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Abstract—Charge exchange is a process observed where highly
charged ions interact with neutral atoms or molecules, capturing
electrons and emitting X-rays as the excited states decay toward
the ground state. Charge exchange-induced X-rays provide in-
formation on the ion composition, temperature, and density of
high-temperature plasmas. Accurate charge exchange cross sec-
tion data from ground-based laboratory experiments are required
to interpret the charge exchange-induced X-ray emissions ob-
served in astrophysical and laboratory plasma environments. In
this work, we describe the development of a laboratory setup, a
0.7 T miniature-Electron Beam Ion Trap (mini-EBIT), for studying
charge exchange interactions between highly charged neon ions
and neutral gases (H or He), using a transition-edge sensor (TES)
microcalorimeter array. We have designed and built a cost-effective
pulsed gas injection system to introduce short, well-defined pulses
of neutral gas into the EBIT to better model charge exchange
events and to provide precise timing control. Detailed information
about the characteristic emission lines of the neon ions would allow
accurate determination of the cross sections involved in charge
exchange processes. We present the initial results obtained from
the mini-EBIT using this advanced TES detector array. We will
also present time-of-flight spectra from a microchannel plate time-
of-flight detector, as well as X-ray emission lines from a silicon drift
detector, to characterize the highly charged ion production in the
mini-EBIT.

Index Terms—Charge exchange, electron beam ion trap (EBIT),
highly charged ions, microcalorimeter, pulsed gas injection system,
transition-edge sensor (TES), X-ray spectra.
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1. INTRODUCTION

HARGE exchange, or charge transfer, is a process wherein
C an ion and a neutral atom in close proximity have one or
more electrons jump from one to the other.
The process is represented by

xat + N = X(Q*W)Jr + N+ (1)

where X is the ion, g is the initial ion charge, NV is the neutral
atom, and m is the number of electrons captured. The captured
electrons initially populate the excited bound-states, which cas-
cade into lower states and eventually to the ground state, emitting
photons at each step. The maximum populated energy level
(nmax) after the interaction is given by [1]

g—17" /2
Nmax = 4 |:1 + \/%:| .
As charge exchange populates higher energy levels in the cap-
turing ion than other excitation mechanisms, the X-ray spectrum
produced in the charge exchange process is different from those
produced in other processes. Charge exchange cross sections,
on the order of 10~ *°-10"!4cm?, are significantly larger than
that of other atomic processes, such as collisional ionization and
electron impact excitation, which typically range from 10~17 to
10716 cm? under comparable conditions [2], [3], [4], [5]. This
highlights why charge exchange often dominates in environ-
ments where highly charged ions interact with neutral species.

Charge exchange is a common process in many astrophysical
environments, especially where hot, ionized plasma meets cold,
neutral gas. The first astrophysical evidence was from obser-
vations of the comet Hyakutake in 1996 [6], [7]. Since then,
charge exchange has been identified to play a significant role in
other astrophysical objects, such as planetary magnetospheres,
where ions from the solar wind interact with neutral atoms in
the planet’s atmosphere [8], [9]; in galaxies [10], [11], including
our own Milky Way [12]; in the interstellar medium [13]; in
supernova remnants, where fast-moving ions collide with sur-
rounding material [14]. Beyond astrophysics, charge exchange
is important for fusion research devices, such as tokamaks and
stellarators, to diagnose plasma properties [15], [16].

To utilize charge exchange spectral features as a plasma diag-
nostic tool in astrophysical and fusion plasmas, an understanding
of the charge exchange cross sections and the excited energy
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levels that are populated during the interaction is required. State-
selective charge exchange cross sections, which describe the
probability of an electron capture in a specific quantum state, and
line intensities can be predicted by existing theoretical models.
In ground-based laboratory experiments, X-ray spectra from the
charge exchange interactions between highly charged ions and
neutral atoms can be studied in controlled settings. This helps to
refine the theoretical models, providing reference data necessary
for interpreting the observations. These lab-based studies also
support missions, such as X-Ray imaging and spectroscopy
mission (XRISM) [17], [18] and the proposed NewAthena [19],
[20], by helping us analyze their X-ray data effectively.

Over the years, various experimental approaches have been
used to study charge exchange in laboratory settings, depending
on the ion-neutral collision velocity regimes. Laboratory exper-
iments, particularly from the 1950s, focused on crossed-beam
and merged-beam techniques to investigate charge exchange
processes at intermediate/ high ion-neutral collision velocities
(>107 cm/ s) where the charge exchange cross section is gen-
erally low but important in certain energetic astrophysical and
fusion plasmas. In the 1990s, electron beam ion traps (EBITs)
were developed for lower collision velocities (< 10° cm/s)
where charge exchange becomes much more probable due to
higher cross sections [2].

