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lonization from the outer shell of Ar by proton impact
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Recent results for proton-argon total ionization cross secfiitghner et al. Phys. Rev. Lett79, 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. Phys57, 965(1985].
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[. INTRODUCTION Since its development, CDW-EIS has been used by many
groups to investigate ionization from multielectron targets.
Over the past few decades, both theoretical and experiainsteinet al.[4] generalized the CDW-EIE3] approxima-
mental physicists have shown their interest in heavy-particléion to multielectron targets using Roothaan-Hartree-Fock
collisions. Of the various processes that might occur due t¢RHF) wave functiong5] for the ionization of helium. This
such collisions, ionization, in particular, became highly sig-work was followed by a number of work$,7] by the same
nificant due to its practical applications in various fields,group to investigate other many-electron atoms. McCartney
such as fusion researdh], astrophysicg2], etc. Recently, and Crother$8] presented a systematic study of doubly dif-
there have been intense studies of the processes involvirfgrential and total cross sections for the ionization of lithium,
collisions of bare ions impinging on multielectron targetsberyllium, and neon. Their results agree fairly well with the
with the primary motivation of investigating the wide range available measuremer{t8—11]. It is to be noted here that the
of applications of these in fusion research. It is important tatwo calculations on neon by McCartney and CrotH&fsand
assess which reactions become predominant in the plasniy Fainstein and Rivarolg6] produced noticeably different
environment. In this respect, the study of ionization of mul-results for the outer-shell ionization even though both groups
tielectron targets has a special interest. For collision of a bargsed the same CDW-EIS approximation. However, both
ion with an atom, it may be expected that the residual Cougroups did obtain the same results for #eshell ionization.
lomb interaction, either in the entrance channel or in the exit Kirchner et al. [12] studied net ionization and electron
channel or in both, may have some effects on the crosdess of Ne and Ar using three different model potentials
section values. From the theoretical point of view, the mairwithin the framework of the CDW-EIS approximation. Their
difficulty is the representation of the final electronic state,Hartree-Fock-SlatefHFS) numerical potential reported ear-
where the emitted electron travels under the influence of théer by Gulyas et al. [13] maintained orthogonality between
Coulomb potential due to both the target and the projectilénitial and final states. The other two methods, namely, the
nuclei. Due to the long-range nature of the Coulomb potenlocal density approximatiofLDA) and the optimized poten-
tial this cannot be represented simply by a plane wave. Artial method(OPM), accounted for exchange correlation ef-
exact solution of the problem is not possible, though itsfects with the OPM method having the more accurate ac-
asymptotic form can be found. Furthermore, ionization crossount of the exchange correlation. Accordingly, their results
sections are expected to be sensitive to the quality of théor net ionization as well as for total electron-loss cross sec-
target wave function and therefore accurate wave functionsons in the OPM model show better agreement with the
are needed to calculate these cross sections. measurementsl1,14] above the 100 keV region. Below this
On the theoretical side, ionization of multielectron targetsenergy range the disagreement is worse for the Ar target than
has been studied using a variety of distorted-wave modeldor the Ne target. A more pragmatic target screening charge
One such widely used model, developed originally byeffect both in the initial and final channels might resolve this
Crothers and McCann3], is known as the continuum disagreement, keeping in mind that both targets are closed
distorted-wave eikonal initial-stattCDW-EIS) approxima-  shell/subshell atoms with s83p® and 222p® configura-
tion. This approximation differs from the conventional con- tions, respectively. This is what motivated us to investigate
tinuum distorted waveéCDW) theory in that it describes the the ionization of Ar with an improved model potenti@le-
distortion in the initial channel by an eikonal phase factorscribed below which has been used successfully for other
rather than by a full continuum wave. Of course the phasaeutral target§15—17. Further it has been established both
factor comes from the asymptotic expansion of the CDWby calculations[6,8] and measuremeritl0,11,18,19 that
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contributions to the total ionization cross sections come Hi=— 1 V24 Va(ra) @)
. i~ 2 vy Al A

mostly from the 2 subshell of Ne, while the 2 subshell

contribution is at least two orders of magnitude smalleryyith energye and quantum numbers, |, m; v is the veloc-

K-shell contributions practically have a negligible effect onjty of the projectile with respect to the target ands the

these total ionization cross sections. This is certainly true Uposition vector of the electron from the midpoint of the two
to a few hundred keV incident proton energy. A similar trendpcjei.

for the ionization cross sections of Ar can be assumed ac- The Hamiltonian for the one active-electron model is rep-
cordingly. In the present investigation, we therefore considefesented by
ionization from the P sub-shell of neutral argon.

