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7 Results: Collisions of O6+

and 13C6+ with Na

In this chapter we present the measurements and analysis of Na+;.. Na4+ recoil
ions produced in collisions with 1.5, 3 and 4.5 keV/amu 16O6+ and 4.5 keV/amu
13C 6+ ions with laser cooled Na. These measurements on highly charged ions
colliding with laser trapped atoms can be considered as the …rst of their kind. O6+

ions were chosen as projectiles for …rst experiments because of the range of recoil
momenta they induce (the transverse momentum spans two orders of magnitude
from Na+ to Na4+) and because of the high intensity at which we can produce them
(100 nA dc on target). The experimental results are compared with predictions of
the Classical Trajectory Monte Carlo method and the classical Over-the-Barrier
(OtB) model, regarding the the longitudinal and transversal momenta.
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92 Results: Collisions of O6+ and 13C6+ with Na

7.1 Motivation

The main motivation for the work presented here is to demonstrate the method of
COld Target Recoil Ion Momentum Spectroscopy (COLTRIMS) for laser-cooled
targets and its potential to study single and multiple electron transfer by highly
charged ions as a function of impact parameter. What COLTRIMS promises is
completeness in the experimental information. This because the longitudinal and
transversal momentum components provide both Q-value, i.e. the electronic state
after the collision, and impact parameter sensitive information. Moreover all the
Naq+ recoil spectra are complete, since every Naq+ recoil ion created in a reaction
is collected. The big challenge is to obtain enough signal and resolution to observe
and distinguish recoils of speci…c longitudinal and transversal momentum.

7.2 Recoil charge state spectra from 16O6+ and
13C6+ impact

Before we discuss the COLTRIMS results we …rst look at the time-of-‡ight distri-
bution of Naq+ (q=1..4) recoils at the ion detector, shown in …gure 7.1(a-d). In
all spectra the intensity of the Na+ ions is roughly 100 times higher than that for
the other charge states. The widths of the peaks only re‡ect the collision induced
transversal momentum ranges of the recoil ions and not the thermal spread of the
Na target.
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Figure 7.1: Recoil yields for (a) 4.5 keV/amu C 6+ , (b) 4.5 keV/amu O6+ ,(c) 3
keV/amu O6+ and (d) 1.5 keV/amu O6+ . Indicated are the Na+, Na2+, Na3+,
Na4+peaks.

In the spectra shown, some Na3+ and Na4+ peaks are slightly ”clipped” be-
cause of a trade-o¤ between transversal momentum acceptance and momentum
resolution, hereby sacri…cing recoils with very large sideward transverse momenta.
The background between the various peaks is caused by Na+

2 MOT ions, which are
permanently produced via associative ionization of two Na(3p) atoms (see chapter
5 ”the magneto optical trap”)).

The recoil time-of-‡ight spectra are taken with a TAC+multiport using the
ion pulse as start and a detector pulse as stop (see chapter 6 ”The recoil ion
momentum spectrometer”). The Na+ peaks in …gure 7.1(b) and (c) are broadened
due to a less e¢cient beam pulsing of 16O6+ at the higher energies. A plot with the
experimental and calculated (by the Over-the-Barrier (OtB) model) recoil yields
is given in …gure 7.2a.
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Figure 7.2: Experimental and theoretical Naq+(q=1..4) yields from O6+ and C 6+

impact. (a) Naq+ peak integrals obtained for 4.5, 3 and 1.5 keV/amu O6+ and
4.5 keV/amu C 6+ impact (see …gure 7.1). White: 1.5 keV/amu O6+, light grey:
3 keV/amu O6+, grey: 4.5 keV/amu O6+, ”medium dark” grey: 4.5 keV/amu
C 6+; dark grey: Over the Barrier with recapture, black: Over the Barrier without
recapture. (b) Naq+(q=1..5) recoil ion yields predicted by OtB assuming that each
active electron is captured or removed. The Na5+ bar also contains the channels
with more than …ve electrons.

A 30% experimental uncertainty is indicated, mainly caused by the incomplete
detection of Na3+ and Na4+ recoils and, to a lesser extent, the uncertainty in the
Na+ detection e¢ciency. General agreement of the experimental data with the OtB
without recapture is good, however the ratio Na3+ / Na4+ for 4.5 keV/amu C6+

impact appears to di¤er a lot from the one for 4.5 keV/amu O6+. Implementing
recapture, with capture strings up to seven active electrons, into the OtB model
as prescribed in equations 3.13 and 3.14 increases only somewhat the agreement
with the experimental Na3+ yield.

There is no trace of Na5+ recoils and if there were any, we should be able to
detect them even though the transverse momenta are large. From …gure 7.2b and
the fact that we do not …nd any Na5+ recoil ions, we can deduce that channels
with …ve or more active electrons either lead to Naq+ (q<5) recoil ions, appar-
ently depending on the projectile species, or do not participate appreciably in the
creation of Naq+ recoil ions.
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7.3 Naq+(q=1..4) recoils created by 3 keV/amu
O6+ impact

With the experimental Naq+ q=1::4 momenta created by 3 keV/amu O6+ impact
on Na, we will illustrate some basic features of recoil ion momentum spectroscopy
with highly charged ions colliding with Na.

Figure 7.3: Experimental 2D momentum plots of (a) Na4+, (b) Na3+, (c) Na2+

and (d) Na+ recoils created by 3 keV/amu O6+ impact

In …gure 7.3 (a-d) the intensity distributions of the the Naq+(q=1::4) recoil
ions are shown as a function of the transversal momentum (vertical axis) and
the energy gain Q (horizontal axis). The latter is derived from the longitudinal
momentum by using relation 7.1:

Q(eV ) = 27:2 ¢ (vpplong + v2
p
Nc

2
) (7.1)

where vp is the projectile velocity and Nc the number of electrons captured.
The di¤erence between Na+ and Na4+ momenta, both in Q-values and trans-

versal momenta, is enormous. These di¤erences are directly linked to the binding
energies of the electrons active in the production of Naq+ (q=1::4) ions. For Na+

only the outer Na(3s) electron is participating. It is bound with only 5.1 eV and an
O6+ (or C6+) projectile can already remove this electron at a large distance (>30
a.u (>15 Å) according to OtB). The transverse momenta and correspondingly the
projectile scattering angles (see chapter 3.2.2)) resulting from collisions at large
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impact parameters are small. Also the Q-values are expected to be small both in
mean value and in width (Over the Barrier, section 3.2.2) ). The latter because a
loosely bound target electron is expected to gain only a small amount of energy
with a narrow reaction window.

