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Abstract

We have measured the Balmer-series x-rays of kaonic 4He atoms using novel large-area silicon drift x-ray detectors in order to study the
low-energy K̄-nucleus strong interaction. The energy of the 3d → 2p transition was determined to be 6467 ± 3(stat) ± 2(syst) eV. The resulting
strong-interaction energy-level shift is in agreement with theoretical calculations, thus eliminating a long-standing discrepancy between theory
and experiment.
 2007 Elsevier B.V. All rights reserved.

PACS: 13.75.Jz; 25.80.Nv; 36.10.Gv
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1. Introduction

The measurement of the strong-interaction energy-level shift
and width of kaonic atom x-rays offers a unique possibility to
precisely determine the K̄-nucleus strong interaction in the low
energy limit. Therefore many experiments have been performed
to collect data on a variety of targets from hydrogen to uranium.

* Corresponding author.
E-mail address: sokada@riken.jp (S. Okada).

1 Present address: RIKEN Nishina Center, RIKEN, Saitama 351-0198, Japan.

It has been known that most of the available kaonic-atom data
can be fitted fairly well for Z ! 2 by optical-potential models
[1] with the exception of kaonic helium and oxygen.

The strong-interaction shift of the 2p level !E2p for kaonic
4He has been previously measured in three experiments. Note
that !E2p is defined as !E2p ≡ −(E(2,p) − EEM

(2,p)), where
E(n,l) is the energy of the level with principal quantum number
n and the orbital angular momentum l, and EEM

(n,l) is the energy
calculated using only the electromagnetic interaction (EM). The
average of the three previous results gives !E2p = −43 ± 8 eV
[2–4], while most of the theoretical calculations give !E2p ∼
0 eV [5–7] (e.g. !E2p = −0.13 ± 0.02 eV [5]). They disagree
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but theory...



optical model

Batty (1990), 
Hirenzaki et al (2000), 
Friedman (2007)

(chiral unitary+ optical model):
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then came Akaishi’s 
coupled-channel model 

calculation



coupling to the π− +4
Σ He channel

{
−!∇2 + 2µ(Vc + UD − ε)− (Vc − ε)2

}
Ψ +2 µUCΦ =0

{
−!∇2 + 2µ′(Q− ε)− (Q− ε)2

}
Φ +2 µ′UCΨ = 0

Q ≡M4
ΣHe + mπ− −M4He −mK−

diagonal: UD = −U0F (r)
coupling: UC = UcouplF (r)



Akaishi EXA05

Y. Akaishi

This decay-channel centrifugal effect clearly shows a limitation of so-called ”global-fit”
approach [10] done by using all the available kaonic atom data on a same footing. Global
optical potentials with l-independent imaginary part cannot reproduce any anomalous
l != 0 level shift which appears in the ”proximity” region. The global-fit optical potential
should not be applied at least to the problem of the 2p level shifts of the K−-3,4He atoms.

3.1 K̄ nuclear bound state

It is known that the K̄N interaction is strongly attractive in the T = 0 state below
the Λ(1405) resonance and brings about a dropping K− mass in nuclear matter [13, 14].
This is connected to an exciting issue of whether kaon condensation in dense nuclear
matter like compact star could occur [15, 16, 17]. Recently, few-body K̄ nuclear systems
have been investigated theoretically [18, 19, 20, 21] (see also [22] as an early work) based
on phenomenological K̄N interaction which reproduces low-energy scattering data [23],
kaonic hydrogen data [24, 25] (see also [26] as the most recent data) and the binding
energy and width of Λ(1405).

1 2 3
r fm

0

-100

-200

-300

-400

MeV

nucl

K
U

ΣΣΣΣ+ππππ -69  MeV

-86  MeV

-500

K- + 4He

1 2 3
r fm

0

-100

-200

-300

-400

MeV

nucl

K
U

ΣΣΣΣ+ππππ
-76 MeV

-108 MeV

-500

K- + 3He

Atom Atom

1 2 3
r fm

0

-100

-200

-300

-400

MeV

nucl

K
U

ΣΣΣΣ+ππππ -69  MeV

-86  MeV

-500

K- + 4HeK- + 4He

1 2 3
r fm

0

-100

-200

-300

-400

MeV

nucl

K
U

ΣΣΣΣ+ππππ
-76 MeV

-108 MeV

-500

K- + 3HeK- + 3He

Atom Atom

Figure 3: Real-part potentials of K−-3He and K−-4He strong interaction. The solid and
dotted lines are the cases of shrunk and unchanged nucleon cores, respectively.
Nuclear s-wave bound states are shown. Atomic level shifts provide information
about the potential strength from the unchanged cores as indicated by the
arrows.

