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K -  He 3d→2p X-ray

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準位のシフトと幅
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K  中間子とヘリウム4 原子核の-

-
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Kaonic helium puzzle
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S.Hirenzaki et al. Phys. Rev. C 61 055205

Z 原子番号

SU(3) カイラル・ユニタリーモデル

過去の実験値
~40eV

理論値
~0eV

K-   O16

K-  He4

どの理論も過去の実験
値を再現できない



A possible large shift

Y.Akaishi, EXA05 
proceedings (2005)

斥力的

引力的

| ΔE    | < ~10 eV2p

最大10 eVという
有限のシフトを予言2p
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ve

l s
hi

ft

赤石によるチャンネルカップリング計算
（KN チャネル - Σπ 崩壊チャネル）

K中間子原子核を予言する
強い引力ポテンシャル領域 7



Motivation
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K中間子原子ヘリウムパズル
シフト ~0 eV パズル解決

シフト ~−40 eV 未知なる構造？

|シフト| 10 eV K中間子原子核を示唆
K中間子原子核 (deeply bound K)

KEK-PS E570実験 　目標：統計誤差 2 eV 

世界最高精度で2p準位のシフトを測定

2007年9月21日(金) 日本物理学会@北海道大学, 21pZD11



E570 実験

1. 高エネルギー分解能
2. 低バックグラウンド (高S/N比)

3. In-situ エネルギー較正

1st cycle : 2005年10月  ~520 時間
2nd cycle : 2005年12月  ~260 時間

実験手法



1. High energy resolution
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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

シリコンドリフトX線検出器 (SDDs)
KETEK GmbH 社製

極小アノード
→ 検出器キャパシタンスが小さい

高分解能
190 eV FWHM @ 6.4 keV

大きな有効面積 100 mm  
厚さ 0.26 mm
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10 cm

X Z
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2. low background
3. in-situ energy calibration
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Drift chamber

T0 Drift 
chamber

液体  He標的4

SDDs

高純度 Ti/Ni 箔

プリアンプ2次荷電粒子

K−

1. シリコンドリフト
X線検出器 (SDDs)

2. 静止Kイベント選別
反応点再構成
エネルギー損失@T0

(π  )− 3. In-situ 
エネルギー較正



解析  I

1.  静止K  イベントの選別

2. エネルギー較正
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3.  標的内での Compton 散乱

4.  パイルアップの効果

5.  SDDの応答関数

解析  II
スペクトルの解釈
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e-

K  − X-ray

液体  He標的4

密度(0.145 g/cm  )3

非コヒーレント散乱

Compton 散乱
したもの

3d→2p X線

非コヒーレント散乱

散乱断面積 (液体  He)
~1 barn/Atom @ 10keV

4

モンテカルロ シミュレー
ションによる推定

GEANT4 Low Energy 
Compton Scattering 
パッケージ
インプット: 静止K  分布−

強度比とスペクトル形状を
フィット関数として採用



Pileup effect
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Fig. 10. (a) A typical pre-pileup event measured by a flash ADC. (b) A typical
post-pileup event.

events. The bottom panel of Fig. 11 shows typical normalized histograms
of non-pileup and pre-pileup events. The spectral function attributed to the
pileup events could be estimated as a Gaussian on the right flank of the main-
peak function (called the “pileup Gaussian”). The intensity ratio, relative
position and width of the pileup Gaussian were estimated by fitting the two
histograms simultaneously.

3.3.3 Compton scattering in the target

A low-energy tail structure due to incoherent scattering in the target must
be taken into account. If the tail is not added in the fit function, the fitted
peak center will be pulled as much as 10 eV to the low-energy direction, thus
a misleading result for the strong-interaction shift will be caused.

