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Abstract
In this framework which invobves the linear response formahism and by using a
number- conserving relaxation-time approximation W include an ordered and a
disordered degenerate electron plasma we have shown, through analviical and
numerical results, that are stopping power, friction coefficient, and etfective electron
number, which are produced by the ineraction of energetic point-like or extended
projectile 1ons with metals, are significantly affected by damping, ionization, electron
density, low and high projectile velocty: ]
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I. Introduction

The energy loss of a charged particle moving in a degencrate electron gas
{DEG) has greatly interesting. This 15 a topic acquired itz importance through the
presented  quantitative understanding. for instance. of beam larget interaction m the
contexts of particle driven fusion 1] and the implantation experiments such #s the
modification of metal surfaces using ion beams. Following the pioneering works of
Lindhard [2] and Lindhard and Winther [3], a lot of calculations were done within the
framework of Imear-response function (see ¢.g [4-9] for reviews), The main part of
these calculations was based on the diclectnic function in the random-phase
approximation (RPA) which 15 valid mostly in the high-density regime rs < | of a
target electron gas. However, the BPA theory by itself cannotl provide accurate values
of the stopping power (SP) for real sohds such as metals and semiconductors where
comrelation (beyond RPA) andor damping effects (e.g. due w electron-impurity
collisions) play an important rele. One particularly simple scheme o include
electron—mpurity collisions in a disordered electron plasma 15 provided by the
number-conserving relaxation-time  approximation (RTA) as suggesied [first by
Mermin | 10] and then by Das [11] m RPA and for a given electron—impurity colhsion
frequency v, resulting in the dielectric function efkaw,y). We have used this scheme 1o
calculate the energy loss of point-like and extended energetic ion beams in an ordered
and a disordered plasma as well as friction coefficient and effective electron number
to show the influence ol y.

2. Theoretical model

Considering an extended ion, with the charge Ze of the pommt-like nucleas and
N bound electrons, moving with velocity ¥V in a target eleciron gas characterized by
the diclectric function gk, y), the SP s given by [4-9]
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In Eqg.i1) fand ¥~ where ' and ky are the Fermi velocity and wave

number of the target electrons. L{As the stopping number. & = Viv,, Ly
2566 GeViem (a, is the Bohr radius), 7 =1/nkpa, @1=1-2 06D where #) s e
Fourier transform of the spatial distribution of bound electrons in the ion. The density

distnbution of bound electrons can be found through the Brandt-Kilagawa variation
statistical approximation 9] with an jon effective radies A . In this approxsmation the

i j 1] e Ll I
spatial distribution of bound clectrons is given by pulr)=N i 4mA b /) [%]. Then

= ¢ _Lfrl.

introducing the notations ¥~ NiZ AR S ol cand @ =/ A , we have
F= 5 AR e
-t | i q {2

The linear response function alznr ) inciudes disorder in the RPA [8.9.12], ¥ being a
measure of disorder. The stopping number which s found [12]

1) “nfzmr Jr) .6 6 6 ¢

i) |V, AR R
(3)
with T=%"%6-E being the Fermi energy Here® =% —lo=¢" "R2A% )
Qnd=la/m) grosin® M =vi-n' @F)=ae™ =0 . pooion G

[
depends on the damping parameter C through the relation " = T¥*' 22 and has been

i) = ey < e )

obtained under the assumption . For small damping -0} the

Wy = Zan, )

function 7! vanishes and increases with damping parameter I and at o

Q)= The coefficients ©/\F-W =12

iomzation factor g.
1. Energy loss of ion beam in an ordered plasma {(y=0).

in Eq.i3) depend on damping and the

Under this subject it has been studied the energy loss of hirstly, pomnt-like
projectile of Oxvgen ion where the ionic parameter (q) equals zero throogh different
electronic densities which are represented by the values of density parameters (r,) {for
diffcrent metals at low and high velocities of that projectile (see Fig 1) in this case the
mosl important matter s the usage of the conservative constants{12] C,=C,=0,
C=¥5,C=3/14+% '3 (o calculate the stopping number L{X) as obiained by
Lindhared [2].
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Figily: The stopping power of pomt-like
projectile (g=0) versus density parameters for different materials at (a) low | (b) high
ic) . and (d) versus high and low velocities for different

