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Electron-impact recombination and excitation rates for charge-state-selected highly charged Si ions
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Charge-state selective recombination rate coefficients were measured by time of flight (TOF) analyzed highly
charged Si ions extracted from an electron-beam ion trap. Additionally, the combination of simultaneous
TOF and x-ray measurements and a separation of the dielectronic recombination contribution in the x-ray
spectra is used for extracting electron-impact excitation rate coefficients for several overlaying charge states.
Experimentally derived dielectronic recombination spectra for XIII and XIV Si are compared and found in
excellent agreement with the results of relativistic many-body perturbation theory calculations.
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I. INTRODUCTION

Highly charged ions (HCIs) and, in particular, Si ions
are abundant in the universe. Recently, 40% of the baryons
“missing” from the nearby universe were found as ionized
intergalactic gas, absorbing in the UV spectral range [1,2].
The remaining part of the missing baryonic matter is believed
to be at even higher ionization stages, absorbing in the x-
ray regime. HCI—electron interactions are of fundamental
interest and are among the most important processes in plasma
[3]. Photons originating from electron-impact excitation (EIE)
and electron-ion recombination have important effects on the
energy balance of the plasma and provide information about
distant astrophysical as well as laboratory plasmas [4]. Such
data have a significant impact on guiding the modelers of the
x-ray absorption features recently observed in the intergalactic
and interstellar media and offer an insight into a detailed
isonuclear abundance analysis and spectroscopy of highly
ionized laboratory plasmas relevant for fusion research. Elec-
tron energy-dependent EIE data of highly charged ions are
particularly scarce in the literature (see, e.g., Refs. [5-7]), and
accurate atomic data for this process are needed to understand
and model plasmas and to extract reliable information from
observed emission or absorption lines.

Important progress in obtaining accurate electron-impact
data for recombination was reached in the past two decades
for atomic and molecular ions of a range of charges at cooler
storage rings (CSRs) [8] and for HCIs at electron-beam ion
traps (EBITs) [9]. These two methods are complementary in
the collision energy and use complementary detection of the
electron-ion reaction products. At CSRs, predominantly the
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charge-changed ions are detected which yield predominantly
total recombination data, and some cases for Si were studied
this way [10-12]. Whereas, at EBITs, mostly photons are
detected [13]. Important information is lost in both cases, that
prohibits the disentanglement of the different processes and
reaction channels. For example, if only photons are detected,
the dielectronic recombination (DR) spectra of various charge
states overlap and DR into high Rydberg states overlaps
with the continuous as well as the resonant EIE spectra. The
experiment presented here combines the detection of charge-
changing processes and photon detection from an EBIT. This
offers reliable and simultaneous observation of photorecombi-
nation and excitation in electron impact on several isonuclear
highly charged ions.

Earlier, there were approaches to measure the charge-
changing collisions in EBIT by a charge-state analysis of ex-
tracted ions [14—16] with a dipole magnet and by varying the
magnetic field. It was possible to determine electron-ion cross
sections or rate coefficients in these measurements [14—16].
We present an alternative approach which, through detecting
the population of all charges accumulated in an EBIT and
separating the extracted charges by time-of-flight (TOF) [17]
together with their associated photons. The measurements
give electron-ion collision rate coefficients, namely, those for
DR of charge-state separated ions, and from the photons, we
get also the EIE rate coefficients for a mixture of ion charge
states. In fact, this method has been used by our group in
measurements of DR and EIE for highly charged sulfur ions
[18]. A recent publication of a theoretical approach to DR and
calculations of EIE for S showed very good agreement [19]
with these S data [18].

