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Application of microcalorimeter
for ultra-high precision

kaonic-atom x-ray spectroscopy

RIKEN   Shinji Okada

18 Oct, 2012
ETC* workshop @ Trento

- New trends in the low-energy QCD in the strangeness sector: experimental and theoretical aspects - 

This was “the idea stage” of this project

before the “HEATES collaboration” with NIST began.
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High-resolution Exotic Atom x-ray spectroscopy with TES

=

μ-

μ-

nucleus

X-rays

TES microcalorimeter 
having high resolution

μ- : Muon

π- : Pion

K- : Kaon …

negative charged named after microcalorimeter 
being a heat measuring device
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Please refer to presentation of Joel Ullom (NIST) 
tomorrow for further details !



History (Study of exotic atoms using TES)
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2014

2018

2020

  π- atom @ PSI (Switzerland)

  K- atom @ J-PARC hadron
2016

2022

Launched in Feb. 2013 in collaborating with NIST (US)

2024 μ- atom (high-energy region: E ~ 50 keV and ~100 keV ) 
@ J-PARC MLF

  μ- molecule @ J-PARC MLF

  μ- atom @ J-PARC MLF

Study of strong KN 
interaction

Study of BSQED
Bound-State 
Quantum ElectroDynamics

Feasibility study

under extremely strong 
electric fields

Study of μCF 
(muon catalyzed fusion)



Results
8

(a) Kaonic atom Phys. Rev. Lett. 128, 
112503 (2022). a single sharp X-ray peak


(absolute energy)
(b) Muonic atom Phys. Rev. Lett. 130, 

173001 (2023).

(c) Muonic atom

~Serendipity~

Phys. Rev. Lett. 127, 
053001 (2021). a broad structure 

(complex of many X-ray lines)
(d) Muonic molecule New experiment


(to be published)

3 publications & a new measurement
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(a) Kaonic atom Phys. Rev. Lett. 128, 
112503 (2022). a single sharp X-ray peak


(absolute energy)
(b) Muonic atom Phys. Rev. Lett. 130, 

173001 (2023).

(c) Muonic atom

~Serendipity~

Phys. Rev. Lett. 127, 
053001 (2021). a broad structure 

(complex of many X-ray lines)
(d) Muonic molecule New experiment


(to be published)

3 publications & a new measurement

→ focusing on these two latest results
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1. Muonic atom (BSQED) 

2. Muonic molecule (μCF) 

3. Summary & Outlook



1. Muonic atom (QED)

a single sharp X-ray peak

(absolute energy)
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Muonic atom
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Nucleus

e-

Normal atom

replacing

μ-

e-

μ-

Muonic atom

(inversely proportional to their reduced mass)

These radii are as small as 1/200 (μ- atom)

compared to the normal atoms.

/ me

m⇤
µ

/
m⇤

µ

me
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Bohr radius

mµ ~ 200 me

Muon atoms are formed when negative muons are replaced by electrons.

highly exited state

at the time of formation

de-excitation

process

Muons are 200 times 
heavier than electrons.



μH

Muonic 
hydrogen

1/200 !

Image of the scale
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1 / 200 Å

(~ 500 fm) 

H
Hydrogen

~ 1 Å



Extremely close to the nucleus !
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Rµ ~ 1/200 Re (μ- atom)

μ-
very large 

electric field

✓μ- feels an extremely large electric field 

➡internal electric field strength is proportional to 

the squire of the mass ratio to atoms

(→ being 2002 (=40,000) times higher than that of 
normal H-like ions.)

