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Symmetric-eikonal theory of excitation with Hartree-Fock-Slater description of the target
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The symmetric-eikonal model for single excitation of multielectronic targets is extended to include Hartree-
Fock-Slater initial and final bound states. These wave functions are obtained by solving numerically
the time-independent Schiimger equation with a model potential. Total cross sections for excitation of
He(1 1S) and Hé2 'S) by proton impact are presented in comparison with available experimental data and
other theoretical models. The model gives an accurate description at intermediate and high impact energies.
Results are also presented for excitation of two-electron heavy ions and for alkaline targets.
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[. INTRODUCTION tial. As a by-product we obtain, from the same code, the
results from the first-Born approximation.

The knowledge of accurate cross sections for different In Sec. Il we present the theoretical model. In Sec. llI
reactions in ion-atom collisions is of great importance to thecalculations will be presented for helium and compared with
study of complex systems like that of ions colliding with Previous calculations using analytical wave functiéh De-
solid and biological targets. Also, cross sections are needédiled calculations are also presented in comparison with ex-
in relation to the design of heating devices for fusion plasPeriments and other theor_etlcal models for excitation of he-
mas. In most cases the targets are made of multielectronlium from the ground and first excited states. Results are also
atoms. If the probabilities for multiple transitions are very Presented for other targets to show the power of the method.
small, the target can be well represented with a one-activeMOMIC units are used except where otherwise stated.
electron model where the action of the target nucleus and the
passive electrons on the active electron are represented by a
model potential.
~ Very recently, Gulya et al. [1] developed a method o \we consider the process where a bare ion of nuclear
include Hartree-Fock-Slater wave functidigj in distorted-  chargez,, and velocityv collides with a multielectronic tar-
wave models for ionization. Distorted-wave models are veryyet of nuclear charg&;. We assume that there is only one
useful since they provide accurate results in the intermediatgctive electron initially in a bound state with quantum num-
to high impact energy range. Together with close-couplingyersn,|;m; which is excited to a final bound state with quan-
models, which work well at low to intermediate impact en-m numbers\;| ;m; while the other electrons remain as fro-
ergies, they provide a description of different reactions in the;ep; guring the collision. So we solve, within the impact

full energy range. o _ _ parameter approximation, a one-electron problem defined by
In the present work our aim is to study the single excita-tne electronic Hamiltonian

tion processes with a distorted-wave model in the impact

energy range between 10 keV and 1 MeV. For this purpose

we have chosen the symmetric-eikof8E) model which Ho=Te+ V(X)) +Vp(S), (1)
has been shown to reproduce experimental results for hydro-

gen and helium targe{8-5]. In a previous calculation with ) o

the SE model for the He targgs], analytical target wave WhereTe is the electron kinetic energy operatdfy the
functions were used. The initial and final bound states werélartree-Fock-Slater potential of the targef, the Coulomb
represented by Roothaan-Hartree-Fock and by hydrogenifteraction with the projectile, and (s) the position vector
functions with variational charges, respectively. This methoPf the electron with respect to the tardetojectile. In the
allows for the development of very fast codes but it presentpresent generalization of the symmetric-eikonal model, the
two difficulties: (i) the bound states are not orthogonal andinitial distorted-wave function is chosen as

(ii) hydrogenic functions are not very good for excited states.

Il. THEORY

With the method developed hereafter, both problems are +_ + et 2a)
solved and furthermore, cross sections can be calculated for Xi = @i(X) ai(s) exp(—izit),
any target atom in an arbitrary initial state. This can be done
in a straightforward way because the initial and final bound Uy 1 (X)
i i il A
states of the target are calculated numerically solving the oi(X)= Ylni”(x), (2b)

time-independent Schdinger equation with a model poten-
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a; (9=exfd —ivin(vs+v-9)], (20 _ _

Fas(Q)=(2m) 32| ds exp(iQ-s)

with v=Zp/v. The function ¢;(x) is an eigenstate of , o

H;=Tg+ V1(x) with energys; . X[ag (9)]* q,"" Y(s+v)
The final distorted-wave function is chosen as

