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Chapter 8

One-electron removal from excited
Na∗(3p)

8.1 Introduction

The study of ion-atom collisions involving excited target atoms is usually motivated by the
possibility to investigate excitation or charge transfer processes on a fundamentally deeper
level than possible with isotropic ground state atoms. By means of laser excitation the pop-
ulation of the magnetic quantum states may be altered, leading to an anisotropic electronic
charge distribution. One can distinguish two types of polarization, namelyalignmentand
orientation. The alignment characterizes the anisotropy of the electronic charge distribution
with respect to a certain axis, illuminating the role of the “shape” of the initial atomic state.
The orientation is related to the sense of rotation of the charge cloud around a chosen quan-
tization axis (see appendix D). For an overview of polarization, alignment and orientation in
atomic collisions, see e.g. references [255,256].

Besides the possibilities for alignment and orientation studies an excited target provides
a system in which the target electron is more weakly bound than for the ground state. This
influences the electron capture and ionization processes because they are very sensitive to
the initial binding energies of the active electrons. As an applied aspect it should be noted
that Na can be used to mimic metastable helium, which is a species of relevance to fusion
plasma research [257,258]. Because electron capture from metastable He donors can almost
resonantly populate the highn-shells of hydrogenic ions, the associated cross sections are
very large. Therefore, although metastables are much less abundant than ground state atoms,
they can influence the visible light spectroscopy used to diagnose fusion plasma. The binding
energy of He∗(1s2s) lies in between that of Na(3s) and Na∗(3p). Therefore by interpolating
the results for Na, cross sections for the metastable helium can be deduced.

The progress in understanding electron capture processes from excited atoms is mainly
based on keV H++Na∗(3p) collisions. A strong increase in Lyman-α emission subsequent to
capture into the H(2p) state was found when comparing Na∗(3p) with Na(3s) [188,259]. First
alignment studies reported by Doweket al [97,260], using translational energy spectroscopy
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130 One-electron removal from excited Na∗(3p)

(TES), showed a strong preference for capture inton = 2 for parallel aligned Na∗(3p). A
pronounced right-left scattering asymmetry was found for oriented Na∗(3p) in the differential
cross section [261,262]. The first studies involving multiply charged ions colliding on aligned
Na∗(3p) were reported by Aumayret al [98] and showed a strong preference for capture from
perpendicularly aligned Na∗(3p).

Up to now the MOTRIMS method has only been used with atomic targets containing un-
polarized (excited) atoms. In that sense, the effective excited state configuration is isotropic
just as for the ground state. The remaining difference is the lower binding energy. Conse-
quently the present experiments investigate influence of the initial target binding energy. We
are currently preparing a new generation of MOTRIMS experiments in which additional, res-
onant laser beams will be used to align the atomic charge cloud with respect to the ion beam.
Therefore the experiments presented here on unpolarized Na∗(3p) can be viewed as a first
step towards alignments studies.

Here we will discuss one-electron capture and ionization in two collision systems, namely
He2++Na∗(3p) and O6++Na∗(3p). Moreover, some first transverse momentum distributions
are presented. Studies on ionization of excited atoms are rather scarce and for Na∗(3p) limited
to classical trajectory Monte Carlo calculations (CTMC) for collisions with H+ [90].

8.2 One-electron capture and ionization in He2++Na∗(3p)
collisions

The first studies of one-electron capture by He2+ from aligned Na∗(3p) were reported by
Aumayr et al and Gieleret al [98, 176]. TES experiments in the energy range of 0.5–3
keV/amu and 64-state atomic orbital close-coupling (AO64) calculations for energies of 1–12
keV/amu were performed. While in He2++Na(3s) collisions the main capture channel isn= 3
(see section 6.2.1), in He2++Na∗(3p) capture inton= 4 dominates. Also transfer to then= 5-
shell becomes appreciable. Furthermore, cross sections for Na∗(3p) aligned perpendicularly
and parallel to the projectile direction were determined. The observed alignment effects
depend on collision energy and on the specific capture channel. For the main channel a
strong preference for capture from perpendicularly aligned Na∗(3p) was found.

