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Ionization from the outer shell of Ar by proton impact
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Recent results for proton-argon total ionization cross sections@Kirchner et al. Phys. Rev. Lett.79, 1658
~1997!# show large disagreement between theory and experiment for energies below 80 keV. To address this
problem we have employed a recently developed theoretical method with a more pragmatic approach to the
charge screening both in the initial and final channels. The target is considered as a one-electron atom and the
interactions between this active electron and remaining target electrons are treated by a model potential
including both short- and long-range effects. In the final channel the usual product of two continuum distorted
wave functions each associated with a distinct electron-nucleus interaction is used. New results in the present
calculation show good agreement in total cross sections for the energy range 10–300 keV with the measure-
ment of Ruddet al. @Rev. Mod. Phys.57, 965 ~1985!#.
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I. INTRODUCTION

Over the past few decades, both theoretical and exp
mental physicists have shown their interest in heavy-part
collisions. Of the various processes that might occur due
such collisions, ionization, in particular, became highly s
nificant due to its practical applications in various field
such as fusion research@1#, astrophysics@2#, etc. Recently,
there have been intense studies of the processes invo
collisions of bare ions impinging on multielectron targe
with the primary motivation of investigating the wide rang
of applications of these in fusion research. It is important
assess which reactions become predominant in the pla
environment. In this respect, the study of ionization of m
tielectron targets has a special interest. For collision of a b
ion with an atom, it may be expected that the residual C
lomb interaction, either in the entrance channel or in the e
channel or in both, may have some effects on the cro
section values. From the theoretical point of view, the m
difficulty is the representation of the final electronic sta
where the emitted electron travels under the influence of
Coulomb potential due to both the target and the projec
nuclei. Due to the long-range nature of the Coulomb pot
tial this cannot be represented simply by a plane wave.
exact solution of the problem is not possible, though
asymptotic form can be found. Furthermore, ionization cr
sections are expected to be sensitive to the quality of
target wave function and therefore accurate wave functi
are needed to calculate these cross sections.

On the theoretical side, ionization of multielectron targ
has been studied using a variety of distorted-wave mod
One such widely used model, developed originally
Crothers and McCann@3#, is known as the continuum
distorted-wave eikonal initial-state~CDW-EIS! approxima-
tion. This approximation differs from the conventional co
tinuum distorted wave~CDW! theory in that it describes th
distortion in the initial channel by an eikonal phase fac
rather than by a full continuum wave. Of course the ph
factor comes from the asymptotic expansion of the CD
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Since its development, CDW-EIS has been used by m
groups to investigate ionization from multielectron targe
Fainsteinet al. @4# generalized the CDW-EIS@3# approxima-
tion to multielectron targets using Roothaan-Hartree-Fo
~RHF! wave functions@5# for the ionization of helium. This
work was followed by a number of works@6,7# by the same
group to investigate other many-electron atoms. McCart
and Crothers@8# presented a systematic study of doubly d
ferential and total cross sections for the ionization of lithiu
beryllium, and neon. Their results agree fairly well with th
available measurements@9–11#. It is to be noted here that th
two calculations on neon by McCartney and Crothers@8# and
by Fainstein and Rivarola@6# produced noticeably differen
results for the outer-shell ionization even though both gro
used the same CDW-EIS approximation. However, b
groups did obtain the same results for theK-shell ionization.

Kirchner et al. @12# studied net ionization and electro
loss of Ne and Ar using three different model potentia
within the framework of the CDW-EIS approximation. The
Hartree-Fock-Slater~HFS! numerical potential reported ea
lier by Gulyás et al. @13# maintained orthogonality betwee
initial and final states. The other two methods, namely,
local density approximation~LDA ! and the optimized poten
tial method~OPM!, accounted for exchange correlation e
fects with the OPM method having the more accurate
count of the exchange correlation. Accordingly, their resu
for net ionization as well as for total electron-loss cross s
tions in the OPM model show better agreement with
measurements@11,14# above the 100 keV region. Below thi
energy range the disagreement is worse for the Ar target
for the Ne target. A more pragmatic target screening cha
effect both in the initial and final channels might resolve th
disagreement, keeping in mind that both targets are clo
shell/subshell atoms with 3s23p6 and 2s22p6 configura-
tions, respectively. This is what motivated us to investig
the ionization of Ar with an improved model potential~de-
scribed below! which has been used successfully for oth
neutral targets@15–17#. Further it has been established bo
by calculations@6,8# and measurement@10,11,18,19# that
©2003 The American Physical Society02-1
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contributions to the total ionization cross sections co
mostly from the 2p subshell of Ne, while the 2s subshell
contribution is at least two orders of magnitude smal
K-shell contributions practically have a negligible effect
these total ionization cross sections. This is certainly true
to a few hundred keV incident proton energy. A similar tre
for the ionization cross sections of Ar can be assumed
cordingly. In the present investigation, we therefore consi
ionization from the 3p sub-shell of neutral argon.

