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Lithium excitation by slow H 1 and He21 ions
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Experimental and theoretical cross sections for the excitation of ground-state lithium by H1 and He21

impact are presented for the 2–30 keV/amu energy regime. Li(2s) excitation up to the Li(n54) level was
simulated by means of the atomic-orbital close-coupling method. Experimentally, absolute emission cross
sections were determined by observing the LiI(nd-2p,n53 –6) and LiI(ns-2p,n54 –6) line radiation after
ion impact. Furthermore, a few measurements have been performed on high-n excitation @Li(2s→nd,n
57 –9)# by He21 impact.@S1050-2947~99!06912-7#

PACS number~s!: 34.50.Fa, 34.10.1x
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I. INTRODUCTION

In the field of ion-atom collisions, the one-electron a
quasi-one-electron targets~H, Li, Na, etc.! have always re-
ceived a lot of attention. Most attention was usually direc
to single electron capture, because it is a process that ca
described by various models at different levels of sophist
tion: over-the-barrier@1#, multichannel Landau-Zener@2#,
classical-trajectory Monte Carlo~CTMC! @3,4# and atomic-
orbital close-coupling~AOCC! @5#. However, for the de-
scription of target excitation and ionization, most models
not so well suited, mainly because electron capture do
nates over the other processes, especially in the low-en
region. Also there was a lack of experiments to test a
improve the various models. For lithium target excitation t
experimental work consisted of experiments by Kadotaet al.
@6# and Aumayret al. @7,8# and theoretical studies were don
by Ermolaevet al. @9# and Schweinzeret al. @10#. Other
closely related studies have been performed by Fritschet al.
@11#, Schultzet al. @12# ~hydrogen excitation!, and Horvath
et al. @13# ~sodium excitation!.

In this work we present a study on

~H1,He21!1Li ~2s!→~H1,He21!1Li* ~n,l !→~H1,He21!

1Li ~2s!1hv ~1!

by means of photon emission spectroscopy~experiment! and
AOCC ~theory!. This work has an intended overlap with a
other body of work~on lithium excitation by ion impact!
performed recently by Brandenburget al. @14#. Together
with this work, a consistent, reasonably complete picture
lithium excitation can be constructed with some unexpec
features, most of them supported by the AOCC theory.

Another important motivation for this work was to con
struct a high-quality database of lithium excitation by i
impact to be used for the lithium beam diagnostics of m
netically confined fusion plasmas@16#. The previous lithium
excitation database mainly consisted of scaled electron
pact cross sections@17#, which are not likely to describe
ion-atom collisions very well in the low-energy region~1–20
keV/amu! because the coupling between excitation chann
and electron capture channels is not incorporated. There
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a new database@18# including all collision processes relevan
for the plasma diagnostic purpose has been compiled
cently. The ion-impact part of this new database is based
the AOCC calculations presented here.

II. THEORY

We applied the well-known semiclassical impac
parameter formulation of the close-coupling~CC! method for
collisions with one ‘‘active’’ electron, assuming straight lin
trajectories for the projectiles. The general approach has
ready been described by Horvathet al. @13# ~and references
therein!, which shall not be repeated here. Only details
the particularly chosen two-center expansions will be giv
which are of importance for the discussions in the followi
sections. All chosen basis sets used in the present CC ca
lation are listed in Table I. This table has to be regarded
as a survey, and detailed information about the used basi
is available from the authors on request. Besides atomic
bitals ~AOs! on projectile and target, pseudostates on b
centers appear in the expansion. While AOs on the projec
(H11, He21) are simply given by hydrogenic states, AO
for Li are derived by diagonalizing the atomic Hamiltonia
in a truncated basis set of Slater-type orbitals~STOs, defined
by chargez andn,l quantum numbers!. The Hamiltonian on
the Li center includes an analytic model potential@20# for the
interaction between the Li1 core and the ‘‘active’’ electron.
The diagonalization process leads to linear combinations
the original STOs which represent AOs in cases where
corresponding eigenvalues are close to experimental en
levels ~deviations,0.3%). All other eigenstates of the d
agonalization process are called pseudostates~PSs! and their
eigenvalues cover a range of energies above the highes
state to positive values. Such states are considered—tho
of discrete nature—to represent the continuum in the ca
lation. One can further distinguish between such STOs o
mized in order to reproduce most accurately the atomic le
diagram~PS-ST, where ST stands for structure! and STOs
with z values~not given in Table I! between the charge of th
separated atoms and the united atom~PS-UA!. The latter are
more appropriate for small impact parameters to describe
motion of the active electron. The eigenvalues of the
PS-UA lie above the AOs and represent higher exci
4627 ©1999 The American Physical Society
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TABLE I. Basis sets used in the AOCC simulations.

