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Femto-second dynamics of muonic atom formation
probed with superconducting X-ray microcarorimeters
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Abstract )

We performed high-precision X-ray spectroscopy of
muonic atoms, where one bound electron in a normal
atom is replaced with a negative muon. By using a
state-of-the-art superconducting detector, an excellent
resolution of 5.2 eV in FWHM at 6 keV was achieved
with a reasonable collection efficiency. We observed
electric K X-rays emitted from muonic iron atoms as
asymmetrical peaks with a spread of about 200 eV.
These spectral shapes provide unique information on
the temporal evolution of electron dynamics during the

muon cascade process [1].

1. Background )

An atom is a Coulomb-bound state of a nucleus with
positive charges and negatively charged electrons. The
bound electron can be replaced with another particle
having a negative charge to form an “exotic atom”.
An exotic atom can be produced by stopping the
negatively charged particle, usually produced in an
accelerator facility, in the target material. The energy
levels of exotic atoms follow Coulomb's law as in the
case of normal atoms. However, as the negatively
charged particle is heavier than electron, the binding
energy becomes higher and the orbital radius smaller.
Research on exotic atoms has been pursued by the
atomic, nuclear, and particle physics communities for
many decades by comparing the precise calculation
with experimental data, such as X-ray and laser
spectroscopies. Some of the examples we can study

via exotic atoms are the mass of negatively charged
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Figure 1. Picture of the core part of the TES detector
used in the present work. The small holes
(300 x 300 um?) in the middle correspond to each
240 pixel. Photo credit: DR. Schmidt (NIST).
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particles, nuclear sizes and shapes, and stringent
tests of quantum-electro dynamics. Furthermore, if
the negatively charged particle replacing the electron
was a hadron, the strong interaction effect appears as
the energy-level shift from the calculated value with
only the Coulomb force. Indeed, to study the hadron-
nucleus interaction, our hadron nuclear physics group
1s promoting multiple projects on X-ray spectroscopy of
“hadronic atom” at J-PARC, such as kaonic, X7, and =
atoms.

One of the keys in the study of exotic atoms 1s X-ray
detection technology. Recently we succeeded in employing
a novel cryogenic detector, a microcalorimeter based on
a superconducting transition-edge-sensor (TES) [2], for
X-ray spectroscopy of exotic atoms. A TES pixel utilizes
the steep temperature dependence of resistance at the
superconducting phase transition to achieve an excellent
energy resolution. Although one pixel should be kept
small for a small heat capacitance, a large collecting area
can be obtained with an array of these sensors. The TES
detector is originally developed for space missions, and
recent developments of the fabrication and multiplexing
readout techniques have enabled various terrestrial
applications.

We have developed an application technique of a
TES spectrometer in a charged-particle beamline,
primary for the X-ray spectroscopy of kaonic atoms.
This work is done in the collaboration with National
Institute of Standards and Technology (NIST) in the
US, as a leading developer of quantum sensing devices,
and domestic astrophysicists, who plan to use TES
detectors in future satellite missions. Figure 1 shows
a picture of the actual TES array used in this work.
The array consists of 240-pixel individual detectors and
the total effective area is approximately 23 mm®[3].
Since TES detectors are very sensitive, even a small
change in the operational condition deteriorates the
detector performance. Especially, charged-particle hits
on the system give heat to the whole detector array
and disturb the temperature regulation of the system.
To overcome these difficulties, we made many efforts
in both hardware and software aspects. Our project
started in 2013, and the first demonstration experiment
using a pion beam was performed at PSI in 2014 [4].
Then, following a commissioning experiment at the

kaon beamline in 2016, we successfully performed
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the X-ray spectroscopy of kaonic atoms at J-PARC
in 2018. With these experiences, we have established
the application technique of the TES spectrometer in
a charged particle beamline, specifically for the X-ray
spectroscopy of exotic atoms.

