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Introduction√

Momentum Measurements, Ion Optics, √
Spectrometers

Atomic Interaction of Heavy Ions with Matter

Literature: Nucl. Instr. Meth. B 195 (2002) 
ICRU Report on Heavy Ion Stopping Powers
submitted



Penetration of Heavy Ions through Matter
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What will happen to the Projectiles
and Target?



Energy Loss
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Energy Loss II
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Energy Loss III
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The same result is obtained
if the scattering is treated
quantum mechanically
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Stopping Power (Force)

inelasticelastic

x

dx
dE

dx
dE

dx
dE

x
E

dx
dE







−+






−=−

∆
∆

−=−
→∆ 0
lim

∫∫ ∆−=∆=∆
max

min
2

2

2
2

2
12 T

T T
dT

vA
qqxNTdxNE π

σ









−=
















−=








min

max
22

42
1

min

max
2

2

42
2

2
1

ln2

ln2

T
T

NZ
vm
eZ

dx
dE

T
T

N
vA
eZZ

dx
dE

einelastic

elastic

π

π

4000
1

2

2 ≈≈
















A
mZ

dx
dE
dx
dE

e

inelastic

elastic



Stopping Power

 Bethe 
Region
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Stopping Power
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Bohr theory
classical region Bethe theory

quantum region

Bohr :



Energy Loss Straggling

∫∆=Ω

∆−∆=Ω

σdTxN

EE
22

222

xNeZZBohr ∆=Ω 24
2

2
1

2 4 γπ

Bohr Formula



Energy Loss in Thick Targets
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Range Straggling
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The First Heavy Ion Experiments were
done with Fission Fragments

Problem:

Large Phase Space

Population



First Charge-State Studies with 
Swift Heavy Ions
N. Bohr

Phys. Rev. 59, 270 1941
"Velocity-Range Relation for Fission Fragments"

"The Problem of primary importance is the estimate of the number of
electrons carried with the fragment nucleus on its way through the gas"

VELOCITY CRITERION:
Electron capture and loss balance each other when the velocity of the most
weakly bound remaining electron on the ion equals the collision velocity
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Atomic Collision Studies with the FRS 
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Atomic Collision Studies with the FRS



How well can 
the Bethe
theory 
describe
the stopping 
power of bare 
heavy ions? 



Failure of the Bethe Theory

C. Scheidenberger et al. PRL  73 (1994) 50

New Theory
developed 
by J. Lindhard
and
A. Soerensen
after
the experimental
were published!
Phys. Rev. A53 
(1996) 2443



Energy-Loss Straggling Experiments
with Relativistic Heavy Ions

C. Scheidenberger et al. PRL  73 (1994) 50



Nuclear Size and Density Effect



Mean Charge States



Energy Straggling -- Screening



Gas-Solid Difference
in Stopping Powers

The experiment reveals a
gas-solid difference in the
stopping of partially stripped
heavy ions. 

Most widely used code does
not include the experimental 
observation.



Nuclear Reactions in Matter

ProjectileandTargetofDensities
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Ionisation Degree
Nuclear Reactions in Matter



Ionisation Degree –
Nuclear Reactions in Matter

H. Geissel et al. NIM B 204 (2003) 71
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