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Why fusion ?

Kdo z vas je bez hrichu,
prvni hod’ na ni kamenem

To avoid the last step, if possible! =»
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can you see the correlations ??7??
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Debye shielding  Linear

n,=n,exp(eV /kT,) vy =—L_"¢ (n,—n,) = _—enoo[l—exp(i)]
& & & kT,
eV<<KT,, exponential can be _ _
approximated by linear term=> ViV = —enoo[ eV] - ev_V

n, =—
& kT, & kT, A,

B 2 \1/2 )
Z’D _(gOk]—; /e noo) V) — V

_ﬁ—z 1

D

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




The solution indicates exponential decrease of potential

=» perturbing effect of a charge will tend to penetrate into the
to the distance of the order of the Debay length A




calculation

|, =69\/f, TinK,ninm™
N

at 1000K, n=4.8x102m=3=4.8x10 cm3

;=1 mm =0.001m

at 10K, n=1x101%m-3= 1x104 cm3
|,~2 mm ~ 0.002m




69 I, Tin K,ninm™
n

T.(eV)

m, electron Debye length.
ne(m—3)

I'/q
4nA3, -
| Debye

shielding

bnl'.!:'ﬂ n T = |X _ Kf‘

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. = ¢2/({4meo}T), classical distance of “closest approach”
where the e¢/T << 1 approximation breaks down.




d 62 (212 n10T2 -+ Zzznonl) For quasineutral plasma,

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




Oscilation
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Gaus equation

Langmuir, or plasma, frequency

Idwpz(ZT/me)%zthermal electron velocity



oscilations and collisions

~1/w

z-collision

collision

Condition of ideal plasma

ZD-p /wcollision > 1

Many types of collisions .....



Coulomb Logarithm



Coulombic interaction Coulomb Logarithm

kde suma pfes i zna¥f se&itdni pfes viechny Eastice svazku. Vyraz ) (dg./d?) je mozno
]

celkem snadno uréit: fyzikalng toti¥ znamend zm&nu relativni rychlosti svazku &istic
za jednotku &asu, nebo — co¥ je toté? — zménu relativni rychlosti jedné Zastice svazku
vlivem srd?ky, vynasobenou podtem sraZek za jednotku &asu (pfedpokléadime, e
interakei svazku miZeme rozdélit na jednotlivé bindrni srazky).

g , ,
|\ 29-9'g, g

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

Zmé&nu relativaf rychlosti jedﬁé astice svazku Ag, uréime snadno z obr. 2,10,
Snadno zjistime, Ze yag

(2.136) Ag. = —g(l —cosy) = —29 sin’%.

Polet sriZek za jednotku &asu zvisi zfejm# na prifezu svazku; za jednotku tasu
»dosihnou® silového centra pouze ty SAstice, jejichZ vzdalenost Z < g . 1 sec. Pobet
dastic, které projdou elementirni plochou b db de za jednotku Zasu a »dosihnou*
silového centra, pak zfejm& bude :

Coulombovsky rozptyl 1)

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

w0 2r
(2.138) ¥ L= ["ao [ as —2gsin2 gn.p
=5 dt 0 o 2
| |
| |

a odtud

_f,5 2 ® 2 X
Coulombic interaction ... formula for angle {2.139) Vo g 8 mn2n L"S“‘ el

Uvazime-li nyni, Zc podle (2.106}}ig x/2 = bo/bmtzeme déle psit, ze

© b db
o B2+ b2

Literatura: o ILlTI s |
,,Velky Kracik® ... ¢isla rovnic... | _

(2.140) F =2 y4rn,g%p3 j

o b3 + b2




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

Uz jsme ukazali, ze plati....

Coulomb logarithm

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

V pfedchozim odstavei jsme si vkézali, Ze efektivni interakéni potencil
tastic je Fadove dosahu /,; bindrnf coulombovské staZky je pak moZno uvaZovat pouze
pro srazkovy parametr b < ;. Za horni integraéni mez L je tedy moZno zvolit I,.

Dostaneme

la 2 2
(2.142) _[F bdb n\/(ﬁaili)

Velidina L urfend rovnici (2.143) se nazyva coulombovsky logaritmus,
Pfedpokladali jsme, Ze platf

(2.145) Ii > bo.

Tato podminka viak plyne pfimo z pfedpokladii (2.120), kieré majf 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 1),

dne, I,
coZ je moZno piepsat jako
26

2.147 Ly .
( ) : Aneak(T) + T3)

Proto¥e ale 3k{T, + T3) ~ pg®, je moino (2.147) déle pfepsat na
6e?

