ERFERYE
& A B iy D e

FHELE
N KFEXKEREEHE

MZ,,.
NS

B A

U UNIVERSITY



If, In some cataclysm, all of scientific
knowledge were to be destroyed, and
only one sentence passed on to the next
generations of creatures, what statement
would contain the most information in
the fewer words? | believeitis the
atomic hypothesis (or the atomic fact, or
whatever you wish to call it) that all things
are made of atoms --- little particles that
move around in perpetual motion,
attracting each other when they are a little
distance apart, but repelling upon being
sqgueezed into one another. In that one
sentence, you will see, there is an
enormous amount of information about
the world, if just a little imagination and
thinking are applied.

Richard P. Feynman




Outlines:

Examples of applications
——What are Atomic Collisions?
History of Atomic Collisions

What kinds of processes in Atomic
Collisions are possible?

Theoretical frame

What Is the status of our understanding
of Atomic Collisions?

Summary and Perspectives
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Basic Physics and Chemistry

lon therapy

Atomic collisions

Natural
Resources

Ozone layer




Applications:
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L—t—

RFERICEDIIRILEF—BE
(Energy transfer)

. He*+ Ne — He + Ne*
| Ne + hv
« Excimer(fiE —&{K)
A*+ M — AM*
LA+M+hvo
AEEIRE) XM - AM
e CO2 Laser
CO2(v’ )—>CO2(v) HRENA Fhite



RERAAVE—LEEEREE

(Focused lon Beam Direct Deposition:
FIBDD)

FIBID FIBDD

Ga' 20~50 keV Aud" 50 eV




Heavy-ion Cancer Therapy:
Physics and Chemistry Iin the

Bragg Peak
« Heavy ions:
C*+(1s?), C°, Heavy ions
06*(1s2), 08", Nelo* ®

... (heavier than proton)

« How do Atomic Collisions play arole in o

dynamics ?
« How do they differ from electrons and
photons?



relative dose (%)
o 8 & 8 &

carbon ions

tumour

5 10 15
penetration depth in tissue (cm)



Dose

survival
rate

0.5}

0.2

Q.1 -

— Carbonions 250 MeV
--- Photons, 20 MeV

—
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a0 | ]dD | 15U
Depth  : Imm H,0]

| Relationship between the

Bragg peak and Survival
rate of cells

Bragg peak

Cell killing
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Local control rates of tumors by

irradiation of C-ion, X-ray and

neutron:

C4+

(%)
Salivary gland 80
Nasopharynx 63

Sarcoma 56
Prostate 100
Lung 39
Brain 44

X-ray+Chemo Neutron

(%0)
28
21
28
60-70
22-40
18

(%0)
60-70
50-80

54

7



Problems of Heavy-ion therapy

 Exceedingly expensive!

Heavy-ion (HIMAC) $400 M
Proton $50—100M
X-ray $10M
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Physics and Chemistry of Heavy ion

therapy

« Heavy ions:
H*,....,C4(1s?), C®*, O%*(1s?), O%*,
Nelo+ ... Ar,.......

e Energy:
> ~250 MeV

» What are ion-biomolecule interactions?



Example of lon—Molecule

Collisions:

H*+ H,(n,v,J) = H"+H, (n,v,J) Elastic scattering

— H*+H,*(n’,v’,J’) +e lonization

—H*(n) + H,* (n’,v’,J’) Electron capture

— H* + H,*(n%*) Electronic excitation
— H*+ H,(n"",v’’,J”’) Ro-vibrational excit.
— H,*(*) + H Chemical reaction
- H;*+hv Association

n, v, J: Electronic, vibrational, rotational QN



Development of New Plant Species
__by Heavy-ions
ko * Isolation of Mutants of Petunia hybrida

Nodal Culture Heavy-ion Beam Irradiation Shoot Development
g Acclimatization i}
Green House Condition Q

Variegated ‘BLUE VEIN’
m ) - F .

F -j hﬂ".f"‘l _':ﬁ-. N == ' 'l‘:

‘ROSE VEIN’

‘PURPLE’

_

s b
SUNTORY



New Plants by Heavy-ions

Mutation breeding using heavy-ion

beam irradiation
Tomokoe ABE
Plant Functions Lab., RIKEN

Petunia

Hiroshima City
Agr.Forest.Promot.Cen.