Secondly, under the same subject this research deals with the case of extended
wmic projectile ie. the ionmic parameter (q) unequals zero where the conservative
constants| 12| are C,=C,=0,
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The energy loss of the extended fonic projectile has been investigated for the
aame conditions which are stated above as well as the effeet of ionization parameter

(see Fig.2 ).
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Fig2: (a), and (b) Stwopping power of extended ton (g~ 0.313 ) versus density
parameters of different matenials {an ordered plasma § at low and high velocines
respectively ¢} and {d) stopping power versus wontzation coefficients in an ordered
plasma at low and high velocities respectively .
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4. Energy loss of ion beam in disordered plasma {y £ 0).

study of stopping power has been achieved for pont-like and extended 1womc
projectile with low and high velocity . This investigation include the variation effect
of density parameters by using several values of them in calculation the stopping
power and then to study their influence .

Within our presented conditions and to calculate the stopping power of the
point—like projectile by different disordered targets of plasma which contain foreign
atoms o produce collisions with electrons by frequency of ¥ which represenis the
reciprocal of mean free time, here we have o use the following conservative
constants[12] in Eg.3, where C,=C=0,

C = POt
% P
radZ i | :".rl"| re _i" 141 F | 1|
= . LI B P .= |
4 3 Yisptlst ) o\ OBy o121}
- : (5)
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Fig.3:(a}, and (b) stopping power of point-hike ion versus density parameters of
different matenals {a disordered plasma) at low and high velocities respectively. (¢)
Ad) stopping power of point - like wn versus low and high velocities respectively lor
diffcrent matenals (a disordered plasma ). () and (1) stopping power of point —hke
ion versus gama parameter at low and high velocities respectively.

The calculations of the stopping power of extended 1womic projectile n a disordered
target of plasma have done and the results as the following Fig.4:
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{e) ()

(g) (h)

Fig 4: {a) . and (b) stopping power of extended 1won versus density parameters of
different materials {a disordered plasma ) at low and high velocities respectively. (c)
Ad) stopping power of extended ion versus low and high velocities respectively for
different matenials (a disordered plasma ). (2) and () stopping power of extended 10n
versus ionization parameter at low and lugh velocities respectively. (g) and (h)
stopping power of extended ion versus damping parameter at low and high velocitics
respectively.

here we have used the following conservative constants [ 13] in Eq.3,

j 14
Pl [

i .ﬁq
()
" Ml+g) 2y (X - 12T
' 10 a’ |3 sr' (1
e[ 9y 38g) daf, Sq) SN-2rK2g )
i ']Il:fl ' 2 [[i} hy' I |
4 [3g-) Mi6-1g) . ||
Torer i pEENR h | |
ih)
1 4 E i b ¥
EI.|r|:f,| ..J" |*-q.| e | !I ! lI--II li4 | 1%
T Lid 3 T | 47" | 85 U ) 12
Wol2~g) glSg-3)2* o croz] Su® | 2o9 |.-" 13
[ f I i v w
2 2’ |4L O B TR 4



sy 1 RS Rl

(%)

S.Results and discussion

This paper investigates the behavior of 1onic projectile of Oxygen within several
plasma states of different targets. The variation of these states come from firstly, kind
of target plasma 15 ordered which means the frequency (y) of electron —foreign atom
collision equals zero. Secondly, if the target is a disordered, (v} unequals zero, and
with respect to the ionic projectles are classified to point- like and extended projectile
where 1onization parameter (q) equals and unequals zero respectively, Parameter (q)
can be caleulated lrom the ratio of the number of bounded electron of the projectile
(M} to its atomic number (Z), where for instance 07, N=12and Z=16 this leads to
g=3/4 and so on.