Center on projectileZq1 Center on target Li1

Calculation AO PS-UA AO PS-ST PS-UA
H1

ao65_64 20;n51 –4 45 STOl<4 20; n51 –4 17 STOl<1 27 STO 2< l<4
He21

ao87_79 56;n5126 31 STO 1< l<4 35; n51 –5 17 STOl<1 27 STO 2< l<4
ao81_80 50;n51 –5,6l<4 31 STO 1< l<4 35; n51 –5 14 STOl<1 31 STO 1< l<4
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bound states as well as ionization channels. This type of s
~PS-UA! is also included at the projectile center represent
capture to the continuum. All presented AO calculatio
~e.g., Table I! involve a considerable number of projecti
centered states representing single electron capture~SEC!.
The importance of such channels for the results of excita
cross sections has already been discussed for the Li(2s-2p)
excitation in He21-Li(2s) collisions @10#. In this pure
AOCC study~no pseudostates were included! the number of
included SEC channels influenced the resulting excita
cross section significantly in the lower impact energy ran
Furthermore it turned out that, in order to obtain reasona
results, it is recommended to include SEC from the exci
states under study. The AO expansion for H11-Li(2s) col-
lisions ~AO65_64 in Table I! has been tailored to fulfill this
rule for all excitation processes Li(2s-nl) (n52 –4, l
50 –3). A considerable enlargement of the basis size wo
have been necessary in the case of He21 impact ~AO87_79
and AO81_80 in Table I!, but could not be realized becaus
of computational reasons. In view of this, no convergent
sults can be expected for Li(2s-5l ) excitation cross sections
because the He II orbitals dominantly populated by S
from Li(5 l ) will have n values of 7–9, which is beyond th
ones included in the present AO calculations.

These AOCC calculations shall be compared with
available experimental data and available theoretical calc
tions. By default, all theoretical curves are displayed as lin
even though they were all calculated for discrete energie

III. EXPERIMENTAL RESULTS

The He21 and H1 ions were produced by the electro
cyclotron resonance ion source~ECRIS! installed at the KVI
in Groningen. The source was operated at voltages ran
from 4 to 24 kV. We also had the possibility to pos
accelerate the ions with voltages of 30 to 100 kV. For o
experiments this option implied a critical loss~factor of ten!
in current. Typical currents for the He21 and H1 ions at the
collision center~non-post-accelerated beams! were ranging
from 0.5 mA at the lowest energies to 3mA at the highest
energies.

After collimation of the beam to 1 mm, the ions we
crossed in the collision center with a lithium beam comi
from a single stage oven@6,21# operated at a fixed tempera
ture in the 480–520 °C range. A liquid-N2–cooled trap was
used to reduce the lithium background pressure.

The light emitted by the deexciting lithium was detect
perpendicularly to the ion beam with a monochromator
visible light ~320–610 nm!. This ~Leiss! monochromator can
scan across the lithium target along the ion beam axis, wh
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allows us to select the area with the~apparent! highest
lithium density. It also allows us to distinguish the bac
ground gas contributions from the lithium signal.

