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lonization of lithium by impact of fast bare ions
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Double differential and total cross sectiofi@CS and TC%for ionization of Li by fast bare ions, namely,
H*, HE", N’*, and Af®", are calculated within the continuum distorted wave eikonal-initial-state aproxi-
mation employing several static atomic potentials. Both the DDCS and the TCS cross sections, calculated
using optimized potential method aig (a=0.781) potentials, are nearly equivalent, but one pseudopotential
tested, already successfully used in other branches of physics and chemistry, led to the wrong angular depen-
dence and could present serious problems for fast ion-atom collision study.
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[. INTRODUCTION by Crothers and McCani0], and first used for Li targets by
McCartney and Crothergl1] in 1993. In the latter, double-

The informations obtained from collisions of electrons, differential cross sectiondDCS) for 1s and 2 ionizations
protons, and multiply charged ions with lithium atoms areof Li by protons and H&" were calculated, with the target
very useful for spectroscopical diagnostics of magneticallybeing described by a Roothan-Hartree-Fock wave function
confined plasmad1]. Otherwise, cross-section measure-[12] for the initial bound state and an effective charge con-
ments and calculations for these collisions are very interestinuum wave function for the ejected electron; interesting
ing by themselves. The fact that lithium has two tightly features arose related to two-center effects not described by
bound s electrons(59 eV) and one weakly bound2elec-  the previous FBA work. The work of ‘®ahezet al. [13]
tron (5.5 eV) favors the test of different target wave func- extended this analysis, within the same theoretical approach
tions with the same collisional model. and process, to the triply differential cross section.

One particular case, the ionization of lithium by bare ions, Skogvallet al. [4] analyzed their experimental results of
has been studied by Shatt al. [2] and Dubois[3], who ionization of Li atoms by N* ions using the CDW-EIS ap-
measured the total lithium ionization cross section for enerproximation withHartree-Fock-SlatefHFS) X« [14] wave
gies in the interval 15 keV/u—2.1MeV/u using protons andfunctions as tabulated by Herman and Skilnjas]. They
helium ions as projectiles. Also angular and energy distribu€alculated the differential cross sections, estimating the im-
tions of ejected electrons from lithium by 10.6 MeV/u’N  portance of different multipole terms in the collision process,
ion impact were measured by Skogvetlal.[4]. Cross sec- and compared them with the experimental results. In their
tions for single ionization of lithium by 95-MeV A#" im-  work, hydrogenic wave functions were also used and the
pact ion, looking especially for two-and three-body effects ininfluence of the target description on the ionization cross
analogy with photoionization, were measured by Stolterfohtsection was discussed, and marked differences with the de-
et al. [5] that proposed a decomposition of the total crossscription of the target appeared. The influence of the descrip-
section in terms of multipoles. Whe et al. [6] have col- tion of the target in the total cross sections was also empha-
lected, in 1997, the available experimental and theoreticasized in the work of Kirchneet al.[16]. They used different
total cross section data for collision of Li atoms, in the single-particle potentials within the CDW-EIS method to de-
ground and excitedup to n=3) states, with electrons, pro- termine the total cross sections for single ionization of Ne
tons, and multiply charged ions. and Ar atoms by protons and the basis generator method

The first Born approximatiofFBA) was used in the early [17], a coupled-channel approach in terms of structurally
sixties to calculate total cross sectidsse Ref[7]), present- adapted basis functions, to determine the net electron loss.
ing a reasonable agreement with the experiments for small Finally, within the framework of the Born approximation,
values of the Bohr paramet&;,/v,, whereZ, is the pro-  Stolterfohtet al. [5] measured the cross section for single
jectile charge and, its initial velocity. In particular, ioniza-  ionization of Li by 95-MeV AP8" | separating the contribu-
tion of lithium atoms by proton impact was first consideredtion of the 2s orbital, which has a node, into two parts: the
by McDowell and Peach8] and further calculations were outer part of this orbital being responsible for the peak close
done by Peacl9]. It is now well known that calculations of to 90° and the inner part together with the drbital, respon-
the differential cross sections within FBA, even at the smallsible for the broad Compton profile.
value ofZ,/v,, miss out some important features, as they In the present paper, we study the dependence of the
do not take into account the post-collisional interaction be-double differential cross section®DCS), as well as the
tween the ejected electron and the projectile. One approxtotal cross sectiofiTCS), for ionization of Li atoms by H,
mation including this interaction is the continuum distortedHe?™, N’*, and Af®" ions, upon the choice of the target
wave eikonal-initial-statd CDW-EIS), originally developed description, that is, the single-particle potential used in the
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determination of the bound initial and continuum final elec- xi =X)L (9expiK;-R)  with