In the presented paper, we report on studies of charge-
changing reactions and photon emission for astrophysically
relevant highly charged Si ions. From the TOF spectra, the DR
rate coefficients for selected charge states are obtained, and,
with their use, the separation of photon spectra due to excita-
tion, i.e., the identification of photons without change in the
charge state was performed. From there, we obtain electron-
ion-impact excitation data that cover the energy region from
the direct excitation threshold and show prominent peaks due
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to resonant excitation, i.e., resonant electron attachment and
autoionization to an excited state followed by photon emis-
sion. The charge-state selected DR resonances are compared
to relativistic many-body perturbation theory (RMBPT) cal-
culations [20,21]. The up to three open-shell atomic systems
in the state-of-the-art complex-scaled relativistic many-body
perturbation theory in its all-order formulation that within
its single- and double-excitation coupled-cluster scheme even
includes some of the QED effects (radiative corrections). As a
result, a comparison of DR resonance parameters (resonant
energies and strengths) between theoretical predictions and
experimental observations show an excellent agreement.

II. EXPERIMENT

In the Stockholm EBIT [17,22], an electron beam com-
pressed by a 3-T magnetic field to a diameter of ~70 um
passes through a set of three drift tubes. An electrostatic trap
is created by biasing the middle drift tube to a lower potential
as compared to the outer electrodes. The drift tube assembly
has a high positive potential with the total drift tube potential
defining the energy of the electrons passing through the trap
region.

Following the injection of an ~10 ms SiH, gas pulse into
the trap, a suitable charge-state distribution of Si ions was pro-
duced by ionizing during 900 ms at 8 kV. Then, a “probing”
time of 310 ms at a given electron energy was followed by
extraction of the ions at a fixed energy. The above sequence
was repeated over and over again with the probing energy
incremented by 3 eV each cycle in order to cover the energy
range of 1.2-2.4 keV associated with resonant excitation of a
K-shell electron to higher shells. A schematic of these cycles
for the TOF measurements is shown in Fig. 1 of Ref. [18].
X rays emitted during the probing time were observed with a
Si(Li) detector through an aperture located at 90° with respect
to the electron-beam direction. Throughout the measurement,
the electron current was 10 mA, and the trap had a fixed depth
of 10 V. Following a flight path of 3 m, the extracted ions were
detected by an open electron multiplier. For each extraction,
the probing energy and the digitized TOF spectrum containing
the six highest charge states of Si were saved. The pressure in
the EBIT tank, the extraction passage, and the drift tube, was
monitored to be below 10~% mb. The pressure was also varied
over one order of magnitude, and an influence of the pressure
variation on the ion abundances was not observed.

The earlier experiments in which extracted ions were used
to derive atomic data at EBITs and an electron-beam ion
source were based on slow ion extraction and magnetic sep-
aration of charge states [14—16,23]. We employ a very fast
ion extraction scheme to open the electrostatic trap so fast
that all ions are released within <100 ns. With ejection, the
emission rate of x rays from the EBIT drops down to 0. This
fast extraction allows separation of charge states by TOF and
yields the simultaneous detection of all charge states of the
ions that leave the trap after each probing.

TOF and x-ray spectra connected through the probing
electron energies are shown in Figs. 1(a) and 1(b), respec-
tively. Figure 1(a) shows Si* ion counts in a 2D plot of
TOF vs electron energy (charge state Q is shown on the
right ordinate). The width of the TOF peaks is similar to
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FIG. 1. (a) Ion Si?" counts in a two-dimensional (2D) plot of
time-of-flight vs electron energy (charge state Q is shown on the
right ordinate). Vertical dashed lines are shown to guide the eye.
The vertical bars show DR resonance positions (blue bars, RMBPT
results). Arrows show the direction of DR, i.e., from a Q + 1 charge
state to a Q charge state. (b) Two-dimensional contour plot of x-ray
counts in photon energy vs electron energy.