Suntory Flowers Lid.
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KRS ORE

e D+T — He“ +n

« T75ATRE
il 1{EE (310 keV)
Iyo:>EiE (O#eV)

« 5
FITSXV:EF.BF(p). He2+
TS5 X< Cat, 09, ...
M mIEKF=SFEE



Collision processes in Fusion

e Spectroscopy for plasma diagnostics
® lonization
Plasma production

® Charge transfer
Plasma temperature and density
Impurity identification



X-ray emission from Comets

UT 27.77-27.85 March 1996
350,000 km :

1 degree




X—ray and EUV from
Comet Hyakutake
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Characteristics of comets
-- Dirty snowballs

Structure: Nucleus + Coma + H Colona +
Tail (plasma + dust)

Size: Nucleus(1-10km), Coma(0.1M-1M km),
H Colona(10M km), Tail (10M-1B km)
Temperature: <100-150 K

Molecular compositions: H20, CN, CH4, CS,
CO, OH, CH, NH, H20+, OH+, CO2+, CO+,




Origin of x-rays

OUT!!

e Electron impact
 Charge transfer by ions in solar

winds




Charge transfer by heavy-ions In
solar winds

p, He2+, Cq+, Ng+, Og+,

A few 10 eV~a few keV (<2 keV)

Q9" + H20 — O @1+ + H20*
| O@D+ +
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Photons s~ key~4

Counts s~ kev=!

Residuals

=

=

e

Model
based on the Bremsstrahlung

Observed spectrum
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Plasma Processing

e Etching
e Fabric courting
e Thin-film

Principles of Atomic Collisions:
e+M—e+M" +e loniz.
—e + M* Exc.
—M- e-attachment
M+, M*, M- — Fragmentation
— Radicals, lons
(Reactive plasma)



Controlling materials at molecular levels
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MEEZE—PIXE

 PIXE- Particle Induced X-ray Emission



Basic Numbers in Atomic world

e Size of atoms:
H(1): 0.529x 108cm
Fe(26): 1.34 x 108 cm
U©2): 2.32x10%cm  waNsleldel-Ie) Mis[RE{PA=No]i
Size of molecules
H2: 0.741 x 108 cm
N2: 1.10 x 108 cm ~108cm
Mass
electron: 9.11 x 1028 g
proton: 1.67 x 10?4 g
Energy

H ionization energy: 13.6 eV
H2 molecule dissociation energy: 4.48 eV

Velocity
H(1s) orbital velocity: 2.19 x 108cm/s

Velocity of light: 2.998 x 10° cm/s
O2gas in 27C: 4.2 x 104 cm/s

atoms and molecules:




Atomic scales

»
»

Collision time
>1016 s for keV

Vibrational period
<1013s

H,

Time scales
Teec = 0.01 fs
T,, = 15fs

Energies
l, =16 eV
E,,=05eV
D, =4.75eV

Length scales
R, =0.74 x 10 cm



History of Atomic Collision Research

1911 Rutherford and Geiger

a-particle on thin film—Atom model

1914 Franck and Hertz
Electron beam—Discrete energy Development of

-1930 Ramsaur and Townsend, Quantum Mechanics

Electron-Rare gas collisions—
Lighting, Discharge

Born, Bethe, Massey,
Rydberg, Auger,

Atomic energy,
Space Science

1945 Synchrotron, Accelerator,...

1970 Laser, lon sources,... Fusion, Medical,

High-Tech.,...

1980- Explosion!




e Number of atoms and molecules
1 cm3 | ~1023(& [&] 44
2.7x10%# ®WERIKERK
10-100001@ 2 [HIZefE]

1911 Rutherford and Geiger  ohi F-&HEBEIZLS
B ETIVDORET.
1914 Franck and Hertz B RRIZEBAR D

BER T RN E—DFE .
~1930 Ramsaur and Townsend HEBIZX 37N Z#E2E

Rydberg, Born, Bethe, Massey-Mott, Auger
B HFORIFREFEBUTRWITEER
~1945 L

vrzm bry, EEE. VL—P— BRa. BER
RN TR ITS KIS HER




Collisions processes

olON IMpact
A*"+B — A+B Elastic no threshold
t— A"+ B*+e lonization ~10eV
— A+B* Charge transfer ~eV
— A"+ B* Excitation
nelastic (Electronic, Ro-vibrational)
~meV - ~10eV
v— C+D Reactive ~meV

oElectron impact

e e+M— M"— A+ B- Dissociative Electron Attachment
(DEA)



H* + H, Collisions:

Which processes are possible and how large are they?

1o '8

— — 1 I i [
. Jz O+ 2
~3 /

- J=l=3 N
S -2 . Hz + FAST H, B
£ 10 N
— N
< Qm/\
o
| ot
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w v=0 - |
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103

LABORATORY ION ENERGY (eV)



CROSS SECTION (cm?)