tronic wave function of the target electron. The dynamics of

the collision is described by CDW-EIBL0]. We use four Zo

different types of model wave functions, the ground and ion- Lfr(s):exy{ —i—In(vs+v-9) and

ized states being obtained frofi) the pseudopotential of v

Bacheletet al. [18], (2) the single-particle potential calcul-

tated with theoptimized potential methotOPM) [19], and Unyi, m 2

(3) the Hartree-Fock-Slatéta [14] wave functions. Also, as $i(x)=—-Y, (1),

the Z. approximation has been extensively used, we con-

sider instructive for comparison reasons to include some res, R, x, being, respectively, the electron-projectile,
sults calculated within this model. In the latter case, theprojectile-nucleus, and atomic coordinates, &zds the ini-
ground state was obtained by the Roothan-Hartree-Fockal momentum of the projectile in the center-of-mass sys-
wave function[12] and the ionized states described by antem.

effective charge Zos=\—2n%e, continuum (Coulomb The final Coulomb distorted wave is given by
wave function, where,, corresponds to the ionization poten-
tial of the n shell. Xi = ¢¢ (X)D; (s)exp(iK¢-R)  with

The different bound and continuum wave functions ob-

tained from the single-particle potentials are compared one T

with the others. The DDCS, as well as the TCS, are also Df(S):eXF<E§>F(1—i§)1F1
compared with the available experimental and theoretical re-

sults. In particular, we look for the influence of the potential X[—i¢&l—i(pstp-s)] and

upon the angular momentum decomposition of the cross sec-

tion. Emphasis is placed in presenting theoretical results that 1

can be compared with available experimental and other the- ¢ (x)= ——= > i'exp(—i6) U)LY T*YM(k),
oretical calculations. xvk m

k being the momentum of the ejected electron in the target
frame,p=k—v the momentum of the electron in the projec-
A. Continuum distorted wave tile frame, andé=Zp /p. The continuum eigenstagg; (X) is
fnormalized on the energy scalith &;=k?/2) through the
condition

Il. THEORY

We calculate the cross sections for single ionization o
lithium by bare ions impact (H, He™, Ni’" and Ar®")
within the CDW-EIS model introduced by Crothers and Mc- > 1 Lo
Cann[10]. The goal of this approximation is to treat nonper- U (X)— 3 /—sin( Kr+ —In(2kr)— —+ 4,
turbatively the initial (final) Coulomb interaction between K k 2
the projectile and the active electron while taking part of the ] ]
kinetic energy as perturbation. CDW-EIS incorporates an ei@nd 6 is the total phase shift. _ o
konal phase distortion on the initial state and a final con- The action of the perturbation on the final state is given
tinuum wave function centered on both the target and proby
jectile nuclei and by this way, the ejected electron moves in _ o _ N
the continuum of both the residual target and the projectile. Wexs =[—ikes (X)+ Vi (X)]-VDi (s). (2.9
The two-center effects, which are accounted for in this - ) )
model, are important in general for the analysis of the differ-1N€ transition matrixT;; can then be written as
ential cross sections and in particular, for the analysis of the
total cross sections at intermediate energies. Tir=A(a)-B(q),

The fivefold differential cross section is written as

(2.9

whereA(q), given by formula(20) of Ref.[11], depends on
d5o 2 the velocity and charge of the projectile and on the electron
= |Tie|?, (2.1) momentum, being independent of the atomic wave function.
dE.dQedQp  (27)2 The term in Eq(2.3) that involves the gradient is calculated
with the help of[20]
where u is the reduced mass of the projectile-target system
andT;; is the transition matrix element. The other differen- o [+1/df | i1~
tial and total cross sections are obtained by integration of Eq. ~ YLf(N)Y{(r)]=~— m(a— S Yim (1)

(2.1). After removing the internuclear potential, the transi-

df I+1

tion matrix in the post form is given by [ I—1,2
+\/ 77—+ f1Y)m (1)
21+1\dr r
Tie={xr IWEx ), (22
and, in the case of a initial state symmetry(lithium), we
with the initial eikonal distorted wave function being use
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. . that is automatically orthogonal to the initial state. These
J exp(iq- 1Y (NdQ=4mi"j (ar)Y{u(a). potentials may include some of the correlation effects, but do
not include relaxation that may be significant for the ioniza-

Then, theB(q) factor of Eq.(2.4) reads tion of the 1s electrons. The ionization potential or binding

energy €) of each orbital was approximated by its corre-

i m A [+1,A sponding orbital energy.