Wi have used in this paper ten values of (g). The resulis of Fig.1 and Fig.2
llustrate changes of stopping power of point-hike (5) and extended (S) projectile
versus parameter of density () or Wigner Sietz radius for different metals which

{ [
k)
il s

reprezents the distance between electrons of a target where darn [12].a1s

Boher radius =0.529 4 and n 15 the clectron density of a matter. In general the
cooling of 1onic projectile by electrons of a2 maiter is occurred by the direct interaction
of the wn with the target clectrons, but this matter demands 1o know the collision

el oy
diameter Do [5] , where A b as well as the wavelength v,
related to the relative motion with reduced mass "' and velocity (V). hence we get
i 2l
=0 = -l.r:a.h

Coulomb or Bloch —parameter ¥ [5]. the averaged relative wvelocily

oz
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of ion el 4‘-"" + } . where I iz the averaged electron velocity where

i |
V=V +<)* . JhET

T where "' for degenenerate electron and o [5.04]

The presented relationships explain in general the reducing of stopping power versus
the mcreasing of 1, which means reducing in the clectron velocity or V' and then Vi
where b, {collizion diameter ) related conversely with Vi The same reason when V
increases. Hence the nising of collision diameter makes the 1onic projectile interacts
with greatest number of electrons. This meaning ig satisfied ether at low projectle
velocity to be low relative velocity or when increasing r, leads to low Fermi velocity
Vi, her we have to recall the electrons density proportion conversely with ‘Wigner
Seitz radius. and this 18 why the lowening of stopping with increasing of 1, (sec Fig.1,
Fig.2 , Fig.3, and Fig.4).

Actually there is a fact we must recall it that the energy loss of a projectile
transfers from it 1o the electrons of trget as numbers of guanum of energy

Wi, = E

represented by angular frequencies o {plasmons) where \r . which means
the size of plasmon affected conversely with Wigner Seitz radius |5).

It is very important to observe in Fig. 2c and d the change of the stopping
power against fonization tactors at low and high velocity respectively and in spite of
our knowledge with the influenee of the velogity on the stopping we hind an oplimuam

value of ionization Factor approximately equals 0.3 ( L=03T0 ot which projectile loses

higher energy. This behavior produced by the loganthmic term depending on hoth

functions of 7 and (see Eq.3).

In the case of a disordered plasma target (7 =" | although the general

behavior 15 samilar 1o the case of an ordered plasma target Fig 3 and Fig.4 but we
must state that the damping is more elfective in the casze of low velocity projectile than
high velocity one.
In the beginning  of on penctrating a metal there would be interaction (produces
excitation) between ils charge and electron sea of matter [15], so the presenting of
excitation energy “F in the denominator of logarithmic term of $topping number
reduces in general the stopping power if it 15 compared with that of an ordered plasma
But with the same disordered plasma damping can give nise i an observable effect
and this agree with the result of Amal K. Das and Hrachya B, Nersisyan [12]this
leads to decreasing in the stopping time with increasing of v [16]{sec ¢ and f Fig.3).

To examine the ionic stopping power for Oxyzen closely, the subject of
coefficient of frichon has been investigated for both point-like and extended
projectile. Friction property in the point of view quantum dynamic as it allows for
localization, prevents back scattering, and 15 assented in the description of multistage
transfer [17]. The latter coefficient 15 represented by the first denvative of stopping
power, Eq.(1), with respect to the ionic projectile velocity [12], so we get generally

ana
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The coefTicient of friction for both project states in an ordered and a
disordered plasma is calculated according to the conditions which limits values of
Ci Gy GG in above articles 3 and 4, The relation of stopping power in Egq.(1)
proportion 1o the coefficient of friction Eg.10 [5].

From Fig. 5 it can be seen the analogy of cocfficient of friction for point
~like projectle of oxyzen impact a target of ordered plasma of different matenals with
the values of the stopping power of the same state . But this is nol true for the other
figures , Figh Fig.T.and Fig 8, the latter figures includes negative values caused by

the imfluence of the womzaton and the damping LL T logarithome term The

functions 7 and ¥ depends on l#] , then these graphs in gemeral contribute i
expressing the behavior of ionic SP and how to be affected by the ionization and the
nature of the target plasma and its damping and electron density.
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Fig(5): Friction cocfficient of point-like projectile (g=0) versus density parameters [or
different materials at (a) low (b} high velocities respectively , () . and (d) versus low
and high velocities respectively for different matestals
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Friction coefficient of extended ion (g= 00313
| versus density parameters of different materials (an ordered plasma ) at low and high
velocities respectively Jic) and (d) versus low and high velocities respectively for
different matenals, {e) and (1) versus 1onization coefficients in an ordered plasma at
low and high velocities respectively
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(a) (b

Fig?: {(a), and (b} Frction coefficient of point-like {g= 0 ) versus low and high
velocities respectively for several density parameters of different materals (disordered
plasma ) atic) and (d) versus damping paramcters at low and high velocitics

respectively.
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i) (h)

Figh: {a), and (b) Friction coefficient ol extended won (g= 0.313 ) versus density
parameters of  different materials (disordercd plasma ) at low and high velocitics
respectively () and (d) versus low and high velocities respectively for  different
materals, (&) and () versus womzation coefficients in disordered plasma at low and
high welogities respectively, {g) and (h) versus gama parameters at low and high
velocities respectively.

