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Study of K-nucl. interaction
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Kaonic atom X-rays
 3

3d

2p Strong 
interaction

Nuclear absorption

X-ray

Width : Γ2p

Shift : ΔE2p

(Coulomb only)

Unique probe of the Kbar-nucleus strong interaction at the threshold energy

kaonic helium case



• Kaonic hydrogen, deuterium → KbarN scattering length 

• Heavier atoms → Attractive optical potential 
                          global repulsion from a large imaginary part 

•

Kaonic atom X-rays
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Fig. IT. Shift and width values for kaonic atoms. The continuous lines join points calculated with the 
potential discussed in Section 4.2. 
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• Old “puzzle” has been solved 
• Shift < 5 eV, Width < 20 eV  
• Precision ~ 2 eV << Resolution 150 eV

K-He Experiments
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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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existed in the incident beam) on high-purity titanium and nickel
foils placed just behind the target cell. The energy of the kaonic-
helium 3d → 2p x-ray, ∼6.4 keV, lies between the character-
istic x-ray energies, 4.5 keV(Ti) and 7.5 keV(Ni). To obtain
high-statistics energy calibration spectra, we accumulated SDD
self-triggered events together with the stopped-K− triggered
events, which provide high-accuracy in-situ calibration spectra.

To avoid detecting the background characteristic x-rays from
other than the titanium and nickel, high-purity aluminum foils
were placed on all objects in the view of the SDDs.

3. Analysis

Fig. 2 shows the correlation between the z-coordinate of
the reaction vertex and the light output of T0. Each compo-
nent of the target assembly (a carbon degrader, a target cell and
SDDs/foils) is clearly seen. We applied a fiducial volume cut of
−7.0 < z < 9.0 cm on the z coordinate as shown in Fig. 2, and
of

√
x2 + y2 < 11.0 cm on the radius from the target center.

Slower incident kaons, which give larger light output on T0,
stop upstream in the target, while faster kaons (hence smaller
pulse height) stop downstream. Events which follow this trend
were selected as stopped-K− events when lying within the
solid-lined box in Fig. 2.

Stopped-K−-timing events were selected using SDD timing
information to reduce the accidental background. Time resolu-
tion of the SDD after time-walk correction was ∼160 ns (σ ) at
∼83 K, which reflected the drift-time distribution of the elec-
trons in the SDD. Data within ± 2 standard deviations from the
average SDD hit timing were selected.

Fig. 3(a) shows a typical x-ray spectrum for SDD self-
triggered events, which is used for the energy calibration. Char-
acteristic x-ray peaks of titanium and nickel were obtained with
high statistics. Typical yields of titanium Kα peaks are 5 × 102

events per hour for each SDD. Time-dependent gain drift was
corrected about every 20 hours. The energy scale was calibrated
by Kα lines of titanium and nickel with the well-known ener-
gies [10] and intensity ratios [11] of Kα1 and Kα2.

Fig. 2. A typical density plot between the z-coordinate of the reaction vertex
and the light output on T0, used to reject in-flight kaon decay/reaction events.

After applying the event selections described above and cal-
ibrating the energy scale, we obtained x-ray energy spectra for
stopped-K− triggered events shown in Fig. 3. Kaonic-helium
3d → 2p, 4d → 2p and 5d → 2p transitions are clearly ob-
served, while the Ti and Ni x-ray peaks are greatly suppressed.
Fig. 3(b) and (c) respectively show the x-ray spectra taken in
the runs in October 2005 (cycle 1) and December 2005 (cy-

Fig. 3. (a) A typical x-ray spectrum for self-triggered events which provides
high-statistics energy-calibration information. (b), (c) Measured x-ray spectra
for stopped-K− events obtained from the runs in October 2005 (cycle 1) and
December 2005 (cycle 2) respectively. A fit line is also shown for each spec-
trum, along with individual functions of the fit. The fit residuals are shown
under each spectrum, with thin lines denoting the ±2σ values of the data, where
σ is the standard deviation due to the counting statistics.
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• Is there large shift > 1 eV, and width > 5 eV ? 
• if yes, optical potential models can not explain. 

• Sign of the shift ? 
• attractive shift would suggest no p-wave nuclear bound state.

K-He theoretical calculation
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Future directions in kaonic atom physics

Table 1 Shifts and widths for
the 2p state in 3,4He

3He 4He

Shift (eV) 0.3 −0.2
Width (eV) 2.1 1.6

experimental results from FINUDA [11] showed [12] that with the sub-threshold
approach the deep K−-nucleus potential is favored. This conclusion is based on
relative formation rates but the absolute scale of these is not reproduced by the
calculations. Understanding the absolute scale is another direction of work in the
field of kaonic atom physics.

