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FIG. 1. A measured spectrum of roughly 0.4 g of Pu ( 85% 239Pu and 14%
240Pu) comparing results with an array of microcalorimeters (blue) and a
high-purity germanium detector (red). The inset shows the same spectrum
over the energy range 40 keV to 220 keV.

system count rates of at least a kilohertz are required. For faint
sources, large collecting areas are also important.

Much of the literature about microcalorimeters for
gamma-ray spectroscopy has focused on the detectors them-
selves or analysis of spectra as opposed to the design and op-
eration of an entire instrument. This paper will address the
NIST-LANL gamma-ray spectrometer at an instrument level
including details of the experimental setup, fabrication of the
detectors, readout, operation of the instrument, and data pro-
cessing. We will also describe the characterization and perfor-
mance of the instrument.

II. TES MICROCALORIMETER THEORY

Transition-edge sensors have been used to detect pho-
tons and particles over a wide energy range that spans sub-
millimeter photons and MeV alpha particles. Although TES
microcalorimeters can be used over the whole range of
x-ray and gamma-ray energies, the best performance is ob-
tained when the device parameters are optimized for the indi-
vidual application. In this section, we describe the optimiza-
tion of our TES microcalorimeter spectrometer. We briefly
discuss the important considerations in instrument design, in-
cluding tradeoffs in energy resolution, dynamic range, speed,
and efficiency.

Figure 2(a) shows a schematic representation of the cou-
pled electrical and thermal circuits of a TES microcalorimeter
with a thermally linked bulk absorber. The TES is separated
from the thermal bath by a weak thermal conductance (G1).
When current is flowing through the resistance (R0) of the
TES, its heat capacity (C1) is heated to a temperature (T1)
above the bath temperature (Tb) by the electrical bias. The
sensor is voltage biased by placing its resistance (R0) in par-
allel with the smaller shunt resistance (Rsh). The equilibrium
current in the TES (I0) can then be chosen so that the equi-
librium temperature (T0) is in the superconducting transition
yielding a value of R0 that is in-between the normal resistance

hh11

C1

C2

G2

G1

Si Substrate

T2

T1

Tb

∆E

Absorber

TES

Ib

Rsh R0

L

SQUID
Readout

(a) (b)

R 0/R
n

Temperature (mK)

FIG. 2. (a) Schematic representation of the coupled electrical and thermal
circuits of a two-body TES. The thermal conductances are shown as resistors.
(b) A typical superconducting transition for a Mo-Cu TES at zero dc current
with a small ac current used to perform the measurement.

(Rn) and zero resistance, see Fig. 2(b). In the small-signal
limit, the transition is parameterized by use of the logarith-
mic temperature sensitivity at constant current
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and the logarithmic current sensitivity at constant temperature
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so that the TES resistance as a function of changes in tem-
perature and current is Taylor expanded with only first order
terms retained

RT ES(δT , δI ) ≈ R0 + αI

R0

T0
δT + βI

R0

I0
δI. (3)

For simplicity, we start by assuming the thermal conduc-
tance between the absorber and TES (G2) is large, so that heat
capacity of the absorber (C2) and C1 act as a single heat ca-
pacity given by C = C1 + C2. When a photon strikes C, the
temperature of the TES and the absorber rises momentarily,
but then returns to equilibrium as the additional energy flows
through G1 into the bath. If we decouple the electrical and
thermal portions of the circuit, an instantaneous increase in
resistance would cause an exponential drop in current with a
time constant τ el = L/(Rsh + R0). The inductance (L) has the
effect of slowing down the current change. Then the temper-
ature of the TES returns to equilibrium exponentially with a
time constant τ = C/G1. The current through the TES is the
sum of the exponential decrease in current limited by τ el (rise
time of pulse) and an exponential return to equilibrium (fall
time of pulse) given by τ .

When the electrical and thermal circuits of the TES are
coupled, the decay time back to thermal equilibrium is re-
duced by negative electro-thermal feedback (ETF).3 When the
temperature of the film is increased by a photon or thermal
fluctuations, the resistance goes up, then the current drops,
causing the Joule heating to go down, driving the tempera-
ture back to the equilibrium value. As with most feedback
mechanisms, the ETF can cause the TES to become unsta-
ble when the feedback overcompensates. Care must be taken
in choosing the TES parameters to ensure stable detectors.
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Excellent energy resolution as an energy dispersive detector 
Variety of applications dependent on the detector parameters



✓ 240 pixels 
✓ 23 mm2 eff. area

✓ 1 pixel : 300 x 320 um2  (~ 0.1 mm2) 
✓ Mo-Cu bilayer TES

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

Φ ~1 cm
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HEATES project
High-resolution Exotic Atom x-ray spectroscopy with TES
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being a heat measuring device



Muonic atom vs. Kaonic atom
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Precision X-ray spectroscpy provides various physics cases
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NIST-TES system
HPD107K2 system on a 4t trackHPD102 + TDM system

“Portability” is essential for our use case. ~1 week setup time.
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Highlighted results

1. Kaonic Helium 3d→2p: Strong ineraction 
2. Muonic Neon 5g→4f: QED at Strong E-field 
3. Muonic Fe/Ar: Cascade 
4. Preliminary results with high-E TES system
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We have measured the 3d → 2p transition x rays of kaonic 3He and 4He atoms using superconducting
transition-edge-sensor microcalorimeters with an energy resolution better than 6 eV (FWHM). We
determined the energies to be 6224.5! 0.4ðstatÞ ! 0.2ðsystÞ eV and 6463.7! 0.3ðstatÞ ! 0.1ðsystÞ eV,
and widths to be 2.5! 1.0ðstatÞ ! 0.4ðsystÞ eV and 1.0! 0.6ðstatÞ ! 0.3ðstatÞ eV, for kaonic 3He and
4He, respectively. These values are nearly 10 times more precise than in previous measurements. Our results
exclude the large strong-interaction shifts and widths that are suggested by a coupled-channel approach and
agree with calculations based on optical-potential models.

DOI: 10.1103/PhysRevLett.128.112503

The interaction and properties of mesons in nuclear
matter are fundamental to hadron physics. Antikaons (K̄)
have been of great interest because their interaction with a
nucleon (N) is known to be strongly attractive. The possible
existence of kaonic nuclear bound states [1] and the role of
K̄ particles in high-density nuclear matter, such as neutron
stars [2], have been widely discussed for decades.