(2.148) Iy » == ~ by

4neoug
Odtud ji vidime, ¥e nerovnost (2.145) je jiZ spln&na, plati-li (2.120), nebo jingmi slovy,
pfedpoklidime (stejn& 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 jinym zpdsobem. Aby ,,ofezani* integralu L(2.141) m&lo fyzikalni smysl,




L:s]
{2.140) F=9 u dwn,g*bd ﬁb_
g o b2+ B2
Integral

2141 L= _bdb
¢ ) L by + b?
(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 zékladg (2.106) mizeme tvrdit, Ze pro b » b, je

(2.152)

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

a blizkymi prélety stanovme pro b = 2b,. Rovnici (2.151) miZeme nyyi psat ve
tvaru

“ bdb

l .
2.153 F| = konst = konst (L, , .
( ) | | J; bz + bz ons ( b. d.p.)

0

kde

2bo b db .
2.154 = =In3~1
(2.154) closed E Lop. = | opurialy '

je coulombovsky logarit odpovidajici blizkym priletim a

distant
=" | A&l pgp I, I,
(2.155 Li,,=| ——=I-4—-Im3~Ih-4t=L>1
2bo b + b? by by

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, , , odpovidajic
dalekym priletim; pro F, , a Fs,, plati

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

dp/ Fbp~L>>1

F=const .L




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) v =Ly +n (—,_—) :
V disledku této logaritmické zdvislosti je mo#no v mnoha piipadech nahradit pg® ' T
stfedni hodnotou této veli¢iny 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 mi pak jednoduchy tvar

3/2
L=1In [12_rr (h__ackT) ]
n'z | g

Teplota K

5.10%( 10*

e
- kvantovy
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 scalell

/

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

De Broglie wave length

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=5.9x10cm s
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~ 9x101cm de Broglie




Collisions of electrons with atoms

Classical or quantum approach?
Electron:
lev = v=5.9x10’cm s
T~a,/V ~108/ 5.9x107=2x10"1s
A~2A =2x108cm de Broglie
Ar+:
levV = 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




De Broglie wave length

S S
=®
1%, electrons
2 %

¥ HIGH-PRESSURE
1S URERSONIC BEAMS(04K)

4 .
e
-

Jupe(18V) ~ 116 A~1.16x10*M

BOSE—EINSTE%IN
CONDENSATE(-J00nK)
Ao (4K) ~ 540 A~54x10°m ;

08,
.
de Broglie A(nm)

Jortner, Rosenblit, ULTRACOLD LARGE FINITE SYSTEMS
Advances in Chemical Physics, in press, 2005



“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 “Funtlameu“llenges in Electron-Driven Chemistry™,

Berkeley, October 9 & 10( 1998
Organizers: C. Williamr¥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

Elastic Scattering

Inelastic Scattering

Excitation Tonization Attachment Dissociation

Electronic Excitation Parent Ionization Parent Attachment Neutral Dissociation

WVibrational Excitation Dissociative Ionization Dissociative Attachment Dissociative Excitation
Fotational Excitation Dissociative Tonization

Dissociative Excitation Dissociative Attachment




Hi+Ar = ArH™ +H Single collision

|
@ @
v. N/

cO O

1(x)

Spohiona

Collisional cross section




Single collision HY +Ar = ArH" +H

()
ST,

®

O
o% o®

I=1,exp(-oNnyX)

reaction cross section

2 . . .
Voo =NV, =+MS =+nvzo” =+NVo  Collisional cross section Soren

di I |
a @ @ .@

1(t) =1,exp(—v,,t)=1, exp(—on vre,t) I=1,exp(-on, X)




Single collision HY +Ar = ArH" +H
X

®
@ - el
o% o

@ B}

reaction cross section u I=1,exp(-on,,X)
dl dl ionali
— ~ _INX = — _6INX Proportionality factor

dx dx

dl_din() _ 1 (X) = 1, exp(—oNx)

ldx dx

polarizab



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

O Arse

2 o
A € vl

- : .Ar+|'|\r

T
E(eV)
FIGURE 4

; [ ionizit ith fast electrons, pratons,
t sections as functions of energy for ionizing collisions with fas
iundlz;hs:o;:w:&om Winter, ¥, in Experimental Methods in Hewty lon Physics, Springer-Verlag,




