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K-shell x-ray emission measurements of electron capture into Rydberg states of Ar17+ and Ar18+

ions are carried out as a function of collision energy in order to investigate the energy dependence of
angular momentum capture states in slow charge exchange collisions. The highly charged ions are
produced using an Electron Beam Ion Trap and extracted onto an external argon gas target. A re-
tardation assembly in the beamline allows projectile energies from ∼2 keV/amu down to ∼5 eV/amu
to be selected. For decreasing collision energies a shift to electron capture into low orbital angular
momentum capture states is observed. Comparative K-shell x-ray emission measurements of elec-
tron capture by Ar17+ and Ar18+ ions from background gas in the trap are also presented. The
results of the trapping experiments are in discrepancy with those obtained using extracted ions and
possible explanations are discussed.

PACS numbers: 34.70.+e, 32.30.Rj, 32.70.Fw, 52.70.La

I. INTRODUCTION

Charge exchange between a highly charged ion (HCI)
and a gas neutral is the process by which one or more elec-
trons are captured from the neutral into Rydberg states
of the HCI. In low energy collisions, where the projectile
velocity is of the order of the orbital velocity of the tar-
get electron, charge exchange is the dominant interaction
which occurs [1]. Subsequent to the interaction the ex-
cited HCI stabilizes via a combination of radiative decay
and autoionization. Studies of charge exchange are im-
portant for a fundamental understanding of atomic pro-
cesses and for applications such as spectral diagnostics of
fusion plasmas heated by neutral beam injection [2] and
the determination of ion storage times in ion traps and
storage rings [3]. Further impetus to this area of research
stems from the discovery of x-ray emission from comets
by Lisse et al. in 1996 [4], for which charge exchange be-
tween HCIs in the solar wind and neutrals in the coma
of the comet has been established as the main emission
mechanism [5].

An analytical method which is widely used to describe
the capture process in slow collisions is the classical over-
the-barrier (COB) model [6, 7]. It is based on a consid-
eration of the electrostatic potential experienced by the
active electron during transfer. The principal quantum
number of the dominant capture state, nc, predicted by
the model is given by:
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nc ≈
q3/4

√

IP /13.6
, (1)

where q is the charge state of the HCI and IP is the ion-
ization potential (in electronvolts) of the target. In low
energy collisions nc is virtually independent of collision
energy [1, 8] and the range of nc states which becomes
populated is very narrow, i.e. ∆nc ≈ ±1 [9].

As the COB model is essentially a static treatment, a
similar estimate of the orbital angular momentum cap-
ture state, ℓc, cannot be directly inferred. In high energy
charge exchange collisions electrons populate ℓc states
statistically, whereas in the low energy regime deviation
from a statistical population occurs [8]. Assuming that
the orbital angular momentum of the captured electron
is given by the product of impact parameter and velocity,
then for slower collisions capture into lower ℓc states is ex-
pected. Theoretical and experimental work in this area
is limited, since studies have mainly focused on higher
energy collisions of relevance to high temperature lab-
oratory plasmas. However, for the interpretation of x-
ray emission from comets, for example, where the solar
wind ions can be decelerated to 50 eV/amu and below
(<∼ 100 km/s), a need for low energy data has arisen. In
fact, measurements of the morphology of cometary emis-
sion have shown that up to 50% of the radiation might
originate from inside the bow shock, near the comet nu-
cleus where the HCI velocity is the lowest [10].

The radiative cascade of a captured electron to the
ground state is characteristic of the initial capture state.
Thus due to the energy dependence of ℓc it is proposed
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that the cometary spectra could be used to probe the dy-
namics of the solar wind and ultimately to monitor space
weather, without the need for heliospheric spacecraft [11].
In the present work the effect of collision energy on ℓc is
investigated by recording the K-shell x-ray emission spec-
tra following electron capture by Ar17+ and Ar18+ ions
extracted from an Electron Beam Ion Trap (EBIT) onto
an argon gas target. The extraction beamline incorpo-
rates a retardation assembly, allowing experiments using
HCIs with energies of the order of keV/amu down to a
few eV/amu to be carried out. X-ray emission measure-
ments of the charge exchange of HCIs interacting with
background gas in the trap have also been implemented,
where ion energies are ∼10 eV/amu.

