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History
Year E62 E57
2006 E17 proposal (1st PAC)

・・・

2014 TES demonstration @ PSI E57 proposal (18th PAC)

2015
E62 proposal (20th PAC) 
→stage-2 approval

updated proposal (20th PAC) 
→stage-1 approval

2016 Commissioning at K1.8BR

2017

2018 K-He Physics run SDD commissioning

2019 K-H (+K-He) commissioning

2020 Switch to lifetime measurement of hypernuclei…
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A series of experiments at J-PARC K1.8BR, probing different energy, density, and isospin
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K-atom experiments @ J-PARC K1.8BR
K-d (E57) K-3/4He (E62)

X-ray transition 2p → 1s 3d → 2p

Energy ~ 8 keV ~ 6 keV

Width ~ 1000 eV ~ 2 eV

Yield (per stopped K-) ~ 0.1 %  
(0.04% of liquid D2 density)

~ 7 % (Liquid He)

X-ray detector SDD TES

FWHM resolution ~ 150 eV ~ 5 eV

Effective area ~ 200 cm2 ~ 0.2 cm2

Physics KbarN (I=1) Kbar-nucleus potential

High resolutionHigh sensitivity
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DA NE vs. J-PARCΦ

~127 MeV/c  
Δp/p = 0.1%

ϕK+ K-
gas target

thin Mylar 
~500 μm

ϵstop K− ∼ 𝒪(10−1)

K- @ 0.7 GeV/c 
Δp/p ~ 3% gas H2/D2carbon ~ 50 cm

K- @ 0.9 GeV/c liq. Hecopper 
~25 cm

beam 
tracker
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Stop K- optimization

• The higher the momentum, the more kaons and the less stopping 
• stopping efficiency is typically ~10-4
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K-p/K-d 2p-1s (E57)
First test run was performed in Mar./Apr. 2019



Solenoid

Cylindrical detector hodoscope

Cylindrical drift chamber

Cryogenic target cell
surrounded by SDDs

Refrigerator for 
target and SDDs

SDD
amplifier
boards

E57 within E15 spectrometer 
(CDS)
J-PARC E57 original strategy

✓Target at 30K&3 bar, SDD down to 100K for better timing resolution 
✓Vertex cut & charged particle veto by using CDC

New technology for SDD detectors
difference Zith respect to the SDDs in SIDDHARTA:
� the change the JFET strXctXre on the SDD chip to a

complementar\ metal-o[ide semicondXctor
integrated charge sensing amplifier CUBE

� able to operate at Yer\ loZ temperatXres ( < 50 K)
� better drift time (400ns Ys. 800ns)
� redXction of the single element si]e ² more compact

assembl\ (from 10î10 to 8î8mm2 = 64mm2 ² less
dead area

Monolitic 4[2 SDD arra\ prodXced b\ Fonda]ione
BrXno Kessler (FBK) in Trento, Ital\



E57 test setup in 2019

✓ Hydrogen target is operated with the required safety measures. 
✓ 30 SDD units installed. ~150 ch in 26 units worked.

CDS

buffer tanks Target cell & SDDs

target cryostat



Setup for E57 pilot

B-B ( 1 : 5 )
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SDD Readout for J-PARC E57/E62
SDD with CUBE 
exactly the same
as SIDDHARTA2

Line driver board
for 4 SDD units

Shaping amplifier
for 2 SDD units

25~30cm
Kapton
cable

w/ shield

~1m
flat cable
twisted

shielded

Vacuum

50m flat cable  
to CAEN V785 PADC



Vertex reconstruction (BPC&CDC)
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Charged particle VETO on SDDs using CDC

Correlation between the CDC charged track
and the SDD position was clearly observed
→ We can remove charged particle events on SDDs 
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Table 2:   Listed kaon nucleon absorption rates and kaon decay channels  

as used for the MC simulation   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6:   The sketch shows possible ways a particle might generate 
 
In addition, kaon stops in the target wall or entrance window material will produce 
kaonic atom X-rays (like kaonic carbon, nitrogen,.... see figure 7). With charged 
particle tracking, as is available with the E15 apparatus, the determination of the 
kaon stopping point is possible within the target volume.  This method will allow 
the definition of a fiducial volume within the target (5 mm away from the target wall 
and entrance window), allowing to the exclusion of wall stops.  
 

