et al. [53].
Sueoka ef al. [55], and Sohn ef al.
[54] and theoretical values of inte-
gral cross sections from Gianturco
et al. [27] and Bettega et al. [23].
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T T AL LR R L B Rotational Excitation of H,O by Cold Electrons
:I:":"D_ R R. Curik.' J.P. Ziesel,> N. C. Jones,” T. A. Field.* and D. Field™
: # [l]['i:'g ral cross sec [I.'\-U.-.I . 'J. Heyrovsky Institute of Physical Chemistry, Dolejskova 3, 18223 Prague 8, Czech Republic
e i » Backward cross section ]
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Experimental data are presented for the scattering of electrons by H,O between 17 and 250 meV impact
energy. These results are used in conjunction with a generally applicable method, based on a quantum
defect theory approach to electron-polar molecule collisions, to derive the first set of data for state-to-state
rotationally inelastic scattering cross sections based on experimental values.

Ar +hv=>Art+e(g)

g~hv—-15.75eV
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FIG. 1 (color online). Integral (upper set) and backward cross
sections (lower set) for scattering of electrons by H,O as a
function of electron impact energy. Values are =5%. The solid
lines are fits to theory (see text).
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FIG. 3. Selected state-to-state integral cross sections for rota-
tional excitation of the H>O molecule determined from experi-
mental data. Full curves represent results for para-H,O and
dashed for ortho-H,O. The dotted curve represents elastic scat-
tering for para-H,O in its lowest rotational state. Curves with
diamonds show the results of R-matrix calculations in Ref. [12].

H,O (Jo) + e(e;)=» H,O(>],) + e(g,)
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Collisions of electrons with atoms

Classical or quantum approach?
Electron:
levV = v=5.9x10’cm s
T~a,/V ~108/ 5.9x107=2x10"1s
A~2A =2x108cm de Broglie
Ar+:
leV = v=2x10°cm s
1~8,/V ~108/ 2x10°~6x1014s
A~ 9x10t'cm de Broglie

Rydberg atom

H, +e at 10 K 27?7

A, (4K) ~ 540 A ~ 54x10°m




Low energy collisions of electrons with molecules

De Broglie wave length Dé'groglié wave lenght
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