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Abstract. In this paper we report the first observation of x-ray radiation from the new Clemson University Electron
Beam Ion Trap (CUEBIT). The analysis of the emitted dielectronic recombination x-ray photons from highly charged
argon ions allowed us to probe parameters specific to the ion cloud inside the machine. Argon dielectronic resonances
could provide a standard method to cross-compare the electron beam and ion cloud characteristics of different devices.

INTRODUCTION

Dielectronic excitation is a resonant atomic process where an electron in the continuum gets captured to a bound
orbital of an ion with the simultaneous promotion of an initially bound electron to an excited state. This doubly
excited state is the quantum state of a one lower charge state ion. The system can then decay via autoionization,
which is the inverse process of dielectronic excitation, or by the emission of a photon leaving the ion in the lower
charge state. The latter route is therefore called dielectronic recombination (DR) and it is an important atomic
process affecting the ionization balance in hot plasmas [e.g. 1-9].

Devices that operate by the use of a well-defined energy electron beam are ideally suited for the study of
dielectronic resonance excitation processes. Electron cooler facilities, for example in ion storage rings, have been
successfully used to map low-energy resonances [2-4]. Electron beam ion trap (EBIT) and electron beam ion source
(EBIS) type devices, with their high-energy electron beams, have been proven to be effective at investigating higher
energy DR processes [5-12]. In particular, EBITs are usually equipped with observation ports perpendicular to the
electron beam axis, therefore the appearance of DR photons provide a clear signature of the process [5-9].

The new CUEBIT facility at Clemson University is equipped with an x-ray observation port perpendicular to the
direction of the electron beam. In a series of x-ray experiments that present the first observation x-rays from the
CUEBT, we have studied dielectronic resonance transitions in highly charged argon ions in order to study the
properties of the CUEBIT highly charged ion plasma.

In this paper we present our results in the systematic variation of the neutral gas pressure in the source region and
show the changing ion trapping conditions inside the machine. We point out that the dielectronic resonance process
is an effective method in understanding the properties of the ion cloud and is ideally suited for the systematic
diagnosis of EBIT(S) type devices. We suggest that the observation of argon dielectronic resonances could provide a
standard method to cross-compare the electron beam characteristics of different devices.
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CLEMSON UNIVERSITY ELECTRON BEAM ION TRAP (CUEBIT) AND
EXPERIMENTAL SETUP

The new electron beam ion trap facility at Clemson University consists of an EBIS-SC (DREEBIT GmbH) type
ion source and a beamline equipped with beam transport and charge state selection elements. The ion source is
horizontally oriented to easily connect to the horizontal beamline and extraction system. Properties of the beamline
and first measurements with extracted highly charged ions are presented elsewhere [13]. In this paper we focus on
the ion source and present the first in-trap spectroscopy results.

The ion source accommodates a heated electron gun that can provide electron currents up to 250-300 mA. The
electron gun structure can be floated to a maximum potential of -6 kV. Coupled with a maximum of 20 kV drift tube
voltage, the device should be capable of accelerating electrons to energies up to 26 keV. These nominal energies are
sufficient to produce most of the ion charge states across the periodic table.

The drift tube section of the device has an intermediate length between typical EBIT and EBIS type devices,
with a trap region of about 20 cm in length. Sections of the drift tube can be biased separately to allow for the
adjustment of trap depth and the operation of the machine in static or pulsed mode.

Surrounding the drift tubes are a pair of superconducting magnets in a Helmholtz-type arrangement capable of
producing a 6T magnetic field along the axis of the machine. The magnets are kept at liquid helium temperature
utilizing a closed cycle cryocooler system, which reduces the cost of operation of the machine.

The source is equipped with potentially two spectroscopic observation ports on opposite sides of the machine.
Currently, only one of these ports is utilized and is equipped with a 125 micrometer thin beryllium window. This
configuration allows for the transmission of x-rays generated by the highly charged ion plasma created and trapped
by the electron beam.

The CUEBIT is equipped with a gas injection system that consists of a computer controlled precision needle
valve and a perforated tube along the length of the middle drift tube to allow neutral atoms to enter the trap region
for ionization.

In our present experiment, neutral argon atoms were injected into the source, and preselected levels of overall
source pressures were maintained throughout the systematic measurements. The electron beam energy was adjusted
between the values of approximately 2.0 keV to 3.2 keV, which covers the region of the K dielectronic resonances
in argon ion charge states with initial L shell vacancies.

For the observation of the emitted x-rays we utilized a 10 mm?/4 mm (area/thickness) Princeton Gamma-Tech
IGX cryogenic solid-state germanium detector optimized and calibrated for low energy x-ray detection. The detector
was installed on the observation port, and allowed for the detection of x-rays emitted at 90 degrees with respect to
the electron beam direction. The instrument has a thin polymer window that allows the full transmission of x-rays
that escape the beryllium window of the EBIT to be observed. Our spectral region of interest was at the Ko emission
region of Ar near the 3 keV x-ray energy [10-12, 14-16]. We have selected an energy window wide enough to allow
the Ka lines of the different argon charge states to be detected and analyzed. Our measurements were relative in a
sense that we compared emitted intensities relative to one another, therefore geometrical and anisotropic emission
effects cancel out in our analysis.

