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Kaonic atom X-rays
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3d

2p Strong 
interaction

Nuclear absorption

3d-2p X-ray ( ~6 keV )

Width : Γ2p

Shift : ΔE2p
(Coulomb only)

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

kaonic helium case
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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. 

best-fit optical 

Ref. [44]. For ease of reference, the complete data set listed in [44] will be referred to as ALL. 
The data set with 180 and 98Mo omitted will be denoted LESS, whilst the measurements for the 
two isotope pairs 160-180 and 92Mo-98Mo will be referred to as ISO. 
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‣ Data points exist 
across the periodic table

• K-p, K-d: KbarN scattering length

• Z = 2(He) ~ 92(U)
- measurements in 1970’s & 80’s
- not so good quality…

‣ Global analysis  
prefer a deep potential? 
         - Re V ~ 150~200 MeV

• Phenomenological  
density dependence optical potential

• Chiral potential ( ~50 MeV ) 
+ phen. multi nucleon terms.

Kbar-nucleus interaction from Kaonic atom data

4
E. Friedman and A. Gal, NPA 899( 2013) 60.

Phys. Rep., 287 (1997) 385.

C. J. Batty, E. Friedman, and A. Gal,Phys. Rep., 287 (1997) 385.

talk by J. Zmeskal on Thursday 

Ramos, Oset, NPA671(00)481
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Kbar-nucleus interaction from Kaonic atom data

‣ Data points across the 
periodic table
• Z = 2(He) ~ 92(U)
• measurements in 1970’s & 80’s

‣ Prefer a deep potential (?)
• - Re V ~ 150~200 MeV
• Phenomenological density 

dependence potential
• Chiral potential  

+ phen. multi nucleon terms.
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Breakthrough in the  
x-ray detector resolution  

is must to improve data quality for 
small shift & narrow width levels


( ΔE, Γ << 100 eV )


↓

 

More precise discussion  
about the K-nucl. potential


C. J. Batty, E. Friedman, and A. Gal,Phys. Rep., 287 (1997) 385.
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Kaonic helium x-rays
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Theoretical calculations predict 
| ΔE2p | < 1 eV, Γ ~ 2 eV

Resolution [FWHM@6 keV]: ~ 150 eV

Precision goal for ΔE: ~ 2 eV

1cm

J-PARC E17 with SDD

Resolution [FWHM@6 keV]: ~ 6 eV

Precision goal for ΔE: ~ 0.2 eV

J-PARC E62 with TES

1cm
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3d → 2p transition ~ 6 keV x-rays
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Transition-Edge-Sensor microcalorimeters

✓ Excellent energy resolution ~2 eV FWHM@ 6 keV
✓ Wide dynamic range
✓ Large effective area with multiplexing technique
✓ Portable & compact system

7

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.

Width of transition edge
ΔT~ a few mK

super-
conducting

state

normal
conducting
state
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NIST TES system
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J.N. Ullom et al., Synchrotron Radiation News, Vol. 27, 24 (2014) 

Bi + TES

Au coated Si collimator

33 cm

1cmPhoto credit : J. Uhlig

‣ NIST designed cryostat
‣ Pulse tube (60K,3K) + ADR (1K, 50mK)
‣ ADR hold time: > 1 day
‣ Manufactured by High Precision Devices, Inc.  

http://www.hpd-online.com/102_cryostat.php

‣ Detector snout
‣ 240 pixel Mo-Cu bilayer TES 

30 ch TDM(time division multiplexing) readout
‣ 1 pixel : 300 x 320 um
‣ 4 um Bi absorber → efficiency ~0.85@6 keV, ~0.4@10 keV 

http://www.hpd-online.com/102_cryostat.php
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Feasibility test : πC x-ray measurement
✦ Aim : studying in-beam performance of TES 
✦ Site : Paul Scherrer Institute (PSI) at PiM1 beamline 
✦ Measured x-rays: πC 4f→3d transition ~ 6.4 keV 

                               (strong-interaction effect is negligible)

9

BC1
BC2

BC4
carbon
degrader

lead
collimator

π beam

TES arrays Carbon
target

x-ray tube

Top view

BC3

Lead shield

~1MHz/mA, 
170 MeV/c
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πC 4-3 X rays
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π-atom peak 
with clear timing 

correlation

FWHM 
~ 7 eV

Prelim
inary

✓ Excellent energy resolution  
even in the hadron beam

✓ Good timing resolution 
comparable with SDDs

✓ Accurate energy calibration  
using Cr&Co lines

✓ piC x-ray energies 
agree with EM calc.

5 eV (beam off)→7 eV (beam on)
[FWHM@ 6.4 keV]

< 0.1 eV accuracy @ FeKα
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Experimental setup at J-PARC K1.8BR
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K- beam

existing target system 
for Liq. Helium 3 & 4 

(used for K-pp search, E15 expt.)

stop K- in a target

NIST TES system

Kaon beam detectors
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TES operation in the J-PARC kaon beam

12

Energy (eV)
0 2000 4000 6000 8000 10000

 C
ou

nt
s 

/ 1
 e

V

0

50

100

150

200

250

300
Data
MC(all)

 beam)-πMC(
 beam)-µMC(
 beam)-MC(e
 absorption)-πMC(

Energy (eV)
0 2000 4000 6000 8000 10000

 C
ou

nt
s 

/ 1
 e

V

0

50

100

150

200

250

300
Data
MC(all)
MC(proton)

)-MC(e
)+MC(e
)γMC(

Figure 12: Measured TES self-triggered energy spectrum obtained at PSI experiment
with beam-on and no calibration x-ray (x-ray tube off) conditions, compared with the
simulated spectra. The left and right pannels include different disaggregated data with
initial beam particles (left) and particle species hitting on the TES (right), respectively.
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Figure 13: Simulated TES self-triggered energy spectrum with J-PARC E17 condition for
1-day data taking. The left and right pannels include different disaggregated data with
initial beam particles (left) and particle species hitting on the TES (right), respectively.