~T(1=iv) ( )2”’
=@i(X) a; (s) exp—igst), (33 (2m)Yap\ B
 2av? B
Unf|f(X) e~ X QF(l)—IV—Bz— Q- —V F(Z) , (9)
er(X)=—1 Ylff(X), (3b) v
where q,=vs+v-s, F(1)= F(iv,iv,1;—(nvlB)?),
a; (9=exy +ivin(vs—v-9)], Be) F(2)= Fi(l+iv,1+iv,2;—(p/B)?), a=Q%2, and
B=—Qwv.
where the functiomf(x) is also an eigenstate Mi with The le function is C|OS€|y related to the form factor in

energys;. The functionsa;"(s) and a; (s) are the distor- the Born approximation,
tions in the initial and final channel and are chosen such that
t_he initial and final states sati_sfy the correct boundary condi- F, (K)= (277)*3/2f dxexp(—iK - X)[ @s(X)]* @i(X)
tions for the Coulomb potential.

The prior version of the first-order transition amplitude as 2\ 12
a function of impact parameteris given by =(

T C'fmf eM (10

Ai*f(p)z_ij mdt <Xf ‘(Hel_i E)Xf> (4) and can be easily evaluated in terms of a Fourier-Bessel
— dt transform

ionization case and for comparison we use the same notatlcf%lfmf ) (=)™
(see Ref[1]). We repeat the main steps of the calculation for
[ PR I s I
X
0 0 O M —m; m

completeness. We introduce the Fourier transform of the
1 ) _ M5 .
Rif(n>=ﬁf dp expin-p) Ai(p) 5 <) (K)fdx Uy, (00 1(KX) upg (0, (1D

The calculation from now on follows very closely the \/(2I+1)(2I t1)(21+1)

transition amplitude

from which the total cross section can be obtained as where)J"=Y"exp(—im¢), Y|" is a spherical harmonic, and
ji a spherical Bessel function.
The form of theF,, function is more involved:

:fdﬂ IRi¢ (1)|2. (6)

- -312 ik, P
The Fourier transforni;;(») is Fau(K) = (27) f dxexp(—iK-x)[ef(X)]* V¢i(x)

5 2 2 1/2
(277)[ - Zp =(;) L(K). (12)
U

Rit()= —i — Fu(K)F1(Q)
The auxiliary functionL (K) is given by
+Zp Fou(K)-F; (Q)}, (7) . - .
" ) L(K)=L*(K)eM bkt L~ (K)eM #k+LO(K)eM,
R (133
with Q=-K=n+(Ae/v)v, and Ae=e;—¢; and
(m,Aelv) the perpendicular and parallel components of the I mt
momentum transfe®. The auxiliary integrals in Eq.7) can Ly “(K)= (AI mf imfi ), (13b)
be expressed as \/—
_ L, (K)=FiLy(K), (139
Fls(Q)=(27T)‘3’2f ds expiQ-s) [a; (9] g, s
_ L, (K)=0, (13d
_in(=inl(1-iv)|a 2y
- o™ B L3y (K)=0, (139

) a0
X|F(L)+ivl1——

)F<2>}, ® LO(K)=All Mgl ™ (139

Igmg lgmg
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with|"=l;=1,m"=m+1,M*=M=1, M=m;—m;, and

requires the calculation of Fourier-Bessel transforms includ-

ing the derivative of the initial radial wave function:

de
up () = (I + 1) up (X)

X X J1(KX) Up (x), (14)

AﬁlrﬁfZE. (=" (+DYNK)

P
m m A\,

~ A
T RESIEUEL M KX

Xup 1. (%) + iU (X)

