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High-resolution Exotic Atom x-ray spectroscopy with TES

=

μ-

μ-

nucleus
Z+

X-rays

TES microcalorimeter 
(Cryogenic detector) 

having high resolution

μ- : Muon

π- : Pion

K- : Kaon …

negative charged named after microcalorimeter 
being a heat measuring device
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2014

2018

2020

  π- atom @ PSI (Switzerland)

  K- atom @ J-PARC (Japan)

  μ- atom @ J-PARC (Japan)

2016

2022 μ- molecule

X-ray spectroscopy for 30 ~ 100 keV

High-resolution Exotic Atom x-ray spectroscopy with TES

=

future…

Study of 
strong KN 
interaction

Study of 
BSQED

Bound-State Quantum ElectroDynamics

Feasibility 
study

launched in 2013 
collaborating with NIST (US)

under extremely strong 
electric fields
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Muonic atom
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μ-

muon (as heavy electron)

e-

e- mass : 0.511 MeV/c2 
μ- mass : 105.7 MeV/c2

deexcitation 
process

…

when a negative muon 
stopped in a target material, 
muonic atom is generated

Excited state 
when generated at electron K-shell

Radius

X-ray energy x 200

x 1/200

n /

s
m⇤

µ

me
⇠ 14
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nucleus
Z+

H atom (2p-1s) 122nm ~ 10 eV 
μH atom (2p-1s) ~ 2 keV

/ me

m⇤
µ

/
m⇤

µ

me
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c.f.

μ-



Strong electric field
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μ-

μ-

nucleus

e-

Z+ X-rays high-precision 
spectroscopy

deexcitation 
process

✓ muon feel an extremely strong electric field 

➡ internal electric field strength is to be 2002 

(=40,000) times higher than that of normal 
hydrogen-like ions.


➡ an ideal probe to explore QED                     
“under extremely strong electric fields”

strong 
electric 

field

inversely 
proportional to 
the square of 
the radius.
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Internal electric field      Z3
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Atomic number Z

normal hydrogen-like ion : n = 1 

Schwinger Limit :

1.32 x 1018 [V/m]

Atomic unit of 

electric field : 

5.14 x 1011 [V/m]

∝

strong electric field  @ heavier atoms → still lower than Schwinger limit 

where the electric field

becomes nonlinear in QED
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x 40,000

muonic atom : n = 1 

Schwinger Limit :

1.32 x 1018 [V/m]

Atomic unit of 

electric field : 

5.14 x 1011 [V/m]
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Atomic number Z

normal hydrogen-like ion : n = 1 
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Avoiding nuclear-size effect
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n=1

n=2
n=3
n=4. . . .

Nuclear 
size 
effect

principal quantum number 
for μ atoms

Larger

Smaller

In
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 e
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ct
ric

 fi
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d 
[V

/m
]

Atomic number Z

✓But, in the Lower “n” (principal quantum number) state, nuclear size effect 
(overlapping with nucleus) become dominant.


➡Carefully choose X-ray transition into the energy level where the nuclear 
size effect is negligible but having significant QED effect
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Muonic Ne 5→4 X-ray
13

原子番号 Z

n=1 for μ atoms/ions

n=2
n=3
n=4. . . .

μNe 5→4 Nucl. size effect

U

~ 6 keV

Schwinger Limit :

1.32 x 1018 [V/m]

The first experiment (with ~10 keV X-ray region)
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Low pressure gas target
14

μ-

μ-

nucleus

e-

Z+

deexcitation 
process

Auger electrons

✓ Low density gas target is required to avoid 
rapid refilling of electrons into this system from 
surrounding atoms. 

e-
from


surrounding

atoms

✓ the muon peels off most (or all) of electrons 
bound to the nucleus as Auger electrons  
➡ a highly-charged muonic atom isolated in 

vacuum are generated



Problems so far
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1. Electron refill ：

➡ To avoid rapid refilling of electrons from the surrounding atoms, 

a low-density gas target (e.g., as low as 0.1 atom) is essential

➡ However, it is experimentally difficult to efficiently stop 

muons in a low-density target due to their large momentum 
distribution (Δp/p ~ several %) via traveling pion decay. 