Similar work is conducted by the EBIT groups at the
National Institute of Standards and Technology (NIST)
and Lawrence Livermore National Laboratory (LLNL),
in the first case using extracted HCIs, though without a
setup for deceleration [12], and in the second case solely
by probing the HCIs in the trap [13]. The results pre-
sented in the current work therefore constitute the first
detailed survey of charge exchange emission for a range of
collision energies in the low energy regime. The trend ob-
served indicates that for collision energies decreasing be-
low 100 eV/amu, deviation from a statistical population
of states and preferential capture into low ℓc states oc-
curs. This finds qualitative agreement with the results of
Classical Trajectory Monte Carlo (CTMC) calculations
[13], although this agreement may be fortuitous, as will
be discussed. A discrepancy between the charge exchange
spectra measured for the ions in the trap compared with
those obtained at the external target is revealed and pos-
sible explanations are considered.

II. EXPERIMENTAL METHOD

The HCIs were produced nearly at rest using the Berlin
EBIT, which is described in detail in [14], via successive
impact ionization of an injected gas by a monoenergetic
electron beam. Radial confinement of the ions in the
trap is primarily determined by the space charge of the
electron beam, which is highly compressed by the 3T
magnetic field generated using a pair of Helmoltz coils.
Axial confinement results from the potential well created
by the voltages on three drift tube electrodes.

A. Extraction Experiments

For the experiments with an external gas target, argon
gas was injected into the EBIT at a pressure of 10−5 Pa
and the HCIs generated were extracted in pulse mode at
a rate of one ion bunch per second. The electron beam
of the EBIT was set to a current of 120mA and an ax-
ial trap depth of 100V was implemented. During the
breeding phase of each cycle, lasting 0.9 s, the accelera-
tion potential of the electrons into the trap region was set

to 10.1 kV. This maximizes the yield of Ar17+ and Ar18+

ions. In the extraction phase the potential was lowered
to give an extraction potential of 5.3 kV, which is more
ideally suited to the beamline elements. The ion pulses
were ∼30ms in duration.

The HCIs were transported through the extraction
beamline, which has been described in more detail in
[15], selected according to their mass-to-charge ratio us-
ing a Wien filter and then directed onto the gas target.
Just prior to the target area is a retardation assembly
consisting of a series of parallel grids which are biased
to give a uniform repelling field. The voltage on the last
grid determines the final kinetic energy of the ions which
then pass through a field-free drift region to the gas tar-
get. Experiments were carried out for projectile energies
down to 10q eV. The final energy was measured using a
retarding field technique, as described in [15].

Argon gas was injected into the target region at 90◦ to
the ion beam axis using a pulsed supersonic valve with a
repetition rate of 1Hz and a pulse length of 60µs. The
gas pulses were synchronized to coincide with the arrival
of ion bunches from the EBIT and the density of gas at
the target is estimated at 1012 cm−3. The x-ray emission
resulting from charge exchange between the HCIs and
argon neutrals was recorded using a thermoelectrically-
cooled silicon solid state detector mounted 44mm from
the target center, giving a solid angle for photon de-
tection of 2.6·10−3 sr. At 5.9 keV the detector has a
full width at half maximum (FWHM) peak resolution
of 168 eV.

B. Magnetic Trapping Experiments

Charge exchange of HCIs in the trap was investigated
by operating the EBIT in magnetic trapping mode. This
method, introduced by Beiersdorfer et al. [16], involves
periodically breeding HCIs in the trap and then switch-
ing the electron beam off to give phases when the radial
confinement of ions only results from the magnetic field
of the Helmholtz coils. In this way the emission result-
ing from charge exchange is unmasked from that due to
electron-ion interactions, which dominate when the elec-
tron beam is present.