X ” J1I(KX) Un (%),

(15

where we have introduced the angular coefficients

{I e Ay

(21+1)(2l;+1)(2h,+ 1)

m m A, 4
N 1 I [ PR W
X
)\2 mi_)\z —m 0O 0 0
| ¢ N1
X . 1
-m —m 7\2) (19

Finally, the expression dR;; can be cast into the form

AnZET(—iv)[(1—iv)[a\??
Rit(m)= :2P ( Vaﬁ( V(% e'M¢K[A1 Ciymy
[ Ae . B 0]
+A, _TLZ+77LX+7]LX +As v L,
17
where
. 2av?
Aj=a|F(1)+iv 1——137)F(2)}, (189
. ) 2av?
Azz_l{—F(l)'FIV?F(Z)}, (18b)
2a
As=v—F(2). (189

B

The radial functionswi and Up,, are determined by a

numerical integration of the radial Schiiager equation with
the Numerov algorithm. The Fourier-Bessel transfofii,
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FIG. 1. Total cross section for single excitation of helium to
states with principal quantum numbé&) n=2 and(b) n=3 by
proton impact calculated with the symmetric-eikonal model. Present
results using the HS potentiaot-dashed ling[2], the GSZ poten-
tial (dashed ling [7], the HF potential(full line) [8], and results
from [5] using analytical wave function@lotted ling.

exists a large database of experimental total cross sections
for proton excitation of the ground state. For these reasons,
almost all theoretical models have been applied to this sys-
tem, including different formulations of the SE model.
Several model potentials are available for helium. These
potentials give similar values of the eigenvalues. For the
three potentials used here for helium we have determined
that the difference between the ground state eigenvalues is
less than 5%. We can then expect that such a small differ-
ence will remain between the total cross sections obtained
from them. Therefore we compare in Fig. 1 calculations with
the SE model using the numerical potential from Herman
and Skillman(HS) [2] and the analytical potentials from
Green, Sellin, and ZachdiGS2?) [7], and Opradolceet al.
(HF) [8]. All three calculations show the same qualitative
behavior and the difference between the three sets of results
is less than 15%. We can then conclude that the method is
stable, different potentials with small differences in binding
energies produce small differences between the total cross
sections. Furthermore, these differences are within the ex-
perimental uncertainties usually encountered in measure-

(14), and(15) can then be evaluated numerically using meth-ments of this process. Since in recent compilatif®s11]
ods developed for the calculation of the usual form factor inthe experimental data for helium are normalized at high en-

the Born approximatiof6].

Ill. RESULTS AND DISCUSSION

A. Helium target: 1 'S excitation

ergies to theoretical calculations from the first-BOB1) ap-

proximation, and the SE model with the same potential con-
verges to first Born at high energies, it is of no relevance
which potential we use. We can always normalize the experi-
mental data, at high energies, to the SE or B1 calculation

Helium is the most studied multielectronic target, both forwith a given potential. However, even if we keep this point

its simplicity and for its important applications. Thus therein

mind, in the present work we will always
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FIG. 2. Total cross section for He{$—n 'P) excitation by . 1 _
proton impact. Theory: full line, present SE with HF potential; b FlGi 3'. Totalt (flfﬁss s'e;:tlli)r;. for He(lst—gES) 'tre]xglt:atlor:
dashed line, present first-Born approximation with HF potential. y proton impact. ‘Theory- 1ull in€, presen w poten-

. . . tial; dashed line, present first-Born approximation with HF poten-
E%?ezlgfnft;(rﬁ)[éq]?TI%S]f’rc()g)[3azr]]d ®), from [29; (<), from tial. Experiments: {), from [28]; (O) and @), from [29]; (W),
' ' ' ' ' from [32]; (+), from [33]; (X), from [34]; (V), assessment of

1 .
use the compiled values given by Fritsg®-11] to avoid 2 S cross sections frorfB].

confusion.

