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Energy loss straggling for slow ions in an electrgas
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Abstract:-

Energy — loss straggling of ions with vetpamall than Fermi velocity « v, in

an electron gas has been evaluated from phase sthiich are determined from
nonlinear, density — functional calculations. Thsults show oscillations in straggling
with increasing nuclear charge are correlated with scattering properties of
electrons at Fermi level. The linear behavior &f éimergy loss with the ion velocity is
obtained under the free electron gas (FEG) in ttzend of nonlinear density
functional theory (DFT) or linear dielectric fornmsh.

1. Introduction:-

Due to the statistical nature of atomic swdins, the energy loss of originally
monoenergetic particles while passing through mdltetuates around an average
energy loss{AE). This is known as energy loss stragglivig[

Energy straggling results from the statistizatlure of the energy — loss processes a
particle experiences as it penetrates mattef(&j denotes the energy distribution
function at some depth of an initially monoenerg&iieam, then energy stragglify
Is defined as the standard deviation f0£) with respect to the averadé[ This
distribution function, in general, is rather conoplied and nonsymmetrical with
respect to the meafi[ However,f(£) has been measured for thin targets and in this
case found to be approximately a Gaussian funcianergyg]. The backscattering
spectrometry has been remarkably successful asceanilytical tool for sensing
mass, resolving depth, and perceiving monocrystaliitructure in solids]. Energy
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straggling of the incident beam as it penetratestadinget limits the ultimate ability to
resolve depth. To estimate these limits, the mageitof the energy straggling must
be known. Energy straggling depends on target mdt&eam energy , and incident
particle.

The characterization of the distribution ofesgy losses suffered by energetic
charged particles in their interaction with mattequires in the simplest case, two
guantities the stopping power and the energy —dtsggling parameter. Knowledge
of these quantities is relevant in depth the prafiland surface analytical techniques
as well as in fusion and astrophysical studies. Sthaggling parameter is expressed in
terms of scattering of electrons at the Fermi endnga self — consistent, effective
potential evaluated within the density — functiofesmalism[t].

f. Energy loss straggling in an electron gas:-

At low projectile velocities, calculation ugithe electron gas model can be used to
describe the energy loss stragglifig[

The energy — straggling of a projectile traversangathlenghix in an electron gas of
densityn is defined byY]
N? = ((AE — (AE))*) = nAxW Y
Wherew ,the straggling parameter, is given by
W = [doT? M (

= [do (1 - cos )’ 3 {
do is the differential scattering cross section aigdialso from the phase shidisn)
for energy loss T in the interval T to dT. For ajpctile moving with speed small
compared with the magnitude of the Fermi veloaitywith the Pauli exclusion
principle taken into account, the energy loss gfitag is given byf]
2% = 3nv*v; Ax [ doy (n,8)sin®(8/2) ()
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Whereg, is the scattering cross section anthe scattering angle in the centre — of —
mass system. For « v,, the interaction of an ion with an electron gasurs via

scattering of electrons near the Fermi surfdce[

By using the equivalenc@ — cos8) = 2sin*(6/2) , ed.{) may be written as

w = [do (25in(6/2)) °)

w = ["(2sin?(6/2))’ 0,(6,vy)2msin G db . )

US(S,I-‘f) = 4i::§- 5 1_.}2 z72 \0
Flan2o(Z)

Whereo, is the scattering cross sectianjs the atomic radius, an‘d=ﬁ Is the

Fermi wave length[+]. By substituting eq¥) into eq.{) , we can get on the equation

w = 2n [ (25in*(6/2))" sin 6 df 2 ———— AX
’ [5~1:§—IT;: ‘

By using the quantum formalism and depended orspiinerical symmetric potential
and Legendre polynomials, the straggling paranferescattering of electrons by the

screened potential of the ion may be expressedrmst of phase shiftsand leads
to[1]
W = j;—Ti:z;Ozai:O(z: +1)(2m+ 1) {1 — cos(28) — cos(25,,) +
0s[2(8; = 6,:)1})irm
(%)
Whered, = 6,(£;) are the phase shifts for scattering of electrdrtheFermi energy.

The quantityy,,, is defined by

Jom = Iy du(1 = 1)* PGP, (1) ()
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Where the ps are Legendre polynomials. This integral can beresged as a

generalized hypergeometric series which reduceéq to[

% . » - -. = -
E| '-.—11_:':'._.!'--"_1.1,;[[3_'_]
2/, i I
k=0 (Zem) (E-m] &)=

krz k

e r
232p 2 Irim—
At

Jrfm = \\o

."'::-_-E‘]F!.m -i]

By using the quantum formalism and depended orspiherical symmetric potential,

eq.() are written a9[']

W =250+ 1) 25038y — ) — = sin? (812 — 6) )
an? 2,22
H=n22m1 lfW ')

k. is the Fermi wave vector and the results will bespnted in atomic units(a.u.)
which (e=m#=") and ¢, = &)

By substituting eqX(Y) into eq.( ¥), we get

';-E = 4 n Z: Z::Q(I + 1] [251:?]:{-{5:_1 — 5I] _ESEH:(&!_: — 5:]] (\ i)