10

H* + H Collisions
:which processes are important in what degree ?

-15

T

H{(2p)

Excitation

y

\

H(2p) /

H(2s)™
L Capture —

lonization

M

“\H(2s)
Excitation

H(ls) Cupture_

i

Energy:
1 eV =23.1 kcal/mol
= 11000 K
= 8070 cm?

25 keV for H+ ions
Corresponds to
the orbital velocity
of H(1s) electron



Representative collision processes
ex. He*+H collisions

-15
@ Charge transfer: (electron capture) ™ |
He* + H — He + H* oo,
R P
- - . r - A
@ lonization: (of target particles) < i ‘,./" f . \
He*+H — He* + H* + e~ s W 'T |
c "y
@ Stripping: (electron loss; S 107 T
ionization of projectile ions) & § \
+ 2+ — 8 10%L . -
Het+ H—>He“"+H+e S He+H| o
@ Charge transfer 10°L | —®— Charge transfer
— dominant in low collision : : 'Sig'éslt:%n
energy region o2 b
@ lonization and Stripping — dominant in 100 100 100 100 100 10

relatively high collision energy region Energy (keV/u)



Resonant charge transfer process

Atomic targetB: A*+B > A'+B*+A4AE (4E=1,-1y)

A /a‘m [10°cm]

S AE=0 1., I : lonization potential
E AE : Energy defect

4 E < 0: endothermic
A4 E > 0: exothermic
4 E = 0: Resonant charge transfer

L "’ "l ,' ’.v"
’ ’ il , L
/ / z
2F ’ 7 ” o ’/'
" s O e« ~ (a—Dbrlog )2
RES

/
| 003,00 0.1/ 0.5 7 1,
- - L4

Collision verocity, v [cm-S"]0 ’ MO'GCUlar target M:
A*+M— A+ M*(n )+ AE

AE=(,-[Iy,+E )]

If1,>1,, theexcessenergy can be spent on making the vibrational
excited states of the product molecular ions, and this results in creation
of near or accidental resonant charge transfer channels

D. Rapp and W. E. Francis, J. Chem. Phys., 37, 2631 (1962)



(10-16 cm2)

M

e + H2 collisions
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Cross section lem’

e + N2 collisions
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Resonance ‘
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{em®)

CROSS SECTION

I | | |

/ PRESENT- QM
17— / ; ]

I H
o™ — 0.1 % change

n the potential . .
1o 1o 1o 1o 10"
E { keV/amu)

PHYSICAL REVIEW A YOLUME 44, NUMBER 3 1 AUGUST 1991

Electron capture in collisions of N°" ions with H atoms from the meV to keV energy regions

N. Shimakura® and M. Kimura
Argonne National Laboratory, Argonne, Illinois 60439
and Department of Physics, Rice University, Houston, Texas 7725]



Resonances

« Shape resonance Shape
1DDRFULYILE r"“‘)/ .
Orbiting
* Orbiting resonance s S
1D2DRTUIvILE

e Feshbach resonance




e 1eV=1.602x101J=96.49 kd/mol =
23.06 kcal/mol = 8065.7 cm™!

o leV=BFeF1RILFDELETNELT:
EEIZEFNT/AIIRILT—



e Cross section
BEAMEZET HHEEFIL. RA TLS
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CCTCERAFBIIRLEE v cm/sFFD&L ., 1em®H
[Tngf8dndET HE j=ngxv

f=ngvo

fE @24 E (Collision frequency)&FESR,

=71=.

Z = oV

*EEMEEREF (Collision frequency factor) &M
SIEENBHLD., CNIENFRICDRIELESESR
ERAY (e A=A A



« More of Cross Sections
FABRDEREEZ S, AiFABDEET2DODIEKRIE
b<(ry+rp)Ebhd EERT D, I FAEBHIEET S
CDiZEDERAEIMEEE

o= 7 (rpztrg)

CCTCRFRDFDERLELEFNDKES —
[F108cmIZEETHAHAD TTDEIEIE b
DRESTEBLFLI08cm2hiHZ &
EZZbNd,
« Note:
B DIHE . FIFOERERABESZTYL TS, RFHFDIBZES.
s TR CR L D .
AN § s o Gl R AR A B A S

cm?3-1017 cm?
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 Experimentally determination of cross
sections

Iout: Iinexp('a‘enB)
where |, l;, are the final and initial beam
Intensities, respectively, 2 is the length of the
collision chamber, ng the gas density, and o

cross section. By measureing I, 1., , o can be
determined.

e Total cross sections

o°YE) = 2, 0/(E) =0, + Gigy + Oy + -----



iR ROMBEORE

e B HITFE(Mean free path)

1
Ngo
- BEREGEE. ...

« HLERE(Diffusion coefficient)
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" I i

(By)

A

Bt( ) = 0
(glory

8=

(B3)

(B2)

-8,(8,)
(rainbow)

8=
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2.2.10

BlhRT4v L

log (de/dée) (arb. units)

] 1 1 1
0 10 20 30 40 50

8 (deg.)