2. X-ray detector :

➡ need both “high resolution” and “large effective area”



This project
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1. High-intensity low-energy negative muon 
➡ world strongest pulse low-energy μ- source  @ J-PARC 

MUSE (muon facility)

➡ isolated muonic atoms in vacuum is available by using 

low-density gas target 

2. Novel superconducting detector 
➡ an array of NIST’s multi-pixel TES microcalorimeters

➡ combining both “high resolution” and “large effective area”



2. What’s TES



Microcalorimeter
Photon

1. incident particles absorbed


2. Energy ΔE -> Phonon


3. Tiny temperature rise is 
measured by a highly sensitive 
temperature sensor TES

TES microcalorimeter
18

Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012) 

super 
conducting 

state

particles



normal 
conducting 
state

Re
sis
ta
nc
e

TES microcalorimeter
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Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012) 

Transition Edge Sensor

R0~50 mΩ

R0/RN~0.2
bias point

fixed at the transition 
edge by applying 

constant voltage bias

Microcalorimeter
super 

conducting 
state

particles



particles

TES microcalorimeter
21

Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012) 

Transition Edge Sensor

R0~50 mΩ

R0/RN~0.2
bias point

Rapid increase 
in resistance

Tiny temperature rise

high energy resolution (ΔE / E ~ 10-3)
TES : ΔE (FWHM) ~ 5 eV @ 6 keV X-ray 
(ref. SDD : ΔE (FWHM) ~ 150 eV @ 6 keV)

Microcalorimeter
super 

conducting 
state

Re
sis
ta
nc
e

particle 
absorption

Typical

pulse

τrise~L/(Rsh+R0)

τfall~C/G

rise time ~ 200 µs

decay time ~ 500 µs



TES microcalorimeter
22

Transition Edge Sensor

R0~50 mΩ

 1. incoming radiation
 2. temperature rise
  -> increasing resistance
 3. reducing bias current

bias current
constant 
bias

Read reduction of bias current 
using SQUID Typical


pulse
τrise~L/(Rsh+R0)

τfall~C/G

rise time ~ 200 µs

decay time ~ 500 µs

particlessuper 
conducting 

state

R0/RN~0.2
bias point

Microcalorimeter



TES microcalorimeter
22

Transition Edge Sensor

R0~50 mΩ

 1. incoming radiation
 2. temperature rise
  -> increasing resistance
 3. reducing bias current
 4. reducing Joule heat
 5. temperature fall
 6. back to original position

bias current

negative

electro-thermal


feedback

constant 
bias

Read reduction of bias current 
using SQUID Typical


pulse
τrise~L/(Rsh+R0)

τfall~C/G

rise time ~ 200 µs

decay time ~ 500 µs

particlessuper 
conducting 

state

R0/RN~0.2
bias point

Microcalorimeter



TES microcalorimeter
23

Transition Edge Sensor

R0~50 mΩ

Temp. sensitivity :

Energy resolution :

Saturation energy :

�E /
p
T 2
c C/↵I

Esat ⇡ 4TCC/↵I

Dynamic range
(∝ C/α)

Typical

pulse

τrise~L/(Rsh+R0)

τfall~C/G

rise time ~ 200 µs

decay time ~ 500 µs

Microcalorimeter
super 

conducting 
state

particles

R0/RN~0.2
bias point



Adiabatic Demagnetization Refrigerator (ADR)
24

33 cm

50 mK cryostat 
(model : HPD 102 DENALI)


(double-stage salt pills : GGG 1K, FAA 50mK)

ADR hold time > 1 day

two-stage

pulse tube

(60K, 3K)

relatively 
compact 

size

1cmPhoto credit : J. Uhlig

TES 
chip

✓ Cooled down to 70 mK with ADR & pulse

(< 500 mK @ GGG)



TES array (NIST)
25

✓ 240 pixels 
✓ 23 mm2 eff. area

photo credit:
D.R. Schmidt✓ 1 pixel : 300 x 320 um2  (~ 0.1 mm2) 

✓ Mo-Cu bilayer TES

✓ 4-µm-thick Bi absorber (eff.~ 85% @ 6 keV)

small pixel size -> multi-pixel array



Time division SQUID multiplexing (TDM)
26

NSLS Users Meeting:  May 21, 2008 

The NIST TDM architecture 

Each 
colored 
block is 
1 pixel 

Randy Doriese (NIST),  NSLS Users Meeting: May 21, 2008 

only 8 read-out lines (8 columns)

to reduce the number of wires running to the low-temperature stages of the cryocooler

-> 240 pixel readout

multiplexing flame time : 7.2 [µs] (=240 ns x 30 ch) -> sampling rate=139 [kHz]

…

independent 30ch 
switching each 240ns 

(30 rows)

master clock 
125 MHz

…
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Example of pionic atom experiment
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π - beam

X-ray tube 
for energy 

calib.