Experimental study of these phenomena requires the K̄N
interaction with low kinetic energy.
Two main experimental techniques have been used to

study the K̄N interaction at low energies: K̄N free particle
scattering and x-ray spectroscopy of kaonic atoms. For
short-lived particles like kaons, x-ray spectroscopy pro-
vides a crucial anchor point near zero kinetic energy, while

PHYSICAL REVIEW LETTERS 128, 112503 (2022)
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Kaonic atom X-rays
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3d

2p Strong 
interaction

Nuclear absorption

Width : Γ2p

Shift : ΔE2p

(Coulomb only)

X-ray

kaonic helium case

degrader 
(C/Cu)

Target 
gas H2/D2

Alternative to a low-E scattering experiment

K- @ 0.7~0.9 GeV/c

SDDs 
Moderate resolution 
Large solid angle 
K-p,/K-d 1s 

(SIDDHARTA/E57)

Microcalorimeter 
Excellent resolution 
Limited effective area 
K-He 2p (E62)

High sensitivity Ultra high resolution



DA NE vs. J-PARCΦ

~127 MeV/c  
Δp/p = 0.1%

ϕ
K+ K-

gas target
thin Mylar 
~500 μm

ϵstop K− ∼ 𝒪(10−1)D
A
Φ
N
E

J-
PA

RC

+ EM machine background

K- @ 0.9 GeV/c  
Δp/p ~ 3% 

liq. Hecopper 
~25 cm

beam 
tracker

dE 
counter

∼ 105 K− /spill
ϵstop K− ∼ 𝒪(10−4)

+ >10x pions

J-PARC provides higher intensity K- ̶ advantage with liquid target.
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E62 setup
@J-PARC K1.8BR
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D-D ( 1 : 5 )
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Long-term operation of cryogenic systems

Stable operation for one month (28 He refills &  27 mag cycles)
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beam time

performed Liq. He refilling & magnet recycle once a day



In-beam energy deterioration

Rate dependence (x-ray tube + beam)
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K-He setup
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Performance in the K- atom experiment
Resolution geometrical map

Resolution at CoKα 

no box : doesn’t work at all (12 pixel)

CoKα1

CoKα2

Response function

~5.8 eV FWHM

Detector response is well described 
by a gaussian and a low-energy exponential tail

After all the analysis optimization (mainly reduction of charge-particle effects)



Charged particle identification

• No difference in the primary pulses between X-rays and charged particles  
• If we look at neighboring pixels, we can reject half of the charged particles

primary 
(chan 129)

neighbor2 
(chan 155)

neighbor1 
(chan 171)

neighbor4 
(chan 161)

neighbor3 
(chan 139)



Timing & stop K- selection 

• Beamline data was offline synchronized based on timestamp 
• Time resolution ~ 500 ns FWHM is comparable to SDDs

~500 ns FWHM

5 ms
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Fig. 3. (a): The Gaussian width σ in the Voigt function at the Ti Kα (4.5 keV), Cu
Kα (8.0 keV), and Au Lα (9.6 keV) lines are plotted, where the data of all the target
materials were used. The fit curve using the function (1) is shown as a solid line,
and the root-mean-square error of the fit as dotted lines. (b): The deviations from
the fit line plotted for each target material separately: open circle (deuterium), filled
circle (3He), and cross (4He). The curves show the uncertainty of the determination
of the σ values in (a).

The energy dependency of the energy resolution of the SDDs
was evaluated from the peak widths. Fig. 3(a) shows the fit values
of the Gaussian width σ in the Voigt function against the X-ray
energy E , where the data of all the target materials were used.
The peak positions of the Ti Kα (4.5 keV), Cu Kα (8.0 keV), and
Au Lα (9.6 keV) lines are plotted. The value of σ (E) at the X-ray
energy E can be expressed as:

σ (E) =
√

a + bE, (1)

using free parameters a and b. In Fig. 3(a), the fit curve using the
function (1) is shown as a solid line and, as well, the root-mean-
square error of the fit as dotted lines.

The deviations from the fit line are plotted for each target ma-
terial separately in Fig. 3(b): open circle (deuterium), filled circle
(3He), and cross (4He). The curves show the error of the determi-
nation of the σ values. Since all the positions are located within
the error curves, the error is taken as the accuracy of the de-
termination of the detector resolution for the fit of the kaonic
helium X-rays. The energy resolutions (σ ) at the X-ray energy of
the kaonic helium 3d → 2p transitions were determined to be:
σ = (65.4 ± 2.3) eV for kaonic 3He, and σ = (66.4 ± 2.3) eV for
kaonic 4He.

In addition to the X-ray energy data, the time difference be-
tween the kaon coincidence and X-rays was measured, as well as
the kaon time-of-flight of the kaon detector. The X-ray events were
selected using this timing information, to obtain a good signal-
to-background ratio in the energy spectra of kaonic atom X-rays
without reducing their statistics [7,10].

Fig. 4. X-ray energy spectra of (a) kaonic 3He, (b) kaonic 4He, and (c) kaonic deu-
terium. The thin lines show the peak fit functions after the background subtraction.
The positions of the kaonic 3He and 4He 3d → 2p transitions are shown. In Fig. 4(c),
(1): kaonic carbon 6 → 5 transition, (2): kaonic carbon 8 → 6 transition, (3): kaonic
oxygen 7 → 6 transition, and (4): kaonic nitrogen 6 → 5 transition.

Table 1
Calculated energy of kaonic atom X-rays.

Target Transition Energy (eV)

C 8 → 6 5510
C 6 → 5 5545
O 7 → 6 6007
3He 3 → 2 6225
4He 3 → 2 6463
Al 9 → 8 7151
N 6 → 5 7595

The energy spectra of the kaonic 3He and 4He X-rays are shown
in Figs. 4(a) and 4(b), where the thin lines show the peak fit func-
tions after the background subtraction. The peaks at 6.2 keV and
6.4 keV are the kaonic 3He and 4He 3d → 2p transitions, respec-
tively. Fig. 4(c) shows the X-ray energy spectrum using the deu-
terium target, where the signals from the kaonic deuterium X-rays
are not visible. The upper limit of the observation of kaonic deu-
terium will be reported elsewhere [15].

In addition to kaonic helium, several small peaks were observed
in all the spectra, which originated from kaonic atom X-rays pro-
duced in the target window material made of Kapton Polyimide
(C22H10N2O5), since some kaons are stopped there. The X-ray
peaks at 5.5, 6.0, and 7.6 keV are the kaonic carbon (K −C) 6 → 5,
oxygen (K −O) 7 → 6, and nitrogen (K −N) 6 → 5 transitions, re-
spectively.

In these transitions, the shift and broadening due to the strong-
interaction are negligibly small [16]. Thus, their peak positions can
be calculated using the QED effect only, as shown in Table 1. The
energy shift caused by the vacuum polarization effect was ob-
tained using the formula given in [17], where the first order of the
Uehling potential was taken into account. For the #n = 2 transition
(K −C 8 → 6), the formula given in [18] was used. The contribution
from higher order corrections is estimated to be within 0.2 eV.
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Fig. 3. (a): The Gaussian width σ in the Voigt function at the Ti Kα (4.5 keV), Cu
Kα (8.0 keV), and Au Lα (9.6 keV) lines are plotted, where the data of all the target
materials were used. The fit curve using the function (1) is shown as a solid line,
and the root-mean-square error of the fit as dotted lines. (b): The deviations from
the fit line plotted for each target material separately: open circle (deuterium), filled
circle (3He), and cross (4He). The curves show the uncertainty of the determination
of the σ values in (a).