For Naq+; q=2..4 production the projectile has to come close to the Na core
to remove additionally one, two or three of the Na(n=2) core electrons. Impact
parameters are calculated to be smaller than 6 a.u. (OtB) and the transversal
momenta will therefore increase drastically as compared to the Na+ case. This
because in the target-projectile interaction (basically Coulomb repulsion » qtarget ¢
qprojectile/ r2) besides the obvious decrease of r also the e¤ective qtarget is increased
at smaller impact parameters. Mean Q-values will also increase because of the
small impact parameters, and di¤erences in Q-values (Q-value width) are also
expected to become large.

7.3.1 Na+ recoils

The most di¢cult experiments are the measurements on the minuscule Na+ re-
coil energies. This simply because the experimental momentum resolution has
to be pushed to obtain state selective results. In …gure 7.4 the CTMC (a) and
experimental (b) 2D momentum plots are given.

Figure 7.4: Na+ 2D momentum plots obtained from (a) CTMC calculations for
C 6+ impact and (b) experiment with O6+ impact at 3 keV/amu. Indicated in
(b) is the minimal transverse momentum expected by OtB for one active electron
(OtB).
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It is clear that the experimental resolution is not yet good enough to compare
with CTMC. Also indicated in …gure 7.4b is the minimum transverse momentum
associated with one active electron as expected by the OtB model. The experi-
mental transverse momenta appear to obey this threshold rather well. Projections
of the 2D momentum plots are shown in …gure 7.5.

Q (eV)
-15 -10 -5 0 5

co
un

ts

0

50

100

transversal momentum (a.u)
0 1 2 3

0

50

100

150
a b

Figure 7.5: Na+ recoils: distributions of Q-values and transversal momenta. (a)
experimental Q-values (dots with error bars), CTMC (bars and solid line) and OtB
(dashed curve). (b) Transversal momenta: solid line represents CTMC, dashed line
OtB results. The thin line through the experimental Q-values is merely to guide
the eye

In …gure 7.5 we see the experimental Q-values (a) and transversal momentum
distributions (b) compared to both the OtB (dashed curves) and the CTMC (solid
curves). For better comparison with the experimental data, the CTMC results
were folded with 3 eV FWHM Gaussians and the heights of the theoretical curves
were adjusted for best comparison with the experimental data.

The experimental transversal momenta compare well with the CTMC (…gure
7.5b, solid line) and reasonably well to the OtB results (…gure 7.5b grey dashed
line). This is encouraging since CTMC is known to model one electron capture
from Na rather well (Schippers et al.35, 106) and large discrepancies would have
raised doubts about the experimental method.

In the experimental 1D Q-value plot we can not yet unambiguously distinguish
the di¤erent …nal states. As for theory, CTMC expects that single electron capture
will preferably result in a population of C5+(n=6, 7) (virtually identical to the
O5+(n=6-7) states, corresponding to Q-values of -8.5 and -5 eV) and OtB expects
the O5+(n=7, 8) to be populated. So far the experimental Q-values seem to agree
better with CTMC than with the rather narrow OtB distribution.
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7.3.2 Na2+ recoils

In …gure 7.3 we saw already that the momenta of the Na2+ recoils are much larger
than those of the Na+; which makes them easier to detect. However, in order to
record even the largest transverse momenta, relatively high extraction …elds (>5
V/cm) had to be used, thus sacri…cing some Q-value (longitudinal momentum)
resolution.

The CTMC calculations for double capture by 3 keV/amu C6+are available
both for binned and un-binned …nal states (see chapter 3.3.2). 13C6+ and 16O6+

di¤er mainly in the energy separation of the O6+(3s,p,d) levels since the 3s pen-
etrates the 1s2 core, causing a 4 eV higher binding energy. The Na core electron
is most likely to be captured into these (3s,p,d) levels. Because of this energy
separation the O6+ projectile o¤ers a broader, nearly continuous energy spectrum
of …nal state con…gurations as compared to C6+: Binned and un-binned CTMC
predictions can di¤er signi…cantly from each other in the Q-value spectrum. The
reason for this will be explained later after we discussed the OtB model.

Also available are CTMC data on transfer ionization (capture plus ionization)
by 3 keV/amu C6+ impact. At 3 keV/amu this reaction channel is estimated to be
already one third the strength of ”double capture ” (Olson, private communica-
tion). The longitudinal momentum was transformed into Q by treating ionization
as capture into the continuum. Note that the strong correlation between impact
parameter and transverse momentum is compromised in case of ionization since
we are then dealing with ”three body kinematics”.

The OtB calculation predicts a mean energy gain of 24.1 eV for ”(1,1) cap-
ture”1 . In the OtB model all active electrons are treated independently and the
total Q-value is merely the sum of each electron’s individual contribution. The
width of the OtB Q-value distribution is calculated by adding quadratically the
contributions (reaction windows) of the two electrons.