Figure 3 shows the potentials of K−-3He and K−-4He calculated in Ref.[18]. Since a
deeply bound K̄ contracts the nucleon core, the kaonic nuclei give us potential information
about the shrunk-core cases denoted by the solid lines. On the other hand, the kaonic
atoms provide information on the unchanged-core potentials shown by the dotted lines,
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Akaishi-Yamazaki prediction motivated us 

to re-measure K- 4He
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$%
how it was done in the past



2 9 8  S. Baird et at. / Exotic atoms 

2. Experiment 

The measurements  were carried out using the K23 single stage electrostatically 

separated low m o m e n t u m  hadron beam from the C E R N  PS. For this experiment 

the beam-l ine was tuned to a m o m e n t u m  of 200 M e V / c  for incident pions; the 

intensity was about 40 000 ~- in flight per beam burst with an average of 2.4 

unwanted particles (mostly electrons and muons)  per incident pion. The beam burst 

duration was typically 500 ms and the average repetition rate 1 beam burst every 

3.6 sec. For kaons the incident m o m e n t u m  was 600 M e V / c ,  the average intensity 

5 0 0 0 / b e a m  burst and the 7r/K ratio 35 : 1. For antiprotons again a m o m e n t u m  of 

600 M e V / c  was used, the average intensity was 1800 incident antiprotons per 

beam burst and the 7r/~ ratio was 60 : 1. 

The apparatus was a modified version of that used in a previous and similar 

experiment 2) carried out using the accelerator N I M R O D  at the Rutherford Labora- 

tory. (See fig. 1.) For kaon and antiproton beams a pair of scintillation counters 

B1 and B3 separated by 5 metres were used to identify the incident particles using 
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Fig. 1. E x p e r i m e n t a l  apparatus .  

Si(Li) 360 eV FWHM

S. Baird et al.,
Nucl. Phys. A392, 297 (1983)

Target

K-

Retractable 

calibration 

source (55Fe)



$%
how E570 did it



•! resolution

•" S/N (and statistics)

•# calibration

$ line shape



! x2 better resolution



Produced by KETEK GmbH

SDD (silicon drift detector)

electrons drift to a small 
anode (small capacitance)

high resolution 
(185 eV FWHM @ 6.4 keV), 
despite large area (100 mm2)

8 such SDDs used in E570



" x6 better S/N
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FIG. 1: The partially cutaway drawing of the E570 experimental setup. LC: Lucite Čerenkov counter, T0 and T1: timing
counters, TC: trigger counters.

B. Trigger and signal readout

We made two types of triggers, one was the kaon trig-
ger for tagging the stopped-K− events, and the other
was the SDD self trigger which was used for calibrating
individual SDDs. The kaon trigger required that the in-
coming charged particle to be a kaon and that at least
one secondary-charged particle hit the TC or both the
Pstart and the Pstop.

Typical trigger rate was 500 Hz (450 kaon triggers and
50 SDD-self triggers), and about 76% of triggers were
accepted by the data acquisition system.

The charge-pulse signal from an SDD was taken out
through a hermetic port and was integrated by a charge-
sensitive preamplifier. A transistor reset method was
used to eliminate a feedback resistance, resulting in sup-
pressing the contribution of thermal noise. On the other
hand, a reset pulse invoked an overshoot peak just after
the reset timing, which was rejected at the hardware level
(450 µs-width veto). Signal crosstalk of a neighboring de-
tector which shared a hermetic port was also rejected (16
µs-width veto) not to trigger. In addition, we rejected the
overshoot events due to huge energy deposits of charged
particles penetrated the SDDs (1 µs-width veto).

