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Antiscreening mode of projectile-electron loss
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The inelastic contribution of target electrons to different electronic processes in the projectile is obtained by
employing the local-density approximation as usually applied in the dielectric formalism. Projectile-electron-
loss cross sections due to the electron-electron interaction are calculated and compared with those obtained by
using atomic antiscreening theories. We also calculate ionization cross sections and stopping power for bare
ions impinging on different gases. The good agreement with the experimental data and the simplicity of the
local-density approximation make it an efficient method for describing inelastic processes of gaseous target
electrons. It is expected to be useful for targets with large atomic number. In this case, the number of possible
final states to be considered by the traditional atomic methods makes it a tough task to be tackled. On the
contrary, the more electrons the target has, the better the local plasma approximation is expected to be.
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I. INTRODUCTION malism[23,24]. In the case of projectile inelastic processes,
such as electron loss, the LPA allows us to evaluate the si-
lon-atom collisions including inelastic processes in themultaneous excitation of projectile and target bound elec-
target and the projectile electrons have received considerabteons. This is the antiscreening mode.
attention in recent yeafd—4J. In general, projectile-electron  In this contribution, we employ the LPA to deal with the
transitions occur via interaction with the screened targebound electrons of gas targets in a way analogous to that
nucleus(target electrons frozen in their initial statend via  used to deal with solid bound electrofis3]. A study of the
the electron-electron interactidtarget electrons playing an Validity of the model in the test system proton hydrogen has
active role and being excitedThese modes of interactions already been published by Sarasetaal. [22].
are known as screening and antiscreening modes, respec- The work is organized as follows. In Sec. Il, we briefly
tively [5,6]. From the work of McGuire, Stolterfoht, and Si- summarize the theoretical model employed, and present a
mony[5] 20 years ago, up to recent calculations of Kirchnerlink with the usual antiscreening calculations. In Sec. Il we
and Horbatsci4], the antiscreening contribution to different Present the results of employing the LPA in antiscreening
processes in the projectile has been an object of many studiéglculations of projectile-electron loss cross sections. We
[1-3,6—15. The main problem of having a complete antis- @lso present in Sec. Il the results of employing the model in
creening picture is the description of the whole set of finaldealing with the collisions of bare ions with gases. This al-
states. Some approximations were developed that make ulaws us to isolate the LPA description of target electrons and
of the closure relation for the final states of the target eleccheck it with the large variety of experimental data available
trons[5,7,8. of ionization cross sections and stopping power. Finally, the

The purpose of this work is to present an alternative wayeonclusions are left to Sec. IV. Atomic units are used
of considering the antiscreening contribution by describingthroughout this work.
the whole set of target electrons employing the dielectric
formalism. The goal of this model is the simplicity of the Il. THEORY
description, and fast calculation as compared with the usual
antiscreening calculatiorjg —8§|.

The employment of the dielectric formalism followed We consider the collisions of hydrogenic projectiles of
here to describe gaseous targets lay upon two previousuclear charg&p and velocityv with the electrons of neu-
works. One in which the physical pictures represented by théral targets. The LPA20] considers that target electrons react
dielectric and the binary collision formalisms are comparedo the external perturbation as free particles. They are de-
[16,17. The other one is a recent wofk8] in which we  scribed at each point of the space as a free-electron gas of
consider the bound electrons of solids by using the locaspace-dependent densityr). In the present version of the
plasma approximatiofLPA) [19—22. This model considers LPA, the density of bound electrons is obtained from the
that under certain conditiorifast heavy projectiles, high im- atomic Hartree-Fock wave functiofg5]. It lets us to con-
pact velocities as compared to those of the electrons in thsider either each shell separately or the whole set of bound
shellg, bound electrons react to the ion perturbation as fre@lectrons by adding the shell densit{ds].
electrons. In this way, they are approximated as a free- Probabilities per unit length for projectile-electron excita-
electron gas of inhomogeneous density which is polarized btion or loss are obtained by employing the dielectric formal-
the ion pass. The excitation of this free-electron gas is deism in a way analogous to that related to projectiles interact-
scribed as a whole by employing the known dielectric for-ing with the free-electron gas of metd23]. The difference

A. The local plasma approximation
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is centered in the space-dependent density of the targdéibns are obtained from E@4) with an additional integration
bound electrons. The link between these prObab“itieS and thm the|z space. The project”e jonization form factor is calcu-

binary collision ones can be found in R¢16]. lated in the first Born approximation in the usual wWap—
For projectile-electron excitation from an initial stateo  30], with the loss electron described by the Coulomb wave
an excited staté the probability per unit length readi$6]  function in the continuum of the projectile.