The OtB however ignores the fact that the real two-electron …nal state distri-
bution (i.e. O6+(nl,n’l’) states) is still discrete and not each Q-value is allowed.
If we consider the initial and …nal state binding energies of the electrons separ-
ately, we have the following situation for double electron capture: In case of (1,1)
capture, the second electron (Na(2p) core electron) is predicted to gain 20 eV but
actually it can only gain Q1=7 eV by transferring into the O5+(n=3) …nal state
(the O5+(n=2) and O5+(n=4) result in Q–values of -50 and +20 eV respectively).
The outer Na electron is predicted (by the OtB) to gain Q2=3 eV and a total
Q-value Q1+Q2=-10 eV is obtained. If the outer electron however compensates
for the 13 eV ”missed” by the inner electron (i.e. there is a correlation between
the two active electrons) only then a Qtot=-24 eV would still be possible.

CTMC has the same problem to solve when going from an un-binned to a

1 see chapter 3.2.2 for the explanation of strings
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binned …nal state con…guration. The un-binned CTMC predicts a large energy
gain of 35 eV but after binning the two electrons successively, with the core electron
in the C6+(n=3) …nal state, energy gain appears to be lost. The CTMC binning
procedure for two-electron capture therefore shifts the Q-value spectrum closer to
zero in this case.

In …gure 7.6 we see four 2D momentum plots of Na2+ recoils being three theor-
etical (CTMC) (a-c) and one experimental (d) distribution. From 2D momentum
plots we can get a …rst qualitative impression of ”what is going on” in the pro-
duction of recoils in a certain charge state both by theory and experiment (note
that we did not produce 2D momentum plots with the OtB model, mainly since
this is not straight forward exercise).

Figure 7.6: Four 2D momentum plots of Na2+ recoils created by C 6+ (a,b,c) and
O6+ (d) at 3 keV/amu. (a) shows the ( double capture) binned CTMC results, (b)
the un-binned, (c) un-binned transfer ionization (capture + ionization) and (d)
the experimental results with lines indicating the minimal transversal momentum
associated with two (solid) and three (dashed line) active electrons according to the
OtB model.

Figure 7.6a shows the binned CTMC results, …gure 7.6b the un-binned (both
only for double capture), …gure 7.6c the results for transfer ionization (capture
plus ionization) and …gure 7.6d the experimental results. In …gure 7.6d are also
indicated (with lines) the minimal transversal momenta associated, according to
the OtB, with two (solid) and three (dashed line) active electrons. We see, as
already mentioned, that the binned CTMC results (a) are 15-20 eV closer to zero
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than the un-binned results. The un-binned transfer ionization results are even
closer to Q=0 (ionization costs energy) and moreover they are concentrated in
a region of small transverse momenta, apparently because part of the transverse
momentum is carried away by the electron.

The experimental results do not compare well to any of the CTMC results
directly and we indicate (with a dashed and solid line) in the experimental 2D
plot (d) one possible reason. As soon as the threshold for three active electrons
is reached the spectrum changes, i.e. the main intensity in the recoil distribution
shifts above the dashed line to Q values between -40 and -30 eV, implying that
these recoils occupy the transversal momenta and Q-values expected (from the
OtB point of view) for Na3+ recoils. One guess is that two Na(n=2) core electrons
are captured by the projectile but the loosely bound Na(3s) electron is recaptured
(”(0,1,1) capture” into O4+(2p,3l) states). This because the capture of strongly
bound electrons in low lying projectile states will (in principle) result in more
energy release Q (see theory, section 3.2.2) whereas the re-captured Na(3s) electron
is not expected, according to the OtB model, to gain or loose much energy in the
collision eventhough it is in principle possible for the outer electron to be re-
captured into a Na(2p5) or Na(2p4,3s) con…guration and thereby gaining -34 or
-20 eV respectively. But in the OtB picture this is not likely to happen and Na2+

and Na3+ recoils are expected to appear at similar transversal momentum and
Q-values regions.

Another guess is ”(1,0,1) capture” resulting in Na2+ recoils. From equations
3.13 and 3.14, describing capture within the OtB picture, ”(1,0,1)” is expected
to be slightly more likely than ”(0,1,1) capture”. However in case of ”(1,0,1)
capture” the third active electron should supply approximately -30 eV energy
gain but this is not possible: transfer into the O6+(n=2) state would release »-50
eV and transfer into the O6+(n=3) state would cost »20 eV. The (1,1,0) capture
case can only produce Q-values identical to those from (1,1) capture, when the
third active electron returnes to its original orbit, or Q-values close to zero when
the electron is re-captured into an excited state. So we consider (0,1,1) capture
to be the most likely candidate for producing the Na2+ recoils so similar to Na3+

recoils at Q values around -30 eV.
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Figure 7.7: Q-value and momentum distributions of Na2+ recoils created by 3
keV/amu impact. (a) experimental Q-values and three CTMC results: binned
(bars+solid line), unbinned (dashed line) and capture+ionization (solid grey line
around Q=0). The solid line was obtained by folding the binned CTMC results with
4 eV FWHM Gaussians. (b) CTMC both double capture (black curve) and transfer
ionization (grey curve) and experimental transverse momenta. (c) OtB curves with
screening (solid), no screening (dashed). Each bar indicates an O4+ (nl,n’l) …nal
state ranging from O4+ (3l,3l’) at » -40 eV to O4+ (3l,n¸ 8) at » ¡5 eV . (d)
Experimental and OtB transverse momenta.

A more quantitative comparison between theory and experiment is shown in
…gure 7.7. We see that the transversal momentum spectrum of the experiment
and the CTMC simulations (…gure 7.7b) compare well. The capture+ionization
contribution (solid grey curve) are predicted by CTMC to be relevant only for
the smallest transverse momenta and cannot be found in the experimental data.
The rather good agreement of CTMC and experiment regarding the transversal
momentum spectra is somewhat surprising since the 2D momentum plots (…gure
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7.6a,b,d) look quite dissimilar. The OtB model (…gure7.7d) is, unlike the CTMC,
not in good agreement with experiment in the 13- 20 a.u region, due to the dips
caused by the sudden barrier crossing. As discussed in chapter 3.2.3, these dips
are an OtB artefact: a sudden barrier crossing on the way in causes a ”jump”
in Coulomb repulsion between projectile and target, and thereby a small trans-
verse momentum range is simply ”skipped”. The result is a dip in the transversal
momentum distribution. Except for this artefact there is satisfying agreement re-
garding the general trend, i.e. the typical rise and decay of the curve, especially
in view of the simplicity of the OtB model. Note that the Na2+ transverse mo-
mentum spectrum in …gure7.7d was obtained by performing ”(1,1,0,0,..) capture”
only and therefore no re-capture was yet considered.