The energy dependency of the energy resolution of the SDDs
was evaluated from the peak widths. Fig. 3(a) shows the fit values
of the Gaussian width σ in the Voigt function against the X-ray
energy E , where the data of all the target materials were used.
The peak positions of the Ti Kα (4.5 keV), Cu Kα (8.0 keV), and
Au Lα (9.6 keV) lines are plotted. The value of σ (E) at the X-ray
energy E can be expressed as:

σ (E) =
√

a + bE, (1)

using free parameters a and b. In Fig. 3(a), the fit curve using the
function (1) is shown as a solid line and, as well, the root-mean-
square error of the fit as dotted lines.

The deviations from the fit line are plotted for each target ma-
terial separately in Fig. 3(b): open circle (deuterium), filled circle
(3He), and cross (4He). The curves show the error of the determi-
nation of the σ values. Since all the positions are located within
the error curves, the error is taken as the accuracy of the de-
termination of the detector resolution for the fit of the kaonic
helium X-rays. The energy resolutions (σ ) at the X-ray energy of
the kaonic helium 3d → 2p transitions were determined to be:
σ = (65.4 ± 2.3) eV for kaonic 3He, and σ = (66.4 ± 2.3) eV for
kaonic 4He.

In addition to the X-ray energy data, the time difference be-
tween the kaon coincidence and X-rays was measured, as well as
the kaon time-of-flight of the kaon detector. The X-ray events were
selected using this timing information, to obtain a good signal-
to-background ratio in the energy spectra of kaonic atom X-rays
without reducing their statistics [7,10].

Fig. 4. X-ray energy spectra of (a) kaonic 3He, (b) kaonic 4He, and (c) kaonic deu-
terium. The thin lines show the peak fit functions after the background subtraction.
The positions of the kaonic 3He and 4He 3d → 2p transitions are shown. In Fig. 4(c),
(1): kaonic carbon 6 → 5 transition, (2): kaonic carbon 8 → 6 transition, (3): kaonic
oxygen 7 → 6 transition, and (4): kaonic nitrogen 6 → 5 transition.

Table 1
Calculated energy of kaonic atom X-rays.

Target Transition Energy (eV)

C 8 → 6 5510
C 6 → 5 5545
O 7 → 6 6007
3He 3 → 2 6225
4He 3 → 2 6463
Al 9 → 8 7151
N 6 → 5 7595

The energy spectra of the kaonic 3He and 4He X-rays are shown
in Figs. 4(a) and 4(b), where the thin lines show the peak fit func-
tions after the background subtraction. The peaks at 6.2 keV and
6.4 keV are the kaonic 3He and 4He 3d → 2p transitions, respec-
tively. Fig. 4(c) shows the X-ray energy spectrum using the deu-
terium target, where the signals from the kaonic deuterium X-rays
are not visible. The upper limit of the observation of kaonic deu-
terium will be reported elsewhere [15].

In addition to kaonic helium, several small peaks were observed
in all the spectra, which originated from kaonic atom X-rays pro-
duced in the target window material made of Kapton Polyimide
(C22H10N2O5), since some kaons are stopped there. The X-ray
peaks at 5.5, 6.0, and 7.6 keV are the kaonic carbon (K −C) 6 → 5,
oxygen (K −O) 7 → 6, and nitrogen (K −N) 6 → 5 transitions, re-
spectively.

In these transitions, the shift and broadening due to the strong-
interaction are negligibly small [16]. Thus, their peak positions can
be calculated using the QED effect only, as shown in Table 1. The
energy shift caused by the vacuum polarization effect was ob-
tained using the formula given in [17], where the first order of the
Uehling potential was taken into account. For the #n = 2 transition
(K −C 8 → 6), the formula given in [18] was used. The contribution
from higher order corrections is estimated to be within 0.2 eV.

K-3He

K-4He
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Theoretical study on the E62 results

• Simple potential parameters constrained with the 4 observables 
well reproduce the global features of the kaonic-atom data
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article. These potential parameters are further investigated by heavier kaonic atoms in Sect.

4.2.
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Fig. 5 The overlaid plot of the figures Fig. 3 (c) and Fig. 4 (c) is shown. The solid

triangles show the two sets of potential parameters IS-A (V0,W0) = (−90,−120) MeV and

IS-B (V0,W0) = (−280,−70) MeV that are consistent with both K−−3He and K−−4He

atomic data in Ref. [10].

Table 4 The strengths of the isoscalar (IS) kaon-nucleus optical potential IS-A and IS-

B, that reproduce all data in Ref. [10] compiled in Table 1 within the errors for both 3He

and 4He, are summarized for the phenomenological potential form defined in Eq. (4). The

potential depths at normal nuclear density (V0 and W0 parameters) and those at the center

of the 3He and 4He nuclei are shown for the potentials. These potentials are corresponding

to the solid triangles in Figs. 5, 10, 11, 12.
3He and 4He IS-A IS-B

[MeV] Real Imag Real Imag

U at ρ = ρ0 −90 −120 −280 −70
(V0 and W0)

U(r = 0)

3He −119 −159 −370 −93

4He −182 −243 −566 −142

We, then, consider the potential with the isospin dependence for the K−−He systems.

Actually, the potential strengths V0 and W0 for the kaonic 3He and 4He atoms listed in

Table 2 and 3 may suggest the different contributions from K−p and K−n interaction. The

isospin dependence of the K̄N interaction is also anticipated theoretically [32]. Though the

accuracy of the data seems not enough to determine the isospin dependence, we consider,
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kaonic atom states. The KG equation is written as,

[−∇2 + µ2 + 2µU(r)]φ(r) = [ω − Vem(r)]
2φ(r) , (1)

where µ is the kaon-nucleus reduced mass, ω the complex eigen energy, and φ(r) the kaon

wave function. We write the complex energy with two real parameters as ω = E + µ− i
Γ

2
,

where E is the binding energy and Γ is the width of the bound state. As the electromagnetic

potential Vem(r), we consider the Coulomb potential between kaon and nucleus including

the effects of the vacuum polarization. The finite size charge distribution of the nucleus is

also taken into account and Vem(r) is expressed as [29],

Vem(r) = −α

∫

ρch(r′)Q(|r − r′|)

|r − r′|
dr′ , (2)

where α is the fine structure constant and ρch(r) the charge distribution of the nucleus. The

function Q is defined as,

Q(r) = 1 +
2α

3π

∫

∞

1

du e−2mru

(

1 +
1

2u2

)

(u2 − 1)1/2

u2
, (3)

where m indicates the electron mass. The second term on the right-hand side indicates

the short range vacuum polarization effects. We confirm that the electromagnetic potential

adopted here is accurate enough to study the energy shifts due to the strong interaction

reported in Ref. [10] by comparing the calculated results with those in Ref. [30].