On the other hand, if we are interested in the collisions of
bare projectiles with neutral atoms, we must consider the
nucleus-electron interaction instead of the electron-electron

(1) one. In this case, the cross section and stopping power can be

obtained from Eqs(4) and(6) by replacingA e by 0 and the
whereqy= A e/v is the minimum momentum transferrekle projectile form factof Fi¢(q)|? by z|23_

2 [=dq (av-Ae
Pit=—7 —f |Fis(a)]?Im
TV "V do qJo

do,

&(q,0)

is the energy gained by the projectile electre(q, ») is the The LPA considers a free-electron gas of local density
dielectric function, and n(R) and an initial momentum distributiork;<kg(R)
- =[3m?n(R)]*. The dielectric function assumes final states
Fir(a)=(g|e'""[4) (2 different from the initial ones, i.ek;>kg(R). It means that

. — S . ... by employing this formalism, we obtain the probabilities of
is the projectile form factor considering unperturbed initial projectile-electron excitation or loss due to collisions with

anql Elnal wa\ée functlons(ftlrtsr;t Born aptpromeatuf)h Thg th the target electrons that do change of state. Moreover, we are

vara esq_and%) rtt:zr?retsen ¢ ? n:omen um transter an econsidering the whole picture of final states of the target

energy gained by the target electrons. electrons different from the initial one. This is the whole
The LPA[20] assumes bound electrons as a gas of fre

. . . . %ntiscreening contribution.
electrons of densityn(R), then the dielectric function The LPA proposed here makes use of the Linhard dielec-
£"PA(q,w) is related to the known Linhard dielectric re-

c respons€g31]. It implies that it does not describe the
sponse of the free-electron gagg, »,n(R)), by electrons just as independent particles. Instead, bound elec-

trons are considered as a local free-electron gas which incor-
-1 _ = _ porates the electron-electron interaction to all orders. The
nr| dRIm , (3 o . : :
e"PA(q,w) e(q,0,n(R)) energy conservation is relaxed following the dielectric for-

malism that allows collective excitations of the electrons to-

with nt being the density of target atoms. gether with the single-electron ones included in the binary
For solid targets, this density is fixed and the spacecollision formalism[16,17,24.

mean value in the dielectric function is obtained by integrat- If we consider the single-particle approximation of the
ing up to the radius of the Wigner-Seitz celRys dielectric function, we can compare the bound-electron re-
=[3/(4mn7)]Y3. For gaseous targets, the spatial integratiorsponse given by the LPA with that of actually free electrons.
is extended over the whole space, and it is convergent beFhe single-particle dielectric functios®" [23] reads
causen(R) tends to zero drastically for large

The cross section per atom for projectile-electron excita- 2

1 4
tion in the LPA is given by m - s = RIS, (7)
e ((,o, q
P 2 (=dq
UiLfPA:n_If:_zf F|Fif(q)|29(L)PA(Q)a (4 The space integration of this dielectric function following
T mTb% Eq. (3) so as to get-PA gives
with )
N a
qu—Ae f dRIM| — ————|=—"Ned(0—07/2), (8
LPA/ 4\ _ n S| _ e>(q,0,R)] ¢
aia= [ o | dR'm[ s<q,w,n<R>>}'

