
T. Hashimoto@STRANEX

ECT* 
EUROPEAN CENTRE FOR THEORETICAL STUDIES 

IN NUCLEAR PHYSICS AND RELATED AREAS 
TRENTO, ITALY 

Institutional Member of the European Expert Committee NUPECC 

 

The Castle at Trento, painted by A. D�rer on his way back from Venice (1495, watercolor 19.8 x 27.7). British Museum, London   

STRANEX:  
Recent progress and perspectives in STRANge EXotic atoms studies and related topics 

Trento, October 21-25, 2019 
 

Main topics 
Theoretical aspects on the low-energy strangeness physics  
Kaonic atoms and nuclei overview: experiments and theory 

Kaonic deuterium status and new ultra-high precision experiments 
Hyperons interactions in nuclear matter 

The Lambda(1405) structure: experimental and theoretical studies 
Strangeness and the neutron stars  

 
 

Key participants 
A. Cieply (Re]. PUagXe, C]ecK ReSXbOLc), R. Del Grande (LNF-INFN, IWaO\), L. Fabbietti (TUM, MXQLcK, GeUPaQ\), E. Friedman (TKe HebUeZ UQLY. JeUXVaOeP, IVUaeO) 

A. Gal (TKe HebUeZ UQLY. JeUXVaOeP, IVUaeO), M. Iwasaki (RIKEN, JaSaQ), H. Ohnishi (TRKRNX UQLY. SeQdaL, JaSaQ), K. Piscicchia (LNF-INFN FUaVcaWL, IWaO\) 
F. Sakuma (RIKEN, JaSaQ), D. Sirghi (LNF-INFN, IWaO\), F. Sirghi (LNF-INFN, IWaO\), M. Skurzok (LNF-INFN, IWaO\), H. Tamura (TRKRNX UQLY. SeQdaL, JaSaQ) 

I. Vidaña (INFN, IWaO\), W. Weise (TUM, M�QcKeQ, GeUPaQ\), S. Wycech (IQVWLWXWe fRU NXcOeaU SWXdLeV, WaUVaZ, PROaQd), J. Zmeskal (SMI-VLeQQa, AXVWULa) 
 
 

Organizers 
Catalina Cඎrceanඎ (LNF ± INFN FUaVcaWL, IWaO\), Jiri Mares, (NXcOeaU PK\VLcV IQVWLWXWe - Re]/PUagXe, C]ecK ReSXbOLc), Shinji Okada, (RIKEN, JaSaQ,) 

Angels Ramos, (UQLYeUVLW\ Rf BaUceORQa, SSaLQ), Johann Zmeskal, (SWefaQ Me\eU IQVWLWXWe, AXVWULa ) 
 
 

Director of the ECT*: Professor  Jochen Wambach  
 

The ECT* is sponsored by the Fonda]ione Bruno Kessler in collaboration with the Assessorato alla Cultura (Provincia Autonoma di Trento), 
funding agencies of EU Member and Associated States and has the support of the Department of Physics of the University of Trento. 

 
For local organization please contact: Michela Chistq - ECT* Secretariat - Villa Tambosi - Strada delle Tabarelle 286 - 38123 Villa]]ano (Trento) - Italy 

Tel.:(+39-0461) 314013, E-mail: staff@ectstar.eu or visit http://www.ectstar.eu 

TKLV SURMecW KaV UeceLYed IXQdLQJ IURP WKe EXURSeaQ UQLRQ’V HRUL]RQ 2020 
UeVeaUcK aQd LQQRYaWLRQ SURJUaPPe XQdeU JUaQW aJUeePeQW NR 824093  

Kaonic atom experiments 
at J-PARC

Tadashi Hashimoto (JAEA) 
for the J-PARC E57/E62 collaboration

STRANEX:  
Recent progress and perspectivesin STRANge EXotic atoms studies and related topics



T. Hashimoto @ELPH, 20180911

2K1.8BR experimental areaE15/E31@K1.8BR

neutron counter
charge veto counter

proton counter

beam dump

beam sweeping
magnet

liquid 3He/D2
target system

CDS

beam line
spectrometer

K- beam

γ, n p

15m



T. Hashimoto@STRANEX

9 ( 1 : 10 )

1

1

2

2

3

3

4

4

5

5

6

6

7

7

8

8

9

9

10

10

A A

B B

C C

D D

E E

F F

G G

H H

tadashi.hashimoto@riken.jp

K-atom experiments @ J-PARC K1.8BR
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E62: K-He 3d-2p E57: K-d 2p-1s

K-  beam

first measurement 
to resolve isospin-dependent KbarN scat. length

sub-eV precision (ΔE2p)  
to distinguish “deep” or “shallow” potential 

K-  beam
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K-atom experiments @ J-PARC K1.8BR
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K-He (E62) K-d (E57)

X-ray transition 3d - 2p 2p - 1s

Energy ~ 6 keV ~ 8 keV

Width 2 ~ 5 eV ~ 1000 eV

Yield (per stopped K-) ~ 7 % (Liquid He) ~ 0.1 % (0.05% of liquid D2 
density)

X-ray detector TES SDD

FWHM resolution ~ 5 eV ~ 150 eV

Effective area ~ 0.2 cm2 ~ 200 cm2

Physics Kbar-nucleus potential KbarN (I=1)
High sensitivity
measurement

Ultra-high precision
measurement
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Present status
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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 (June) SDD commissioning

2019 K-H (+K-He) full commissioning 
(Feb.̶Apr.)

2020 to submit updated proposal
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K-3/4He 3d-2p (E62) 
with TES

Physics run was completed in June. 2018



T. Hashimoto@STRANEX

HEATES collaboration (J-PARC E62) 
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Nuclear physicists +  TES experts (NIST+)  +  Astro-physicists (TMU+)

- High-resolution Exotic Atom x-ray spectroscopy with TES -

HEATES collaboration
�2

Nuclear physicists  +  TES experts  +  Astro physicists

71 collaborators in total

High-resolution Exotic Atom x-ray spectroscopy with TES

RIKEN, KEK, JAEA, RCNP, JAXA, 

TMU, UTokyo, TokyoTech, OsakaU, 

RikkyoU, TohokuU

NIST 

INFN-LNF, Politecnico di Milano

=

Stefan Meyer Institut 

KU Leuven 

University of Zagreb 

Lund University

71 collaborators in total
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Kaonic Helium 2p shift & width

✓Sub-eV precision measurement  
could impact on the deep/shallow potential problem 

✓ΔE~150 eV detector cannot control systematics < 1 eV  

✓Cancel out some systematics (K- mass etc.) with 2 lines.