Cross section

Reaction cross section

Collisional cross section

Reaction coordinate




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

H,+e 2> H,(v)+e..... Vibrational excitation
2> H +H +e....... Dissociation
2> H,”+hv+e... Photon excitation
2>
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 (c

20 30
Electron encrgy (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, @, ionization cross-section, {qiss issociation cross-section, @py
photon excitation cross-section, @y vibrational excitation eross-section ( H,,
——— Dy




Details of interaction of electron with H, (1990)
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Fig. 3. Comparison of crosa sections for various collision processes in neutral H,. Adso for comparison, cross sections of lonization of atomic

National I Fusion Science.” Nagoya 464-01, J
hydrogen are shown. These data are taken at room temperatures. otlamsl Tneitnte o Egsien Seemen” Nopern apan

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

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

Tomi ani ion of hydrogen molecules and lar ions
(H 3*, H ' ) by electron impact as well as for properties of their collision products

Key words: electron impact; hydrogen molecule; hydroge lecular fon; ing; elastic nte-
gral: vibrat A 1 excitation; dissociation; loaization; photon semission; cross
section,

J. Phys. Chem, Rel. Data, Vol, 19, Mo. 3, 1060




Electron scattering cross-section on

Collisions with electrons L 'e + Ar

[ IR ) mrnrTInTg T T T TTTIT

t/,/ . Ionization

Elastic

lonization Excitation

¢! }. lonization, excitation and elastic scattering cross sections for electrons in
1, wpiled by Vahedi, 1993).
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Electron collisions with atoms, ions, molecules, and
surfaces: Fundamental science empowering
advances in technology

Klaus Bartschat®' and Mark J. Kushner®

Edited by David A. Weitz, Harvard University, Cambridge, MA, and approved May 16, 2016 (received for review April 16, 2016)

Electron collisions with atoms, ions, molecules, and surfaces are critically important to the understanding
and modeling of low-temperature plasmas (LTPs), and so in the development of technologies based on
LTPs. Recent progress in obtaining experimental benchmark data and the development of highly
sophisticated computational methods is highlighted. With the cesium-based diode-pumped alkali laser
and remote plasma etching of SizN4 as examples, we demonstrate how accurate and comprehensive
datasets for electron collisions enable complex modeling of plasma-using technologies that empower
our high-technology-based society.

cesium-based diode-pumped alkali laser (DPAL)

Species in the Model:
Cs(6%S,,), Cs(62P;/5,3/2), C5(52Dgyy 30,
Cs(72S,,), Cs(7%Py,.37), Cs(Ryd), Cs™, Cs,, Cs,*;
He(1s?)1S; He(1s2s)3,S; He(1s2p)3P,1P;
He(1s3s)3S,'S; He(1s3p)®P, IP; He*, He,*, He,";
N, N(2D), N+; N,, N,(v), N,(A), N,(B,C), N2+, N4+

Cs*

-

(894 nm)/

0.5

0.0

Fig. 1. Scheme for modeling a Cs-based DPAL. The solid lines denote
electron collisions that induce transitions between the ground state
and all excited states, and to the ion. The dotted lines are
representative of electron impact collisions that produce transitions
between all excited states. Additional reactions include collisions
between atoms and molecules, and radiative transitions. Also shown
(thick dashed-dotted lines) are the pump and lasing transitions.




Two Experimental Advances. The basic workhorse used ina large
number of electron-scattering studies is the electron spectrometer.
Free electrons are formed into a beam and energy selected by
various combinations of electrostatic and magnetic fields. The use
of electrostatic fields is most common, because they are more easily
d_,_l,__Elle..ﬁﬂ‘u:.l..aJll:l controlled and shielded than their magnetic counterparts. This is

1{:n\_ﬁl"==a||:| particularly important when it is essential to preserve the direction
[ = of low-energy electrons following the collision process.

Fig. 3 exhibits an example of such a spectrometer (6), which
combines the characteristics of a conventional electrostatic device
with an important innovation. It can be used for elastic scattering
and electron impact excitation studies. The electron gun consists
of a source of electrons produced by thermionic emission from a
heated filament. The electrons are collimated and focused by an

pump 2

ﬁ Magnetic Angle Changer

filament

e

electrostatic lens system onto the input aperture of a double

hemispherical energy selector. Those electrons within a narrow

band of energies satisfying the criteria for transmission through

the selector are then focused on the gas beam produced by a

nozzle arrangement. Scattered electrons from the interaction re-

] gion traveling in the direction of the scattered electron analyzer

sample are similarly focused onto the input aperture of its double hemi-

Fig. 3. The electron spectrometer of Allan (6). spherical analyzer, and the transmitted electrons are finally being
focused into a single-channel electron multiplier detector.