The sensitivity of the monochromator for the differe
wavelengths was calibrated relatively using~unpolarized!
light of a quartz-iodine lamp at 200 W@22#. The relative
sensitivity was put on an absolute scale by using kno
electron impact excitation cross sections@23#. The
LiI(4 s-2p) emission after He21 impact was determined fo
energies in the range of 1.5–9 keV/amu, all relative to e
other and relative to the LiI(4s-2p) emission after 400 eV
electron impact@note that the LiI(4s-2p) emission was also
chosen because it is unpolarized#. The uncertainty of our
absolute calibration is 20% for wavelengths longer than 4
nm and increases to about 25% at 320 nm~see also@21#!.
These systematic uncertainties are not included in the e
bars displayed in the figures.

For H1, the emission cross sections were absolutely c
brated by measuring the LiI(4d-2p) emission after 6
keV/amu He21 impact before or after a measurement. T
larger scatter in the proton impact data is caused by the~rela-
tively long! time needed for switching from the proton bea
to the reference He21 beam. Relative density uncertaintie
~i.e., the always present oven fluctuations! were monitored
by measuring a reference line@the LiI(4d-2p) line# as often
as possible and by measuring emission lines more than o
In the case of the weakest emission lines@LiI( ns-2p,n
55,6)#, the uncertainty in the cross section is not only d
termined by the counting statistics, but also by the fact t
the oven behavior was not monitored for a relatively lo
period.

To compare our measurements with theory, the theoret
excitation cross sections had to be transformed into emis
cross sections. For this procedure, the following relatio
were used:

s~3p→2s!5~0.21560.02!@s~3p!10.425s~4s!

10.23s~4d!#, ~2!

s~3d→2p!5s~3d!10.2s~4p!1s~4 f !, ~3!

s~4s→2p!50.575@s~4s!10.28s~4p!#, ~4!

s~4d→2p!50.77s~4d!, ~5!

s~5s→2p!50.48s~5s!, ~6!

s~5d→2p!50.71s~5d!, ~7!
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s~6s→2p!50.43s~6s!, ~8!

s~6d→2p!50.65s~6d!. ~9!

For these relations, branching ratios from Wieseet al. @28#
and Lindgård and Nielsen@29# are used@Wieseet al., Eqs.
~2!–~5!, and Lindga˚rd and Nielsen, Eqs.~6!–~9!#. There is
some uncertainty concerning the lifetime of the Li(3p) level
@28–30# causing the 3p→2s branching ratio to range from
0.195 to 0.235.

The sensitivity of the monochromator for the linear pola
ization of the incoming light was determined with the qua
iodine lamp, by adding a linear polarizer to the signal p
~see also Schipperset al. @24#!. Polarized light emissions af
fect our measurements in two ways:~a! the radiation will be
emitted anisotropically since we do not measure at the m
angle of observation (54.7°),~b! the detector sensitivity de
pends on the linear polarization of the incoming light. In t
case of the LiI(3d-2p), these two effects work in the sam
direction and for all other lines the two effects work in o
posite directions and effectively cancel out. Therefore, for
estimation of the maximal polarization induced uncertain
the Li(3d) m-level distributions of AO87_79 were used
calculate the linear polarization of the LiI(3d-2p) emission
after He21 impact. These calculated polarizations were th
used to correct the theoretical LiI(3d-2p) emission cross
sections. Thus this corrected curve~thin dashed line in Fig.
5! serves as an indication of the maximal uncertainty indu
by neglecting the experimental linear polarization sensitiv
of our setup.

Although we treated the linear polarization of the emitt
light as a source of experimental uncertainties, it in princi
a source of information about the collision dynamics~i.e.,
the m-level population of the states of interest!. Schippers
et al. @25# measured the only reported case, the linear po
ization of NaI(3p-3s) emission in the case of Na excitatio
The polarization of emission after electron capture is, ho
ever, more widely studied, for example, by Laulhe´ et al. @26#
~electron capture from Li! and Gregoet al. @27# ~electron
capture from Na!.

A. Proton impact

In this section, the proton impact data will be discuss
with their AO simulations~and other available data! as sepa-
rate cases. The LiI(5d-2p) data will be shown in this section
only to get an impression of the physics of target excitati
Later on, in Sec. IV, they will be evaluated more quanti
tively together with the He21 impact case.

