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lonization of multielectron atoms using Slater-type wave functions
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The single ionization of multielectron atoms by the impact of protons, antiprotons, and highly charged bare
ions is studied. The targets are treated as one-electron atoms, where the interaction of the active electron with
the rest of the target is represented by a model potential. The final electronic state is described by the product
of two Coulomb wave functions that put the distortion due to the projectile and the target on equal footing. We
calculate the total and differential ionization cross sections for helium- and lithium-atom targets. The results
thus obtained are compared with existing experimental data and other available theoretical predictions.

PACS numbes): 34.50.Fa

[. INTRODUCTION summarized it both theoretically and experimentally.
Although the simplest target is atomic hydrogen, almost

In recent years there have been ongoing attempts to studyl experiments are carried out with the multielectron targets.
both theoretically and experimentally collision processed~or hydrogen-atom targets, many theoretical and experimen-
such as charge transfer, ionization, and excitation resultintal studies have been done in an attempt to understand the
from the impact of multicharged ions on multielectron targetmechanism of ionization. Schulet al. [7] studied electron
atoms. In the case of charge transfer and excitation, the targejected spectra for proton-atomic hydroggnH) collisions
electron remains bound to either the target or the projectileboth experimentally and theoretically, applying the classical
This situation makes the electron dynamics somewhat sintrajectory Monte Carlo(CTMC) method. The continuum
pler. For the ionization of atoms, the complication arises thatlistorted-wave—eikonal initial-state(CDW-EIS) model,
the electron in the final state moves under the combineavhich has been introduced by Crothers and McCg8inis
influences of the projectile and the residual target. So one hdsund to be successful in predicting the total and differential
to solve at least a three-body problem in which three parionization cross sections in intermediate to high energy col-
ticles interact via Coulomb potentials. Due to the long-rangdisions. Different features in the electron spectra are de-
nature of the Coulomb potential, the free electronic state carscribed by many authors applying this model. Salebal.
not be represented by only a plane wave. An exact solutiof9] have applied the perturbative approach to study proton
for the problem is difficult to obtain; however, its correct impact ionization of atoms under heavy particle impact, in
asymptotic form is availablécf. [1,2]). which the continuum-state wave function is represented by

lonization by charged-particle impact can be traced backhe product of two Coulomb waves and thus the ejected elec-
to 1912, when J. J. Thompson suggested a classical model obn is considered to be moving under the combined influ-
the problem in which the electron in the atom is treated to beence of the projectile and the residual target. They have re-
at rest and it is assumed that ionization has occurred if thported a number of interesting features in the electron ejected
projectile has transferred an amount of energy greater thaspectra forp-H ionization.
the ionization potential to the target atom. The problem was The development of ion sources producing multiply
treated quantum mechanically in the 1986k Bethe[3]and  charged ions and antiproton beams has presented a challenge
Massey and Mohf4]), and later was understood from the for theoretical physicists. Toshimd0] studied the ioniza-
pioneering work of Bates and Griffind], in which the first  tion of atomic hydrogen by the impact of multiply charged
Born approximationFBA) was used to study both the ion- bare ions, applying a close-coupling method. Recently, Sa-
ization and excitation of hydrogen atoms. In this model, thehoo et al. [11] have also investigated the ionization of hy-
initial bound-state wave function is undistorted and the final-drogen atoms by fully stripped ion impact at high energies.
state wave function considers the electron to move under the Presently, there are vast amounts of experimental data
Coulomb potential centered on the target atom. As the FBAavailable for the single ionization of multielectron targets,
is a correct first-order theory, it predicts total ionization crossbut no theoretical result agrees quantitatively with the ex-
sections(TIC’s) in the high-energy region accurately. How- perimental data over the whole angular and energy range.
ever, it is still not free from ambiguity and fails to describe The single ionization by impact of multicharged ions has
all the features in the electron ejection spectra. As the eledeen studied by Fainstieat al.[12] within the framework of
tron in the final state moves under the influence of two CouCDW-EIS. McCartney and Crothefd 3] approached this
lomb potentials, the electron ejection spectra show differennodel with a slightly different perspective by studying the
features, such as the soft collision peak, electron capture tgingle ionization of lithium, beryllium, and neon by ion im-
the continuum peak, and the binary encounter peak. Theggact. They represented the initial bound-state wave function
structures show a very different dependence on collision padsing Roothan-Hartree-FodRHF) wave functiong14]. To
rameters, such as the projectile charge or velocity. Thereforstay within the context of the CDW-EIS, they approximated
a complete and accurate description of emission spectra is tiie ionized-electron-residual-target interaction by a Coulom-
great theoretical interest. Recently, Stolterfehal.[6] have  bic potential, assuming that the ejected electron is ionized
published a book about the physics of the above process aricbm an orbital of RHF energy and moves in the residual
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potential. Continuum states were described by hydrogenic Il. THEORY
wave functions with an effective charge chosen from the