the time over which the trap is opened. The vertical dashed
lines are shown to guide the eye, and the vertical bars show
DR resonance positions (blue bars, RMBPT results). Arrows
show the direction of DR, i.e., from a Q + 1 charge state to
a Q charge state. Figure 1(b) depicts the 2D contour plot of
x-ray counts in photon energy vs electron energy. The DR
resonance groups are indicated by Auger notation, according
to their intermediate doubly excited states in the recombined
ion. In the case of the DR resonances, the x-ray spectrum
shows separately the radiative decay of the excited core and
the decay of the outer electron. As an interesting example, in
the lowest-energy KLM-type DR resonances of Li-like Si, the
excited electronic core has a triplet spin configuration, i.e.,
the K-shell (spectator) and L-shell (excited) electrons have
parallel spins. Therefore, stabilization of the corresponding
doubly excited states takes place predominantly through the
decay of the outer M-shell electron to the single K-shell
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vacancy. Consequently, at these electron energies, mostly
KB photons are emitted. Toward higher electron energies in
the KLM resonance group, DR takes place through doubly
excited states with a singlet core for which the radiative decay
of the L-shell electron is allowed, and the associated K« peak
becomes dominant. As a result, the maximum of the K 8 peak
in the KLM resonance group, corresponding to the decay of
the outer M-shell electron is located at lower electron energies
as compared to the K« peak.

The correlated spectra offer detailed information about
the processes taking place inside the EBIT. In the photon
spectrum, the DR series belonging to different charge states
are overlapping, and they overlap with the EIE series, hin-
dering the extraction of recombination spectra. The TOF
spectrum, on the other hand, gives selective and clean access
to changes in the population of each individual charge state
without the overlap occurring in the x-ray spectra. Events
where the charge of the ion is not changed in the reaction
are not distinguishable in the TOF counts from those where
no reaction occurred. But these can be registered in the x-ray
vs electron matrix [see, e.g., Fig. 1(b)]. As Fig. 1(a) shows, at
energies where DR resonances occur, the TOF spectrum con-
tains sharp changes in the intensity of both the original and the
recombined charge states. This facilitates the unambiguous
identification of reaction paths, e.g., separation of EIE from
DR and to make DR of An > 1 visible. It is interesting to
note that recombined ions reach the detector faster than other
ions released from the trap [see, e.g., the Li-like charge state
(114) where the DR peaks from recombined He-like ions
are shifted to shorter TOF values]. This is probably due to
space-charge effects and repelling of lower charge-state ions
by the higher charge states that leave the trap earlier and these
get less abundant in a DR resonance.

Comparing the charge-state distributions at the beginning
and at the end of the probing time (obtained by probing for
short intervals at different times) offers an overview of the
charge-changing electron-ion processes taking place in the
EBIT. Figure 2 shows the TOF detector counts of selected
charge states as a function of electron energy. As can be seen
in Fig. 2, the detected ion number shows peaks (gain of ions)
and dips (loss of ions) due to charge changes by recombina-
tion. Every peak in the daughter ion corresponds to a dip in the
mother ion which can be used to check the consistency in the
ion transport and detection. It is known that different charge
states can have somewhat different ion temperatures, hence,
there could be different extraction and transport efficiencies
when they travel down the drift tube. Such differences could
not be observed here (e.g., by summing up the dips and
peaks). We checked also the ion charge-state distribution with
our 90° analyzing magnet and found the same charge-state
distribution as with TOF.

The nonresonant processes affecting the ion populations
[radiative recombination (RR), charge exchange, evaporation
of ions from the trap, etc.] produce a smooth baseline over
which the effects of the resonant DR are imprinted. At ener-
gies where DR takes place, a decrease in the abundance of
the recombining charge state with the simultaneous increase
in the abundance of the next lower charge state is observed.
As a consequence of the large differences in the abundance of
neighboring charge states, even a small fraction of the ions in
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FIG. 2. TOF ion counts separated for selected Si¢* as a function
of electron energy. The vertical bars show DR resonance positions
for He-like Si and Li-like Si [in boxes (b) and (d), respectively] as
given in Fig. 1.