II. MINIATURE-EBIT

The miniature-Electron Beam Ion Trap (mini-EBIT, Fig. 1)
at the National Institute of Standards and Technology (NIST),
Boulder campus, is a compact and cost-effective alternative [21]
to the larger EBIT built at NIST, Gaithersburg campus, in
1993 [22]. However, the production of a wide range of highly
charged ions is not achieved to the same extent with the mini-
EBIT as with the EBIT at Gaithersburg.

The mini-EBIT is designed to create highly charged states of
ions using an electron beam and trap them using a combination
of electrostatic potential and magnetic field. The electron beam
of diameter 6.35 mm is generated by thermionic emission from a
heated tungsten filament and can be accelerated up to an energy
of 5keV, allowing it to fully strip argon [23]. The beam is directed
toward the anode and then focused by a set of electrodes with
controlled voltage differences into the central region where gas
is injected, ionized, and trapped. Highly charged ions are created
by electron impact ionization when a neutral gas is injected
into the main chamber and exposed to an electron beam. Radial
trapping of ions is achieved by the space charge of the electron
beam, combined with a strong magnetic field of approximately
0.7 T generated by permanent NdFeB magnets inside the mini-
EBIT. Axial trapping is provided by the electrostatic potential
between the electrodes. The electrode located at the center of the
main chamber is called the middle drift tube. The two electrodes
surrounding the trap region are known as endcap electrodes and
are set to a higher voltage than the middle drift tube, to form
a potential well that longitudinally traps ions between the two
endcaps. Typically, the middle drift tube is 20-30 V below the
endcaps with all other voltages of the order 200-5000 V.

The internal components of the mini-EBIT are seen in
Fig. 1(b). The system is operated at ultra-high vacuum
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Fig. 1. In total, 0.7 Tesla, room-temperature, miniature-Electron Beam Ion
Trap (mini-EBIT) at the NIST. (a) Photograph of the experimental setup with the
EBIT light source docked to TES spectrometer inside the cryostat. (b) Schematic
representation of the mini-EBIT electrode stack rotated 90° from the vertical,
with a quarter-cut inset showing six embedded rings of radially polarized NdFeB
magnets. The electron beam is generated by a dispenser cathode, and focused to
propagate through the magnetized drift tubes. The middle drift tube, where the
ions are created and trapped, has six equidistant slits to allow gas injection for
charge exchange experiments, and light collection by the detectors perpendicular
to the chamber.

(~107"Pa), which helps to reduce unwanted collisions with the
background inside. The base pressure in the main chamber is
2.66 x 10~7 Pa (2nTorr), and during gas injection increases to
between 1.33 x 1076 Pa (10nTorr) and 6.65 x 107° Pa (500
nTorr).

For the gas injection system, a needle valve is used to regulate
the pressure in an initial volume, which is connected to an
intermediate chamber by a pinch-off tube. This intermediate
chamber is continuously pumped by a turbo pump to maintain
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Fig. 2. Schematic of the continuous gas injection system. Direction of gas

flow, connection to the vacuum pump, and the mini-EBIT main chamber are
indicated by the blue arrows. Gas is injected into the initial volume regulated
by the needle valve, passes through the intermediate chamber, and enters the
mini-EBIT main chamber via the pinch-off tubes.
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Fig. 3. Schematic of the designed pulsed gas injection system. The two
opposing solenoids actuate the shutter plate. The entire assembly is supported by
custom-made parts and mounted inside a vacuum chamber using the mounting
brackets. The alignment of the aperture on the shutter plate with the mounting
brackets allows the gas flow to the mini-EBIT.

~ 10 x 1079 Torr pressure and connected to the main chamber
with a second pinch-off tube. This two-tube arrangement ensures
a ballistic injection of gas into the main chamber (see Fig. 2).
Scattered gas molecules that are not directed toward the trap
region are effectively removed in the intermediate chamber.

A second low-cost pulsed-gas injection mechanism (see
Fig. 3) has been developed with modifications to the exist-
ing continuous gas injector system. This includes a shutter
in between the two 6.35 mm diameter pinch-off tubes in the
intermediate volume for short, well-timed, pulses of neutral gas.
The system consists of two custom-made vacuum-compatible
pull-type solenoids attached to a plate with 6.35 mm aperture that
acts as the fast shutter. Energizing one solenoid pulls the shutter
open, while the other pulls it closed. This allows the injection of
very short (~ 20 ms) puffs of neutral gas into the trap region. The
pulsed gas injection system has advantages over a continuous
flow scheme, such as improving the signal-to-background ratio
in X-ray measurements, enabling time-selective sampling, and
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maintaining a consistent neutral gas density [24], [25]. This
ensures that the detected X-rays originate specifically from
charge exchange between the highly charged ions and the neutral
gas, and helps isolate spectral features within the narrow time
window of the interaction.