Study of “QED under strong field”

Bohr radius

QED : Quantum ElectroDynamics
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normal hydrogen-like ion : n = 1 
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where the electric field

becomes nonlinear in QED
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n=1

n=2
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n=4. . . .

principal quantum number 
for μ atoms
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Avoiding nuclear-size effect
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n=1

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

Nuclear 
size 
effect

Larger

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


➡Carefully choose X-ray transition into the energy level where the nuclear 
size effect is negligible but having significant QED effect

Physics : QED vs. Nuclear size
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Proof-of-Principle Experiment with μNe 5→4
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原子番号 Z

n=1 for μ atoms/ions

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

μNe 5→4 Nucl. size effect

U

~ 6 keV

Schwinger Limit :

1.32 x 1018 [V/m]

The first experiment (with ~10 keV X-ray region)
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P. Indelicato



PRL (2021)
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highly charged ion  vs.  muonic atom
21

The Lamb shift = QED +  nuclear size

QED = Self Energy  (SE) + Vacuum Polarization (VP)

Uehling potential

muonic atom : VP > SE 

highly charged ion : SE > VP

SE VP

observing different effects 
⇒ complementary relationship

μ- would be 200 times closer to the nucleus than electrons.

→ μ- feel “bare” nuclear charge freeing from “polarization” charge.

→ resulting in enhanced VP



Low pressure gas target
22

μ-

μ-

nucleus

e-

Z+

deexcitation 
process

Auger electrons ✓ Low density gas target is required to avoid rapid refilling 
of electrons into this system from surrounding atoms, 
which causes an energy shift.


✓ But it is difficult to efficiently stop muons experimentally 
on low-density targets. → resulting low intensity

e-
from


surrounding

atoms

refilling 
→ energy shift

muon peels off most (or all) of 
electrons bound to the nucleus

×
 High-intensity 
low-energy μ- 

@J-PARC MLF

TES detector having both

“high resolution” and 
“large effective area”



J-PARC
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The 25th J-PARC PAC

Neutrino beam to Kamioka

Rapid Cycle Synchrotron 
3-GeV synchrotron

Linac

Japan Proton Accelerator Research Complex

providing high intensity 
proton beam Energy: 3GeV


Repetition 25Hz

Power: ~800kW (soon 1MW)

MLF 
Material & Life Science Facility
Muon Science Facility



Experimental setup
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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.

ADR

Be windowKapton
windows

Target Ne gas
calib.
X-rays

μNe
X-rays

TES

X-ray
generator

μ- beam

FIG. S1. Schematic view of the experimental setup.



TES array
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✓ 240 pixels 
✓ 23 mm2 eff. area

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

✓ Mo-Cu bilayer TES

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

small pixel size -> multi-pixel array

Φ ~1 cm



Adiabatic Demagnetization Refrigerator (ADR)
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33 cm

50 mK cryostat 
(model : HPD 102 DENALI)


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

ADR hold time > 1 day

two-stage

pulse tube

(60K, 3K)

relatively 
compact 

size

1cmPhoto credit : J. Uhlig

TES 
chip

✓ Cooled down to 70 mK with ADR & pulse

(< 500 mK @ GGG)



μ- stopping distribution (sim)
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Muon stopping distributions in the Ne gas target

The momentum of the muon beam was adjusted to stop the muons in the Ne gas target efficiently by maximizing
the number of muonic x rays detected by silicon drift detectors (SDDs) installed on the chamber. Figure S1 shows
the stopping distributions of the injected 20.5 MeV/c muons in the 0.1 and 0.4 atm Ne gas targets and 21.5 MeV/c
muons in the 0.9 atm gas target simulated with the aid of GEANT4 [? ].
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Ne gas
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of TES

ー　0.1 atm  (20.5 MeV/c)
ー　0.4 atm  (20.5 MeV/c)
ー　0.9 atm  (21.5 MeV/c)

Kapton windows

vacuum
Air

FIG. S1. The simulated stopping distributions of the injected 20.5 MeV/c muons in the 0.1 (black) and 0.4 (red) atm Ne gas
targets and 21.5 MeV/c muons in the 0.9 atm (blue) gas target. We assumed Gaussian distribution for the initial momentum
of muons with σ=5%. The angular divergence and the finite size of the beam diameter were not taken into account. The
pink-colored area depicts the region seen by the TES detector.