The output signal of the preamplifier was fed to a

CAEN 16-channel spectroscopy amplifier model N568B
(3 µs shaping time). The pulse height of each SDD was
recorded by a peak-sensing analog-to-digital converter
(ADC) with a 7-µs gate width and also by a flash ADC.
The timing information was recorded by a 5-µs range
time-to-digital converter (TDC). The data were taken in
two periods – 520 hours in October 2005 (cycle 1) and
260 hours in December 2005 (cycle 2). In the cycle 1,
only 3 out of 8 SDDs yielded useful data; the faulty de-
tectors were then replaced, and 7 SDDs were functional
in the cycle 2.

III. ANALYSIS

A. Event selection

1. Fiducial volume

Fig. 3 shows a density plot of x-y vertices reconstructed
as described in the previous section, and Fig. 4 shows
a correlation plot between the z coordinate of the ver-
tex and the light output of kaons on the T0. The light
output was calibrated in MeVee unit by using incident
minimum-ionizing particles in the beam (mostly π−),

!
-, etc.

K-

650 MeV/c
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FIG. 2: (a) The schematic drawing of side view of the E570 setup around the cylindrical target with the x-ray detection
system. (b) The front view of the silicon drift detector (SDD) assembly. Eight x-ray detectors are mounted on holders tilted at
a 45 degree angle to the beam center in an annular-shaped pattern. Fan-shaped high-purity titanium and nickel foils are put
alternately on a cone-shaped support located on the beam axis.
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coordinate of the reaction vertex. We adopted
√

x2 + y2 <
10.0 cm as an x-y vertex cut.

with considering the saturation of the photomultipliers
and the Birks effect [15] of the plastic scintillators. Here,
we applied fiducial volume cuts of

√
x2 + y2 < 10.0 cm

on the radius from the target center, and of −6.5 < z <
8.5 cm on the z coordinate.
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FIG. 4: A typical density plot between the z-coordinate of
the reaction vertex and the light output on the T0. For this
plot, x-y vertex cut of

√
x2 + y2 < 10.0 cm had already been

applied.

2. Rejecting in-flight decays and reactions

The in-flight decayed or reacted kaons were contami-
nating the selected vertices even after applying the fidu-
cial volume cuts. To reject them, we used a relation
between the energy deposits of kaons on the T0 and the
reconstructed vertices in the target as shown in Fig. 4.
The in-flight contamination located in the region of lower
light output than that of correlation.
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with considering the saturation of the photomultipliers
and the Birks effect [15] of the plastic scintillators. Here,
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2. Rejecting in-flight decays and reactions

The in-flight decayed or reacted kaons were contami-
nating the selected vertices even after applying the fidu-
cial volume cuts. To reject them, we used a relation
between the energy deposits of kaons on the T0 and the
reconstructed vertices in the target as shown in Fig. 4.
The in-flight contamination located in the region of lower
light output than that of correlation.

Fiducial selection
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FIG. 5: A typical density plot between the z-coordinate of the
reconstructed vertex and the IDstopK defined in Eq. (1). The
right figure shows the projection of IDstopK with the fidu-
cial volume cuts. We defined here the “stopped kaons” as
IDstopK > −1.0, and the selected histogram of the z vertex is
shown in the bottom figure.

We defined an index to cut the in-flight events,

IDstopK = L − Lsim(z), (1)

where L is the measured light output on the T0 and
Lsim(z) is the Birks-corrected simulated value. Fig. 5
shows a density plot between the IDstopK and z-vertex
position. The projected histogram of IDstopK with the
fiducial volume cuts is shown in the right figure. We
adopted here the “stopped kaons” as IDstopK > −1.0,
and the selected histogram of the z vertex is shown in
the bottom figure.

3. Timing selection

The timing of stopped kaons was selected by the TDC
data of SDDs to reduce the accidental background. Fig. 6
(a) shows the typical correlation plot between the SDD
timing (the time difference between kaons arriving and x-
rays detection) and the SDD pulse height, which exhibits
a vertical band due to x rays induced by kaons. The
events of kaonic-helium 3d → 2p x rays are pointed by
an arrow. The accidental hits of titanium and nickel
characteristic x rays were observed, which were shown as
thin horizontal lines.