We consider a phenomenological optical potential U(r), which is assumed to be propor-

tional to the nuclear density distribution, defined as,

U(r) = (V0 + iW0)
ρ(r)

ρ0
, (4)

where ρ0 is the normal nuclear density ρ0 = 0.17 fm−3. The parameters V0 and W0 show the

potential strength at the normal nuclear density, and are used as the parameters to study

the kaon-nucleus bound systems in this article. The nuclear density distribution ρ(r) used in

the optical potential is the distribution of the center of the nucleon. The systematic analyses

of the kaonic atoms using the similar potential have been reported in Ref. [18].

We use realistic nuclear density distributions for U(r) and realistic charge distributions

for Vem(r), which are obtained by a precise few-body calculation [31] for 3He and 4He. The

nuclear density distributions ρ(r) are shown in Fig. 1. As can be seen in the figure, the

central densities of these nuclei are higher than the normal nuclear density ρ0, especially for
4He. They are ρ(0) ≈ 1.32ρ0 for 3He and ρ(0) ≈ 2.02ρ0 for 4He. To use the realistic densities

is important for the theoretical analyses here since the calculated results of the binding

energies and the widths of the kaonic 2p atoms in He can be improved by a few eV from

those obtained with the single Gaussian densities.

The potential picture for the kaonic atoms explained above is considered to be standard

for the studies of the atomic states, however this picture would be modified for the systems

having so-called mesonic nuclear states where the degrees of freedom of each nucleon are

expected to be more important and the few-body calculations of the whole systems would

be required.

3/20
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To test bound-state quantum electrodynamics (BSQED) in the strong-field regime, we have performed
high precision x-ray spectroscopy of the 5g–4f and 5f– 4d transitions (BSQED contribution of 2.4 and
5.2 eV, respectively) of muonic neon atoms in the low-pressure gas phase without bound electrons. Muonic
atoms have been recently proposed as an alternative to few-electron high-Z ions for BSQED tests by
focusing on circular Rydberg states where nuclear contributions are negligibly small. We determined the
5g9=2– 4f7=2 transition energy to be 6297.08! 0.04ðstatÞ ! 0.13ðsystÞ eV using superconducting tran-
sition-edge sensor microcalorimeters (5.2–5.5 eV FWHM resolution), which agrees well with the most
advanced BSQED theoretical prediction of 6297.26 eV.

DOI: 10.1103/PhysRevLett.130.173001

Quantum electrodynamics (QED) is one of the most
precisely examined theories in physics. In hydrogen, the
QED correction to the 1s–2s transition energy is
8 172 770.4(2.1) kHz corresponding to 3.3 ppm of the total
energy [1], which was measured with ∼10 Hz accuracy
[2,3]. The calculated value is in excellent agreement with
experiment, the difference being 0.1(2.1) kHz. The QED
contribution to the transition energy increases in general with
Z2 (Z, nuclear charge). However, it is known that the
theoretical approach using a perturbative expansion with
αZ (α ≈ 1=137, fine-structure constant) does not converge at
high Z. Thus, a comparison between experimental and
theoretical bound-state QED (BSQED) under strong fields
is of utmost necessity. It has been explored intensively with
highly charged ions (HCIs); see Ref. [4] for a recent review.

The most precise measurement of the ground-state Lamb
shift in high-Z systems is so far limited to an accuracy of 1%
[5]. Moreover, HCI studies face a severe difficulty, i.e., the
non-negligible contribution of the finite nuclear size (FNS),
and its uncertainties often overwhelm the second-order
BSQED contribution [4,6]. Thus, tests of BSQED in the
strong-field regime are still in their infancy.
Muonic atoms, where a negative muon is captured onto

the atomic orbitals, replacing an electron, provide a unique
window into strong electric field atomic physics because
muons are 207 times closer to the nucleus than electrons
and thus probe high Coulomb fields. When a muon is
captured by an atom, it experiences a cascading deexcita-
tion process by Auger electron emission, which results
in the peeling off of the bound electrons of the atom.

PHYSICAL REVIEW LETTERS 130, 173001 (2023)
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Experimental setup

A schematic view of the experimental setup is shown in Fig. S1. An x-ray generator equipped with an electron gun
is attached to the main gas chamber. A low-momentum negative muon beam, passing through two Kapton windows
and an air gap, was injected to the target gas chamber filled with Ne gas. X rays emitted from µNe were detected
by the transition-edge-sensor (TES) superconducting x-ray calorimeters located at right angles to the muon-beam
direction and 75 mm away from the center of the chamber through a 300 µm Be window and three layers of 5 µm Al
filters. The gas pressure was monitored by a capacitance manometer placed at the gas chamber.
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FIG. S1. Schematic view of the experimental setup.
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FIG. 3. Comparison of the obtained µ20Ne 5g9/2-4f7/2 tran-
sition energies at pressures of 0.1, 0.4, and 0.9 atm with the
theoretical value (red solid line).

is about six times smaller (see the SM). If µNe with one
K-shell electron at nµ = 7 exists, the satellite struc-
ture would appear at the low-energy side of the main
peak. We fitted the observed 7-5 spectrum considering
the satellite contribution with a new fitting parameter
f1e, a fraction of µNe with one K electron. The low
number of counts in the peak prevents a determination
of the relative intensity between the 7g-5f and 7h-5g
peaks, R7g-5f , by fitting. We employed instead the val-
ues, 0.20 ≤ R7g-5f ≤ 0.37, obtained from a muon cascade
simulation by the Akylas-Vogel code [43]. Details of the
simulation are discussed in the SM. The fitting result
for the K-electron contribution is f1e = 0.00+0.08

−0.00 for all
R7g-5f values considered here, which means that the µNe
atoms can be considered to be fully ionized. This result
is also consistent from the viewpoint of the timescale of
the relevant processes; the muon cascade proceeds within
10−10 s at largest [20], while the time between charge
transfer collisions of µNe with the surrounding Ne is in
the range of 10−9 s [44].