The comparison between CTMC and experimental Q-values in …gure 7.7a is
not unambiguous. One can take either the combination un-binned CTMC results
(dashed curve) plus the transfer ionization (grey solid line) or the binned CTMC
(solid line) plus transfer ionization results. Neither combination would describe the
experimental data completely, but the overall agreement certainly improves with
the inclusion of transfer ionization. The three large bars of the binned CTMC
result correspond (from left to right) to (3l,4l’), (3l,5l’) and (3l,6l’) con…gurations
of C4+ respectively.

The OtB model (…gure 7.7c, smooth solid line) agrees with the general trend
of the experimental Q-values remarkably well. Indicated are the possible …nal
states for two electrons on the projectile whereby each O4+(3l,3-8l’) is represented
by a bar, and the O4+(3l,n>8l’) by a grey band ). The Q-values correspond to
capture of the Na(3s) and a Na(n=2) core electron and not to the capture of two
core electrons. The knowledge of the O4+(3l,nl’) …nal state distribution does not
improve much on the comparison between OtB and experiment. Also shown in
…gure 7.7c is an OtB calculation in which the captured electrons did not screen the
charge of the projectile. This enhances the Coulomb repulsion between target and
projectile on the way-out of the collision, resulting in other …nal states and »10
eV more energy gain in the collision. The unscreened OtB agrees a lot better with
the unbinned CTMC calculation than the screened OtB. It would be interesting
to see if this peculiar fact is also occurring for Na3+ and Na4+ recoils.

7.3.3 Na3+ recoils

In …gure 7.8 the 2D momentum results are displayed for Na3+ ions resulting from
3 keV/amu O6+ impact.
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Figure 7.8: 2D momentum plots of Na3+ recoils produced by 3 keV/amu C 6+ (the-
ory) and O6+ (experiment). (a) binned CTMC results, (b) un-binned CTMC
results and (c) experimental results with lines indicating the minimal transverse
momentum associated with three (solid line), four (long dashed line) and …ve (short
dashed line) active electrons

Figure 7.8a shows (a) the binned CTMC, (b) the un-binned and (c) the ex-
perimental results. Lines in c) indicate the minimal transverse momenta which
regarding the OtB are associated with three (solid line), four (long dash) and …ve
(short dashed line) active electrons. The experimental Q resolution is somewhat
compromised because extraction …elds of 10-20 V/cm had to be used to detect
ions with the largest transversal momenta.

From …gure 7.8a and b it is clear that the binned and the un-binned CTMC
results di¤er too much. It is clearly di¢cult to …nd proper …nal states for the three
captured electrons, since we are now dealing with at least two deeply bound Na
electrons which will transfer into deeply bound projectile states. Binning an elec-
tron in a projectile state with quantum number n=2 instead of 3 (calculated with
the hydrogenic approximation) will now result in a 50 to 80 eV change in Q-value
causing the structures seen in …gure 7.8a. Moreover for three or more-electron
capture processes the independent electron approximation and in particular the
subsequent hydrogenic binning procedure become less valid because two or more
of the equivalent 2p6 electrons participate in the reaction. Obviously the binning
procedure should be improved.

The lines in …gure 7.8c serve to illustrate that part of the Na3+ recoils have
momenta exceding the OtB transversal momentum threshold associated with …ve
active electrons. Moreover it is interesting to see that the Na3+ recoils obey
nicely the transversal momentum threshold for three active electrons i.e. the OtB
threshold for creating Na3+.
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In …gure 7.8c we see that there are many Na3+ in the region between -35<Q<-
20 and 13<Ptrans<20. This space was also prominently represented in the Na2+

recoil spectra. This might be taken as a con…rmation of our suggestion that
the Na2+ and Na3+ are partly resulting from the same initial process, i.e. three
electrons become quasi-molecular, eventually leading to capture processes charac-
terized by (0,1,1), (1,0,1), (1,1,0) and (1,1,1) strings2 .
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Figure 7.9: Q-value and transverse momentum plots of Na3+ recoils created by 3
keV/amu C 6+ (theory) and O6+ (experiment) impact. (a) experimental Q-values
and (un-binned) CTMC, (b) experimental transverse momenta and CTMC, (c)
Q-values and OtB (solid line: with screening, dashed line: no screening of the
projectile nucleus by the transferred electrons) and (d) transversal momenta and
OtB. The thin solid line in (a) and (c) through the experimental Q-values is merely
to guide the eye

The general agreement between CTMC (un-binned) and experiment according
to the 2D momentum plots does not look promising and in the 1D Q-value and
transversal momentum plots (…gure 7.9) we can see that there are indeed large
discrepancies. In …gure 7.9b and d one can clearly see that both CTMC and the
OtB do not model the transversal momentum spectra correctly: the experimental
distribution peaks at clearly higher transversal momenta than both theories. The
heights of the CTMC and OtB plots were adjusted for best agreement with the

2 see chapter 3.2.2 for the explanation of strings
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experimental data. The Q-value expected from the OtB model is -38.4 eV ( ”(1,1,1)
capture”) and the width of the Gaussian OtB curve is the quadratic addition of
the reaction windows for the three electrons separately.

The OtB model does however give a remarkable good agreement with experi-
ment concerning the Na3+ Q-value distributions (…gure7.9c). No O3+(nl,n’l’,n”l”)
…nal states have been indicated in …gure 7.9c since for three electrons the …nal
state distribution forms practically a quasi continuum. Also indicated in …gure
7.9c is an alternative OtB curve for which it was assumed that the captured elec-
trons do not screen the charge of the projectile core. The resulting unrealistic shift
in Q-value brings the OtB and the CTMC model (…gure 7.9a) closer together, in-
dicating that in the CTMC calculations the screening of the projectile core by the
captured electrons is not as strong as usually assumed in the OtB model.