The intensity and structure of the tail were estimated using a Monte Carlo
simulation based on the GEANT code with the Low Energy Compton Scatter-
ing (LECS) package [16] and a measured stopped-K− distribution. Fig. 12(a)
shows a simulated spectrum with considering coherent and incoherent scat-
tering, and Fig. 12(b) shows the spectrum smeared by a Gaussian resolution
function. A function was chosen to express the spectral shape (called the
“Compton tail function”), the convolution of an exponential function with a
Gaussian,

Tail(E) =
F (E)

2βσ
exp

(
E − E0

βσ
+

1

2β2

)

· erfc
(

E − E0√
2σ

+
1√
2β

)

, (2)

where F is the energy-dependent area of this function, E0 is the mean value
of the Gaussian, σ is the sigma of the Gaussian and β is a slope parameter of
the exponential. All parameters of the Compton tail function relative to the
main peak were estimated by fitting the smeared x-ray energy spectra.

13

80 ns / data point

100 120

P
u

ls
e
 h

e
ig

h
t

0

1000

2000

3000

4000

5000

6000

Pre-pileup

0 20 40 8060
0

500

1000

1500

2000

2500

3000

3500

4000

Post-pileup

P
u

ls
e
 h

e
ig

h
t

80 ns / data point

100 1200 20 40 8060

(a) (b)

Fig. 10. (a) A typical pre-pileup event measured by a flash ADC. (b) A typical
post-pileup event.

events. The bottom panel of Fig. 11 shows typical normalized histograms
of non-pileup and pre-pileup events. The spectral function attributed to the
pileup events could be estimated as a Gaussian on the right flank of the main-
peak function (called the “pileup Gaussian”). The intensity ratio, relative
position and width of the pileup Gaussian were estimated by fitting the two
histograms simultaneously.

3.3.3 Compton scattering in the target

A low-energy tail structure due to incoherent scattering in the target must
be taken into account. If the tail is not added in the fit function, the fitted
peak center will be pulled as much as 10 eV to the low-energy direction, thus
a misleading result for the strong-interaction shift will be caused.

The intensity and structure of the tail were estimated using a Monte Carlo
simulation based on the GEANT code with the Low Energy Compton Scatter-
ing (LECS) package [16] and a measured stopped-K− distribution. Fig. 12(a)
shows a simulated spectrum with considering coherent and incoherent scat-
tering, and Fig. 12(b) shows the spectrum smeared by a Gaussian resolution
function. A function was chosen to express the spectral shape (called the
“Compton tail function”), the convolution of an exponential function with a
Gaussian,

Tail(E) =
F (E)

2βσ
exp

(
E − E0

βσ
+

1

2β2

)

· erfc
(

E − E0√
2σ

+
1√
2β

)

, (2)

where F is the energy-dependent area of this function, E0 is the mean value
of the Gaussian, σ is the sigma of the Gaussian and β is a slope parameter of
the exponential. All parameters of the Compton tail function relative to the
main peak were estimated by fitting the smeared x-ray energy spectra.

13

0

100

200

300

400

500

600

700

800

900

1000

F
la

s
h

 A
D

C
 b

a
s

e
li

n
e

 (
a

rb
. 
u

n
it

s
)

Ti Ni

non-pileup 
events

pre-pileup events

PH-ADC channel

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

A
rb

it
ra

ry
 u

n
it

s

non-pileup

events

pre-pileup

events

cycle1 SDD#2

calibration 

spectrum

Ti
Ni

0 500 1000 1500 2000 2500 3000 3500 4000

(a)

(b)

Fig. 11. (a) A typical contour plot of the relation between averaged baseline
height and peak-hold ADC channel of self-trigger data. (b) Typical histograms
of non-pileup and pre-pileup events selected from FADCs waveform data. The
post-pileup events were eliminated already.