In summary, we experimentally determined the 5g9/2-
4f7/2 transition energy of µ20Ne to be 6297.08 ± 0.04
(stat.) ± 0.13 (syst.) eV by averaging the data at pres-
sures of 0.1, 0.4, and 0.9 atm. The statistical error is
evaluated by the weighted average. This value agrees
well with the most advanced BSQED theoretical predic-
tion of 6297.26 eV. We also experimentally confirmed full
ionization of µNe from the 7-5 transition peak, which was
possible thanks to the broadband feature of the TES de-
tector. We obtained, for the first time, the QED vacuum
polarization contribution to this transition with an ac-
curacy of 5.8%, for the fully ionized exotic hydrogenlike
two-body system under such low-pressure conditions free
from both the effect of the FNS (∼ 0.01% relative to the
VP contribution) and the K-shell electron shift, while
previous reports on BSQED tests by muonic atoms in
solids have not satisfied these conditions [45–48]. Thus,
the present measurement is regarded to be a significant
milestone for strong-field BSQED tests. Presently, we
are preparing the measurements of larger QED contribu-
tion (∼100 eV) from the 4-3 transitions (44 keV) of µAr

by introducing newly-developed TES microcalorimeters
covering the energy region up to 50 keV [49] which is not
practically accessible with a crystal spectrometer.
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F. Rösch (Springer, Boston, 2011), pp. 1485–1513, 2nd
ed.

[8] R. Pohl, A. Antognini, F. Nez, F. D. Amaro, F. Biraben,
J. M. R. Cardoso, D. S. Covita, A. Dax, S. Dhawan,
L. M. P. Fernandes, et al., Nature 466, 213 (2010).

[9] A. Antognini, F. Nez, K. Schuhmann, F. D. Amaro,
F. Biraben, J. M. R. Cardoso, D. S. Covita, A. Dax,
S. Dhawan, M. Diepold, et al., Science 339, 417 (2013).

[10] R. Pohl, F. Nez, L. M. P. Fernandes, F. D. Amaro,

5

FIG. 3. Comparison of the obtained µ20Ne 5g9/2-4f7/2 tran-
sition energies at pressures of 0.1, 0.4, and 0.9 atm with the
theoretical value (red solid line).

is about six times smaller (see the SM). If µNe with one
K-shell electron at nµ = 7 exists, the satellite struc-
ture would appear at the low-energy side of the main
peak. We fitted the observed 7-5 spectrum considering
the satellite contribution with a new fitting parameter
f1e, a fraction of µNe with one K electron. The low
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[7] D. Horváth, in Handbook of Nuclear Chemistry, edited
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F. Rösch (Springer, Boston, 2011), pp. 1485–1513, 2nd
ed.

[8] R. Pohl, A. Antognini, F. Nez, F. D. Amaro, F. Biraben,
J. M. R. Cardoso, D. S. Covita, A. Dax, S. Dhawan,
L. M. P. Fernandes, et al., Nature 466, 213 (2010).

[9] A. Antognini, F. Nez, K. Schuhmann, F. D. Amaro,
F. Biraben, J. M. R. Cardoso, D. S. Covita, A. Dax,
S. Dhawan, M. Diepold, et al., Science 339, 417 (2013).

[10] R. Pohl, F. Nez, L. M. P. Fernandes, F. D. Amaro,

Validated the BSQED calculation at ~6% level

Phys. Rev. Lett. 130, 173001 (2023)
3

The muons were delivered in a double-pulse structure,
with ∼104 muons per double pulse. Each pulse had a
width of 100 ns with the interval of 600 ns, and the double
pulses had a repetition rate of 25 Hz. The muon momen-
tum values were optimized to 20.5, 20.5, and 21.5 MeV/c
at neon pressures of 0.1, 0.4, and 0.9 atm, respectively, to
maximize the number of the stopped muons within the
field of view of the TES detector. Typical count rates
of muonic x rays on the whole detector array were 1-3
counts per second.

The x-ray detector used for measurements was a TES
array developed by the National Institute of Standards
and Technology (NIST), composed of 240 small individ-
ual TES microcalorimeters (hereafter we call them pixels)
whose signals are read by the Time-Division Multiplexing
technique (TDM) [29, 30]. The output waveform of each
triggered event was recorded together with the detection
time with respect to the pulsed muon beam injection.
The pulse height of each x-ray event was estimated by
applying an optimal filter [31].

For accurate online energy calibration, several K x-
ray peaks from metal samples located close in energy
to the targeted muonic x-ray peak were simultaneously
monitored. An x-ray generator was employed, where
bremsstrahlung x rays emitted from a tungsten target by
electron bombardment were used to irradiate secondary
targets. The resulting characteristic K x rays were then
used as calibration peaks. We used high-purity foils of
Cr, Co, and Cu metals as the secondary target of the x-
ray generator. Energy calibration of each TES pixel was
carried out by following the procedure of Refs. [32, 33].
The anchor point of each calibration K x-ray peak was
determined by fitting the pulse-height spectrum to the
precisely measured energy profile reported in Ref. [34].

A critical aspect of the data analysis is the treatment
of the energy shift originating from the pulsed-mode op-
eration of the muon beam. This shift can be understood
by thermal crosstalk resulting from high-energy charged
particles accompanying the muon beam injection [28].
When charged particles, produced by muon decay or nu-
clear capture, or scattered by the Ne gas, hit the TES
pixel array, a large fraction of the deposited energy is con-
verted into heat in the Si frame of the TES pixel, causing
a change in the raw TES waveform that results from the
x-ray detection. The energy shifts in the observed region
were roughly 0.3, 0.4, and 0.5 eV at pressures of 0.1, 0.4,
and 0.9 atm. These shifts are corrected by estimating the
peak-energy deviation of the calibration K x-ray peaks
as a function of the detection time with respect to the
pulsed muon beam injection, as well as employing a small
temperature rise observed in the surrounding TES pix-
els (see the details in the Supplementary Material (SM)).
We evaluated the accuracy of this correction from exper-
imental results using a Fe foil target. From a comparison
of peak positions of Fe Kα x rays, which are emitted only
at the muon-beam injection and affected by the crosstalk

FIG. 1. An x-ray spectrum from µNe at a pressure of 0.9
atm. A sharp peak of muonic x rays from the 5-4 transition
of µNe is clearly seen at around 6300 eV, as well as the 7-5
transition peak. A muonic x-ray peak from µBe, along with
small calibration x-ray peaks of CrKα, CrKβ, and CoKα,
are also identified.

effect, to the reference value [34, 35], we confirmed that
the energy shifts are properly corrected with the error
below 0.11 eV.

We obtained x-ray spectra by summing up those from
all TES pixels under normal operation after selecting the
events within a specific time window to extract the muon-
beam induced signals [27]. The x-ray spectrum at a pres-
sure of 0.9 atm after correction for the thermal crosstalk
is shown in Fig. 1. A muonic x-ray peak from the 5-4
transition of µNe is clearly seen at around 6300 eV along
with the 3-2 transition of µBe produced at the Be window
in front of the TES detector. The 7-5 transition peak of
µNe is also identified at 5480 eV.