Figure 6 (b) shows the timing spectrum. The time
walk due to leading-edge-type discriminators was already
corrected. Time resolution of the SDD was ∼ 130 ns (σ)
at ∼83 K, which reflected the drift-time distribution of
the electrons in the SDD. We selected the data within
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FIG. 6: (a) A typical density plot of the kaon-SDD time differ-
ence vs SDD pulse height. (b) A typical time-walk-corrected
SDD timing spectrum. The flat background is accidental co-
incidence with other charged particles.

±2σ from the peak center.

B. Energy calibration

The parameters of energy calibration for individual x-
ray detectors were determined using the characteristic x
rays of titanium and nickel, which were recorded in the
self-tigger data. Single run lasted about 2 hours. The
yield of titanium Kα x ray is 5 × 102 events per hour
per SDD. To obtain accurate calibration parameters and
to trace the gain drifts of x-ray detectors, we needed at
least 104 events (20-hour data), thus about ten 2-hour
runs were grouped into a “meta-run.”

Figure 7 shows a typical ADC spectrum of the SDD.
Titanium and nickel Kα lines were clearly observed. A
calibration line converting ADC channel into energy was
determined from the positions of these Kα lines with the
well-known energies [16] and intensity ratios [17] of Kα1

and Kα2. The information of x rays used for calibration
is listed in Table I.

Timing selection
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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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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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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
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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
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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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FIG. 9: The energy-dependent energy resolutions of the SDDs
in the first and second cycles. (a) first cycle : σ = 81.4 ± 0.7
eV, (b) second cycle : σ = 77.9 ± 0.6 eV at 6.463 keV.

sity towards lower energy on the left flank of the main-
peak function (called the “tail function”) and a flat shelf-
like feature which extends to near zero energy (called the
“shelf function”) [24], due to electron loss in the trans-
port processes to anode. The equation of this low-energy
tail function is the same as that of the Compton tail. The
shelf function is expressed as the following equation,

Shelf(E) =
A

2
erfc

(
E − E0√

2σ

)
, (4)

These effects were also taken into account in the spectral
fitting separately from the Compton tailing effect in the
liquid 4He target mentioned above. The intensity ratio
of these components to the main peak was determined
by fitting the x-ray spectra for self-trigger events. The
fraction was about 3%. The intensity ratio was then fixed
in the fit of the x-ray spectra for kaon-trigger events.

IV. RESULTS

A. Determination of strong-interaction shift

The strong-interaction shift of the 2p-state of kaonic
4He atom was determined from the Balmer-series (Lα,
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FIG. 10: Obtained x-ray spectra for (a) self-trigger and (b)
kaon-trigger data of the E570 second cycle.

Lβ, Lγ) transition energies. To obtain the strong-
interaction shift, we treated each kaonic helium x-ray
energy as independent parameters, For the width, we
adopted a common parameter (Γ2p) assuming that the
3d-state width is negligibly small.

The x-ray energy spectra were fitted by the following
functions: main Voigtian, Compton tail function, pileup
Gaussian, tail function and shelf function. The result-
ing fit-lines are overlaid on the x-ray spectra shown in
Fig. 12 (a) and (b) with each contribution. The residu-
als of fit are also shown under each spectrum, with solid
lines denoting the ±2σ values of the data, where σ is the
standard deviation due to statistics.

As a result, the kaonic 4He x-ray energy of the 3d → 2p
transition was determined to be

E(3,d)−E(2,p) = 6467.1 ± 2.5 (stat) ±2.2 (syst) eV (5)

where the first error is statistical and the second one
is systematic. The quoted systematic error is a linear
summation of the contributions from the ambiguities of
the fit functions: Compton tail (±5% of area), pileup
(±10% of area), tail and shelf (respectively ±2σ and ±1σ
error of the parameter of area in the fit of self-trigger
data), and the validity of the energy calibration method
(±0.5 eV) [21] which was confirmed by a test experiment.

The 4d → 2p and 5d → 2p transition energies are listed
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observed.

TABLE I: The characteristic x-ray energies [16], intensity ra-
tios [17] and natural widths [18–20] used for energy calibration
of individual SDDs.