In this note, we will focus on the recent result of the
X-ray spectroscopy of muonic atoms, which revealed
the formation dynamics of an exotic atom. A muon is
the second-generation charged lepton, having 200 times
larger mass than the electron’s mass. When a negative
muon is captured by an atom, it is normally in a highly
excited state. The muon continues to deexcite from the
excited level to the lower levels one after another while
stripping off the surrounding bound electrons. On the
other hand, the empty electronic holes created by the
muon are refilled by bound electrons at the upper level,
and also by surrounding atoms. The entire muonic atom
formation process is over in a few tens of femtoseconds
(fs = 10™s), and to date no one knew specifically how
the muon moves and how the electron configurations

and numbers change accordingly.

2. Contents of research )

We precisely measured electronic K X-rays emitted
from muonic iron atoms using the TES spectrometer.
The X-ray energy reflects the arrangement and number
of bound electrons in the muonic atom at the time of the
X-ray emission, and the state, such as the muon orbit.
Therefore, by comparing the experimental results with
the cascade simulations, the muonic atom formation
process could be determined from the shape. The
experiment was carried out at the D2 beamline of the
Materials and Life Science Experimental Facility (MLF)
at J-PARC, where the world-highest intensity pulsed
muon beam is available. The low-momentum negative
muens at 205 MeV/c were stopped on a 100 um-thick
Fe foil to form muonic iron atoms. The TES X-ray
detector was placed normal to the muon-beam while the
Fe foil was tilted by 45° with respect to the muon-beam
direction. Indeed, we can measure X-rays only from
muonic iron stopped in the region close to the surface
because of self-attenuation inside the foil.

The X-ray spectrum is successfully measured as
shown in Figure 3. There are characteristic X-ray peaks
of Cr, Fe, Co, irradiated for the energy-scale calibration.

These peaks are also utilized to evaluate the detector
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Figure 2. Schematic drawing of the muon cascade
process with the electron configuration evolution
in the muonic iron atom in Fe metal. Taken from
Ref. [1].
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Figure 3. X-ray spectrum of muonic iron measured by
the TES detector. Broad electronic Ka and K&
X-rays from uFe appear just above Mn Ka and
K energies, respectively. Taken from Ref. [1].

energy resolution. The resolution is 52 eV FWHM at 6
keV, that is more than one order of magnitude better
resolution than conventional semiconductor detectors.
The broad structure around 6000 eV and 6600 eV
appeared only with muon beams, and assigned to the
electronic K¢ and Kf X-rays emitted from the muonic
iron atoms, respectively. They had an asymmetrical
shape with a spread of about 200 eV, comparable to the
resolution of the conventional detectors. The excellent
resolution of the TES spectrometer was crucial to
observe these spectral shapes. Electronic characteristic
X-rays called hyper-satellite (K"'a) X-rays were also
observed, which are emitted when there are two holes in
the electronic ground level of the K shell.

For the simulated spectrum to be compared with
experimental data, first we calculated the electric
X-ray energies for various configurations using a Multi
Configuration Dirac Fock and General Matrix Elements
(MCDFGME) code [7]. Figure 4 (bottom) shows some of
the calculated energies of muonic iron K¢ lines under
different muon state (n) and electron configurations
represented by the number of electron holes in the L
shell (N;™®). The next step is to include the temporal
evolution of the muon state and electron configuration.
The transition rate of both a muon-induced process
and an electronic process was considered. From the
comparison with the experimental results, it was found
that the M-shell side-feeding rate changes the whole
spectrum drastically. Therefore, the observed Ka
spectrum was fitted with the one calculated by the
cascade simulation, where the M-shell per-hole side-
feeding rate "), was treated as a fitting parameter. As
a result shown in Figure 4 (top), we obtained the rate
to be 0.35 fs?, which means one-electron transfer to the
muon iron atom occurs during 2.9 fs.