energy of the initial bound stafd2]. In doing so, the initial the high-energy region, we apply the theory described by
and final states correspond to different potentials and thu§ahooet al.[9], which hé\s already been successfully applied
they are not orthogonal. The nonorthogonality leads to alby them to the ionization of hydrogen by the impact of pro-
underestimation of the cross section as explained by Gulyagns antiprotons, and fully stripped ions. The collision sys-
et al.[15]. The results obtained by these authors are found t§em under study is a complex one due to the presence of
Underestimate Sl|ght|y the eXperimental data fOI’ the ionizamore than one e|ectr0n in the target atom. In Order to Sim_
tion of Li(1s) by proton andx-particle impact. For the case plify it, we have treated the multielectronic targets as having
of proton impact on Ne, they obtained very good agreemengnly one active electron, which experiences an effective po-
with the experimental data of Rudd al.[16]. However, the tential due to the target nucleus and the passive elgsjron
present approach uses a model potential, which consists ®¥e solve the one-electron Scklinger equation for the sys-
both short- and long-range parts. The bound-state wave funt¢em with electronic Hamiltonian

tions are obtained from the model potential. The initial

bound and final continuum states are described by an 1_,

asymptotic charge instead of an effective charge, as has been He=—5 Vi+Va(ro) +Ve(re) @)
chosen in Ref[13].

It is well known from the work of MadISOIﬁ17] that the (atomic units are used throughmu\t\lhererp(r_r) is the dis-
theoretical models for ionization are sensitive to the qualitytance of the electron from the projectitearget. We adopt
of the target wave function. As such, it is of current interesthere the impact-parameter formalism, where the internuclear
to describe the target wave function more accurately. INyotion is treated classically &= p+gt, in which j is the
1995, Gulyast al.[15] generalized the CDW-EIS model for jmpact parameter; is the relative velocity of the projectile
ion impact on multielectron targets where the interaction ofyjith the target, and the midpoint of the line joining the two
the active electron with the target was represented by fuclei is chosen as the origin. Time is measured from the
Hartree-Fock potential. They numerically calculated both thénstant when the two nuclei are the closest to each other.
initial bound state and final continuum state of the target The development in timeof the transition amplitude for
atoms by solving the time-independent Salinger equation  jonjzation with the ejection of an electron with momentim
with a model potential and obtained better results than precan pe written as
dicted by the previous CDW-EIS model of R¢L3]. How-
ever, their calculated values are too high in the region of the d f

To study the ionization process of multielectron targets in

maximum in the experimental data of Shah and GilbfiBj a(Ck(p))= dar, 2
and Shalet al.[19] for helium-atom targets. For the ioniza-
tion of Ar by proton impact, Gulya®t al. [15] obtained

higher values than the experimental data of Ratldl.[16], tion probability is|c,(t= + )|
k - .

and in the case of ionization of Ne by pro_ton impact, they The continuum-state wave function is represented by the
found that their results reproduce the experimental data morﬁroduct of two Coulomb wave functions. where the residual
accurately in the high-energy range. However, better resultg, et core is assumed to be Coulombic. This assumption is

are obtained at the expense of a greater computational effoja|iq for high velocities of the projectile ion. The wave func-
In 1998, Gulyas and Fainstej@0] generalized the CDW  tion in the final channel is of the form

model for single ionization of multielectron atoms by ion
impact, where the interaction of the active electron with the
target was described by a model potential. Their work is
closely related to the work of Gulya al.[15]. In this work,