 MIP traversing SDD at some distance 
from the edge → large signal > 150 keV 

MIP traversing SDD at the edge of the 
active area → small signal 

electron from secondary produced 
near the SDD 

X-ray or electron from secondary 
produced in the setup 



Helium data in E57

• Almost all background are rejected with a reasonable signal loss
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Results of E57 test run in 2019
He target: ~6 hours 
✓almost background free as designed

H2 target: ~4 days 
✓Higher transitions are observed. 
x no clear Kα peak 
x Low yields

Meanwhile, SIDDHARTA2 started data taking

Kα



Updated strategy: X-ray coincidence

✓Drastic background reduction 
by detecting K and L X-rays in coincidence

The slowing down and the atomic process time scales are
much faster than the lifetimes of the hadrons considered for
exotic atoms as the kaon. Therefore, following the stopping of
the kaon in matter, the kaon-nucleus strong interaction can be
studied.

C. Study of strong-interaction effects in kaonic atoms

The study of strong-interaction effects was the major
motivation for performing experiments with kaonic atoms.
The electromagnetic interaction with the nucleus is well
known and the energy levels can be calculated at a precision
of eV by solving the Klein-Gordon equation. Even a small
deviation from the electromagnetic value allows one to get

information on the strong interaction between the kaon and
the nucleus.
From Table I, one sees that the atomic binding energies of

light systems are in the keV range, namely, the kaon interacts
with the nucleus with a relative energy of a few keV, instead of
the tens of MeV, as performed in the low-energy scattering
experiments. Hence, kaonic atoms offer the unique oppor-
tunity to study the antikaon-nucleon–nucleus interaction,
nearly “at threshold,” namely, at zero relative energy.
Of particular interest in kaonic atom experiments are the

studies of systems formed with hydrogen isotopes, which give
access to the basic low-energy physics parameters such as the
antikaon-nucleon scattering lengths. Kaonic deuterium ena-
bles access to the antikaon-neutron system. Other light
elements provide information on how to construct the anti-
kaon-nucleus interaction from elementary reactions. It is
noteworthy that light exotic atoms are formed almost “electron
free,” which opens the possibility for high-precision mea-
surements due to the absence of the electron screening effect.
In the study of strong-interaction effects, the observables of

interest are the shift (ε) and the width (Γ) of the atomic levels
caused by the strong interaction between the kaon and the
nucleus. The levels are shifted and broadened relative to the
electromagnetic value, but the shift and width are sensible
only for the ground state 1s.
For the sign of the strong-interaction shift ε1s we use the

Warsaw convention (Iwasaki et al., 1997), according to which
ε1s is defined as

ε1s ¼ Emeasured
2p→1s − Ee:m:

2p→1s; ð4Þ

where Emeasured
2p→1s and Ee:m:

2p→1s are the 2p → 1s transition
energies experimentally measured and calculated with only
the electromagnetic interaction taken into account,
respectively.
The electromagnetic 2p → 1s energy transition is calcu-

lated by solving the Klein-Gordon equation and then
applying finite size and vacuum polarization corrections.
The value obtained for kaonic hydrogen is 6480$ 1 eV
(Iwasaki et al., 1997).
Neglecting isospin-breaking corrections altogether, i.e.,

assuming md ¼ mu, in the case of kaonic hydrogen the
relation between ε1s and Γ1s and the K−p complex scattering
length aK−p is given by the so-called Deser-Trueman formula
(Deser et al., 1954; Trueman, 1961)

ε1s þ
i
2
Γ1s ¼ 2α3μ2aK−p. ð5Þ

It turns out, however, that the isospin-breaking corrections
to the lowest order of Eq. (5) are large (Meißner, Raha, and
Rusetsky, 2004, 2006). They are much larger than their
counterparts in pionic hydrogen (π−p) or in pionium
(πþπ−), where they are typically at the few percent level.
The large isospin-breaking corrections arise, in particular,

from s-channel rescattering with K0n intermediate state (the
cusp effect) and Coulomb corrections that are nonanalytic in
aK−p, but proportional to lnðaK−pÞ.

FIG. 1. Density dependence of K−p atom x-ray yields. In this
work the shift and width were taken to be ε1s ¼ 300 eV,
Γ1s ¼ 550 eV, and Γ2p ¼ 1 meV. ρSTP denotes the density at
the standard temperature and pressure. The liquid hydrogen
density (LHD) corresponds to ∼790 ρSTP. The gas target density
used in the KpX experiment, the first experiment to employ a
cryogenic gaseous target, was ∼10 ρSTP (1.3% LHD). In the
SIDDHARTA experiment (Bazzi et al., 2011a) a gas target
density of ∼14.5 ρSTP (1.8% LHD) was used. Adapted from
Koike, Harada, and Akaishi, 1996.