Schlatmannet al [87] studied one-electron transfer from aligned Na∗(3p) to He2+ by pho-
ton emission spectroscopy (PES) for 3–13 keV/amu and by the CTMC method. The collision
energy range included the “velocity-matching” energy of 5.7 keV/amu at which the classical
orbital velocity of the active3p electron equals the velocity of the He2+ projectiles. A strong
dependence of the capture cross sections on the Na∗(3p) orbital alignment was found, with
the preference changing from perpendicular to parallel alignment near the matching velocity.
A model in which the electron capture probability is assumed to be proportional to the overlap
between the initial and final wave functions in momentum space was able to reproduce the
energy dependence of the preferred alignment axis, illustrating the role of velocity matching
in electron capture [263].

Here we present one-electron capture and ionization in He2++Na∗(3p) collisions at 2–
10 keV/amu impact energies. Relative cross sections for capture inton = 3,4 andn ≥ 5
are obtained as well as the relative ionization cross section. The measured cross section ratio
between one-electron removal from ground state and excited Na can be used to put the relative
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Figure 8.1: Q-value spectra of a sequence of measurements without laser light (Na) and with laser light
(Na/Na∗). The final He+(n) states labelled without asterisk are due to capture from Na(3s), while the
ones with asterisk are from excited Na∗(3p).

Figure 8.2: Q-value spectrum of Na+ recoils from 4.5 keV/amu He2++Na∗(3p) collisions.
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Figure 8.3: Relative cross sections for one-electron capture from Na∗(3p) into He+(n) for n = 3, n = 4
andn≥ 5 (a) and ratio between single ionization and one-electron capture (b).

data on an absolute scale. Our experimental data are compared with previous experimental
and theoretical work.

A typical dataset is shown in figure 8.1, which shows the Q-value spectra of a sequence
of measurements in which alternatingly the MOT laser beams are switched off or on during
the collisions. In case the laser light is switched off all atoms are in the ground state. If
the laser light is on a certain fraction is in the excited state. This means that one expects
additional peaks associated with capture from the excited state and a decrease of the peaks
belonging to capture from the ground state. This is indeed seen from figure 8.1, in which
additional capture inton= 3 andn=5 from the excited state and also the decrease of the main
ground state capture channel is observed. However, the latter effect is somewhat obscured by
contributions from excited state capture inton = 4.

By proper subtraction of these spectra, the contribution from the ground state can be elim-
inated, and one obtains spectra including only recoils resulting from collisions with excited
atoms (see section 4.3.9). A resulting Q-value spectrum is shown in figure 8.2.

From the Q-value spectra the relative partial capture and ionization cross sections are
extracted, which are shown in figure 8.3(a) and (b), respectively. At low collision energies
capture into then = 4 shell is dominant, but capture into highern-shells already contributes
significantly. Towards higher energies capture inton≥ 5 dominates the capture cross section.
Capture into then= 3 shell contributes less than 20% over the full energy range. It is of note
that capture inton= 2 has not been observed in the spectra, which means that its contribution
is much smaller than that ofn = 3. Ionization contributes only a few percent to the total Na+

production forE ≤ 4 keV/amu while forE ≥ 8 keV/amu ionization dominates over capture.

The ratio between one-electron removal from Na∗(3p) and Na(3s), σ(3p)/σ(3s), is shown
in figure 8.4. This ratio is larger than 1 forE ≤ 4 keV/amu, decreases towards 1 and for
E ≥ 8 keV/amu it seems to increase again. Also the ratio between one-electron capture from
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Figure 8.4: Ratio between one-electron removal from Na∗(3p) and Na(3s) respectively (¥) and the
corresponding ratio for one-electron capture (¤).

Na∗(3p) and Na(3s), σ(3p)cap/σ(3s)cap is shown. This ratio is clearly above 1 for low ener-
gies but decreases towards 1 atE = 4 keV/amu. According to the classical over-barrier model
(CBM) the cross sections scale withI−2 (section 2.4), leading to a cross sections ratio of 2.9.
Here much smaller ratios are found.

From theσ(3p)cap/σ(3s)cap ratio the absolute one-electron capture cross section in
He2++Na∗(3p) collisions can be obtained by using the recommended absolute capture cross
section curve for He2++Na(3s) (section 6.2.1). The result is depicted in figure 8.5. For com-
parison the TES results and AO64 calculations of Gieleret al [176] are shown too. Their
separate contributions of Na∗(3pπ) and Na∗(3pσ ) are averaged according to equation D.10
in order to compose cross sections for unpolarized Na∗(3p). Our MOTRIMS data lie slightly
below the TES results and a clear difference with the AO64 calculations is seen at our lowest
energy. Towards high energies a better agreement between our data and AO64 is observed.

