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We observed electronic K x rays emitted from muonic iron atoms using superconducting transition-edge
sensor microcalorimeters. The energy resolution of 5.2 eV in FWHM allowed us to observe the asymmetric
broad profile of the electronic characteristic Ka and K8 x rays together with the hypersatellite K"« x rays
around 6 keV. This signature reflects the time-dependent screening of the nuclear charge by the negative
muon and the L-shell electrons, accompanied by electron side feeding. Assisted by a simulation, these data
clearly reveal the electronic K- and L-shell hole production and their temporal evolution on the 10-20 fs

scale during the muon cascade process.
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A muonic atom is a bound state consisting of a negative
muon and a nucleus, sometimes accompanied by bound
electrons. Because of the larger muon mass, the Bohr radius
is about 207 times smaller than that of the electron. Because
of the screening effect when the muon is in its 1s ground
state, the electron shell is well approximated by that of a
Z — 1 nucleus. After its formation, the muonic atom
survives for a finite time before the muon is captured by
the nucleus, normally on a timescale shorter than the 2.2 us
intrinsic lifetime of the negative muon. Research on muonic
atoms has been pursued by the atomic, nuclear, and particle
physics communities for many decades [1-3], and muonic
atom Xx-ray spectroscopy has been widely applied to
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determine nuclear sizes and shapes [4—7]. Measurements
of the proton size using muonic hydrogen and deuterium
have spurred the so-called “proton radius puzzle” and a
host of beyond standard model physics proposals [8—12].
Recently muonic atoms have been proposed as a new
testing ground for bound-state quantum electrodynamics
[13]. In addition to these fundamental questions of quantum
structure, the dynamical aspect of the electronic cloud
in muonic atoms poses a fascinating quantum few-
body problem, of which little is known, though some
parallels may be drawn with the deexcitation dynamics of
highly charged ions in solids or during ion-surface inter-
actions [14-18].

© 2021 American Physical Society
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FIG. 1. Schematic drawing of the muon cascade process with
the electron configuration evolution in the muonic iron atom
(uFe) in Fe metal. Side feeding and electron refilling via radiative
decay or electronic Auger decay fill the electron holes. All scales
are arbitrary. We assume that the number of 4s electrons is a
constant during the cascade because of rapid N-shell side feeding.

When a negative muon is captured by an atom, normally
in a highly excited state, the muon starts to cascade towards
the nucleus first by muon-induced Auger decay (stripping
bound electrons), and then via radiative decay (emitting
muonic x rays). The former process dominates at the
beginning of the cascade, accompanying electron ejection
from M shell, followed by L shell and K shell. The latter
radiative decay is important when the muon approaches the
lower levels. Finally, the muon reaches the atomic 1s
ground state. When an electronic hole is formed during the
muon cascade process, electronic characteristic x rays are
also emitted as shown schematically in Fig. 1. The time-
scale of the cascade process is typically ~10 fs for
elemental Fe, while the 1s muon capture rate by the Fe
nucleus is 4.4 x 10° s~! [19]. Thus, the majority of muons
are captured from the atomic 1s ground state. When the
muonic atom is formed inside a solid-state target, electron
side feeding from the surrounding environment also takes
place [20].

Historically, the muon cascade process has been studied
by examining the intensity distribution of the muonic x-ray
line series, and is often compared with the cascade
simulation originally developed by Vogel er al. [21-26]
and by Hartmann et al. [20,27,28]. It was found that muons
capture onto orbitals with principal quantum numbers
above n = 20, and that the # distribution is somewhat
modified from the statistical one. The muonic x-ray
spectroscopy also encodes information on the bound
electrons, as the screening of the nuclear charge by these
electrons modifies the muonic x-ray energies [29-31].

The electron hole filling by the upper-level electrons via
radiative decay or electronic Auger decay (hereafter called
electron refilling), and side feeding from the surrounding
medium are also of critical interest. In a solid-state target,
electron side feeding is unavoidable [2], and in gas targets
there is a pressure dependence of the collisional charge
transfer that was carefully studied in the 1980s and

1990s [32-34]. Since then, however, little substantial
progress has been made, and a detailed understanding of
electron dynamics in the muonic atom including the muon-
induced Auger effect, refilling, and side feeding remains
elusive.