FIG. 2. Cascade processes for kaonic hydrogen, starting when
the kaon is captured in a highly excited state, down to the 1s
ground state, which is shifted due to strong interaction and
broadened due to nuclear absorption of the kaon by the proton.
The shift and width of the 2p state due to strong interaction are
negligible.

Catalina Curceanu et al.: The modern era of light kaonic …

Rev. Mod. Phys., Vol. 91, No. 2, April–June 2019 025006-5
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4. Geant4  simulation of the K�d spectrum 
 
For the simulation of the K�d spectrum, including synchronous and asynchronous 
events we used the following input: 
 

x simulation starts with 8·109 K� at T0 counter (160 kW·weeks; 80% machine 
duty factor included)  

x total active detector area 246 cm2 
x KD yield is 10�3 for a gaseous target 
x shift = � 800 eV and width = 800 eV  
x using first level trigger condition 
x including fiducial cut and charged particle veto 

 
The final numbers are summarised in table 4, while figure 8 shows the spectrum 
achieved with a signal-to-noise ratio of 1:3. In total approximately 850 KD will be 
collected, which will permit the determination of the shift and width with a 
precision of 60 eV and 140 eV, respectively. The statistical significance of the KD-line 
is ~ 12 V. 
 

 
Figure 8:   Simulated kaonic deuterium spectrum. The GEANT4 simulation started with 8·109 kaons,  
     assuming a shift of -800 eV, a width of 800 eV and an X-ray yield of 0.1%.  
    About 850 KD events are collected, which leads to a precision of the fit result in this  
                statistical sample: 60 eV (shift) and 130 eV (width). 
 

detect L X-rays
Kα Kα

MC without 
L X-ray detection

1.4~2.4 keV



L X-rays in kaonic hydrogen

• L X-rays yield ~ 10% at most 
• S/N at K  can be improved at least by factor 10 
• L X-ray measurement alone gives additional information ( , cascade …)

α

Γ2p

T. Koike PRC(1996)

V. CONCLUSIONS

The cascade calculation of K2-p and K2-d atoms is
made by using the Borie-Leon model. The parameter con-
cerning the Stark mixing process, kstk , is adjusted by fitting
antiprotonic and pionic atom data including recently pub-
lished ones. The density dependence of x-ray yields is inves-
tigated with varying the strong-interaction parameters.

FIG. 8. The stream of cascade-down processes: ~a! liquid target, ~b!
one-atom gas target. The upper figure shows the arrival fraction on each
(n , l) level ~see the Appendix!. The lower figure shows the absorption
fraction from each (n , l) level. The scale of the z axis for the arrival fraction
is 100 times as large as that for the absorption fraction since the arrival
fraction becomes a very large number due to the Stark mixing.

FIG. 9. The expected x-ray spectra: ~a! liquid target, ~b! seven-
atom gas target ~KEK experiment @12#!, ~c! one-atom gas target,
and ~d! 0.1-atom gas target. The used parameters are udE1sueff 5
300 eV, G1s

abs 5 550 eV, G2p
abs 5 1 meV, and kstk 5 2. The peak shapes

are taken to be of Lorentzian form and the detector resolution is not
considered. In ~b!, the cases for kstk 5 1.5 ~dashed line! and for
kstk 5 2.5 ~dotted line! are also drawn. kstk changes the absolute
yields with keeping its spectral shape.
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with

2vVstrong524pS 11
v

M D ār~r!, ~17!

where ā is the effective scattering length, r(r) is the deu-
teron density distribution, m is the reduced mass of K2-d

atoms, M is the nucleon mass, MA is the target mass, and
v is the Klein-Gordon energy. We choose two sets of the
parameterization of ā: One is ā50.341i0.84 fm, which is
extracted from the fitting to the heavier (Z>3! kaonic atom
data by Batty @23#. This parametrization gives
(dE1s)strong52550 eV ~repulsive!, G1s

abs5 981 eV, and
G2p
abs5 25 meV. The other is ā520.1751i0.663 fm, which
is obtained from Martin’s K-matrix scattering length @8# in-
cluding the Fermi average and the binding effect. This gives
(dE1s)strong52456 eV, G1s

abs5 652 eV, and G2p
abs5 17 meV.