) whereN,= [dRn(R) =Z; is the number of target electrons.
The cross section expressed in E4j. is independent of the 1hen the LPA cross section given by Ed) calculated in the
density of target atoms as it is expected. The generalize@iNdle particle approximation reads

function g-"#(q) allows us to express the energy moments;
i.e., the stopping powem(=1) can be written as 8Ne (= dq
o= |, Fiu(@l* 5 =Neo )
2 (=dq °
i = f —[Fis(a)|?g"A(@). (6) o - .
7v<Jq 9 which is just the excitation cross section bl electrons.

o ~ When theé function of Eq.(8) is introduced in Eq(4), it
In the case of projectile-electron loss, the energy gainegjives null result ifqu<Ae+q?2, i.e., a projectile impact

by the projectile electron id e=k?/2—¢;, with k being the  energy less than the energy gained by the free electron plus
momentum of the ionized electron. Then the total cross seahe excitation energy of the projectile electron.
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The complete LPA cross sections will be always lowers3" in a shape analogous to that @f™* given by Eq.(4).
than this free-electron valuer-"A=N_.co®, with N.<N.  The § function in Eq.(13) implies thatg®"{(q)=0 if qu
=Zt, due to the shielding of the ion potential by the target<Ae+E,,— E,. It means that it explicitly has the threshold
electrons, as described in a previous wtR]. This behav- for the electron-loss process signed by Anhdt as one
ior is similar to that recently pointed out by Montenegro defect of the closure approximation.

et al. [32]. The antiscreening cross section given by E@) can be
written in terms of a dielectric response of the medium so
B. Comparison with the atomic antiscreening theories that

As already mentioned, the main problem of the traditional
. . . K . 2 Ocdq qu—Ae —

atomic methods to have a complete antiscreening picture is jant_ —IFi(q)|2 delm
the description of the whole set of final states of the target 2 ©d 0 £2"(q, w) '
electrons. Some approximations were developed that make (19
use of the closure relation for the final states of the target
electrons[5-7,14. The employment of the closure relation with £2"(q,w) given by
is possible when the minimum momentum transfeggdan

be approximated by a fixed value independent of the target -1 A2
electron final staten. For instance, the approximation of Im ————|=— E SNw—EL+Ep)
McGuire, Stolterfoht, and Simori] considersy,=q,, the e"(q,w)] Q7 m#o

minimum momentum transferred due to the energy gained by

the projectile electron. Instead, the antiscreening approxima- X
tion introduced by Montenegro and Meyerh@i proposes a

mean value of the minimum momentum transferred, related ) ) )
to Bethe’s sum rulg=gq+ 8. Thus, for the most asymmet- This expression conden;es aII.the melalspc processes of .the
ric systems and high velocity conditiods<q, and the first target electrons allowed in a binary collision. The compari-

2
. (15

<)(mzi €91 xo)

approximation is reobtained son between the atomic and dielectric descriptions is then
: : 1

The complete antiscreening cross secfidhis r(aL%liced to compare the response functieA%(q, w) and.
e-"(q,w). In fact, these functions represent the physical

i 8T = dg , e 2 picture given by each formalisitatomic and dielectricfor
o =— > — [Fit(q)] (xml > €9 x| the response of the target electrons to the projectile pertur-

v" m#0 Jdo*dm q I bation.
(10)

with F;;(q) being the projectile form factog, and x,, being
the initial and final states of the target electrog,andE,,
the corresponding energies and the momentum transferred We describe the target bound electrons by using the cor-
dm=(En—Eg)/v. If we introduce the energy gained by the responding Hartree-FodR5] wave functions, and the space-

target electron as a new varialkde Eq.(10) can be rewritten dependent densities for each level obtained from them. These

Ill. RESULTS

as densities are included in the Linhard dielectric response,
8 . which is space averaged to give the LPA dielectric function
gant=""% f S(w—E,+Eg)dw e-PA of Eq. (3). In what follows we have employed the LPA
if 2 m 0 .. . .
ve mz0 Jo for the collisions of bare and dressed ions with noble gases.