In what follows we present a brief description of our th
oretical method applied to thep-Ar ionization problem,
evaluation of the transition amplitude, and comparison of
results with available theoretical and experimental data
total ionization cross sections. Atomic units are us
throughout unless otherwise stated.

II. THEORY

For simplicity, we consider that the target has only o
active electron and that it experiences an effective poten
due to the target nucleus and the passive electrons. Th
teraction of the active electron and the residual target ion
asymptotic charge qA may be described in different ways
here it has been considered using a model potential of
form

VA52
1

r A
@qA1e(2lr A)$~Z2qA!1brA%#, ~1!

where Z is the nuclear charge of the target andr A is the
distance of the active electron from the nucleus of the tar
b andl are parameters determined variationally with resp
to the Slater basis set. This has been done in such a way
the corresponding Hamiltonian of the active electron is
agonalized to reproduce the correct binding energy. The
curacy of the wave function has been verified by the vir
theorem to within 0.01%. Clearly, the potential in Eq.~1!
contains a long-range part to account for the Coulomb in
action between the active electron and the target core a
short-range part to account for the distortion, the correlat
and indeed other effects of the passive electrons. Never
less, the present model-potential does not contain exp
exchange correlation as included in the LDA and OP
model of Kirchneret al. @12# although some correlation ha
been taken into account through the dynamic screening.

Following Sahooet al. @15# the Born initial-state~BIS!
wave function used here is

C i
15S (

j
Cj

nl exp~2b j r A!r A
l Ylm~ r̂ A! D

3expF2 i H vW .rW

2
1S «1

v2

8 D tJ G , ~2!

which is an approximate eigenstate of

S Hi2 i
]

]t D ,

where
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Hi52 1
2 ¹ rW

21VA~r A! ~3!

with energy« and quantum numbersn, l , m; v is the veloc-
ity of the projectile with respect to the target andr is the
position vector of the electron from the midpoint of the tw
nuclei.

The Hamiltonian for the one active-electron model is re
resented by

Hel52 1
2 ¹ rW

21VA~r A!1VB~r B!, ~4!

wherer B is the distance of the electron from the projecti
The impact parameter treatment is considered here and
internuclear motion is treated classically viaRW 5pW 1vW t, pW is
the impact parameter and timet has been measured from th
instant when the two nuclei are at closest approach.

The transition amplitude as a function of impact para
eterp can be expressed as

Af i~p!5E E FCkW
2* S Hel2 i

d

dtDC i
1GdrW dt, ~5!

wherekW is the momentum of the ejected electron andC
kW
2

is
the wave function of the final channel. The initial conditio
is that at t52`, Af i50, and the ionization probability is
uAf i(t51`)u2.

The wave function in the final channel is taken to be t
product of two CDWs given by

Ckc
2 5~2p!(21.5)N1N2eikW•rW

1F1„iaB,1,2 i ~kBr B1kWB .rWB !…

31F1„iaA,1;2 i ~kAr A1kWA .rWA!…e2 ik2t/2, ~6!

whereaB52zB /kB , aA52qA /kA , kWB5kW2 (vW /2) , kWA5kW
1 vW /2 , zB is the nuclear charge of the projectile, and

N15e2paB/2G~12 iaB!, N25e2paA/2G~12 iaA!. ~7!

Compared to Crothers and McCann@3#, the electron velocity
~and momentum! is refered to the midpoint of the two nucle
rather than to the target, that is, in Eq.~6!, without loss of
generality and as a result of Galilean invarience.

The above continuum-state wave function in Eq.~6! sat-
isfies the asymptotic Schro¨dinger equation

S 2
1

2
¹ rW

22
zB

r B
2

qA

r A
2 i

]

]t DC
kW
2

50. ~8!

The doubly differential cross section is obtained by in
grating the transition probability over the impact parame
i.e.,

d2s

dEedVe
5kE uAf i~p!u2dp, ~9!

and finally we get the total ionization cross section as

s total52pE d2s

dEcdVe
sinueduedEe . ~10!
2-2
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For the total ionization cross sections from the 3p shell, we
first calculate the average cross section of the electrons in
subshells (po,61) and then multiply by six for the number o
p electrons.