7.3.4 Na4+ recoils
In …gure 7.10 the (a,b) CTMC and (c) experimental 2D momentum results are
displayed for Na4+ ions resulting from 3 keV/amu C6+ (CTMC) and O6+ (exper-
iment) impact. The same extraction …elds were used as for Na3+ and therefore
some of the highest transversal momenta are missing. Lines in …gure 7.10c indic-
ate the minimum transversal momenta associated with four (solid line), …ve (long
dashed line) and six (short dashed line) active electrons.

Figure 7.10: Na4+ recoils created by collisions of 3 keV/amu C 6+ ((a) CTMC
binned ,(b) un-binned ) and O6+ ((c) experiment).

The general features are quite similar to those of the Na3+ momenta. The
transversal momenta start at slightly higher value and the average Q values are
located at more negative values (the Q-value expected from the OtB model is -40.7
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eV for ”(1,1,1,1) capture”). Again we see that the binned CTMC results do not
agree with the un-binned results and the experimental data.

When comparing theory and experiment for the projected distributions of Q-
value and transversal momentum (…gure 7.11) it is quite a surprise to see a rather
good agreement, with the exception of …gure 7.11a . The experimental and CTMC
transversal momenta (…gure 7.11b) agree quite well. It may be somewhat acci-
dental (we know that some of the highest momenta are missing) but CTMC and
experiment also agree on the rising slope and this was not the case for the Na3+

transversal momenta.
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Figure 7.11: Na4+ recoils created by collisions of 3 keV/amu C 6+ (theory) and
O6+ (experiment). (a) experimental Q-values and CTMC (un-binned), (b) trans-
versal momenta and CTMC, (c) q-values and OtB and (b) transversal momenta
and OtB

Much like in the Na3+ case, the OtB model predicts the Q-value distribution
quite well (…gure 7.11c, solid curve) slightly underestimating the average Q-value.
CTMC (…gure 7.11a) predicts more negative Q-values, just like in the Na2+ and
Na3+ case. Also, as already noticed for Na3+ and Na2+, we see that the ”un-
screened OtB curve ” (…gure 7.11c dashed line) corresponds quite closely to the
Q-values predicted by the un-binned CTMC.
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7.3.5 Summary of 3 keV/amu O6+ - Na collisions

In this section we presented experimental and theoretical results obtained for Naq+

(q=1-4) recoils created by O6+ (experiment) and C6+ (theory) impact. The agree-
ment between theory and experiment is satisfying regarding the general trends:
although the Naq+ (q=1-4) recoil momenta span two orders of magnitude and
all theoretical and experimental results are ”new”, theory and experiment usually
agree regarding the range and shape of the Naq+ momentum distributions.

As an interesting result we saw that it is possible for a theory to agree well
with experiment with respect to one momentum distribution (either transversal or
longitudinal) and to disagree (sometimes completely) with respect to the other mo-
mentum distribution. For example: the binned CTMC Q-values for Na4+ (…gure
7.10a) look nothing like the experimental results (…gure 7.10c) but the transversal
distributions (…gure 7.11b) are very similar indeed.

Another interesting result is the fact that the OtB concept of active electrons
seems to be con…rmed by the experimental results. All Naq+ (q=1-4) recoils
exhibit the minimum transversal momentum thresholds predicted to create the
Naq+ (q=1-4) recoils. Moreover we see here that for multiple electron capture
the transverse momentum distributions of the Naq+(q=2-4) recoils exceed the
transversal momentum thresholds for more active electrons than actually captured.
For instance, the Na2+ recoil momentum distributions extend into a range where
Na3+ recoils could have been produced according to the OtB model, and the
Na3+ momentum plots contain recoils which were allowed to be Na4+ recoils. In
the Na2+ momentum distribution this is most obvious: a signi…cant amount of
recoils begins exactly at the minimum transverse momentum threshold for three
active electrons and they have Q-values typical of Na3+ recoils. The most likely
explanation for this is that the ”(0,1,1) capture channel ” is responsible for these
Na2+ recoils, because with (0,1,1) capture the experimentally observed Q-values
can be explained. With (1,0,1) capture combined with the level schemes of O6+and
Na3+ it is di¢cult to explain Q-values of around -30 eV (it is possible, but that
would require a signi…cant amount of target excitation).

The ”mixing of capture channels” is perhaps the reason why it is so di¢cult
for theory (CTMC and OtB) to model the Na3+ momenta. First of all the (0,1,1)
capture channel ”draws ‡ux” from the Na3+ channel while the Na3+ capture
channel ”draws” in a similar manner from the Na4+ channel.

Such a scenario was already hinted at from the recoil charge state spectra in
…gure 7.1 and 7.2. Since we did not observe any Na5+ recoils experimentally, we
suspect that the Na5+ production channels might be completely depleted by the
Na3+ and Na4+ channels.
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7.4 Naq+(q=2..4) recoils created by 4.5, 3 and 1.5
keV/amu O6+ impact

In this section we will compare the momentum spectra of Naq+ (q=1..4) recoils
created by O6+ impact at collision energies of 4.5, 3 and 1.5 keV/amu correspond-
ing to velocities vp of 0.43, 0.35 and 0.25 a.u. respectively. By varying the energy
(velocity) of the projectiles we will test two properties of ion-atom collisions. A
basic property is that the longitudinal and transversal momentum spectra should
change with varying projectile velocities vp because i) the longitudinal to Q-value
conversion (equation 7.1) depends on vp and ii) the transversal momentum distri-
bution is predicted (by all theories) to peak at higher values with decreasing vp:
The latter simply because with decreasing vp the ion-atom interaction time be-
comes longer and the scattering should become stronger. A second property, which
is not merely kinematics, is that with decreasing projectile velocity vp the reaction
window (…nal state distribution) is predicted to become narrower i.e. the num-
ber of populated …nal states should decrease with decreasing vp (see also chapter
3.2.2).