One drawback of conventional electron spectrometers is that
the angular range of the electron analyzeris limited by the physical
presence of other components of the spectrometer. This limitation
was overcome by Read and Channing (4) who applied a localized
static magnetic field to the interaction region of a conventional
spectrometer. The incident electron beam and the scattered elec-
trons are, respectively, steered to and from the interaction region
through angles set by the field (hence, the common name
“magnetic angle changer” or "MAC"). This steering means that
electrons normally scattered into inaccessible scattering angles
are rotated into the accessible angular range of the electron an-
alyzer while the magnetic field design is such that it leaves the
angular distribution of the electrons undistorted. The spectrom-
eter shown in Fig. 3 has a MAC fitted, thereby enabling the full
angular range 0-180° to be accessed.
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Gas jet Helmholtz coils

Fig. 4. The reaction microscope of Ren et al. (7). The projectile-
electron beam is crossed with a supersonic gas beam. The projectile is
created by a pulsed UV laser illuminating a photocathode. The
outgoing electrons and ions are extracted by a homogeneous electric
(E) field, created by a series of parallel electrodes, and detected by
2D position- and time-sensitive multihit detectors. A pair of
Helmholtz coils generates a uniform magnetic (B) field, which forces
the electrons into cyclotron trajectories and guides them onto the
detector. The time of flight for each particle from the collision region
to the respective detector is determined by the clock signals from the
projectile pulse and the detectors.

A recent version, developed by Ren et al. (7) to study single ioni-
zation processes is shown in Fig. 4. The RM operates on entirely
different principles from conventional electron spectrometers.

Briefly, a pulsed beam of electrons crosses a supersonic atom beam.
The ejected electrons and the recoiling ions are extracted in op-

posite directions by a weak uniform electric field parallel to the incident
electron beam direction. A uniform magnetic field is also applied in
this direction to confine electrons emitted perpendicular to the elec-
tric field. After passing through field-free drift regions, the slow
ejected electrons are detected in two time- and position-sensitive

multihit detectors, allowing for the vector momenta of all particles
to be calculated. Unlike most conventional coincidence electron
spectrometers, which only enable measurements in a single plane at
any one time, this technique allows for data to be collected over a
large part of the entire 4x solid angle simultaneously.

Without going into detail, we emphasize the difficulty of obtaining
absolute cross sections. Most of the time, some cross-nomalization to
“known" (or believed to be known) other data, such as cross sections
for another target in a mixed-flow setup, data for angle-integrated
state-to-state transitions after performing angle-differential measure-
ments, total (summed over all accessible exit channels) cross sec-
tions, or even theoretical predictions, is required. Only in exceptional
cases, absolute total ionization or recombination cross sections can
be obtained directly (after carefully determining many experimental
parameters) and fed into plasma models. An example is the crossed-
beam apparatus developed by Miiller and collaborators (8, 9).




Fig. & exhibits the experimental and theoretical fully differ-
ential cross section (FOCS) for ionization of helium by 70.6-eV
electron impact as 3D polar plots (25). The two outgoing elec-
trons share the excess energy of 46 &V equally. One electron is

(e, 2¢) on He, El = Ez =23 eV

binary-A

;

binary-B

recoil Fig. 7. Three-dimensional representation of the FDCS for ionization

of Ar(3p®) (26). The experimental patterns on the Left are compared
with BRS predictions on the Right, for a fixed detection angle
@, = 15°. The incident projectile energy is 66 eV, and the slower of the

Fig. 6. Three-dimensional representation of the FDCS for ionization two outgoing electrons has an energy of 3 eV.