All error bars are at least 15% because of the rela
uncertainty associated with the calibration procedure. So
other lines, LiI(3d-2p), LiI(5 s-2p), and LiI(6d-2p), also
have an additional 5–15 % statistical uncertainty.@Note: Our
detector was 50 times less sensitive at the LiI(3d-2p) wave-
length~610 nm! than at the LiI(4d-2p) ~460 nm!.# Also the
LiI(3 p-2s) has an enhanced uncertainty of at least 10%
cause, at 323.3 nm, it is at the very edge of our detec
range.

1. LiI(3d-2p) emission after proton impact

The LiI(3d-2p) emission cross section measured by
the experimental data from Brandenburget al. @15#, and the
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AO calculations are shown in Fig. 1. The AO results ag
well ~within our experimental uncertainties! with the mea-
surements. The good agreement of our LiI(3d-2p) emission
cross sections with the corresponding experimental data f
Vienna confirms the correctness of our independent calib
tion method. Also shown is the recommended curve fr
Wutte et al. @17# ~excitation only, because cascade contrib
tions could not be incorporated!. In the high-energy limit
(E>20 keV/amu! all curves converge, but in the 3–1
keV/amu range, the region of interest for plasma diagnost
discrepancies by a factor of 3 can be seen. It is quite c
that the reason for this discrepancy@the depletion of
Li(2s-3d) excitation channel around 4 keV/amu# should be
the dominance of the electron capture channel in this ene
range@19#. Not expected was the convergence of the diff
ent data sets at the low-energy limit.

2. LiI(nd-2p,n54,5) emission after proton impact

The measured and calculated LiI(4d-2p) emission cross
sections are shown in Fig. 2. Fairly good agreement of
periment with theory can be observed considering that c
cade contributions†mainly 0.36*Li(5f ) and 0.21*Li(5p)

FIG. 1. LiI(3d-2p) emission after H1 impact: full triangles, this
work ~relative errors are shown!; open symbols, Brandenburget al.
@15# ~absolute errors are shown!; full curve, ao65_64; dashed curve
Wutte et al. @17# ~scaled electron impact emission cross section!.

FIG. 2. LiI(nd-2p,n54 –5) emission after H1 impact: full
squares, LiI(4d-2p); full curve, LiI(4d-2p) ao65_64; full circles,
LiI(5 d-2p).
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@29#‡ are not included in the theoretical cross sections~the
estimated increase might be 10–30 %!. The measurement
on the LiI(5d-2p) are also shown with the previously dis
cussed LiI(4d-2p) data in Fig. 2. The similarity of both
emissions as a function of energy is quite striking. A qua
titative analysis of these cross sections as a function of qu
tum numbern is given in Sec. IV.

3. LiI(3p-2s) emission after proton impact

The LiI(3p-2s) emission data seem to agree well with t
AO simulations ~Fig. 3!. As already mentioned, the 3p
→2s branching ratio has a large~20%! uncertainty. Two ex-
treme cases~0.195 and 0.239! are displayed in Fig. 4, to
indicate the maximum margin in the theoretical curve. A
displayed are the Li(2s→3p) excitation cross sections b
Wutte et al. and AO65_64. The agreement is quite good b
shows a somewhat different trend.

4. LiI(ns-2p,n54,5) emission after proton impact

The LiI(4s-2p) and LiI(5s-2p) emission cross section
are shown in Fig. 4. For impact energiesE.10 keV the

FIG. 3. LiI(3p-2s) emission and Li(2s-3p) excitation after H1

impact: full symbols, LiI(3p-2s); thick full curves, maximum and
minimum LiI(3p-2s) ao65_64; thin full curve, Li(2s-3p) excita-
tion, ao65_64; dashed curve, Li(2s-3p) excitation, Wutteet al.
@17# ~scaled electron impact cross sections!.

FIG. 4. LiI(ns-2p,n54,5) emission after H1 impact: full
squares, LiI(4s-2p); open circles, Li(5s-2p); thick curve,
LiI(4 s-2p), ao65_64; thin curve, Li(2s-4s) excitation, ao65_64.
-
n-

t

4s-2p emission is dominated by the cascade contribut
4p-4s. A missing cascade contribution 5d-4p in the theo-
retical result might be the reason for the underestimation
the experimental data. Agreement between theory and
periment, although being the worst case for the proton
pact excitation, is still rather good.

