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Kaonic atom x-ray spectroscopy
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K-atom data → scattering length
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308 S. Baird et al. / Exotic atoms 

nuclei have been analysed by Batty 11) using an optical-model potential of the form 

V(r)=27rh2( 1 + m~---)dO (r),  
/z 

where tz is the reduced mass of the kaon-nucleus  system, m is the mass of the 
nucleon, p(r) is the nuclear density distribution normalized to A and d is an 
adjustable complex paramete r  which plays the role of an effective scattering length. 
Using the value ~ = 0.34 + i0.84 fm obtained from an analysis of all available data 
for heavier nuclei gives t~2p = --0.0002 keV and/ '2p = 0.002 keV for helium, values 
which are much smaller than those measured.  The predicted values are generally 
insensitive to the form chosen for t~ (r). 

It is interesting to speculate as to possible reasons for this apparent  discrepancy 
between the measured values and the simple optical-model predictions for helium. 
Because the nucleons in 4He are tightly bound by - 2 0  MeV the effective energy 
( - 1 4 1 1  MeV) for kaon-nucleon interactions in 4He is very close to the energy of 
the A(1405) resonance. As a result it may not be too surprising that parameters  
which fit data for heavier nuclei where the interaction energy is further away from 
the resonance do not fit the helium values. However,  no simple modification to 
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Fig. 5. Calculated strong interaction shift and width for kaonic helium as a function of the value of the 
real part of ~. The calculations used a~ = 0.1 fm. 
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　最近，イタリアの国立フラスカティ研究所における X線分光実験で，K中間子水素原子 1s軌道の強い相互作用によるレベルシフ
トと幅を世界最高精度で測定した．電子・陽電子衝突型加速器 DAΦNEから得られる運動量の揃った低エネルギー K− を用いて効
率よく K中間子水素原子を生成し，同原子からの X線を大立体角を覆うシリコンドリフト検出器群により観測した．これにより，
従来問題であった K−p散乱データとの矛盾が解決され，閾値での相互作用に強い制限が与えられた．理論的な閾値下への相互作用
の外挿の不定性は軽減され，ストレンジネスを含む系における強い相互作用の動力学の解明は新たな局面を迎えている．本実験の紹
介に加え，理論的な解釈を通してもたらされる原子核・ハドロン物理に対する影響について述べる．

1. はじめに
自然界の４つの力のうち，強い相互作用は量子色力学（

QCD）によって記述されるが，低エネルギーでは非摂動効
果が強く，理論の持つ（近似的）対称性の原理がハドロン
の動力学を理解する指針となる．QCDは，クォーク質量が
0の極限（アップ, ダウンクォーク）においてカイラル対称
性，質量が無限大となる極限（チャーム, ボトムクォーク）
ではヘビークォーク対称性を持つ．ハドロンを形成せずに
弱崩壊するトップクォークを除けば，軽いクォーク系と重
いクォーク系は異なった対称性に支配されている．ストレ
ンジクォークの質量はこれらの中間に位置しており，スト
レンジネスを含むハドロン系，とりわけK中間子（クォー
ク組成が ūs，d̄s）と核子の相互作用においては，QCDの
持つ自発的および明白なカイラル対称性の破れの効果が競
合しており，これらを理解する格好の実験場となる．

K中間子水素原子1(K−p原子)とは，水素原子の電子を
K− に置き換えた，K− と陽子のクーロン力による束縛系
である．通常の水素原子とは異なり，近距離において K−

と陽子の間に強い相互作用が働く．その影響は，K−p原子
の基底準位 (1s)における，電磁相互作用のみを用いた計算
値からのずれ (シフト)と，πΣ及び πΛチャンネルへの崩
壊に起因する有限の自然幅として現れる．
強い相互作用による K−p散乱振幅の閾値（ゼロエネル

ギー）での値は複素 K−p散乱長と呼ばれる．電磁相互作
用による束縛エネルギーは強い相互作用のエネルギースケ
ールに比べて十分小さいので，強い相互作用の効果は閾値
での値を適用できる．K−p原子の 1s状態のエネルギーシ
フト ϵ1s と幅 Γ1s と散乱長 aK−p との関係は

ϵ1s + iΓ1s/2 = 2α3 µ2
r aK−p

[
1 + 2α µr (1 − lnα) aK−p

]