X-ray
Energy
(eV)

Intensity
ratio

Natural
width (eV)

Ti Kα1 4510.89 1.00 1.5
Ti Kα2 4504.92 0.50 2.1
Ni Kα1 7478.25 1.00 3.0
Ni Kα2 7461.0 0.50 3.7

1. Gain drifts and energy resolution

Figure 8 shows the time-dependent gain drifts and the
energy resolutions of all SDDs versus the meta-run num-
ber. The top panels show the calibrated-energy differ-
ence from 6.4 keV position at the beginning of E570 cy-
cles. We corrected the gain drifts by flattening the time
dependence.

The bottom panels show the energy resolutions of each
SDD at titanium Kα1 position.

The energy-dependent energy resolution of each SDD
was assumed as the following equation,

σ(E) = ω
√

W 2
N + FE/ω, (2)

where WN denotes the constant contribution of white
noise, E is the x-ray energy, F is the Fano factor (≈ 0.12
for silicon) and ω is the average energy for electron-hole
pair creation in silicon. Here ω was fixed to be 3.81 eV,
and F and WN were introduced as free fit parameters for
titanium and nickel calibration peaks. The fitted func-
tions are shown in Fig. 9. The average energy resolutions
were determined to be σ = 81.4±0.7 eV for first cycle and
σ = 77.9 ± 0.6 eV for second cycle at kaonic-helium Lα
x-ray position. These resolution functions and their pa-
rameters were used for fitting the energy-calibrated spec-
tra of kaon-trigger data.

C. Fit functions

After applying the event selections and the energy cal-
ibration described above sections, we obtained x-ray en-
ergy spectra for self-trigger and kaon-trigger events as
shown in Fig. 10 (full statistics of the E570 second cy-
cle). The kaonic-helium 3d → 2p, 4d → 2p and 5d → 2p
transitions are clearly observed, while the Ti and Ni x-ray
peaks are suppressed.

During the analysis of SDDs spectra, many fine details
of the signal and calibration pulses were found necessary
to attain eV accuracy. We discuss them here and define
the fit functions.

1. Main peak

For fitting the spectra of kaonic-helium x-ray peaks and
calibration peaks, a convolution of a Gaussian (represent-
ing the detector response) and a Lorentz function (natu-
ral width), Voigt function, was adopted as the main-peak
function. The natural widths of calibration peaks were
fixed to the values in Table I [18–20].

2. Pileup

Pions and muons which were abundant in the inci-
dent beam penetrated the SDDs by ∼ 500 Hz per SDD.
Their huge energy deposits saturated the shaper output
and caused a long-time tail. When an x-ray pulse over-
lapping with the tail, the baseline was raised and the
recorded pulse height became higher than normal one,
which formed a bump structure on the higher energy side
of main peak.

Flash ADCs (FADCs) waveform data were used to
identify the pileup events. The baseline height was eval-
uated by fitting the waveform, and then a positive corre-
lation between the height and the recorded pulse height
was obtained. A bump structure due to pileup was sep-
arated with normal x-ray peak by selecting the baseline
level.

The spectral function attributed to the pileup events
was estimated as a Gaussian on the right flank of the
main-peak function (called the “pileup Gaussian”). Its
intensity, position and width relative to the main peak
were determined by fitting pileup and non-pileup spec-
tra simultaneously. The fraction of pileup was 9% for
the E570 first cycle and 5% for second cycle. A detail
description of this analysis will be found in Ref. [21].

Since the FADC data were available only for a half of
first cycle, the pileup Gaussians were included in the fit
of x-ray spectra with fixing the parameters.

