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We present a systematic experimental and theoretical study offNa@3) excitation by slow(v <1 a.u)
singly and multiply charged ions. In particular, the scaling behavior of the respective excitation cross section
onal With projectile ion charge stai is investigated. Due to the dominance of the competing electron capture
channels at low collision energids, the excitation cross sections deviate significantly from a commonly
appliedo/g=f(E/q) cross-section scaling relatiof51050-294{©6)00310-1

PACS numbegps): 34.50.Fa

I. INTRODUCTION He?™ on Li and Na[9,10]. Such target excitatioiTX) in
collisions of slow(v <1 a.u) singly or multiply charged ions
Plasma-wall interaction and impurity transport processe€®" with alkali-metal atoms is therefore both of fundamental
in the outermost region of magnetically confined hot plasmag&nd practical interest.
(the so-called plasma edgeeed to be well understood for ~ As exemplified for TX of atomic hydrogen, there is no
successful development of future thermonuclear fusion readeneral scaling relation at low impact enefdyl]. A scaling
tors. Toward this goal, detailed edge plasma diagnostics af@f reduced cross sectiorgq with reduced impact energies
in great demand. By injecting a fast Li atom beam into theE/q by Janev and Presnyakdi2] is restricted to impact
edge plasma region, an impressive amount of informatiofgnergiesE/q>15 keV/amu. This scaling has been verified
can be obtained with excellent space and time resoliifipn ~ for ions in various charge states in systematic experimental
This so-called Li beam plasma spectroscopy gives access ndtudies for H(I'S—n *P) (n=2-6) transitions and for
only to the edge plasma density profiles from collisionally He(1'S—n 'L, n=2-4, L=S,P,D) transitions at impact
excited Li atomg[2,3], but also impurity ion concentration €nergies of 15-204 keV/amu[13-1§. These studies were
and temperature profiles can be obtained from characteristigainly motivated by the important role of TX processes in
line emission following electron capture from the injected Li attenuation of fast neutral heating beams for fusion plasmas.
atoms[4,5]. A recent, more general scaling introduced by Jari&t} for
Full utilization of these capabilities requires a reliable da-dipole-allowed as well as dipole-forbidden excitati(valid
tabase for the involved atomic collision processes betweefnly for E/q>25 keV/amu gives for fixedE nonscaled ex-
injected Li atoms and p|asma constituerit®., electrons, citation cross sections that do not saturate toward t]lgh-
hydrogen ions, and relevant impurities in different chargevalues but rather decrease beyond a maximum obtained for
states. A precise modeling of the Li beam attenuation andcertaing.
excited-state composition is needed for evaluating plasma The present work as a combined experimental and theo-
properties of interest from the spectroscopic measurementétical study focuses on TX of Nagp atoms due to low-
[1,2]. Recently, an atomic database was established, whicenergy (E<25 keV/amy impact of variousz?" ions. Ex-
contains evaluated experimental and theoretical cross seBerimental investigations of the collision systems
tions[6]. Collision of Li atoms with, respectively, electrons
and protons has been considered in a wide energy range, to [C? 1+Na3s)—[CT"]+Na*(3p), q=1,2,45,
describe the interaction of the injected Li beam with a clean
hydrogen plasma. [O9"]+Na(3s)—[O9"]+Na*(3p), 9=1,35,6,
However, in the plasma edge impurity ions are certainly
non-negligible and thus have to be taken into account for [Ne"]+Na(3s)—[Ne®"]+Na*(3p), q=1,3,4,5,6
accurate evaluation of diagnostic d@ta2]. There are calcu-
lated as well as experimental cross sections for single ele@at impact energies below 4 keV/amu have been performed by
tron capture from alkali-metal atoms such as Is{2or means of absolute photon spectroscopy of the respective
Na(3s) by multicharged iongcf. [7] and references thergin  NaD (589.0+589.6 nm emission(the square brackets sym-
whereas alkali-metal-atom excitation by impact of multiply bolize that neither primary nor secondary projectile states
charged ions has been investigated mainly theoreti€aJ8}, have been specifiegdNa has been chosen as a target for
with experimental results being only available for impact oftechnical reasons only, but the excitation of L$¢2p) is
believed to behave in a very similar way. Measurements are
compared with large-scale atomic-orbitd/AO) close-
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on the projectile ion charge rather than the detailed electronic H*+Na(3s)—H"+Na* (3p)
structure of the projectil¢18], present TX data calculated
with fully stripped ions should also be relevant for incom- at 4.5-keV impact energy and under the same observation
pletely stripped impurity ions of equal charge stgte geometry, making use of our previously determined absolute
The outline of this paper is as follows. Our experimentalNaD emission cross sections for the latter collision system
and theoretical techniques will be described in Secs. Il and22].
lll, respectively. The experimental results are presented in Our relative cross sections involve statistical errors
Sec. IV and compared with our theoretical results in Sec. V(mainly due to counting statistics and Na target fluctuagions
Regarding beam diagnostics of fusion edge plasmas, speciai typically =5% for ion beams in low charge statessngly
emphasis has been devoted to the scaling properties of T®nd doubly charged iohsand up to+20% for ion beams in
emission cross sections. higher charge states. For the absolute cross-section data the
quoted error of the reference cross sectiar25%) has to be
taken care of in addition to the uncertainty of our relative
Il. EXPERIMENTAL TECHNIQUE measurements, leading to total errors of abb@6-32%. In
- rinciple, our measured Nal 63-3p) emission cross sec-
We used a crossed-beam apparatus similar to the one d fons differ from the respective Naf3 excitation cross sec-