Capture from Na∗(3p) exceeds that from Na(3s) for E ≤ 4 keV/amu. The larger cross
section can be explained simply by the lower binding energy. As a result the target elec-
tron can be transferred to the projectile at larger internuclear distances. The cross section
decreases already forE > 4 keV/amu, at a lower impact energy than for Na(3s). This is in
agreement with “velocity matching” arguments. In fact, the fall off of the cross sections for
both Na(3s) and Na∗(3p) occurs at energies somewhat below the velocity matching energy.
Note that theory predicts a cross section ratio of 2 at low energy, also smaller than the CBM
prediction.

The relative partial cross sections for capture and ionization from Na∗(3p) can now be
put on an absolute scale. The results are shown in figure 8.6. Comparison is made with the
cross sections of Gieleret al [176] and HeII(4→3) emission cross sections of Schlatmannet
al [87].
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Figure 8.5: Absolute cross sections for one-electron capture in He2++Na∗(3p) collisions, present data
( ¥). Sum of the partial cross section for capture inton= 3, n= 4 andn=5, Gieleret al[176]: TES (4)
and AO64 (—). Also the recommended curve for the He2++Na(3s) one-electron capture cross section
is shown (– –) (see figure 6.2).

For the mainn = 4 capture channel our data are in good agreement with the PES results,
while they are slightly below the TES cross sections at the lowest energies (although within
the mutual uncertainties). Then = 4 capture channel decreases exponentially forE > 3
keV/amu, just a predicted by the AO64 calculations. The comparison between our data and
the previous PES results has to be taken with some caution, because on the one hand the latter
misses some intensity due to decay channels to other shells thann = 3 (i.e. n =1,2), while
on the other hand capture inton > 4 contributes in part due to cascades via then = 4 shell.
From both the TES and our present data one might conclude that either these two processes
are small or partially compensate each other.

Our cross sections for then= 3 capture channel are somewhat smaller than the TES cross
sections, but have a similar energy dependence. The AO64 clearly supports the TES data,
although at higher energies there is good agreement with our data. The partial cross section
for n = 3 shows a broad peak aroundE = 4 keV/amu. Capture inton=5 and highern-states
shows a similar energy dependence. Note that the TES results and AO64 calculations only
include then=5-shell. Our data lie clearly above the AO64 calculations, but agree reasonably
well with the TES cross sections. Especially at higher energies one expects highern-shells to
contribute significantly. At lower energies these channels might not be important. Finally the
ionization cross sections show a strong increase with increasing impact energies. ForE ≥ 8
keV/amu the ionization cross section is larger than that for capture inton≥ 5.

Extraction of the transverse momentum distributions for all capture channels is in princi-
ple possible, but at present it is hindered by the low statistics. At low energies capture into
n = 3 from Na∗(3p) is well separated from capture inton = 3 from Na(3s), therefore trans-
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Figure 8.6: Partial cross sections from Na∗(3p) for capture into He+(n) for n = 3,4 andn≥ 5 and the
ionization cross section. Present experimental data (¥); Gieler et al [176]: TES (4) and AO64 (—);
PES He II(4→3) Schlatmannet al[87] ( ¤).

Figure 8.7: The transverse momentum distributions of capture into then = 3 by He2+ colliding on
Na∗(3p) (—) and Na(3s) (– –) at energies 1.5, 2 and 3 keV/amu.
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Figure 8.8: A simplified representation of the potential energy curves for the entrance channels
He2++Na(3s) and He2++Na∗(3p) and He+(n = 3) and He+(n = 4) capture channels.

verse momentum distributions can be obtained from a single (long run) measurement on a
mixed ground state and excited Na target. In figure 8.7 a comparison between the transverse
momentum distributions of capture inton = 3 for Na(3s) and Na∗(3p) is presented for 1.5, 2
and 3 keV/amu.

As discussed in section 6.2.3 for capture inton = 3 from Na(3s) the broadening of the
transverse momentum distributions with increasing impact energy indicates that the effective
impact parameters change to smaller distances. The distribution for capture from Na∗(3p)
does not show a clear energy dependence. It is broader than that of Na(3s) but this difference
becomes smaller with increasing energy. On average capture into then = 3 shell results
in larger transverse momenta for Na∗(3p) than for Na(3s), indicating that smaller impact
parameters are of importance. This can be understood in terms of potential energy curves, as
shown in figure 8.8.

