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St opping Power in Silicon

Important for applications in radiation 
detection Atomic density = 

5·0.1022 atoms/cm3

Mass density 
= 2.35g/cm3

1 m 0.235 mg/cm2 Si

E/ip = 3.62 eV/ip

Heavier ions have higher 
stopping power (dE/dx)
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Range in Silicon

I mpor t ant f or applicat ions in r adiat ion det ect ion
Mass density = 
2.35g/cm3

1 m 0.235mg/cm2 Si

E/ip = 3.62 eV/ip

To reach a certain 
depth, heavier ions 
must have a higher 
energy, since they 
have a higher dE/dx.
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Theor y and Pr act ice f or Ver y Heavy I ons

Theoretical energy 
loss in material of 
finite thickness is 
obtained from 
integration of the 
Bethe-Bloch formula 
or equivalent.

Actual data may 
differ: Calibration 
required 

Ener gy lost by var ious ions in a 15.9 m 
Si t r ansmission det ect or vs. ion ener gy 
per nucleon (mass number A). Cur ves 
represent different theories.
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Range and Specif ic I onizat ion

Stopping power  dE/dx
(specific energy loss) 
depends on energy E and 
therefore on x

3

# e ion pairsdE
dx unit length

part icles :

dE 7 10 pairs
dx mm

Bragg Curve
p

6600 ip/mm

2750 ip/mm

Highest E loss close 
to end of path 
Bragg maximum

Main E-loss mechanism: ionization, 
production of electrons, electron-
ion pairs

E-loss in Air: 1atm, 150C
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Tr ansmission Funct ions

Absorber

x

incident transmitted
N0

N(x)
Transmission  T(x) = N(x)/N0

1 2

Heavy particles ( , p,..HI) have a 
well def ined r ange, R(E).

Mult iple scat t er ing at small 
angles only, because of M >> me

Light par t icles (elect r ons) and 
photons are scattered off 
original path by large angles

Range is not well defined

e1 e2

extrapolated range
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Ener gy Loss Dist r ibut ions

Absor ber of t hickness x; ( ,ZT,AT), many statistical scattering events 
Cent r al Limit Theor em: Gaussian dist r ibut ion in ener gy loss E

2

E

2 2 4 2T T
E A e e

T T

E E
P E exp

2

Z Z
4 N r m c x 0.1569 x MeV

A A

FWHM 2.35
Pr

ob
ab

ili
ty

Energy

E

E- < E>

2 E

Thin absor ber : Asymmet r ic t ail t owar ds higher E
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Angular St r aggling

2
MS

2 2
0 0

0 p

T
2

T T T

d 1
exp cross sec t ion

d 2 2

13.6MeV x x
Z 1 0.038 ln

pc L L

716.4 A g
L radiat ion length

cmZ Z 1 ln 287 Z

Theor y by Molier e, see W.T. Scot t , Rev. Mod. Phys. 35, 231 (1963)

HI : M. Wong et al., Med. Phys. 17, 163 (1990)

Non-trivial geometry !

x
exit face

Zp, p

Assume multiple 
Coulomb scat t er ing

Gaussian angular 
distribution



W. Udo Schröder,2003

C
ha

rg
ed

P
ar

tic
le

 In
te

ra
ct

io
ns

9

Minimum I onizing Par t icles

Specif ic Ener gy Loss 
of Protons in Silicon

2 2
p 2 2eT

2 2 2
T

Z 2m cZ1 dE 2 2 MeV
0.1535 ln ln 1 2

dx A I E g cm

Bethe-Bloch Formula

At high (relativistic 
energies, the b terms 
become dominant. 

In addition, radiation 
losses (br emsst r ahlung) 
and -dependent plasma 
effects become 
important.

dE/dx(E) has minimum

minimum-ionizing 
particles (mip)

examples: e±, ±



W. Udo Schröder,2003

C
ha

rg
ed

P
ar

tic
le

 In
te

ra
ct

io
ns

10

St opping Power of Relat ivist ic Par t icles

222 2
0

0

8 1

1
2

2
0 0

E pc m c

m part icle rest mass

v part icle velocity

c 2.9979 10 ms

v c

1

pc m vc m c

2
0M m c

Note: here dE/dx dE/dx

Review of Par t icle Pr oper t ies, Phys. Rev. D50, 1173 (1994)
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er enkov Ef f ect

Similar t o super sonic boom in acoust ic medium. Occur s f or par t icle 
velocity 

vacuum
medium

c
v c n index of refraction

n

2 2
p2 2

c 1
cos Emission of C light

nv n

dN 4 1
Light spectrum : eZ 1

d hc n

Atoms become 
electrically polarized by 
Coulomb field (field 
velocity vCoul=c/n)  of 
fast particle, atoms 
radiate coherently

v

wave f r ont

wave f r ont

pv Co
ul

t

t t+ t
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