the abundant charge state undergoing DR will cause a large
relative increase in the population of the less abundant ions.
This is well illustrated at the Li-like DR resonance at 1.65 keV
where a change of 22% in the population of He-like ions is
matched by a threefold increase in the amount of Li-like Si. As
a proof of the linear response of the detector with the number
of ions and the charge-state independent extraction efficiency,
the sum of all TOF peak areas is a smooth curve in which
the decrease associated with DR in the parent charge states is
compensated by the increase in the resulting charge state [see
Fig. 2(a)]. At ~1.45 keV, the population of all charge states
decreases. The dip is proportional to the amount of the ions
in the respective charge state, and there is no increase in any
of the neighboring charge states. We conclude that this dip is
from reduced trapping of the ions in the EBIT. The dip in the
trapped ion numbers disappears in the rate equation analysis
as described in the next section.

III. RESULTS AND DISCUSSIONS

The time evolution of the charge states is described by a
set of rate equations. There is an extensive literature on these
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rate equations, their solutions published [14,23-25], and we
followed the general ideas of those analysis schemes. The
rate equations link the population of different charge states
through associated rate coefficients « with various indices
for corresponding charge-changing processes and have as an
initial condition the charge-state populations at the beginning
of the probing time. The subscripts at o denote the charge
state of the ion, whereas the superscripts, i.e., EIl, DR, RR,
and CX represent the electron-impact ionization, dielectronic
recombination, radiative recombination, and charge exchange,
respectively,

dn
d_tQ = ng[anl(t)agll - ”Q(I)(O‘gH + agR + agR)

+ng i (D(egi + agii)] = nmo[noVeg”
g (0eSY,] - "f(t). (1)

esc

In this equation ny(t), ng, and n, stand for number of ions,
residual gas density, and electron density, respectively. The
first term in square brackets describes the breeding and deple-
tion of ions due to electron impact ionization and recombina-
tion processes. The electron-ion interactions are described by
the first term only. The second term represents the loss and
gain due to charge exchange with the residual gas atoms or
molecules. The last term stands for an ion escape rate from
the trap. To account for overlap between electron beam and
ion cloud, the first term in Eq. (1), describing electron-ion
interactions is multiplied by an overlap factor f. Equation (1)
can be written as

dng EII
7 = nQ—l(t)fneOlQ_l
cx
no
g ol o) + |
cx
noo 1
—ng(t)f [ng(agﬂ + ot +agt) + fQ + - f}'
€esc
(2

Ion ejection, transportation, and detection efficiencies are
considered equal for neighboring charge states. A linear de-
pendence of the detector signal on the number of ions can
be checked by the peak and dip areas in adjacent charge
states, and the area of the TOF peaks can be related to the
number of ions by a calibration constant. However, the ion
number to the TOF peak-area calibration constant appears
on both sides of the rate equations (see above) and cancels
out. Therefore, the peak areas can be used directly in the rate
equations, and calibration of the TOF signal to the number of
ions is not required. The ion intensities before and after the
probing time were used as boundary conditions for solving
the rate equations numerically. For the bare Si ions, e.g., some
processes do not occur, Only RR and CX feed the H-like
charge state from Si'*", where RR is the electron energy (E,)
dependent and CX not. RR can be very well calculated for
all charge states using Refs. [26,27]. RR rates for Si ions
are also reported by Ref. [28] and compare well with those
calculated here. The values of nya®X are determined from

an E,.-independent loss of ions that appear in the next lower
charge state. CX is scaled proportional to g (appropriate in
this narrow ¢ range) and included for all charge states. Also, a
small fraction of ion loss was taken into account by s With
those ions that do not appear in the next lower charge state.