Now there 15 an other indictor explamn the behavior of oxygen projectiles and
their stopping power within plasma of different materials . This 15 so-called effective
Number of electron (Nedf.. ) it has been given by the following refationshap [18].

L = ]rrm'm

MNeff, = -
elf En'.':j:m_nli.".m.y?

, where n is the electron density, E is the particle
=1

|I Fn{
ENETEY. The lozs function ' il oa, |

{(RTAMEQ.{3) by using Eq.(1} we get :

15 derived m term of stopping number of

anT
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_[ud aias = —Lf— L[4}

"
Letbenr)] e lr) . where fmriz) is the result of numerncal integral for
]-lir' Uz heels
' ,sce Equil).
Hence we get
Nelf. = -t LLE), ’
Radnt 1) - is the effective No. of electrons, it can be calculated in case

of an ordered plasma of different matenals by substituting the conservative numbers
which are referred in aricle {3) for both kinds of point-like and extended projectile. In
addition this calculation can be used for the other kind of a disordered plasma of
different material by substituting the conservative numbers of article (4) into stopping
number, Eq.(3).

In general Fig.9, Fig. 10 Fig. 11,and Fig.12, 1llustrate that the increasing of
Wigner Seitz radius means increasing the effective number of electrons of the targets
and as a natural result this leads tw the stopping of the projectile but we have to assign
that in the caze of low velocity the effective number of electrons being more than that

of the case of high velocity projectile. Also we can see the medium velocity ( v minm)
ol the tonic projectile generally excies the lower elfective number of electron. Where
in this case the ion velocity approaches to the Fermi velocity and in spite of this state
causes high energy transfer (as near as the resomance state) but the interaction
spectrum being sharper than any state of lower or higher velocity with respect to the
effective number of electrons. The contribution of omzation factor (appearnng the
influence of the mtio of sereening length to the 1on adius =] 2keA
[12] ts increasing the effective number of electrons see (e) and () in each of Fig.10
and Fig.12, as well as it can be seen in geéneral how the effective electron number are
affected by increasing the damping parameters {y) and this appears obviously in cach
of Fig.11 and Fig.12.
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Fig%: {a), and (b) Effective electron number of point-like projectile (q= 0 ) versus
several density parameters ol dilferent matenals {ordered plasma § at low and high
velocities respectively L(c) and (d} versus low and high velocities respectively lor
different ordered target plasma.
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different materials, () and (0 versus onization cocfficients in an ordered plasma at

(a), and (b) Effective electron number of extended ion (g= 0.313) versus

low and high velocities respectively .
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Figll: {a), and (k) Effcctive clectron number of extended 1on (g= 00313 ) versus low
and high velocities respectively for several density parameters of different materials
(dizordered plasma ) atic) and (d) versus damping parameters at low and high
velocities respectively.
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respectively (o) and (d) versus low and high velocities respectively for different
materials, (e} and () versus

iomization coefficients in disordered plasma at low and high velocities respectively, (g)
and () versas gama parameters at low and high velocities respectively.

6. Conclusion

o Within an ordered plasma in general energy loss, friction coefficient, and
effective electron number for low projectile velocity are higher than that of
the state of high velocity, also the point-like projechile toses higher energy than
an extended projectile because of preater friction . The extended projectile is
affected by ionization parameter especially with optimum value nears to 0.3,

o For a disordered plasma cach of stopping power . Friction coellicient . and
effective electrom number have lower values than that of ordered plagma where
jonization parameter play an effective role in reducing these values especially
for extended projectile in addition the extended projectile slides within
dizordered plasma with very low stopping power and without interaction with
high target electron .
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