the significant difference in the initial-state wave function
between the CDW-EI$15] and CDW(Ref.[21]) is that the L L
former accounts for the distortion as an eikonal phase factofhere ap=—Zp/kp, ar=—qr/kr, kp=k=0/2, kr=k
and the latter uses a continuum factor. This phase corret U/2, and

sponds to the asymptotic behavior of the continuum factor at R ) a2 )

large distances. The CDW model with the continuum factor ~ N1=€ "I (1+iap), Np=e ™ T (1+iar);
largely overestimates the cross sections at intermediate ener-

gies. Z, is the nuclear charge of the projectile ang is the

In the present article, we have calculated the ionizatiorRSymptotic charge of the target ion. . _
cross sections of helium and lithium atoms by the impact of 1he above continuum-state wave function asymptotically
protons, antiprotons, and multiply charged bare ions. We de3@tisfies the Schainger equation,
scribe the multielectron targets as having only one active
electron that moves under the influence of an effective po- _ lvz Zp Qr i J 4)
tential due to the target core and passive ele¢gion 2" rp ¢ gt 7%

—%
‘pkc dt

d
He—i—)\lrr

with the initial condition that at=—, ¢,=0. The ioniza-

U = N3Noe® T F 1 (i arp,1;— i (Ko g+ Kp-Fp))

X F1(amLi—i(kerr+Ko-Fr))e K02 (3)

022716-2



IONIZATION OF MULTIELECTRON ATOMS USING . .. PHYSICAL REVIEW A62 022716

A. Construction of an initial bound-state wave function expressed as a sum of several independent integrals. Here we

The interaction of one active electron and the residuau\lllrjifttrﬁte the evaluation of one such integral, which may be
target ion of asymptotic charggr may be described in dif- enas
ferent ways. We have used a model potential of the form - 1\ - -

= lim J é é e IK-T=Bre—grpl — el(tlkp-rp+t2kT~rT)
r
qr exp—Arq) 710 ry JIp p
Vi=— = —————{(Z-ap+br}, (9 e S | )
T T Xt TPt — 1) et Tt - 1) Tt dtdf,  (8)

whereZ is the nuclear charge of the target idnand\ are  where =B, — itk and =5, —it k.

parameters determined variationally with respect to the To deduce the integration in E(B), we have to evaluate
Slater basis set in such a way that the corresponding Hamithe following integral:

tonian of the active electron is diagonalized to reproduce the

correct binding energies. These binding energies of the ac- ‘]:f e KT=Brr=arp

i(tyKy ot Lok Fr) 4 7
tive electron on different target ions are calculated from the et eI
tables of Clementi and Roeftl4]. To check the accuracy of . ) . ) )
the wave function, the virial theorem has been tested, and }Sing the Fourier transformation technique, we can write
is found to be accurate within 0.01%. The present model > e‘d'ﬁ
potential is similar to the potentials used by Ermolatwal. =_ do 9

: ; J Q 9
[22] and Ermolae\23] in the studies of charge-transfer pro- m ) (A=Bt)(C—Dty)
cesses involving lithium and cesium targets and also those 2 22 o 5 AR R 32
used by Shingagt al.[24] in the study of charge transfer in where A=(Q—K/2)", B=ky (K-2Q), C=(Q+K/2)

Mol 1

proton-sodium collisions. +p?, and D=ky- (2Q+K) +2i gk Performing the con-
The initial-state wave function used in the present ap{our integrations ovet; andt, we get Eq.(8) as
proach can be written as 9 o )
| =[(2mi)? ] lim B f exfi(E+Q-9)t]dt
i i 710 -
V= ¢i(rT)ex;{ - Eﬁ-r”) exp< —ie— §v2>t, (6)
Xf eX[:(i(':)-f))Aflfi“pX(A—B)iap
where
xC~1-ler(c—D)ietd Q. (10)
di(rr)=2 cfle ALY ().
) Evaluating the time integral, we are left with
¢; andB; are the coefficients and the exponents of the Slater . C SR A—1-ia
G anch P |=[(2mi)%(4)] J S(E+Q-v)expiQ-p)A~ L
B. Transition amplitude ><(A—B)iapcflfi“T(C—D)i“Tdé . (11
Following the work of the present authd®], we derive o ) _ . )
the transition amplitude as follows: Using E@8), (4), and To simplify the integration oveQ, let us consider the
(6) and then the contour integral representations of conflueriXis along the direction af, then the three-dimensional vec-
hypergeometric functiong25], we may write Eq(2) as tors can be represented in the following mann@r=Q,
+p, k=k,+q, wherep andq are two-dimensional vectors.
Ck(P)=Ax jg 39 dtdyt, Pt — 1y, T Then,
ry JTp
_ . o |=—167T2“ S(E+Q-v)expiQ-p)A L e
X(tz_l)la-rf e'E‘dtf e—|K~r
Cle—ﬁer_F‘”_*_Cne—ﬁan X(A— B)iapcflfiaT(C_D)iaTdé ) (12)
et