LA Y ER—BELE VA R —BELDOERMES

HEERRTUIYIL
&

DR ®R



FRARTFovIL

(a)

10g,,Q + constant
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BTRICF SRR

» Schrodinger equation for the [e” + p]

VY + f_l—T{E V() =0

() Bound state (i) Continuum state
) _ eikr
Y > Ce o qt r— oo \P—)-FCékz + f(g, gﬁ)T at r— oo

BEK ASE R
« E: Negative value E: Positive value

where (6, ¢)Is the scattering amplitude.



e Differential cross sections

do(0,0) 2
:2) _1(0,)

e Total cross sections

(40,04,

o(E)=] (0.0 0= [=2

0



f(6, p) OVIKAH

o AHTHK
4 =e" Z(ZI +1)i'P (cosg) N =17/2)
o BRELIK
¢scatt =¢— ¢|n i Jikr o _1) P| (COS 9)
N (IAEE
o ERELIRVE

f(0) = flki(ZI +1)(e*" —1)P, (cosb)

e Scattering S-matrix
S =e?n



EhIDTR

o —RERVFERTEFTD

o(E) = 2| +18in“;D

o« M BICONTOFIESINEABDI=DIZHRTE
EBENEBICIRNS.,

—305, T3, 2R, ...




Bl : FRmEOM

o XIFR2IREE (B IKFRIRF—IKFRIRF)
o(E) oc Y (2 +Dsin[n, (1)~ 7, (1)]

N LAGRAG

o BMTEBIIRTOIOVYILDEIZIKTE



HTEIROEE
. SMEXEL (Single channel)

Ramsauer-Townsend effect
Rainbow
Glory
Symmetry
. 08
4k LB (Shape resonance: /R T+ JLILIR)
F—EwT424 £IB (Orbiting resonance)

o JESBYERXEL (Multi-channel)
« FI5
21w a/\vy\HI§ (Feshbach resonance)

. T

K It E fh (Stuckelberg,Rosenthal,...,Multi-channel)

- SR

Post-collision interaction, Shake-off, ....



MOMENTUM TRANSFER CROSS SECTION (cm?)

1012

IITT‘T]

T

10713

T !l‘ll‘l

1014 ‘\.__ \
‘*-Eoz
.h\

l'lllTlI
/
/
/

10715

i T’ e RAaMsauer-Townsend minimum
o7ll_ TR E R S ra—— s —————

INCIDENT ELECTRON ENERGY (eV)



- 1T T 1 T T 1 T 7T AR | T T T 1T 11 j
- . _]
‘.
u.‘..
a | . |
5 *
> L ‘A
e S
10°- w” -
g O: ‘ RT ‘o-'ﬁ"-/\f\n-\, ‘He-“4He -
f - =
g 1 i
v N s .""-\ 3 3
o . . " e’ N “He - “He
= .. 0'..-
l.~.
b - Semige,
ln.- l...-....'...."* 3He_4He
10 Ll id.. ! oot 1 fg-bel ! O
102 10° 04

Vie/ms™

2.2.11 He-He HEiCX 5 gu ;&l), A LREON FHOHTEORFOAREIENL,



WA ES : Borniaftl

e BorniE{lIC kA MrETE

(a) fHEEARMEEL.

(b) ASTE. BUELIR DR HAA [T /ELY,
s BEFLREFDEREEZSD

Ho(r): [ RFDNIIW=TF 2 V(r,, 1) BF—RF #HE
ER

{_% Vr T Ha(ra) +V(ra’ r) - E}W(ra’ r) =0
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ExactZiClosed couplingjk

. EABRTOSHE MO R
y(F,R) = 2, X (R)4™(F, R)F

X(R): #%KXENEH. ¢(r. R): EFRENEE.
F(r):Electron Transfer Factor (ETF)

 Quantum mechanical coupled equation
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IE 75 Close-coupled equations
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RBHbasis D REIRE M ZENESH ?

e If V., >>Vv,,, then it Is regarded that
during collisions, colliding particles
keep their atomic characters.

—Atomic basis expansion

e IfV <<V, then colliding
particles are considered to form
quasi-molecule during collisions.