scribed in Refs[19, 2Q. lons of interest were extracted from : P

’ X tions because of possible cascade contributions to the popu-
a 5—G|HztEgFgelect;onlzyil\c/)tr;)n resc()jngn)cmn sourr;e{Zl], q lation of N& (3p) from higher Na@,l) levels excited in the
aclcectjarasl ¢ yhup Ot , focuse i )é%magne Ic (f:]ua 'Ueollision. Our AO-CC calculationé&cf. Sec. ) indicate that
pole doublet, charge 1o mass separated by means of an ang-q, mq cages cascading especially from NB(&n contrib-
lyzing magnet and directed into the collision chamber

herein aft ing the alkali-metal t t atom b 'ute to the measured emission cross section by up to 20%.
wherein after passing the alkall-metal target atom éefm However, no further attempt has been made to account for
below) the ions were collected in a Faraday cup.

The Na atom beam was produced by effusion from athIS influence.

Knudsen cell inside a heated ovésee Refs[19, 27]) sur-
rounded by radiation shields. An aperture provided collima-
tion of the effusive beam, which could be stopped by means In the present work we adopt the semiclassical impact-
of a mechanical shutter to account for photon signals fronparameter formulation of the close-coupling method, assum-
excitation of residual gas molecules. After having passed thang straight line trajectories for the projectiles. The time-
interaction region the alkali-metal atom beam was stoppedependent electronic wave function is expanded in projectile
by a water-cooled trap. Background pressure during meaand target centered traveling orbitals, which need not neces-
surements was typically I6 mbar. Careful alignment of the sarily be eigenstates of the corresponding atomic Hamilto-
oven assured that the ion and atom beam intersected eanlans. Thus, besides atomic orbitals also so-called pseu-
other precisely in the viewing line of the light collection dostates(PS are included in our two-center expansion
system(see below. Single collision conditions were assured model. Whereas AO represent the bound spectrum of the
by monitoring the fraction of charge exchanged primary ionsseparated atom&A) of relevance for the considered inelas-
with and without target beam. tic collision process, PS are chosen to account for the forma-