The integration ove, can easily be performed using the
X(eitlkprp+it2k-|—r-|—eitllzp-Fp+it2IZT-FT)dF' (7) property of thes function, and finally we are left with a
two-dimensional integral oves.

Following the work of Ref[9], we may finally write the

where K=k+u/2, E=(k¥2-v?8-¢), and Ac yansition amplitude as

=(NTN3)/(47°?).
As the bound-state wave function is a linear combination B 2 a2
of Slater-type orbital$STO's), the integral in Eq(7) can be C(p)=—16m Akf expip- p)F(p)dp. (13
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whereA, is constant and

F(p)=cif1(p)f1(p)+cafa(p)fa(p)+--

+ Cn—lfn—l(ﬁ)f{wfl(ﬁ) + Cnfn(ﬁ)fr;(ﬁ)a (14)

with ¢4,C,,...,C, as the coefficients of Slater orbitals.

PHYSICAL REVIEW /62 022716

y2=|Q,+v/4+k,I2?,

L=2[QZ kz+% +5-q},

2_\,2 2 2_\,2 2 2_\,2 2
Sl_y +:81’ SZ_y +:821 Sn_y +:Bn'

The above expression is a linear combination of ampli-
tudes that comes through the bound-state wave function that It may be observed that only the terngs;...$s, and

is a linear combination of Slater-type orbitasTQO’s). In the

expression14),
f1(p) =[] 'L o] P pa] "2 T par] 7',
f1(5) = (2arky—2B1) par+ 281 (L + k3~ 2B1arky)
+i2B1(arl + atk3+2Bky),
fa(p) =[] 7' o] Pl po] ~2 T pgol +7'0T,
13(5) = (2atkr=22) dazt 2oL+ Ki—25zar7ke)
+i2B,(arl + atk3+28ky).
Similarly, we can write
fr(p) =[]~ 1P 2] Pl pan] ~2 T pgn] ~ 17T,

f1(5)=(2arkr—2By) dan+ 2Bn(L +ki—2Barks)
+i2Bn(arl + arki+2B:ky),

where
-\ 2
4’1:(/3_% +a?,
br=p*+A;—in (7—0),
-\ 2 -\ 2
.. 9 -9
bau=|p+5 +5%, ¢41=(P_§) +By,
=\ 2 -\ 2
. q . g
ba={pt+ 5 +85,  han= P+§) +s5,
-\ 2 -\ 2
.9 -9
¢42:(P_§) +By, ¢4n:(l)_§ +By,
a’=|Q,—v/4—k,I2|?,
A1=A+q-p,
) q2+k§ v: .0 . T
A=Q;—3 4 +51_6+kz'__3Qz'§+szzy

By=a’+ (B —iky)?,
By=a’+(By—iky)?,

Bn=a2+(ﬁn_ikT)21

¢a1---$an depend on the exponengs of the Slater orbitals
and are different for each individual amplitude. Care must be
taken with the cross terms IikE (p)f1* (p)f.(p)f5(p) in

the ionization probability.

Again, in the evaluation of the ionization probability, spe-
cial attention must be given to the factogs,;...¢,,, as
there exists a negative imaginary part, and the corresponding
phase factor arising due to these should be properly ac-
counted for. Detailed discussions regarding this have been
made in the previous worf9].

Now the total ionization cross section can be written as

d’c
Tiotal™ Zﬁj msm 6ed 0ed Ee,
eUlfe

where

d?o kJ’ d )
dEd0. plck(p)|

is the doubly differential ionization cross sectiofDDCS).
(The symbols have their usual meaning.