と与えられている1) ．ここで換算質量は µr =
mKMp/(mK + Mp) で，α は微細構造定数である．
つまり，K−p 原子のエネルギー精密測定は，K 中間子と
核子の閾値相互作用に対する制限となる．

1厳密には K− の束縛状態だが、ここでは慣習にしたがい K中間子原
子と呼ぶ．

K−p原子は，K−を水素標的内に静止させることで生成
されるが，生成直後は励起状態であるため，X線を放出し
ながら脱励起していく．この 1s準位のシフトと幅は，1s準
位への遷移 X線 (ライマン系列 X線)の分光により観測す
ることができる．

K−p原子 X線は，KEK-E228実験2) により，初めて明
瞭なピークとして観測された (図 1(a))．過去の実験3) との
決定的な違いは，標的に液体ではなく水素ガスを用いた点
である．K−p原子ライマン系列X線の収量は，シュタルク
効果により，密度が高くなるにつれ減少する4) ．液体水素
標的を用いるとK−を効率よく静止でき，より多くのK−p

原子を生成することができるが，一方で，シュタルク効果
による X線収量の減少率はそれ以上に大きかった．
イタリア国立フラスカティ研究所のDAΦNE 電子・陽電

子衝突型加速器では，大量のφ中間子を生成することができ
る．二体崩壊からのK−とK+は，低エネルギー (16 MeV)
で，かつ，エネルギーが揃っているため，ガス標的を用い
た静止K− 実験には好適な施設である．

DEAR グループは，DAΦNE 加速器を用いて，初めて
K−p原子分光実験を行った5)．運動量のよく揃った低エネ
ルギーK−の使用は大きな利点となり，KEK-E228の精度
を上回る結果を報告した．一方，DEARで用いたX線検出
器は，従来の Si(Li)検出器でなく，時間情報の無い CCD
検出器であった為，図 1(b)のように，電子・陽電子ビーム
からの偶然バックグラウンドが非常に高かった．
図 2は，このK−p原子 1s準位の強い相互作用によるシ

フトと幅に関する実験結果2, 5, 6)，及び理論計算結果の一例
7)を示す．この計算では，K−p散乱データと πΣ不変質量
スペクトルの結果を用い実験誤差を考慮したフィットを行
っており，計算には K−p原子 X線データからの制限は入
っていない．実験値との比較の為，理論結果は，フィット結
果の等高線のうち 1σ の線のみを示す．図には理論による
フィットを三種例示した．三種の結果は補正項の有無や種
類による違いを示すが7) ，いずれも大きい誤差を持ってい
るにも関わらず，DEARとは離れた結果を示していた．

最近の研究から K 中間子水素原子 X 線精密分光実験の拓く物理 785

K-p Kα x-ray
Shift Width

e.g., K-He atom 
2p level

e.g., Kaonic hydrogen

K-atom data 

potential 
strength

( Deser-Type relation with isospin-braking correction )



Theories :

‣Phenomenological density 
dependent optical potential 
Batty, Friedman, Gal, Phys. Rep., 287 (1997) 385. 

‣Chiral potential (~50 MeV ) 
+ Phen. multi nucleon terms.  
A. Cieply ́, et al., Phys. Rev. C 84 (2011) 045206. 
Friedman, Gal, NPA 899 (2013) 60. 

Ramos, Oset, 
NPA671(00)481

Global analysis prefer 
a deep potential ?

Status of K-atom study
9

40% C.J. Batty et al. IPhysics Reports 287 (1997) 385445 

Kaonic atoms 
lo4 

F (a) 
c 

1 ).&I n=3 
IO3 B n=4 n=5 n 

f 

1 

-I 
10 

0 lo 20 30 40 50 60 70 80 90 100 
Z 

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. 

- S
hi

ft 
[e

V]
- W

id
th

 [e
V]

Z (atomic number)

Phys. Rep., 287 (1997) 385. Data :
‣ K-p : SIDDHARTA (2011)

‣ K-d : no data

‣ Z=2(He)~92(U) : exists, but those 

measurements in 70’s - 80’s are 
not so good quality.



Theories :

‣Phenomenological density 
dependent optical potential 
Batty, Friedman, Gal, Phys. Rep., 287 (1997) 385. 

‣Chiral potential (~50 MeV ) 
+ Phen. multi nucleon terms.  
A. Cieply ́, et al., Phys. Rev. C 84 (2011) 045206. 
Friedman, Gal, NPA 899 (2013) 60. 