8

deep shallow
Phenomenological 

Vopt(r=0) ~ - (180 + 73i) MeV
Chiral 

Vopt(r=0) ~ - (40 + 55i) MeV

K-4He -0.41 eV -0.09 eV

K-3He 0.23 eV -0.10 eV

Isotope shift (K-4He - K-3He) -0.64 eV 0.01 eV

J. Yamagata-Sekihara, S. Hirenzaki :
— Strong-intaction Shift & Width calc.
E. Hiyama : (Gauss expansion method)
— Charge-density dist calc. for 4He&3He

preliminary

Width : 2 ~ 4 eV

Choosing the following two typical models : 
 [Pheno.] Mares, Friedman, Gal, NPA770(06)84 
 [Chiral] Ramos, Oset, NPA671(00)481
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Transition-Edge-Sensor microcalorimeters

✓ Excellent energy resolution 
✓ Reasonable dynamic range 
✓ Multiplexing technique using SQUID

9

X-ray microcalorimeter
17

a thermal detector measuring the energy of an incident 
x-ray photon as a temperature rise (= E/C ~ 1 mK )	

Decay time constant

= C / G ( ~ 500 μs )

e.g.,   Absorber : Bi (320 um × 300 um wide, 4 um thick)
        Thermometer : thin bilayer film of Mo (~65nm) and Cu (~175nm)

T

t

τ~CG

Absorber with larger “Z” (to stop the high energy x-rays)

Absorber
Heat capacity : C

Thermal conductance : G

Low temperature heat sink

~ pJ/K

~ nW/K

Thermometer

T

X-ray energy : E

TES = Transition Edge Sensor
18

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

normal 
conducting 
sate

super- 
conducting 

sate

0 Temperature
Re

si
st

an
ce

~ 100 mK

Width of transition edge
ΔE~ a few mK

--> developed by Stanford / NIST at the beginning

Dynamic range
Emax � CTC/�

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

( Johnson noise and phonon noise are
the most fundamental )

Energy resolution (σ)

�E =

�
kBT 2C

�

Thermometer sensitivity

� � d lnR

d lnT
� 102�3

applications : astrophysics (space satellite) etc.

a few mK

super-
conducting

state

normal
conducting
state
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Transition-Edge-Sensor microcalorimeters

✓ Excellent energy resolution           ~5 eV FWHM 
✓ Reasonable dynamic range            4-15 keV 
✓ Multiplexing technique using SQUID   240 pixels
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X-ray microcalorimeter
17

a thermal detector measuring the energy of an incident 
x-ray photon as a temperature rise (= E/C ~ 1 mK )	

Decay time constant

= C / G ( ~ 500 μs )

e.g.,   Absorber : Bi (320 um × 300 um wide, 4 um thick)
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NIST(US) TES spectrometer for E62

‣ 240 pixel, ~23 mm2, Mo/Cu + Bi 4um (85% eff.@6 keV) 

‣ Cooled down to 70 mK with ADR & pulse tube.

11
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Beamline Test of a Transition-Edge-Sensor
Spectrometer in Preparation for Kaonic-Atom

Measurements
T. Hashimoto, M. Bazzi, D. A. Bennett, C. Berucci, D. Bosnar, C. Curceanu, W. B. Doriese, J. W. Fowler, H. Fujioka,

C. Guaraldo, F. Parnefjord Gustafsson, R. Hayakawa, R. S. Hayano, J. P. Hays-Wehle, G. C. Hilton, T. Hiraiwa,
Y. Ichinohe, M. Iio, M. Iliescu, S. Ishimoto, Y. Ishisaki, K. Itahashi, M. Iwasaki, Y. Ma, H. Noda, H. Noumi,
G. C. O’Neil, H. Ohnishi, S. Okada, H. Outa, K. Piscicchia, C. D. Reintsema, Y. Sada, F. Sakuma, M. Sato,

D. R. Schmidt, A. Scordo, M. Sekimoto, H. Shi, D. Sirghi, F. Sirghi, K. Suzuki, D. S. Swetz, K. Tanida, H. Tatsuno,
M. Tokuda, J. Uhlig, J. N. Ullom, S. Yamada, T. Yamazaki, and J. Zmeskal

Abstract—We are developing a new technique to apply
transition-edge sensors (TESs) to X-ray spectroscopy of exotic
atoms, especially of kaonic atoms. To demonstrate the feasibility of
this pioneering project, performance of a TES-based X-ray detec-
tor was evaluated in pion- and kaon-beam environments at particle
accelerators. We successfully observed X-rays from pionic-carbon
atoms with a resolution as good as 7 eV FWHM at 6 keV. Also
at a kaon beamline, we confirmed that the TES spectrometer will
be able to achieve our resolution goal, 6 eV, in our first scientific
campaign to measure X-rays from kaonic-helium atoms.

Index Terms—Nuclear physics, particle beams, superconducting
photodetectors, X-ray detectors.
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I. INTRODUCTION

A hadronic atom is a Coulomb-bound system that consists
of a nucleus, electrons, and a negatively charged hadron,

such as π−,K−, p̄,Σ−, or Ξ−. One can obtain unique infor-
mation of the hadron-nucleon/nucleus strong interaction at zero
kinetic energy via X-ray spectroscopy of these atomic systems,
because the most tightly bound states of a hadronic atom are
perturbed by the strong interaction [1]. Kaonic atoms allow
study of the interaction between K̄, namely K−(quark compo-
sition: ūs) and K̄0(d̄s), and a nucleon/nucleus. This interaction
is one of the greatest concerns in present hadron physics. The
K̄-nucleon/nucleus strong interaction is known to be attractive,
and if this attraction is strong enough, a kaon could be bound in
a nuclear state [2]. Such a nuclear state would not only enlarge
our concept of matter, but also would provide a unique testing
ground of kaon properties in matter [3], [4].
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Absolute Energy Calibration of X-ray TESs with 0.04
eV Uncertainty at 6.4 keV in a Hadron-Beam
Environment

