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K  -   He 原子 3d→2p X線− 4

3d

2p

(クーロンのみ)

3d→2p X 線 (~6.4 keV)

幅: Γ
シフト : ΔE 

原子核吸収

強い相互
作用

2p

2p

∆E2p = Eexp
X − EEM

X

(斥力的  →   負の符号)

強い相互作用によるエネルギーシフトと幅



実験の動機 1
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K中間子ヘリウム原子パズル
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Why measure again?
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本当にシフトは説明
できないほど大きな
ものか？

Optical model ~ 0 eV
ΔE 2p = 

0

実験値

理論値
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Why measure again?
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K中間子原子核の存在

0

-10

10
Potential 
Strength  (MeV)

100 200 300

赤石による Coupled-channel 
|ΔE    | <~10 eV

有限のシフトを観測できれば
K中間子原子核の存在を示唆

2p

ΔE 2p = 

斥力的

引力的



E570 実験



E570実験

エネルギー

X線検出器 SDD の in-beam 分解能 
185 eV (FWHM)@6.5 keV

40 CHAPTER 3. ANALYSIS I : DETECTOR ANALYSIS

The intensity ratio of Kα1 and Kα2 was fixed with the known value [21] in the
fit, this was because the magnitude of attenuation effect was almost same. The
centroid of Kα2 peak was also fixed with the energy difference between Kα2 and
Kα1. The width of Kα2 was fixed by using a resolution function mentioned later.
On the other hand, all Kβ parameters were treated as free. This means the Kβ lines
were regarded as background. We used only Kα lines for energy calibration.

As is usually the case of other silicon detectors, we assumed the energy resolution
had the energy dependence just like the following equation,

∆E(FWHM) = 2.355 ω

√

N2 +
FE

ω
[eV] (3.3)

where N is noise (independent of the X-ray energy), E is the X-ray energy, F is
the Fano factor and ω is the amount of the energy needed to create an electron-hole
pair (3.81 eV at 77 K). Because of the good energy resolution of SDD, the energy
dependence term is not able to be negligible in the region of interest. Therefor, we
introduced two parameters, N and F , in our fits. N was based on the value at Ti
Kα1. The free Fano factor enabled us to treat the temperature difference of SDDs.
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Figure 3.9: Typical spectrum of SDD self triggered data used for in-beam energy
calibration. Ti and Ni peaks are clearly seen. The horizontal axis is ADC channel,
the peak around 1500 ch corresponds to TiKα energy 4.5 keV.

The energy resolution of SDD2-1st and SDD1-2nd as a function of the run pack-
ing number are shown in Figure 3.10 and Figure 3.11, respectively. The energy

56CHAPTER 4. ANALYSIS II : INTERPRETATION OF OBTAINED SPECTRA
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Figure 4.1: X-ray spectrum obtained after applying all cuts (1st cycle data).
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統計誤差を ~2 eV で決められたが、
実験値付近で理論が区別できない

応答関数などを考慮した非対称関数
によるフィット

系統誤差の正確な見積もりが重要



フラッシュADCによるパイルアップ除去
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応答関数  low-energy テール の考慮

@5.899keVFe線源によるテスト55

SDDの応答関数は low-energy 
側にテール構造をもつ
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X-ray

e-

K  beam−

15 cm

散乱されたX線による ~50 eV 小さいピーク

Simulation (3d→2p)

Compton tail

Gaussian 
response

液体超流動ヘリウム４標的内でのコンプトン散乱
(密度 0.145g/cm3)

再構成した vertex 情報 → 静止Kの位置分布
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シフトに対する補正値と系統誤差

Pileup Low-
energy tail

Compton 
tail Total

補正値 −3 eV +4 eV +9 eV +10 eV

系統誤差 ± ? eV ± ? eV ± ? eV ± ? eV

プラス側 (attractive) に補正される
系統誤差から zero は棄却できない



まとめ

K中間子ヘリウム原子のX線を測定
高分解能X線検出器 (SDD)

高統計・高S/N比  → 統計誤差 ~2 eV

In-situ エネルギー較正 (Ti, Ni特性X線)

2p準位のシフト |ΔE2p|  < ~10 eV  (PRELIMINARY)

K中間子ヘリウム原子パズルを解決

系統誤差のため ΔE2p = 0 eV を棄却することは不可能

Pileup, low-energy tail, Compton tail
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K  中間子ヘリウム原子パズル