NaD (589.0+589.6 nm line radiation from the ion-atom tion of transient molecular orbitals at small internuclear dis-
interaction region was detected free of polarization influ-tances and/or low impact energies. The inclusion of states of
ences at the “magic” angle of 54.7° with respect to the ionthe united atonfUA) on both collision centers has proven to
beam axis, by a Peltier-cooled EMI-9893 QB/100 photomul-extend the range of applicability of the AO-CC method to-
tiplier equipped with a Schott-type MA 7-0.5 interference wards lower impact energies and to improve the determina-
filter. The observation lengths of the photon detection systertion of subshell cross sections in gendr2].
were limited by slits to 6.5 mm along the ion beam axis, in The CC calculation always starts from a linear combina-
order to reduce background from excitation of residual gagion of orbitals that result from diagonalization of the atomic
molecules or scattered Na atoms. The accumulation time fadamiltonians within the given set of basis states on each
the photomultiplier counting signal was controlled by a datacenter. Linear combinations with negative eigenvalues corre-
acquisition program that also covered recording and integraspond to the bound states, and states with positive energies
tion of the primary ion beam current up to a presettableare taken as representations of the continua of target and
charge, to become independent of primary ion beam fluctugprojectile, respectively. All states included in the presented
tions. Measuring cycles with ion—and/or Na atom—beamsCC calculation have been listed in Table |. The projectile
on and off, respectively, were performed for proper back(Z9"=H", H&®", B&*") centered part of the basis consists
ground discrimination. not only of exact hydrogenlike states for ion chameq

As a first step, relative courses of the NaD emission crosdescribing SEC reaction channels but also of hydrogen orbit-
sections with ion impact energy have been determined. lals with chargeg=q+ 1, which correspond to states of the
these measurements the stability of the alkali-metal beamespective UA.
target was checked by repeatedly taking data at the specific The interaction between the Nacore and the “active”
impact energy of 4.5 keV. electron is described by a model potential of Rapp and

In a second step, calibration of the relative data was obChang[24]. The radial parts of the corresponding eigenstates
tained by comparing photon signals produced by ions ofre expressed by linear combinations of Slater-type orbitals
present interest to those produced by proton impact excitaSTO). In addition, hydrogen orbitals with charges q+1
tion, that correspond to states of the UA are also in-

Ill. AO CALCULATIONS
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TABLE |. Basis sets used in CC calculations to describe low-energy excitatid@iin(Z=H, He, Be;
q=1,2,4—Na(3s) collisions. For distinction between atomic orbit&lO) and pseudostatd®9), all states
on both centers are given for each CC calculation. Hydrogenic orbitals are designated by the principal
quantum numben, the angular momentuiln and the charge, respectively. No specification ¢fmeans the
full set of| quantum numbers for a given Slater-type orbital§1-STO are used to build up the Na atomic
orbitals. The STO parameters can be found in Rapp and Cfestigas well as the used pseudopotential. In
all cases the full set ofh quantum numbers is included in the basis. The calculations are specified by the
number of states defined on the projectile and on the target center, respectively.

CC calculations Center on projectile Center on Na
H* AO PS AO PS
AO16-18 n=1,2,3 z=2: n=3 3s,3p,3d, 4s-STO, 1p-STO;
4s,4p z=2: 3d
He?*
AO29-21 n=3 z=3: n=3,4, 3s,3p 2s-STO;
5d, 5f z=3: n=3,4
AO49-18 n=2,3,4,5 z=3: n=4, 3s,3p, 3d, 4s-STO, 1p-STO;
59 4s,4p z=2: 3d
Be4+
A040-30 n=4,56 (<4) 3s,3p 2s-STO;
z=5: n=5,6 (1<3)
AO50-42 n=1,2,3,4,5 z=5: 5f,5g,6h 3s,3p,3d,4s,4p 4s-STO, 1p-STO
z=5: n=3,4 (1=1).
5 (1=2)
cluded on the target centered part of the expansion. In addition, we have carefully checked the numerical ac-