H. Tatsuno1 · W. B. Doriese2 · D. A. Bennett2 · C. Curceanu3 ·
J.W. Fowler2 · J. Gard2 · F. P. Gustafsson4 · T. Hashimoto5 · R. S. Hayano6 ·
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E.Widmann8 · S. Yamada7 · J. Zmeskal8 · D. S. Swetz2
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Abstract A performance evaluation of superconducting transition-edge sensors
(TESs) in the environment of a pion beam line at a particle accelerator is presented.
Averaged across the 209 functioning sensors in the array, the achieved energy resolu-
tion is 5.2 eV FWHM at Co Kα (6.9 keV) when the pion beam is off and 7.3 eV at a
beam rate of 1.45 MHz. Absolute energy uncertainty of±0.04 eV is demonstrated for
Fe Kα (6.4 keV) with in-situ energy calibration obtained from other nearby known X-
ray lines. To achieve this small uncertainty, it is essential to consider the non-Gaussian
energy response of the TESs and thermal cross-talk pile-up effects due to charged
particle hits in the silicon substrate of the TES array.

Keywords Transition-edge sensor · Hadronic atom · X-ray spectroscopy · X-ray
energy calibration · X-ray response · Low-energy tail
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First application of superconducting
transition-edge sensor microcalorimeters to
hadronic atom X-ray spectroscopy
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High-resolution pionic atom X-ray spectroscopy was performed with an X-ray spectrometer
based on a 240 pixel array of superconducting transition-edge sensor (TES) microcalorimeters
at the πM1 beam line of the Paul Scherrer Institute. X-rays emitted by pionic carbon via the
4f → 3d transition and the parallel 4d → 3p transition were observed with a full width at half
maximum energy resolution of 6.8 eV at 6.4 keV. The measured X-ray energies are consistent
with calculated electromagnetic values which considered the strong interaction effect assessed
via the Seki–Masutani potential for the 3p energy level, and favor the electronic population
of two filled 1s electrons in the K-shell. Absolute energy calibration with an uncertainty of
0.1 eV was demonstrated under a high-rate hadron beam condition of 1.45 MHz. This is the first
application of a TES spectrometer to hadronic atom X-ray spectroscopy and is an important
milestone towards next-generation high-resolution kaonic atom X-ray spectroscopy.
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K-He setup
14

E62 setup
8

K- beam Degrader

Liq. He target 
system

TES

X-ray tube

Shields

@ K1.8BR beamline
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Liq. 3He

system

K- beam

lead shields

Cu degrader
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In-beam energy calibration

✓ X-ray tube was always ON during the experiment 

✓ Run-by-run (2 hours), pixel-by-pixel calibration
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TES in-beam performance
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Preliminary result : time vs. energy
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Preliminary result : K-He X-rays
19

TES

SDD

Energy [keV]

Cr Co
KαKβ Fe

K-3He K-4He
calib. 
line

calib. 
line

Kα
Fe
Kβ

~180 eV
FWHM

Preliminary



T. Hashimoto@20191016

0

50

100

C
ou

nt
s 

/ 5
 e

V

5.6 5.8 6 6.2 6.4 6.6 6.8 7 7.20

0.5

1

Ar
bi

tra
ry

 / 
20

 e
V

0

50

100

C
ou

nt
s 

/ 5
 e

V He-3
He-4

5600 5800 6000 6200 6400 6600 6800 7000 72000

50

100

C
ou

nt
s 

/ 5
 e

V He-3
He-4

Preliminary result : K-He X-rays
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Further background reduction is already demonstrated. 

We will extract shifts & widths very soon.
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K-p/K-d 2p-1s (E57)

First test run was performed in Mar./Apr. 2019
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KbarN scattering length

✓X-ray spectroscopy of K-p and K-d resolve  
the isospin-dependent KbarN scattering length
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target at 4 atm and 100 K (,0.94 3 1023 gycm3) giving
an effective thickness of 50 mgycm 2.
An array of 60 Si(Li) crystals, each with a sensitive

area of 200 mm2, was positioned directly in the hydrogen
gas inside the aluminum target vessel to view the stopping
volume of the kaons. The inner surface of the vessel was
covered by thin titanium (Ti) foils whose fluorescence
served as an in-beam energy calibration.
Since the kaon beam is contaminated by pions (Kyp ,

0.01 just before the target), the timing of the x-ray signal
is important for reducing the accidental background.
After time walk corrections of the Si(Li) detectors, a
resolution of 290 6 10 nsec (FWHM) was obtained for
the summed time spectrum. We defined a “prompt time”
gate for kaons with a 6360 nsec width. We recorded
the time of beam pions striking the beam counters and
rejected signals of the Si(Li) detectors coincident with
these pions.
An 55Fe source was inserted periodically when beam

was off to determine the calibration of each Si(Li) detector.
Only Si(Li) detectors whose resolution was better than
400 eV (,25 detectors on average) were selected and
summed.
The Ti fluorescence x rays in the prompt time gate

(shown in Fig. 2) were used as an in-beam energy
calibration source to monitor the gain stability. By
fitting the summed spectrum of Ti Ka1 , Ka2 , and Kb

with the known intensity ratios and energies [11], we
obtained an energy resolution of 407 6 7 eV (FWHM).
This resolution is consistent with that obtained using 55Fe.
It is predominantly determined by microphonic noise
and its energy dependence is negligible in the region of
interest.

FIG. 2. X-ray spectrum in the prompt time gate. The inset
shows the typical x-ray time spectrum for the x rays from 2 to
20 keV. The dashed line is the prompt time gate.