The typical expanded spectrum of the 5-4 transition
peak at a pressure of 0.1 atm is shown in Fig. 2. To de-
termine the transition energies, the muonic x-ray peaks
were fitted with the curves obtained by a convolution of
the line-shape model with the TES response function us-
ing the maximum likelihood method. We also employed
a Bayesian analysis program [36, 37] to check correlations
between the fitting parameters. The TES response func-
tion is a Gaussian function accompanied by a low-energy
tail, which originates from the trapping of heat carriers
in the Bi absorber [38]. The function has three parame-
ters: the energy resolution and the fraction and length of
the low-energy tail. The energy resolution was evaluated
by fitting the µNe peak because it might change from the
beam-off value due to the thermal crosstalk effect.

The observed µNe peak is a sum of contributions from
two isotopes, 20Ne and 22Ne. Each isotopic component
contains three 5g-4f and three weaker 5f -4d transitions.
The theoretical values of the transition energies, QED
and FNS shifts, and relative intensity of µ20Ne are listed
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Fig. 2. An X-ray spectrum at a neon pressure of 0.1 atm. The calibration lines
from Cr, Co, and Cu were clearly observed. The inset is an enlarged figure of
the Co Kα line, where the solid curve is a fitting curve. The energy resolution
obtained from the fitting analysis was 5.0 eV.

energy-calibration curve was obtained by natural cubic-spline
interpolation between the energies of the calibration lines (Cr
Kα, Cr Kβ , Co Kα, Co Kβ , Cu Kα, and Cu Kβ).

III. RESULT

A. X-Ray Spectra

An X-ray spectrum measured with the 224 working pixels at a
neon pressure of 0.1 atm is shown in Fig. 2. We clearly observed
the calibration lines from Cr, Co, and Cu. Intensities of muonic
X-rays were weak compared with the calibration lines because
they were visible only when the muon beam was on. The energy
resolution of the X-ray spectrum was evaluated from the fit to
the Co Kα line as shown in the inset in Fig. 2. We employed in
our fit the four-Lorentzian model by Hölzer et al. [12] and the
TES response function with a low-energy tail [13]. The energy
resolution ∆EFWHM obtained from the all-time data was 5.0
eV (FWHM) at 7 keV, which was better than the previous work
of 6 eV at 6 keV [9]. This was partly because the automatic
voltage regulators and the noise-cut transformers allowed for a
reduction in electric noise.

B. Energy Shifts Due to the Incident Pulsed Muon Beam

We observed energy shifts of the calibration lines correlated
with the arrival times of the pulsed muon beam. Fig. 3(a) shows
the shift of the peak energy as a function of the time difference
∆t = tmuon − tX-ray, where tX-ray is the triggered time of the X-
ray event and tmuon is the arrival time of the nearest pulsed muon
beam. Here we note that∆t= 0 ms corresponds to simultaneous
arrivals of the X-ray and the muon beam. The peak energy at ∆t
was evaluated from the X-ray spectrum in the time region of
(∆t − 0.1 [ms], ∆t + 0.1 [ms]). In the region of −4.0 ms <
∆t < 5.5 ms, the shift changes drastically from 0.5 eV to −0.5
eV. The inset of Fig. 3(a) shows Co Kα spectra at different ∆t,

Fig. 3. (a) Energy shifts of calibration lines as a function of the time difference
∆t = tmuon − tX-ray. The shifts make a maximum at ∆t ≈ −0.6 ms and
decrease down to −0.5 eV at 2.0 ms. The inset is X-ray spectra of the Co Kα
line at different times, ∆t = −0.6 ms and 2 ms. An obvious energy shift can
be observed. (b) Typical TES signals observed 3.4 ms before the pulsed muon
beam, i.e., ∆t = 3.4 ms, with a small hump at 3.4 ms. This hump appeared at
the arrival time of the pulsed muon beam. (c) The optimal filter employed to
evaluate pulse height from raw pulse signals. The filter is defined in the region
corresponding to the record length. Due to the normalization of the filter [11], it
has a negative value at times before 0.0 ms and after 1.7 ms. The hump appearing
in this region resulted in a negative contribution to the energy shift.

in which we can apparently observe the peak shift. In addition,
we found that the energy resolution also changed with ∆t. The
resolution deteriorated with increasing energy shift, e.g., 5.5 eV
at ∆t ≈−0.6 ms and 2.0 ms where the shift has a maximum and
a minimum value, respectively. This resolution is 0.5 eV worse
than the value obtained from the all-time spectrum.

These behaviors are reasonably understood by pulse pileup
due to small humps observed at the time of pulsed-muon-beam
arrival on raw-pulse signals. A typical example of the hump is
shown in Fig. 3(b), which describes raw TES signals plotted
against time after the pulse trigger tX-ray. This X-ray pulse was

muon 
pulse

~1 eV

→~0.1 eV syst. error

0.1 μs

0.6 μs

40 ms (40,000 μs)

double pulse structure

25 Hz pulse beam 

cf. quasi-DC beam in K- experiment
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FIG. S3. Top: energy calibration functions obtained by three different interpolation methods, i.e., the gain (black curve), the
logarithmic gain (red curve), and the inverse gain (blue curve). Inset: an expanded view of the calibration functions around
the energy of the µNe 5-4 transition. Slight differences within 0.01 eV are found. Bottom: energy differences of the calibration
functions with respect to the gain interpolation. Near 6300 eV, we can clearly observe the magnitude of energy changes due to
the interpolation methods are ∼0.01 eV.

6404.0062(99) eV [5], suggesting a very low uncertainty.

2 Uncertainty associated with the interpolation procedure:
In the present work, we employed the “gain” interpolation, while other interpolation methods were compared in
Ref. [4], i.e., applying spline functions for a “logarithmic gain” logG(H) and an “inverse gain” 1/G(H). We also
discussed the uncertainty from the selection of the specific interpolation method. The top panel of Fig. S3 shows
the energy calibration functions obtained by three different interpolation methods, the “gain”, the “logarithmic
gain”, and the “inverse gain” function. We found no significant differences in the calibration results when using
these different functions. In the inset of Fig. S3, we show an expanded view around the muonic x-ray energy.
More specifically, the energy differences with respect to the gain interpolation are plotted as a function of the
pulse height in the bottom panel of Fig. S3. Subtle changes in energy of ∼0.01 eV are present, depending on
the interpolation method. To evaluate the uncertainty of the energy in the pixel-sum spectrum, we compared
the peak energies of the µ20Ne 5-4 peaks obtained by the three interpolation methods. The magnitude of the
error was estimated to be ∼0.01 eV, which is consistent with the single-pixel result in Fig. S3.

