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We present the basic performance and experimental results of an electron beam ion trap (JAXA-EBIT), newly
introduced to the Japanese astronomical community. Accurate atomic data are indispensable for the reliable inter-
pretation of high-resolution X-ray spectra of astrophysical plasmas. The JAXA-EBIT generates highly charged ions
under well-controlled laboratory conditions, providing experimental benchmarks for atomic data. The JAXA-EBIT
shows performance comparable to the Heidelberg compact EBIT through dielectronic recombination measurements of
highly charged Ar ions. Furthermore, we conducted resonant photoexcitation spectroscopy of highly charged ions using
the soft X-ray beamline BL17SU at the synchrotron radiation facility SPring-8. As a result, we successfully detected
resonance transitions of He-like O and Ne-like Fe'¢*. These results demonstrate the capability of the JAXA-EBIT for
precise measurement of atomic data and show that it serves as a powerful tool for advancing astrophysical research.
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1. Introduction

Over 95% of the baryonic matter in the Universe exists
in the form of high-temperature, X-ray emitting plasma. There-
fore, X-ray observations of astronomical objects play a criti-
cal role in understanding the processes of structure formation
and the chemical evolution of the Universe. The X-Ray
Imaging and Spectroscopy Mission (XRISM [1]), launched in
September 2023, is equipped with a microcalorimeter Resolve
[2], which provides high-resolution X-ray spectroscopy in the
soft X-ray bandpass up to 12 keV with an energy resolution
of E/AE =~ 1,300 at 6 keV. This spectral resolution enables
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precise diagnostics of astrophysical plasmas, including detailed
measurements of velocity structures [3, 4] and elemental
abundances [5] of the objects.

Improvements in the energy resolution of X-ray spec-
trometers require plasma modeling based on more reliable
atomic data. The X-ray astronomy satellite Hitomi (ASTRO-H)
[6], launched in 2016, was equipped with the Soft X-ray
Spectrometer (SXS) [7], a microcalorimeter with performance
equivalent to XRISM Resolve. Although the mission was
short-lived due to a post-launch anomaly, Hitomi provided
groundbreaking high-resolution X-ray spectra that highlighted
the importance of accurate plasma modeling and atomic data.
Widely used plasma modeling frameworks in X-ray astronomy,
including AtomDB/APEC [8, 9], SPEX [10], and CHIANTI
[11, 12], rely on atomic data obtained from theoretical calcu-
lations. Comparisons of Hitomi’s observations with the theo-
retical spectra synthesized by these codes revealed that there
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are biases in parameter measurements, such as electron tem-
perature and elemental abundances, due to non-negligible
spectral modeling uncertainties caused by model assumptions
and atomic data [13]. To address this issue, it is necessary to
establish experimental benchmarks to provide robust con-
straints on atomic data.

An electron beam ion trap (EBIT) is a device that pro-
duces highly charged ions using a magnetically compressed
electron beam [14]. EBITs have been employed not only in
fundamental atomic physics [15, 16], such as testing relativis-
tic and quantum electrodynamical effects, but also in applied
studies relevant to fusion research [17-19] and astrophysical
plasmas [20-23]. Recent advanced EBITs, such as FLASH-
EBIT [24] and PolarX-EBIT [25], can be combined with
synchrotron radiation facilities, enabling resonant photoexci-
tation spectroscopy of highly charged ions. This technique
allows precise measurements of atomic data, such as transition
energies and probabilities [26, 27], which are important for
astrophysical applications.

To address the growing demand for vast amounts of
atomic data in X-ray astronomy, it is essential for X-ray astro-
physics and atomic physics to be more closely connected than
ever. Therefore, we have introduced an EBIT to the Japanese
astronomical community in collaboration with Japan Aerospace
and Exploration Agency (JAXA) and Max-Planck-Institut fiir
Kernphysik (MPIK). In this paper, we present the fundamental
performance of the EBIT and experimental results obtained at
the synchrotron radiation facility SPring-8. Dielectronic recom-
bination measurements demonstrate that our EBIT achieves
performance comparable to the Heidelberg Compact EBIT at
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MPIK [25]. Furthermore, we carried out high-resolution photo-
excitation spectroscopy of highly charged ions at SPring-8,
successfully measuring the resonance transitions of He-like O
and Ne-like Fe'®". This experimental method can be extended
to comprehensive measurements of atomic data. Throughout
the paper, statistical errors are given at a 68% confidence level.