The entire muonic atom formation process revealed by
the present work can be summarized as the following.
After being captured by an iron atom, the muon initially
deexcites by emitting bound electrons. Of the 26 total
bound electrons of the iron atom, 7 to & are ejected in
the first 6 fs. The majority of the X-rays are emitted
between 5 to 20 fs when the muon is in the states
from n=10 down to n=5. The electron holes are refilled
relatively slowly from the surrounding iron atoms. In
about 30 fs after the muon capture, the muon reaches

the lowest state and the atom returns to the electrically
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Figure 2. Schematic drawing of the muon cascade
process with the electron configuration evolution
in the muonic iron atom in Fe metal. Taken from
Ref. [1].
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appeared only with muon beams, and assigned to the
electronic K¢ and Kf X-rays emitted from the muonic
iron atoms, respectively. They had an asymmetrical
shape with a spread of about 200 eV, comparable to the
resolution of the conventional detectors. The excellent
resolution of the TES spectrometer was crucial to
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X-rays called hyper-satellite (K"'a) X-rays were also
observed, which are emitted when there are two holes in
the electronic ground level of the K shell.

For the simulated spectrum to be compared with
experimental data, first we calculated the electric
X-ray energies for various configurations using a Multi
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(MCDFGME) code [7]. Figure 4 (bottom) shows some of
the calculated energies of muonic iron K¢ lines under
different muon state (n) and electron configurations
represented by the number of electron holes in the L
shell (N;™®). The next step is to include the temporal
evolution of the muon state and electron configuration.
The transition rate of both a muon-induced process
and an electronic process was considered. From the
comparison with the experimental results, it was found
that the M-shell side-feeding rate changes the whole
spectrum drastically. Therefore, the observed Ka
spectrum was fitted with the one calculated by the
cascade simulation, where the M-shell per-hole side-
feeding rate "), was treated as a fitting parameter. As
a result shown in Figure 4 (top), we obtained the rate
to be 0.35 fs?, which means one-electron transfer to the
muon iron atom occurs during 2.9 fs.

The entire muonic atom formation process revealed by
the present work can be summarized as the following.
After being captured by an iron atom, the muon initially
deexcites by emitting bound electrons. Of the 26 total
bound electrons of the iron atom, 7 to & are ejected in
the first 6 fs. The majority of the X-rays are emitted
between 5 to 20 fs when the muon is in the states
from n=10 down to n=5. The electron holes are refilled
relatively slowly from the surrounding iron atoms. In
about 30 fs after the muon capture, the muon reaches
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neutral state. Finally, the muon is absorbed by the

nucleus, changing the element from iron to manganese.

3. Significance and impact of research results )

We have succeeded in measuring a precise energy
spectral shape of electric K X-rays from muonic iron
atoms using the TES spectrometer. The entire muonic
atom formation process was revealed. Our results could
greatly contribute to the development of new research
fields including the dynamics of exotic quantum few-
body systems, not limited to muonic atoms.

Muonic atoms have also been of great interest
for measuring fundamental physics parameters
and searching for beyond-Standard-Model physics.
In some of such measurements, uncertainty of the
electron configuration limits the overall precision. As
the temporal evolution of electron dynamics in the
formation of muonic atoms has been clarified, our

results would contribute to reducing such uncertainties.
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4. Perspectives )
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The present approach to measure electric X-rays
from muonic atoms is applicable to a variety of
materials. We plan to measure electric X-rays from
muonic atoms with not only metals other than iron,
but also semi-conductors and insulators as a target
material. The electron refilling rate, extracted in our
method, could be a new probe for material science.

The results presented in this note are by-products
obtained in the commissioning of the muonic X-ray
spectroscopy of muonic neon. The main purpose was to
test the quantum electrodynamics in a strong electric
field. As their mass is 200 times that of the electron,
muons are 200 times closer to the nucleus and thus probe
high Coulomb fields by a factor of 40,000. We are almost
ready to publish the first result on this topic.

The TES spectrometer used in the present work
optimized for low-energy X-rays up to 15 keV. Now,
we are developing a new TES system for higher-
energy X-rays and gamma-rays to measure up to 100
keV. Furthermore, the number of pixels in one system
will be drastically increased with a new multiplexing
scheme in the frequency domain in the microwave
region. With a wider energy range and a larger
effective area, we expect expanding usages of the TES

detector in various fields.
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