DIAGNOSTICS USING KLL DIELECTRONIC RESONANCES IN HE-LIKE AR

The energy resolution of the CUEBIT electron beam is high enough (approximately 30-60 eV depending on the
trap conditions) to allow for the separation of the KLL dielectronic resonances produced from different charge states
of argon as it is shown on Figure 1. In this diagnostic work we wanted to focus on a single charge state component
of the plasma, and selected the 1s2s2p and 152p? He-like Ar resonances for this purpose. In this section we discuss
the diagnostic value of the He-like resonance structure, and point out how different physical properties of the ion
cloud are related to the observable properties of the resonance peaks.

Calculations and high-resolution experiments showed that the He-like Ar resonance structure could be fitted with
three Gaussian peaks corresponding to the 152s2p and 1s2p* KLL resonances [16].

In our analysis, the free fitting parameters were the space charge shift of the energy position of the resonances,
the overall x-ray intensity of the resonances, the common width of the DR peaks, and a constant background
corresponding to the competing radiative recombination (RR) process in the region.
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The constraints applied were the separation of the three resonances (fixed by values obtained from the NIST
atomic spectra database [17]), that the resonance width be the same for all three peaks, and that the space charge
shift of the different peaks were energy dependent according to Eqn 1 [12].

A(E) = AEy) [ (1)

In Equation 1, A(E,) is the space charge shift of the lowest energy 1s2s2p resonance at E, = 2169 eV and
A(E,) is the space charge shift of a resonance at E,. Common relative intensity ratios of the resonant peaks were
applied to all fits.

X-ray Emission Intensity — Peak Height

The overall emitted x-ray intensity is representative of the number of trapped He-like argon ions in the trap. In
order to determine absolute ion numbers the knowledge of geometrical factors are needed. These depend on the
properties of the electron beam and ion cloud, and the geometry of the detector arrangement. For absolute numbers,
the electron beam as well as the extent and density of the ion cloud can be modeled or measured experimentally. The
measured x-ray intensity also needs to be corrected for the non-isotropic emission of the process [18].

In relative measurements, the peak heights generated under different EBIT conditions can be compared, and the
geometrical factors can be neglected to a first order approximation. Higher order corrections require detailed
models, but at the same time provide further diagnostic value.

In summary we can claim that the relative change in the overall emitted DR x-ray intensity can be interpreted as
the change in the number of He-like ions in the trap as has been previously discussed in e.g. [19].

Electron Energy Width of the Resonance — Peak Width

The natural line widths of all of the resonances concerned are very small; on the order of a tenth of an eV [14-
16]. As a result, the measured DR widths correspond to the broadening of the sharp resonances due to the broadened
energy distribution of the electron beam in the interaction region.

The energy of the electron beam inside the EBIT is determined by the potential difference between the cathode
of the electron gun (where the electrons are generated) and the middle drift tube (where the electrons interact with
the ions). Voltage jitters in the power supply can be minimized and only have a small effect in comparison with the
space charge potential of the combined electron beam and ion cloud inside the machine.

The calculation of the space charge potential of the electron beam is straightforward if the shape of the beam can
be modeled or measured experimentally. This potential is the major component in the axial trapping of the ions
inside the EBIT. The contribution of the space charge of the ion cloud is not as trivial however, as the extent of the
ion cloud delicately depends on the different heating and cooling processes taking place inside the machine. Heating
is mainly caused by Coulomb collisions with energetic electrons and the cooling is provided by the evaporation of
the different interacting ion species within the trap [20].

With the ion cloud temperature modeled or estimated, the size and shape of the ion cloud, along with the
resulting radial potential that includes both the electrons and the ions in the trap, can be calculated in a self-
consistent manner. The ion cloud, due to its elevated temperature, is always larger than the size of the electron beam.
As a result, full neutralization of the charges inside the trap can never be achieved. Neutralization factors of 70-80%
are generally assumed [20].

Considering the above, in general, a changing DR width at a fixed electron beam current is an indication for a
changing ion cloud temperature inside the trap. Larger widths indicate higher ion cloud temperatures as ions also
interact with electrons at the outer edge of the beam.
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Position of the Resonance — Peak Centroid

The energy of a dielectronic resonance is determined by the discrete energy level structure of a particular ion.
The positions of the KLL dielectronic resonances in He-like Ar for example can be calculated from the tabulated
He-like and Li-like energy levels of Ar that are documented in the NIST Atomic Spectral Database [17]. These
resonance energy positions have also been used in previous experiments [11-12, 14-16].

As discussed in the previous section the total energy of the electron beam is mainly determined by the voltage
difference between the electron gun and ion trap. However, it is also affected by the space charge potential, which is
the sum of the electron current dependent beam potential and the ion cloud potential. The space charge potential not
only broadens the resonance width, but also results in an overall shift of the position of the DR position.

In general, the position of the DR peak in terms of the applied drift tube voltage can be associated with the
electron beam neutralization factor: the ratio of the number of ions to the number of electrons in the trap.