In what follows we present a brief description of our the- Hei=— 2 V24 Va(ra) +Va(res), (4)
oretical method applied to the-Ar ionization problem,
evaluation of the transition amplitude, and comparison of ouyherery is the distance of the electron from the projectile.
results with available theoretical and experimental data forhe impact parameter treatment is considered here and the

total ionization cross sections. Atomic units are usediernuclear motion is treated classically Wa= f+ot, f is
throughout unless otherwise stated. the impact parameter and tinhdas been measured from the
instant when the two nuclei are at closest approach.
Il. THEORY The transition amplitude as a function of impact param-

For simplicity, we consider that the target has only one®t€"P can be expressed as
active electron and that it experiences an effective potential
due to the target nucleus and the passive electrons. The in- Afi(p):f J’
teraction of the active electron and the residual target ion of

asymptotic charge ggmay be described in different ways; N . _ .
here it has been considered using a model potential of th@herek is the momentum of the ejected electron ahg is
form the wave function of the final channel. The initial condition

is that att=—o, A;;=0, and the ionization probability is
1 |Afi(t=+0)|2.
=— — (=Arp) — fi
Va rA[qA+e M(Z=a0) Fbra}l, @ The wave function in the final channel is taken to be the
product of two CDWs given by

drdt, 5

_ d
\PE*<HQ|—Ia)\Ifi+

where Z is the nuclear charge of the target and is the .

distance of the active electron from the nucleus of the target; ‘I’[C=(277)(_1'5)N1Nzeik'F1F1(i agl,—i(kgrg+ |ZB Fg))

b and\ are parameters determined variationally with respect

to the Slater basis set. This has been done in such a way that X 1 Fyiaa,Li—i(Kal g+ Ky .Ta))e K12 (6)
the corresponding Hamiltonian of the active electron is di-

agonalized to reproduce the correct binding energy. The awhere ag= —zg/kg, ap=—qa/ka, ks=Kk— (3/2), ka=k
curacy of the wave function has been verified by the virial+ /2, zg is the nuclear charge of the projectile, and
theorem to within 0.01%. Clearly, the potential in E4)

contains a long-range part to account for the Coulomb inter-  Ny=e "8 I'(1—iag), Ny=e "™ (1—iap). (7)
action between the active electron and the target core and a )
short-range part to account for the distortion, the correlatiori-0mpared to Crothers and McCaf8], the electron velocity
and indeed other effects of the passive electrons. Neverth&dnd momentunis refered to the midpoint of the two nuclei,
less, the present model-potential does not contain explicfather than to the target, that is, in E@), without loss of
exchange correlation as included in the LDA and Opmdenerality and as a result of Galilean invarience.

model of Kirchneret al.[12] although some correlation has ~1he above continuum-state wave function in E8). sat-
been taken into account through the dynamic screening. iSfies the asymptotic Schidinger equation

Following Sahooet al. [15] the Born initial-state(BIS) 1
. . Zg Qa .9\ _
wave function used here is — Ty =2_2_ —|W¥- =0. )
2" rg rp dt] kK
= eXP(—ijA)f'AYlm(fA)> The doubly differential cross section is obtained by inte-
! grating the transition probability over the impact parameter,
0.1 v2 i.e.,
X —{ — J—
ex;{ o +letg t” 2 o
—=kJ' Asi(p)|%dp, 9)
which is an approximate eigenstate of dEedQ, [Asi(P)I"dp (
,9) and finally we get the total ionization cross section as
Hi—i—]|,
o =2 J o inodo.dE 10
where Ttotal= 27 msm edOedE,. (10
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10 measurement around the cross-section peak. In addition, the

Z - peak position in the LDA results seems to have shifted
slightly towards lower energy compared to the measurement
and other theoretical models. The point we wish to make
here is that both LDA and OPJ2] include a static atomic-
N exchange potential with a more accurate exchange correla-