TES 
arrays

@ PSI πM1 beamline

SDD

resolution 
~165 eV

resolution 
~ 7 eV
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S. Okada et al., PTEP 2016, 091D01 (2016)



3. Experiment



J-PARC
29

The 25th J-PARC PAC

Neutrino beam to Kamioka

Rapid Cycle Synchrotron 
3-GeV synchrotron

Linac

Main Ring 
30-GeV synchrotron


— 1.6 km ring —

(c.f. 27 km @ LHC)

Japan Proton Accelerator Research Complex

providing high intensity 
proton beam

Energy: 3GeV

Repetition 25Hz

Power: 500kW -> soon 1MW

MLF 
Material & Life Science Facility
Muon Science Facility



Muon beamline
30

• 3 GeV proton beam → higher π- yield

• avoiding window (@ solenoid magnet) 
→ higher μ- yield at lower energy region

μ-

π-

π- → μ- + νμ

Experimental area 

J-PARC MUSE D2 beamline



Experimental setup
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ADR

Acrylic flange

Be
window

Kapton
windows

Target
gas

connected
to beam pipe

ɤ��ILHT

calib. X-rays

ɤ5L
X-rays

TES

3D view

X-ray
generator X-ray

generator

SDDs

ADR ɤ��ILHT



4. Results



CrCu Co

Energy calibration
33

Continuous X-ray irradiation during experiment

W

Cr,Co

electron

X-ray tube

electron gun

pure metals 
as secondary target

high

energy

x-rays

secondary 
x-rays

✓controllable intensity

✓many x-ray lines

μNe



Energy resolution ~ 5 eV @ 6.9 keV
34



Energy vs. Timing (muon arrival time)
35



Muonic-atom X-ray spectrum
36



Effect of charged particle
37

荷電粒子による影響 

Si base 
Charged 
particle 

¾䝭䝳䜸䞁䝡䞊䝮の䝍䜲䝭䞁䜾で、散乱さ䜜た荷電粒子が検出器に
飛び込む可能性がある。 

X-ray 

Co Kα 

䝟䜲䝹䜰䝑䝥により、 
高䜶䝛䝹䜼䞊側に䝅䝣䝖 

䝟䜲䝹䜰䝑䝥 

Charged particles scattered at the timing 
of the muon beam may hit the detector.

pileup

shift to the high energy 
side by pileup



Muonic Ne atom 5→4 @ 0.1 atm
38

Preliminary 
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Next target?
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n=1 for μ atoms/ions

n=2
n=3
n=4. . . .

μNe 5→4

U

~ 6 keV

μAr 4→3 
 ~ 44 keV

82 keV

20 keV

Schwinger Limit :

1.32 x 1018 [V/m]

Atomic unit of 

electric field : 

5.14 x 1011 [V/m]
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TES under development
41

✓New cryostat, readout system 
✓Available in a few years (for μ-atoms) 
✓Multiple units can be installed 

TES = Transition Edge Sensor
18

using the sharp transition between normal and 
superconducting state to sense the temperature

normal 
conducting 
sate

super- 
conducting 

sate

0 Temperature

Re
si

st
an

ce

~ 100 mK

Width of transition edge
ΔE~ a few mK

--> developed by Stanford / NIST at the beginning

Dynamic range
Emax � CTC/�

 Trade-off between dynamic range and 
energy resolution : ΔE ~ √Emax

( Johnson noise and phonon noise are
the most fundamental )

Energy resolution (σ)

�E =

�
kBT 2C

�

Thermometer sensitivity

� � d lnR

d lnT
� 102�3

applications : astrophysics (space satellite) etc.
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5. Serendipity



during TES detector study
43

ADR

Acrylic flange

Be window

Kapton windows

connected
to beamline pipe

muon

 X-rays

ɤ-L
X-rays

TES

X-ray
generator

Air gap

Vacuum
chamber

Fe foil

Calib.