μ- beam momentum :

Gauss dist. with σ = 5 %
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Muon beamline @ J-PARC

beam
X-ray tube

TES

cryostat



CrCu Co

Energy calibration
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Continuous X-ray irradiation during experiment

W

Cr,Co

electron

X-ray tube

electron gun

pure metals 
as secondary target

high

energy

x-rays

secondary 
x-rays

2

Calibration Functions

Due to the non-linearity of a temperature-resistance curve of the TES around the superconducting transition edge,
we need an energy calibration procedure to convert the height of the TES output pulse, H, to incident photon energy,
E, although H and E are uniquely related. An energy calibration function of each TES pixel, which relates H with
E, i.e., E = F (H), was calculated by a cubic-spline interpolation between anchor points which were obtained from
calibration x-ray lines emitted from the x-ray generator. A typical example of the function is shown in Fig. S2. Each
anchor point was evaluated by fitting the single-pixel pulse height spectrum to the accurate model curve obtained
from the high-resolution experiments by Ref [1], which consists of multiple Lorentz functions. In the fitting procedure,
we also considered the low-energy tail component of the TES response function [2]. However, due to the low statistics
of the single-pixel spectrum, particularly for Kβ lines, it was difficult to accurately determine the tail parameters,
i.e., the fraction and the length of the low-energy tail. Instead, we fixed the tail parameters from the high statistics
data obtained independently by the intense calibration K x rays from the x-ray generator, where such high-rate
measurements deteriorate the energy resolution of the TES detector. An example of the fitting of the Cr Kα line is
shown in the inset of Fig. S2, where the fitting curve agrees well with the experimental pulse-height spectrum.

For the interpolation between anchor points, we employed the “gain” function G(H) as a spline function rather
than directly using the calibration function F (H) as suggested by Ref.[3]. The gain G is defined as the ratio of the
pulse height H and the energy E; G = H/E. Thus, absolute energy is obtained by E = F (H) = H/G(H), where
G(H) is represented by a natural cubic spline function.

In this work, the robustness of the calibration function under the beam-off condition was assessed by the following
three methods.

1 Uncertainty originating in the choice of the anchor points:
We checked the robustness of the calibration function by employing a different combination of anchor points.
We carried out measurements with a combination of V, Co, and Cu as the target of the x-ray generator, instead
of Cr, Co, and Cu. We evaluated uncertainty due to the change of the anchors by comparing peak positions
of the Fe Kα line which is considered to be produced by the electron-impact (or by bremsstrahlung x ray) on
Fe in the stainless steel material of the chamber of the x-ray generator. The two calibration curves provide
6404.02(7) (Cr, Co, and Cu) and 6404.02(8) eV (V, Co, and Cu) at the Fe Kα peak of the reported energy of

FIG. S2. Top: a typical single-pixel pulse-height spectrum in the present measurement. We clearly observe six calibration
x-ray peaks from the x-ray generator, Cr Kα and Kβ, Co Kα and Kβ, and Cu Kα and Kβ. We evaluated their peak positions
by the fitting procedure. Bottom: a typical calibration function calculated by interpolating between the anchor points obtained
by the fit. We employed the “gain” interpolation as discussed in the main text. Inset: the fitting result of the Co Kα line. The
fitted curve shows good agreement with the experimental pulse-height spectrum.

✓ controllable intensity

✓many x-ray lines

μNe 5-4

position

The low-energy tail originates from the trapping of 
heat carriers in the Bi absorber.

dataset : 
• CrCoCu 
• VCoCu 
• CrNiZn



Energy vs. Timing (muon arrival time)
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Muonic-atom X-ray spectrum
31

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

Typical count rates of muonic X-rays  : 1-3 cps / TES array

(Calibration X-rays : ~ 400 cps / TES array)
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TABLE I. Theoretically calculated energies of the µ20Ne 5-4 and 7-5 transitions with BSQED (vacuum polarization from Uehling
effect, self-energy, and higher-order contributions), FNS contributions, and relative intensities among fine-structure-resolved
transition.The total transition energies contain all BSQED and FNS shifts. The relative intensities are obtained assuming
statistical distribution among fine-structure levels. We also list the energy shifts due to one K-shell electron screening. The
uncertainties of the calculations are in the order of the last digit of each value. All energies are given in eV.