As in the extraction experiments, argon gas was in-
jected into the EBIT at a pressure of 10−5 Pa. The den-
sity of neutrals in the trap acting as partners for charge
exchange is estimated from the confinement time and the
theoretical charge exchange cross sections at 106 cm−3.
Rapid switching of the electron beam was achieved by
controlling the anode voltage of the electron gun using
a function generator in combination with a high voltage
amplifier. In each switching cycle the electron beam was
turned on, within 8 ms, to the required ionization po-
tential to give 1 s of breeding after which it was turned
off, within 4ms, to give 0.8 s of magnetic trapping for the
charge exchange experiment. At the end of each cycle the
trap was briefly opened to expulse all ions and prevent
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the accumulation of background heavy ions.
In the breeding phase electron beam currents of 70mA

and 100mA, for the experiments with Ar17+ and Ar18+

ions, respectively, were selected and axial trap depths of
30, 100 and 700V were applied. The acceleration poten-
tial of the electron beam was set to 4.3 kV in the Ar17+

experiments, which is just below the ionization threshold
for forming Ar18+, and to 10.1 kV in the Ar17+ exper-
iments. The contributions from Ar17+ ions which are
inevitably also present in the trap during the Ar18+ ex-
periments were subtracted out of the x-ray spectra, as
will be discussed.

The x-ray emission was recorded as a function of time
using a windowless liquid nitrogen-cooled germanium
solid state detector mounted 85mm from the trap axis,
giving a solid angle for photon detection of 4.2·10−3 sr.
At 5.9 keV a FWHM peak resolution of 136 eV is mea-
sured.

III. SPECTRA AND DATA ANALYSIS

For electron capture by Ar17+ and Ar18+ ions from ar-
gon neutrals, Equation 1 gives a COB prediction of cap-
ture into nc = 8. It follows that radiative cascades from
the ncℓc states 8s to 8j are then possible. In order to
facilitate the interpretation of the charge exchange spec-
tra measured in the experiments, the cascade paths from
these various capture states have been simulated. The
input data for the calculations, comprising values for the
energy levels and transition probabilities for hydrogen-
like and helium-like argon ions, were obtained using the
Relativistic Atomic Transition and Ionization Properties
(RATIP) code [17, 18]. In Figure 1 the K-shell emis-
sion spectra simulated for electron capture into Ar18+,
with a line broadening of 160 eV, are presented. It can
be seen that for cascades from different 8ℓc states the
emission varies significantly. For Ar17+ charge exchange
the x-ray spectra are less sensitive to capture state due
to the presence of the unpaired electron in the K-shell,
which reduces the number of transition paths available
to a cascading electron.

A. Extraction Spectra

In the extraction experiments the Wien filter was used
to select the particular charge state to be investigated.
However, as a result of charge exchange in the beam-
line subsequent to charge state selection, a proportion of
lower charge state ions still arrived at the target. For the
Ar17+ spectra this effect is not important, because elec-
tron capture into argon ions with q ≤ 16 does not result
in K-shell emission. For the Ar18+ measurements, how-
ever, emission associated with Ar17+ ions which arrived
at the target was present in the spectra recorded. In or-
der to isolate the emission resulting from electron capture
into Ar18+ in a given measurement, the lower energy Kα
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FIG. 1: Normalized x-ray emission spectra simulated for elec-
tron capture by Ar18+ into the states 8s to 8j, with a line
broadening of 160 eV.

peak from Ar17+ charge exchange was used to generate a
normalized spectrum from an Ar17+ measurement taken
at a similar energy, and this was then subtracted out.

Selected results from the experiments using beams of
HCIs extracted onto an external argon gas target are pre-
sented in Figure 2; Figures 2(a) and 2(b) show the charge
exchange spectra for 50q eV and 515q eV Ar17+ ions, and
Figures 2(c) and 2(d) show those obtained for 40q eV and
485q eV Ar18+ ions, respectively. The experimental data
are plotted in gray and for reference the positions of the
various K-shell x-rays together with the series limit for
each ion charge state are marked in the figures on the
right. Fits to the data are represented by black curves
and comprise three Gaussian distributions corresponding
to n = 2 → 1, n = 3 → 1 and n ≥ 4 → 1 transitions.

The relative intensities of the x-ray peaks in the Ar17+

spectra of Figures 2(a) and 2(b) are very similar. Fur-
thermore, on comparing these results with the additional
Ar17+ spectra recorded, the Ar17+ spectral shapes are
found to vary very little over the collision energy range
studied. The spectra obtained closely resemble the re-
sults of EBIT experiments carried out by Tawara et al.

[12, 19], which used beams of Ar17+ ions extracted onto
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FIG. 2: X-ray emission spectra for charge exchange of Ar17+

and Ar18+ ions with an argon gas target for a range of pro-
jectile energies. Experimental data are plotted in gray and
black curves represent the sum of Gaussian fits.

an argon gas target at energies of 3q keV and 8q keV,
respectively.