Just for a study of energy shifts at 
beam timing :


Observing characteristic X-rays from 
pure metal (Fe) excited by the 
charged particles of the beam

Fe 
Kα

・

・
・ ・

・

・

This is what we expected



Serendipity !
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ADR

Acrylic flange

Be window

Kapton windows

connected
to beamline pipe

muon

 X-rays

ɤ-L
X-rays

TES

X-ray
generator

Air gap

Vacuum
chamber

Fe foil

Calib.

Fe 
Kα

Surprisingly,

other than Fe Kα and Kβ,

an unexpected and very broad 
structure was discovered.

Structure is starting from Mn line?

hypersatellite 

?

? ?



Serendipity !
45

hypersatellite 

Thanks to the high-resolution detector,

this structure could be observed.

SDD

TES
(ΔE~5 eV)

(ΔE~150 eV)



Fe behaves like Mn with a charge of -1
46

Fe

e-

e-

μ-

μ-

Muonic Fe atom (μ- Fe)

muon orbital

electron orbital

✓Fe charge (+26) is shielded by μ- (-1)

✓From the standpoint of an electron, it looks 

like Manganese with atomic number +25.

✓The degree of shielding changes during the 

deexcitation of muon atoms

✓This precise spectroscopy of electron X-ray 

energy captured the whole picture of 
muon's atomic formation process.

X-ray

screening deexcitation

process

Periodic table



X-ray energy changes 
depending on:


1. Shielding effect by muons　
(-> principal quantum number 
of μFe)


2. Electron configuration　　　
（-> number of L-shell hole)

Results (PRL 127(2021) 053001)
47

3

time with respect to the pulsed muon beam injection were
simultaneously accumulated [40]. We estimated that the
negative muons were stopped at around 20 µm from the
surface of the foil, so that a large fraction of the ∼ 6 keV
x rays traversed the foil (see details in the Supplementary
Information (SI)).
The x-ray detector is based on a 240-pixel TES ar-

ray developed by the National Institute of Standards and
Technology (NIST) [42]. The TES system, cooled with
a pulse-tube-backed adiabatic demagnetization refriger-
ator (ADR), is identical to the system we employed for
the pionic atom experiment at the Paul Scherrer Insti-
tute and the kaonic atom experiment at J-PARC [43–45].
Each pixel contains a TES consisting of a bilayer of thin
Mo/Cu films whose superconducting critical temperature
is about 107mK, and a 4 µm-thick Bi absorber for con-
verting 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× 290 µm2 and the total active area of the array
is about 23mm2. Energy calibration of the TES detec-
tor 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 Kα 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 resolu-
tion was evaluated to be 5.2 eV (FWHM) in this energy
regime using Co Kα1 and Kα2 x rays. The energy,
width, and shape used to derive the resolution and energy
calibration are evaluated using the accurate parameters
provided in [47] for the Cr, Co, and Cu Kα/Kβ lines,
corrected for new fundamental constants and crystal pa-
rameters following [48]. A remarkable asymmetric broad
peak of electronic Kα x rays from µFe is observed, start-
ing from the energies of electronic Mn Kα1 and Kα2
x-ray lines at 5899 and 5888 eV, respectively, and ex-
tending across 200 eV (Fig. 2(b)). A similar structure for
electronic Kβ x rays from µFe is identified, which starts
from the energy of an electronic Mn Kβ 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 µBe at
6179 eV (Fig. 2(a)), which was determined to be the hy-
persatellite Khα x rays from µFe. This structure starts
from the energies of Mn Khα2 at 6143.4 eV [46].