Ill. RESULTS AND DISCUSSIONS

In the present article, we have studied the following reac-
tions:

p,p +Y—p,p +Y +e, (15a
XZT+Yo X2 +Y T +e. (15b)

In the reactiong158 and(15b), Y denotes the one-electron
target of He and Li and in reactiofi5b), X** denotes the
bare nuclei of He, Li, Be, B, C, N, O, F, and N2&.is the
corresponding nuclear charge.

A. Total ionization cross section

Total ionization cross sectiori$ICS’s) are obtained from
the doubly differential cross-sectidibDCS) values simply
by numerical integration over the angles and the ejected en-
ergies. Although much information regarding the mechanism
of the reaction cannot be obtained from TICS'’s, they are still
useful because they provide information about the quality of
the theoretical approach when compared with the experimen-
tal data.

In Fig. 1, we present the total ionization cross sections for
the single ionization of He by impact of multiply charged
ions such as Hé and LP*. For comparison, we also plot
the experimental results of Shah and Gilbddy8], Shah
et al. [19], and Knudseret al. [26], as well as the existing
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FIG. 1. Total ionization cross section of He by Heand L#*

impact as a function of collision energy. Present resiits:) for FIG. 2. Total ionization cross section for the single ionization of
He?t and (—) for Li®"; CDW-EIS (—-—); Born: (— — —); ex- helium by proton and antiproton impact. Present results for protons
perimental data, Ref18] (OOO), and Ref[19] (OOO) for H&?";  (—); for antiprotons(—-—); experimental data, Reff16]: (HH)
Ref.[26]; (AA) for Li®*. for protons and Ref(28]; (VV) for antiprotons, CTMC{----) for

protons and—-) for antiprotons.

theoretical values. The present results foPHand LP*
impact ionization show good accord with the predictions ofare compared with the experimental data of Skahl. [29]
other theories and the experimental data at intermediate ang well as the CDW-EIS results of McCartney and Crothers
high energies. However, in the low-impact energy region th¢13]. The present results agree with the experimental data of
present results, along with other theoretical models such aRef. [29] for proton impact in the energy range above 600
the FBA and CDW-EIF27] for He** and L#* impact, fail ~ keV. However, our findings are somewhat higher than the
to reproduce the experimental data, but the CDW-EIS angalues of McCartney and Crothefr$3] for both proton and
present results agree much better than do the FBA resultantiproton impact throughout the energy region considered.
The discrepancy with experiment in the low-energy region Figure 4 presents the total ionization cross sections of Li
may be attributed to the fact that coupling with other chan<rom the 1s subshell by impact of multiply charged bare ions
nels becomes important there. ranging from H&" to Ne'°*. The present values for Be

In Fig. 2, we compare the present values for the ionizationmpact are found to be in good agreement with the data of
of He by proton and antiproton impact in the velocity rangeShahet al. [29] throughout the energy region considered.
1-8 a.u. with the results of the classical trajectory MonteThe values calculated by using the CDW-EIS] somewhat
Carlo (CTMC) method(Schultzet al. [7]) and the experi- underestimate the present results. For other multiply charged
mental data of Rudckt al. [16] for proton impact and of
Andersenet al. [28] for antiproton impact. Our values are 10
found to be in fairly good agreement with the experimental
data for both proton and antiproton impact. At the higher
impact velocities, the present results both for proton and an-
tiproton impact are found to be smaller in magnitude than the
experimental data but larger than the results obtained by
CTMC calculations. The antiproton cross sections are higher
in magnitude than the proton cross sections at the lower im-
pact velocities. Comparison between the proton and antipro-
ton impact cross sections is of considerable interest because
for negatively charged projectiles there is no charge-transfer
channel. It can be seen from the figure that at higher energies 0,001 v il > Ll 5
proton and antiproton cross-section values are same, while 10 . ‘ \/1())
there is a marked difference in the low- and intermediate- nergy (ke
impact velocity region. The FBA predicts equal cross-section  F|G. 3. Total ionization cross section for the single ionization of
(not shown values for both projectiles independent of im- Lj(1s) by proton and antiproton impact. Present resuits:-) for
pact energies. protons and—-—) for antiprotons. CDW-EIS: Ref13], (----) for

In Fig. 3, the single-ionization cross sections for protonprotons and(——-) for antiprotons; experimental data, RER9]:
and antiproton impact of Li (4) are presented. These values (0@@®) for protons.