Z=2

S.Hirenzaki, Y.Okumura, 
H.Toki, E.Oset, and A.Ramos
Phys. Rev. C 61 055205 (2000)

過去の実験値
~40eV

巨大なシフト

過去の実験値を再現
できない (~40 eV)

K  中間子原子の最終軌道のシフトと幅

理論計算値
→ ほぼゼロ

ex) chiral unitary+ 
optical model : ~0.2eV

-

-

Z (nucleus atomic number)



原子軌道のシフトとK中間子原子核

19

K中間子が強い相互作用によって原子核に束縛さ
れることで原子軌道に大きなシフトと幅ができる

Y.Akaishi, EXA05 
proceedings (2005)

斥力

引力

核中心ポテンシャル
の実部 U0

<~10 eVの
エネルギーシフトを許容

シフトが有限だとして
も最大10 eVであり、
過去の実験値を説明で
きない



484 P.M. Bird et al. / Kaonic hydrogen atom X-rays 

WLi) DETECTOR 

r-7 
Al VACUUM VESSEL 

\- ~~ 

ii-i 

B5 COUNTER 

LIQUID HELIUM 

* RESERVOIR 

,I% WINDOW 

RETRACTABLE 

- CALWATION 

SOURCE 

-TARGET VESSEL 

_-60K SHIELD 

Fig. I. Experimental apparatus. 

directly in the beam path whilst the target vessel was sufficiently thick that Iow- 

energy X-rays produced in the region outside the target vessel would not be seen 

by the detector. The Si(Li) X-ray detector had an “in-beam” resolution of typically 

3 10 eV at 6.4 keV. Its efficiency was caiibrated using standard radioactive sources 

of known activity. 

The kaons were identified using time of flight between a pair of scintillation 

counters Bl and B3 separated by 5 m, whilst a liquid Cerenkov counter CIF filled 

with the ~uorochemical FC75 and situated just before B3 was used to reject fast 

charged particles (pions, muons and electrons}. After the Cu energy degrader a 

further Cerenkov counter C vetoed pions generated by interactions in the degrader, 

and the scintillation counter B4 defined the beam just before the liquid hydrogen 

target volume. A counter BS just after the target could be used in anticoincidence 

mode to define particles stopping in the target and was used to adjust the degrader 

thickness to give a maximum number of stopping particles. 

Kビーム

Si(Li) X線検出器

過去の実験 (1983)

Liq-He4

線源によるエネル
ギー較正

S.Baird et al., 
Nucl.Phys.A392 

(1983) 297.

分解能 360 eV 
(FWHM)@6.4 keV

有効面積  300mm
厚さ        5mm 

2

アクシデンタルな
  Coのγ線 14keV57



E570実験

エネルギー

X線検出器 SDD の in-beam 分解能 
185 eV (FWHM)@6.5 keV

1st cycle: 75シフト

Kビーム 650MeV/c
@KEK K5 ~5k/spill (4 sec)

合計 4G のK中間子を利用
し、イベント選別の後1.5k 
カウントのK中間子原子 
3d→2p X線を計測

2nd cycle: 40シフト

40 CHAPTER 3. ANALYSIS I : DETECTOR ANALYSIS

The intensity ratio of Kα1 and Kα2 was fixed with the known value [21] in the
fit, this was because the magnitude of attenuation effect was almost same. The
centroid of Kα2 peak was also fixed with the energy difference between Kα2 and
Kα1. The width of Kα2 was fixed by using a resolution function mentioned later.
On the other hand, all Kβ parameters were treated as free. This means the Kβ lines
were regarded as background. We used only Kα lines for energy calibration.

As is usually the case of other silicon detectors, we assumed the energy resolution
had the energy dependence just like the following equation,

∆E(FWHM) = 2.355 ω

√

N2 +
FE

ω
[eV] (3.3)

where N is noise (independent of the X-ray energy), E is the X-ray energy, F is
the Fano factor and ω is the amount of the energy needed to create an electron-hole
pair (3.81 eV at 77 K). Because of the good energy resolution of SDD, the energy
dependence term is not able to be negligible in the region of interest. Therefor, we
introduced two parameters, N and F , in our fits. N was based on the value at Ti
Kα1. The free Fano factor enabled us to treat the temperature difference of SDDs.