In contrast, in the case of the results for Ar18+ charge
exchange, a variation in spectral shape versus collision
energy is observed. The emission spectra for 485q eV
Ar18+ ions (Figure 2(d)) and non-retarded Ar18+ ions
(not shown) resemble a spectrum obtained at NIST by
Tawara et al. using beams of 8q keV Ar18+ ions [12],
whereas the spectra for Ar18+ ions with energies of 40q eV
(Figure 2(c)) and lower show an enhancement of the
higher energy n ≥ 3 → 1 emission.

B. Magnetic Trapping Spectra

For the analysis of charge exchange emission from HCIs
in the EBIT in magnetic trapping mode, only those x-
ray counts recorded in each cycle 10ms after the electron
beam was switched off are considered. This is well above
the electron beam ramp down time, which ensures that
the x-ray spectra are completely free of photons emitted
as a result of HCI interactions with the electron beam.
The results obtained for Ar17+ and Ar18+ ions, for a trap
depth of 100V, are presented in Figure 3. The experi-
mental data are plotted in gray. Note that as for the anal-
ysis of the extraction spectra, emission components due
to the presence of Ar17+ ions have been subtracted from
the Ar18+ plot. Fits to the data are represented by black
curves. In Figure 3(a) the fit again corresponds to three
Gaussian distributions for n = 2 → 1, n = 3 → 1 and
n ≥ 4 → 1 transitions, whereas in Figure 3(b) four Gaus-
sian distributions are fitted, corresponding to n = 2 → 1,
n = 3 → 1, n = 4 → 1 and n ≥ 5 → 1 transitions.

The Ar17+ emission spectrum of Figure 3(a) closely
resembles the Ar17+ spectra recorded in the extraction
experiments. The spectra recorded using 30 and 700V
trap depths are hardly distinguishable from the 100V
measurement shown, and the results are also very simi-
lar to an Ar17+ magnetic trapping spectrum obtained by
Beiersdorfer et al. at LLNL, for which a trap depth of
300V was implemented [13].

In the Ar18+ spectrum of Figure 3(b), the relative in-
tensity of the n ≥ 3 → 1 emission band is significantly
greater than in its Ar17+ magnetic trapping as well as
extraction counterparts. The emission associated with
the closely-lying n ≥ 5 → 1 transitions, in particular, is
very prominent. This indicates a large proportion of cap-
ture into p states, as exemplified by the simulated spectra
presented in Figure 1.

The shape of the 100V magnetic trapping Ar18+ spec-
trum likens the result of a similar measurement made at
the LLNL EBIT for a trap depth of 300V [13], as well
the further spectra recorded in the present work for the
trap depths 30 and 700V. It appears that the centroid of
the highest energy peak is ∼20 eV higher than the the-
oretical energy of the 8p → 1s transition. This suggests
that electron capture might predominantly occur one or
two shells higher than the nc = 8 prediction from the
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FIG. 3: X-ray emission spectra for charge exchange of Ar17+

and Ar18+ ions with background gas in the EBIT operated in
magnetic trapping mode. Experimental data are plotted in
gray and black curves represent the sum of Gaussian fits.

COB model. Indeed, slight underestimation of nc by the
COB model has been reported elsewhere [20]. The mag-
netic trapping Ar18+ charge exchange spectra measured
at LLNL suggest that nc = 9 dominates [13, 21].

The principal charge exchange partner in the trap is
the argon gas which is continuously injected into the
chamber, but electron capture from other background
gas species, mainly nitrogen and oxygen, can also occur.
The ionization potential of molecular nitrogen (15.6 eV)
is very close to that of argon (15.8 eV), thus according to
Equation 1 a shift in nc is not expected. However, in the
case of molecular oxygen (ionization potential 12.1 eV),
nc = 9 is predicted. Therefore the aforementioned emis-
sion at energies higher than the 8p → 1s transition could
have also resulted from charge exchange with oxygen in
the trap. Nevertheless the distribution of ℓc states should
be very similar and indeed experiments conducted else-
where, investigating the target dependence of charge ex-
change x-ray emission, indicate that the ionization po-
tentials of argon and oxygen are still close enough not to
significantly alter the relative intensities of the radiative
emission peaks observed [22].