There is a feeding term from Si'** to Si'** and all the
following charge states as well by EII, and this rate can be
taken from literature using the electron density and energy
that is derived from the parameters of this experiment. The
decrease in He-like Si, e.g., is balanced by the electron-impact
ionization, mostly of the 2s electron in the Li-like ions. Thus,
the inclusion of the EII process is necessary in all the rate
equations. For Si''*, the ionization data from Ref. [29] is
in the energy range of 1-3 keV 4-12% higher than from
Ref. [30]. The ionization data from Ref. [29] are based on
the most recent measurements and calculations using the
FAC code. Calculated ionization balances for Si ions are also
reported by Refs. [28,31] and compare well with those of
Ref. [29]. The ionization data from Ref. [30] is based on the
Coulomb-Born approximation. They reported an estimated
error of 40-60% in cross sections for Si ions. Therefore, the
required EII cross sections are taken from Ref. [29]. The
estimated error in the data analysis from this contribution
is 10-15%. The comparison of the EII with the feeding of
Si'** from Si'** gives an estimate for the overlap factor f in
Eq. (2). And, this estimate compares well with that obtained
as a function of probing energy by scaling from previous
measurements [32]. We concluded from this agreement that
the ion cloud diameter varied from 150 to 180 um within the
given scan range, the electron-beam diameter was 70 pwm, so
the f factor varied from to 0.22 to 0.15, respectively.

With all these feeding and loss channels, a consistent de-
scription of the charge balances of the ions after probing could
be obtained. So, we are quite sure that all channels influencing
the charge balance were taken into account. By solving the
rate equations for the different electron energies, the sum
of E,-dependent electron-ion recombination rate coefficients
oRR + apr is obtained for the individual charge states. A
continuous background due to RR is readily identified and
subtracted. In fact, a comparison of the RR background rate
with a calculated RR rate(see above) could be used to verify
the above rate coefficient evaluation and estimated systematic
error. The DR rate coefficients of Li-like, He-like, and H-like
Si are plotted in Figs. 3(a)-3(c). We see the strong resonances
of DR associated with the excitation of a K-shell electron to
the L shell during the attachment of a free electron [(An = 1)-
type DR], additionally, at higher energies (An = 2)-type DR
resonances are also observed, associated with the excitation of
a K-shell electron to the M shell.

The uncertainties in the EIl (from cross sections and f
factor) are directly affecting the accuracy of the derived DR
rate coefficients and contribute most to the total error in the
absolute scale of the DR spectra for the different ions, in par-
ticular, He-like and Li-like Si. The uncertainties in the overlap
between the electron beam and the ion cloud is estimated
to ~15%. And with an error in the EII rate coefficients, we
estimate the total error in the DR rate coefficients to be 22%.
The total error in the EIE rate coefficients is estimated to 25%.
The statistical errors vary from 5% for the H- and He-like DR
to 10% for the Li-like DR.
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FIG. 3. Experimentally derived DR rate coefficients of (a) Li-
like, (b) He-like Si, (c¢) H-like Si, and calculated rate coefficients
[solid lines in (b) and (c)]. Auger notation is used for the resolved
An =1 resonance groups, and the vertical bars show expected
positions of the An = 2 DR resonances.

The doubly excited states of KLL and KLM types in
Si'”* (He-like) and Si'!'*(Li-like) have been calculated with
RMBPT. These resonant states are embedded in the con-
tinuum, and we combine RMBPT with complex rotation to
describe the continuum coupling and extract the Auger half-
width as an imaginary part of a complex energy eigenvalue.
For two open shells (as, e.g., resonances in He-like Si),
the method has been described elsewhere [21]; through an
iterative procedure, the perturbation expansion of the electron-
electron interaction is treated to all orders, allowing for a
detailed comparison with experiment. We present the results
from an extension of this method to systems with three
open shells, here applied to the resonances in Li-like Si
within second-order perturbation theory. The combination of
RMPBT and complex rotation has hitherto made possible
precise calculations of recombination spectra over a wide
range of nuclear charges, and with this development, the
method is applicable to more complex electronic structures.
From the resonance positions, Auger rates and the radiative
stabilization rates of the doubly excited states (obtained within
the dipole approximation), we obtain the DR cross section,
see, e.g., Ref. [21]. Folding it with a Gaussian resolution
function with half-width 18 eV (mostly the electron-beam
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FIG. 4. (a) X rays (solid line) and mixed TOF spectra (gray area)
vs electron energy. (b) X rays due to EIE of H-like and He-like Si
(see the text) as a function of electron energy. The vertical arrows
show K — L excitation thresholds in H-like (marked H) and He-like
Si (marked He). The vertical bars show the An = 2 DR resonance
positions in H-like and He-like Si.