The decrease of the LiI(5s-2p) with increasing collision
energy is at least remarkable especially when compared t
the other measured LiI emission lines. However, when co
pared to the AO simulations of LiI(2s-4s) excitation and
assuming a similarity of properties with increasing princip
quantum numbern, it is not so surprising. The Li(2s-4s)
excitation shows a deep minimum around 15 keV/amu
pact energy. However, this cannot be observed
LiI(4 s-2p) emission measurements because of the 4p cas-
cade contribution to the Li(4s) level. Contrary to this, the
LiI(5 s-2p) emission does not have any significant casca
contributions†Li(5 p→5s)50.15, Li(6p→5s);0 @29#‡ and
therefore this amazing decrease of the cross section beco
visible.

B. He21 impact

There are more experimental results for the He21 impact
and they are more precisely calibrated than the proton imp
data, and this proved to be a real challenge for the AO
method. As we shall see, excellent results were obtained
the AO87_79 and good results with the AO81_80. T
AO87_79 calculations include in addition to the project
centered states of the AO81_80 the 6h state. This state
omitted only in order to reduce CPU time in the AO81_8
The target centered parts of both expansions do not diffe
the AOs included, but in the number of pseudostates an
the details of the used STOs~see Table I!. Especially the
target centered PS-UA parts differ considerably betwe
both expansions.

Interesting will be the lower-energy range for the He21

impact data~2–12 keV/amu! as compared to the proton cas
~5–20 keV/amu!. At these lower energies interesting ion
atom interactions were observed for the proton impact c
~see the preceding section! and these are also expected f
the He21 impact case. Furthermore, there will be a few da
points at high energies.

1. LiI(3d-2p) emission after He21 impact

The most striking feature of the LiI(3d-2p) emission
cross sections~Fig. 5! is, as in the proton impact case, th
peak at 2.7 keV/amu, which, as in the proton impact case
likely to be caused by a depletion of the Li(3d-2p) excita-
tion channel by electron capture channels. Cross chec
the present lithium emission after He21 impact with electron
capture from lithium by He21 @21# clearly reveals that the
experimental HeI(n54, l 50,1,2) ~capture! levels have an
enhanced population around 6 keV/amu, exactly where
Li( n53,4, l 53) ~excitation! levels have reduced intensitie

We can now really see the improvements in the AOC
method, because the LiI(3d-2p) emission after He21 impact
was studied with this method by Ermolaevet al. @9# and
Schweinzeret al. @10# and these results are also displayed
Fig. 5. The previous calculation by Schweinzeret al. was
good down to 4 keV/amu but then failed to predict the fe
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tures so striking in Li excitation by H1 and He21 impact.
The data points by Ermolaev~the AO65 calculations! only
agree with our data in the high-energy limit~towards the
Born regime!. The pseudostate expansion applied by Erm
laev is optimized for high impact energies. Thus only a f
projectile centered states~He II n52,314d and pseu-
dostates! were taken into account in their calculation, leadi
to overestimated excitation cross sections for their low
impact energies. On the other hand, the previous calcula
by Schweinzeret al. is based on a pure AO expansion wi
many projectile centered states~He II n51 –6) but without
pseudostates, thus completely neglecting the coupling to
ization channels. A sufficient representation of all inelas
reaction channels seems to be necessary to describe e
tion processes properly.

Note that the inclusion of polarization effects~as dis-
cussed in the experimental results section! changes the emis
sion cross sections only slightly.