C. Comparison of Spectra via Hardness Ratios

Comparison of the various x-ray emission spectra
recorded in the extraction and magnetic trapping exper-
iments is achieved by calculating hardness ratios, H, de-
fined as the intensity ratio of all n ≥ 3 → 1 to n = 2 → 1
transitions, i.e:

H =

∑nc

n=3
In→1

I2→1

. (2)

The result is shown in Figure 4, a plot of hardness ra-
tio versus center-of-mass collision energy. Black symbols
mark the data obtained from the spectra measured in
this work, while those obtained elsewhere are marked in
gray.

The results from the extraction experiments, plotted
using solid black triangles and circles to denote the hard-
ness ratios for Ar17+ and Ar18+ charge exchange, respec-
tively, are connected with black lines to guide the eye.
The hardness ratios presented are the result of a more
thorough data analysis than those given in [23]. Hence
some of the values have been modified, in particular the
hardness ratio for the slowest Ar18+ ions implemented in
the present study. The center-of-mass collision energy is
given in electronvolts per atomic mass unit, calculated
from the projectile energies assuming a reduced mass of
mAr/2. The error bars are calculated from the FWHM
values obtained from the reverse bias measurements de-
tailed in [15]. An additional scale showing the relative
collision velocity in atomic units, i.e. as a fraction of the
Bohr velocity, is shown. The error bars for the hardness
ratios are Gaussian errors determined from the uncer-
tainty in the fitted peak areas.

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1  10  100  1000  10000

 0.01  0.1

H
ar

dn
es

s 
ra

tio

Centre-of-mass collision energy [eV/amu]

Relative collision velocity [units of vBohr]

Ar18+

Ar17+

statistical

CTMC

Magnetic trapping

LLNL

Extraction

NIST

FIG. 4: Dependence of hardness ratio on center-of-mass col-
lision energy for charge exchange of Ar17+ and Ar18+ with
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results of the extraction and magnetic trapping experiments,
respectively. Gray symbols show extraction and magnetic
trapping measurements made by NIST [12] and LLNL [13].
CTMC results for single electron capture into Ar18+ from a
hydrogen target [13] and the hardness ratio predicted on the
basis of statistical assumptions are marked with dashed lines.
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Hardness ratios for Ar17+ and Ar18+ charge exchange
measured in the magnetic trapping experiments for a trap
depth of 100V are plotted using a hollow black triangle
and circle, respectively. The temperature of HCIs in an
EBIT is a function of the axial trapping potential, and is
estimated here using the empirical relation:

Tion = 0.2qVtrap, (3)

where Vtrap is the applied axial trapping potential and q
is the charge state of the HCI [24]. In the figure the error
assumed for the temperature estimates is 50% and as for
the extraction data, center-of-mass collision energies are
plotted. With respect to the hardness ratios published in
[23], the values plotted here are shifted slightly. This is
because it has since been found that the hardness ratios
measured can vary slightly according to the length of the
magnetic trapping cycle. Therefore care was taken to en-
sure that only spectra of equal magnetic trapping phase
durations were compared. Data from the LLNL mag-
netic trapping experiments using a trap depth of 300V
[13] are plotted in the figure using hollow gray symbols.
The data points are taken from Figure 5 of the cited pa-
per, rather than from Figure 1 where the hardness ratio
for electron capture into Ar18+ appears to correspond to
the intensity ratio of n ≥ 4 → 1 to n = 2 → 1 emission.

Based on a statistical population of states in a given
shell nc, which is the scenario relevant to high energy
charge exchange collisions, the hardness ratio expected
can be calculated from the fractional population of the
ncp state. Thus for high energy Ar17+, 18+ charge ex-
change, assuming nc = 8, a hardness ratio of ∼0.05 is
inferred. This is marked in Figure 4 using a horizon-
tal dashed line. Comparing with the hardness ratios ob-
tained in the extraction experiments, however, a signif-
icant variation with collision energy, particularly in the
case of Ar18+ charge exchange, is observed. Hence it can
be concluded that the collisions investigated were slow
enough for a non-statistical population of ℓc states to
occur. Furthermore, the trend is for hardness ratio to in-
crease with decreasing projectile velocity, indicating that
in lower energy collisions capture into lower ℓc states is
favored, i.e. for lower collision velocities there is a higher
proportion of capture into ncp states, resulting in the di-
rect ncp → 1s cascade transitions which give the larger
hardness ratio measured.