3 Uncertainty due to ambiguity in the estimation of the tail parameters of the TES response function:
We estimated the uncertainty due to fixing the tail parameters from the results of the other runs when de-
termining the anchor points by the fittings. The errors were calculated from the differences of the µ20Ne 5-4
transition energies obtained when fixing/freeing the tail parameters. The magnitudes of these shifts were very
small compared to the crosstalk correction uncertainty discussed below.

Thermal crosstalk correction

The impact of a high-energy charged particle on the TES array causes a slight temperature rise, resulting in a
change in the raw TES signals and an energy shift [6]. Typical energy shifts are shown in Fig. S4(a) as a black curve,
where they are plotted as a function of the detection time with respect to the pulsed muon beam injection. These
energy shifts are estimated from the deviation of peak energy of the calibration x-ray peaks as a function of time,
as discussed in the previous work [6]. Energy calibration exclusively with x-ray events in beam-on conditions is not
feasible due to low statistics of the obtained data under the constraint of the pulsed muon beam. Instead, we corrected
these energy shifts by the following two-step procedure.

Phys. Rev. Lett. 130, 173001 (2023)
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So far, we assumed all electrons are stripped out. Is it true?
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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 Kα and Kβ x rays together with the hypersatellite Khα 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.

DOI: 10.1103/PhysRevLett.127.053001

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 μs
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 x-ray spectroscopy has been widely applied to

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].
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Cascade with e- 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 × 106 s−1 [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 et 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 ¼ 20, and that the l 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 theK shell by themuon-inducedAuger 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
statewas 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 (μFe)
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 μFe 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 ¼ 20 μm). This condition enables the
emission of corresponding electronic K x rays into
vacuum with minimal self-absorption (half-absorption
length ¼ 10 μm). The electronic Kα and Kβ 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 Khα 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 μm-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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Muon-induced 
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Muonic 
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FIG. 1. Schematic drawing of the muon cascade process with
the electron configuration evolution in the muonic iron atom
(μFe) 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 rapidN-shell side feeding.
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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 × 104 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 μm 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 μm-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 × 290 μm2

and the total active area of the array is about 23 mm2.
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 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 resolution 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
Ref. [56] for the Cr, Co, and Cu Kα=Kβ lines, corrected for
new fundamental constants and crystal parameters follow-
ing Ref. [57]. A remarkable asymmetric broad peak of
electronicKα x rays from μFe is observed, starting from the
energies of electronic Mn Kα1 and Kα2 x-ray lines at 5899
and 5888 eV, respectively, and extending across 200 eV
[Fig. 2(b)]. A similar structure for electronicKβ 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 hypersatellite Khα x rays from μFe.
This structure starts from the energies of Mn Khα2 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 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 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 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.

(a)

(b) (c)

(d) (e)

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 ¼ 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 [58]. Cr and Co Kα x rays are calibration x rays from the
x-ray generator. FeKα andKβ 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 l
level, only the case of l ¼ n − 1 is shown for clarity.
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Simulated dynamics of energy distribution of K X-rays

Dynamics in 10 fs !

x rays is reproduced for the side-feeding rate of
ΓM ¼ 0.35ð2Þ fs−1. Using exactly the same values of ΓM
and the intensity of the μFe Kα x rays, we also reproduced
the hypersatellite Khα x-ray and Kβ x-ray spectra shown in
Figs. 3(b) and 3(c), respectively. Here we note that these
intensities were corrected using the Kα 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 Khα x-ray spectrum, we employed the experimen-
tal intensity ratio of Khα1=Khα2 ¼ 0.13ð1Þ 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

Nhole
L -resolved simulation spectrum indicating that the Kα

x rays are emitted mainly under the electron configuration
of Nhole

L ¼ 0, 1, 2, and 3. Note that each energy distribution
for specific Nhole

L 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 Kα 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 n 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 ¼ 10 down to
n ¼ 5, where K-hole production is expected, and the main
events take place between 5 to 20 fs. The temporal
evolution of Nhole

L is shown in Fig. 4(d); Nhole
L 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 Kα and Kβ x rays from
the single K-hole state of μFe together with the hyper-
satellite Khα x rays from the double K-hole state, using a
TES detector with ∼50 times better resolution than the

(a)

(c)

(b)

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
Kα x-ray spectrum with three side-feeding rates (ΓM ¼ 0.0, 0.35,
and 1.52 fs−1). (b) Simulated hypersatellite Khα x-ray spec-
trum under the same parameters as (a) with ΓM ¼ 0.35 fs−1.
(c) Simulated Kβ x-ray spectrum under the same parameters as
(a) with ΓM ¼ 0.35 fs−1.

(a)

(c) (d)

(b)

FIG. 4. (a) The simulated Nhole
L -resolved Kα x-ray spectrum for

ΓM ¼ 0.35 fs−1. The red curve is the same as the one in Fig. 3(a)
except for the Mn Kα line. (b) A contour map of the simulated
x-ray intensities as functions of the energy and the time after
muon capture for ΓM ¼ 0.35 fs−1. 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 Nhole

L -resolved x-ray intensities made by
projection of (b) on the time axis, respectively.
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M-shell side-feeding rate 
is only the fit parameter!

Phys. Rev. Lett. 127, 053001 (2021)



What happens with a gas target?
Phys. Rev. Lett. 134, 243001 (2025)



μNe: Is there electron screening?束縛電子数の見積もり

23

7-5遷移のエネルギーを
束縛電子のプローブとし
て利用

μNe 7-5

𝑓1𝑒 = 0.00−0.00+0.08

束縛電子はほぼ0個

K殻電子を１個有するμNeの
存在割合エネルギー

シフトを算出

第2回 中間子科学の将来討論会, 2024.07.24

We can estimate the number of 
K-shell electrons from the 
energy shift of 7-5 transition


fraction of Ne with one K-shell electronμ

Electrons are fully stripped off !



4. Preliminary results with 
high-E TES system

photo credit:
D.R. Schmidt



Candidate lines for BSQED study
[eV] transition Energy QED 

effect
QED/

transition FNS Screening 
2e

remaining 
electron

μ-Ne
5→4 6,297 -2.4 0.04% 0 2.32

~04→3
 13,616 -14.6 0.11% 0 1.23
3→2 38,976 -105.8 0.27% 0.23 0.52

μ-Ar
5→4 20,482 -22.6 0.11% -0.01 5.05

~04→3 44,315 -99 0.22% -0.05 2.71
3→2 126,963 -543.3 -0.43% 14.18 1.16

μ-Kr
7→6 26,880 -24.9 0.09% -0.01 29.01

~56→5 44,624 -70 0.16% -0.03 20.11
5→4 82,278 -210.1 0.26% -0.17 12.64

μ-Xe
8→7 39,302 -42.5 0.11% -0.02 69.88

many7→6 60,618 -100.5 0.17% -0.07 53.36
6→5 100,691 -249 0.25% -0.25 37.95

done





TES detectors from NIST
10 keV TES 20 keV TES 50 keV TES 100 keV TES

Saturation energy 10 keV 20 keV 70 keV 150 keV

Readout system TDM TDM microwave microwave
Absorber thickness 


(material) 0.965 μm (Au) 4.1 μm (Bi) 1.85 μm (Au)