Bla)= I% [kRO'k(q)Y' @+ Rl'k(q)Y'm (@ We have tested different potentials in order to check their

. ~ influence on the calculated cross sections. The effective po-
+ R, (Y (@ILYN(K)]*expi ) (25  tentials should lead t) initial bound wave functions repro-
ducing the initial wave function calculated by ab initio

with calculation, andb) correct boundary conditions for the con-
tinuum wave state, that is, to converge asymptotically to a
Rolk(q):4ﬂ-f U (X)j1(gx)upg(X) dx, (2.6)  Coulomb potential With a chargg equal to one.
Some of the effective potentials/{:;) available in the
1 literature are
Ry, (0)=4m /2| 1f U o(X)]1+1(a%) (1) Lopql-densﬂy approximation(LDA) [26]—In ion-
+ ' atom collision problems, several auth¢d$,27 use poten-
Up(X) tials where the nonlocal exchange contribution is approxi-
X | uf (x)—(1+ 1)L)d , (2.7 mated by a local function. One of the most commonly used
X versions of the LDA is th&Xa approximation, which consid-
I ers the exchange term proportional to that of an homogenous
R g / f U (X)ir_~(0X electron gas where is an adjustable parameter going from
2(9) 211 Un Ni-2(@%) 2/3 to 1. TheXa method was originally developed by Slater

Upe(X) and it is sometimes called the HF$4] method. The HFS
U (X) +1 )dx. (2.9 wave functions of Refd.16,27] were obtained withw=2/3,

X and the LDA wave functions of Refl6] were calculated
with a=1. In the present paper, we useequal to 0.781
[28], which is considered the best value for Li. A revised
|version of the Herman-Skillman code was used in order to
generate the different & potentials[29].

X

We note that the first term d&(q), given in Eq.(2.6), is
proportional to the first Born approximatiof21], which
gives an undistorted initial-state wave function, and a fina

state continuum wave function centered only on the targe - ) .
The sum onm in Eq. (2.5) that represents the product of a . (&) OPM—An efficient approach to find an atomic effec-
iye potential is the optimized potential mod&R,30,31. In

vector and scalar spherical harmonics can be expressed Eﬁ( d frective local potential ionall "
terms of the Legendre polynomials and their derivatiises IS procedure an efiective locar potential, variationaily opti-

formula 7.3.11 of Ref[20]). mized,. is obtaingd. This model provide; an pffectivg local
potential along with an exchange potential while keeping the
degree of accuracy close to the HF level. The numerical
effective potential was generated by the code given in Ref.
Ab initio treatment for the continuum atomic wave func- [19].
tion is numerically difficult. Nevertheless, very interesting  (3) Pseudopotential of Bachelet al. [18]—The pseudo-
results have been obtained by some authors for the problepotentials were introduced to simplify electronic structure
of photoionization and electron-impact ionization of atomscalculations by eliminating the need to include atomic core
and molecules. The work of Burlet al. within the matrixR  states and the strong potential responsible for binding them
formalism [see Ref.[22]], the work of Venutiet al. [23]  [32]. The characteristics of the pseudowave function calcu-
within a configuration interaction approach, and the one ofated by the pseudopotential of Bached¢tal. [18] are (i) it
Machado et al. [24] within the multichannel variational is nodeless and becomes equal to the true valence wave func-
Schwinger formalism, are some examplesabfinitio treat-  tion beyond some “core radiusR¢, (ii) real and pseudova-
ments. In the case of lithium photoionization, Ritcleeal.  lence eigenvalues agree for a chosen atomic “prototype”
[25] used different local potential®ne was the HFSand  configuration,(iii) the integrals from O to of the real and
compared the results so obtained with the ones coming frompseudocharge densities agree forR. for each valence
an exact static-exchange calculation, obtaining discrepanciestate(norm conservation (iv) the logarithmic derivatives of
The use of precise continuum wave functions for calcu-the real and pseudowave function and their first energy de-
lating cross sections of ion-atom collisions is numericallyrivatives agree for >R, and (v) transferability criterion,
very expensive in computation time. For this reason, it bethat is the core portion of the pseudopotential must be trans-
comes necessary to use an approximate effective potential ferable to other situations where the external potential has
calculate the continuum atomic wave functions. In this pa-changed, such as in molecules or excited states and where
per, we employ the frozen-core approximation in which thestates of interest are at different energies. A complete tabu-
continuum electron moves in the same potential originatedation of the fitted potentials from H to Pu is given in Ref.
by the core in the initial state, leading to a continuum statg 18].