A similar theoretical trend has been found by Beiers-
dorfer et al. by implementing a CTMC method to simu-
late electron capture into slow Ar18+ ions from hydrogen
neutrals and then calculating the resulting radiative cas-
cades using a decay matrix for hydrogenic ions [13]. The
results from these simulations are represented in Figure 4
by a dashed gray line labeled ‘CTMC’. Although there
is qualitative agreement between the experimental and
CTMC data for Ar18+, this may be fortuitous for the
following reasons. Firstly, the CTMC method does not
include molecular effects, thus it cannot accurately de-
scribe electron capture in low energy collisions. In the
case of highly charged projectiles, however, the impor-

tance of this molecular behavior is somewhat diminished
[25]. Secondly, the CTMC data from [13] are for single
electron capture, whereas in slow HCI-atom collisions the
cross sections for multiple electron capture are in fact
significant [26]. Indeed it has been shown that multiple
electron capture plays an important role in the shaping
of charge exchange emission spectra [12, 27]. However,
the overall magnitude of the hardness ratio might not be
changed, since multiple capture events mainly rearrange
the np → 1s x-ray emission to lower n levels.

The experimental hardness ratios for Ar18+ charge ex-
change are consistently higher than the corresponding
values for Ar17+ and the increase in ratio with decreas-
ing collision velocity is more marked for Ar18+. This is
supported by the hardness ratios inferred from the simu-
lated spectra, where it is seen that, in general, the Ar18+

hardness ratios for capture into the various ℓc states are
higher than their Ar17+ counterparts, especially for low
ℓc, and that the hardness ratios for Ar18+ vary over a
wider range. A larger hardness ratio for Ar18+ than
for Ar17+ charge exchange is also inferred from measure-
ments made by the NIST EBIT group in similar experi-
ments using non-retarded Ar17+ and Ar18+ ions incident
on an external argon gas target [12]. The NIST data
points are plotted in the figure using solid gray triangles
and circles, respectively, and lie in the range of the data
obtained in the present work using non-retarded ions.

IV. DISCUSSION

On inspection of Figure 4 it can be seen that the hard-
ness ratios from the extraction experiments with Ar18+

ions are at odds with the values for charge exchange
by Ar18+ ions in the trap. For a collision energy of
2.2 eV/amu, the Ar18+ extraction data give a hardness
ratio of 0.58, whereas in the Ar18+ magnetic trapping
experiment, using a trap depth of 100V, a hardness ra-
tio approaching double that value, of 1.07, is obtained.
Hardness ratios calculated from the simulated spectra
presented in Figure 1 demonstrate that a value of unity
corresponds closely to capture into the state 8s. Thus the
indication is that in the trap electron capture proceeds
into even lower ℓc states than is the case for the slowest
Ar18+ ions investigated in the extraction experiments.
Possible reasons for the discrepancy are now discussed.

In the extraction experiments the projectile energies
were measured directly, which is not possible for the HCIs
in the trap. Thus a potential cause of the mismatch ob-
served is that the energy of the trapped ions estimated
using Equation 3 is incorrect, i.e. it might be an overes-
timation. However, according to CTMC calculations for
capture into Ar18+, hardness ratios of the order of unity
and above are not reached [28], even though the max-
imum hardness ratio from the simulated spectra shown
in Figure 1 (corresponding to capture into the 8p state
of Ar18+) takes a value of ∼4 . Instead, for energies de-
creasing below 1 eV/amu it is presumed that the hardness
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ratio levels out to a plateau [28]. Consequently, on the
basis of the CTMC results an explanation centered on an
incorrect assignment of the collision energy in the trap
appears to be unlikely. Conclusions based on CTMC
results should, however, be made with caution, for the
reasons previously outlined.