velocity distribution), we get the rate coefficients. These are
plotted in Figs. 3(b) and 3(c) as full lines and are in excellent
agreement with the experimental results in both the position
of the resonances and their absolute strength.

In order to obtain EIE rate coefficients, the x-ray counts
from Fig. 1(b) were projected on the electron energy axis, and
the radiative recombination background was subtracted. Then,
the x-ray intensities were corrected for geometrical detection
solid angle, photon absorption, and were normalized in the
same way as the TOF spectra to the electron density. The
systematic error from these corrections is estimated to 20%. In
separate X-ray measurements, a short acquisition time (20 ms)
ensured that the charge-state population during acquisition
was not altered. Comparing these x-ray spectra at different
probing times, we could conclude that the amount of ions
along the probing time of 310 ms did not change significantly.
As noted earlier, the x-ray spectrum contains overlapping
contributions from several charge states. This prevents the
extraction of charge-state-specific photon spectra. Therefore,
the x-ray curve was normalized to the number of H-like Si
ions (being inside the electron beam), obtained from the K-RR
signal of H-like to He-like Si.

To estimate and extract the fraction of photons originating
from DR only, the He-like DR rate coefficient curve obtained
from the TOF measurement was multiplied with 2 to account
for both x rays emitted during the recombination of the
H-like ions. The Li-like Si DR rate coefficient curve was
multiplied with 2.7, approximately the ratio of the He-like
to H-like population. The contribution from the Li-like ions
was then estimated by scaling the DR part of the Be-like
TOF curve shown in Fig. 2(e). Lower charge states were less
abundant, and their contribution was considered insignificant.
The curves were then summed and are compared with the
normalized photon curve in Fig. 4(a). The agreement between
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the normalized x-ray curve and the photon fraction arising
from DR, (estimated from the TOF results) is remarkably
good up to the KLM resonances. This is a bit surprising
as polarization effects (as the x rays are measured at 90°)
and some possible higher-order decays, such as 2E1, were
ignored. An explanation could be that Si has a rather low
nuclear charge number [33], and we sum in the x-ray spectrum
over several transitions where polarization effects average out.
The excellent fit of the summed DR allows us to extract a
EIE rate coefficient spectrum, normalized to H-like Si and
containing the He-like and other EIE curves weighted by
the abundance ratios of various charge states with respect to
H-like Si. The obtained excitation curve shows strong peaks
associated with resonant EIE [see Fig. 4(b)].

IV. SUMMARY AND CONCLUSION

To summarize, we studied electron-ion collisions in an
EBIT by accumulating a charge-changing process, detecting
them by TOF, and simultaneously measuring the photons from
the trapped Si ions. Monitoring the evolution of all individual
charge states and emitted photons from Si provides selec-
tive access to electron-impact recombination and excitation

processes. The data were analyzed to get absolute charge-state
separated DR rate coefficients for H-like, He-like, and Li-like
Si. A comparison of some resonance groups of the DR of
XIV and XIII Si with state-of-the-art RMBPT calculations
shows excellent agreement in energy and resonance strength.
Although the TOF measurement gives information about the
charge-state-separated DR, the x-ray spectra contain photons
emitted both during recombination and as a result of EIE fol-
lowed by photon emission. Therefore, through a subtraction
of the TOF from the x-ray spectra, it is possible to identify
and separate the EIE process, which produces photons without
changing the charge state of the ions. This allows us to give
the electron-impact excitation rates of highly charged Si ions
besides the recombination rates that are needed for plasma
modeling.
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