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Projectile dependence of single-excitation cross sections at intermediate velocities
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We study 5—2s(2p) excitation of hydrogen as a function of the nuclear charge of the projeZtlefor
a fixed impact velocityp =1.3 a.u., for which electron excitation, capture, and ionization are competitive
processes. For this purpose, we have performed klbg@itio close-coupling calculations using a molecular
basis in the framework of the impact-parameter method. Excitation probabilities do not saturat&yhen
increases indefinitely, in agreement with recent work of Janev and with theoretical evidence on the behavior of
transition probabilities at high impact energies.

PACS numbds): 34.50.Fa

Charge dependence of single excitation cross sections in In the same line, Mami and Salin[12] have calculated
ion-atom collisions, at a fixed impact velocity, is a contro- excitation probabilities in collisions between high-energy
versial subject that has received a renewed attention in thieare ions and He using a one-center expansion of the elec-
last few yearg1]. Many experiments have studied projectile tronic wave function. They foungsee alsd13]) that for a
excitation at intermediate energy using neutral tarf@ts5].  given impact parameter, the excitation probability passes
The measured Lyman x-ray cross sections, which are relaté@rough a maximum. We have integrated these probabilities
to projectile excitation, are found to increase more slowlyfor v=2 a.u. and the resulting cross sections present a max-
than predicted by the first Born approximation when theMUm forg=2, in agreement with the valug™"=2.3) ob-
value of the target nuclear chargg;, is larger than that of t@ined from(l). _ _
the projectile,Zp . This slow increase of the cross sections . 1 N€ Present work attempts to clarify the behavior of ex-
has been referred to in the literaturesasuration However, citation cross sections by studying collisions of bare ions

. .. with hydrogen targets, thus eliminating many electron pro-
frpr_’n the measurement of_Lyman x-ray cross sections it 2esses. We have chosen a nuclear veloeiyl.3 a.u. and
difficult to analyze the excitation process itself, and to con-

L . L5 .~ 0.11<q<a3, so that values of>q™® of (1) are considered.
clude whether excitation cross sections do exhibit saturation; 1his velocity and for these systems capture and ionization
or not. As shown by Lddeet al. [6], with a many-electron ., nete with excitation and must be taken into account in
approach using the formalism of inclusive probabilities. Ly- e theory. For H-like target ions of charge+1, the corre-

man x-ray emission cross sections do not only correspond tgnonding cross section®vith Zp=qZ; and for a velocity

single excitation but to an ensemble (afiany-electronpro- ;=1 .3x7.) are obtained by dividing our data I#2. Theq

cesses leading to x-ray emission in the same frequency reange analyzed in this work corresponds to the one recently

gion of the spectrum. Moreover, in the range of intermediateised in[5] to study Ar®" excitation with various neutral

impact velocities, target electrons have been found to play @rgets.

crucial role in the production of radiative singly excited con- We solved the time-dependent Scfirmyer equation in

figurations. Although theoretical methofia—4,7] based on the impact-parameter approximation, for the nonrelativistic

the one-electron model yield results in good agreement witlone-electron-diatomic  molecule(OEDM) Hamiltonian.

experiment, it has been found [6] that the one-electron

model breaks down fory=2,. e e e AN
In a different type of experiment involving high-energy

collisions of bare nuclei with H and He targ¢&9], analysis

of the excitation process in terms of the Janev-Presnyakov

scaling rule[10] indicates that excitation cross sections do

not saturate as a function gF=Zp/Z;. Recently, and using

an analytical fit to measured cross sectionsgforl in terms

of scaled energies, Jang¢tl] has predicted that st—2p

excitation cross sections present a maximum at
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where w,, is the transition energy ang is the collision 2
energy. This maximum corresponds to larger values ibfan q
those considered if2—4,8,9.

FIG. 1. 2s and 2 excitation cross sections gs Empty squares
and triangles: present results. Full circles: experimental values of
*Also at Instituto de Estructura de la Materia, Consejo Superior deHugheset al. [20]. Full triangle: experimental value of Schartner
Investigaciones, Cietficas, Serrano 119, 28006 Madrid, Spain. et al. [19].
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TABLE I. Basis sets and excitation cross sectiaps.Zp/Z+; N, number of OEDM orbitals included in
the calculation associated to excitation channillg; the same for charge-exchange channe{s;highest

atomic principal quantum number for the excitation channgls;highest atomic principal quantum number
for charge-exchange channeds, (o,p): 1s—2s(2p) excitation cross sections in éni—x] means 1079,

q Nt/ N p nt n p O9g (sz
0.11 35/1 5 1 8.69—19] 1.47[—16]
0.39 35/10 5 3 5.30—18] 2.39[—-17]
0.56 35/20 5 4 1.16—17) 4.40[-17)
1 35/35 5 5 1.99-17] 7.40[—17]
2 20/84 4 7 3.7§—-17] 9.54[—17]
3 10/165 3 9 3.45—17) 8.96[—17]
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FIG. 2. Transition probabilities va=uvt for b=2.5 a.u.(a) g=0.39, (b) g=2.
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4 FIG. 4. Total electron-capture probabilitib$.. vs b. Numbers
indicate values ofj.