Turning to differences between the conditions at the
external gas target compared to those in the trap, the
presence of the 3T magnetic field in the latter might be
significant. Although a bound electron is not expected
to be influenced by such a relatively weak field, since the
electrostatic Coulomb attraction of the nucleus is much
greater, it is conceivable that once the electron reaches
the potential maximum at the critical distance for cap-
ture into the ion, the magnetic force could have an effect
on its momentum. To test this, magnetic trapping ex-
periments using the EBIT operated at fields down to 1T
have been carried out, but a change in hardness ratio was
not measured. There is of course also the electrostatic
field in the trap due to the voltages applied to the drift
tubes, but this of the order of 104V/m, hence would only
result in an electrostatic force on the electron equivalent
to the magnetic force just discussed.

A further disparity between the two experimental tech-
niques is that while the HCIs in the trap remain in the
viewing range of the x-ray detector for several seconds,
the extracted HCIs pass through the viewing range of
the x-ray detector in the beamline in a fraction of that
time. Therefore it is important to compare the distance
traveled by an ion during the radiative cascade, with
the viewing length of the detector. Electron cascade
times for electric dipole-allowed transitions are of the
order of picoseconds, so calculating for the fastest ions
(∼6.5·107 cm/s), the distance traveled before the cascade
ends is of the order of micrometers. With a detector
viewing length of ∼3.5 cm it can be concluded that the
K-shell x-ray photons emitted at the end of such cascades
are well within detection range. In contrast, for electron
capture into Ar17+ the cascading process efficiently feeds
the metastable 1s2s 1S0 (singlet) and 1s2s 3S1 (triplet)
states, which have lifetimes of the order of a few hun-
dred nanoseconds [19] corresponding to an ion flight dis-
tance of a number of centimeters. Consequently these
metastable states, which are thought to receive a consid-
erable proportion of the cascading electrons [19], will de-
cay beyond the range of photon detection. Hence it could
be expected that the magnetic trapping hardness ratios
for Ar17+, which will include metastable decay, would
be lower than the ratios obtained for Ar17+ charge ex-
change at similar energies in the extraction experiments.
In fact, in Figure 4 the magnetic trapping hardness ratios
are indeed found to be slightly lower than their extraction
counterparts. However, as the real discrepancy is in the
results for Ar18+ charge exchange, where the aforemen-

tioned metastable states do not arise, an argument based
on detector viewing ranges does not clarify the situation
either.

V. CONCLUSIONS

To summarize, this paper has experimentally deter-
mined the energy dependence of ℓc in slow charge ex-
change collisions over a range of energies previously not
investigated. Deviation from a statistical population of
ℓc states is confirmed and a rising tendency for capture
into ncp states for collision energies decreasing below
∼100 eV/amu is observed.

The cause of the much larger hardness ratios measured
for Ar18+ in magnetic trapping mode as opposed to us-
ing the extraction setup, however, remains unclarified.
The experimental results suggest a difference in the con-
ditions of the EBIT environment compared with those of
an external gas target, which in turn leads to a differ-
ence in the population mechanism and/or stabilization
process of the Rydberg states. It is also possible that the
anisotropic x-ray emission from charge exchange at the
gas target gives rise to different hardness ratios compared
with those measured from the isotropic x-ray emission of
the magnetic trapping experiment. The geometry of the
gas target experiment presents a similar preferential di-
rection to that of electron beam excitation in an EBIT,
for which the anisotropy effect can amount to as much
as 20% [29]. In order to investigate these points detailed
theoretical treatment of the problem is required.

In the absence of comparative data to benchmark the
magnetic trapping results previously obtained at LLNL
[13], it had been concluded that hardness ratio increases
much more steeply on decreasing collision energy than
the extraction results presented here now reveal. There-
fore, charge exchange data obtained using HCIs in the
trap should be applied to other scenarios, such as the
interpretation of cometary emission, with caution. Fur-
thermore, data analysis has shown that it is also impor-
tant to compare data collected in magnetic trapping ex-
periments recorded in the same time frame. Experiments
using extracted beams of HCIs allow a much more con-
trolled investigation of charge exchange and by incorpo-
rating a retardation assembly into the extraction beam-
line, as in the Berlin setup, charge exchange spectra for
a range of collision energies can be obtained. A point
to note, however, is that forbidden transitions from the
metastable states of HCIs can give rise to intense emis-
sions, as shown by theoretical work in [30]. These intense
lines will be absent from the spectra obtained in beamline
experiments, though in the case of the relatively large gas
densities which can be found in cometary coma, for ex-
ample, it is likely that such states would be collisionally
quenched.
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