Finally we turn to kaonic atoms of He. Table 1 summarizes predictions made for
3,4He with a global optical potential based on the TW1 amplitude plus a phenom-
enological term. Other variations such as the removal of the phenomenological term
or the inclusion of a p-wave term change these values by up to 0.3 eV. However,
future high precision experiment, well beyond the present capabilities, could bring
interesting results.

4 Conclusions

Having established a connection between deep real optical potentials and underlying
chiral-motivated K−N scattering amplitudes, the next step will be to implement a
‘microscopic’ multinucleon absorption terms to supplement the one-nucleon sub-
threshold approach to kaonic atom potentials. Another near-future direction could
be studies of the absolute scale of formation rates in stopped kaon absorption
experiments where the current predictions underestimate experimental results by
as much as a factor six. Refinements of global analyses by studies of different levels
in a given kaonic atoms could bring interesting results. We note also that the role of
a p-wave term in kaonic atoms has not been established [8]. Last but not least, any
new high quality experiment will be most welcome.

Acknowledgements I wish to thank Aleš Cieplý, Avraham Gal, Daniel Gazda and Jiří Mareš who
contributed much to the emerging sub-threshold approach.
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K-atom experiments @ J-PARC K1.8BR
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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



✓Excellent energy resolution with a reasonable dynamic range

Transition-Edge-Sensor microcalorimeters
 8093113-2 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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Si Substrate

T2

T1

Tb

∆E

Absorber

TES

Ib

Rsh R0

L

SQUID
Readout

(a) (b)

R 0/R
n

Temperature (mK)

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

(Rn) and zero resistance, see Fig. 2(b). In the small-signal
limit, the transition is parameterized by use of the logarith-
mic temperature sensitivity at constant current

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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Resolution: ~ 5 eV FWHM @ 6 keV. Dynamic range: 4-15 keV



• Cooled down to 70 mK with ADR & pulse tube. 
• 240 pixel: 8 columns x 30 rows time-division multiplexing (TDM) readout  
• ~23 mm2, Mo/Cu + Bi 4um (85% eff.@6 keV) 
• First case to operate in a hadron beam environment.

NIST(US) TES spectrometer for E62
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φ~1cm

Review of Scientific Instruments 88, 053108 (2017)



• Base temps: 
< 40 mK @ FAA 
< 500 mK@ GGG

HPD 102 DENALI
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History of the project
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2013    Start collaboration with NIST

2014
   Demonstration experiment 
   @ PSI (pionic atom) 

2015    Approved as J-PARC E62

2016
   Commissioning with K- beam 
   @ J-PARC 

2017

2018    Physics data taking for K- atom 
   @ J-PARC

…     physics paper in preparation…

JLTP 184(3), 930-937, 2016; PTEP 2016, 091D01, 2016.

IEEE Trans. Appl. Supercond. 27(4), 1-5, 2017.

33 cm J. Low Temp. Phys. 199, 1018–1026 (2020)



PSI v.s. J-PARC
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PSI J-PARC

location Villigen, Switzerland Tokai, Japan

beam line πM1 K1.8BR

particle π- K-

purity ~ 0.4 ~ 0.2

momentum 170 MeV/c 900 MeV/c
intensity 

(sum of all particles)
1.4 ~ 2.8 * 106 cps 8 *105 / spill 

X-rays from 
hadronic atom π12C 4-3: 6.4 keV K3He 3-2: 6.2 keV 

K4He 3-2: 6.4 keV

science X-ray rate ~ 200 / hour ~ 200 / week 

Easier to start with pion beam at PSI



πC 4-3 X rays at PSI πM1
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π-atom peak 
with clear timing 

correlation

FWHM 
~ 7 eV

209
pixels

Data taking:
~ 13.5 hours

S. Okada et al., PTEP. 2016, 091D01 

✓TES worked at a hadron beam line 
5 eV (beam off) -> 7 eV (beam on) FWHM 

✓Accurate energy calibration 
< 0.1 eV accuracy at FeKa 

✓πC lines at expected energies 
±0.13(stat.)±0.09(syst.) eV
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✓ Reduction of the beam-particle hit is essentially important 
✓ Analysis to distinguish X-ray/Charged particle hits, cross-talk events

Challenges in a hadron beam
 14

Enlarged view

Residuals from the averaged pulse
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→ thermal-crosstalk bumps 
-→ degrade the energy resolution.