These peaks disappeared from the spectrum for the
26.0MeV/c muon beam. This observation is convinc-
ing evidence that the electronic K x rays come from
µFe. They were completely attenuated because of the
self-absorption due to the increased muon penetration
depth.
The Mn Kα and Kβ x-ray lines originate after the

FIG. 2. (a) X-ray spectrum in the energy range from 5000
to 7400 eV measured by the TES detector. Broad electronic
Kα and Kβ x rays from µFe are observed. In addition, sharp
Mn Kα1 and Kβ1, 3 x rays are identified (dotted lines). The
Mn Kα2 x rays are discernible at the low-energy side of the
Mn Kα1 line. Muonic x rays from µBe (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 µBe is identified as the hypersatellite Khα
x rays. The energy of Mn Khα is also shown [46]. Cr and Co
Kα x rays are calibration x rays from the x-ray generator. Fe
Kα and Kβ x rays are due to direct injection of muons and
background particles into the Fe target. Expanded spectra for
(b) electronic Kα x rays and (c) electronic Kβ x rays from
µFe. (d) Calculated Kα and (e) Kβ x-ray energies under
different muon states (n) and electron configurations with L-
holes (Nhole

L ). See details in the main text. Regarding the
muonic #-level, only the case of # = n− 1 is shown for clarity.

muon is captured by the Fe nucleus. The resulting Mn
nucleus de-excites through the internal conversion pro-
cess, 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 µFe are filled
via refilling and side-feeding before the capture. Thus,
the Mn K x rays do not show broadening like the µFe
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time with respect to the pulsed muon beam injection were
simultaneously accumulated [40]. We estimated that the
negative muons were stopped at around 20 µm from the
surface of the foil, so that a large fraction of the ∼ 6 keV
x rays traversed the foil (see details in the Supplementary
Information (SI)).
The x-ray detector is based on a 240-pixel TES ar-

ray developed by the National Institute of Standards and
Technology (NIST) [42]. The TES system, cooled with
a pulse-tube-backed adiabatic demagnetization refriger-
ator (ADR), is identical to the system we employed for
the pionic atom experiment at the Paul Scherrer Insti-
tute and the kaonic atom experiment at J-PARC [43–45].
Each pixel contains a TES consisting of a bilayer of thin
Mo/Cu films whose superconducting critical temperature
is about 107mK, and a 4 µm-thick Bi absorber for con-
verting 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× 290 µm2 and the total active area of the array
is about 23mm2. Energy calibration of the TES detec-
tor 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 Kα 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 resolu-
tion was evaluated to be 5.2 eV (FWHM) in this energy
regime using Co Kα1 and Kα2 x rays. The energy,
width, and shape used to derive the resolution and energy
calibration are evaluated using the accurate parameters
provided in [47] for the Cr, Co, and Cu Kα/Kβ lines,
corrected for new fundamental constants and crystal pa-
rameters following [48]. A remarkable asymmetric broad
peak of electronic Kα x rays from µFe is observed, start-
ing from the energies of electronic Mn Kα1 and Kα2
x-ray lines at 5899 and 5888 eV, respectively, and ex-
tending across 200 eV (Fig. 2(b)). A similar structure for
electronic Kβ x rays from µFe is identified, which starts
from the energy of an electronic Mn Kβ 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 µBe at
6179 eV (Fig. 2(a)), which was determined to be the hy-
persatellite Khα x rays from µFe. This structure starts
from the energies of Mn Khα2 at 6143.4 eV [46].

These peaks disappeared from the spectrum for the
26.0MeV/c muon beam. This observation is convinc-
ing evidence that the electronic K x rays come from
µFe. They were completely attenuated because of the
self-absorption due to the increased muon penetration
depth.
The Mn Kα and Kβ x-ray lines originate after the

FIG. 2. (a) X-ray spectrum in the energy range from 5000
to 7400 eV measured by the TES detector. Broad electronic
Kα and Kβ x rays from µFe are observed. In addition, sharp
Mn Kα1 and Kβ1, 3 x rays are identified (dotted lines). The
Mn Kα2 x rays are discernible at the low-energy side of the
Mn Kα1 line. Muonic x rays from µBe (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 µBe is identified as the hypersatellite Khα
x rays. The energy of Mn Khα is also shown [46]. Cr and Co
Kα x rays are calibration x rays from the x-ray generator. Fe
Kα and Kβ x rays are due to direct injection of muons and
background particles into the Fe target. Expanded spectra for
(b) electronic Kα x rays and (c) electronic Kβ x rays from
µFe. (d) Calculated Kα and (e) Kβ x-ray energies under
different muon states (n) and electron configurations with L-
holes (Nhole