lying asymptotically between the entrance and the exit chan-
nels varies from zero fay=0.11, to 25 forg=3. Table | also
. includes the calculateds2and 2o excitation cross sections
for v=1.3 a.u., which have been plotted gsn Fig. 1. For
g<1, excitation proceeds mainly through a rotational cou-
pling between the entrance and the exit channels, and capture
has a minor relevandeee Fig. 2a)]; in contrast, forg=1,
i the direct process via rotational coupling is less efficient be-
cause capture states are dominantly populated in the way-in
of the collision and feed excitation channels in the way-out
9 10 11 12 138 14 15 [see Fig. 2)].
Figure 1 and Table | show that there is a maximum in
both the Z and 2 excitation cross sections arouge-2 and
FIG. 3. Excitation probabilitiega) bP,s and (b) bP,, vs b.  that they decrease slowly for larger valuesgofForv=1.3
Numbers indicate values of. a.u. the agreement of our results with the cross sections pre-
dicted by Janey11] (to an overall factor of 1)7 and with
The scattering wave function was expanded in terms of théhe valueq™®=2, obtained fron(1) is excellent. Notice that
exact adiabatic eigenstates of the one-electron Hamiltoniaftom this equation the maximum for high collision energies
(OEDM orbitalg. Energies of and dynamical couplings be- obtains for much larger values of that is, for very asym-
tween OEDM states were evaluated with the programsnetrical systems.
GRAVE andMEDOC [14]. The set of coupled equations for the  Although there are no experimental results for the whole
expansion coefficients was solved with the progrswreEr-  series ofq values considered in this work, Schartregral.
PAMPA [15]. As we are interested in target excitation cross[18] have recently reported,, for H"+H(1s) and Hughes
sections, the origin of electronic coordinates was placed oet al.[19], 0,5 and o, for H *+H(1s) atE=40 keV/amu,
the target nucleugl6]; then excitation amplitudes are given which is very close to the impact energy considered here.
by the squares of the expansion coefficients associated fthese experimental cross sections, included in Fig. 1, are in
excitation channels. lonization is taken into account in thisexcellent agreement with our calculated values. Moreover,
treatment by including highly excited OEDM orbitals in the the agreement between the presej) cross sectiorfscaled
dynamical basig17] which absorbs most of the ionization in the way mentioned aboyewith the Lyman x-ray cross
flux. The OEDM basis was increased until the-12s,2p sections reported if6] for g<1 (where a meaningful com-
excitation cross sections converged; this procedure is justparison with a one-electron model is allowed, see F&ij.is
fied because we are dealing with inner-shed-42s(2p) also very good.
excitations, and cross sections may be expected to approach In Fig. 3 we have plotted the transition probabilities mul-
the exact results in a similar way [a7]. tiplied by the impact parametérP,; andbP,, as functions
The basis sets used for each valuegfis given in Table of b. For g<1 all these probabilities exhibit a maximum
I. A large number of OEDM orbitals is needed to achievearoundb=1 a.u.(for 2s excitation andb=2.5 a.u.(for 2p
convergence wheg=1 (up to 175 wave functions fag=3)  excitation and the magnitude of this maximum increases
for two reasons: first, the importance of ionization increasesvith q. For g>1 the mechanism changes: the probability
with Zp, so that more OEDM orbitals are needed to describelecreases at small impact parameters, the position of the
the ionization flux; second, the number of capture channelmaximum shifts to larger impact parameters, and its magni-

P(b) (a.u.)

b
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tude decreases. This behavior is identical to that observed in In summary, we have performed largd initio close-

[12] at higher energies, except that now the transition fromcoupling calculations of excitation cross sections at interme-

one mechanism to the other takes place at smaller values @fate velocities using a molecular expansion of the electronic
q. For the collision velocities investigated [12], charge ~Wave function in the impact-parameter approximation. Our

exchange is small or negligible and the decrease of excitatioffSUItS Show that target excitation cross sections increase

probabilities at small impact parameters is exclusively due té’v'th projectile charge up tq=~1, where they present a maxi-

an enhancement of ionization for larae Although the de-  uM: and then slowly decrease for larger values of this ratio.
o or larg 9 . For smallq values excitation is governed by a direct transi-

crease of the excitation probability in the present case is dugy, petween the(rotationally couplell entrance and exit

to both electron capture and ionization, it was shd@i|  channels, whereas for largercapture states populated in the
that in the molecular picture ionization proceeds via charggvay in of the collision share part of their population with
exchange channels, so that the general behavior of the exaixcitation channels in the way out. Consequently, excitation
tation probabilities is similar to that found at higher energies.cross sections do not “saturate,” in the sense that they do not
Since the number of states which are significantly populatedpecome strictly constant, in agreement wittl]; we also

at small impact parameters increases wjttthe probability COﬂfiI’m the beh'avior of .e.xcitation ' probabilities recently
describing excitation to a given state decreases. This expldound in[12] at higher collision velocities.

nation is supported by the fact that “total electron-capture

(teg” probabilities, bP(b), increase withq in the whole The authors acknowledge useful discussions with R.
range ofq values investigated here and exhibit a maximumGayet, H. J. Ldde, and A. Salin. This work was partially
at lower impact parameters than single excitation probabilisupported by the DGICYT Project Nos. PB93-0288-C02-01
ties (see Fig. 4. and 02.
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