2
. A. Collisions with bare projectiles

o dq
Xf —|Fir(a)|?
g+owlv

(lS &0

In order to isolate the LPA description of gas target re-
(1)  sponse, we analyze first the collisions with bare ions. This
A change of the order of the integrals gives gives us the possibility of a direct comparison with the ex-
perimental data of proton-gases collisions. One particular
SNt 2 f‘”@“:_ (@)|2g2"(q) (12) magnitude to inspect is the ionization cross section. As men-
It v2lg,aq " " PIrgTa tioned before, the LPA describes the response of the elec-
tronic system as a whole. It gives the contribution from any
possible final excited state of the target electrons. However,
42 A the LPA as presented here, allows us to evaluate the contri-
ant; oy 1 fqv* ed bution of each shell separately. In the case of ionization, we
=— S(w—E,+E ) X ) '
g™ ta) q® n;o 0 wdlw=EntEo) do know the final state. We must consider those final states
that imply a jump in the electron energy higher than the
(13) ionization threshold of each shed, . This fact is introduced
by integrating Eq(4) in the energy gained by the electrons
so thatw>e¢,. The ionization thresholds are given by the
In this way we write the atomic antiscreening cross sectiorHartree-Fock 25] energies of each level. This method has

ks

with

2
X

(Xl 2 €97 xo)
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FIG. 1. lonization cross sections of Ne and Ar by proton impact,
as functions of the projectile energy. Notation: solid lines, our LPA 20
results; dashed lines, CDW-EIS calculatidBd]; filled circles, ex-
perimental data of Ruddt al. [35]. o . . . . .
1 2 3 4 5 6 7
already been applied to inner-shell ionization of solid atoms Energy (MeV/u)

with very good accord with the experimental dats,33).

Figure 1 shows the LPA total cross sections for the ion- FIG. 3. K-shell ionization cross sections of Ar by interacion of
ization of Ne and Ar by H impact. The LPA results are different ions. Notation: solid lines, our LPA results; dotted lines,
displayed together with the continuum distorted wave-CDW-EIS calculation$39]; dashed lines, the perturbed stationary-

1000 ———rrrry

100

L-ionization cross section (107 cm®)

10

100

Energy (keV)

1000

state(ECPSSR model[39]; experimental data of Dhat al. [39].

eikonal initial-statg CDW-EIS) curves[34] and with experi-
mental datd35]. The agreement with the experimental mea-
surements and with the CDW-EIS is very good, especially
for impact energies above that of the maximum cross section.
The LPA is expected to be valid when the cloud of target
electrons can be described as a free-electron gas. This con-
dition can be expressed in terms of the impact velocity as
v>v, (impact velocity higher than the target electron veloc-
ity). If we considerv>Z+, this condition is fulfilled by all
target electrons. However, in Fig. 1 we find very good accord
with the experimental data even for velocities much lower
than this. This behavior is explained by considering the ve-
locities of the electrons shell by shell. The conditor v,
can be valid for the electrons of the outer shells, less bound
and not for those of the inner shells. In the case of Ar, the
main contribution to the total ionization cross sections comes
from the P electrons(binding energye;,=—0.59 a.u. and
vzp~1.2 a.u)[25]. They are liable to be approximated as
free electrons for impact energi&€>30 keV. In an analo-

FIG. 2. L-shell ionization cross sections of Ar by proton impact. gous way, the LPA is expected to be good for the ionization
Notation: solid lines, our LPA results; dashed lines, CDW-EIS cal-Of Ne by protons at impact energi&>45 keV. These re-

culations[34]; experiments, open circles, Rufla7]; closed circles,
Stolterfohtet al. [36]; open triangles, Ariyasinghet al. [38].

sults are in good accord with the performance of the LPA
displayed in Fig. 1.
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FIG. 6. Projectile-electron-loss cross sections as functions of the

Energy (keV) impact energy for H& impinging on He. Notation(a) thick solid
line, present LPA results; thin solid line antiscreening calculations

FIG' 4. thal_ lonization cross sections of O by pro_ton ImpaCt'following the procedure of Montenegro and Meyerhdj7]; dotted
Notation: solid lines, our LPA results; dotted line, basis generatol; . srandeet al screening curvd1]; (b) solid line, the total

metlh(z(d of glrch”r!e_ret al.4£40]f; ”exr_)erllm.entatlj (:ata c(;f Tt:lpr_npson electron-loss cross sections obtained by adding the LPA antiscreen-
ejrsa .holrl p- ! co ||S|ons[ |, full circles; and fore-O collisions ing contribution and the Grands al. screening one; squares, mea-
[43], hollow triangles. surements of Sant’Annat al. [50].