The observation of the electronic characteristic x rays from
the muonic atom is an alternative, powerful approach to shed
light on the cascade dynamics. When an electron hole is
formed in the K shell by the muon-induced Auger process, the
corresponding electronic K x ray is emitted. It is naturally
expected that electronic K x rays may be a particularly
sensitive probe for the electron dynamics because the
electron-electron interaction contributes more significantly
to the energy of the K x rays than the muonic x rays. The
dependence of the electronic K x-ray energies on the muon
state was recognized by pioneering works for heavy elements
(Z > 75) [35-37], however, the insufficient resolution of the
Ge detectors prevented further detailed study.

In this Letter, we report high-precision measurements of
electronic K x rays emitted from muonic iron atoms (uFe)
using state-of-the-art superconducting transition-edge
sensor (TES) microcalorimeters, which utilize the steep
temperature dependence of resistance at the super-
conducting phase transition [38]. The pFe atoms were
produced in a metallic Fe target in the region close to the
surface by a slow negative muon beam of 20.5 MeV/c
(peak stopping depth = 20 ym). This condition enables the
emission of corresponding electronic K X rays into
vacuum with minimal self-absorption (half-absorption
length = 10 um). The electronic Ka and Kf x rays were
observed at an energy around 6 keV, which is close to the
characteristic x rays of the Z —1 atom, i.e., manganese
(Mn), due to the screening of the nuclear charge by the
muon. The high resolution (5.2 eV in FWHM) TES
detector revealed that the K x-ray spectrum is asymmetric
and widely broadened with a width of about 200 eV.
Furthermore, we clearly observed a peak corresponding to
hypersatellite K"« x rays from the double K-hole state. The
energy of the electronic x rays strongly depends both on the
muon state and the electron configuration at the time of
electronic x-ray emission, thus the overall shape of the
spectrum reflects the electron dynamics including electron
hole production, refilling and side-feeding during the muon
cascade process. We calculated these energy shifts and
developed a theoretical evolution model. By comparing the
measured spectrum with the simulation we can provide a
clear picture of the relevant exotic atom dynamics.

The measurement was carried out at the D2 beam line of
the Materials and Life Science Experimental Facility
(MLF) at J-PARC [39]. Details of the experimental
setup may be found in the previous technical papers
[40,41]. Briefly, the low-momentum negative muons
(20.5 MeV/c) were stopped in a 100 pm-thick Fe foil
after passing through thin Kapton foils and an air gap. The
TES x-ray detector was placed normal to the muon-beam
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FIG. 2. (a) X-ray spectrum in the energy range from 5000 to
7400 eV measured by the TES detector. Broad electronic Ka and
K x rays from pFe are observed. In addition, sharp Mn Kal and
K1, 3 x rays are identified (dotted lines). The Mn Ka2 x rays are
discernible at the low-energy side of the Mn Kal line. Muonic
x rays from puBe (n =3 — 2) are due to direct muon injection
into a Be window in front of the detector. A broad tail-like
structure beneath the peak of muonic x rays from uBe is identified
as the hypersatellite K"« x rays. The energy of Mn K"« is also
shown [58]. Cr and Co Ka x rays are calibration x rays from the
x-ray generator. Fe Ka and K/ x rays are due to direct injection of
muons and background particles into the Fe target. Expanded
spectra for (b) electronic Ka x rays and (c) electronic K/ x rays
from pFe. (d) Calculated Ka and (e) Kf x-ray energies under
different muon states (n) and electron configurations with L holes
(Nhole), See details in the main text. Regarding the muonic #
level, only the case of # = n — 1 is shown for clarity.

direction and 75 mm away from the target position. The Fe
foil was tilted by 45° with respect to the muon-beam
direction. The muons were delivered in a double-pulse
structure, with ~1 x 10* muons per double pulse. Each
pulse had a width of 100 ns, and the double pulses had a
repetition rate of 25 Hz. The x-ray energy and detection
time with respect to the pulsed muon beam injection were
simultaneously accumulated [40]. We estimated that the
negative muons were stopped at around 20 ym from the
surface of the foil, so that a large fraction of the ~6 keV x
rays traversed the foil [42].