PH ADC [ch]
500 1000 1500 2000 2500 3000 3500 4000

C
o
u
n
ts

 /
 8

 c
h

0

200

400

600

800

1000

1200

1400

1600

1800 Ti K! Ni K!

Ni K"Ti K"

Figure 3.9: Typical spectrum of SDD self triggered data used for in-beam energy
calibration. Ti and Ni peaks are clearly seen. The horizontal axis is ADC channel,
the peak around 1500 ch corresponds to TiKα energy 4.5 keV.

The energy resolution of SDD2-1st and SDD1-2nd as a function of the run pack-
ing number are shown in Figure 3.10 and Figure 3.11, respectively. The energy
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Figure 4.1: X-ray spectrum obtained after applying all cuts (1st cycle data).
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1. high resolution

22

2.6. X-RAY DETECTOR SYSTEM 23

2.6 X-ray Detector System

Our goal is to measure the kaonic-helium X-rays whose energy is about 6.4 keV with
a statistical accuracy of ∼ 2 eV. To realize this accuracy three features were required
for the X-ray detector; 1) good energy resolution, 2) very thin detector to reduce the
background due to Compton scattering in the detector and 3) large effective area.
Then silicon drift detectors (SDDs) were chosen.

In this section, a brief description of SDD is given, and the readout system from
the raw signal of SDD to the input of ADC will be described later.

2.6.1 Silicon Drift Detectors

SDDs are based on the principle of sideward depletion introduced by Gatti and
Rehak in 1984 [19]. Figure 2.11 shows a schematic cross-section of a cylindrical
SDD. Electrons are guided by an electric field to the collecting anode in the center.
This type SDD is operated with three external-voltage supplies for the back contact
p+ junction and first and last p+ rings.

The good resolution is realized by the small value of the anode capacitance,
which is almost independent of the detector area. Compared to a conventional
Si(Li) detector of equal size, the resolution of SDD is about twice better, and the
thickness of SDD is about 10 times thinner. As a result, the background of Compton
scattering occurred in the detector is suppressed about one order magnitude.

Figure 2.11: Cross-section view of a silicon drift detector (SDD). Electrons are
guided by an electric field to the collecting anode in the center [20].

The SDDs used for the experiment were produced by Ketek GmbH. The SDD
had 100 mm2 effective area and about 260 µm thickness. Its entrance window was
created as a hexagonal shape, and the SDD chip was mounted on 20-pin-ceramic
board. The signal and high-voltage-supply wires were bonded with gold on the
board. The bonding plan is shown in Figure 2.12. Negative high voltages were

Silicon Drift Detectors (SDDs)
produced by KETEK GmbH

small anode  
(small detector capacitance)

high resolution  
(185 eV FWHM @ 6.4 keV)

large effective area (100 mm  )
small detector thickness (0.26 mm)

2
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2. background suppression and
3. good energy calibration

1) X-ray detector
    Silicon Drift Detector “SDD” (×8)

Liq. Helium target

K- beam

X-ray

Secondary
charged particle

2) Reaction-vertex 
reconstruction 3) In-situ energy 

calibration

K-4He X-ray 3d2p
~6.4keV

Ti Kα1
4.51keV

Ni Kα1
7.48keV

π -(or K-) Characteristic X-rays (Ti and Ni)



過去の実験条件との比較

E570 過去の実験

X線検出器 ”SDD” (Silicon Drift Detector) Si(Li) detector

分解能 (FHWM) 
@6.5keV

~185eV ~300eV

有効領域 100mm2 * 8 SDDs 300 mm2

検出器の厚さ 0.26mm ~4mm

エネルギー較正 In-situ calib. No in-situ calib.

反応点再構成による
イベント選択

Yes No



Z vertex (mm)

Fiducial volume cut

Target cell

Z vertex (mm)

Calibration foils
& SDDs

Carbon
degrader

Kaon beam

fiducial volume cut



静止Kイベントの選択
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close up

The peak positions are between Ka and Kb !!

h2_py
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Mean    127.2

RMS     70.83

Underflow       0

Overflow     4681
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ave-pedes

pedestal (average 0-29ch)
pedestal (point ch 39)
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ave-pedes
run 300-368, sdd5

more events of  “point”

!10^3

PH-ADC [ch]

フラッシュADC

のベースラインか
らカットをかける
ことで、PH-ADC

では除けないイベ
ントを除去可能
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Cut

Ti Kα Ni Kα

Ni KβTi Kβ

~8.3%