of He(15%) (25). The experimental patterns on the Left are compared

with CCC predictions on the Right, for a fixed detection angle

0, =40° of one electron. The incident projectile energy is 70.6 eV,

and both outgoing electrons have an energy of 23.0 eV.
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Fig. 2. Reaction mechanism in NFy/O; mixtures. "M" denotes a
third bady.
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Fig. 12. Some cross sections used for the processes depicted in Fig.
2. The data for electron collsions with NF 3, including mementum
transfer, vibrational excitation (v), and disseciation into combinations
of various melecular ions were generated by Tennyson and

collaborators (42) with the UK molecular R-matrix codes (43).
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FIGURE 3.16. Electron collision rate constants K,,. K., and K, versus T, in argon gas
(compiled by Vahedi, 1993).
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The thermally averaged rate constant ¢, (7)) (in a.u.) is obtained
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For further discu,ésion, it is convenient to represent the cross-
section o(E,) in tl}é form
T
I2
where k is the wave vector of the incident electron, P(E,) is the
probability for vibrational (de-)excitation at collision energy E).

o(Eq) = — P(EY), (5)
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Some experiments and data....
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Actual experiments and theory
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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 instrumant NOVion consists of a storage ion source (515), 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
call (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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Reacation cross section
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Figare 3. Cross sections for electron attachment to CCli. @, 8-K{np); —- —, o(¥)-
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Low energy collisions with molecules



Collisions of electrons with atoms (atomic beams)
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Total collision cross sections Na, K, Cs...
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Collisions of electrons with atoms — Ramsauer’s method

Lenard 1903
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Ramsauer 1921
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Fic. 1.1. Ramsauer’s apparatus for measurement
of collision eross-sections.
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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 eross-sections.
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Total collision ¢cross section — e/atoms

6 10

30 — Electron energy (eV)

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
A, Kr, and Xe.

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

Fig. 1.10. Observed total collision cross-sections of He and Ne.




Details of Ramsauer effect

Puec. 5.12. Jluddysnonnoe couenne
CTOMKROBEHHUSl 3JEeKTPOHA ¢ ATOMOM
KPHITOHA.

AKCneprEMenT (TONBHKHOCTE 3JEKTPOHOB
NpH MalbX N0AAX u TeMIepaTypax):

341,
_ —[l4 I

Teopust — + —~ — [87].

A S ST S N S B

15 20 £g,30

Pue. 5.8. TMonwoe ceucnue paccesiins WIEKTPOHA Ha
aToMe HeoHA.

chnepnmem (MeTo,u Pamaayapa): O — [101];
— 1295 - =92} —= 7 —— _795]. Teoprs: — —
0

6%4

10

EETIT S AR RN T T f

G001z 4 60012 4607 2 46 1,0 2 4 6 105,38
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)

02 5
4

7

2

Puc. 5.3, IndhysHonHoe coucHEE CTONKHGBOHES B¢k
TPOHA € aTOMGM TreJiHsl.

JKCNePUMEHT (MOARHKHOCTH 3JIEKTPOHOB NDH MAABLIX NOARX
H TeumepaTypax}: D — [39] & = [73); — o — . __'[8s];

—_——_— = - L — P mme— e  13]F
—_ — [621. Teopuﬂ — [75); —— — [32];
————— ~— pacueT Tio dopmyse (5.37).

01 L 11l Ll I\/Illllnl I 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.
BKCUQDHMGHT (HQ,ILBH)KHOCTb SJ'IeKTpOHOB l‘lpH MaJpIxX TIDJTHX H
TeMneFaTyan 7]; — [607;
Dﬁhm] A — [a4) — . — _T1s];
108]; + = [43]. Teopua: — —— — [871.




Freguencies of elastic collisions

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

L 1 1 L. i 1 L 1 1 1 1 L H L 1 L 1 1.
0 2 3 4 5 6 7 8 143 1 2 3 4 5 6 7 8 9 10
Electron velocity (¥ volts} Electron velocity (vvolts)

Fic. 1.10, Qbserved total collision cross-sections of He and Ne Fic. 1.9, Observed total eollision cross-sections of
A, Kr, and Xe.

. 9.~ -
9/ﬂ,<05'maﬂrtll||lflll T T T T T T 7 T T T T T T T

2,=0.53x10-%cm~0.5A Xe

Radius of the first Bohr orbit of H atom
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Puc, 2.5, YactoThl ynpyrux CTOJKHOBEHHH 3/JeKTPOHOB, p=1 T0p: a — B H, 1
He;, 6 — B MHepTHHX ras3ax; WTPHXOBhE JHHHH — YyA00HAasA anNpOKCHMalus MpPH

Collision Frequencies pacterax [24]




Total collision and reactive cross sections comparison
700 /\/
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Fic. 1.10. Qbserved total collision cross-sections of He and Ne ~ )
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Electron velocity (v/Volts)

.® Fic. 1.9, Observed total eollision cross-sections of Electran velocity (V/Volts)
(O BeV) A, Kr, and Xe. . 1.16. Obeerved total collision eross-sections of Li, Na, K, and Ca.
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Figure 3. Cross sections for electron attachment 4 @, 5-K(np -
K(p) (Frey ef al 1994b); O, 6-K(ap) (Ling et a B , free elecuoa., \Hotop
1994); - - -, free electrons (Orient et af 1989); A, free clectrons (Christodoulides and
Christophorou (1971); —---, theory (Klots 1976).