Ramos, Oset, 
NPA671(00)481

Global analysis prefer 
a deep potential ?

Status of K-atom study
9

40% C.J. Batty et al. IPhysics Reports 287 (1997) 385445 

Kaonic atoms 
lo4 

F (a) 
c 

1 ).&I n=3 
IO3 B n=4 n=5 n 

f 

1 

-I 
10 

0 lo 20 30 40 50 60 70 80 90 100 
Z 

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. 

- S
hi

ft 
[e

V]
- W

id
th

 [e
V]

Z (atomic number)

Phys. Rep., 287 (1997) 385. Data :
‣ K-p : SIDDHARTA (2011)

‣ K-d : no data

‣ Z=2(He)~92(U) : exists, but those 

measurements in 70’s - 80’s are 
not so good quality.

Current data quality is not good enough 
to determine K-nucl. potential strength



K-He atom 2p level shift
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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

a recent theoretical 
calculation

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

(Gauss expansion method)

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

preliminary

Dominant systematic error (~0.15 eV)

due to kaon-mass uncertainty will be cancelled.

Width : 2 ~ 4 eV
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2. X-ray detector : TES
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Transition-Edge-Sensor microcalorimeter
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Absorber
Heat capacity : C

Thermal conductance : G

Low temperature heat sink

~ pJ/K
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~ 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

state state

Bias point 
R0/RN~0.2

Microcalorimeter Transition Edge Sensor (TES)

✓ High energy resolution :~2 eV FWHM @ 6 keV 
✓ Wide dynamic range

bias point 
R0/RN~0.2

~50 mΩ



NIST’s TES array system
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✓ Compact and portable 
✓ Large effective area w/multiplexing tech.

33 cm

1cmPhoto credit : J. Uhlig

 Adiabatic 
Demagnetization 

Refrigerator — ADR 
(model : HPD 102 DENALI)


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

hold time > 1 day

Pulse tube (60K, 3K)

16 hours 300K->3K

Pulse signal τrise~L/(Rsh+R0)

τfall~C/G

beside the helium target cell with a temperature of 4 K; thus radiation-shield windows of
50 mK and 3 K are installed in between TES array and target cell as shown in the inset
of Fig. 3. Therefore, some parts surrounding the target cell (e.g., 80 K radiation shield,
vacuum jacket etc.) of the existing setup will be modified.

2.2 TES microcalorimeter

We use a 240-pixel TES array designed for hard x-ray measurements developed by Na-
tional Institute of Standards and Technology (NIST). Figure 4 (a) shows a photograph
of the detector package. The array is on the top, where each pixel is wire-bonded for
the readout time-division-multiplexing (TDM) chip mounted on each four sides. Figure
4 (b) shows a photograph of the 240-pixel array. Each TES consists of a superconducting
bilayer of thin Mo and Cu films with an additional 4-µm thick Bi absorber [19]. The
absorption efficiency of this Bi layer is about 80% for 6.5 keV x rays. Each pixel has
an effective area of 320 µm × 300 µm, thus the total active area of the array is about
23 mm2. TES array is collimated with a gold-coated 275-µm-thick silicon to avoid the
unnecessary x-ray hit on the TES stage.

Figure 4: (a) A photograph of the detector package of the TES array. The array is on
the top, where each pixel is wire-bonded for the readout TDM chip mounted on each four
sides. (b) A photograph of the 240-pixel TES array. The gold-coated 275-µm-thick silicon
collimator is stacked when installed. Photos credit: D.R. Schmidt, NIST.

TESs are thermally isolated with the support of 100-nm thick silicon-nitride SiNx

membrane which limits the thermal conductance between TES and substrate. The sub-
strate is a grid structure of 275-µm-thick silicon wafer, the parts behind each TES are
removed. A thermal heat sink layer of 500-nm-thick gold is deposited on the backside of
substrate. This heat sink is connected to the low temperature thermal bath.