Transition energy one K-shell
Initial Final Total transition Vacuum Self- QED FNS Relative electron
state state energy polarization energy order > α2 intensity energy shift
5g9/2 4f7/2 6297.26191 2.33803 -0.00152 0.02297 0.00031 1.0000 -1.25198
5g7/2 4f7/2 6296.66427 2.33775 -0.00291 0.02297 0.00031 0.0286 -1.25163
5g7/2 4f5/2 6298.61192 2.34051 0.00160 0.02295 0.00031 0.7715 -1.25196
5f7/2 4d5/2 6301.43265 5.14445 -0.00345 0.04456 0.00137 1.0000 -1.61866
5f5/2 4d5/2 6300.43536 5.14301 -0.00574 0.04455 0.00137 0.0503 -1.61805
5f5/2 4d3/2 6304.34099 5.15641 0.00323 0.04461 0.00145 0.6991 -1.61876
7h11/2 5g9/2 5481.26622 ? ? ? ? 1.0000 -6.93382
7h9/2 5g9/2 5481.12107 ? ? ? ? 0.0222 -6.93326
7h9/2 5g7/2 5481.71871 ? ? ? ? 0.9780 -6.93361
7g9/2 5f7/2 5482.53619 ? ? ? ? 1.0000 -7.68030
7g7/2 5f7/2 5482.31835 ? ? ? ? 0.0357 -7.67945
7g7/2 5f5/2 5483.31563 ? ? ? ? 0.9646 -7.68005

FIG. 2. X-ray spectra from µNe 5-4 transitions at a pres-
sure of 0.1 atm. The muonic x-ray peak is composed of two
isotopic contributions from µ20Ne and µ22Ne, and each com-
ponent contains six transitions, three 5g-4f and three 5f -4d
transitions, where 5g9/2-4f7/2 and 5g7/2-4f5/2 transitions ac-
count for more than 90% of photons. The fitted profiles are
also shown with residual errors. The fitting is carried out by
using three spectra at pressures of 0.1, 0.4, and 0.9 atm simul-
taneously, and the reduced χ2 (ndf: 284) for the total fitting
of is evaluated to be 1.26.

in Table I (transition energies of µ22Ne are found in the
SM). These results were obtained by BSQED calcula-
tions that include first- and second-order QED correc-
tions, the full Breit interaction, all-order retardation ef-
fects, and the FNS contributions using the MultiConfig-
uration Dirac Fock and General Matrix Elements (MCD-
FGME) code [39–42]. This code can compute the above

effects for muonic atoms with an arbitrary number of
remaining electrons. The energy shifts due to the one
K-shell electron screening are −1.25 and −1.62 eV for
the 5g-4f and 5f -4d transitions, respectively. As seen in
Table I, the theoretical calculation predicts that vacuum
polarization dominates the shifts for all transitions that
contribute to the observed line. Other contributions are
more than two orders of magnitude smaller than vacuum
polarization. The transition energy differences within the
fine-structure-resolved levels are mainly explained by the
spin-orbit interaction in the Dirac equation.

Transitions with different total angular momenta for
the 5g-4f and 5f-4d transitions are not resolved by the
detector. Thus, we employed the line-shape model to the
data which allows the energy of the most intense transi-
tion, i.e., 5g9/2-4f7/2, to vary, and the transition energy
differences not only within the fine-structure levels but
also between 5g-4f and 5f -4d transitions are fixed to the
values calculated from Table I. The relative intensities of
the fine-structure levels are fixed to their statistical pop-
ulation. However, the intensity ratio between the 5f -4d
and the 5g-4f transitions, R5f-4d, is affected by the de-
tails of the cascade deexcitation process. By also allowing
R5f-4d to vary, we arrived at a total of five fitting parame-
ters: 5g9/2-4f7/2 transition energy, intensity ratio R5f-4d,
total intensity, a constant background level, and the en-
ergy resolution. The fitted result is shown in Fig. 2 with
the residual error. With regard to the energy resolution,
the obtained widths (FWHM) are 5.18(14), 5.50(12), and
5.51(11) eV at pressures of 0.1, 0.4, and 0.9 atm, respec-
tively, whereas the resolutions for the beam-off condition
are 5.0-5.2 eV at the Co Kα peak. The obtained R5f-4d

is 0.059(9), which is consistent with the well-known be-
havior that the deexcitation cascade dominantly proceeds