In Fig. 1(a) we have also included results from previousto be valid where there are no theoretical calculations avail-
calculations for helium with the SE model by Olivezaal.  able. Since the SE model includes higher orders from the
[5]. The difference between this version of the model and théorn series the model might prove useful to bridge the gap
one developed here is that we use more accurate wave funbetween the low and high energy ranges.
tions for the excited states and that these wave functions are In Fig. 2 our present SE results for excitation to the
orthogonal to the ground state. Olivezhal.[5] use analyti- n P final states using the HF potential are compared with
cal wave functions for all states which, however, are notthe available experimental data with the normalization rec-
orthogonal. Excited states are represented by hydrogenmmmended by Fritsci9,10] and with results from the first-
wave functions with an effective charge while here we obtainBorn approximation which have been obtained using the
them numerically by solving the time-independent Sehro same HF potential. These results are obtained from the SE
dinger equation. From the figure we can see that there ameode using a very small charge to cancel the distortions. It is
large differences in the case of the Btate while for the clear from the plot that, in the region of the maximum, the
2p state both calculations are very close. It appears that nor8E model is in much better agreement with experiments than
orthogonality introduces large differences for optically for-the B1 approximation. Still, at lower energies, the SE model
bidden transitions, but these are very few calculations to coneverestimates the experiments and does not present the struc-
clude that this behavior will also apply for other final states.tures which are due to the coupling with the capture channel

As mentioned in Sec. |, cross sections for excitation of{10]. At high energies and as expected, the SE and B1 mod-
helium are of great importance in the design of heating deels give the same results and agree very well with the experi-
vices in fusion plasmas. For this purpose, Frit$6h-11] ments. We note a systematic difference between theory and
made a critical evaluation of the existing data for single ex-experiments at high energies which can be attributed to the
citation of helium to then 'P, n 1S, andn D final states fact that the experiments were normalized at high energies to
(n=2-5 by proton impact with energies between 10 keV the first-Born approximation with different wave functions as
and 1 MeV. For almost all of these transitions and in thiswas discussed above. It must be noted that, very recently, a
energy range there are experimental results available fromew version of the SE model was introduced by Rgdez
different groups which, after suitable normalization, can beet al.[12]. In this version the one-active-electron approxima-
cast in a coherent set of cross sections. Much less informdion has been removed. Single configuration wave functions
tion is available from the theoretical side where there ard13] are used for the ground and excited states which are
results only at low and high energy using the close-couplingrthogonal. Both electrons of the target are distorted in the
method and the first-Born approximation, respectivelyinitial and final state using eikonal phases. Results are avail-
[9,10]. Thus there exists a large region between the maxiable only for the ground state excitation to fimalP states
mum of the total cross section and the region where B1 startgy proton impact. The main differences between these cal-
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FIG. 4. Total cross section for Hef5—n D) excitation by 10 100 1000
proton impact. Theory: full line, present SE with HF potential; Energy (keV)
dashed line, present first-Born approximation with HF potential.
Experiments: (), from [28]; (O) and @), from [29]; (+), from FIG. 5. Total cross section for He¢®—2P) (upper curves
[33]; (X), from [34]. The 5'D results were multiplied by 0.5. and He(2'S—3'P) (lower curve$ excitation by proton impact.

. . Full line, present SE with HF potential; short-dashed line, present

culations and the present ones appearlbelqw the maximuni \yith HFE potential; dot-dashed line, Glauber approximation from

Resullts for excitation to the “Sandn D final states are  [15): dotted line, B1 from[15]; long-dashed line, close-coupling
shown in Figs. 3 and 4. At high energies we find the samegjculation from[11].
discrepancy with experiments as for the'P states due to
the normalization. In all cases we find much better agreehas already been noted 5], but there is no explanation
ment with experiments using the SE model than with theavailable. We have calculated the excitation energies for all
first-Born approximation. Fon P andn 'S final states the the transitions studied here and they are very close to those
agreement is quite good for energies larger than that corresbtained from the single configuration wave functions. The
sponding to the maximum. On the contrary, large differenceslifferences are smaller than 15%. Thus it is not possible to
appear for then D final states. This could be due to the attribute such a large discrepancy to the different bound
possibility that SE does not take account properly of secondstates. The coupled-channel calculatiof®C-2) for the
order transitions with intermediate 1P states which can 2!S — 2P cannot be compared directly with the present

give significant contribution§14]. SE calculations, since they use different ways to describe the
target atom. However, we can see that the two calculations
B. Helium target: 2 'S excitation join nicely above 100 keV. The same happens for the other

