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Motivation
• The modern particle physics requires the use of extremely large and costly

composite detectors. The new generation of high energy experiments at colliders
will use semiconductor (silicon) tracking detectors in a heavier way than in the
past.

• One of the scientific pillars of FAIR is nuclear‐structure physics with radioactive ion
beams.

• The semiconductor (silicon) instrumented trackers ‐ detectors should be fully
operational for at least 10 years

• Detector diagnostic and repair comprises a very expensive and labor‐consuming
procedure.

• At the microscopic level the radiation damage suffered by the detectors can be
divided in two different classes: effects which are due to surface damage and those
which are due to bulk damage.



• The study of interaction of swift heavy ions with semiconductor
single crystals is very important both for the fundamental
investigations of radiation effects in condensed matter and for the
creation of ion tracks in semiconductor materials – provides
detector reliability and hardness insurance.

• To achieve microscopic understanding of the fast ion irradiation of
materials used for detectors we restrict ourselves to describing the
damage produced in GaAs semiconductor when irradiated with swift
heavy ions (coming from a given experimental radiation
environment) by

• utilizing a theory developed for GaAs material irradiated with
femotosecond laser pulse.



•We consider a bulk GaAs semiconductor doped with electron
concentration to form a 3D electron gas.

•We separate the dynamics of a many‐electron system into a
center‐of‐mass motion plus a relative motion under both dc and
infrared fields‐
•X.L. Lei and C.S. Ting, J. Phys. C 18, 77 (1985), D. Huang, T. Apostolova, P. Alsing,
D. A. Cardimona, Phys. Rev. B 69, 075214 (2004)

•The relative motion of electrons is studied by using the Boltzmann
scattering equation including anisotropic scattering of electrons
with phonons and impurities beyond the relaxation‐time
approximation.

•The coupling of the center‐of‐mass and relative motions can be
seen from the impurity and phonon parts of the relative
Hamiltonian



•The incident electromagnetic field is found to be coupled only
to the center‐of‐mass motion but not to the relative motion of
electrons.

•This generates an oscillating drift velocity in the center‐of mass
motion, but the time‐average value of this drift velocity remains
zero.

•The oscillating drift velocity, however, affects the electron‐
phonon and electron‐impurity interactions.

•The dynamics of electrons is determined by the relative motion
of electrons ‐ scattering of electrons with impurities, phonons,
and other electrons.
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•The effect of an incident optical field is reflected in the
impurity‐ and phonon‐assisted photon absorption through
modifying the scattering of electrons with impurities and
phonons.

•The distribution of electrons is driven away from the
thermal equilibrium distribution to a non‐equilibrium one.

•The electron average kinetic energy (temperature)
increases with the strength of the incident electromagnetic
field, creating hot electrons.



Previously‐ Boltzmann scattering equation – impurity and phonon‐
assisted photon absorption and Coulomb electron scattering for a
doped GaAs semiconductor
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D. Huang, P. Alsing, T. Apostolova et. al. Phys. Rev. B 71, 195205 (2005)



•The projectile has reached its equilibrium charge state ‐ there will be only 
minor fluctuations of its internal state 
• It will move with constant velocity along a straight‐line trajectory until deep 
inside the solid. 
•Thus, the projectile ion acts as a well defined and virtually instantaneous
source of strongly localized electronic excitation.

G. Schiwietz et al. / Nucl. Instr. and Meth. in Phys. Res. B 225 (2004) 4–26

Electron dynamics in ion‐semiconductor 
interaction

v/c<0.1



Parallelism 

From the fundamental point of view ion damage presents similarities 
with femtosecond‐laser pulse damage.

• Deposition of localized high energy densities in solid matter due to
very dense electronic excitation by means of either photons or
energetic ions leading to the formation of dense electron‐hole
plasma.

• The interaction occurs roughly in the same time scale and creates
highly‐localized material excitations

 timecollision / −= pvbτ

psfs 1100 −≈τ



Electron dynamics in ion‐semiconductor interaction

In terms of three‐dimensional Cartesian coordinates, we define the 
reaction to occur in the x‐y plane with the beam directed along      and 
the impact parameter b along      defining the straight‐line trajectory to 
be
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We establish a Boltzmann scattering equation for the relative
scattering motion of electrons interacting with a swift heavy ion by

•considering Coulomb interaction between the ion projectile and
the electron system

•including both the impurity‐ and phonon‐assisted photon
absorption processes as well as the Coulomb scattering between
two electrons.

•We study the dynamics of electrons by calculating the average
kinetic energy as a function of impact parameter and charge of the
ion.



Use the Hamiltonian
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Solve the time-dependent Schrodinger equation
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Looking closely at the problem 
parameters for justification of 
the approx.
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The electron annihilation operator in the ion potential is given by:

Boltzmann type scattering equation

( ) e
k

in
k

e
k

in
k

e
k nWnWn

t
rrr

))(())(( 1 αα −−=
∂
∂

( )
( ) ( )]41

4[

2

0
2

0
2

2))((

πεωδ

πεωδ

π

λλ

λλ

λ
λ

bZeEENn

bZeEENn

CW

qqkk
ph
qqk

qqkk
ph
qqk

q
q

phin
k

++−++

+−−×

=

++

−−

∑

vrrrvrr

vrrrvrr

v
v

h

h

h

)(),(),( cphim=α



( )
( )]4

4[

)(

0
2

0
2

2)())((

πεδ

πεδ

bZeEEn

bZeEEn

qUnW

qkkqk

qkkqk

q

im
I

imin
k

+−+

++−×

=

++

−−

∑

rrrrr

rrrrr

v

( ) ( )qkqkkkqkqkk
qk

ccin
k EEEEnnnqVW rrrrrrrrrrr

vrh +′−′+′−′
′

−−−×−= ∑ δπ 1)(2 2

,

)())((



Numerical results

K. Schwartz, C. Trautmann, T. Steckenreiter, O. Geiß, and M. Krämer, 
Phys. Rev. B 58, 11232–11240 (1998)





T=300K

Calculated electron distribution function for bulk GaAs as a 
function of electron kinetic energy



T=300K

Calculated electron distribution function for bulk GaAs as a 
function of electron kinetic energy



T=77K

Calculated electron distribution function for bulk GaAs as 
a function of electron kinetic energy



T=300K

Average electron kinetic energy as a function of impact parameter



T=300K

Average electron kinetic energy as a function of ion charge Z



Calculated average kinetic energy of electrons for bulk GaAs as a 
function of time



Calculated average kinetic energy of electrons for bulk GaAs as a 
function of time



Conclusions
• The effect of the potential of the incident ion is
reflected in the phonon and impurity assisted electron
transitions through modifying (“renormalizing”) the
scattering of electrons with phonons and impurities via
the time dependent potential of the ion projectile

• This method can offer unique ability to study the
change in the electron dynamics when a single
projectile characteristic is modified.

• The same numerical code as with the excitation with a
laser field is used.



Thank you for your attention!
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