2. LiI(4d-2p) emission after He21 impact

The LiI(4d-2p) emission cross sections are shown in F
6. The agreement between the AO87_79 calculation and
experimental data is very good, except maybe at 3 keV/a
where the AO81_80 agrees somewhat better with exp
ment. Differences between AO87_79 and AO81_80 give
estimate of the convergence of AOCC results. The ag
ment between theory and experiment is slightly better h
than for the proton impact case, Fig. 2, although also h
small cascade contributions to the theoretical emission cu
were not included. Finally, the theoretical data by Ermola
et al. ~AO65 calculations! converge with our data in the
high-energy limit, but again are far too high at low energi

3. LiI(5d-2p) and LiI(6d-2p) emission after He21 impact

The LiI(nd-2p,n55,6) emission data are shown in Fi
7. The disagreement between the experimental LiI(5d-2p)
data and the AO87_79, AO81_80 is very considerable~fac-
tor of 2–3!, which is most probably due to the missing hig

FIG. 5. LiI(3d-2p) emission after He21 impact: full symbols,
this work ~relative errors are shown!; open triangles, Kadotaet al.
@6# ~absolute errors are shown!; thick full curve, ao87_79; dashe
thin curve, ao87_79 corrected for the polarization sensitivity of
detector; thin full curve, ao81_80; thick dashed curve, Schwein
et al. @10#; thick dash dot curve, Ermolaevet al. @9#.
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n SEC channels. As already explained in Sec. II, SEC dra
flux from the excitation channels, thereby reducing the ex
tation cross sections. The predicted 2s-5d excitation cross
sections are almost as large as the 2s-4d cross sections,
which is very unlikely. Also Ermolaevet al. struggled with
the problem of excessively large Li(2s-5d) excitation cross
sections due to the even lower number of SEC channels,
their best results are displayed in Fig. 7.

Also shown are the LiI(6d-2p) emission cross section
~experiment only!. It is clear that this emission line look
quite similar to the other LiI(nd-2p) emissions, although the
peak structure at 3 keV/amu~minimum around 6 keV/amu!
seems to have disappeared.

4. LiI(3p-2s) emission after He21 impact

For the LiI(3p-2s) emission cross section, the agreeme
between the experimental data and the AO simulations, b
AO87_79 and AO81_80, is reasonably good~see Fig. 8; a
branching ratio of 0.215 was used for the theoretical curv!.

e
er

FIG. 6. LiI(4d-2p) emission after He21 impact: full squares,
this work; thick full curve, ao87_79; thin full curve, ao81_80; da
dot curve, Ermolaevet al. @9#.

FIG. 7. LiI(nd-2p,n55,6) emission after He21 impact: full
circles, LiI(5d-2p); open triangles, LiI(6d-2p); thick full curve,
ao87_79; thin full curve, ao81_80; dash dot curve, Ermolaevet al.
@9#.
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4632 PRA 60J. W. TURKSTRAet al.
5. LiI(4s-2p) emission after He21 impact

We can see in Fig. 9 that the LiI(4s-2p) emission after
He21 impact, which is our basis of absolute calibratio
agrees well with the AOCC theory~except maybe for a sma
structure at 3 keV/amu!. The experimental LiI(4s-2p) emis-
sion cross sections are almost featureless between 1.5 an
keV/amu. This is of importance since this line is the ref
ence for all other He21 emission lines~lines which have
distinct features below 10 keV/amu!. Our calibration method
therefore cannot have introduced phantom features into
various He21 impact emission cross sections.~Note that if
we would have measured the 3 keV/amu cross section
predicted by the AOCC simulations, the 3 keV/amu cro
sections in Figs. 5 and 6 would have been;70% higher.!
Also shown is the calculated Li(2s-4s) excitation to show
that a minimum above 12 keV/amu~as seen for H1) also
exists for He21 impact.

6. LiI(5s-2p) and LiI(6s-2p) emission after He21 impact

The theoretical and experimental results for LiI(5s-2p)
can be seen in Fig. 10. Clearly the agreement of

FIG. 8. LiI(3p-2s) emission after He21impact: full symbols,
LiI(3 p-2s); thick full curve, LiI(3p-2s) ao87_79; thin full curve,
ao81_80; dashed curve, Li(3p-2s), Schweinzeret al. @10#; dash-
dot curve, Ermolaevet al. @9#.