Five fit parameters:

• 5g9/2 -4f7/2 energy

• intensity ratio R5f -4d

• total intensity

• constant BG level

• energy resolution

Energy resolution

ΔE = 5.2 ~ 5.5 eV


(c.f. ΔE (off beam) = 5.0 ~ 5.2 eV @ Co Ka)
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Stat. error ~ 0.04 eV

Syst. error ~ 0.13 eV

1. Thermal crosstalk  : 0.11 eV 
  → due to crosstalk correction 

2. Calibration : 0.07 eV 
  → evaluated by Fe Kα (as ref. line) 

3. Low energy tail : 0.01 eV 
  → response w/ & w/o beam

Breakdown of syst error

BSQED calculation (MCD-FGME code) includes :

• first- and second-order QED corrections

• the full Breit interaction

• all-order retardation effects

• the FNS contributions

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
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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n=1 for μ atoms/ions
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Need  new TES for high-energy X-rays

feasibility study in 2024

→ The feasibility study has been completed in this February.



2. Muonic molecule (μCF)

observing a broad structure

(being complex of many X-ray lines)
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The muon brings two nuclei closer together.

→ Two nuclei, impossibly close !!

μ-

＋ ＋

Compared to the reach of nuclear force (a few fm), it becomes small 
enough to allow nuclear reactions to occur within the molecule.
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The smallest 
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~ 500 fm
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Muon-Catalyzed Fusion (μCF)
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Au absorbers as Au is ametal (Bi is a semimetal) and would cause the
TES superconducting properties to be intrinsically coupled to those
of the Au absorber through the proximity effect,57,58 which is incon-
venient from a design tuning and fabrication standpoint. Instead,
the Au absorber is deposited laterally away from the TES thermistor
in a “sidecar” design.

The sensor material is a sputtered MoCu bilayer with 215 nm
of Cu on top of 65 nm of Mo. The thicknesses of Cu and Mo are
tuned to target a specific superconducting transition temperature,
TC, via the proximity effect.57,58 The sample wafer is rotated during
sputtering to maximize uniformity, and the sensors in this particu-
lar array have TC values in the range of 111–112 mK. This TC was
chosen as a trade-off between the theoretical energy resolution we
could hope to achieve and cryostat hold time (see Sec. II D). An
additional Cu layer of thickness 419 nm is deposited on top of the
sensor and patterned into banks, used to steer current toward the
leads, and interdigitated stripes, used to control the transition shape
and reduce excess noise.59 This Cu layer also thermally connects the
sensor to the absorber. In addition to its use in the sensor bilayer,
the Mo is used for superconducting leads and traces running off the
membrane.

The absorber is made fromAu that is electron beam evaporated
in two separate layers, first 186 nm and then 779 nm thick, result-
ing in a total absorber thickness of 965 nm. The wafer is also rotated
during this deposition, and the evaporation tool had previously been
characterized for roughly 3% variation across a 76 mm wafer (better
than 1% variation across a single detector array chip). The absolute
thickness had been measured with a stylus profilometer with �3%
uncertainty. Section III B contains a discussion of these absorber
thickness uncertainties as they relate to the quantum efficiency (QE).
The deposition is done in two separate layers to reduce step cover-
age issues when coupling the absorber to the sensor through the Cu
and to better control the thermal conductivity. The absorber area is
340 �m × 340 �m.