The TES array is operated at about 100 mK around the critical temperature, and
is cooled with a pulse-tube-backed adiabatic demagnetization refrigerator (ADR). The
pulse tube cools the system from 300K to 3K for 16 hours. Then 4-Tesla magnetic field
is applied to the two-stage salt pills∗ through superconducting coils. By releasing the
magnetic field adiabatically, the system is cooled down to 600 mK and finally to 75mK,

∗GGG: Gadolinium-Gallium Garnet, and FAA: Ferric-Ammonium Alum
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Gold coated 
Si collimator

TES 1 pixel 
➡  Mo-Cu bilayer TES

➡  4-µm-thick Bi absorber


  (eff. ~ 85% @ 6 keV)

➡  Size : 300 x 320 um2

Array

240 pixels 
➡23 mm2 

in total



3.  Demonstration with π beam



π atom expt @ PSI πM1 beamline
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BC1
BC2

BC4
Carbon
degrader

π beam

TES array
Carbon
target

X-ray tubeBC3

Lead shield

10 cm

~1MHz/mA, 
170 MeV/c

Pionic carbon 
4f-3d x-rays ~ 6.5 keV
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(c). The energy-calibration accuracy is assessed by the fit to the measured Fe Kα line. The

measured energy of our Fe Kα11 line is:

6404.07± 0.10(stat.)+0.06
−0.04(syst.) eV

where the first error is statistical and the second is systematic. The quoted systematic uncer-

tainty is a quadratic summation of the contributions from continuum background parameter

and asymmetry of the fit function. A comparison with the reference value of 6404.148(2) eV

[26] for pure, metallic iron shows good agreement within the errors. The detail of the abso-

lute energy calibration was presented in a separate paper [27]. To determine the energy of

pionic carbon transition x-ray, the critical issue is the uncertainty precisely at the lines of

interest, 6430 eV. It is difficult to assess the systematic uncertainty introduced by our choice

for the calibration curves in its full generality. Fortunately, the Fe Kα line at 6404 eV is very

close to the line of interest, and this good agreement with the reference value validated the

choice of the present energy calibration curves.

Fits to our energy spectra determined the energies of the π-12C 4f → 3d and 4d → 3p

transition x-rays and their yield ratios to be:

E(4f → 3d) = 6428.39± 0.13(stat.)± 0.09(syst.) eV

E(4d → 3p) = 6435.76± 0.30(stat.)+0.11
−0.07(syst.) eV

I(4d → 3p)/I(4f → 3d) = 0.30± 0.03(stat.)± 0.02(syst.)

where the first error is statistical and the second is systematic. The quoted systematic

uncertainty is a quadratic summation of the contributions from uncertainties of the energy

calibration, the non-Gaussian response function, and the timing window width. The tail com-

ponent of Fe Kα line affects the fit results. We assessed it by varying the relative strength of

the Fe x-ray tail by changing the timing window. The Fe tail is the main source of system-

atic errors both for x-ray energies and yield ratio. The energy dependence of transmissions

of these two peaks is negligible, since these energies are very close and no absorption edge

structure exist around those peaks.

We have calculated the 3p, 3d, 4d and 4f energy levels of the pionic 12C using only the

electromagnetic (EM) interaction and tabulated the results in Table 1. These EM values are

calculated from the Klein-Gordon equation including vacuum polarization with higher-order

correction, the relativistic-recoil effect and the nuclear-finite-size effect. The latest charged

pion mass, 139.57018(35) MeV/c2, given by the particle data group [28] is used.

Strong-interaction effects on these energy levels were assessed via the Seki-Masutani poten-

tial [29]. The strong-interaction shift of the 3p level from its EM value is calculated to be

0.78 eV, while the shifts of the 4f , 4d, 3d levels are below 10−4 eV.

The effect of the electrons populating the K- and L-shells, the so-called electron-screening

effect, is not negligible especially in the solid target. The electron-screening correction to

the x-ray energy is largely determined by the number of 1s electrons in the atom, which

depends on the balance between Auger-electron emission and the electron-refilling process

from neighboring atoms. We have estimated the electron screening effect with the “Z − 1”

approximation, namely the captured pion screens one unit of the nuclear charge seen by

the electrons. Thus, the maximum electron-screening correction is given by the 1s2 2s2 2p1

electronic configuration. In Table 1, the EM values of the 4f → 3d and 4d → 3p transitions
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Table 1 Calculated values of pionic 12C electromagnetic energies and strong-interaction

energy shifts via the Seki-Masutani potential [29]. For the 4f → 3d and 4d → 3p transitions,

electron-screening effects are assessed with the cases of filling one 1s electron and two 1s

electrons in the K-shell. The experimental results are shown as well.