L ). See details in the main text. Regarding the
muonic #-level, only the case of # = n− 1 is shown for clarity.
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by Mn K x-ray emission, as shown by Schneuwly and
Vogel for high-Z muonic atoms [37]. Because the nuclear
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L ). See details in the main text. Regarding the
muonic #-level, only the case of # = n− 1 is shown for clarity.

muon is captured by the Fe nucleus. The resulting Mn
nucleus de-excites through the internal conversion pro-
cess, 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 µFe are filled
via refilling and side-feeding before the capture. Thus,
the Mn K x rays do not show broadening like the µFe
electronic x rays.
As already explained, the energies of the electronic K

x rays emitted from µFe during the cascade process are
affected both by the muon screening and by the electron
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configuration at the moment of x-ray emission, which
depend on the evolution of the de-excitation dynamics.
To evaluate these contributions, we calculated the en-
ergy structure of the electronic K x rays employing the
strategy already developed for highly charged hollow ions
in the bulk of metallic materials [49]. We calculated the
total energies of µFe in vacuum with non-relativistic den-
sity functional theory and an optimized effective poten-
tial considering the self-interaction corrections [50]. We
considered the muon to be moving in an effective poten-
tial generated by the nucleus and the surrounding elec-
trons, and the electrons moving in an effective potential
of the nucleus and the muon, self-consistently. The num-
ber 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 ef-
fect by the surrounding metal is less important for the
present µFe 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 in-
teraction.

Note that in order to compare with the measured spec-
tra, we shifted the calculated energies by a constant value
so that they match the reported ones [47]. This shift is
mainly due to relativistic effects. To confirm the validity
of our approach we also compared some of the shifted val-
ues with the energies from stringent calculations includ-
ing first and second order QED corrections, the full Breit
interaction, all-order retardation and the finite nuclear
size using the MCDFGME code which can account for all
these effects for exotic atoms with an arbitrary number of
remaining electrons [51–53]. Correlation, Auger shift and
core-core correlation contributions for inner shell holes
[54] are not included, but as can be seen in [54] 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 µFe K x-ray spectra. Thus, for the present discus-
sion, we treated the difference as a constant shift (see the
detail in the SI).

The calculated µFe Kα and Kβ x-ray energies are
shown in Figs. 2(d) and (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. How-
ever the observed width of about 200 eV is not explained
exclusively by this shift. The shift due to different elec-
tron configurations, which depends particularly on the
number of electron holes in the L-shell (Nhole

L ), is also
significant. We found a systematic shift to higher energy
for large Nhole

L . It is also apparent that the n depen-

FIG. 3. Comparison of the simulated and corresponding mea-
sured K x-ray spectra. The simulated spectra are after con-
volution by the energy response function of the TES detec-
tor. (a) Simulated Kα x-ray spectrum with three side-feeding
rates (ΓM=0.0 fs−1, 0.35 fs−1 and 1.52 fs−1). (b) Simulated
hypersatellite Khα x-ray spectrum under the same parame-
ters as (a) with ΓM = 0.35 fs−1. (c) Simulated Kβ x-ray spec-
trum under the same parameters as (a) with ΓM = 0.35 fs−1.

dence of the energy shift is similar for different Nhole
L .

We notice that the energy shift of Kβ x rays for the L-
holes is larger than that of Kα x rays [37]. Nevertheless,
it is clear that we cannot directly distinguish these two
effects simply from the corresponding energies. The ob-
served broadening can be explained by the convolution
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 [55], 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 [56], or an M -shell
electron. In addition, the electron side-feeding from the
surrounding also has to be taken into account.

The observed Kα spectrum was fitted with the one
calculated by the cascade simulation, where the M -shell
per-hole side-feeding rate ΓM was treated as a fitting pa-
rameter. For normalization, intensities of both the Kα
x rays from µFe and the Mn Kα 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
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๏ Muonic atom is an ideal probe to explore QED under 
extremely strong electric fields 

๏ Introduced TES microcalorimeters 

๏ Successfully conducted muonic Ne X-ray measurement 
with 0.1 atm gas target under an intense pulsed muon beam 

๏Towards further measurements of higher atomic number Z 
(having a larger contribution of QED effect), a new TES 
spectrometer having the energy range of < 50 keV and < 130 
keV is developing. 

๏ [Serendipity] fortunately observed dynamics of the muon 
atom formation process for the first time