One-center couplings between projectile states induced bguracy of our cross sections by comparing calculations per-
the electric field of the N core are calculated in good ap- formed on different meshes of internuclear distaRcand
proximation by assuming a pure Coulomb interaction potenimpact parameteb. These numerical errors have been kept
tial. All presented calculations have been performed in théelow 2% for the highest and below 7% for the lowest im-
so-called collision system. Since the excitation process in thpact energies, respectively. Altogether, we believe that the
low-energy range is quite complex, the reliability of suchfinal cross sections are accurate withii0% forE>1 keV/
calculated excitation cross sections is of some concern. Examu and within=20% at lower impact energy. Further dis-
citation channels are populated only with small probabilitiescussion about the basis sensitivity and accuracy of results
because of the strongly competing SEC channels. In such @lculated for various collision systems will be presented in
situation the calculation of cross sections is not a trivial taskSec. V.
and large basis sets are required to describe properly the
nondominant excitatiqn process. Therefore, besides the pre- IV. PRESENTATION OF EXPERIMENTAL RESULTS
sented calculations given in Table I, we have performed ad-
ditional studies with smaller basis sets to estimate the sensi- Our experimental results for NaD emission in
tivity of the calculated cross sections with respect to thez%*-Na(3s) collisions (for Z=C, q=1,2,4,5; 0,q=1,3,5,6;
chosen basis. Results of CC calculations for impact energidde, q=1,3,4,5,6 are presented in Figs. 1-3, respectively, as
E<1 keV/amu were very sensible to the choice of the basisa function of ion impact energy per atomic mass unit. The
While the choice of basis states in a pure AO expansion igrror bars shown do not include the uncertainty of the used
quite straightforward, the situation becomes more compliteference cross sectigof. Sec. I).
cated when PS are also considered. Adding PS with the same As a general trend we note that the measured NaD emis-
I,m values as for the AO to an already large AO basis willsion cross sections do not strongly depend on projectile
not improve the convergence of such a calculation considercharge states and specigscompared at the same impact
ably at low impact energy. This is due to the fact that, aftervelocity or impact energy per atomic mass unHowever, a
diagonalizing the set of states on each atomic center, the Roser look reveals the fairly general trend that projectile ions
states included in addition to the AO are connected to energin higher charge states are generally somewhat less efficient
eigenvalues that differ considerably from the initial bindingin exciting the alkali atoms than the lower charged ones. At
energy of the active electron. Such states cannot be calldifst thought this seems somewhat unexpected, because
“close coupled” anymore. Even transiently they are only higher charge states should exert a stronger Coulomb inter-
weakly populated and produce a small effect on final resultgction. All cross sections exhibit pronounced oscillatory
at low impact energies. Quite on the contrary, improvemenstructures with no apparent regularity. To test the scaling
will be gained by inclusion of PS states when the fraction ofproposed by Janev and Presnyakag], we have also plot-
AO states in a basis is reduced to the most important ones, tied (not shown our data as reduced cross sectioft versus
order to introduce “close-coupled” PS states. reduced impact enerdy/gm. However, this scalingwhich
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FIG. 1. Measured Na(589.0+589.6 nm) emission cross sec-
tions for impact 8* (q=1,2,4,5 on Na(3), vs ion impact energy
per atomic mass unit>: C*; ¢: C>"; O: C**; @: C°*. Represen-
tative relative errors are shownf. tex{.

FIG. 3. As Fig. 1, but for impact of N¢ (q=1,3,4,5,6. ¢:
e’ ¢: Nt O: Ne*™; @ Ne°t; A: NePF

to data from other groups. Thereafter the question of scaling

o ) relations will be addressed. All AO calculations are specified
was mainly intended foE/q>10 kV/amy proved inappro- py the number of states included on the projectile and on the
priate at our comparably low impact energies. A simpleNa® center, respectively.

charge and species averaged cross sect{@'m) as pro-
posed by Schweinzeet al. [7] would represent a better
“universal’” excitation curve, e.g., for Li beam plasma spec-

troscopy(see the Introduction In Fig. 4 results from calculations employing different

In the next section we make use of our AO calculations toversions of the close-coupling approak@6—27 are com-
interpret and discuss these experimental findings. We woul@ared. Excellent agreement between all theories can be
like to point out, however, that effects of the electronic pro-stated. The systematically higher values of Jain and Winter
jectile structure, as seen in the experiment when comparinfp7] are due to the inclusion of cascade contributions to the
cross sections for different projectile species but same charggoss section, thus presenting more an emission rather than a
state g, are principally not covered by our calculations, pure excitation cross section as all the other theoretical re-
which involve bare ions of the same charge state. sults. Our AO-CC results are very close to the values of
Fritsch[26] and Shingakt al. [25]. However, atE=4 keV/
amu our results tend to overestimate their cross sections.