7.4.1 Na2+ recoils

We will compare the Na2+ recoil spectra created by 4.5, 3 and 1.5 keV/u O6+ col-
lisions to CTMC and OtB like in the previous section. A disadvantage is however
that the quality of the 4.5 and 1.5 keV/amu experimental data is generally not as
good as that of the 3 keV/amu ones. This because the beam pulsing in the former
case was not very e¢cient and pulses were quite long, causing loss of resolution in
the transversal momenta. In case of the latter, beam currents were very low and
therefore count rates of Naq+ (q>1) recoils were also very low (»0.02 Hz). This
caused not only statistical problems but also some resolution problems since it is
di¢cult to keep experimental conditions as e.g. the MOT stable over many hours.
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Figure 7.12: Na2+ recoil momenta created by 4.5, 3 and 1.5 keV/amu O6+ impact.
Lines indicate the minimum transverse momenta associated with two (solid), three
(long dash) and four (short dashed line) active electrons.

In …gure 7.12 we show the 2D momentum plots of 4.5, 3 and 1.5 keV/amu re-
spectively. Lines indicate the minimum transverse momentum thresholds (which
depend on the projectile velocity) associated with two, three and four active elec-
trons (OtB). From these lines one can also see how the transverse momentum
spectrum is expected to expand with decreasing projectile velocity. We see that
the three spectra look generally similar albeit that the 1.5 keV/amu 2D spectrum
has the widest transverse momentum range and the 4.5 keV/amu the widest Q-
value range. In general the 4.5 and 1.5 keV/amu 2D spectra do not add much
to the (proposed) interpretation of the 3 keV/amu spectra given in the previous
section (7.3). From the Q-value plot (…gure 7.13) we can see more clearly that the
experimental Q-value distribution becomes narrower (mainly less recoils around
Q=0) with decreasing projectile energy. The experimental Q-values follow the OtB
curves well (…gure 7.13d-f) although for 4.5 keV/amu the experimental distribu-
tion tends to populate Q=0 somewhat more than expected. In …gure 7.13b we
show, the un-binned (solid line) and transfer ionization (dashed grey line) result,
which was already discussed in the previous section. For the other energies there
are just the binned results. As already mentioned in the previous section, there is
poor agreement between the experimental results and the binned CTMC results.
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Figure 7.13: Q-values of Na2+ recoils created by 4.5, 3 and 1.5 keV/amu O6+ im-
pact. (a) 4.5 keV/amu and CTMC (binned), (b) 3 keV/amu and CTMC (binned),
displayed both as bars and thin black curve (CTMC folded with 4 eV Gaussians),
Also shown is un-binned CTMC (thick black curve) and the transfer ionization
results (grey curve). (c) 1.5 keV/amu and CTMC (binned), (d) 4.5 keV/amu and
OtB, (e) 3 keV/amu and OtB , (f) 1.5 keV/amu and OtB

Also shown in …gure 7.13a-c is the CTMC population of the C4+(2l’,nl”) …nal
states around -80 eV. For the 1.5, 3 and 4.5 keV/amu C6+ collision systems the
fraction of C4+(2l’,nl”)/C4+(3l’,nl”) population is 17, 31 and 40% respectively.
The C4+(2l’,nl”) population is not unambiguously observed experimentally.

In …gure 7.14 the transversal momentum spectra of the Na2+ recoils created by
4.5, 3 and 1.5 keV/u O6+impact are shown and compared to CTMC (C6+ impact)
and (OtB). We see that i) the experimental transversal momentum distribution of
4.5 keV/amu looks remarkably like the 3 keV/amu result (probably caused by the
lesser resolution due to the longer beam pulses) and ii) the 1.5 keV/amu experi-
mental result covers a larger range of transverse momenta and agrees nicely with
CTMC. The OtB curves only agree in very general terms (i.e. typical ”rise and fall”
characteristics) with the experimental results. CTMC describes the experimental
transverse momenta clearly much better.
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Figure 7.14: Transverse momenta of Na2+ recoils created by 4.5, 3 and 1.5
keV/amu O6+ impact. (a) 4.5 keV/amu and CTMC, (b) 3 keV/amu and CTMC,
(c) 1.5 keV/amu and CTMC, (d) 4.5 keV/amu and OtB, (e) 3 keV/amu and OtB
and (f) 1.5 keV/amu and OtB

7.4.2 Na3+ recoils
In …gure 7.15 the 2D momentum distributions of Na3+ recoils created by 4.5, 3
and 1.5 keV/u O6+ impact are shown.

Figure 7.15: Na3+ recoils created by (a) 4.5, (b) 3 and (c) 1.5 keV/amu O6+

impact. Lines indicate the minimum transverse momentum threshold (OtB) for
three (solid), four (long dash) and …ve (short dash) active electrons.

Indicated are the minimum transverse momentum thresholds for three (solid
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line), four (long dash) and …ve (short dashed line) active electrons. Again the 4.5
keV/amu experimental data transversal momentum resolution su¤er somewhat
from long ion pulses. With decreasing projectile velocity the experimental trans-
verse momentum distribution expands and in case of 1.5 keV/amu ( …gure 7.15c)
also the Q-value distribution becomes more compact, i.e. spans a smaller range.
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Figure 7.16: Q-values of Na3+ recoils created by (a) 4.5 , (b) 3 and (c) 1.5
keV/amu O6+ impact. Also shown are the OtB predictions (solid line) and un-
binned CTMC (dashed grey line). The line through the data is merely to guide the
eye.