B. Atomic potentials
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FIG. 2. Bound wave functionga) 1s, and (b) 2s. Solid line,
OPM potential; dashed line, Bachelet’s pseudopotential; dotted line,
X, (¢=0.781); and short-dotted line, Clemeatial. For the wave
function 1s, Bachelet's pseudopotential does not exist.

FIG. 1. Vg4 (a.u) multiplied byr (a.u). Solid line, OPM poten-
tial; dashed line, Bachelet's pseudopotential; dotted IXg,(«
=0.781).

The first three potentials multiplied byare shown at Fig. - _ ) o
1. Clearly, the OPM results agree with the, (a=0.781) c_ondltlon(a) which requires tha_t _the initial boun_d wave func-
potential, and both potentials disagree with the Bache|et’§|on_s_s_hould reproduce the initial wave function calculated
potential, especially for small values nfThe repulsive part @b initio. . _ _
of the Bachelet's potential represents the action of the elec- The effects of the different potentials upon the continuum
tronic core. As expected, the OPM, Bachelet, angd(«  Wave functions may be seen in FiggaBand 3b) for the
=0.781) potentials reproduce the correct boundary condi€jected electron energg.=1eV (k=0.27 a.u.) andl
tions (condition b, that is, converge asymptotically to a Cou- =0—1. It is also interesting to look at the internal phase
lomb potential with a charge equal to one. shifts 8" defined as the difference between the total phase

The influence of these potentials on the discret@id 25 shifts 5, and the Coulomb onesy . Figures 8b)—3(d) show
wave functions are shown, respectively, in Fig$a)2and ", respectively, fol=0-1 calculated with the different
2(b). The wave functions calculated with th&, (e«  potentials as a function of the electron momentumlso in
=0.781) and OPM potentials are quite similar, but thosethis case, little difference is seen for the phase shifts calcu-
calculated with the Bachelet's pseudopotential do not shoviated from theX, («=0.781) and OPM potentials, but both
the correct shape for small valuesrofThe ab initio Clem-  present remarkable differences when compared to the Bache-
enti et al. wave functiond12] are also shown in this figure. let results. The negative phase shifts observed within the
We observe that th&X, («=0.781) and OPM wave func- Bachelet's potential are a consequence of its internal repul-
tions are quite similar to thab initio ones, satisfying the sive part.

FIG. 3. Continuum wave func-
tions as a function of the radius
(a.u). Solid line, OPM potential;
dashed line, Bachelet's pseudopo-
tential; dotted line, X, («a
=0.781); dash-dotted lineZq
=1. (@ 1=0,.=1 eV; (b |
=le=1 eV. Internal phase
shifts 8" as a function of the elec-
tron momentumk. Solid line,
OPM potential; dashed line,
Bachelet's pseudopotential; the
dotted line, Xa («=0.781). In
(o l=0andin(d) I=1.

k (a.u.)
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C. Numerical procedures

The radial Schrdinger equation was numerically solved,
for the above different static potentials, with the code of Ref.
[33] in a logaritmic mesh.

N+ Li ST

For the evaluation of the integrals of E¢2.6), (2.7), and
(2.8) we used a cubic spline integration on a given mesh of \ E,=10.6 MeV {
points. The choice of the grid depends on the largest value: _ Bachelet OP )
of momentumg or k, in such a way that the most oscillated & 42 , : , , , , Ref.[4]

portion of the functions, or j; have more that 40 points per
period of oscillation. In all the cases, the valuesupfwere
approximated, in the chosen grid, by a cubic spline.