The x-ray detector is based on a 240-pixel TES array
developed by the National Institute of Standards and

Technology (NIST) [52]. The TES system, cooled with a
pulse-tube-backed adiabatic demagnetization refrigerator
(ADR), is identical to the system we employed for the
pionic atom experiment at the Paul Scherrer Institute and
the kaonic atom experiment at J-PARC [53-55]. Each pixel
contains a TES consisting of a bilayer of thin Mo/Cu films
whose superconducting critical temperature is about
107 mK, and a 4 um-thick Bi absorber for converting an
x-ray energy into heat. The TES can detect x rays up to
10 keV, and the absorption efficiency of the Bi layer is 85%
at 6 keV. The effective area of each pixel is 305 x 290 ym?
and the total active area of the array is about 23 mm?.
Energy calibration of the TES detector was performed by
using an x-ray generator installed at the front of the
detector. The characteristic x rays from Cr, Co, and Cu
were used as calibration x-ray lines. The number of
employed pixels of the TES array was restricted to 197
by the geometrical configuration. The energy accuracy as
determined by the absolute position of the Fe Ka line is
better than 0.6 eV.

Figure 2(a) shows the full spectrum, obtained by sum-
ming data from all pixels and applying a time cut to extract
the beam-induced signals. The energy resolution was
evaluated to be 5.2 eV (FWHM) in this energy regime
using Co Kal and Ka2 x rays. The energy, width, and
shape used to derive the resolution and energy calibration
are evaluated using the accurate parameters provided in
Ref. [56] for the Cr, Co, and Cu Ka/ K lines, corrected for
new fundamental constants and crystal parameters follow-
ing Ref. [57]. A remarkable asymmetric broad peak of
electronic Ka x rays from pFe is observed, starting from the
energies of electronic Mn Kal and Ka2 x-ray lines at 5899
and 5888 eV, respectively, and extending across 200 eV
[Fig. 2(b)]. A similar structure for electronic K/ x rays from
uFe is identified, which starts from the energy of an
electronic Mn Kf x-ray line at 6490 eV [Fig. 2(c)]. We
also observed a broad tail-like structure beneath the peak of
muonic x rays from yBe at 6179 eV [Fig. 2(a)], which was
determined to be the hypersatellite K"« x rays from uFe.
This structure starts from the energies of Mn K"a2 at
6143.4 eV [58].

These peaks disappeared from the spectrum for the
26.0 MeV/c muon beam. This observation is convincing
evidence that the electronic K x rays come from uFe. They
were completely attenuated because of the self-absorption
due to the increased muon penetration depth.

The Mn Ka and K x-ray lines originate after the muon
is captured by the Fe nucleus. The resulting Mn
nucleus deexcites through the internal conversion process,
leading to delayed K-shell hole production followed by
Mn K x-ray emission, as shown by Schneuwly and Vogel
for high-Z muonic atoms [37]. Because the nuclear
capture rate is slow, all electronic holes of uFe are filled
via refilling and side feeding before the capture. Thus, the
Mn K x rays do not show broadening like the uFe
electronic x rays.
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As already explained, the energies of the electronic K
x rays emitted from uFe during the cascade process are
affected both by the muon screening and by the electron
configuration at the moment of x-ray emission, which
depend on the evolution of the deexcitation dynamics. To
evaluate these contributions, we calculated the energy
structure of the electronic K x rays employing the strategy
already developed for highly charged hollow ions in the
bulk of metallic materials [59]. We calculated the total
energies of uFe in vacuum with nonrelativistic density
functional theory and an optimized effective potential
considering the self-interaction corrections [60]. We con-
sidered the muon to be moving in an effective potential
generated by the nucleus and the surrounding electrons,
and the electrons moving in an effective potential of the
nucleus and the muon, self-consistently. The number of
possible configurations with different muon states and
electron occupancies in the K, L, and M shells is close
to 30 000. The K x-ray energies are obtained by the total
energy difference of the two configurations involved in the
transitions. We found that the outer screening effect by the
surrounding metal is less important for the present uFe
case, because the valence band formed by the 3d and 4s
electrons is located close to the vacuum level, while K- and
L-shell electrons are deeply bound by the muon-screened
nucleus, leading to a negligibly small interaction.