—Molecular basis expansion
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Born seriesO)IR &
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— First Born approx.
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— Higher Born approx.




Lippamann-Schwinger eq.
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To Understand hydrogen is
to understand all of physics.
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Charge transfer in H* + H — H + H* collisions
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Two sets of
Theoretical
results
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Adiabatic potentials for

the initial and final states, and the coupling

NH'* singlet potentlals
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e O*(*S) + H, 0O + H,* charge transfer

Important process for
astrochemistry and atmospheric
science

e 2 sets of the experimental data
below ~100 eV




Initial charge transfer reaction for
chemistry chains

Cosmic heavy-ions with H2
reaction.

¢ O* + H2 = O + H2*

¢ O* + H2 = OH* + H
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Cross section [cm’]
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Contribution from
metastable O* ions

What’'s wrong

with these experiments?
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Energy [a.u.]
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Examples of Structures

IN Cross sections

* Interferences

e Resonances

e Structures In partial cross sections
e g-u oscillation

e etc, etc, etc,.....
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Rosenthal oscillations:
Na* + Ne—Na + Ne*, Na+ Ne" processes




Rosenthal oscillations:

multi-channel
Interference
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Structure
due to the sum
of

partial cross sections ]
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Smith g-u osillations
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PHYSICAL REVIEW A VOLUME 44, NUMBER 3

1 AUGUST 1991
Electron capture in collisions of N°" ions with H atoms from the meV to keV energy regions

N. Shimakura* and M. Kimura

Argonne National Laboratory, Argonne, Ilinois 60439
and Department of Physics, Rice University, Houston, Texas 7725]
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Myths among Atomic Physicists:

 High eV-keV-energy in collisions
e Collision time 10*-101's

o

NO molecular effect, I.e.
temperature, and structure effects
In high-eV collisions '—=NO
ISotope, Isomer..
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Phys. Rev. A. 62, 062715 (2000).
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Isomer effect:
CEX in C* + C5;H, (Allene and Propyne) collisions:

13 | T . = T P TR
o Experymental data:
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Phys. Rev. Lett. 87, 243201 (2001).



TABLE 1. Molecular properties of C;Hy (allene and propyne)
molecules [8].

Allene Propyne
Molecular structure
H\ /H H
/CZCZC\ H—CEC—C'{H
H H H
%y symmetry (s, symmetry
Bond length (A) and angle
C-H 1071 C*-H 1.112
C'-H 1.060
CLC 1.335 (e 1.458
C2C! 1.207
£ HCH 113 = 1 /HC*H 108_4°
Dipole moment (Debye)
0.2D 0.77D

lonization potential (V)
9.69 = 0.01 10.36 = 0.01




Energy diagram for C;H,
Energy (eV)

Asymptotic atomic states

858 cds)+CyHyt What will happen
If we heat up
the molecules?
=== .9.69 C* 4+ C3H,4 (Allene)
== .10.0 ClD) + CaHg*
=E =E =E -lm C-I- i caﬂd {Pmpmﬂ} ; ........................
———— -11.264

C3P) + C3Hy4t



Isotope effect:
H* + H,, HD and D, collisions

Phys. Rev A.68, Rapid Comm. R050701 (2003).




Molecular constants of H,, HD, and D, molecules.
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Comment on:
H* + H,(v=0) =H + H,* (V')
dynamics

Direct excitation through

the Franck-Condon factor
dominates,
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Charge Driven Fragmentation of Nucleobases

J. de Vries, R. Hoekstra, R. Morgenstern, and T. Schlatholter™
KVI Atomic Physics, Rijksuniversiteit Groningen, Zernikelaan 25, 9747AA Groningen, The Netherlands
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Fragmentation of DNA bases by ions




Rl ative ion yweld ( arb. units )

PRL 95, 153201 (2005)

PHYSICAL REVIEW LETTERS

week ending
T OCTOBER. 2005

Beyond the Bragg Peak: Hyperthermal Heavy Ion Damage to DNA Components

Zongwu Deng, Ilko Bald,* Eugen Illenberger,*

and Michael A. Huels®
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Outstanding problems

 There are a lot for us to do investigating physics
of ION, ELECTRON, PHOTON COLLISIONS!!

« There are a lot for us to do to provide complete,
and accurate cross section data for applications.

o Particularly ion-molecules studies for low-
energies.

II‘ How to encourage experimentalists to study
these collisions for various species in wide
range of energies, etc, etc ?

||~How to encourage theorists to tackle

Atomic collision problems and calculate
accurate cross sections ?
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