This can be seen more clearly in …gure 7.16a-c where the experimental Q-value
distributions and the OtB predictions agree well. The 4.5 keV/amu and 3 keV/amu
Q-value distributions look similar, but the 1.5 keV/amu experimental distribution
is (as in the Na2+ case) somewhat narrower. Also shown is an un-binned CTMC
result (grey dashed line) which does not agree with the experimental data, as
already discussed in the previous section.
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Figure 7.17: Transversal momentum distributions of Na3+ recoils created in colli-
sions with 4.5, 3 and 1.5 keV/amu O6+ (experiment) and C 6+ (theory). (a) 4.5
keV/amu and CTMC, (b) 3 keV/amu and CTMC, (c) 1.5 keV/amu and CTMC,
(d) 4.5 keV/amu and OtB, (e) 3 keV/amu and OtB, (f) 1.5 keV/amu and OtB,

In the 1D transversal momentum plots of the 4.5, 3 and 1.5 keV/amu ex-
perimental data we see con…rmed what we already observed for the 3 keV/amu
case in the previous section. Theory (both CTMC and OtB) and experiment do
not agree well. In case of 4.5 keV/amu there is the extra handicap of a relatively
poor transversal momentum resolution which increases somewhat the gap between
theory and experiment.

7.4.3 Na4+ recoils

In …gure 7.18 the 2D momenta of Na4+ recoils created by 4.5, 3 and 1.5 keV/u
O6+ impact are shown.
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Figure 7.18: Na4+ recoils created by (a) 4.5 , (b) 3 and (c) 1.5 keV/amu O6+

impact. Lines indicate the minimum transverse momentum threshold (OtB) for
four (solid), …ve (long dash) and six (short dash) active electrons .

Indicated are the minimum transverse momentum thresholds for four (solid
line), …ve (long dash) and six (short dashed line) active electrons. The transversal
momentum resolution of the 4.5 keV/amu experimental data again su¤ered some-
what from long ion pulses. Only in case of 1.5 keV/amu the Q-value distribution
becomes slightly more compact and the transverse momenta clearly span a larger
range than the 4.5 and 3 keV/amu data.
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Figure 7.19: Q-values of Na4+ recoils created in collisions of (a) 4.5 , (b) 3 and (c)
1.5 keV/amu O6+ (experiment) and C 6+ (theory). Shown are the OtB predictions
(solid line) and un-binned CTMC (dashed grey line). The line through the data is
merely to guide the eye.

That the Q-value distribution becomes slightly more compact can be seen more
clearly in …gure 7.19 a-c, where the experimental Q-value distributions and the
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OtB predictions agree reasonably well. The 4.5 keV/amu and 3 keV/amu Q-
value distributions look similar, but the 1.5 keV/amu experimental distribution is
somewhat narrower. Also shown is an un-binned CTMC result (grey dashed line)
which does not agree well with the experimental data, as already discussed in the
previous section.
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Figure 7.20: Transversal momentum distributions of Na4+ recoils created in col-
lions with 4.5, 3 and 1.5 keV/amu O6+ (experiment) and C 6+ (theory). (a) 4.5
keV/amu and CTMC,(b) 3 keV/amu and CTMC, (c) 1.5 keV/amu and CTMC,
(d) 4.5 keV/amu and OtB, (e) 3 keV/amu and OtB, (f) 1.5 keV/amu and OtB,

In the 1D transversal momentum plots of the 4.5, 3 and 1.5 keV/amu (…gure
7.20) experimental data we see what we already observed for the 3 keV/amu case
in the previous section (7.3). CTMC and experiment agree quite well and OtB
again just predicts the (very) general features correctly.

7.4.4 Summary of the velocity infuence
In this section we compared the 3 keV/amu impact data, discussed in the previous
section, to the Naq+ (q=2-4) data created by 4.5 and 1.5 keV/amu impact. We
observed mainly that the 4.5 keV/amu data was very similar to 3 keV/amu data
but that the 1.5 keV/amu Naq+ recoils clearly have a narrower Q-value and a
wider transversal momentum distribution. This aspect of the 1.5 keV/amu data
is in line with the expectations from the OtB model.
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In general the 4.5 and 1.5 keV/amu data con…rmed most of the observations of
the previous section i.e. that OtB predicts Q-value distributions of Naq+ (q=2-4)
recoils quite well but does not yield nice transversal momentum distributions and
that CTMC predicts poor Q-value distributions as compared to experiment, but
in case of Na2+ and Na4+ good transversal momentum distributions. Also for
4.5 and 1.5 keV/amu both OtB and CTMC cannot model Na3+ recoil momenta
correctly.

7.5 Naq+(q=2..4) recoils created by 4.5 keV/amu
13C6+ and O6+ impact

In this section we will discuss the momentum spectra of Naq+ (q=2..3) recoils
created by 4.5 keV/amu 13C6+ and 16O6+ impact. This will allow to better judge
the applicability of the CTMC calculations, which were performed with C6+ pro-
jectiles. The di¤erence between 16O6+ and 13C6+ is (besides the mass) the elec-
tronic structure of the n=2 and n=3 levels: the C5+(n; l) levels are degenerate but
the O5+(2s) and O5+(3s) states di¤er from the energies of O5+(2p) and O5+(3p,d)
by 12 and 4 eV respectively because those of the O5+ the s-electrons penetrate the
O6+(1s2) core and are therefore more strongly bound. In …gure 7.1a,b we already
saw that there is indeed a di¤erence between 13C6+ and 16O6+ projectiles. The
ratio Na3+/Na4+ changed quite strongly from C6+ to O6+ .