III. RESULTS AND DISCUSSIONS

We have already noted in the Introduction that most of
contributions to the total ionization cross sections come fr
the outer subshell ionization particularly in the low-ener
region. For the Ne target both calculations@6,8# and mea-
surements@10,11,18,19# clearly support this contention. Ac
cording to Fainstein and Rivarola@6# the total cross section
up to 200 keV almost merged with the contribution from t
2p sub-shell~Fig. 1 in their work!. The contributions from
the 2s subshell are more than an order of magnitude sma
towards the lower end of the energy scale and 1s contr
tions are smaller by at least two more orders of magnitu
Similar behavior was also noted by McCartney and Croth
@8#. These results are in clear agreement with the availa
measurements@10,11,18,19#. Ar being a target of similar
configuration in theM shell (3s23p6) as that of Ne in theL
shell (2s22p6), we expect that the 3p subshell contributions
would be dominant for Ar. In the present calculation, the
fore, we considered ionization of Ar only from the 3p sub-
shell.

In Fig. 1 we present our total 3p subshell ionization cross
sections for the energy range 10 keV to 1 MeV. For comp
son we also include, in the same figure, the total cro
section data of Ruddet al. @11# and HFS and OPM results o
Kirchner et al. @12#. Notice that both HFS and OPM mode
~in contrast with the present results! produce cross section
in considerable disagreement with the measured values
10 keV to 50 keV. Above this energy, OPM results show ve
good agreement with the measurement. The results of Ki
ner et al. @12# with the LDA potential ~not shown in this
figure! are much higher than the other two models excep
the highest energy. The LDA results also overestimate
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FIG. 1. Total ionization cross section for the proton-impa
single ionization of Ar. Present results~ !; theoretical results of
OPM @10# ~- - - - -!; HFS ~.........!; experimental data@9# ~••••!.
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measurement around the cross-section peak. In addition
peak position in the LDA results seems to have shif
slightly towards lower energy compared to the measurem
and other theoretical models. The point we wish to ma
here is that both LDA and OPM@12# include a static atomic-
exchange potential with a more accurate exchange corr
tion in the OPM model. While the OPM results show ve
good agreement with measurement@11# at energies above
100 keV and underestimate it below that energy, the LD
results disagree throughout the energy range. On the o
hand, the HFS cross sections which include a numer
Hartree-Fock-Slater potential always lie between the LD
and OPM results. Therefore none of the three model po
tials ~with or without exchange correlation! are doing par-
ticularly well over the energy range below 100 keV. In o
understanding, the strength of the interactions~effectively
more pragmatic screening charge! in the initial and final
channels has to be taken into consideration. The presen
sults ~solid line! in Fig. 1 show very good agreement wit
the measurement@11# from 10 keV to 300 keV. Very re-
cently, using a time-dependent independent particle mo
calculation Kirchneret al. @20# reported total cross section
for the net ionization inp-Ar collisions. They also found tha
the contributions to the total cross sections from theL-shell
are at least two orders of magnitude smaller showing
dominance of theM -shell contributions. Again within theM
shell, the 3p subshell contributions are expected to domin
in agreement with the corresponding Ne case@6,7#. Around
the cross section peak our results are marginally higher t
the corresponding measured values. Nevertheless, the pr
peak position agrees perfectly with the measurement
closer look at the Fig. 2 of Kirchneret al. @20# shows that the
peak position of their ‘‘response1AI’’ and ‘‘no response’’
results are shifted towards the lower energies compare
the measurement@11#. Their results around the peak a
much higher than the present results and the measured
ues. The final-state wave function in the CDW-EIS@3# and in
the present calculations are similar; however, the initial sta
in the two calculation differ. In the CDW-EIS an atom
bound state is multiplied by an Eikonal phase factor, wher
in the present case the plane wave stands alone. It is
known that the EIS is best suited for the intermediate and
high energy region. The model potential@Eq. ~1!# in the cal-
culation of our target wave function is phenomenological a
contains correct long- and short-range Coulombic behav
This means that the wave function in Eq.~2! optimized on
the Hamiltonian in Eq.~3! contains radial and energy corre
lation. We may conclude that the model potential with t
corresponding wave function used in the present calcula
is the primary reason for the better agreement of our res
with the measurement@11# in the low-energy region. For
higher energies the CDW-EIS results of Kirchneret al. @12#
are comparatively better than ours.
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