For the evaluation of the DDCS we performed thimte-
gration from @mm:kﬁl2+|si|/vp) to some value ofj=q;

=108V

. OP

d°c/de_d6_(10*°cm?eV

where, in practice, the integral is convergéor example, in z
the case of impact of 95-MeV A§" for an electron of 10 & | -~ Bachelet Retf4] Ten
eV, g;=0.5 was sufficient The cross sections were tested 10°

with the analytical result for the case of Coulomb potential w0l ©

[11,34,39 and the deviation was less than 1%. =100 eV

Ill. RESULTS AND DISCUSSION

X
" Ret[4]

A. Results 1073

DDCS and TCS for the ionization of lithium atoms by ] = N preet e OPM
protons and multicharged ions have been obtained within the 193 —
CDW-EIS approximation, with the target wave functions © 20 40 60 80 100 120 140 160 180
calculated with the four potentials described in Sec. 1l B. o,

Figure 4 show the DDCS for some selected ejected elec-

tron energy £.) as a function of the ejected electron scatter- . ; )
ing angle @), for the collision of 10.6-MeV N7 on Li gjected electron qngleéfor some ejected eI,ectron enerey. Sollld.

. . line, OPM potential; dashed line, Bachelet’'s pseudopontential; dot-
atoms. Together with our results, we show the experimentgl,y ine x o (4=0.781); the short-dash-dotted lineyZ 2.2261
and theoretical r_eSU|ts of Skogvai aI.[fl] (obtained within and 1.2532; dash-dot-dotted lines, theoretical calculation of Ref.
the HFS potentiale=2/3). The experimental errors Were [4: and the square, experimental results of the same grou) In
estimated to be up to 30% for the lowest electron energy. —1 ev, (b) e,=10 eV, and in(c) .= 100 eV.
measurements, less than 20% for energy values between 3
and 100 eV and up to 50% for the measured energies above, eV, respectively, and Figs(® e,=1 eV and d)
100 eV. All the results in this figure correspond to the total A
ionization of the lithium atoms, i.e., the sum of the contribu- ¢ _ .100 eV to an ionization of theQeIgct(on._ _
tions of the ks and X except for the Bachelet’'s pseudopo- Figures Ta)—(d) present the TC.S fpr lonization of I|th|um
tential, where no & wave function type is available, and for atoms, as a funct|o_n_ of th? prOJec_tlle Impact energy, Figs.
Fig 4(’a) (1 eV) where only the ® contribution is ﬂ;eoreti- 7(_a)—(b) refer to coII|5|ons with H, Figs. 7c)—(d) collisions .
caII.y considered. with HE?*. Together with our results, we show the experi-

Figure 5 show our DDCS for the 95-MeV/amu ‘At mental results of Shat al. [2].
and the corresponding contributions to the coherent sum of _ )
the monopole, dipole terms and the-1 terms for the 2 B. Discussion
electrons emission of 1 e\Figs. 5a) and Fb)] and 10 eV At very low electron ejection energies, the electron emis-
[Figs. 5c) and 8d)]. The atomic wave functions were cal- sion is expected to be dominated by dipole transitions pro-
culated from the OPM and the Bachelet potentials. It isduced mainly in large impact parameter collisions. The Be-
worth mentioning that the OPM arXl, («=0.781) give the the or dipole approximatiofi7,36] shows that this approach
same results. is good when the product that appears in Egs7) and(2.8)
We also analyze the cross section behavior in the lowis smaller than one, that is,

energy and small charge cases, considering arbelam of

FIG. 4. DDCS for 10.6 MeV N7 on Li as a function of the

200 keV, because this energy corresponds to an extreme case qr<1l. (3.1
where there is a long interaction time between the ejected
electron and the projectile. This condition is fulfilled when the initial electronic density

Angular distributiongDDCS) for 200 keV protons on Li is localized close to the nuclegike a 1s orbital of lithium)
as a function of6, for some ejected electron energy areor v,>v,, wherev, is the active bound electron velocity;
presented in Figs.(68)—6(d). Figures 6a)—6(b) correspond the momentum transfer in a soft collision is smad|,
to an ionization of the & electron fore,=1 eV and e, z(k§/2+|si|)/vp). In the second case, the interaction of the
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(a) =16V == (b) e=1eV
------------------------ OPM (1=0+1)
10° OPM (I>1) : VT
,,,,,,,,,,,,,,,, \
! A Bachelet (I>1)
OPM total 18+ 4 . ] "
—_ Ar 7 +Li Bachelet total
3 E =95 MeV/amu Bachelet (I=0+1)
8 40" —————e——— ———————— —
L
S (c) e,=10 eV AN OPM (=0+1)+(>1)] (d) e=10e OPM
-8° 4 N OPM (1=0+1 _— Bachelst
2 A (>1)
g | = N e
1071
OPM total “‘\Bachelet v
___________ W(I=0+1)+(>1) o Bachelet (1=0+1)
e Bachelet total " ] J