Total cross sections for excitation of helium from the transitions, vyhere the coupled-channel calqulgti(iaét.-l)
2 1S metastable state are also needed in relation to the inje yerformed with a one-electron model description using the
. ; . . -Same model potential for helium that we use here join very
tion of energetic neutral be_,\ams |nt(_) fusion plasmas. In thl?/vell with our present results but not with the Glauber and B1
case there are no calculations available from the other Velsults from[15]. The SE results are smaller than the CC-1

sions of the SE model. : : .
; . results at lower energies. This same behavior was observed
Figures 5 and 6 show the present SE and B1 calculatlonﬁ] Figs. 2—4 with respect to experiments.

made using the HF potential. We have used this potential in
order to compare unambiguously, at intermediate energies,
with the one-electron form of the close-coupli(@C-1) cal-
culations made by Fritschl1]. Calculations from a two- Several experiments have been performed to study single
electron(CC-2) version of that method and from the Glauber and double excitation of heliumlike highly charged heavy
and B1 approximationgl5] using single configuration wave ions at high energies. The two-electron heavy ion collides
functions[13] are also included. with some neutralgaseous or soljdtarget which plays the
The B1 and Glauber results froph5] are larger than our role of the projectile. In some cases the target electrons can
B1 and SE calculations due to the different wave functionsplay an active role during the collision. They can be excited
A particular case arises with the excitation to th&P3state  or even captured by the highly charged ion. However, in the
where the Glauber and B1 calculations frdib] largely  present work our aim is to show the application of our
overestimate the CC-1 and SE calculations. This behaviomethod for single excitation of different atoms by bare ion

C. Heliumlike targets
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FIG. 7. Total cross section for’F(11S—21P) excitation by

He?" impact. Theory: full line, present SE with GSZ potential;
dashed line, SPB frorfil6]. Experiments froni17] (@®).

0.1

10 1(')0 1000 from 2 (He) to 56 (Xe). In these experiments it was possible,
Energy (keV) through several coincidences, to separate the contribution
gy from different reaction channels including that of single ex-
. a1 citation of the impinging ion. Gaseous targets were used to
FIG. 6. Total cross section for He{Z—3'S) (upper curves avoid the Stark mixing. In Fig. 8 we present our SE results

and He(2!S—3'D) (lower curve$ excitation by proton impact. - 2 . -
Full line, present SE with HF potential; short-dashed line, presen[_or 1s—2p single excitation, obtained using the GSZ poten-

B1 with HF potential; dot-dashed line, Glauber approximation from ial from [19], as a fu_nct|0n of the target nu_clear charge. In

[15]; dotted line, B1 from[15]; long-dashed line, close-coupling the prgsent calculation we do not take into account the

calculation from[11]. screening due to the target electrons but we me_lke _the_ correc-
tions due to cascades from the=3 level of the impinging

ion [20]. We can see from the figure that the SE results are in

impact. Thus we will not consider here the effect of screen- o - X
ina and thus make the approximation that the hiahly charae ood qualitative agreement with the experimental results.
9 pp gnly 9% he theory even predicts that the cross section first increases

ion collides with a bare nuclei with the charge of the target ;
. . .and then decreases as a function of the target nuclear charge.
nucleus Z+). The size of the screening effect has been esti-

mated within the first-Born approximation and it contribution This dependence has been related to the behavior of the ex-

was found to be less than 5p_p8[%ﬂ citation probability as a function of impact parameter
As a first case we consider thé—LZp transition in the [21,22. Recent calculations for the hydrogen target with the

collision between F*(1s2) and H&* ions. Total cross sec- close-coupling method using a molecular basis show the

tions are given as a function of impact velocity. The presengame behaviof23]. However, the absolute magnitudes are
SE results are obtained using a GSZ potential f{ofh In uite different. Probably, this discrepancy arises from the