Note that in order to compare with the measured spectra,
we shifted the calculated energies by a constant value so
that they match the reported ones [56]. This shift is mainly
due to relativistic effects. To confirm the validity of our
approach we also compared some of the shifted values with
the energies from stringent calculations including first and
second order QED corrections, the full Breit interaction,
all-order retardation, and the finite nuclear size using the
MCDFGME code [61,62], which can account for all these
effects for exotic atoms with an arbitrary number of
remaining electrons [63-65]. Correlation, Auger shift
and core-core correlation contributions for inner shell holes
[66] are not included, but as can be seen in Ref. [66]
they partially cancel out and should not contribute more
than 2-3 eV to the shift. The difference is not constant but
depends on the transitions; nevertheless, it is less than 10
eV, which is small compared to the 200 eV width of the uFe
K x-ray spectra. Thus, for the present discussion, we treated
the difference as a constant shift [42].

The calculated uFe Ka and K/} x-ray energies are shown
in Figs. 2(d) and 2(e), respectively, for a variety of muon
quantum numbers and electron configurations. The K x-ray
energy shifts due to larger muon screening at the lower
muon levels (n) are clearly visible, where perfect screening
corresponds to the case of Z — 1. However the observed
width of about 200 eV is not explained exclusively by this
shift. The shift due to different electron configurations,
which depends particularly on the number of electron holes
in the L shell (M%), is also significant. We found a

systematic shift to higher energy for large N1, It is also
apparent that the n dependence of the energy shift is similar
for different N1, We notice that the energy shift of K3
x rays for the L holes is larger than that of K« x rays [37].
Nevertheless, it is clear that we cannot directly distinguish
these two effects simply from the corresponding energies.
The observed broadening can be explained by the con-
volution of these two effects.

The next step is to include the temporal evolution of the
muon state and electron configuration. The lifetime of the
K hole before filling is 0.59 fs [67], which is much shorter
than the typical lifetime (several fs) of the muon occupying
the specific state. Thus, the critical issue is the electron
configuration of the L shell at the moment when the K hole
is produced. An L hole is produced via the muon-induced
Auger process and refilling of the K hole from the L-shell
electron. The resulting L hole is refilled by a Coster-Kronig
transition [68], or an M-shell electron. In addition, the
electron side feeding from the surrounding also has to be
taken into account.

The observed Ka spectrum was fitted with the one
calculated by the cascade simulation [42], where the M-
shell per-hole side-feeding rate I'y; was treated as a fitting
parameter. For normalization, intensities of both the Ka
x rays from pFe and the Mn Ka x rays after the nuclear
capture, and a constant background were also treated as
fitting parameters. We considered dynamics of electrons in
K, L, and M shells. The muon-induced process was dealt
with using the Akylas and Vogel’s code [25]. We employed
the electronic radiative and Auger transition rates from
Refs. [69-71], respectively. For the electron side feeding
from the surrounding, the electron hole is filled by the
valence band electron either via Auger or radiative process.
The side-feeding rate is dominantly determined by the
overlap of the initial and final state wave functions. The
wave function of the valence band consists of 3d and 4s
electrons of Fe, forming a hybrid orbital. Therefore, the
transition from the valence band to the N shell (4s) and M
shell plays an important role. In our model we considered
only the M-shell side feeding, which is followed by the L-
shell refilling from the M shell. Regarding 4s holes, the side
feeding must be very efficient and we assumed that they are
instantly fed from the valence band, i.e., the number of 4s
electrons is always two during the cascade process. We
point out that the Auger process is generally preferred to
radiative transitions for mid-Z nuclei, however, we do not
need to distinguish between the Auger and the radiative
process when the side-feeding rate is a fitting parameter.