-
T

0.01

Total Cross Section (10720 m?2)
o
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FIG. 4. Total ionization cross section of Li¢)l by the impact
of He?, Li%t, Be*, B, C8F, N, OfF, F°*, and Né% as a _s
function of collision energy. Present results:—) for He?", ,\10 B (b)
(—--—) for Li®**, (--) for Be**, (— --—) for B%", (--) for C®*, i -
(———) for N*, (—---) for O**, (—-—) for F**, and(—-—) _oqg ¢ <
for Ne'®". CDW-EIS Ref[13], for HE", (----); experimental data, I K \} A
Ref.[29], (0@®) for He? . @ oL \
NE |
bare ions impacting on Li atoms, the present results are RI ol \ o
found to be qualitatively the same as fesparticle impact. 8 0 L
The cross-section values, however, increase with ionic 0 _10" .
charge. 150 j
(@) - .
12
B. Differential ionization cross section 10 Cwl g
10’ 102 103

In the last few years, much effort has been put forth to
study and understand the single-ionization processes in ion-

Ejected Electron Energy (eV)

atom collisions both theoretically and experimentally. Since g 6, pDCS for ionization of Li by 1-MeV proton and anti-
in the postcollisional regime the electron moves in a doublgyrgton impact for ejection angles &) 0° and(b) 1°. (a) Present
continuum of both the projectile and the residual target atomgesults:(——) for protons and—:—) for antiprotons. CDW-EIS:
it is necessary to understand the momentum distribution ofef.[13], (—-) for protons,(----) for antiprotons(b) Present result:
(—) for protons and----) antiprotons; CDW-EIS. Ref13], (—)

the ejected electron clearly. It has been well established from

the study of differential cross sections that the electron
ejected spectra is rich in different kinds of structures, such as
the electron capture to continuufECC) peak, binary en-
counter peak, and exponential difor negatively charged
projectile, in the ionization of monovalent target atoms such
as hydrogen. Calculation of the differential cross sections has
a similar importance for the study of these features in the
case of the ionization of multielectronic target atoms by the
impact of bare ions of highly charged nuclei.

522 e for protons and—-—) for antiprotons.
e, (@) (b)
N .
0 F AN i P
i YA
~ g 3 \\ ‘.\.
" F \\ :
o 250 \ \
R 10 e
E i
- 10—265_ -
Q E
S
10—27 -
10—25- pvvold v el by boovd gl Tl

10°

FIG. 5. DDCS for ionization of He by 300-keV proton and
antiproton impact for ejection angles ¢& 0° and (b) 10° (a)

10'

100 1001 100 100 10°

Etectron Energy (eV)

C. Doubly differential cross section

Figures %a) and 3b) display the doubly differential cross
sections for 300-keV proton and antiproton impact on He at
0° and 10°, respectively, as a function of ejected energy.
Comparison has been made with the theoretical results of
Fainsteinet al. [30] calculated using the CDW-EIS model.

Present results(—-—) for protons and(——) for antiprotons.
CDW:-EIS: Ref.[30], (----) for protons,(——-) for antiprotons.(b)
Present result§—-—) for protons and——) antiprotons; CDW-

EIS: Ref.[30], (----) for protons and——-) for antiprotons.
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D0CS (1620% mZrev sr)
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e IR AR, |\1|1\u L 10 l

2 3
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\'
Electron Energy(eV) Electron Energy(eV)

FIG. 8. DDCS for ionization of He by 1-MeV/amW’F impact.
Present resultsi—); CDW-EIS. Ref.[20], (—-—); CDW: Ref.
[20], (—-); Born: Ref.[20], (----); experimental data: Ref32],
(O00).