therefore only the events induced by beam. It should be noted that this beam intesity was
twice higher than that in the measurement described in Section 3.3 because of a wider slit
setting. The simulated spectrum was normalized by the number of incident beam, where
a flux ratio among the incident beam particles was deteremined by data measured with
TOF method. The simulation indicates that the background mostly comes from electrons
hitting on TESs. Minumum ionization particles (MIPs) unfortunately give energy deposits
on the TES absorber (4-µm-thick Bi) in the region of interest (∼6 keV); thus direct hits
of MIPs on the absorber could be a dominant background. The trigger rate of TES was
estimated to be 0.64 /sec, whereas the experimental result is 0.71 ± 0.11 /sec. With the
good reproducebility of the hit rate and the spectral shape, we applied this simulation
method to kaon-beam enviroment at J-PARC.

Figure 13 shows background spectra in the case of J-PARC E17 condition. Table 1
summarizes the major input parameters of the beam condition and resultant TES trigger
rates both for PSI and J-PARC cases. The last row in the table shows the energy depo-

18

e- beam 
incident

Good reproducibility of 
hit rate & spectral shape

Comparison of PSI data with the simulation
Sim result for each initial particles

TES trigger rate /pixel

Measured 0.71 ± 0.11 /sec

Simulation 0.64 / sec

J-PARC will be less severe compared with PSI

Table 1: Major input parameters for the simulations. The particle hit rates on the TES
system obtained from the simulations are shown as well. Note that the rates at J-PARC
is normalized by spill whose typical length is 2 seconds.

πM1 at PSI K1.8BR at J-PARC
Beam momentum 173 MeV/c 900 MeV/c
Total beam intensity 2.8×106 /sec 8.0×105 / spill
K−/π−/µ−/e− ratio —/ 40% / 5% / 55% 20% / 60% / 10% / 10%
TES trigger rate / pixel 0.64/sec 0.17 /spill
Energy deposit on Si 152 MeV/sec 46 MeV/spill

sition rates on the silicon substrate evaluated in the same flamework. The comparison
between PSI and J-PARC cases indicates that the condition we operated TES at PSI
was more severe than the condition at J-PARC. Note that the trigger rates at J-PARC
is normalized by spill whose typical length is 2 seconds. Assuming the phenomonological
relation concerning resolution deterioration with charged-particle hit rate as shown in
Fig. 9, we expect that in J-PARC E17, the TES spectrometer should work with a FWHM
energy resolution of better than 6 eV at 6 keV.

4.3 Estimation of the background in the final spectrum

Signal-to-background ratio is crucial for the precision spectroscopy of kaonic-atom x-rays
due to thier relatively low yields. Because the ratio is defined by the energy width of the
detector intrinsic resolution, the excellent resolution of TES naturally improves the ratio.
On the other hand, as stated in the Section 4.2, the direct-hit events of MIPs on the TES
absorber will directly contribute to the continuum background unlike SDDs where the
large energy deposits given by MIPs are out of the region of interest.

Two kinds of continuum-background comoponent are expected in the final spectrum
after K−-stop timing selection. One is asynchronous background which comes randamly
without generating stopped K− trigger, the other is synchronous background correlating
with the trigger timing.

Asyncronous background is propotionally reduced by the occupation ratio of the
stopped-K− timing window. With the assumptions listed in Table 2, the occupation
ratio is estimated to be 3.6 × 10−3. Most of the backgrounds shown in Fig. 13 is the
asynchronous background. The background yield without stopped-K− trigger at 6 keV
is 30 counts / eV / day. Therefore, the asynchronous background in J-PARC setup is
estimated to be 1.5 counts / eV during 2-week data taking with 50 kW beam power.

Synchronous background is expected to be significant in J-PARC. This originate from
the inflight- and stopped-K− reaction on the materials around the target. Especially in
the K− absorption processes, even after the emission of the kaonic atom x-rays, secondary
charged particles are energetically produced via hyperon prodcutions and their decays.
The synchronous background in J-PARC setup is estimated to be 6 counts / eV. This
mainly comes from the K− reactions at the target cell and various radiation shields.

As a result, the total background yield is estimated to be 7.5 counts / eV (= 1.5
(asynchronous) + 6 (synchronous)) for 2-week data taking with 50 kW beam power.

19

(@ 50 kW)

( normalized by # of incident beam )



T. Hashimoto@HYP2015

Expected spectrum in J-PARC E62
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Stat. precisions 
  K-4He : ~0.2 
  K-3He : ~0.35

Assuming 
6 eV FWHM resolution

240 counts

120 counts

Asynchronous bg. : 1.5 counts /eV 
Synchronous bg. : 6 counts /eV

Fe Kα intensities are controllable 
with applied voltage of x-ray tube
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Summary

‣ Transition-edge-sensor microcalorimeters are now 
available for hadronic atom x-ray spectroscopy 
• Drastic improvement in energy resolution  

~150 eV (SDD) → ~6 eV (TES) [FWHM@6 keV]

• Successfully demonstrated  
at a pion beamline at PSI

‣ Kaonic helium x-rays  
will be measured in J-PARC E62 
• Precision goal for ΔE2p : ~ 0.2 eV
• Contribute to the determination  

of the potential strength 
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Preliminary