Kvantova mechanika

Jednorozmérny rozptyl
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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?

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

—a +a X

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

a) dopadajici Castice =>A

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



Jednorozmeérny rozptyl _a 13 X

Wk (X,t) _ (Aeikx + Be—ikX)eiEkt/h X< —a

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

wk (X,t) — (FeiKX)eiEkt/h 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

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 — B 2
Jednorozmeérny rozptyl ¥ k=+v2mE/h

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

Wk (X,t) _ (Aeikx + Be—ikX)eiEkt/h X< —a

Parametry jsou v, (1) = (Fe®)e™"  x>a

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




w P — B 2
Jednorozmeérny rozptyl ¥ k=+v2mE/h

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

Wk (X,t) _ (Aeikx + Be—ikX)eiEkt/h X< —a

Parametry jsou v, (1) = (Fe®)e™"  x>a

Koeficient prichodu T, koeficient odrazu R

Tt Pro velké E se T>1,
1 : N\ C \
/ A

\ 4

) 1 (VA V., . V
lim. ,—~1+—"—sin?(2k'a) ~1+—-sin*(2,/2mV, /h*a) ~ 1+ —_const ~ o
=0T 4EV, (2k'a) AE ( ° ) AE



Efekt Ramsauera

Parametry jsou Tt Pro velké E se T>1,




Jednorozmérny rozptyl

Parametry jsou 1 Pro velké E se T>1,

K =/2m(E +V,)/h’

Kr: a=2A
E=14 9V0:57.97 \Y4

E=0.013 V,=0.75 eV



Frequencies of elastic collisions

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

1 : L H 1 L L L L
1 2 3 4 5 6 7 8 9 10

1 1 L L 1 ] ] 1

0 | 2 3 4 5 6 7 Electron velocity (vvolts)

Electron velocity (v volts) Fie, 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,

O ISIOI:] ‘ - "llllllillll1“ll|1
Frequencies - : [
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074 s 72 76 20 24728 32 36 0 4 8 72 #6 20 24 28 32 36

Puc, 2.5, YactoThl ynpyrux CTOJKHOBEHHH 3/JeKTPOHOB, p=1 T0p: a — B H, 1
He;, 6 — B HMHepTHWX ras3ax; WTPUXOBhE JHHHH — YyA00HAasA aNnNpOKCHMalus MpPH
pacuerax [24]

2,=0.53x10-%cm~0.5A
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

1. 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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Very low collision energies TOPICAL REVIEW

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).



TOPICAL REVIEW
J. Phys. B: At. Mol. Opt. Phys. 28 (1995) 1645-1672. Printed in the UK

Electron-molecule collisions at very low electron energies

Very low collision energies

Kr('Sp) + o —Kr" (°Py ) +e7 (&)

F B Dunning

Department of Physics and the Rice Quantum Institute, Rice University, PO Box 1892,
Houston, TX 77251, USA
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Figure 1. Schematic diagran; of the vuv photojonization apparatus used for attachment [43) Ik
studies (Chutjian and Alajajian 19352, b). é ]
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Figure 2. Cross section for elleclron attachment to SF,. W, &-K.(np); — —, o.{v)}-K(np)
(Ling et af 1992), O, 6.-Rbins) (Zollars et al 1985); ——, free electrons (Klar et af
1992a, b); - - -, free electrons (Chutjian and Alajajian 1985), &, free electrons (Pai et ol
1979, Chutjian and Alajajian 1985a); -—-, theory {Kiots 1976).