K2p absorption produces various reaction products in-
cluding high energy g rays which were the major back-
ground source of the previous experiments. By selecting
the branches K2p ! S6p7 followed by S6 ! np6,
we can exclude all reactions producing high energy g
rays. These branches (,50%) were identified by tagging
on two charged pions.
Furthermore, this two-charged-pion tag enables us to

determine the kaon reaction point as a vertex by tracking
both pion trajectories. We used two layers of cylindrical
wire chambers to reconstruct the vertex point and two
layers of plastic scintillation counters to trigger those
events. We applied the fiducial selection of the target
volume using the vertex point. False triggers caused by
high energy electrons, which are mainly produced by g-
ray conversion, were rejected by water Čerenkov counters
placed just behind the trigger counters.
In order to identify the formation of kaonic hydro-

gen atoms and to reject the contaminating in-flight
decaysyreactions, we utilized the correlation between the
kaon range and its time of flight in the hydrogen gas.
Because the stopping power of our gaseous target is quite
low, the “kaon stop” events have a large delay depending
on their range in the gas.
After applying these event selections, we obtained the

x-ray energy spectrum shown in Fig. 3. In the spectrum,
we clearly observed kaonic hydrogen K-series x rays at
about 6 and 8 keV, which are identified to be Ka (2p
to 1s) and Kcomplex (3p or higher to 1s), respectively.
The pure electromagnetic value of the kaonic hydrogen
Ka x-ray energy [EEMsKad] is 6.480 6 0.001 keV, which

FIG. 3. Kaonic hydrogen x-ray spectrum. The inset shows
the result of peak fitting and the components.
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Kaonic hydrogen experiment (1)

nent, apart from a normalization factor, was used to fit both
spectra. All the fluorescence lines were normalized with
the same factor. The fit range was selected to be from 2.9 to
10.4 keV, excluding the Khigh energy range (7.74–
8.82 keV), in order to avoid model dependency as far as
the intensities were concerned. The systematic errors in-
troduced by these cuts were studied by Monte Carlo simu-
lations and included in the global systematic error.

Analysis II used as a background spectrum the sum of
kaonic nitrogen data [13] and a subset (low CCD occu-
pancy) of no-collision data. By means of activation analy-
ses performed in the laboratory it was checked that the
silicon and iron fluorescence peaks do have the same origin
(CCD itself and its support) in both signal and background
spectra. Consequently, the intensity ratio of the silicon
fluorescence peaks with respect to the integrated continu-
ous background in the two spectra, described by two
independent cubic polynomials, was used to normalize
the iron fluorescence peak in the kaonic hydrogen
spectrum.

Concerning the influence of the Khigh transitions, the fit
range was restricted to a region where this contribution is
marginal, given only by their low-energy tails. In order to
study this contribution, different values for the Khigh=K!

yields ratios, obtained from cascade calculations [15], were
imposed in the fit. The effect of varying the yields ratios as
well as the fit energy range was studied and included in the
systematic error.

The two analyses gave consistent results. In both, the fit
without kaonic hydrogen contribution gave a "2=NDOF !

1:25 where NDOF indicate the number of degrees of free-
dom. By including (K"p) lines, in analysis I "2=NDOF
turned out to be 1.04, and in analysis II the value was 1.02.
In Fig. 1, the fitted kaonic hydrogen x-ray spectrum is
shown (spectra look the same in both analyses). A zoom
of the (K"p) K# region shows the disentangling of the Fe
K# and (K"p) K# lines. In Fig. 2, the fitted measured
background spectra used in the two analyses are shown.
Figure 3 shows the kaonic hydrogen x-ray spectrum after
continuous and structured background subtraction for both
analyses. The fitting curves of the various kaonic hydrogen
lines are as well shown. Shifts and widths obtained in the
two analyses are reported.

The weighted average of the two independent analyses
for the K# transition energy gave 6287# 37 (stat) #6
(syst) eV, where the statistical error is the smaller of the
two individual ones.

The pure electromagnetic value of the kaonic hydrogen
K# x ray is 6480# 1 eV. Hence, the resulting ground-state
shift $1s is

$1s ! "193# 37 $stat% # 6 $syst% eV: (1)

The weighted 1s strong interaction width (FWHM) !1s is

!1s ! 249# 111 $stat% # 30 $syst% eV: (2)

Systematic error contributions from detector energy cali-
bration and energy resolution, as well as from analysis (fit
range and method), were included.

Our result is consistent with the KEK measurement [11]

$1s ! "323# 63 $stat% # 11 $syst% eV; (3)

!1s ! 407# 208 $stat% # 100 $syst% eV; (4)

within 1% of their respective errors and confirms the re-
pulsive character of the K"p interaction at threshold.

They differ significantly, however, in three important
aspects: (1) the uncertainty of the DEAR result is about 2
times smaller than that of the KEK values; (2) the absolute
values of $1s and !1s are 40% lower, which points towards
a less repulsive strong interaction; (3) DEAR observed the

FIG. 1. The measured kaonic hydrogen x-ray spectrum. The
kaonic hydrogen transitions (indicated by boxes) and the elec-
tronic excitations coming from setup materials are visible. The
fit curves (total and components) are shown. Upper-right inset:
zoom of the kaonic hydrogen K# line region with the continuous
background; the iron K# and the kaonic hydrogen K# lines
disentangled. Lower-left inset: zoom of the silicon peak region
with the aluminum, silicon, and calcium escape peaks.

FIG. 2. The measured background spectra used in the two
analysis methods: (a) no-collision data spectrum, in analysis I;
(b) sum of the kaonic nitrogen data and of a subset (low CCD
occupancy) of no-collision data, in analysis II. The fitting
functions (overall peaks and continuous components) are shown.

PRL 94, 212302 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
3 JUNE 2005

212302-3

KEK-PS E228 (1997) DAΦNE DEAR (2005)
・Si(Li) x-ray detector (120 cm2) 
・360 eV FWHM at 6 keV 
・sub-μs timing information 
・event selection (low BG)

・CCD x-ray detector (116 cm2) 
・180 eV FWHM at 6 keV 
・no timing information (high BG) 
・overlay with Mn and Fe peaks
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target at 4 atm and 100 K (,0.94 3 1023 gycm3) giving
an effective thickness of 50 mgycm 2.
An array of 60 Si(Li) crystals, each with a sensitive

area of 200 mm2, was positioned directly in the hydrogen
gas inside the aluminum target vessel to view the stopping
volume of the kaons. The inner surface of the vessel was
covered by thin titanium (Ti) foils whose fluorescence
served as an in-beam energy calibration.
Since the kaon beam is contaminated by pions (Kyp ,

0.01 just before the target), the timing of the x-ray signal
is important for reducing the accidental background.
After time walk corrections of the Si(Li) detectors, a
resolution of 290 6 10 nsec (FWHM) was obtained for
the summed time spectrum. We defined a “prompt time”
gate for kaons with a 6360 nsec width. We recorded
the time of beam pions striking the beam counters and
rejected signals of the Si(Li) detectors coincident with
these pions.
An 55Fe source was inserted periodically when beam

was off to determine the calibration of each Si(Li) detector.
Only Si(Li) detectors whose resolution was better than
400 eV (,25 detectors on average) were selected and
summed.
The Ti fluorescence x rays in the prompt time gate

(shown in Fig. 2) were used as an in-beam energy
calibration source to monitor the gain stability. By
fitting the summed spectrum of Ti Ka1 , Ka2 , and Kb

with the known intensity ratios and energies [11], we
obtained an energy resolution of 407 6 7 eV (FWHM).
This resolution is consistent with that obtained using 55Fe.
It is predominantly determined by microphonic noise
and its energy dependence is negligible in the region of
interest.