Another di¤erence is that for 13C6+ we were able to produce shorter ion beam
pulses, resulting in a higher resolution of the transversal momentum distribution.
A major problem however was the low beam intensity we could achieve with 13C6+.
Since our ECR ion source uses helium as a mixing gas we could not use 12C because
12C6+ is inseparable from He2+: Thus we had to use the 13C isotope. However
the fact that the ionization potential of C6+ is much higher than for O6+ (490 eV
instead of 138 eV) is the main cause for the 13C6+ beam currents to be »50 times
smaller than the typical 16O6+ beam currents. Needless to say that statistics was
quite a struggle for the 13C6+ experiments. No good quality Na+ measurements
were obtained with the 13C6+ projectiles, just as there were not enough Na4+

recoils to obtain momentum spectra.
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Figure 7.21: Na2+ recoils created by (a) 13C 6+ and (b) O6+ at 4.5 keV/amu
impact. Lines indicate the minimum transverse momentum threshold (OtB) for
two (solid), three (long dash) and four (short dash) active electrons.

7.5.1 Na2+ recoils

In …gure 7.21 we see the 2D momentum plots of Na2+ created by 13C6+ and 16O6+

impact. The 13C6+ data appears at …rst inspection to have less recoils at Q-values
around zero and obey better to the lines that indicate the minimum transverse
momentum threshold for two (solid line) , three (long dash) and four (small dashed
line) active electrons. The agreement between theory and experiment in …gure
7.22(c,d) is somewhat better for the 13C6+ than the O6+experimental data. This is
probably caused by the improvement in transverse momentum resolution obtained
for C6+; which in turn was caused by a more e¢cient beam pulsing of the C6+

beam. We already saw that the 3 keV/amu O6+ data in …gure 7.7b had a more
e¢cient beam pulsing than the 4.5 keV/amu data and the 3 keV/amu results
agreed well with the CTMC calculations.

We also see that the main di¤erence between the 13C6+ and O6+ experimental
Q-values lies in the somewhat higher population of Q-values around Q=0 of the
O6+ impact data. It is not yet clear how this is caused. The 13C6+ Q-value
distribution shows some small evidence for population of the C4+(2l; nl0) …nal
state around -80 eV just like the O6+ data.
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Figure 7.22: 1D momentum plots of Na2+ recoils created by 4.5 keV/amu 13C 6+

and O6+ impact.(a) Q-values of 13C 6+ data, OtB and CTMC (binned) (b) Q-
values of O6+ data, OtB and CTMC (binned). The bars around -80 eV correspond
to C 4+ (2l,4l) …nal states and the bars around -33, -21,... correspond to C 4+ (3l,3l),
C 4+ (3l,4l),... …nal states. (c) Transversal momenta of 13C 6+ data and CTMC
and (d) transversal momenta of O6+ data and CTMC. The thin line through the
experimental Q-values is merely to guide the eye.

7.5.2 Na3+ recoils

In …gure 7.23 we see the 2D momentum plots of Na3+ created by (a) 13C6+ and (b)
O6+ impact. The O6+ distribution clearly spans a larger transverse momentum
range as compared to the 13C6+ data. The 13C6+ transverse momentum distribu-
tion appears to stop after four active electrons (long dashed line) and the O6+ in
a similar fashion after the …fth active electron (short dashed line).
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Figure 7.23: Na3+ recoils created by (a) 13C 6+ and (b) O6+ at 4.5 keV/amu
impact. Lines indicate the minimum transverse momentum threshold (OtB) for
three (solid), four (long dash) and …ve (short dash) active electrons .
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Figure 7.24: 1D momentum plots of Na3+ recoils created by 4.5 keV/amu 13C 6+

and O6+ impact.(a) Q-values of 13C 6+ data and OtB, (b) Q-values of O6+ data
and OtB, (c) transversal momenta of 13C 6+ data and CTMC and (d) transversal
momenta of O6+ data and CTMC. The line through the experimental Q-values is
merely to guide the eye.
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The 1D momentum plots in …gure 7.24 con…rm the larger transverse momentum
range of the O6+ distribution once more. The transversal momentum distribution
of the 13C6+ ( …gure 7.24c) agrees now much better with the CTMC calculations
than the O6+ experimental data (except perhaps on the position of the maximum
of the Na3+ transversal momentum distribution, …gure 7.24d). Q-value distribu-
tions of both 13C6+ and O6+are very similar (…gure 7.24 a,b).

7.5.3 Summary of the C6+- O6+ comparison
In this section we compared the momentum spectra of Naq+ (q=2,3,4) recoils
created by either 4.5 keV/amu 13C6+ or O6+ impact. We saw that CTMC agrees
slightly better with the Na2+ transverse momenta when measured with 13C6+

instead of O6+ projectiles. Most likely reason for this is the improved transverse
momentum resolution for the 13C6+ collision system, just as the 3 keV/amu data
was already observed to have a higher transverse momentum resolution.

Slight di¤erences in Na2+ Q-value spectra were observed. The O6+ impact
data seems to peak more around Q=0 values. This can even be seen in the raw 2D
detector data: the Na2+ recoils created by 16O6+ impact are not so much located
at backward positions as is the case for the other O6+ impact energies and the
13C6+ impact case. Future experiments should reveal more clearly what is going
on.

A more dramatic change in transverse momentum spectra was observed for
the Na3+ recoils created by 13C6+ as compared to O6+ impact. It appears that
the 13C6+ transverse momentum data (…gure 7.21a) ”misses” the part associated
(according too the OtB) with four or more active electrons (i.e. in …gure 7.21:
everything above the long dashed line). The O6+ impact data (…gure 7.21b) still
shows a large population above this line. As a direct consequence we see that the
13C6+ Na3+ 1D transverse momentum spectrum (…gure 7.24c) now agrees much
better with the CTMC theoretical data.

The experimental evidence seems to indicate that the C6+ projectile cannot
capture the fourth (or …fth) active electron, whereas the O6+ still can with quite
an e¢ciency. To model Na3+ with 13C6+ impact, only (1,1,1) capture3 channels
appear to be really important (perhaps competing with a channel like (0,1,1)
capture), whereas Na3+ from 16O6+ impact seems to include capture channels like
(0,1,1,1). This would at least explain why we do not see (many) Na4+ recoils and
large transverse momenta in the 13C6+ distribution.

3 see chapter 3.2.2 for the explanation of strings