J-PARC E62 
K-3/4He 3d→2p with TES
completed in June 2018,  ~18 days
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J-PARC E62 collaboration
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Nuclear physicists +  TES experts (NIST+)  +  Astro-physicists (TMU+)

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



E62 setup
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TES & He target cell
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Target region with shield, MLI, SDDs
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K-He setup
 21
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Operation of cryogenic systems
 22

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

3He 4He4He

Adiabatic
Demagnetization
Refrigerator

He 
target

TES

beamtime

keep 70 mK

keep ~1.4 K

with pulse tube

vacuum-cooled
with Liq. 4He

performed Liq. He refilling & magnet recycle once a day



✓ X-ray tube was always ON during the experiment 
✓ Run-by-run (2 hours), pixel-by-pixel calibration

In-beam calibration
 23

X-ray tube

w/ Cr, Co, Cu

1 run, 1 pixel, ~ 2 hour exposure 
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TES in-beam performance
 24

Resolution geometrical map

Resolution at CoKα 

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

CoKα1

CoKα2

run424, coadded 218 pixels

~5.8 eV FWHM

Detector response is well described 
by a gaussian and a low-energy exponential tail
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• Asynchronous background contribution is negligible 
• Most of background come from stopped kaon absorptions

Preliminary result: final spectra
 26

Prelim
inary



• Voigt ( Gaussian*Lorentzian ) + Low-energy tail + Background 
• Resolution, Tail parameters are estimated from Ka lines 
• 4 free parameters: mean, gamma, amplitude, background

Preliminary result: fitting
 27

3He 4He

FeKα

Preliminary
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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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without reducing their statistics [7,10].
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terium. The thin lines show the peak fit functions after the background subtraction.
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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
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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
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• Precision of the absolute energy scale is the dominant systematics 
• Systematical error < Statistical error

Systematic errors
 29

[eV] 3He shift 3He width 4He shift 4He width

stat. 0.37 0.90 0.28 0.65

syst. 0.19 0.44 0.11 0.42 quad. sum

absolute calib. 0.17 0.09 energy dependent

resolution 0.01 0.30 0.01 0.20 energy dependent

timing cut 0.05 0.05 0.1/0.2 eV error for resolution

tail 0.03 0.10 0.01 0.10 fraction ±10%, length ±20% 

background 0.02 0.20 0.02 0.20 compare pol0/pol1/pol2

fit range 0.01 0.20 0.01 0.01 min / max

binning 0.05 0.10 0.03 0.30 0.5/1/2 eV bin, shift half a binPr
eli
mi
na
ry
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Comparison with a theoretical calc.
 30

3He 4He

by J. Yamagata-Sekihara and S. Hirenzaki

level repulsion 
from nuclear state

• Chiral potential [Ramos, Oset, NPA671(2000)481] 
Phenomenological potential [Mares, Friedman, Gal, NPA770(2006)84] 

• Realistic charge density distribution for 3He&4He by E. Hiyama

• Our result is comparable to the values based on optical potentials 
• Zero or attractive shift in K4He would support no p-wave nuclear state

attractiverepulsiveattractiverepulsive

�E = Eexp. � EEM

Preliminary
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Systematics from Kaon mass
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• SDDs were installed as a reference and test for E57(K-d) 
• Relative yield of Lα/Lβ/Lγ will be extracted

SDD spectra in E62
 32
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• Present system is applicable up to 15 keV, limited by TES 
saturation and stopping power of 4 um thick Bi absorber 
• Light kaonic atoms (K- Li 6/7) 
• Kaon mass (K-N, K-Ne, … ) 

• New system for higher energy up to 100 keV region is 
under development for muonic atom project (QED test 
under strong electric field) 
• Upper level of high-Z kaonic atoms  
to separate 1N/mN contributions 
(proposed in NPA 915 (2013) 170‒178) 

• Ξ-atoms (Ξ-C) etc…
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Outlook: TES



TES under development
 34

J-PARC 
E62

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

TES = Transition Edge Sensor
18
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• Kaonic hydrogen/deuterium 2p→1s in J-PARC E57 
• 1% / 0.1% yield with a gas target. (~4% LD) 

• SDDs inside target gas 

• detect L X rays in coincidence 

• re-start in 2023? 

• Kaonic Helium 2p→1s  
• Small 2p width measured in E62 suggests it is feasible. 
> 0.1% yield relative to 3d→2p,  absolute yield ~0.05%?  

• X-ray coincidence with a large solid acceptance 

• at DAΦNE? or with liquid target at J-PARC? 

• need some detector development for ~ 30 keV 

 35

Outlook: K- atom with SDDs

K- beam

target cell (~ 100K, 0.5MPa?)
feed through



• Kaonic helium 3d→2p X-rays in J-PARC E62 
• Physics data taking was completed in 2018 
• Preliminary results 
• ~ 6 eV FWHM resolution with a cryogenic detector TES 
• Large shift and width were excluded 
• |ΔE2p| < 1 eV, Γ2p < 5 eV 

• Attractive shift 
→ non-existence of p-wave nuclear state? 

• Final numbers & publication will come soon 

• Outlook 
• TES for higher energy will be available in a few years 
• K-p/K-d (J-PARC E57/SIDDHARTA2), K-He 2p→1s with SDDs

Summary
 36