3.3.4 Low-energy tail and shelf

There are many empirical investigations of the response function of silicon
detectors using monoenergetic x-rays (e.g. [17, 18]), and it is usually known
that there is an exponential-like feature decreasing steeply in intensity towards
lower energy on the left flank of the main-peak function (called the “tail func-
tion”) and a flat shelf-like feature which extends to near zero energy (called the
“shelf function”) [18], due to electron transport processes and imperfections
in the fabrication processes. The equation of this low-energy tail function is
same as that of Compton tail. The shelf function is expressed as the following
equation,

Shelf(E) =
F

2
erfc

(
E − E0√

2σ

)

, (3)

These effects were also taken into account in the spectral fitting separately
from the Compton tailing effect in the liquid 4He target mentioned above.
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シェイピング
タイム 3 µs

フラッシュ ADC π  などの荷電粒子が ~1k/spill 
でSDDを通過！
−

Ti Ni

形状をガウス関数で近似し
フィットパラメータとして採用
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SDD内でのCompton散乱や
ドリフト電子の非完全収集
が原因とされる テール構造

Tail : 指数関数とガウス関数の畳み込み
Shelf : ステップ関数とガウス関数の
畳み込み
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トにより得る
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Summary
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E570 実験
1. 高エネルギー分解能 : シリコンドリフトX線検出器

3. In-situ エネルギー較正
2. 高 S/N 比 : 反応点再構成、静止K  イベント選別−

解析 (スペクトルの解釈)

3. SDD の応答関数 : Tail + Shelf

2. 高レート荷電粒子によるパイルアップ: 
　フラッシュADCを用いた解析と高統計較正データのフィット

1. 液体ヘリウム標的内でのCompton散乱 : 
　静止K  の位置をインプットにしたモンテカルロシミュレーション−

次の講演に続く
2007年9月21日(金) 日本物理学会@北海道大学, 21pZD11
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Kaonic atoms
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potential discussed in Section 4.2. 
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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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シフト (eV) 幅 (eV)

Batty, Friedman and Gal, Phys. Rep. 287 (1997) 385

Z 原子番号 Z 原子番号
オプティカル・ポテンシャルモデルでよくフィットできる



Past Experiments
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S.Baird et al., 
Nucl.Phys.A39
2 (1983) 297.

C.J.Batty et al., 
Nucl.Phys.A326 

(1979) 455.

C.E.Wiegand and 
R.Pehl, 

Phys.Rev.Lett.27 
(1971) 1410.

測定器：Si(Li)
  分解能 (FWHM) ~300 eV 
                            @ 6.4 keV

シグナルをとりながらのエ
ネルギー較正をしていない

シグナルに対して大きな
バックグラウンド

精密測定が必要



E570 experiment
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1st cycle : 2005年10月  ~520 時間,   (X線収量  900)
2nd cycle : 2005年12月  ~260 時間,  (X線収量  950)

場所: KEK-PS  K5 ビームライン

K  運動量  ~660 MeV/c
K  収量   ~5k/spill, π/K 比 ~200

−

−

セットアップは E549 とほぼ同じ (21pZD-4,5)

トリガー　~1k/spill, アクセプト ~76%

期間 K-  He 3d→2p4
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Fig. 7. Time-dependent gain drifts and energy resolutions of all SDDs as a function
of the run-packing number. The top panels show converted energies of the ADC
channel 2000, which locates between the two calibration peaks. The bottom panels
show energy resolutions at titanium Kα1 position.

pion induced x-ray energies and Cu contamination

3.3 Obtained x-ray spectra and fit functions

After applying the event selections described above and calibrating the en-
ergy scale, we obtained x-ray energy spectra for kaon-trigger events shown in
Fig. 9. Kaonic-helium 3d → 2p, 4d → 2p and 5d → 2p transitions are clearly
observed, while the Ti and Ni x-ray peaks are greatly suppressed. In com-
parison to the most recent measurement of the kaonic 4He spectrum [4], we
achieved ∼2 times better energy resolution, ∼3 times higher statistics, and
∼6 times better signal-to-noise ratio.

During the course of the analysis of spectra from SDDs, many fine details of
the signal and calibration pulses were found necessary to attain eV accuracy.
Here, we discuss about them and define the fit functions.
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