A. Z*-Na(3s)—Z*-Na(3p)

V. THEORETICAL RESULTS AND DISCUSSION

First, we will compare our theoretical results for Naf3
3p) excitation in collisions of Na(8) atoms with “bare”

Z*+Na(3s) — Z*+Na'(3p)

+ —_ 1 1 1 LI | T @
Z%" (q=1,2,4 projectiles to our experimental data as well as 3 208
[09'] + Na(3s) — [09*] + Na (3p) —_
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- . 1 1 E 8 H*, Jain and Winter 1995 -
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+
o FIG. 4. Measured Na(589.0+589.6 nm emission and calcu-
10 ‘ ; ' ‘2 ‘ '3 ’ "1 ‘ 5 lated Na(3) excitation cross sections vs ion impact energy per

atomic mass unit for impact of various singly charged ions. Experi-
mental data E): @: C* (this work; l: O" (this work); ¢: Ne*
(this work); A: H" (Ref. [22]). Calculated dataT) are for H
projectiles only:O: AO16-18 this work;< : Ref.[26]; OI: Ref.[27];

A: Ref.[25].

E/m (keV/amu)

FIG. 2. Same as Fig. 1, but for impact of 0(q=1,3,5,8. ¢:
O'; ¢:0°"; O: O°*; @: O°".
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FIG. 5. Measured Na(589.0+589.6 nm emission and calcu- FIG. 6. Measured Na(589.0+589.6 nm emission and calcu-

".”‘ted Na(3) ex0|tat|qn cross sections plotted as reduced CrOSS S€ateq Na(3) excitation cross sections plotted as reduced cross sec-
tion ofq vs reduced impact enerdy/(qm) for impact of various tion o/q vs reduced impact energi/qm for impact of various

; ; . 2+ (thi .
(i(?uf'g; +cr(1;r%edl(|)onsé Elxplertlrréegtatll data) (f.' CH 2 +(th|s' Wct’_lrk)’_ quadruply charged ions. Experimental data): ®: C*" (this
) ef. [10)). Calculated dataT) are for projectiies. work); B: Ne** (this work). Calculated dataT) are for BE* pro-

O: AO this work; A: Ref. [29]. jectiles but using two different AO basis séts. Table | and text

L . . .. 0O: AO50-42 this work;d: AO 40-30 this work.
This is due to neglecting continuum states representing ion-

ization, which become important at these impact energies

(cf. Table | for basis sets of AO16-18 calculatiorlowever, proper consideration of cascade contributions might increase
it was our intention to optimize our basis by inclusion of the deviation between theories and experiments.

low-lying PS, in order to describe TX at low impact ener- Below E,,4=0.5 keV/amu results from AO29-21 are used
gies. in Fig. 5 rather than the “larger” calculation AO49-1@f.

Our experimental results for‘Cprojectiles as well as the Table ). The basis of AO29-21 includes only the most im-
experimental data of Aumayet al. [22] for protons are in  portant AO statesdominant SEC final shelh=3 and
close agreement with all theoretical results. Increasing th&la(3s), Na(3p) on target centdrcompleted by a rather
number of core electrons in the projectile, however, also inlarge number of PS states in order to allow the formation of
fluences the TX cross sectigof. results for G, Ne* in Fig.  transient molecular orbitals. Reasons why such a basis gives
4). 1t is well known[28], and corresponds to our experience advantages over larger expansion with more AO states were
from AO-CC calculations, that at low impact energies allalready discussed in Sec. Ill. &,.4=0.5 keV/amu results of
inelastic reaction channels are strongly coupled. Especiallipoth basis sets agree within 10%. Again, a distinct structure
TX is suppressed by the dominant SEC process at such low the TX cross section can be recognized.
collisions velocities. Since SEC in collisions of singly
charged ions with alkali-metal atoms strongly depends on the
respective energy defect of the reaction and therefore on the A th tical treat t of inelasti in ion-at
specific electronic structure of the projectile, the strong cou-_ . . eoretical treatment of In€lastic processes in 1on-atom
pling between SEC and TX channels also influences the .Dgolllspns within the close-coupling approach requires In-
cross section. This sensitivity on the projectile’s electronics ca>'"d computational effort for Iarg_er ch_arge of the projec-
structure naturally decreases towards higher impact energié'ée’ because .much more states with highet quantum
(cf. Fig. 4). Note that this explanation does not assume an)pumbers are involved. Therefor(_a, such caIpuIauons might
direct electron-electron interaction in the TX process, whicheaSIIy suffer from too small basis sets, which have to be