FIG. 9. LiI(4s-2p) emission after He21 impact: full squares,
LiI(4 s-2p); thick full curve, ao87_79; thin full curve, ao81_80
dashed curve, Li(2s-4s) excitation, ao87_79.
,
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AO87_79 with experiment is much better than in t
LiI(5 d-2p) case~Fig. 7!. The 5s level is slightly tighter
bound than the 5d state. Therefore, SEC from the Li(5s)
state is better represented in the AO calculations than S
from Li(5d).

Results of the AO81_80 calculation, as well as t
AO87_79 data, are above the experimental values. The
nificant difference between both calculations, especially
higher impact energies, might be due to the miss
He II(6h) state in the AO81_80 expansion. Although th
state is populated very weakly in collisions with Li(2s), it
might be of considerable importance as a SEC loss cha
from Li(5s). To test the idea that the He II(6h) capture
channel interferes with the Li(5s) excitation channel, an
AO87_80@an AO81_80 plus the He II(6h) state# calculation
was performed. This calculation, however, did not result i
better description of the Li(5s) excitation channel, implying
that the AO87_79 is more successful in the prediction
Li(5s) excitation because of a better choice of pseudost
describing the ionization channels. The AO87_79 is de
nitely more successful when it comes down to describing
dramatic decoupling~decoupling meaning the excitatio
mechanism is becoming less effective! of the Li(5s) excita-
tion channel above 12 keV/amu@remember, this peculiar be
havior of the Li(5s) excitation was also seen for proton im
pact#.

Also displayed in Fig. 10 are the LiI(6s-2p) emission
cross sections~experiment only!. It is clear that this excita-
tion channel behaves differently from the Li(5s) excitation.
This indicates that a universal scaling law for describi
LiI( ns-2p, n5426) emissions (He21 impact! is unlikely to
exist.

IV. LiI „nd-2P,n5329… EMISSION: SCALING
TO QUANTUM NUMBER n

As far as we know, the field of ‘‘high-n excitation by ion
impact’’ is unknown territory. To get some idea of th
mechanisms at work, some extra measurements have
performed and a crude scaling method is introduced for
nd states. It is custom in the field of fusion plasma diagn
tics to find scaling relations because it is a formidable~if not

FIG. 10. LiI(ns-2p,n55,6) emission after He21 impact: full
circles, LiI(5s-2p); open triangles, LiI(6s-2p); thick full curve,
ao87_79; thin full curve, ao81_80.
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impossible! task to measure or calculate all the relevant cr
sections for inelastic ion-atom collisions. As already me
tioned before, lithiumns-state excitation by ion impact is no
suitable for scaling with increasingn ~the curves in Figs. 4
9, and 10 simply do not look very similar!.

In Fig. 11 the result can be seen of plotting the (He21

impact! LiI( nd-2p,n53 –9) emission cross sections vers
quantum numbern ~for just three energies!. For clarity rea-
sons, the error bars are only drawn for the 6 keV/amu ca

When the emission cross sections are plotted on a do
logarithmic scale, straight lines can be drawn, each line
dicating a certainn2a behavior for the cross sections~with n
the principal quantum number!. All these straight lines are
normalized to the first data point@the LiI(3d-2p) emission
cross sections#. This fit indicates that the systematic error
the measured LiI(5d-2p) emission cross sections is probab
not very large@this as a supplement to the discussion ab
the disagreement of the experimental and the theore
LiI(5 d-2p) data in Sec. III C#.

For the LiI(nd-2p,n56 –9) emission cross sections at~6
keV/amu! ~Fig. 11!, an n23 dependence can be fitted to th
data @starting at LiI(6d-2p) or LiI(7d-2p)#. This n23 be-
havior is also observed in~lithium! target emission afte
electron impact and is regarded as a ‘‘trademark’’ for hyd
genic behavior, i.e., then22 dependence of the hydrogen
binding energies results in a density of states]E/]n5const
3n23.

The scaling procedure was also performed for the pro
impact experimental data with comparable results. Again
for the He21 impact case, it is striking how well the data ca
be fitted with thesen2a lines, even though the data span tw
orders of magnitude.