FIG. 2. X-ray spectrum in the prompt time gate. The inset
shows the typical x-ray time spectrum for the x rays from 2 to
20 keV. The dashed line is the prompt time gate.

K2p absorption produces various reaction products in-
cluding high energy g rays which were the major back-
ground source of the previous experiments. By selecting
the branches K2p ! S6p7 followed by S6 ! np6,
we can exclude all reactions producing high energy g
rays. These branches (,50%) were identified by tagging
on two charged pions.
Furthermore, this two-charged-pion tag enables us to

determine the kaon reaction point as a vertex by tracking
both pion trajectories. We used two layers of cylindrical
wire chambers to reconstruct the vertex point and two
layers of plastic scintillation counters to trigger those
events. We applied the fiducial selection of the target
volume using the vertex point. False triggers caused by
high energy electrons, which are mainly produced by g-
ray conversion, were rejected by water Čerenkov counters
placed just behind the trigger counters.
In order to identify the formation of kaonic hydro-

gen atoms and to reject the contaminating in-flight
decaysyreactions, we utilized the correlation between the
kaon range and its time of flight in the hydrogen gas.
Because the stopping power of our gaseous target is quite
low, the “kaon stop” events have a large delay depending
on their range in the gas.
After applying these event selections, we obtained the

x-ray energy spectrum shown in Fig. 3. In the spectrum,
we clearly observed kaonic hydrogen K-series x rays at
about 6 and 8 keV, which are identified to be Ka (2p
to 1s) and Kcomplex (3p or higher to 1s), respectively.
The pure electromagnetic value of the kaonic hydrogen
Ka x-ray energy [EEMsKad] is 6.480 6 0.001 keV, which

FIG. 3. Kaonic hydrogen x-ray spectrum. The inset shows
the result of peak fitting and the components.
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nent, apart from a normalization factor, was used to fit both
spectra. All the fluorescence lines were normalized with
the same factor. The fit range was selected to be from 2.9 to
10.4 keV, excluding the Khigh energy range (7.74–
8.82 keV), in order to avoid model dependency as far as
the intensities were concerned. The systematic errors in-
troduced by these cuts were studied by Monte Carlo simu-
lations and included in the global systematic error.

Analysis II used as a background spectrum the sum of
kaonic nitrogen data [13] and a subset (low CCD occu-
pancy) of no-collision data. By means of activation analy-
ses performed in the laboratory it was checked that the
silicon and iron fluorescence peaks do have the same origin
(CCD itself and its support) in both signal and background
spectra. Consequently, the intensity ratio of the silicon
fluorescence peaks with respect to the integrated continu-
ous background in the two spectra, described by two
independent cubic polynomials, was used to normalize
the iron fluorescence peak in the kaonic hydrogen
spectrum.

Concerning the influence of the Khigh transitions, the fit
range was restricted to a region where this contribution is
marginal, given only by their low-energy tails. In order to
study this contribution, different values for the Khigh=K!

yields ratios, obtained from cascade calculations [15], were
imposed in the fit. The effect of varying the yields ratios as
well as the fit energy range was studied and included in the
systematic error.

The two analyses gave consistent results. In both, the fit
without kaonic hydrogen contribution gave a "2=NDOF !

1:25 where NDOF indicate the number of degrees of free-
dom. By including (K"p) lines, in analysis I "2=NDOF
turned out to be 1.04, and in analysis II the value was 1.02.
In Fig. 1, the fitted kaonic hydrogen x-ray spectrum is
shown (spectra look the same in both analyses). A zoom
of the (K"p) K# region shows the disentangling of the Fe
K# and (K"p) K# lines. In Fig. 2, the fitted measured
background spectra used in the two analyses are shown.
Figure 3 shows the kaonic hydrogen x-ray spectrum after
continuous and structured background subtraction for both
analyses. The fitting curves of the various kaonic hydrogen
lines are as well shown. Shifts and widths obtained in the
two analyses are reported.

The weighted average of the two independent analyses
for the K# transition energy gave 6287# 37 (stat) #6
(syst) eV, where the statistical error is the smaller of the
two individual ones.

The pure electromagnetic value of the kaonic hydrogen
K# x ray is 6480# 1 eV. Hence, the resulting ground-state
shift $1s is

$1s ! "193# 37 $stat% # 6 $syst% eV: (1)

The weighted 1s strong interaction width (FWHM) !1s is

!1s ! 249# 111 $stat% # 30 $syst% eV: (2)

Systematic error contributions from detector energy cali-
bration and energy resolution, as well as from analysis (fit
range and method), were included.

Our result is consistent with the KEK measurement [11]

$1s ! "323# 63 $stat% # 11 $syst% eV; (3)

!1s ! 407# 208 $stat% # 100 $syst% eV; (4)

within 1% of their respective errors and confirms the re-
pulsive character of the K"p interaction at threshold.

They differ significantly, however, in three important
aspects: (1) the uncertainty of the DEAR result is about 2
times smaller than that of the KEK values; (2) the absolute
values of $1s and !1s are 40% lower, which points towards
a less repulsive strong interaction; (3) DEAR observed the

FIG. 1. The measured kaonic hydrogen x-ray spectrum. The
kaonic hydrogen transitions (indicated by boxes) and the elec-
tronic excitations coming from setup materials are visible. The
fit curves (total and components) are shown. Upper-right inset:
zoom of the kaonic hydrogen K# line region with the continuous
background; the iron K# and the kaonic hydrogen K# lines
disentangled. Lower-left inset: zoom of the silicon peak region
with the aluminum, silicon, and calcium escape peaks.