(dE1s)VP 1 (dE1s)FS is 24 eV.
Figure 10 shows the density dependence of x-ray yields

for the two parametrizations and Fig. 11 shows the uncer-
tainty corresponding to kstk51.5–2.5 for the case of Batty’s
parametrization. The density dependence is similar to the
K2-p atom case, except that the x-ray yield is smaller than
that of K2-p atoms due to the larger absorption width.
Again, the inversion of Kb/Ka and Kg/Ka ratios appears at a
liquid target even when theoretical errors are considered.
The significance of K2-d atom measurements is not lim-

ited to the point that the K2-neutron interaction and/or iso-
spin dependence of the K2-N interaction can be extracted.
The K2-d atom is concerned with the puzzles for K2- 4He
atoms: First, it is known that the measured shift and width
for K2- 4He are larger by one order than those obtained by
optical model calculations @14#. Therefore, it should be made
clear whether the same situation with K2- 4He occurs in the
case of K2-d .
The two-body absorption rate of K2 in a nucleus brings

another problem. Theoretical two-body absorption rates in
light nuclei disagreed with the experimental one @24#. The
measurement of K2-d atoms is worth being done from the
point of view that K2-d is the most fundamental system
concerning the two-body absorption of K2 in a nucleus. For
this problem, an estimation of the p-orbit absorption fraction
of K2-d atom is needed. However, it is pointed out that the
standard Borie-Leon model considerably overestimates the
p-orbit absorption fraction even when the x-ray yield is re-
produced @18#. On the other hand, Mainz’s Monte Carlo ap-
proach succeeded in reproducing both of the p̄-p atom x-ray
data and its p-orbit absorption fraction @16#. Further investi-
gation is required to clarify what is incorrect in the Borie-
Leon approach.

FIG. 6. Density dependence of K2-p atom x-ray yields with
varying G2p

abs . ~a! Ka , ~b! Kb , ~c! Kg , ~d! La . The shift and width
are taken to be udE1sueff 5 300 eV and G1s

abs 5 550 eV, which are
nearly averages of the theoretical values. The free parameter kstk is
fixed to 2.0. Experimental data are taken from Refs. @2–4#.

FIG. 7. Density dependence of K2-p atom x-ray yields with
varying the free parameter kstk 5 1.5–2.5. The shift and width are
taken to be udE1sueff 5 300 eV, G1s

abs 5 550 eV and G2p
abs 5 1 meV.
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Lα Kα
SDDs inside the target gas

K- beam

target cell 
(~100K, 0.5MPa?)

feed through
SDD arrays 
(60 units= 480 channels)

~40% single X-ray acceptance 

~20% coincidence acceptance

We have already succeeded in operating SDDs in a hydrogen (<10bar, 135K) 
We started the discussion for new development of the active target cell

typical X-ray window materials 
absorb all L X-rays…



Shorter beamline

• ~4m shorter beamline can provide ~2x K- @ 0.7 GeV/c

Present K1.8BR Area

T.Hashimoto D-Thesis
2

Beam Length (T1-FF): 31.3m



New CDS

• Need to extend the horizontal part of the target&SDD system 
• 59%→93% solid angle for the secondary particles



Gain factors

• 1000 events / 1 month beamtime is feasible for 0.1% X-ray yield

19

D5 removal {

{new target  
configuration

expected realistic active SDD percentage:  ~60%

Improvement factor estimation-update 

combined factor

rough estimation   

1.9


this MC:               
1.4 ~ 2.4 
with 2019 

beam profile 

2019 estimation by Tadashi

{



by-product with CdZnTe

• put CdZnTe detectors surrounding the degrader 
• Kaonic C, S, Al, …

K-  beam
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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.
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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
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“Kaonic helium puzzle”

• Large shift and width imply the generation of a p-wave nuclear state 
• Need precision below 1 eV to draw a conclusion

S. Hirenzaki et al., PRC 61, 055205 (2000)

the kaonic atom data are also reproduced well by the chiral
unitary model, as we will see later on, it seems that the
strong shifts and widths of the kaonic atoms are mainly de-
termined by the optical potential strength at a certain nuclear
density, !"!0/4. This was the case of pionic atoms #15$
although the effective densities felt by the pions were differ-
ent.
We would like to mention other density dependent scat-

tering lengths obtained by the phenomenological fit of #16$.
One of their results can be written as

ae f f%!&!%"0.15#0.62i &#%1.66"0.04i &#!/!0$0.24 #fm$ .
%4&

The real part of this effective scattering length also changes
its sign and provides an attractive interaction in the nuclear
medium. However, the real part depends on the density much
more strongly than our results and gives Re ae f f(!0)
!1.51 #fm$ . On the other hand, the density dependence of
the imaginary part is rather flat and the strength is similar to
our results.