EXPERIMENTAL RESULTS

With a new EBIT on hand at Clemson University, we are putting effort into the understanding of the machine’s
operating conditions. Our modeling efforts, considering the effects outlined above, are under way and we have
started a series of systematic measurements to experimentally determine plasma cloud conditions inside the
CUEBIT. Our first set of measurements included in this paper regard the systematic change of the gas pressure
inside the source.

The gas injection system provided by the device maker company DREEBIT consists of a computer controlled
precision needle valve and a perforated tube along the length of the middle drift tube, injecting neutral gases towards
the center of the machine. The recommended operation of the gas injection system is based on a feedback loop that
controls the overall pressure in the source region through a pressure gauge connected to this section of the machine.

With an overall base background pressure of 4x107'° mbar, we have systematically changed the feedback
controlled source pressure. Our measurements ranged between 6x10~ mbar (the recommended operating pressure of
the CUEBIT for low charge state production), down to as close as we could get to the base background pressure
with the feedback loop still operational at 7x10!° mbar.

We have covered an electron energy range (without space charge correction) from about 2.2 keV to 2.6 keV in
order to observe KLL dielectronic resonances in argon ions with L shell vacancies. Figure 1 shows the varying x-ray
intensity as the beam energy is scanned over the KLL dielectronic resonance region at 2.5x10" mbar gas injection
pressure. We have selected an x-ray energy range near 3 keV that included the Ka transitions in all of these charge
states. The observed resonance structure is due to the different charge state argon ions in the trap.
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FIGURE 1. The resonance peaks of different charge states in the ion cloud at 2.50x10 mbar source pressure.
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As described above in our analysis, we have focused our efforts on the KLL dielectronic resonances in He-like
Ar. Based on the tabulated positions of the resonance peaks and previous high-resolution measurements, we have
included three Gaussian peaks in our fits, as previously explained. One of these is a dominant resonance (1s2p?), and
the other two give smaller contributions on the lower energy wing of the major peak. Our overall fits gave
reasonable y-square values and satisfactory agreement with experimental data with the constraints mentioned in the
previous section. The free fitting parameters were a constant background, the space charge shift of the main

resonance peak, and the common width of the resonances. Figures 2 (a) and (b) show the fits of the He-like Ar DR
resonances at different source pressures.

300 730%10~mbar 300 9.79%x10"°mbar {
250 = 250 =
, 200- 200
g 2
rg 15() § 150 =
@]
100= 100 =
50 = 50 =
0 - T T I T T I T \I T T I T T I T T T 0 — -

] T 1 T ] T T T T T T T T 1
2200 2225 2250 2275 2300 2325 2350
Electron Beam Energy (eV)

(a) (b)

1 1
2200 2225 2250 2275 2300 2325 2350 2370

Electron Beam Energy (eV)

FIGURE 2. He-like Ar resonance structure at two different source pressures. (a) 7.3x107° mbar and (b) 9.79x10°'° mbar.

DISCUSSION

The results, as a function of the CUEBIT source pressure, are included in Figures 3 (a-c). In Figure 3 (a) we see
a systematic change of the space charge potential correction as a function of the gas injection pressure. Figure 3 (b)
indicates a decreasing trend in the width of the ion cloud suggesting the presence of colder ions at higher pressures.

Figure 3 (c) shows the continuous decrease of the number of He-like resonance x-ray photons with the increasing
gas pressure.
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FIGURE 3. Pressure dependent DR peak parameters. (a) space charge shift, (b) resonance width, (c) DR peak amplitude.

The trend in the space charge potential shift indicates a change in the electron beam neutralization by the ion
cloud. With a fixed electron beam current of about 100 mA, the change of the composition of the ion cloud, as a
result of recombination with neutral atoms, provides different amounts of cooling to the cloud. This results in a
changing overall ion cloud temperature, indicated by the shift of the resonance position on Figure 3 (a). Detailed
modeling of the ongoing processes are under way, but already this trend shows the need of lower gas injection
pressures, when the goal is the generation of higher charged ion clouds.

The changing resonance width in Figure 3 (b) is in agreement with the arguments for different ion cloud
temperatures. The resonance widths also indicate colder ion temperatures at higher pressures. The width seems to be
very sensitive to the ion cloud temperatures, therefore it will be an independent way of checking our models. Once
confirmed, this could be a useful tool in diagnosing the temperature of the plasma in EBITs.

The correlation between gas pressure and number of x-ray photons is expected. An increase in pressure results in
an increase of the number of neutral particles injected into the EBIT. In the regime where charge exchange is the
dominant process determining the charge state balance, this will result in a decreased number of higher charge state
ions. By removing the geometrical factors as previously discussed, the intensity can be used to diagnose the relative
number of ions in the trap.

CONCLUSIONS

The measurements taken for the purposes of this paper were not time intensive (about one hour per dataset). By
evaluating the fitting parameters outlined above, this experimental procedure may be used to diagnose the number of
ions and the ion cloud temperature in the trap, as well as the electron beam neutralization factor. Once additional
modeling and experiments have been completed, our current fitting parameters can be verified and refined.
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