Ve odx 2I

Phase shifts for scattering of an electrons atR#emi energy from the spherically
symmetric, self — consistent potential of a stairchave been evaluated by Puska and
Nieminen using nonlinear, density — functional adtons. For comparison we show
the predictions of linear theory in the random -ag#h approximation and using the
dielectric function (RPA)Y,) Y]

W = 6122 (v/v;) C,(2) '¢)
Where

1 dz,z$
=, (z2+x2R) 0

1-2,

fi E%—f—i(l—Zf}ln[“z‘] ()
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Wherez, is the atomic number of projectile. By integratitve eq.{) we get on the
following equation

.- .-
Co)=1-27 [In2E + 2| A
2 () x|+ @)
x> =0166T, Is the density parameter
v, =192/ 7, is the Fermi velocity

Figure {) shows the results of the energy loss — straggtinigyax as a function
of density parametei, which are calculated from the nonlinear densitiyrctional
ed.( ¢£) results with the experimental data at low velacithe straggling are for six
materials for (a) protoa, =1 and (b) heliunz, =2 and the electron — gas densities
corresponding to the materials are determined &ective values of.. Comparison
of experimental data with the results of calculatior straggling show quite weak
agreement for some cases but differ by a factdr fof others. With the exception of
Se, for which the straggling fall below the thema&@testimates, and Ge fay = 1, the

calculated straggling gives results smaller thanddta.

Figure () shows the results of the straggling for (a) pmoizy = 1 and (b) helium
z, =2 which are obtain from the nonlinear theory( phsls#t and density function)
eq.( ¢) and those calculated from linear (random phageoxpmation and dielectric
function ) eq.{°) as a function of density parametan an electron gas at low
velocitiesr « v,. The results obtained from the nonlinear decr@aseincreasing the
density parameter but the values calculated froenrandom phase approximation
increase with increasing the density parameterlafge electron — gas densities n
screening of the ion is very strong and predictioased on the nonlinear tend toward
agreement with those of the linear of the lineaotly. This requires values &f much
smaller than in the figure and the straggling fdredium nucleus becomes less than
that for an equal velocity proton fer = 2.8 because the straggling is proportional
inversely with the atomic number. There is an improvement in the results of linear
theory by using the phase shift in the nonlineaoti of calculating the energy loss
straggling.
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Fig.(Y-a) Energy loss straggling of proton (£=Y) which is calculated from density
functional with experimental data as a function ofdensity parameter r,

2.2 1 ¢ exp
——theor

N
2

L 4

energy loss straggling
L 4

o
oo
1

o
»
Il

L 4

1.6 1.7 1.8 s 1.9 2 2.1 2.2

o

S
!A
()]

Fig.(Y-b) Energy loss straggling of helium(Z2=Y) which is calculated from
density functional with experimental data as a funtion of density parameter rs
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Fig.(Y-a) Comparison of variance of proton Z=% which is calculated using
nonlinear — phase shift theory to the linear RPA atow velocity v <« v .
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Fig.(Y-a) Comparison of variance of helium Z=Y which is calculated using
nonlinear — phase shift theory to the linear RPA atow velocity v <« v .

¥ Conclusions:-

Energy loss straggling accounts for the fact ebmitr energy loss process is
stochastic, two ions going through the same amolntatter not necessarily exciting
the same levels or number of electrons and thuslaosing the same amount of

energy. Except at high energy, the probability)afitng an electron depends strongly
on their speed.

Straggling is a complex topic and has been nhesh studied than the energy loss.
One reason is that straggling is not the only nedso observed broadening of an
energy loss profile: non — uniform layer thicknessl target in homogeneities may
compete and sometimes become dominant, and seppartiese effects from
straggling is by no means trivial.
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In principle, all the factors binding, orbitalotion ( shell correction), Barkas —
Andersen effect, projectile screening and excitatand relativity influence the
stopping cross section also affect the stragglargumeter

Th energy loss straggling has been calallmtelensity functional theory (DFT)
and it is noted that the general improvements aeerdainly to the correct phase shift
determination. These calculations reflect the irtgoore of screening nonlinearities.
The response of the system remains linear to thexred probe and this behavior is
reflected in the determination of the availableestdor the density fluctuation near
the Fermi level.

The results of the energy — loss straggérgibit oscillations of them with the
incident ion nuclear charga, and these oscillations are correlated with thosthe
obtained from stopping powex, oscillations appear naturally since they are eelab
the appearance of bound states which are takeraguount in a natural way in our
self — consistent calculation. A qualitative undensling of the main features of the
oscillation can easily be achieved in terms oftecizig theory and resonance levels in
solids.

As r, increases, the results of energy loss straggliotgimed from nonlinear
response theory for both helium and proton decrease rapidly than predicted by
linear theory due to the fact that bound stateatomic character develop, thereby
tending to screen out interactions with the eletgas. Predictions for straggling from
linear theory using the random — phase approximé®BA) increase with density
paramete#, and the increase of density parametgauses a strong increase in

straggling and this is mathematically clear fron(eg).

In the high density limit;, << 1, the results obtained from linear theory by using
phase shift converge to those of the random phageoamation (RPA). The
convergence of the results to those of the (bothght velocities and at high densities)
provides a stringent test of the model. This iglgagsualized when one considers
that for large electron — gas densities the scngeof the ion is so strong that bound
states can not exist; thus the electrons are sedttssentially by an exponentially
screened potential with screening length approgcheno as, goes to zero.
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