Electron attachment at very low electron energies
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Figare 3. Cross sections for electron attachment to CCl,. @, 5-K(np); —- —, oo(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 ellectron attachment to SF,. B, 5-K(np); — - —, o {v}-K{np)
(Ling et af 1992). O, &Rb(ns) (Zollars e af 1985); ——, free electrons (Klar et af
1992a, b); - - -, free electrons (Chutjian and Alajajian 1985); &, free electrons (Pai et af
1979, Chutjian and Alajajian 1985a); -—-, theory (Klots 1976).
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PHYSICAL REVIEW A 69, 052716 (2004)

Cold electron scattering in SFg and CgFg: Bound and virtual state channels

200 i
1200 ‘E [ D. Field.!"* N. C. Jones.! and J.-P. Ziesel®
[ [ lDepar'm.rem of Physics and Astronomy, University of Aarhus, DK- 8000 Aarhus C, Denmark
1000 - 150 T 'l" “Laboratoire Collisions Agrégats Réactivité (CNRS UMR35589), Université Paul Sabatier, 31062 Toulouse, France

(Received 26 November 2003; published 20 May 2004)

Phot&o;i;:ﬂon
i — B
L,. IN & Il Collision ! /\

tf ; quﬁ

Channeltron E ~ h V —1575ev

FIG. 1. A scale diagram of the apparatus. Monochromatic syn-
chrotron radiation from ASTRID (/) enters a photoionization 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 farget gas. Transmitted electrons are detected at
the channel electron multiplier (channeltron) situated beyond some
further electron optics. The apparatus may be immersed m an axial
magnetic field of 2% 107 T.

Dctection Onptics

The general process which we study involves electron at-

tachment.

e +M—M . M=SFsCsFs. (1)

B=0.002T

Ar +hv=>Ar*+e(g)
g~hv—-15.75eV

SF; +e(e)=» X +Y
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PHYSICAL REVIEW A 78, 042714 (2008)

2 O O 8 Scattering of cold electrons by ammonia, hydrogen sulfide, and carbonyl sulfide

N. C. Jones,' D. Field,>™ S. L. Lum and J.-P. Ziesel*
"Institute for Storage Ring Facilities (ISA), University of Aarhus, DK-8000 Aarhus C, Denmark
2Department of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark
*Kittiwake Developments Ltd, Littlehampton, West Sussex BNI7 7LU, United Kingdom

'Laboratoire Collisions Agrégats Réactivité (CNRS-UPS UMRS5589), Université Paul Sabatier, 31062 Toulouse, France

(Received 2 July 2008; published 29 October 2008)

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-10 eV for H,S. and 15 meV-2.5 eV for
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
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.
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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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cross section for
interaction with

electrons
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FIG. 3. (Color online) H,S:
the variation of the sum of the in-
tegral elastic and inelastic cross
sections, or;, between 380 meV
and 10 eV. Also shown are ex-
perimental data in Szmytowski ef
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 650 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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Molecules 2006

[T ! L DL L DL Rotational Excitation of H,O by Cold Electrons
2000 . R. Curik.' I.P. Ziesel.> N.C. Jones,” T. A. Field.* and D. Field**
i + Integral cross section h 'J. Heyrovsky Institute of Physical Chemistry, Dolejskova 3, 18223 Prague 8, Czech Republic
e i »  Backward cross section ]
_= L Fit of the data — s
S 1500 ~ otolonisation
= 1500 L Dctection Ontics B O ' 002T Region
. L
s [ m[ - T
i 1000 ‘
L B Collision s z a
w i t Region _ |
n L |
J 500 - [
] - [ 1 1 g~ hV_15.75€V
0 S0 T 150 200 250

Collision energy / meV

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=>Ar*+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 (o) + e(e;)=» H,O(>],) + e(g,)



End of story 24 10 2024






Collisions of electrons with atoms

Classical or quantum approach?
Electron:
lev = v=5.9x10’cm s
T~a,/V ~108/ 5.9x107=2x10"1s
A~2A =2x108cm de Broglie
Ar+:
levV = 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

: eléctrons
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Cross section

Reaction cross section

Collisional cross section

Reaction coordinate




Hi+Ar = ArH™ +H Single collision
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Collisional cross section

I=1,exp(-onyX)
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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 -

A € vl

- : .Ar+|'|\r

1017

T
E(eV)
FIGURE 4

) ; [ ionizit ith fast electrons, pratons,
t sections as functions of energy for ionizing collisions with fas
iun]:ilz;hs:o;:w:&om Winter, ¥, in Experimental Methods in Hewty lon Physics, Springer-Verlag,
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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
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13.1. Potential energy curves for olectronic states of H, and
Hy lying within 20 ¢V of the gronnd state.
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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, @, ionization cross-section, {qiss issociation cross-section, @py
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