Figure 3(a) shows the results for Ka x rays. It is clearly
seen that the M-shell side-feeding rate changes the whole
spectrum drastically, and a simulation neglecting side
feeding ('), = 0.0 fs~') does not explain the observed
feature at all. Thus, we can use the spectrum to study the
evolution of the electron configuration by including this
side feeding precisely. The best simulated spectrum for Ka
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FIG. 3. Comparison of the simulated and corresponding mea-
sured K x-ray spectra. The simulated spectra are after convolution
by the energy response function of the TES detector. (a) Simulated
Ka x-ray spectrum with three side-feeding rates (I, = 0.0, 0.35,
and 1.52 fs™!). (b) Simulated hypersatellite K"a x-ray spec-
trum under the same parameters as (a) with '), = 0.35 fs~!.
(c) Simulated K/ x-ray spectrum under the same parameters as
(a) with Iy, = 0.35 fs~!.

x rays is reproduced for the side-feeding rate of
Iy, = 0.35(2) fs~!. Using exactly the same values of Iy,
and the intensity of the yFe Ka x rays, we also reproduced
the hypersatellite K"« x-ray and K x-ray spectra shown in
Figs. 3(b) and 3(c), respectively. Here we note that these
intensities were corrected using the Ka one taking into
account self-absorption efficiencies in the Fe target at
different energies. The agreement is excellent for all three
spectra. We remark that, for the calculation of the hyper-
satellite K" a x-ray spectrum, we employed the experimen-
tal intensity ratio of K"al/K"a2 = 0.13(1) by Diamant
et al. [58]. It is different from the value of two for the single
K-hole state, reflecting the intermediate coupling [58] (see
the detail in the Supplemental Material [42]). These
features compare well with deexcitation x-ray spectra of
highly charged ions accompanied by many K holes and L
holes (hollow atoms) [17,18]. The side-feeding effect of
highly charged ions in a metal has been extensively studied
[72,73]. The side-feeding rate obtained in the present study
cannot be directly compared with the results of highly
charged ions, because the data for the combination of Mn
ions and a Fe target is not available. We found however that
they are of the same order of magnitude.

The excellent agreement of the present simulation with
the spectrum obtained experimentally strongly supports our
interpretation of the involved dynamics. Figure 4(a) shows
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FIG. 4. (a) The simulated N1°"-resolved Ka x-ray spectrum for
I'y; = 0.35 fs~!. The red curve is the same as the one in Fig. 3(a)
except for the Mn Ka line. (b) A contour map of the simulated
x-ray intensities as functions of the energy and the time after
muon capture for I'y; = 0.35 fs~!. A detailed definition of the
two-dimensional intensities is described in the Supplemental
Material [42]. The spectrum (a) is obtained by projection of the
contour map into energy direction. (c),(d) The temporal distri-
bution of the n- and Ni®-resolved x-ray intensities made by
projection of (b) on the time axis, respectively.

Nhole_resolved simulation spectrum indicating that the Ko
x rays are emitted mainly under the electron configuration
of NI° =0, 1, 2, and 3. Note that each energy distribution
for specific N1° has a small tail component on the higher-
energy side, which corresponds to K x rays from the high-n
state, reflecting the configuration at an early time. More in
detail, as shown in Fig. 4(b), we can grasp the dynamics by
a contour map of the emitted Ka x-ray intensities as
functions not only of the x-ray energy but also of the time
after muon capture. A negative slope in time vs energy is
apparent; the energy shifts lower as time proceeds, reflect-
ing the larger muon screening. Namely, the evolution of the
muon state 7 is regarded as a kind of “clock” in the fs time
range. As shown in Fig. 4(c), the majority of the x rays are
emitted when the muon is in states from n = 10 down to
n =5, where K-hole production is expected, and the main
events take place between 5 to 20 fs. The temporal
evolution of N is shown in Fig. 4(d); NI increases
to ~2 in average, and then gradually decreases. Combining
these facts, we conclude that the observed energy distri-
bution clearly reflects the electron configuration.

In summary, we observed the asymmetric broad spec-
trum of the electronic characteristic Ka and Kf x rays from
the single K-hole state of uFe together with the hyper-
satellite K"a x rays from the double K-hole state, using a
TES detector with ~50 times better resolution than the
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conventional semiconductor detector. We made decisive
progress towards understanding the temporal evolution of
electron dynamics during the muon cascade process, which
remained unresolved for decades. This high-precision
measurement suggests a new way to revisit dynamics of
muonic atoms not only in metals but semiconductors,
insulators, and molecules in the near future.
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