2. Specification and Performance of the EBIT

Our EBIT (hereafter referred to as the JAXA-EBIT) was
developed in collaboration with JAXA and MPIK. The main
specifications of the JAXA-EBIT are comparable to those of
the Heidelberg Compact EBIT [25] developed by MPIK.
Figure 1 shows a photograph and schematic view of the prin-
cipal components of the JAXA-EBIT. Neutral precursor atoms
of highly charged ions are injected as a molecular beam
through a differential pumping system. The injected atoms are
subsequently ionized to the charge states of choice via succes-
sive electron impact ionization. The ions are confined radially
by the negative space-charge potential of the electron beam
and axially by the potential differences applied to the drift tube.
The electron beam energy of the JAXA-EBIT is optimized
over the range of 0.2-5.0 keV, allowing the production of Fe
ions from Ar-like to He-like charge states. The ions can be
extracted by suddenly increasing the voltage on the central trap
electrode in the drift tube [28]. The ejected ions are detected
by a micro-channel plate, and the ion charge-to-mass ratio
can be resolved by time-of-flight measurement [29]. The
JAXA-EBIT is equipped with an off-axis electron gun, which
allows photon beam access to be coaxial with the electron
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Photograph (upper panel) and schematic diagram (bottom panel) of the principal components of the JAXA-EBIT.
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beam without damaging the electron gun from synchrotron
radiation (Fig. 1). This specification allows precise measure-
ment of atomic data by resonant photoexcitation spectroscopy
[30-33].

The JAXA-EBIT reproduces various ion—electron inter-
actions, including collisional excitation, radiative recombina-
tion, and dielectronic recombination (DR) [34] without
injecting an external photon beam. Investigating these pro-
cesses is not only useful for obtaining atomic data but also for
evaluating the performance of an EBIT. We assessed the fun-
damental performance of the JAXA-EBIT, such as the mono-
chromaticity and energy offset of the electron beam, through
DR measurements. DR is a resonant interaction between a
free electron and an ion (Fig. 2). A particularly important case
for our purposes is the KLL DR process, in which a free elec-
tron is captured into an open L-shell while a bound K-shell

Continuum
i

L-shell —0——0— ———
. N
I l hv
K-shell —O—— —0—0—

Fig. 2. Schematic diagram of the KLL dielectronic recombination of a
He-like ion. A free electron with kinetic energy Efe, is captured
into the L-shell with binding energy E;, while a bound K-shell
electron is simultaneously excited to the L-shell by the released
energy Ege. + Er. The DR resonance occurs when the con-
dition Ex — E; = Efgee + EJ, is satisfied. The resulting Li-like
ion subsequently decays via Ka X-ray emission.

electron is simultaneously excited to the L-shell. Measure-
ments of KLL DR are especially useful for assessing electron
gun performance, as the resonance energies and the corre-
sponding X-ray emission intensities are well established [35].
We performed DR measurements by introducing Ar gas
into the JAXA-EBIT. We scanned the electron beam energy
from 2,210 to 2,440 eV in 0.1 eV steps, while X-ray signals
were recorded with a side-on-mounted silicon drift detector
(SDD) for 10 seconds at each energy step. We performed
scans across the four energy bands shown in Fig. 3, with the
electron beam current at approximately 2 mA throughout the
measurements. These energy ranges cover the DR resonance
energies of highly charged Ar ions from C-like to He-like.
Figure 3(a) shows the scan results, where the horizontal axis
corresponds to the electron beam energy, and the vertical axis
to the pulse height of the SDD. We find resonant enhance-
ments of the X-ray yield at specific electron beam energies.
The projections of the detected signals within selected regions
of interest in the detector pulse-height channels onto the elec-
tron beam energy axis are shown in Fig. 3(b). The obtained
spectrum shows well-reproduced features of the previously
reported KLL DR spectrum of highly charged Ar ions [36].
Since the Be-like DR resonance line at 2,323 eV is well
isolated from other DR lines, it provides a suitable reference
for assessing the monochromaticity and energy offset of the
electron beam. We fit the line profile using a Gaussian plus
linear function model. The resulting full width at half maxi-
mum (FWHM) and centroid energy of the Gaussian compo-
nent are 2.33 + 0.03 and 2,323.38 £+ 0.01 eV, respectively.
The measured width reflects broadening due to both ion
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Fig. 3. Results of dielectronic recombination measurements of highly charged Ar ions with the JAXA-EBIT. (a) Count maps around the resonance
energies of different charge states: (a—1) He-like, (a—2) Li-like, (a—3) Be-like, and (a—4) B- and C-like. The horizontal axis corresponds to the
electron beam energy, and the vertical axis to the pulse height of the X-ray detector. (b) Projected spectra obtained by selecting events within the
regions enclosed by the black dashed lines in panel (a) and projecting them onto the electron beam energy axis.
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motion and electron beam energy dispersion, and thus repre-
sents the effective energy resolution of the electron beam of
the JAXA-EBIT. The EBIT series is known to achieve excel-
lent electron beam energy resolution by suppressing ion
motion through strong confinement [37, 38]. In our measure-
ments, the JAXA-EBIT achieved a resolving power of E/AE =
1,000 at 2.3 keV, broadly comparable to the reported perfor-
mance of the Heidelberg Compact EBIT (E/AE = 1,500 at
5 keV [25]). The observed centroid energy 2,323.38 + 0.01 eV
is shifted by 13 eV from the value of 2,310 eV obtained
using the Flexible Atomic Code (FAC) [39, 36]. This energy
shift is roughly consistent with that expected from the space-
charge potential measured in the Heidelberg Compact EBIT
[36]. These results confirm that the JAXA-EBIT demon-
strates performance comparable to that of the Heidelberg
Compact EBIT.