FIG. 2. The measured background spectra used in the two
analysis methods: (a) no-collision data spectrum, in analysis I;
(b) sum of the kaonic nitrogen data and of a subset (low CCD
occupancy) of no-collision data, in analysis II. The fitting
functions (overall peaks and continuous components) are shown.

PRL 94, 212302 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
3 JUNE 2005

212302-3

KEK-PS E228 (1997) DAΦNE DEAR (2005)
・Si(Li) x-ray detector (120 cm2) 
・360 eV FWHM at 6 keV 
・sub-μs timing information 
・event selection (low BG)

・CCD x-ray detector (116 cm2) 
・180 eV FWHM at 6 keV 
・no timing information (high BG) 
・overlay with Mn and Fe peaks
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Fig. 2. Kaon identification using timing of the coincidence signals in the kaon de-
tector with respect to the RF signal of ∼ 368.7 MHz from DA!NE.

Fig. 3. Time difference spectrum between kaon arrival and X-ray detection for K −

triggered events of hydrogen data, where a time-walk correction was applied.

The time difference between kaon arrival and X-ray detection
for hydrogen data is shown in Fig. 3. The peak represents correla-
tion between X-rays and kaons, while the flat underlying structure
is from uncorrelated accidental background. A typical width of the
time-correlation, after a time-walk correction, was about 800 ns
(FWHM) which reflected the drift-time distribution of the electrons
in the SDD.

In order to sum up the individual SDDs, the energy calibration
of each single SDD was performed by periodic measurements of
fluorescence X-ray lines from titanium and copper foils, excited by
an X-ray tube, with the e+e− beams in kaon production mode.
A remote-controlled system moved the kaon detector out and the
X-ray tube in for these calibration measurements, once every ∼ 4
hours.

The refined in-situ calibration in gain (energy) and resolution
(response shape) of the summed spectrum of all SDDs was ob-
tained using titanium, copper, and gold fluorescence lines excited
by the uncorrelated background without trigger (see [29,30] for
more details), and also using the kaonic carbon lines from wall
stops in the triggered mode.

Fig. 4 shows the final kaonic hydrogen and deuterium X-ray
energy spectra. K -series X-rays of kaonic hydrogen were clearly
observed while those for kaonic deuterium were not visible. This
appears to be consistent with the theoretical expectation of lower
X-ray yield and greater transition width for deuterium (e.g., [31]).

The vertical dot-dashed line in Fig. 4 indicates the X-ray energy
of kaonic-hydrogen Kα calculated using only the electro-magnetic
interaction (EM). Comparing the kaonic-hydrogen Kα peak and the
EM value, a repulsive shift (negative ε1s) of the kaonic-hydrogen
1s-energy level is easily seen.

Many other lines from kaonic-atom X-rays and characteristic
X-rays were detected in both spectra as indicated with arrows
in the figure. These kaonic-atom lines result from high-n X-ray
transitions of kaons stopped in the target-cell wall made of Kapton

Fig. 4. A global simultaneous fit result of the X-ray energy spectra of hydrogen
and deuterium data. (a) Residuals of the measured kaonic-hydrogen X-ray spectrum
after subtraction of the fitted background, clearly displaying the kaonic-hydrogen
K -series transitions. The fit components of the K − p transitions are also shown,
where the sum of the function is drawn for the higher transitions (greater than Kβ).
(b), (c) Measured energy spectra with the fit lines. Fit components of the back-
ground X-ray lines and a continuous background are also shown. The dot-dashed
vertical line indicates the EM value of the kaonic-hydrogen Kα energy. (Note that
the fluorescence Kα line consists of Kα1 and Kα2 lines, both of which are shown.)

(C22H10O5N2) and its support frames made of aluminium. There
are also characteristic X-rays from titanium and copper foils in-
stalled for X-ray energy calibration.

We performed a global simultaneous fit of the hydrogen and
deuterium spectra. The intensities of the three background X-
ray lines overlapping with the kaonic-hydrogen signals (kaonic
oxygen 7–6, kaonic nitrogen 6–5, and copper Kα) were deter-
mined using both spectra and a normalization factor defined by
the ratio of the high-statistics kaonic-carbon 5–4 peak in the
K −p and K −d spectra. Fig. 4 (b) and (c) show the fit result
with the components of the background X-ray lines and a con-
tinuous background; (a) shows the residuals of the measured
kaonic-hydrogen X-ray spectrum after subtraction of the fitted
background, clearly displaying the kaonic-hydrogen K -series tran-
sitions.

Good K-p data  
no K-d data ← low yield, large width

KpX(1997)

DEAR(2005)

SIDDHARTA(2011)
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26 A. Cieplý et al. / Nuclear Physics A 954 (2016) 17–40

Fig. 2. The K−p (top panels) and K−n (bottom panels) elastic scattering amplitudes generated by the NLO approaches 
considered in our work. The various lines refer to the models: B2 (dotted, purple), B4 (dot-dashed, red), MI (dashed, 
blue), MII (long-dashed, green), PNLO (dot-long-dashed, violet), KMNLO (continuous, black). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

part) at energies about 30 MeV below the K̄N threshold with a shape in agreement with the 
Kyoto–Munich and MI models that have the resonance structure at slightly higher energies. The 
MII and both Bonn models generate apparently different energy dependence, with the Bonn mod-
els deviating from the other ones at energies above the K̄N threshold as well. It is interesting that 
both Murcia models agree with the Prague and Kyoto–Munich ones at energies above the K̄N

threshold despite the fact that the Murcia parameter sets were fitted to additional experimental 
data available for higher energies.

The deviations between the Bonn and other approaches are of great conceptual importance, 
which become most evident at energies above the K̄N threshold. They arise due to the fact that, 
in contrast to the other considered approaches, no s-wave projection of the interaction kernel is 
performed in the Bonn approach. Therefore, terms of the NLO Lagrangian proportional to the co-
sine of the scattering angle are explicitly accounted for in this approach. This issue is completely 
irrelevant when s-wave quantities are compared (such as scattering lengths), but may play an 
important role when addressing total cross sections. In general, the latter do not discriminate be-
tween various partial waves. Thus, neglecting higher partial waves in the calculation of the total 
cross sections is an additional assumption. It is not clear a priori, where this assumption breaks 
down, but it certainly will happen at some energies above the K̄N threshold. As a matter of fact, 
the experimental data in this region are actually dominated by the measurement of the total cross 
sections.
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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 Setup

✓Large area Silicon Drift Detector arrays 

✓Target at 30K & 0.3 MPa to optimize stopping power & X-ray yield 

✓Vertex cut & charged particle veto by using CDC ←unique in J-PARC

26
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Silicon Drift Detectors
27

Fig. 1. Cross-section of a cylindrical Silicon Drift Detector
(SDD) for X-ray spectroscopy. Electrons are guided by an elec-
tric "eld to the collecting anode in the center.