III. KAONIC ATOM STRUCTURE

We study the properties of kaonic bound states by solving
the Klein-Gordon equation

#"'! 2#(2#2(Vopt%r &$)%r! &!#E"VCoul%r &$2)%r! &.
%5&

Here, ( is the kaon-nucleus reduced mass and VCoul(r) is
the Coulomb potential with a finite nuclear size:

VCoul%r &!"e2! !p%r!&

"r!"r!!"
d3r!, %6&

where !p(r) is the proton density distribution. We take the
Woods-Saxon form for the density and keep the shapes of
neutron and proton density distributions the same:

!%r &!!n%r &#!p%r &!
!0

1#exp#%r"R &/a$
, %7&

where we use R!1.18A1/3"0.48 #fm$ and a!0.5 #fm$ with
A the nuclear mass number.
The kaon-nucleus optical potential is related to the kaon

self-energy in nuclear matter as *K!2(Vopt . We use the
optical potential in a finite nucleus. In coordinate space this
is accomplished by means of the local density approximation
%LDA&, where ! of nuclear matter is substituted by !(r) of
the nucleus. This procedure is exact for the lowest order term
in the density of the S-wave self-energy and arguments were
given in #17$ for the accuracy of the LDA in higher orders.
At the same time the translation code from nuclear matter to
finite nuclei for P waves was also given. Thus, we have

2(Vopt%r &!"4+,ae f f%!&!%r &, %8&

with the effective scattering length ae f f and , defined in
Sec. II.

We solve the Klein-Gordon equation numerically follow-
ing the method of Oset and Salcedo #18$. The applications of
the method to the pionic atom studies were reported in detail
in Ref. #19$.

IV. NUMERICAL RESULTS

We show here the numerical results on kaonic atoms with
the optical potential obtained from the local density approxi-
mation using the chiral unitary selfenergy at various nuclear
matter densities. We show in Fig. 3 the energy shifts and
widths for several kaonic atoms in comparison with data.
The calculated results agree with the experimental data well.
The quality of the agreement is as good as the phenomeno-
logical potentials. We note, here, that the theoretical model
does not contain any free parameter to reproduce the data.
The energy levels for atomic kaonic states in O and Ca

are shown in Fig. 4, where the results of the chiral model and
those of the phenomenological model #Eq. %4&$ are com-
pared. We can see that the results obtained with both poten-
tials are very similar. We find that the deep atomic states
such as 1s in 40Ca, still unobserved, appear with narrower
widths than the separation between levels and are predicted
to be quasistable states. Similar results to those of the phe-
nomenological potential shown in Fig. 4 were reported by
Friedman and Gal #21$.
In Fig. 5, we show the energy levels including the shallow

atomic and the deep nuclear kaonic states of Ca using the
chiral unitary model potential. The shallow atomic states are
shown by dashed bars. The deep nuclear ones are shown by

FIG. 3. The calculated energy shifts and widths are shown as
functions of the nucleus atomic number for 2p , 3d , and 4 f kaonic
atom states. Experimental data are also shown #20$.
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anomalous shift < 1 eV shift expected Possible explanation for the large shift



Transition-Edge-Sensor microcalorimeters093113-2 Bennett et al. Rev. Sci. Instrum. 83, 093113 (2012)
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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
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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

αI = δlogR

δlogT

∣∣∣∣
I0

= T0

R0

δR

δT

∣∣∣∣
I0

, (1)

and the logarithmic current sensitivity at constant temperature

βI = δlogR

δlogI

∣∣∣∣
T0

= I0

R0

δR

δI

∣∣∣∣
T0

, (2)

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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α ≡
d ln R
d ln T

,

ΔE ∝
kBT2C

α
,

Emax ∼
CTC

α
,

τeff ∼
n
α
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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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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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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,

9/20

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.
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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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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

5~6 eV FWHM 

Energy resolution

ΔE = 5.2 ~ 5.5 eV


(c.f. ΔE (off beam) = 5.0 ~ 5.2 eV @ Co Ka)



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

Z+
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K x ray

Muon-induced 
Auger
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Side-feeding

Valence band

Muonic 
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Negative muon

Electronic
Auger
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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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to be submitted soon…



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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new since 2024



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 
• Kaonic deuterium X-rays should be confirmed and improved at J-PARC 
• X-ray coincidence measurement 
• Aiming to start from 2027 
• Similar technique can be employed for K-He 1s, Σ atom,… 

• Successful application of the TES microcalorimeter to kaonic-atom X-rays  
• Helium-3/4 2p states to exclude large shifts/widths 
• Kaon mass measurement? 
• Isotope shift? (Li6/7 2p, Na20/22 3d, Ca40~48 4f) 

• Many outputs from muonic atom X-rays with TES