The same range of validity can be observed in Fig. 2. In . .
this case we display the LPA cross sections considering om?alcglatmns. It must be s§|d that the employment c-)f.the LPA
the ionization of thel shell of Ar. Again the agreement with n this case means exploring the bo.rders of the validity of the
the experimental data and with the CDW-EIS calculatioandel' e, only two electrons a”‘?' in the hardly bOU”‘?' s'tate.
[34] is very good. We a!so compare our results with the h|gh-en.ergy limit of

In Fig. 3, we compare the LPA results with recent mea-the basis generator method, developed by Kircheieal.
surements of thi-shell ionization of Ar by different projec- [40,41. This is a nonperturbative method that extends to a
tiles made by Dhagt al.[39]. Figure 3 shows the LPA curve Much larger energy range. In Fig. 4, we display the total
together with the experimental results and other theoreticdPnization of O by proton impact. The impact energies shown
correspond to impact velocities higher than those of the
L-shell electrons of O. The agreement between both theoret-
ical curves is very good, even when the LPA tends to over-
estimate the data for the lowest energies considered. Similar
results are found for the total ionization of Ne by #eat
energies greater than 200 k¢x4].

Finally, stopping-power results for protons asgarticles
impinging on different gases are displayed in Fig. 5. To-
gether with the experimental data available, we partially in-
clude the theoretical curve of Cabrera-Trujidoal.[46] em-
ploying the electron-nuclear dynami@END) model. Again,
the LPA stands as a good high-energy description, but it can-
not describe low-energy effects such as the threshold effect
mentioned by these authdr46].

Figures 1-5 show that the LPA gives a good description
of the atomic processes that take place in gaseous targets.

100 7= .

H + Kr

stopping power (10" eV cm?/ atom)

ML v M LA | v v L |
100 1000 10000

B. Electron-loss processes in hydrogenic projectiles
Energy (keV)

By employing the mentioned LPA, we obtained the anti-
FIG. 5. Stopping power per atom in the collisions of protons onScreening contribution to the electron-loss cross sections of
several gases. Notation: solid line, our LPA calculations; dottedHe” ions impinging upon He, Ne, Ar, and Kr. The screening
line, END model result§46]; experimental data, hollow circles contribution is not included in the LPA calculations, since it
[47], stars[48], and from Refs[44] and[45]. considers only the inelastic processes of the target electrons.
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FIG. 7. Projectile-electron-loss cross sections for” Heping- ) ping

ing on Ne. Notation{a) thick solid line, presents LPA results; thin ing. on.Ar. Notgtion:(a). thick solid .Iine, presepts LPA results; thin

solid line, antiscreening calculations following the procedure ofsond line, antiscreening caICI_JIatlons followmg the procedure of

Montenegro and MeyerhdB,7]; dotted line, Grandet al. screen- _I\/Iontenegrq and Meyerhc[_B,?], dotted line, _Grandet a_l. screen-

ing curve[1]; dash-dotted line, nonperturbative screening of Voitkiv g curve[.l], dash-dott_ed line, nonperturbative screening of Voitkiv

et al. [49]; dashed line, Voitkivet al. screening calculation cor- et aI'. [49]'b(b). thde(t))retltc:GI. curr\]/esLsL the. total glectron-lpt)s s.cross d

rected by considering the probability of target electron ionizatiOnzzztt:o;r?eoo;?kllr;escrgeiinénc?utrvis disy;gEzgjenir;Sgrggn:n”eggSpe:om

[3]; (b) theoretical curves of the total electron-loss cross sectionsm ents of SantAnnat al. [50] !

obtained by adding the LPA antiscreening contribution and each one ' '

of the three screening curves displayed(&y; squares, measure-

ments of Sant'Annat al. [50]. screened projectilg3]. In the case of He target, Fig(#, the
comparison of the screening and antiscreening mechanisms

For the comparison with the experimental data of total elecshows that they tend to equipartition, as already found by

tron loss we need to add the screening contribution. Montenegroet al. [10].