& 20 μm (Bi) 0.5 mm (Sn)

Absorber area 0.34 x 0.34 mm2 0.320 x 0.305 mm2 0.73 x 0.73 mm2 1.3 x 1.3 mm2

Absorber collimated area 0.28 x 0.28 mm2 0.305 x 0.290 mm2 0.67 x 0.67 mm2 (no collimator)

Number of pixel 192 240 96 96

Total collection area 15.1 mm2 21.2 mm2 43.1 mm2 162 mm2

ΔE (FWHM) 5 eV @ 6 keV 5 eV @ 6 keV 20 eV @ 40 keV 80 eV @ 100 keV

Rev. Sci. Instrum. 90, 123107 (2019)

beside the helium target cell with a temperature of 4 K; thus radiation-shield windows of
50 mK and 3 K are installed in between TES array and target cell as shown in the inset
of Fig. 3. Therefore, some parts surrounding the target cell (e.g., 80 K radiation shield,
vacuum jacket etc.) of the existing setup will be modified.

2.2 TES microcalorimeter

We use a 240-pixel TES array designed for hard x-ray measurements developed by Na-
tional Institute of Standards and Technology (NIST). Figure 4 (a) shows a photograph
of the detector package. The array is on the top, where each pixel is wire-bonded for
the readout time-division-multiplexing (TDM) chip mounted on each four sides. Figure
4 (b) shows a photograph of the 240-pixel array. Each TES consists of a superconducting
bilayer of thin Mo and Cu films with an additional 4-µm thick Bi absorber [19]. The
absorption efficiency of this Bi layer is about 80% for 6.5 keV x rays. Each pixel has
an effective area of 320 µm × 300 µm, thus the total active area of the array is about
23 mm2. TES array is collimated with a gold-coated 275-µm-thick silicon to avoid the
unnecessary x-ray hit on the TES stage.

Figure 4: (a) A photograph of the detector package of the TES array. The array is on
the top, where each pixel is wire-bonded for the readout TDM chip mounted on each four
sides. (b) A photograph of the 240-pixel TES array. The gold-coated 275-µm-thick silicon
collimator is stacked when installed. Photos credit: D.R. Schmidt, NIST.

TESs are thermally isolated with the support of 100-nm thick silicon-nitride SiNx

membrane which limits the thermal conductance between TES and substrate. The sub-
strate is a grid structure of 275-µm-thick silicon wafer, the parts behind each TES are
removed. A thermal heat sink layer of 500-nm-thick gold is deposited on the backside of
substrate. This heat sink is connected to the low temperature thermal bath.

The TES array is operated at about 100 mK around the critical temperature, and
is cooled with a pulse-tube-backed adiabatic demagnetization refrigerator (ADR). The
pulse tube cools the system from 300K to 3K for 16 hours. Then 4-Tesla magnetic field
is applied to the two-stage salt pills∗ through superconducting coils. By releasing the
magnetic field adiabatically, the system is cooled down to 600 mK and finally to 75mK,

∗GGG: Gadolinium-Gallium Garnet, and FAA: Ferric-Ammonium Alum
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H-Line3-GeV Proton Beam

Fig. 1 Layout of the MUSE facility designed with four beamlines arranged around the muon target
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Application of hard x-ray and gamma-ray TES 
microcalorimeter at accelerator facility (3EPo1F-04 )

Applied Superconductor Conference 2024                                              4. Sept. 2024,  Salt lake City

Takeshi. Y. Saito (RIKEN, AMO lab) on behalf of HEATES collaboration 

Our scientific motivation

Transition-Edge Sensor (TES) microcallorimeter

Experiment: J-PARC MLF

cut

Precise QED test under strong field
Close distance leads a strong 

electromagnetic interaction between 
muon and nucleus.
µ-Ne 4-3 transition (5 keV) has been 
measured.
The next step is µ-Ar 4-3 44 keV,
which is on the Schwinger limit.

Nuclear size measurement
Close distance make the energy levels 
sensitive to the nuclear charge radii.
µ-28,30Si 3-2 75 keV 

High-resolution spectroscopy of muonic atom

J-PARC MLF MUSE muon beamline (D2)

Microwave-based multiplexing 
technique with RF-squids 

Muon: “heavy electron”
Mass: 105.6 MeV/c2 

(200 times larger than electron)
Charge: +1 or -1
Lifetime: 2.2 µs (in vacuum) 

Muonic atom = negative muon + atomic nucleus
Atomic radius ~ a few fm
Muonic X-rays are emitted 
accompanied with formation

High resolution, high efficiency, large dynamic range

3 GeV proton beam + graphite target → π → µ
First commissioning of microwave snout at accelerator facility

ADR Cryostat was directly connected to the target chamber.
On-line calibration using X-ray generator or checking sources

Schematic views

Two TESs for two purposes 50-keV(Bi)    100-keV(Sn)

Two TES microsnouts with 
different energy ranges
-20-70 keV : 50-keV TES

- 70-200 keV : 100-keV TES 
are installed to one ADR 
cryostat.
The operation was in parallel.

Total energy of the photons is 
measured by a thermometer 
utilizing a steep change of 
resistance of a superconductor.

Our HEATES collaboration have measured:
- µ-Ne 4-3 transition (6 keV)              Phys. Rev. Lett. 130 (2023), 173001
- Electronic X ray of µ atoms (6 keV) Phys. Rev. Lett. 127 (2021), 053001
- ddµ* molecular X ray (2 keV)

with TDM multiplexing soft X-ray TESs  



Preliminary spectra

~ 25 eV FWHM @ 43 keV ~ 85 eV FWHM @ 122 keV



Preliminary spectra

Precision goal: 1eV for 44 keV line→ Validate QED effect at 1% level

~ 1 day data-taking for each data set 



Summary
• We explored the TES application in the charged-particle beam lines,  

and demonstrated that microcalorimeter is a powerful tool for exotic-
atom X-ray spectroscopy 
• Strong interaction study

• Strong E-field QED

• Cascade dynamics

 Outlook
59

๏ A new proposal application (muon S1 type) are being submitted for 
various experiments using this new TES system, very recently.

10 keV 50 keV 100 keV

J-PARC High-intensity μ- sourceNext generation X-ray detector
covering a wide energy range

✓ QED verification under strong electric field  

✓ Metastable muonic molecules (related to μCF study) 

✓ Nuclear radius 

✓ Non-destructive analysis

From basic physics study to applications in non-destructive elemental analysis

Thank you for your attention.
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✖

Excellent resolution + collection area 

broad energy range
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