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What will happen to the Projectiles ' | .

i
and Target? Ga il

Macroscopic Scale :

Projectile : energy loss, angular scattering,
charge state

Target : increase in T, radiation damage
(defect formation)

Microscopic Scale :

1) Inelastic atomic collisions (excitation
and ionization)

2) Elastic collisions (scattering in a
Coulomb field)

3) Generation of photons
(Bremsstrahlung)

4) Nuclear reactions
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Energy Loss

Cross section :

do . =2nbdb

Probability hitting the target area :

P = NAxo,

Mean energy loss :

(AE)= NAx) o T,



Energy Loss I
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Energy Loss lll

Thomson formula :
do 2716]126122 1 . .
T Ay T The same result is obtained
if the scattering is treated
uantum mechanicall
znqlzqzszaxdT q y
(AE)= NAx[Tdo = - NAx = |
A,v . T
Elastic: q,=Ze Q=2 N number of A, target atoms

Inelastic: q,=Z.e q.=-€ NZ, number of electrons with mass m,
Bohr theory (1913) :

. Integration would lead to infinite energy

dE 47'521264 " db loss

_ — SNz, |
dx  my b
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Stopping Power (Force)

dE .. (AE)
R T
dx A0 Ax

R
dx d‘x elastic dx inelastic

Elastic: q,=Z¢e qQ.=Z,e N number of A, target atoms
Inelastic . q.=Ze q,=-¢ NZ, number of electrons with mass m,
2nqlqs (Tow dT
<AE> = NAXJ'TdG = —NAx 172 J‘T T energy transfer in a single collision

min

2
A,

22 4 Z,, A : atomic number and mass of
(dE) __2mzZiZye | Tomax projectile
elastic T

2
dx A,V min Z., A, : atomic number and mass of target
2 4
di = — 2112715 Z,N In Tmax v : projectile velocity
d'x inelastic m ev min
N : targets atoms / cm’
dx ).  Z,m, 1 _ . )
elasic ~ larger in the high energy region

( dE j A, 4000
dx inelastic



Stopping Power
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Stopping Power

Bohr :

. Tiin Cr
Classical valid if x="""¢>1 —
v N 10 -
£
O
fs)
dE 4nz’e 3y
_a= =48 7 Nln| e, S
d‘x inelastic mev |Zl |€ @ \\/
> k> 1
)
=,
X
0
w1
o I
! Bohrtheor_y Bethe theory -
classical region quantum region

E.. [MeV/u]

dE 477 %e" 2m viy? I : mean lonl-
(——j =— ZZN(IH{—GI T 1-p*, k<1 zztion potentia
inelastic

m,y

e




Energy Loss Straggling
Energy straggling :

QO = AE* — AE «  fmme

Q* = NAx|T’do

Energy straggling :
Q;  =4nZ’Z,e"y > NAx

Bohr Formula



Energy Loss in Thick Targets

Range :

1

te {(dE(E))
dx

dE

Energy loss in thick targets :

i

AE=E, - E,

dE = R(E,)— R(E )



Range Straggling

Range straggling :




The First Heavy lon Experlments Q i) o
done with Fission Fragmentﬁ %

B Energy-Mass Distribution of '
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First Charge-State Studies with M ) b ie
Swift Heavy lons W{? ARG

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

713 VY
Qe =21 " —

Vo
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Atomic Collision Studies with the FRS |

lon Sources
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Atomic Collision Studies with the FRS
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How well can
the Bethe
theory
describe

the stopping
power of bare
heavy ions?

" (dE/dX) / (OE/dX)gatne
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(dE/dx) / (dE/dx).., ..

Failure of the Bethe Theory

New Theory
developed

by J. Lindhard
and

A. Soerensen
after

the experimental

0.95+ i :
;0 GAr o Kro o Xe oAU U were published!
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C. Scheidenberger et al. PRL 73 (1994) 50



Energy-Loss Straggling Experiments
with Relativistic Heavy lons

Q2 / QZE@hr

0O -> Pb
Xe -> Be
Au > Ti
J -> Au

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



Nuclear Size and Density Eff ?
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@ Fermi-density effect: @ Nuclear size effect:
polarisation of medium leads De Broglie wave length becomes comparable
to screening of the projectile to size of the nucleus, deviation from point-like
nuclei, included in LS-theory
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Energy Straggling -- Screenlnpq
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Gas-Solid Difference
in Stopping Powers
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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.
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Nuclear Reaction Probability [%]
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macroscopic :

o =aR*(l _Ei); semiempirical,

reac
cm

1/3 1/3

R=r[4" +4" +1.SSW—C(E)]+...

1/3
1 P

microscopic :

C e = [ 27 1=T(p)) b db
0

T(b) =exp{-0y (E)[d’r p,(r) p,(r—b)

Densities of Target and Projectile



~ lonisation Degree"g
Nuclear Reactions in‘fiVIl' ter
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