There are several detectors that gather information on the
processes occurring in the main chamber. A time-of-flight (TOF)
detector is used to investigate the specific ions being created.
During the ion trapping, the middle drift tube potential is set
lower than the lower and the upper drift tube to form a potential
well, confining the ions after cooking them for typically (100-
300 ms). The middle drift tube potential then briefly switches
to a higher value than the upper drift tube to release the trapped
ions, which are accelerated toward an extraction electrode with
a potential of —1200 V. The extraction electrode is located at
the end of the electrode sequence, as shown in Fig. 1(b). The
microchannel plate (MCP) of the TOF detector is an electrode
at an even lower potential, typically —2050 V, accelerating the
ions onto it. The timing between the trigger when the ions
are extracted from the trap and the current received when the
ions arrive at the TOF microchannel is measured, providing
information on the specific ions’ TOF. The charge states of the
ions that are trapped in the main chamber can be determined by
analyzing this TOF data.

Two X-ray detectors are attached to the mini-EBIT. First, a
silicon drift detector (SDD) is attached to the mini-EBIT and
provides 50-100 eV resolution for X-rays in the 300 eV to
3.5 keV range. Second, superconducting transition edge sensor
(TES) microcalorimeters have been included to capture high-
resolution X-ray spectra [26]. The TES resolution is of order
1 eV, far superior to the SDD, and enables greater understanding
of the processes creating the observed X-rays. The complete TES
detector assembly [see Fig. 4(a)], including 252 TES detector
pixels and readout electronics, is housed within a cryostat that
integrates with the mini-EBIT chamber. Each TES is a molybde-
num/gold bilayer consisting of a 30 pm x 90 pm patch of gold
(Au) with two parallel, 7 yum wide, molybdenum (Mo) strips
underneath. The TES is adjacent to 250 pm x 250 pm x 250 nm
Au absorbers [see Fig. 4(b)]. Above the array is an aperture with
each opening 200 um x 200 pm wide, ensuring photons are only
incident upon the absorbers. The critical temperature of the TES
is 55 mK, and the bath temperature is 21 mK. More details on a
similar TES array are given in [27].

III. PRELIMINARY RESULTS

The main objective is to study the interaction of highly
charged neon (Ne) ions with neutral helium (He) gas. Neon is a
common element in the solar system, making these interactions
potentially interesting for astrophysical plasmas. The ionization
potential of H-like Ne (NeT) is 1362 eV [23], well within the
capabilities of the mini-EBIT. Preliminary results have been
obtained for Ne ions in the mini-EBIT.

A. TOF Detector

To identify the ions present in the mini-EBIT, TOF spectra
were obtained using the MCP TOF detector. The TOF detector
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Fig. 4. (a) Complete TES detector assembly with the TES array at the center
and the readouts on the sides for the mini-EBIT. (b) Schematic of “sidecar style”
absorber structure, where the 250 pm x 250 pm x 250 nm Au absorbers are
placed next to the Mo/Au TESs.

measures the time (t) required by each HCI to travel from the
Extractor electrode to the detector. During this process, the ions
are accelerated mostly in a constant electric field, and their time
of arrival depends on their mass-to-charge ratios (m/q)

t =~ ky/m/q 3)

where ¢ is the TOF, k is an instrument-dependent constant
determined by the extraction voltage and the distance between
the extractor and the detector, and m and ¢ are the mass and
charge of the ions, respectively. Since different ions with the
same m/q ratios have identical flight times and show up on the
same peak, this causes ambiguity in the definitive identification
of the peaks. Therefore, the ions present are predicted based
on the analysis of the entire spectrum and the known gases
introduced into the system.

A TOF spectrum during Ne injection is given in Fig. 5. The
X-axis of the TOF spectrum represents the TOF (ms), while the
Y-axis represents the ion signal intensity (V). The first (leftmost)
peak represents hydrogen ions (protons), which have the lowest
mass-to-charge ratio with m/q = 1. The second peak is due to
the fully stripped ions with m/q ~ 2. These two peaks are used
as calibration lines for the TOF spectrum to predict the other
peaks. For instance, in the case of Fig. 5, the nine individual
charge states of Ne are predicted. There is good evidence that
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Ne of all charge states up to and including Ne* have been
created, and future work will involve altering the beam state,
gas pressure, and beam energy to obtain higher charge states.

B. Silicon Drift Detector

When studying the charge exchange phenomenon, it is es-
sential to obtain both X-ray spectroscopy and charge state
measurements for a comprehensive analysis of the underlying
mechanisms. As described in the previous section, charge state
information can be provided by measuring the TOF of ions
extracted from the mini-EBIT, guided to a fast MCP ion detector.
In this section, we present observation of X-ray emissions by
ions produced in the mini-EBIT using an SDD with 25 mm?
active area and a silicon nitride window.