Fig. 2. Calculated potential energy for electrons in the SDD
shown in Fig. 1. The entire volume is depleted and sensitive to
ionising radiation. Electrons drift to the collecting anode, which
is the point of lowest potential energy.

particle's interaction point. The second coordinate
is given by an appropriate segmentation of the
collecting anode(s). The SDD concept is of great
#exibility in the choice of anode arrangements and
drift directions. For instance, two-dimensional
(x, y)-position sensors with an active area of
4.2!3.6 cm! have been fabricated [2] as well as
cylindrical (r,!)-detectors with a diameter of 10 cm
and an angular resolution of 13, realised by a radial
drift "eld and 360 anodes placed along the edge of
a 4! wafer [3].

2. Silicon Drift Detectors for X-ray spectroscopy

In an advanced SDD design optimised for ap-
plications in X-ray spectroscopy, the concentric
ring-shaped p! strip system for the generation of
the drift "eld and the collecting anode in their
center are placed on one side of the structure, while
the opposite surface is covered by a non-structured
p! junction acting as homogeneous radiation en-
trance window (Fig. 1) [4,5]. The calculated elec-
tron potential of a biased SDD is shown in Fig. 2 in
a section through the anode perpendicular to the
surface. In the back there is the equipotential of the
entrance window, the "eld strips with their step-like
increasing negative potential are shown in the
front. The voltage of the "eld strips is de"ned by an
integrated voltage divider, only the "rst and the last
ring must be biased externally. There is no "eld-free
region in the device, i.e. the whole volume is sensi-
tive to the absorption of ionising radiation and

each generated electron has to fall down to the
point of lowest potential energy, which is the anode
in the center of the front side. SDDs of this type are
not used as position sensors, but as energy disper-
sive detectors for X-rays and charged particles,
taking advantage of the small value of the anode
capacitance, which is almost independent of the
detector area. For a given number of collected
electrons this quality translates to a large ampli-
tude and a short rise time of the output signal.
Compared to a conventional photodiode of equal
size which is operated under the same conditions
(e.g. temperature, noise of readout electronics) the
SDD can be operated at higher count rates and it
yields a substantially better energy resolution, be-
cause the signal is less sensitive to the noise contri-
bution of the subsequent amplifying electronics.

At the semiconductor laboratory of Max Planck
Institut fuK r Physik and Max Planck Institut fuK r
extraterrestrische Physik (MPI-HLL) in Munich,
SDDs for X-ray spectroscopy with di!erent
readout concepts have been designed, fabricated,
and tested:
(a) SDDs with a `traditionala external ampli"er

connected to the anode by a bond wire,
(b) SDDs with the ampli"er's input stage inte-

grated on the detector chip.
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Reasonable Energy&Timing resolution. Large collecting area.

1unit := 8 pixels, 8 x 8 mm2/pixel 
compact package

Details by  
Marco Miliucci & Barbara Reingruber
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E57 setup as of Feb. 2019

✓~ 6-day beam time in Feb./Mar./Apr. 2019 

✓~145 ch in 26 units worked. (145/208 ~ 70%, 48 units in K-d run) 

✓Target gas (He/H2) at 30K, 3.5bar, SDDs at 190K

28

CDS

target cryostat

Target cell & SDDs
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Helium data in E57

‣ Background reduction with CDS worked well ! 
(reasonable signal loss ~1/3)
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Helium data in E57

✓80 counts KHeLa 

✓almost background free as designed
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Hydrogen data
31
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‣ Higher transitions are observed 

‣ at most 50 counts Ka X-rays. We expected more… 

‣ Kaonic Kapton lines cannot be completely removed with the CDS.
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SDDs in a hydrogen atmosphere

✓ no Kaonic Kapton lines 
✓ no attenuation at the window 
✓ Larger hydrogen volume 
✓ Chance to detect lines to 2p state

32

Possible active target setup for 48 (max 64) SDDs

We have already 
succeeded to operate SDDs
in a hydrogen (<10bar, 135K)
in Vienna!
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Shorter beam line for more kaons

✓ ~3m shorter, ~x2 K- @ 0.7 GeV/c 
✓ Better beam focusing

33Present K1.8BR Area

T.Hashimoto D-Thesis
2
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Summary
‣ Kaonic Helium 3d -> 2p  

• Sub-eV precision by using a cryogenic detector TES 
• could impact on K- -nucleus potential 
• Physics data taking was completed in June, 2018 
• Publication to come soon… 

‣ Kaonic hydrogen/deuterium 2p -> 1s 
• to resolve isospin-dependent KbarN interaction 
• High sensitivity measurement with SDDs & CDS 
• Excellent background capability was demonstrated. 
• next run in 2022? after the setup upgrade

34
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Operation of cryogenic systems
36

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

3He 4He4He

H
e 

ta
rg

et
TE

S

beam time

performed Liq. He refilling & magnet recycle once a day
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Effect of charged particle hits

‣ Detailed waveform analysis is must to minimize these effects

37

Charged
particle

If charged particle hit on the Si substrate,
heat will spread out throughout the array,
making small bump signals in many pixels

If charged particle hit on the detector pixel,
it deposits ~10 keV energy (Bi 4um), which 
become severe background in the spectrum

Charged
particle

Pulse height distribution in the array
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“Optimal filtering”
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Charged particle identification

‣ No difference in the primary pulses between X-rays and charged particles 

‣ If we look at neighboring pixels, we can reject half of the charged particles

39

primary 
(chan 129)

neighbor2 
(chan 155)

neighbor1 
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neighbor3 
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Shorter record length to avoid pileup

✓ Thermal cross talk bumps deteriorate resolution

✓ Minimize chance to have pileup bumps

40
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Response of TESs to charged particle impacts and
analysis technique for exotic atom X-ray spectroscopy