obtained from the in-situ calibration peaks

%=77.9±0.6eV
@ 6.463 keV
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Moreover, present results of shift and width are consis-
tent with the following optical-model calculations. The
calculations of the shift are very close to zero (∼ −0.1) eV
by an analysis with global fits to existing kaonic-atom x-
ray data on various nuclei using an optical potential [1, 6],
and also by a calculation using an SU(3) chiral unitary
model [2]. Friedman has recently calculated a value of
−0.4 eV as the lowest possible one [7], when the non-
linear density dependence is included [28]. As for the
width, an optical-model calculation by Batty is 2 eV [6],
and a calculation by Friedman is 2.2 eV [7].
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These precise results provide a constraint for the depth
of K̄-4He potential relevant to deeply-bound K̄-nuclear
states. Akaishi searched the real part of the K̄-4He po-
tential U0 for a given coupled potential Ucoupl so as to
obtain a maximum shift of |∆E2p| [9]. His calculation was
based on the coupled-channel approach between the K̄N
channel and the Σπ decay channel. Although Akaishi
predicted that the 2p-level shift crossed zero near the
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shift = Eexp - EEM

EEM(eV) 6463.46 ± 0.15 (Koike)

corresponds to ±1 eV in X-ray energy 

due to the K mass error
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where E(n,d) − E(2,p) and EEM
(n,d) − EEM

(2,p) correspond to the
measured and calculated EM x-ray energies, respectively. To
combine all statistics of the observed Balmer-series lines, we
calculated !E2p for each line using Eq. (2) and took their sta-
tistical averages; the 2p-level shift was then derived as

(3)!E2p = 2 ± 2(stat) ± 2(syst) eV,

where EM values listed in Table 1 [15] were adopted, and the
systematic error was estimated in the way mentioned above.
Note that the EM energy and thus the energy shift are sensitive
to the value of the kaon mass, for which two slightly disagreeing
measurements exist [16] leading to a large error in the PDG
value. If the kaon mass changes by one standard deviation from
the current value of 493.677(16) MeV/c2 [16], !E2p changes
by about 0.2 eV [15].

5. Conclusion

In conclusion, we have measured the Balmer-series x-rays
of kaonic 4He atoms using silicon drift detectors which lead
to a much improved energy resolution and signal-to-noise ratio
compared to the Si(Li) x-ray detectors used in the past experi-
ments. The kaonic 4He x-ray energy of the 3d → 2p transition
was determined to be 6467 ± 3(stat) ± 2(syst) eV.

Using three observed transition lines (3d → 2p, 4d → 2p

and 5d → 2p) with the corresponding EM values [15], the 2p-
level shift was deduced as !E2p = 2 ± 2(stat) ± 2(syst) eV.
Fig. 4 shows a comparison of the 2p-level shifts between this
work and the previous experiments [2–4]. Our result excludes
the earlier claim of a large shift of about −40 eV.

The theoretical calculations of the shift are very close to
zero (∼ −0.1) eV by an analysis with global fits to existing
kaonic-atom x-ray data on various nuclei using an optical po-
tential [1,5], and also by a calculation using an SU(3) chiral
unitary model [6]. A recent calculation by Friedman gives a
value of −0.4 eV as the lowest possible one [7], when the non-
linear density dependence is included [18]. On the other hand,
Akaishi calculated the shift as a function of the real part (U0)

Fig. 4. The 2p-level shift of kaonic 4He, !E2p , obtained from this work and
the past three experiments (WG71 [2], BT79 [3], BR83 [4]). Error bars show
quadratically added statistical and systematic errors. The average of these past
experiments is indicated by the horizontal gray band.

of the K̄N potential depth at a certain coupled potential depth
(Ucoupl = 120 MeV) [19]. The calculation was based on the
coupled-channel approach between the K̄N channel and the
Σπ decay channel. A large shift (|!E2p| ∼ 10 eV) is pre-
dicted near the resonance between atomic and nuclear poles,
when the potential depth is at around ∼200 MeV. The presently
observed small shift disfavors the values of (U0,Ucoupl) =
(∼200 MeV,120 MeV) within his framework.

Our careful and precise determination of the 2p-level shift
resolved the long-standing kaonic helium puzzle. The present
data alone are not sufficient to deduce the K̄-nucleus potential
strength at the center of the nucleus. A unified study with the
2p width to be determined in further analysis and with data to
be collected in kaonic 3He x-ray spectroscopy [20] will indu-
bitably yield invaluable constraints for the theories.
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' Now the K-4He 2p shift is consistent with 
all theory calculations

' No more Kaonic Helium puzzle

' Width also appears to be small

' E17 J-PARC Day-1 experiment will 
measure K-3He
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