When choosing the absorber thickness and area, trade-offs
between dynamic range, quantum efficiency, and active area had
to be made. In particular, the total absorber volume (sets the heat
capacity and dynamic range) was chosen such that the detectors
could operate in the linear region of their superconducting-to-
normal transitions when measuring photons in the �15 keV range.
Beyond this region, the x-ray pulses would begin saturating and
energy resolution would quickly degrade. The highest charge state
that the NIST EBIT can produce is H-like Kr, with the brightest
line at ∼13.5 keV, so we wanted to ensure that the detectors would
be capable of measuring photons at these energies without saturat-
ing. The speed of the room temperature readout electronics (see
Sec. II C) imposes a limit on the slew rate of the pulses, which
for these detectors occurs at roughly 10 keV. Reading out pulses
above this ∼10 keV limit requires reducing the number of detec-
tors to increase the readout speed of the remaining detectors and
raise the slew rate limit. We note that the majority of our planned
measurements are of highly charged ions with line energies below
10 keV. Once the saturation energy (total absorber volume) is cho-
sen, we maximize the absorber area, given the constraints of the
array layout.

NETS houses a total of 192 TES pixels arranged in the roughly
circular pattern depicted in Fig. 3. Here, 192 pixels are used instead
of the 240 pixels that are used in the NIST evaporated Bi absorber

FIG. 3. (a) The TES array used in NETS. The aperture chip used to prevent x-rays
from being absorbed by areas outside the TES absorbers is also shown (displayed
on top of a penny, for scale). (b) Pixel map indicating absorber size (rather than
aperture size) and locations. The different colors represent the 8 readout columns,
with 24 detectors in each column. A circle of 5.30 mm radius fully encloses all
detector absorbers.

design due to the increased pitch that is required when separating
the absorber from the TES. Reducing the pixel count to 192 was
required in order to keep the detector chip size constant and easily
integrate it with our standard assembly package and readout chips.
Out of fabrication and assembly, 166 of the 192 total possible detec-
tors (86%) are working and capable of detecting x-rays. Additional
detectors may be flagged as bad in the data reduction steps depend-
ing on the data quality and restrictions of a particular analysis, as will
be discussed in Sec. V.

C. Readout
NETS utilizes the TDM readout scheme with a two stage

SQUID architecture.51 In this scheme, each detector gets its own
first stage SQUID (SQ1) amplifier, and the signals from all detectors
in a given readout column are coupled into a single second ampli-
fication stage SQUID array (SA). The SQ1s in a given column of
detectors are addressed sequentially and have a maximum critical
current of 10 �A. They are designed to have an asymmetric peri-
odic response and are operated at the steeper of the two asymmetric
slopes to maximize gain. The SAs contain 6 banks of 64 SQUIDs in a

Rev. Sci. Instrum. 90, 123107 (2019); doi: 10.1063/1.5116717 90, 123107-4

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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Solid deuterium system
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Yuichi Toyama

Solid	deuterium	target	system
Solid deuterium target system
� Base: Ag foil (100 µm)
� Target size: Φ60
� Thickness: 1 mm
� Temperature: ~3 K (Liq. He coolant)
� Chamber pressure: 1x10-6 Pa

Al thermal shield
(before attaching window)

P. Strasser et al. Nucl. Instrum. Meth. Phys. Res. A 460, 451 (2001).

D2 gas Diffuser

movable

ü Stable operation during the measurement.

2024/8/29

15

Ag foil

Cu

Ag foil

Diffuser

EXA/LEAP2024 in Vienna

P. Strasser et al. NIMA 460, 451 (2001)
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3. Summary & Outlook



Summary
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๏ The following advantages of TES have made it possible to conduct 
accelerator experiments that were not possible before 

1. Combination of energy resolution and detection efficiency (multi-pixel) 

➡ High-precision absolute energy measurement for rare events 

2. Covering a wide energy range with high resolution 

➡ Interesting broad structures are now visible in detail. This was not 
possible with the crystal spectrometer.

Muonic molecule

Muonic atoms



Developed TES for high-energy X-rays
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Name 5 keV TES 10 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

( 8 eV @ 17 keV ) 60~70 eV @ 130 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
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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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Existing TES 
(have been using since 2016)

Brand-new TES detector 
(brought from NIST this January)
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๏ 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.