18th International Workshop on Low Temperature Detectors 22-26 July 2019 - Milano, Italy

Hideyuki Tatsuno¹, D.A. Bennett², W.B. Doriese², M.S. Durkin², J.W. Fowler², J.D. Gard², T. Hashimoto³,
R. Hayakawa¹, T. Hayashi⁴, G.C. Hilton², Y. Ichinohe⁵, H. Noda⁶, G.C. O’Neil², S. Okada⁷, C.D. Reintsema²,

D.R. Schmidt², D.S. Swetz², J.N. Ullom², S. Yamada¹, for the J-PARC E62 Collaboration

1. Tokyo Metropolitan Univ., 2. NIST, 3. JAEA, 4. ISAS/JAXA, 5. Rikkyo Univ., 6. Osaka Univ., 7. RIKEN

1. Identification of charged particle events

2. Thermal crosstalk effects in pulse peak region

3. Short record length analysis and the piled-up events in the post peak region

4. Baseline shift, gain drift, and drift correction 5. Summary

The application of TESs at the charged-
particle-beam environment requires non-
trivial analysis techniques. Investigating the
charged particle impacts on the TES array is
important to perform precision X-ray
spectroscopy. The energy deposits of
charged particles on the array, especially on
its silicon substrate, can cause small thermal
crosstalk pulses in all TESs. The pileup of
the thermal crosstalk and normal X-ray
pulses degrades the energy resolution due
to poor pulse-height estimation via optimal
filtering, moreover the additional low-energy
and high-energy tail components are needed
to fit the X-ray peaks.
The group trigger is used to aid in the
identification of thermal crosstalk. A TES
pulse triggers the recording of that TES
(primary records) and the four adjacent
TESs (secondary records).

Thermal crosstalk in the pulse peak region is
identified using secondary event records from
the four adjacent TES pixels. We define the pulse
peak region as 256 samples from the primary
trigger (1 sample is 7.2 μs) and can evaluate the
peak-region-mean value (PRMV) for each TES.
Abnormally high PRMV indicated that an X-ray
event is affected by the pulse-peak-region
thermal crosstalk.
The high-energy component of the X-ray peak is
excluded by the PRMV cut. There is no need for
the empirical high-energy tail function to fit the
X-ray peaks.

High-energy
component
due to pileup
(fraction ~19%)

Piled-up events with
thermal crosstalk in
the pulse peak
region

CoKαCoKα
Excluded the piled-up
events in the pulse
peak regionClean events

excluded the pileups

All events

run 397 sum of 221 TES pixels, beam on

−100 −80 −60 −40 −20 0 20 40 60
peak region mean of group triggered TESs

1

10

102

103

C
ou

nt
s
/0
.1
ch

Beam off

Beam on

Most likely
piled-up events

80 100

accepted

The use of the shorter record lengths improves the FWHM energy resolution from 6.6 eV to
5.7 eV at the Co Kα and reduced the LE tail fraction from 28 % to 18 % without losing any
events. The record-length dependence of the energy resolution shows the optimal point at
the post cut=500 and pre cut=0. In our case, the charged particle hit rate on the TES array
is ~40 cps/array.

Developed the analysis techniques to identify the piled-up events with
the thermal crosstalk and to reduce the pileup effects.
The high-energy and low-energy components of the X-ray spectra are
excluded by using the pulse-peak-region analysis with the group trigger
and the shorter record-length analysis to discard the piled-up record
timing, respectively.
These methods improve the energy resolution from 6.6 eV (FWHM) to
5.7 eV at 6.9 keV and enable simpler fits of X-ray spectra, which leads
to precise and accurate energy calibration.
Acknowledgements: This work was partly supported by the Grants-in-Aid for Scientific Research
(KAK- ENHI) from MEXT and JSPS (Nos. 16H02190, 15H05438, 18H03714, and 18H05458). We
thank the members in the NIST Quantum Sensors Project. We appreciate the significant contributions
by J-PARC, RIKEN, and those who kindly have backed up the J-PARC E62 experiment.

The baseline is slightly changing when beam is on in addition to the gain drift, because the
heat from the charged particles energy deposits heats the TES pixels. The beam-on and
beam-off correlation between baseline and pulse height could be slightly off. If the energy
calibration curve is shared, the beam-on X-ray peak position may shift by 0.2 eV.

Beam-on and off PRMV distributions of the
adjacent TESs (secondary records). Events
affected by the thermal crosstalk are identified
by the condition |PRMV|≥10 (19 % of all pulse
records).

The beam-on energy spectra of Co Kα X-rays summed over 221 TES pixels! Left" the energy spectra of
all events #black$" events affected by the thermal crosstalk in the pulse peak region #orange$" and clean
events not affected by the thermal crosstalk in the pulse peak region #blue$! Right" the normali%ed
spectra of events not affected by thermal crosstalk #blue$ and affected #orange$ in the pulse peak
region! The orange histogram has a visible high-energy component!

Left	 The 240-pixel Mo-Cu bilayer TES array,
each pixel is covered with the 4-μm thick Bi
absorber. The total active area is 23 mm² with
the gold-coated silicon collimator. Right: Time-
division-multiplexing (TDM) readout system
through 8 SQUID columns.

Co Kα

18th International Workshop on Low Temperature Detectors 22-26 July 2019 - Milano, Italy Hideyuki Tatsuno, Tokyo Metropolitan University

* ~5eV FWHM @ beam off
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SDD spectra
41
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16 
 

 
Figure 13: Kaon stopping distribution in the deuterium gas target with a density of 5% LDD 
(left), in the liquid deuterium target (right). 
 

 All further calculations are performed only for a gaseous target with a density 

of 5% LDD. 

 

4.2 X-ray yields, cascade calculations 
 
 The most recent cascade calculations for kaonic deuterium are shown in figure 

14, where the X-ray yields per stopped kaon for KD-, KE- and KJ-transitions in a wide 

density range were calculated. 

 As input in our Monte Carlo simulation we used a KD-yield of 0.1% for the gas 

targets and 0.01% for the liquid target, which are between the calculated values of 

Koike [33] and Jensen [34]. 

 

 
Figure 14: Kaonic deuterium cascade calculations, for the X-ray yield of KD, KE, KJ and Ktot; 
figure from reference [33] (left) and from [34] (right).  

 
 
 
 