0

e

6

e

0 20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180

FIG. 5. DDCS and multipole contribution@.u) for 95-MeV Ar*8 on Li for the 2s ionization. (a) e,=1 eV. Solid line, total

contribuion for OPM potential; dashed line, total contribuion for Bachelet's pseudopotential; line plus square, without interference between

thel=0,1 terms and the remaining terms for OPM potential; line plus triangle, whithout interference betwderOftheterms and the
reminding terms for Bachelet's pseudopotenti@l); e,.=1 eV. Solid line, contribution froni>1 for OPM potential, dashed line, contri-

bution from|>1 Bachelet's pseudopotential; line plus square, dipole plus monopole contribution for OPM potential; line plus triangles,

dipole plus monopole contribution for Bachelet's pseudopoter(tialsame of(a) for e,.=10 eV;(d) same of(b) for e,.=10 eV.

projectile with the target may be treated as an interactioforward angles at higher energies. By the BE theory, the
with a photon[5]. The angular distribution associated with energy position of this maximum is related to the kinetic
those soft electrons are usually broad and should be symmegnergy and mass of the projectilém;, and to the ionization
ric around 90°.

On the other hand, higher electron energies with larger

momentum transfer are characterized by a maximum corre-
sponding to the binary encountd8E) peak, which moves to

d’o/de,d6,(10°cm?/eV sr)

energye, by

(a) 1s

H +Li e =16V
E,=200 keV °©

X

0.781

e=1eV

Z,~1.2532

/ Bachelet ™.,
Z =2.2261 10°F -
—————— 10" "
10°3 (b)1s e=100eV | ;o] (@25 g,=100 e
| 1073
107 107
104 AL
1075 . N
107 \
10°5 222261 10°% / *, Z,,=1.2532
10°4 Bachelet R,
10 0

6

e

T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180

0

e
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FIG. 6. DDCS for 200-keV
protons on Li as a function of,
for some ejected electron energy.
Solid line, OPM potential; dashed
line, Bachelet's pseudopontential;
dotted line, Xa (a=0.781);
short-dash-dotted line, Coulomb
potentials. lonization of the €
electron ¢.z=2.2261) for(a) e,
=1 eV and(b) €,.=100 eV. lon-
ization of the & electron E.¢
=1.2532) for(c) e,=1 eV and
(d) =100 eV.
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100 ! 1 ( ) ! !
. a 1| Z_=1.2532
107 X‘ijm - 101 ot
£ 107 z,=2.2261 3 FIG. 7. TCS for 200 keV H
?o OFM 109 (@) and (b) and Hé™ (c) and (d)
— 10°4 L on Li as a function of the projec-
(%) . tile energyE, (in eV). Square, ex-
)/ H+Li i og / e perimental results of Ref[2];
‘1%1 1s , oo . Bachelet solid line, OPM potential; dashed
Ref.[2] c . Ref.[2] line, Bachelet's pseudopontential;
10’ o © | = -y (d) dotted line, Xa (=0.781) poten-
107+ OPM\ P 10 tial; short-dash-dotted line, Cou-
- lomb potentials. lonization of the
107 1 =1.
£ Z_=2.2261 o Z=1.2532 L 1s electron Z¢4=2.2261) for(a)
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The shape of the peak is described by a Compton profileshown in Fig. 3. As shown ther ‘,” is greater for low values
which is related to the Fourier transform of the initial wave of | .
function. Obviously, for high-electron energy, large angular  As mentioned before, theslorbital contribution comes
momenta components are necessary to describe the DDC$najnly from|1=0 and 1 for low ejected energy, but its con-
In the following, the arguments delineated above will beyinytion grows withe,. This can explain the smaller value
useq in order to discuss the Figs. 4 to 6 already presgntedof the BE profile for 100 eV of Fig. @) for the Bachelet's
resillgt]:ﬂ:lgélresgOv\i/vit:lhat:w(?:é p(:fessepk((%\(/;k_;'7[8Vt%igﬁtei2t'gl calculations yvhe_re noslorbital is available. It is interesting
Xa(a=2/3)] and no significant difference is observed be- 0, "0t thatin Figs. @) and 4b), although the angular dis-
tween them and our OPM potential, except for the pea%rlb;:tlon of the slower ec;ectrFogsnare flatter thSnBltEhosekof
. . .’ . o igher energies presented in Figcy a pronounce pea
maximum value, corresponding to high energies/&to0°. corresponding to the<electron is observed. Skogvai al.