The He2++Na(3s) and He+(n = 3)+Na+ curves cross at aboutR = 25 a.u. while the
He2++Na∗(3p) and He+(n = 3)+Na+ ones cross only at aroundR= 9 a.u.. These findings
are not contradicting the general idea that capture from excited Na occurs at larger distances
than from ground state Na. The cross section for capture from excited Na is dominated by
capture inton = 4 for which the curves’ crossing lies at larger distances as compared to the
one for capture from the ground state into then = 3-shell.
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Figure 8.9: Q-value spectra of a sequence of measurements without laser light (Na) and with laser light
(Na/Na∗). The final O5+(n) states labelled without asterisk are due to capture from Na(3s), while the
ones with asterisk are from excited Na∗(3p).

8.3 One-electron capture and ionization in O6++Na∗(3p) col-
lisions

In this section we present results for one-electron capture and ionization in 1–9 keV/amu
O6++Na∗(3p) interactions. Relative cross sections for capture inton= 7−10andn≥ 10and
for ionization have been determined. The results are compared with recent close-coupling
TC-BGM calculations (see section 2.5.1), in which the projectile basis set is extended up to
the n = 12-shell but which are otherwise identical to the ones for the O6++Na(3s) system.
One-electron capture in O6++Na∗(3p) has previously been studied by Schipperset al [88],
by means of PES measurements of the OVI(10→8) line emission and CTMC calculations.

A typical dataset is shown in figure 8.9, which shows a sequence of measurements in
which alternatingly the MOT laser beams are switched off or on. The main difference be-
tween the spectra comes from excited state capture into the highern-shells,n≥9. The de-
crease of then = 6 peak is used to determine the fraction of excited Na∗(3p). For the main
peak the decrease of the ground state capture inton= 7 is compensated by capture inton= 8
from the excited state.

In figure 8.10 the Q-value spectrum of Na+ recoils resulting from O6++Na∗(3p) collisions
at 2.25 keV/amu is shown. For comparison also the Q-value spectrum of Na+ recoils resulting
from collisions on Na(3s) is shown. For clarity the Q-value spectrum of Na∗(3p) is shifted
by 2.1 eV, such that the final capture states for both ground and excited states are located at
the same position. By comparing the integral spectra, one obtains the cross section ratio for
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Figure 8.10: Q-value spectrum of Na+ recoils from 2.25 keV/amu O6++Na∗(3p) collisions. State-
selective partial cross sections for capture inton= 7-9 as well as the sumn≥ 10are extracted from this
kind of spectra. For comparison also the Q-value spectrum for collisions on Na(3s) for the same impact
velocity is shown. Note that the Q-value spectrum for Na∗(3p) is shifted by 2.1 eV such that capture
into the samen-shell from both targets appears at the same position.

one-electron removal from Na(3s) and Na∗(3p).
One observes a clear shift in then-distribution, fromn= 7, being the main capture channel

for Na(3s), to n= 9 for Na∗(3p). The binding energy difference between these states is about
4 eV, which is larger than the excitation energy of Na∗(3p).

The relative partial cross sections are shown in figure 8.11(a)-(d) together with the TC-
BGM calculations. Capture into then = 9, which is the dominant channel at low energies,
decreases to only∼ 15% at E = 9 keV/amu. Then = 8 shows a similar behavior. At high
energies the contributions ofn = 8 and n = 9 are more or less equal. The weakern = 7
channel shows an increase up toE≈ 4 keV/amu, after which it is nearly constant at a level of
6-8%. The decrease of the main channels is due to an increase of capture into the highern-
shells,n≥ 10. At E = 1 keV/amu they already contribute significantly and increase to more
than 50% at E > 6 keV/amu. A good agreement is found between the experimental data and
the TC-BGM calculations, which proves the applicability of this close-coupling method even
for capture into highn-shells.