of course cannot be ruled out. From both theory and eXperic_:hosen under the constraints of available computer capacity.

ment a distinct “structure” in the TX cross section in the 8” the ?ther hand,tthebln(I:Iusm_n of liA tstates on thedprOéec-
range KE<4 keV can be recognized. This effect will be lle center seems to be less important or even redundant,
discussed in Sec. V D. becau;e of the large overlap wnh thg actua_l AO st_ates rep-
resenting SEC channels. From this point of view an inclusion
of AO states only on the projectile center should be a good
choice(cf. Table | for AO40-30.

Our results for TX in these collision systems are summa- Comparison of theoretical results from two different ex-
rized in Fig. 5 and plotted as reduced cross sectifinver- ~ pansion sets with our experimental data féf @nd Né™ is
sus reduced impact enerfy.q=E/qm. Excellent agreement shown in Fig. 6. AboveE=1.5 keV/amu results of both
between theoreticdRef.[29] and this work and experimen- expansions AO40-30 and AO50-4&f. Table IV) are equal
tal results(Ref.[10] and this worl is found. However, one within 10%. However, belowE ;<1 keV/amu theoretical
has to consider that in Figs. 4—6 experimental emission crogesults deviate from each other as well as from the experi-
sections are compared with pure TX cross sections and siental data considerably. FoOE,.<0.5 keV/amu the

C. Z**-Na(3s)—Z**-Na(3p)

B. Z%*-Na(3s)—Z?*-Na(3p)
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AO40-30 expansion containing only AO states on the pro- 100 |
jectile center does not deliver reasonable resfuitisich are ~— ;
therefore not shown in Fig.)6Enlarging the basis on both &
centers(AO50-42 improves the agreement, but a deviation ,f
of almost a factor of 2 with respect to the experimental val- ‘o
ues remains at the lower impact energies. z
We believe that these problems of the present calculations &
are probably not only due to the choice of basis, but mainly
the inadequacy of the pseudopotential usefdthe interest-
ing discussion about pseudopotentials by Jain and Winter -
[27]). Although our calculations for the other collision sys- ©
tems are based on the same pseudopotdi2ddland deliver
quite good results, the sensitivity to the pseudopotential used
will certainly increase considerably witly. Further investi- E/m (keV/amu)
gations concerning this problem are under way. Despite Z9*+Na(3s) — Z%*+Na'(3p)
these problems a similar structure of the TX cross section as 100 ———— —
for the other projectiles is found in both the theoretical as [
well as the experimental resulgsf. Fig. 6 and Ref[30]).

10F

0-SE(J

X’

1
0.1

He*
* Be-u
D. Discussion of structure in TX cross section scaling fit

with respect to q

. . . 10 | u
Figure {a) summarizes our calculated TX cross sections E ¢

for the three different projectilez®” (q=1,2,4. In addition
calculated(reducedl total SEC cross sectiongq are shown
for comparison. A striking feature of Fig(& is the appear- | . "
ance of a pronounced “plateau structure” in the TX cross I .
section exactly betwed/ m=1.5 and 3.5 keV/amu indepen- ] L L
dent of projectile charge. Not only the position of this struc- 0.1 1 10
ture is independent of the initial projectile charge but also the E/gm (keV/amu)

absolute cross section value. The TX cross section in this
impact energy range seems to be determined only by the