This is not surprising since, as shown in Sec. IIB, the nu . . .
merical results coming from different potentials are veryl4] @nalyzed their results in terms of multipoles for the 1

similar for the discrete and continuum electron wave func-2nd % 1-eV electron ejection energy. They found that for
tions. On the other hand, the results obtained with Zbe the 1s orbital the dipole transitions dominate the electron
continuum state present significant difference for the loweProduction for all angles. For thes2orbital, they observed
and higher electron energies, being greater for the orbital 1 that only 25% of the maximum can be explained by dipole
The differences are more pronounced for backscatteringfansitions. They then concluded that for the igitial state,
these electrons being more influenced by the target potentig@b% of the 1 eV electrons are produced by BE. For higher
since much of the backscattering electrons are produced iglectron energies, they also attributed the sharp peak to the
process of double collisior87]. 2s orbital as the Compton profile for this orbital is narrower
For low electron energies, where the tontribution is  than the one of the s orbital. In fact, the BE for the latter
not so important, the Bachelet‘s calculations reproduce welbrbital is spread out over the entire angular range.
the results of the OPM model potential and those of Skogvall It is worth mentioning that, even for the total ionization
et al. for e,=1 and 10 eV very close to 90°, i.e., the BE cross section, Pead®] has already observed that thes 2
peak. For all other angles, the Bachelet’'s potential describei®nization cannot be treated as a dipole transition. The author
very poorly the results for 1 eV and 10 eV. This can befound that the major contribution comes not from optically
understood looking for two aspects. First, different from theallowed transitionsl(=1) as in the case of H and He targets,
other Z bounded wave functions, the one calculated by thebut froml=2 and 3.
Bachelet's potential does not have nodes, so there is no sepa- Stolterfohtet al.[5] used, in order to explain their experi-
ration between the inner and outer part of this orbital as willmental data of ionization of soft electrons, a plane-wave
be discussed below. Second, the backscattered electrons wlBorn approximation with a peaking approximatigg] and
smaller kinetic energies are more affected by the target eleddartree-Fock-Slater % [14] initial wave functions. They
trons represented by the potentials. Another significant sigrelated this approximation to a BE, related to two-body ef-
nature of this effect is related to the behavior of the internafects associated with angular momehtal, and the differ-
phase shifts as a function bffor the different potentials, as ence between the approximation and the experimental data
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fited with A+Bsin’6+Ccos# (monopole plus dipole ing the region of large in the real space, where the Bache-
terms, was attributed to a three-body process. let's potential gives a proper description. For the large
This interpretation is not completely satisfactory for the€jected electrons angles and 200-keV impact energy, the
DDCS of the 2 ionization. In Fig. 5 we can see that the contribution of large transfer momentugbecomes impor-
contribution of the interference terms betwéer0.1 and the  t&nt, showing evidence of an eventual incorrect trend of the
other multipoles are not negligible for electrons emitted with”?ternal part of the bound wave fL_mct|on. '_I'h|s_ faCt.'S respon-
an energy of 10 eV and are of great importance to explain th [ble for th_e appearance of spurious osciliations in the non-
shape of the 1-eV DDCS. The importance of the interferenc é?\?g ;295'?12\,8:] ti?]ng ID(é:)Sar?gI(&lgf\ted from Bachelet's po-
férxsf;’\;atshgbssg\:gge?]eﬁgrrﬁzt;ﬁ;}o';lfthzh[‘?’ggggg t\r:vehere In the limit of large distances, the ionized electron feels a

’ . . net charge of- 1, not described by th&.4 model, and this is
they show the importance of the dipole-quadrupole mterfer-reflected in the DDCS calculated using tAg,, as can be
ence term in the DDCS. :

S ) ) . seen in Fig. 6. For a deeper discussion, see for instance Ref.
Although the k ionization is basically a dipolar one, this 38].