3. Beam Line Experiment

In June 2024, we conducted high-resolution photoexci-
tation spectroscopy of highly charged ions at the synchrotron
radiation facility SPring-8. In this experiment, we success-
fully measured the L-shell transition of Ne-like Fe'*" and the
K-shell transition of He-like O%". Ne-like Fe'*" L-shell lines
are prominent spectral features of astrophysical plasmas
observed in the soft X-ray band below 1 keV [40]. Compared
with Fe K-shell lines, the L-shell transitions provide richer
photon statistics, allowing robust plasma diagnostics [41, 42].
For example, the intensity ratio between the (3d-2p) and
(3s—2p) transitions serves as a probe of plasma opacity [43,
44], owing to the large difference in their oscillator strengths
[45]. However, the diagnostic power of this ratio is limited by
discrepancies between observational results and theoretical
predictions of the oscillator and collision strengths [46—49].
Resonant photoexcitation spectroscopy offers one of the most
accurate experimental approaches for constraining oscillator
strengths [26, 27, 50]. We therefore carried out the beamline
experiment to constrain the oscillator strengths ratio of the
(3d-2p) transition, known as the 3C line ([2p°3ds/5];-; =
[2p%];20), and the (3s—2p) transition, known as the 3G line
([2p°3s1/2] 71 = [2P%];20)- A detailed description of the

experimental methods and results is provided in [51].

The experiment was carried out at the soft X-ray beam-
line BL17SU [52-54] of SPring-8. The JAXA-EBIT was
connected to BL17SU through a differential pumping system,
and a monochromatic photon beam was irradiated onto the
highly charged ions trapped inside the EBIT. The incident pho-
ton energy was calibrated before the beam time by conduct-
ing X-ray photoemission spectroscopy measurements of 4f
electrons from the thin Au foil. The photon beam energy was
scanned around the expected resonance energies of each tran-
sition. X-ray photons emitted from resonantly excited ions
were recorded by a side-mounted SDD equipped with an Al
filter, positioned perpendicular to the photon beam axis.

Figure 4 presents the results for the He-like O% 2p—1s
resonance transition line and the Ne-like Fe'*" 3C and 3G lines.
The well-known O Hea line at 574 eV was used both as an
energy reference for calibration and as an alignment check to
ensure precise overlap of the photon beam with the trapped
ion cloud. By fitting the O% Hea spectrum with a Gaussian
plus linear background model, the centroid energy was deter-
mined to be 573.776 + 0.001 eV, revealing a centroid energy
shift of —0.17 eV from the reference value of 573.95 eV
adopted in AtomDB. For the Fe'¢" L-shell transitions, the 3C
line was successfully detected, whereas the 3G line, with a
relatively small oscillator strength, was not clearly observed.
The 3C line fit provided a centroid energy of 825.658 =+
0.003 eV and a Gaussian area of 1.06 + 0.06 counts s™' eV.
The centroid energy is shifted by —0.17 eV relative to the theo-
retical value of 825.83 eV [45], consistent with the offset found
for the O Hea line. Assuming that the centroid energy of
the 3G line is shifted by 0.17 eV from the current experimen-
tal value of 727.07 eV [55], we obtained a 95% upper limit
of the Gaussian area of the 3G line of 0.378 counts s™' eV.