Putting the results~the exponentsa) of then2a fits, both
for He21 and H1 impact, in a plot yields Fig. 12. The phys
cal origin of the decrease of the exponenta with increasing
collision energy is more or less clear. It is expected that
higher Li(nd) states are relatively stronger populated wh
the projectile energy increases. Interesting is, however,
the H1 and He21 projectiles have~more or less! the same
exponent (a;6) at their highest energies, but the proto

FIG. 11. Normalized~scaled! LiI( nd-2p,n53,9) emission after
He21 impact: full circles, 12 keV/amu; open triangles, 6 keV/am
full squares with dot, 3 keV/amu~relative error are shown!; full
curve,n26.8 line; long dashed curve,n26 line; short dashed curve
n27.2 line; dash dot dot curve,n23 line.
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reach that exponent sooner. Putting it simply, at high eno
velocities, both projectiles can ‘‘pump’’ the relativend
populations equally well; the protons, however, can do t
‘‘pumping’’ already better at lower energies.

V. CONCLUSION

In this work we have seen that the AOCC method c
model the excitation of lithium atoms by H1 or He21 with
great accuracy not only for the dominant channels@Li(2 p)
described in@14# and Li(3p,3d)# but also for excitation
channels that are two orders of magnitude below these c
nels. By comparing experimental data for even smaller cr
sections with AOCC calculations, although already of lar
scale, limitations@Li(5d) excitation# have been reached an
disagreement was observed. However, the reason for the
ure is rather clear and can be overcome by a further enla
ment of the basis. However, such extensions are not on
matter of more powerful computers, but will also need im
proved numerical methods, because accuracy limits of
present ones are also touched upon.

The main improvement between the old AOCC simu
tions ~Ermolaevet al. and Schweinzeret al.! and the new
ones is that the new ones correctly predict the features in
Li(2s-nd,n53 –4) excitation. As already mentioned in Se
III A 1 @Li(3d-2p) emission after H1 impact#, it is likely
that these features are not ‘‘peaks around 3 keV/amu’’
‘‘minima around 6 keV/amu.’’ Similar structures, resultin
from the interplay between capture and excitation, have a
been predicted by Schultzet al. @12# and Fritschet al. @11#
for hydrogen excitation and experimentally seen by Aum
et al. @8# ~lithium and sodium excitation! and Horvathet al.
@13# ~sodium excitation!. The Li(2s–ns,n54,5) excitation
channels also display minima with H1 and He21 impact, not
around 5 keV/amu but around 15 keV/amu for the form
and 20 keV/amu for the latter. We could not find a satisfyi
explanation for these depletions of the Li(4s) and Li(5s)
excitation channels above 12 keV/amu.

We would like to mention that the structures between
and 8 keV/amu were discussed by Aumayr@8# using the
Landau-Zener picture, and a pure classical interpretation
this structure was given by Schultz@12#. Both discussions
construct a picture of the active electron oscillating~or swap-

;
FIG. 12. Behavior of the exponenta ~see text and the lines in

Fig. 12! versus energy: full circles, He21; open squares, H1.



aw
, w

ex

le
-

cte
n

e
e

of
is

un-

ap-

4634 PRA 60J. W. TURKSTRAet al.
ping! between excitation and capture channels, resulting
the typical structures observed. Although we clearly s
depletion of excitation channels due to enhanced capture
did not find any evidence for the reverse process~i.e., en-
hanced excitation and depleted capture channels!.

We also saw that above 20–30 keV/amu the lithium
citation is governed by~Born-type! single step excitation and
that below 2 keV/amu the excitation completely decoup
~i.e., vanishes!. Remarkably enough, not only the high
energy end but also the low-energy end can be predi
correctly by scaling electron impact excitation cross sectio

We observed that the LiI(nd-2p,n53 –9) emission,
which cannot be calculated whenn.5, can be described
~i.e., scaled with quantum numbern) quite successfully with
ng
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ev

ys

te

H

ys
in

e
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d
s.

power-law (n2a,27.5,a,26) dependences. Th
LiI( ns-2p,n54 –6) could not be described with thes
power-law dependences.
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