targe_t, but remains completely independent of the .projectil full symbolg and calculatedreduced single electron capture cross
species. The appearance of a plateau structure in the AQ cfionsoq/q vs impact energy per atomic mass uBitm for
calculations is also not very sensitive to the chosen Hasis jmpact of H' (circles, He?* (squares and Bé* (diamonds on
are the absolute cross-section vajuesd will appear as long  Na(3s). (b) Calculated(reduced Na(3p) excitation cross sections
as at least the dominantly populated SEC shell and the lowef.., /q vs reduced impact enerds/qm for impact of H" (circles,
bound Na states are included in the calculatioinFig. 6 for ~ He?* (squaresand BE* (diamond$ on Na(3). Also shown is a
comparison of AO calculations with different basis least square fitfull line) to all reduced cross sections. FBE=3.5
For impact energies especially in the region of the plateawtev/amu (shaded region all cross sections follow a
TX is strongly suppressed by the dominant SEC reactiongx/q=f(E/qm) scaling relation.
whereas for higher impact energies, where SEC starts to de-
crease sharply, TX becomes decoupled from $EC This and more decoupling of TX from SEC.

can be_ deduced from comparing results from.AO calcula- Furthermore, it is interesting to note that the excitation
tions with the same number of Na target and different num- " =
ber on SEC projectile channels. Especially a pure one-cent&t ¢ Y of the 3-3'p transitionAE=2.1 ey corresponds.to
expansior(not shown neglecting all SEC channels produces an eIecFron velocﬁty o_i;e~0.3£_9 a.u., which rough_ly coin-
for E=20 keV within 10% the same cross section value as?'des with the projectile velocity0.245-0.374 a.m.|n_th|s

the presented “full” AO calculation. In the impact energy 'MPact energy rangeef. also[27]). Of course further inves-
range from 1 to 5 keV, however, the results of the one-centefigations of the TX process in the presented and especially in
expansion overestimates the cross section by a factor 5. TH&Ilision systems involving other target atoms will be neces-
Cross section of Such a one-center expansion does not Sh&ﬁ.ry to eStab|ISh a Clear p|CtUre for SUCh plateau structures In
any plateau structure, but produces a broad maximum arountX Cross sections.

4 keV/amu. At this impact energy the direct Na(3p) ex- In Fig. 7(b) the scaling relatioro/q versusg=E/qm
citation by the disturbing electric field of the projectile is [11,12,17 for TX is applied to our calculated results. One
most effective, but will be suppressed because of SEC. Thean distinguish between two impact energy regions. For
plateau structure appears by including SEC channels in aB,./=3.5 keV/amu the scaling relation is almost perfectly
AO expansion and might, therefore, just be a remainder ofulfilled for all regarded projectiles. Below that value the
the primary cross section maximum found in the one-centescaling is destroyed mainly because of tpendependent
expansion. The increase of the TX cross section for impagpblateau structure, which appears at fix@an. However, for
energies above the plateau region can be explained by mohégher q projectiles rough estimates of TX cross sections

216 npaa2)
c./q (10 °cm

FIG. 7. (a) Calculated Na(B) excitation cross sectiongy
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seem to be possible within an errorb60% by applying the ing the alkali atoms than the lower charged ones. The usual

fit curve shown in Fig. ). TX scaling o/g versus reduced impact ener§fgm is not
appropriate at our comparably low impact energies. Our cal-
VI. SUMMARY culations indicate a strong coupling between the TX channel
) . i and the by far dominant SEC channel, which seems to be
Experimental and theoretical data for N@(3-3s) exci-  yesponsible for the observed structure in the TX cross sec-

tation in collisions of Na(8) atoms with slow(v<1 a.u)  tjon.
singly and multiply charged ions have been presented and
exhibit the following general trends. Target excitation cross
sections, if compared at the same impact velocity, do not
strongly depend on projectile charge state and species and
exhibit a pronounced structure. Projectile ions in higher This work has been supported by Fonds zlrdeoung
charge states are generally somewhat less efficient in excitler wissenschaftlichen Forschu¢Rrojekt No. P9459-PH)
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