The results obtained are displayed in Figs. 6-9. In the The difference between the three screening curves and the
upper ﬁgureia) we show the LPA antiscreening curves to- fact that the screening contribution is the main one for heavy
gether with the antiscreening results following the procedurdargets[1,49] makes difficult the evaluation of the antis-
of Montenegro and Meyerh(ﬁﬂ_,:g,?] and different Screening creening LPA results by Comparing them with the total elec-
curves[1,3,49. In the bottom figuregb) we display total  tron loss data.
cross sections and the experimental data available. The total electron-loss cross sections are displayed in part

The comparison between the antiscreening curves show®) of Figs. 6-9. We add the antiscreening results obtained
that the LPA calculations are a|WayS below the MontenegrdVith the LPA and the different theoretical Screening calcula-
antiscreening onefl,3,7] [see part(a) of Figs. 6-9. The tions[1,3,49. For He target, which is more sensitive to the
difference between these antiscreening results grows up with
the number of target electrons, i.e., from He to Kr targets,
and diminishes with higher impact energies. However, the 200¢
LPA is expected to be better for Kr than for He, just because
in Kr atoms we have more electrons less bound which are
more liable to be represented as a free-electron gas than the
two He electrons. On the other hand, the inclusion of the
screening of the projectile potential by the target electrons is
coherent with a reduction of the cross secti¢#g]. This
screening effect is present in the LPA which works within the
dielectric formalism and not in the binary collision one. And
this effect grows up with the number of target electrons and 150
diminishes with higher impact velocities, just as the differ-
ence between the antiscreening curves. .

In part (a) of Figs. 6—9, we also include the screening sof
curves of Grandeet al. [1] by using the coupled-channel
method, the sudden perturbation curves of Voit\al.[49],
and the screening curves corrected by the facteiP},, to
take into account the probability of target ionization by the FIG. 9. The same as in Fig. 7.

150

100}

50

200f

Cross Section (10" cm?)

100}

250 560 7£I'>0 10‘00
Energy (keV/u)
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antiscreening contribution, we find good accord with the ex-electric formalisms are compared. The employment of the
perimental data of Sant’Annet al.[50]. For Ne, Ar, and Kr  dielectric formalism applied to gases introduces the screen-
targets, the discrepancy between the theoretical screening rieg of target electrons over the ion potential.
sults is more significative than the antiscreening contribu- The good agreement with the experimental data and the
tion. This discrepancy appears in the total electron-lossimplicity of the local-density approximation make it an ef-
curves too. ficient method for describing the inelastic processes of gas-
eous target electrons. It is designed to be useful for targets
IV. CONCLUSIONS with large atomic number. In these cases, the number of pos-

) ) o sible final states to be considered by the traditional atomic
The LPA represents a good high velocity estimation of theyethods makes it a tough task to be tackled. On the contrary,

whole inelastic processes that take place in the target. On thge more electrons the target has, the better the local plasma
other hand, the model is very simple, and the calculations argpproximation is expected to be.

much faster than the usual atomic antiscreening ones or the
CDW-EIS calculations. The range of validity is limited to the
perturbative regime and to those impinging velocities higher
than the velocity of the target electrons. This limitation is
related to the description of the bound electrons as a free- We thank E. C. Montenegro and P. L. Grande for useful
electron gas of inhomogeneous density. Nevertheless, thdiscussions and comments on the subject. This work was
comparison with the experiments indicates that this range gbartially supported by the Agencia Nacional de Investigacion
validity can be extended. The extension of the dielectric for-Cientifica y Tecnologica of Argentina, Grant Nos. PICT 03-
malism, developed originally for solids, to gases is in accord3579 and PICT99 03-06249, and by the Universidad de
with a previous work where the binary collision and the di- Buenos Aires, Grant No. UBACyYT X044.
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