State K.G. Vacuum polarization Nuclear Relativistic Strong Total

energy α(Zα) α2(Zα) finite size recoil effect interaction energy

(eV) (eV) (eV) effect (eV) (eV) effect (eV) (eV)

3p −14685.15 − 11.56 −0.08 + 0.01 −0.02 −0.78 −14697.58

3d −14682.65 − 5.39 −0.04 + 0.0005 −0.02 < 10−4 −14688.10

4d −8259.04 − 2.10 −0.02 +0.0003 −0.01 < 10−4 −8261.17

4f −8258.59 − 0.72 −0.004 +0.0003 −0.01 < 10−4 −8259.32

Transitions Electron screening effect (eV) Transition

Configuration K-shell L-shell energy

contribution contribution (eV)

no electron - - 6428.78

4f → 3d 1s1 2s2 2p1 −0.19 −0.02 6428.57

1s2 2s2 2p1 −0.31 −0.01 6428.46

Experimental result (this work) : 6428.39 ± 0.13 ± 0.09

no electron - - 6436.41

4d → 3p 1s1 2s2 2p1 −0.25 −0.02 6436.14

1s2 2s2 2p1 −0.42 −0.01 6435.98

Experimental result (this work) : 6435.76 ± 0.30 +0.11
−0.07

are tabulated for the no electron, 1s1 2s2 2p1 and 1s2 2s2 2p1 electronic configurations. Here,

the electron-density functions in each configuration are evaluated using the hydrogenic wave

function with effective nuclear charge based on Hartree-Fock calculations. The experimental

results are consistent with the 1s2 2s2 2p1 configuration within the errors.

4. Conclusion We observed the π-12C 4f → 3d transition x-ray line with a novel 240-

pixel microcalorimetric x-ray detector based on transition edge sensors. The achieved

averaged energy resolution is 6.8 eV FWHM at 6.4 keV under a high-rate pion beam inten-

sity of 1.45 MHz. The timing resolution is 1.2 µsec FWHM. Absolute energy calibration is

realized by an x-ray generator shining on calibration metals during the data acquisition. The

resulting systematic uncertainty in the π-12C 4f → 3d transition x-ray energy is less than

0.1 eV, which meets our goal for a future measurement of the kaonic-helium 3d → 2p x-ray

energy.

The TES spectrometer had sufficient energy resolution to observe the fine structure split-

ting of the π-12C 4 → 3 transition x-ray for the first time. The strong-interaction effect of

the 3p level is not negligible because it has smaller angular momentum than the 3d level.

The measured x-ray energy of the parallel transition 4d → 3p was found to be consistent

with the calculated strong-interaction effect assessed via the Seki-Masutani potential [29].
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EM calc. (T. Koike)

Strong int calc. via Seki-Matsutani potential 
(N. Ikeno, J. Yamagata-Sekihara, S. Hirenzaki)

⇒ Non-negligible contribution from 3p level
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Range curve for K+ stop
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observed K-7Li 3d-2p x rays via SDD
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0.9 GeV/c K-

K-7Li 3d-2p

preliminary
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Confirmed the same

peak position

with tracking

chamber system

for 0.9 GeV/c K+

with SDDs

for 0.9 GeV/c K-

K-Li x-ray yield :

~180 counts / hr


(with 24 good SDDs)

consistent with G4 sim 
within error of ref. value:

 K-Li yield = 15 ± 3 % / stop K


[PRA 9 (1974) 2282]
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Setup from upstream
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K beam

TESs

installed TES to be located

at the position expected


in E62 physics run

installed Lead blocks

to shield TES from direct hits


of charged particles

Lead shield



TES typical spectra
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Averaged charged-particle 

hit rate : ~0.1 [cps]

- Typical run with -0.9 GeV/c 
- Summed up all pixels having <10 eV resolution (~80% TES pixels)

preliminary

preliminary

If no lead shield, ΔE > 10 eV.  ⇒   Lead shield was quite effective.



6. Summary



Summary
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๏ K-atom data is not good enough to determine K-nucl. potential    

-> High-resolution kaonic-atom x-ray spectroscopy with TES 

๏ 2014 : demonstrated the feasibility via π-atom w/TES @ PSI 

๏ 2015 : approved by J-PARC PAC (Program Advisory Committee) 

๏ 2016 : commissioning run (K-stop tune & TES test) @ J-PARC 

๏ Ready for physics run — in 2017 !