The first peak from the SDD spectra in Fig. 6 shows He-like
carbon (C**) transitions around 304 eV. The second peak corre-
sponds to the He-like oxygen (O°*) transitions around 568 eV.
In the low energy regime, the energy resolution of the SDD from
AmpTek is 60 eV, which is better than the its specification of
123 eV FWHM for Mn (Ka) at 5.9 keV. Nevertheless, much
higher resolution would be needed to observe the well-known
transitions—resonance (W), intercombination (X,Y), and for-
bidden (Z) lines—of highly charged He-like ions, or the Lyman
series of H-like ions. In the dominant peaks centered around
914 and 1021 eV, however, the better-than-specified resolution
of this SDD is barely adequate to resolve the He-like (Ne®*) and
H-like (Ne?*) neon X-ray emissions at electron beam energies
approaching 4.5 keV. The peaks at higher energies have not been
identified yet but is assumed to be due to the presence of tungsten
or gold inside the mini-EBIT.

Although SDDs are favored for their user-friendly nature and
ability to operate at room temperature, their energy resolution
is generally not sufficient to resolve closely positioned X-rays.
As a result, the individual transitions of interest in the peaks
corresponding to Ne®* and Ne®*t could not be distinguished in
the spectrum.

C. Transition Edge Sensors

The TES detectors are known for their exceptional energy
resolution, which helps to clearly differentiate closely spaced
X-ray lines [26] corresponding to specific charge states of neon
(Net, Nebt, etc.).

Fig. 7 compares the X-ray spectrum collected with the TES
spectrometer using a copper (Cu) calibration source to the spec-
trum observed when injecting neon gas into the mini-EBIT. With
neon injection, the SDD detects a clear neon peak, confirming
the presence of neon in the mini-EBIT. However, in the TES
spectrum, the corresponding peak could not be confirmed as
neon with neon injection due to an overlap with the Cu La line.
This Cu line is assumed to originate from the electrodes inside
the mini-EBIT and was present even when the external Cu cali-
bration source, an X-ray tube with a Cu anode operating between
5 and 7 kV, was OFF. Since the SDD and the TES spectrometer
are attached to two different ports on the mini-EBIT, and the
Cu surfaces inside the chamber are not symmetric, we suspect
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Fig. 6. SDD spectra obtained with 30 min integration time, for electron

beam energies of 2.0, 4.0, and 4.5 keV. The electron beam current was about
1.5 mA. Neon was injected into the main chamber with equilibrium pressure at
1.00 x 10~5Pa (75 nTorr).

that the Cu line is only visible from the port where the TES
spectrometer is attached.

Although these TES arrays are in the initial stages of testing,
an energy resolution of 1 eV FWHM at 900 eV has already been
achieved. Our goal is to achieve <1 eV at 1.4 keV.

IV. CONCLUSION AND FUTURE WORK

Highly charged ions have been successfully created and
trapped inside the second-generation mini-EBIT, and X-rays
were observed with the SDD. The TESs provided good energy
resolution, proving their effectiveness in differentiating closely
spaced emission lines. The pulsed gas injection system has also
been assembled and bench-tested. It will be integrated into the
mini-EBIT for further testing.

4000 5000

TOF [ns]

TOF spectrum showing different Neon ions possibly present inside the mini-EBIT. This spectrum was obtained after cooking the ions for 300 ms with an

<«~—| Cu La

state
Cu source
mm EBIT

10°
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energy(eV)

1200 1400

H and He-like Ne lines
should be here

Fig. 7. X-ray emission spectra with the TES from a copper (Cu) calibration
source (light blue) and the mini-EBIT with neon gas injection (black). Prominent
characteristic emission lines for carbon (Kav), oxygen (Ka), and copper (La)
are indicated by arrows.

Further work will be done to optimize the mini-EBIT’s oper-
ating parameters to efficiently produce and trap higher charged
state ions that are of particular astrophysical interest. For future
work, we also plan to attach the TES spectrometer to the current
SDD port, which does not show the Cu line in the preliminary
measurements, in order to help resolve the Cu L« line overlap
issue.

To minimize interference from the Bremsstrahlung back-
ground generated by the electron beam, it might be worth
exploring the possibility of lowering the electron beam energy
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below the ionization threshold or deflecting the beam to prevent
further ionization of the gas and injecting the second neutral gas
when the ions are magnetically confined, which is known as the
“magnetic trapping” mode.

Once the system is calibrated and optimized, the primary
goal is to perform detailed charge exchange measurements. In
these measurements, neon ions will be trapped in the EBIT, and
neutral helium will be introduced using the pulsed gas injection
system, resolving individual lines from charge exchange transi-
tions. The resulting X-ray emission will be recorded using the
high-resolution TES, which is capable of resolving individual
lines from charge exchange transitions. The resulting spectra
will be analyzed to identify the emission lines, determine their
cross sections, and compare them with theoretical predictions.
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