FIG. 7. DDCS for ionization of He by 1-MeV/amu®® impact
for fixed ejection angles of 20° and 160°. Present resgits:-);
CDW-EIS: Ref.[20], (----); CDW: Ref.[20], (—-—); Born: Ref.
[20], (——-); experimental data: Ref31], (OOO).

impact, in exact agreement with the prediction of the CDW-With the CDW and CDW-EIS, reproduce the experimental
EIS model. From Fig. @), it is evident that at the ejection ECC peak, though at the low ejection energies, the present
angle of 10° in the case of proton impact, the peak reduces t@Pproach gives values of smaller magnitude, where the FBA
0n|y a small hump in Comparison with the prominent peak a{fails to prOduce the ECC peak. As this feature occurs due to
0°. The d|p due to antiproton impact, however, persists tdhe two-center eﬁeCt, the FBA could not account for this
10° ejection angles. effect since the ejected electron in the final state is consid-
In Figs. Ga) and Gb), we display the present calculated ered to be moving in the continuum of the target nucleus
results for 1-MeV proton and antiproton impact on Li at alone. The other theories, including the present one, consider
fixed ejection ang|es of 0° and 1°, respective|y_ AS in thethe distortions in the final state due to both the prOjeCtile and
case of proton and antiproton impact on He, the present rdhe residual target to be on equal footing.
sults show similar structures as predicted by the CDW-EIS Figures 9a) and 9b) display the angular distributions of
model of McCartney and Crotherfll3]. Our results are the ejected electrons for 150- and 1000 eV ejected energies
slightly greater than the CDW-EIS values throughout the
ejection energy range. 19 5
For the case of multiply charged ion impact, we displayin ' [~ (a) (b)
Fig. 7 our present doubly differential cross-section values by
O®" impact on He at 1 MeV/amu. The DDCS is plotted as a
function of electron ejection energy at fixed emission angles—
of 20° and 160°. In the same figure, the results of the FBA, ”
CDW, and CDW-EIF20] as well as the experimental data 2
of Pederseret al.[31] are shown. The present cross section g
values at 20° are closer to the experimental data as well as t =
the results of recent CDW calculations, but are higher than
the theoretical values calculated by using the FBA ando
CDW-EIS. For the ejection angle of 160°, the present results
along with the results of the CDW overestimate the experi-
mental data and the values of the FBA and CDW-EIS in the 5
ejection energy range 1-150 eV. The present results at 160
;nbeglljteggodee\\//iate from the values at an ejection energy of 5 610 ; 5 0‘ T 1 5
In Fig. 8, we present the DDCS as a function of the ejec- Emission Angle (deg)

tion energy by the impact of 1-MeV/amw’F on He. For FIG. 9. DDCS of He by 5-MeV/amu N& impact as a function
comparison, we also include the recent results of Gulyas angk ejection angles for fixed ejection energy @ 150 eV and(b)
Fainstein[20] and McCartney and Crothef43], calculated 1000 eV. Present resulté:—); CDW: Ref.[20], (—-—):; CDW-
by using the FBA, CDW-EIS and CDW, along with the ex- EIS: Ref.[20], (—-—); Born: Ref.[20], (=-); Ref. [15], (----),

perimental data of Leet al.[32]. The present values, along experimental data: Ref33], (00®).
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by the impact of 5-MeV/amu N&" on He, respectively. We sive electrofs) and the target core. Slater-type orbitals are
also present the values of Gulyas and Fainst20), calcu-  used for the initial bound state of the target atoms. The re-
lated using the CDW, FBA, and CDW-EIS, as well as thesults thus obtained are found to be encouraging since they
experimental measurements of Stolterfafttal. [33]. The agree well with the experimental data as well as with the
present calculated values show fairly good agreement withalues of the recently developed CDW-EIS and CDW mod-
experiment and the other theories at smaller angles, but &s for multielectron targets in the high-impact energy range.
larger angles the present values are of higher magnitudd.he present approach is also suitable for studying the various
This disagreement at larger angles may be due to the infeatures of ionization spectra since the final electronic state
proper description of the continuum orbitals. Theoretical cal-considers the distortion due to the projectile and the residual
culations for angular distributions of ejected electrons ardarget ions on an equal footing. However, in the low-energy
very sensitive to the description of continuum orbitgls). region it fails to estimate correct results. The present pertur-

Gulyas and Fainstein have used numerical wave functionBative approach is easier to tackle numerically than the other
and have found improvements in their results. approaches and predicts reasonably good results in the inter-

mediate and high energies.

IV. CONCLUSION
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