We obtained centroid energies and Gaussian area by
spectral fitting. We constrain the centroid energy of the 3C
line to 825.658 + 0.003 eV, corresponding to a relative accu-
racy of AE/E =~ 4 x 10°°. However, both the 3C line and the
He-like O% resonance transition exhibited a systematic shift
of = 0.17 eV from their theoretical values. This offset is con-
sidered to arise from systematic uncertainties in our experi-
mental setup, such as the calibration of the synchrotron photon

i ; mW”«Wmm”WM

Synchrotron photon energy (eV)

Synchrotron photon energy (eV)

Synchrotron photon energy (eV)

Fig. 4. Results of photoexcitation spectroscopy at the soft X-ray beamline BL17SU of SPring-8. (a) The O°" Hea resonance line, (b) the Fe'** 3C
transition, and (c) the Fe'®" 3G transition. The horizontal axis represents the incident photon energy of the synchrotron beam, and the vertical
axis shows the count rate recorded by the silicon drift detector. The red solid lines indicate the best-fit models (Gaussian plus linear
background). Detailed descriptions of the experimental method and analysis procedures are provided in [51].
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energy. In our experiment, the calibration of the synchrotron
photon energy was performed one month before the beam-
time. Recent high-precision measurements suppressed the sys-
tematic uncertainty to 10—15 meV by simultaneously tracking
detailed photon energy fluctuations with a high-resolution
photoelectron spectrometer [55]. Another reliable approach
is to use well-established reference lines of highly charged
ions confined within the EBIT, such as the Hea, Hef, Lya,
and Lyp transitions. Previous studies demonstrated that this
method can calibrate the beam energy with a relative accu-
racy of AE/E ~ 10°° [31]. The Gaussian area ratio of the 3C
to 3G lines is directly proportional to their oscillator strength
ratio [56]. After correcting the Gaussian areas for photon
beam flux and exposure time, we constrained this ratio to an
upper limit of f35/f3c < 0.322 at the 95% confidence level.
Meanwhile, the limited signal-to-noise ratio prevented a clear
detection of the weaker Fe'*" 3G line. The detection of such
weak transitions can be achieved either by increasing the
photon flux, for example, using next-generation beamlines,
such as NanoTerasu (e.g., [57, 58]) and SPring-8-1I [59], or
by reducing the experimental background through improve-
ments in detector energy resolution.

4. Future Prospects

The XRISM has observed various high-energy astro-
physical phenomena, including supernova remnants [4, 5, 60—
63], active galactic nuclei [64—66], galaxy clusters [67—69],
and X-ray binaries [70—73], and is continuously producing
pioneering results. At the same time, these observations have
highlighted the urgent need for new atomic data. For exam-
ple, the transition energies and probabilities of Ka and Kf
inner-shell transitions of intermediately-charged ions (from
Ne-like to Li-like) are crucial for interpreting the spectra of
supernova remnants and X-ray binaries. XRISM enabled the
detection of X-ray emission from previously elusive odd-Z
elements such as P, Cl, and K in supernova remnants (XRISM
collaboration in prep.). However, several of these lines can-
not be clearly distinguished from the K/ transitions of Li-like
Si and S, and uncertainties in the intensities of these Kf lines
limit the reliability of abundance determinations. Because the
excited states of the K/ transition can decay not only through
radiative transitions but also via Auger processes, measure-
ments of the branching ratios between these de-excitation
channels are essential.

The JAXA-EBIT is suited for such studies, as it allows
simultaneous synchrotron radiation injection and ion extrac-
tion, enabling direct measurements of both radiative and
Auger decay probabilities [74]. In addition, comprehensive
atomic data measurements require beamlines covering a broad
energy range. A tender X-ray beamline, such as BL13U [57,
58] at NanoTerasu, is ideal for probing the K-shell transitions
of Si and S, while hard X-ray beamlines at SPring-8 are opti-
mal for measurements of the Fe K-shell lines. By combining
the JAXA-EBIT and these state-of-the-art beamlines with
XRISM observations, we can establish a robust framework

for producing benchmark atomic data and gain new insights
into both astrophysics and atomic physics.

5. Conclusion

We presented the performance and experimental results
of the JAXA-EBIT. Dielectronic recombination measure-
ments confirmed that its performance is comparable to the
Heidelberg Compact EBIT at MPIK. We conducted the pho-
toexcitation spectroscopy of highly charged ions using the
JAXA-EBIT and the soft X-ray beamline BL17SU at SPring-8,
successfully detecting the O°" Hea and Fe'** 3C transitions.
These results provide experimental constraints on key atomic
data, including transition energies and probabilities, which
are indispensable for the interpretation of astrophysical X-ray
spectra. Extending this approach to a wider range of transi-
tions with next-generation beamlines will yield benchmark
atomic data that are essential for XRISM and forthcoming
high-resolution X-ray missions.
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