does not happen with electrons emitted fromszsBell as we One evidence of the postcollisional interaction can be ap-
can see in Flg 5. Thie>1 contribution is the most important preciated in F|gs (6)) and ad) for the Sma||_ang|e scatter-
in the binary encounter region and the dipole plus monopoléng. In this case, the relative slow velocity between the elec-
contributions are important in the small and large angles, agon and the projectile favors the electron capture to
can be verified in Figs.(6) and §d). But we can see in Figs. continuum.
5(a) and Hc) that the interference terms between the mono- One surprising characteristic of the Figgbj7and 7d),
pole plus dipole and the others are important for an 1 eMvhich correspond to thes2ionization, is the good agreement
electron and are not negligible for an electron energy of 1®etween the TCS calculated with the distinct potentials. Even
eV. In this last case, the influence of the interference termsur poorest descriptions, that is, thgs and Bachelet poten-
are more important for small and large angles, that is, whetials, that do not appropriately describe the DDCS, agree
the relative contribution of>1 diminishes. with those calculated with the more precise OPM and X
A multipole decomposition, as done in Fig. 5, allows us toones. Nevertheless, the Bachelet's cross section decreases
compare the influence of the potentials in the DDCS. Fomore quickly than the others, probably due to the importance
example, in the Bachelet's potential, the componénrt® of the internal part of the initial wave function in the high-
andl=1 of the continuum wave functions are the most af-energy regime. Our calculations agree well with the experi-
fected by the unphysically repulsive internal potential. Formental results of Ref2] for energies greater than 100 keV,
the energies considered here, the other Components are ha@here the CDW-EIS approximation is valid.
sically coulombic and consequently, the OPM'’s and Bache- In the ionization from an & orbital [Figs. 7a) and 7c)],
let's |>1 contributions are almost equal. we do not have Bachelet's total cross section. As tlse 1
Figure 6 show that for 200-keV Hcollision, the binding ionization is not directly measured, the experimental data
energy plays an important role in the process especially foshown here represent an estimate of this value.
ionization from an % orbital since the value ofmin (Amin
:(k§/2+|si|)/vp) depends critically of this energy. This is
due to the relatively low velocity of the projectile. In particu-
lar, the position of the binary peak is modified with respect \We have analyzed the dependence of the DDCS and the
to the other cases. A multipole expansion like-Bcos¢  TCS upon the description of the atomic discrete and con-
+Ccos# describes the 4 angular distributions for 1 eV tinuum electronic wave function, comparing these cross sec-
[Fig. 6(@] showing evidence of contributions frofr=0,1  tions with the available theoretical and experimental results.
(with m=0). The crossed term is almost zero for the OPMWe point out that, for the f ionization, the TCS results are
and Xa (a«=0.781) wave functions but important for the shown to be much less sensible to the description of the
Z; one. In the backscattering region, the large charge of thearget by wave functions obtained employing different poten-
Zs continuum wave function is responsible for its low in- tials than for the & case, where th&.; presents remarkable
tensity relative to the other ones. A difference up to 20% idifferences from the other ones.
observed in the 4 DDCS between OPM and X(« As the wave functions generated by the OPM and
=0.781), this difference comes from the two slightly differ- Xa («=0.781) potentials are quite similésee Figs. 2 and
ent orbital energies calculated for the drbital, respectively, 3), it follows that their DDCS and TCS are nearly equivalent.
2.0799 and 1.948 u.a. This is a manifestation of the small exchange effect for the
For the & shell, Figs. €c) 6(d) show that the results with lithium atom contrary to the results obtained for larger atoms
the Bachelet's pseudopotential agree with the others for thEL6]. The pseudopotential of Bachektal. presents a wrong
BE region but presents wrong intensities and also some spiehavior for small values of r, as Fig. 1 shows. As a conse-
rious oscillations at angles larger than 90°. We have verifiedjuence, the DDCS with the wave functions generated by this
that, in this case, large angular momentum values are necegetential, fail to reproduce the correct angular dependence,
sary to converge this result. At the BE region the DDCS isexcept for the BE peak. It seems that, although this kind of
basically dominated by the small transfer momeniywval-  pseudopotential may be successfully used in other branches
ues of the Fourier transform of the initial std®8], reflect-  of physics and chemistry, it presents serious problems for

IV. CONCLUSIONS
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ion-atom collisions especially when the inner part of the po-for small and for large scattering angles, these interference
tential is probed, i.e., for small impact parameter. It is ex-terms cannot be neglected.
pected that other pseudopotentials like the ones discussed by
G. PeacH 39] would give similar results.
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