The relative contribution of capture inton = 10 could only be separated from the higher
n-shells at low energies. Then = 10 results are shown in figure 8.11(e) together with the
TC-BGM calculations for capture into the individual highn-shells. Reasonable agreement
is found between experiment and theory for then = 10 channel. To investigate capture into
these high-n states the TC-BGM calculations are further examined concerning capture into
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Figure 8.11: Relative partial cross sections for capture into O5+(1s2 n) for (a) n = 7, (b) n = 8, (c)
n = 9, (d) n≥ 10; MOTRIMS data (¥), TC-BGM (—). Note that the panels have different scales.
Panel (e) shows the TC-BGM results of the relative cross sections for capture inton = 10− 12 and
n≥ 13, together with experimental data forn= 10. The ratio between single ionization and one-electron
capture in O6++Na∗(3p) collisions is depicted in panel (f).
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Figure 8.12: Panel (a): the ratio between one-electron capture from Na∗(3p)and Na(3s) respectively;
present experimental data (¥), TC-BGM (—). Panel (b): the ratio of one-electron capture inton = 10
from Na∗(3p) and Na(3s); PES O VI(10→8) Schipperset al[88] ( ¤), TC-BGM (—).

n = 11, n = 12 andn≥ 13. Although only states up ton = 12 have explicitly been included,
the sum channeln≥ 13 has been extracted from the contribution of the BGM-pseudostates.
The pseudostates contain both ionization as well as capture channels, which are not explicitly
included in the basis set. From the impact parameter dependence it was concluded that most
of this contribution could not be assigned to ionization. Therefore it is attributed to capture
into n≥ 13. This issue can be addressed further by examining the ratio between capture and
ionization, given in figure 8.11(f). The data show a steep increase but are¿ 10%for E . 7
keV/amu. Therefore it seems well justified to neglect ionization at low energies and relate the
pseudostates fully to capture inton≥ 13. However, atE = 9 keV/amu ionization contributes
about 10% of the total Na+ recoil production and 25% of the calculatedn≥ 13contribution.
This indicates that the present analysis of the TC-BGM calculations concerning then≥ 13
channels becomes questionable for energies higher than considered here.

The cross section ratio between one-electron capture from ground and excited Na is
shown in figure 8.12(a). The experimental data show that at low energy the cross section
for excited Na is about twice that of ground state Na, but decreases to be at most 50% larger
at higher energies. A discrepancy is observed with the TC-BGM calculations, which show
a less steep decrease. Note that a rather constant cross section of about 4×10−14 cm2 was
obtained for capture from the ground state (see figure 7.3). Therefore the energy dependence
of the ratio is close to that for one-electron capture from Na∗(3p).

To shed some light on this issue the emission cross section ratios of Schipperset al [88]
for the OVI(10→8) transition are compared with the TC-BGM results for capture inton= 10
in figure 8.12(b). A good agreement between the PES measurements and the TC-BGM cal-
culations is found. However, this channel contributes less than 25% of the total capture cross
section, which means that the discrepancy may still be due to the other channels. Unfor-
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tunately, this cannot be tested with the present data, because only the relative partial cross
sections in the O6++Na(3s) and O6++Na∗(3p) could be compared with the TC-BGM calcu-
lations and on this level good agreement is found for all channels. Absolute cross section
measurements are needed to solve this problem.

8.4 Conclusions

In this chapter one-electron removal from Na∗(3p) by impact of He2+ and O6+ at keV ener-
gies has been reported. Relative partial capture and ionization cross sections as well as the
cross section ratio between capture from the ground state and excited state have been ob-
tained. For He2+ impact capture inton = 4 is the main channel at low energy while the sum
of capture inton≥ 5 dominates forE > 6 keV/amu, at which also ionization starts to signif-
icantly contribute to one-electron removal. The cross section ratio is larger than 1 forE < 4
keV/amu, but for higher energies the capture cross sections for ground state and excited state
Na are almost equal. The ratio is used to put the relative cross sections on an absolute scale.
Present data are compared with previous experimental and theoretical studies. In general a
reasonable agreement is found, although some small discrepancies exist. Finally the trans-
verse momentum distribution for capture inton = 3 shows a clear difference as compared to
capture from the ground state.

For collisions with O6+ the main capture channel is shifted ton = 9 at low energy, while
the sum of capture inton≥ 10 contributes more than 50% for E > 6 keV/amu. The relative
partial cross sections are in good agreement with TC-BGM calculations. Ionization is small
compared to capture, but one order of magnitude larger than for the ground state. A discrep-
ancy with theory occurs in the cross section ratio between capture from Na(3s) and Na∗(3p).
The calculated ratio exceeds the experimental one by∼50%.

The collisions of multiply charged ions with excited Na show a clear shift in the main cap-
ture channel and a large increase in the ionization cross section as compared to ground state
Na. The present measurements show that MOTRIMS is suitable to determine partial cross
sections for capture and ionization from excited target atoms. Up to now, only unpolarized
targets have been used, but measurements on aligned Na∗(3p) are in preparation.