Fig. 7 th results ar mpared with calculations b6 fact that we neglect other channels like capture ionization
9- €se resulls are compare caicuiations which can give significant contributioid8]. When the tar-
using the strong potential Bor(SPB approximation and

: : gl . get nuclear charge increases, capture becomes very large and
\é\'f'tglgxgérgzné%ée;uc:tdse];;o.r??lr-r?n?rgl'E)att'vtf]:eshé“:]'g de he interaction between the projectile electrons and the target
appears to be in better agreler;l/en){ V\;ithl expgriments betweq ucleus is very strong. Thus it is possible that, except for the
5 a.u. and 10 a.u., which corresponds to the intermediat @htest targets, this system lies outside the range of validity

energy regime. At low velocities the qualitative behavior of8f a simple perturbative approacéven if it contains higher

the theories is different from the experiments. The formerOrders of the Born serigdke the present one. In fact, bde
. oo =XPerin ) et al.[24] have recently presented a molecular-orbital calcu-
decrease with the projectile velocity while the latter, per-

formed with He atoms, increases as the velocity decreaseIation of Lyman x-ray emission cross sections using single-
o ’ . article amplitudes within the formalism of inclusive prob-
This is probably due to the contribution from the cap'[ure-B b P

ionization channel which could not be separated in the ex?bi”ties which takes into_account the Pauli principle o
periments from the single excitation channel and which iScalculate the.mult|ple electron processes. Thgse theoretical
. X ; .~ “Yesults were in very good agreement with a different set of
not taken into account in the present theoretical CalCU|at'0nSexperim ents
At high velocities, and as expected, the two theoretical mod- '

els converge to the same value.

Much more detailed experiments were performed recently
by Vernhetet al.[18] using 13.6 MeV/amu A¥' ions im- As a final application of the method we consider intrashell
pinging on gaseous targets with nuclear charges rangingxcitation of lithium (2s—2p) and sodium(3s—3p) by

D. Intrashell excitation
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FIG. 9. Total cross section fdg) 2s—2p excitation of Li and
FIG. 8. Total cross section for A¥" (11S—2 'P) excitation by ~ (b) 3s—3p excitation of Na by proton impact. Theory: full line,
impact on different gaseous targets with nuclear charge present results with GSZ potential. Experimer®)( for Li from
Theory: full line, present SE with GSZ potential. Experiments from[25] and for Na from[26].

[18] (O). . .
potentials for the same target produce total cross sections

proton impact. Our present results, using the GSZ potentialghich differ by the same order of magnitude as the calcu-
from [7], are shown in Fig. 9 together with experimental |ated binding energies. Extensive calculations have been per-
measurements from Aumayr and co-workeR$,26. The  formed for excitation of helium initially in the ground and
experiments cover the region of intermediate to low impacfirst-excited states. It was shown that, together with one-
energy where the single excitation and electron capture to thelectron close-coupling calculations, the model provides an
n=2 shell of hydrogen channels are strongly coup®d. It  accurate description of the excitation cross section in the
is then reasonable that the present results underestimate tBgtire energy range between 10 keV and 1 MeV. Calcula-
experimental results. Atomic-orbital coupled-channel calcutions were also performed for excitation of two-electron
lations (not shown in the figureare in very good agreement heavy ions and alkaline atoms. These applications show the
with experimentg27]. The results in this figure can be com- power of the method which, whenever multiple transitions
pared with those for 2S—2 1P excitation of helium pre- can be neglected, allows the study of excitation from arbi-
sented in Fig. 5. In that case the SE results at intermediateary initial states to all final states of any target atom.
impact energies were smaller than the close-coupling calcu-

lations from[11]. We can then expect that the SE model will ACKNOWLEDGMENTS
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