) tion in the OPM model. While the OPM results show very
good agreement with measuremémi] at energies above
100 keV and underestimate it below that energy, the LDA
results disagree throughout the energy range. On the other
hand, the HFS cross sections which include a numerical
Hartree-Fock-Slater potential always lie between the LDA
and OPM results. Therefore none of the three model poten-
tials (with or without exchange correlatiprare doing par-
ticularly well over the energy range below 100 keV. In our
understanding, the strength of the interactigaffectively
more pragmatic screening chaygie the initial and final

FIG. 1. Total ionization cross section for the proton-impact Shannels has to be taken into consideration. The present re-
single fonization of Ar. Present results—); theoretical results of ~ SUlts (solid ling) in Fig. 1 show very good agreement with
OPM[10] (----- ): HFS (........ ); experimental datg] (see). the measuremeritll] from 10 keV to 300 keV. Very re-
cently, using a time-dependent independent particle model

For the total ionization cross sections from the ghell, we calculation Kirchneret al. [20] reported total cross sections
first calculate the average cross section of the electrons in tH8F the net ionization irp-Ar collisions. They also found that

subshells g, -,) and then multiply by six for the number of the contributions to the total cross sections from lthshell
p electrons. are at least two orders of magnitude smaller showing the

dominance of theéM -shell contributions. Again within thi
shell, the 3 subshell contributions are expected to dominate
IIl. RESULTS AND DISCUSSIONS in agreement with the corresponding Ne cg8¢]. Around

We have already noted in the Introduction that most of thd!€ Cross section peak our results are marginally higher than
contributions to the total ionization cross sections come fron{€ corresponding measured values. Nevertheless, the present
the outer subshell ionization particularly in the low-energyP&aK position agrees perfectly with the measurement. A
region. For the Ne target both calculatiof€s8] and mea- closer Ioo_k_at the Fig. 2 of Kirchnaat al.[20] shows that the
surement$10,11,18,19 clearly support this contention. Ac- P€ak position of their “responseAl” and “no response
cording to Fainstein and Rivarofé] the total cross sections 'esults are shifted towards the lower energies compared to
up to 200 keV almost merged with the contribution from theth® measuremerftL1]. Their results around the peak are
2p sub-shell(Fig. 1 in their work. The contributions from Much higher than the present results and the measured val-
the 2s subshell are more than an order of magnitude smallel'€S- The final-state wave function in the CDW-E8$and in
towards the lower end of the energy scale and 1s contribl}-he present calculat!ons are similar; however, the initial states
tions are smaller by at least two more orders of magnitude the two calculation differ. In the CDW-EIS an atomic
Similar behavior was also noted by McCartney and Crother{:’o“”d state is multiplied by an Eikonal phase factor, whereas
[8]. These results are in clear agreement with the availabl the present case the plane wave stands alone. It is well
measurement§10,11,18,1% Ar being a target of similar k_nown that the EIS is best suited for the mterm'edlate and the
configuration in the shell (3s23p°®) as that of Ne in thé high €energy region. The model _pote_miEq. (D] in the _cal-
shell (2522p®), we expect that theBsubshell contributions culation of our target wave function is phenomenological and
would be dominant for Ar. In the present calculation, there-CONtains correct long- and short-range Coulombic behavior.
fore, we considered ionization of Ar only from thepub- 1S means that the wave function in Eg) optimized on
shell. the Hamiltonian in Eq(3) contains radial and energy corre-

In Fig. 1 we present our total@subshell ionization cross lation. We may conclude that the model potential with the
sections for the energy range 10 keV to 1 MeV. For Compari_corresponding wave function used in the present calculation
son we also include, in the same figure th.e total crossi-s the primary reason for the better agreement of our results
section data of Ruddt al.[11] and HFS and OPM results of \r’]"_'tu the megsurﬁmecrglvl\} é?sthe I()IW-efr1eK(gyh regltl)n.lg or
Kirchneret al.[12]. Notice that both HFS and OPM models Igher energlgslt % -h results of Kirchretral. [12]

(in contrast with the present resyligroduce cross sections are comparatively better than ours.

in considerable disagreement with the measured values from
10 keV to 50 keV. Above this energy, OPM results show very
good agreement with the measurement. The results of Kirch- One of the authoréK.R.) acknowledges the IRCEP at the
ner et al. [12] with the LDA potential (not shown in this Queen's University Belfast for support to visit Belfast.
figure) are much higher than the other two models except aN.C.D. acknowledges financial support through the DST
the highest energy. The LDA results also overestimate théGovernment of IndinGrant No. SP/S2/L-12/99.
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