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Kaonic helium puzzle
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FIG. 15: The 2p-level shift of kaonic 4He, ∆E2p, obtained
from this work and the past three experiments (WG71 [3],
BT79 [4], BR83 [5]). Error bars show quadratically added
statistical and systematic errors. The average of these past
experiments is indicated by the horizontal gray band.

TABLE V: The absolute Lα x-ray yield and relative yields
obtained from this work and the previous experiments
(WG71 [3], BT79 [4], BR83 [5]). The quoted errors of this
work show quadratically added statistical and systematic er-
rors.

EXP Lα per stopK Lβ/Lα Lγ/Lα

WG71 [3] 0.092 ± 0.024 0.56 ± 0.11 0.26 ± 0.07
BT79 [4] - 0.37 ± 0.05 0.20 ± 0.04
BR83 [5] 0.089 ± 0.045 0.26 ± 0.04 0.18 ± 0.03
This work 0.073 ± 0.004 0.36 ± 0.02 0.21 ± 0.02

resonance between atomic and nuclear poles (U0 ∼ 200
MeV, Ucoupl = 120 MeV), the predicted width (Γ2p ∼ 40
eV) was too large compared to the upper limit of our
result (17 eV with 95% confidence level). This indicates
two possibilities, one is that the Ucoupl be much larger
than 120 MeV, the other is that the U0 be much smaller
or larger within his framework. If the U0 is much larger,
around 300 MeV, the width is close to zero and the shift
is around −2 eV. This solution is not excluded within sys-
tematic errors. Moreover Kishimoto group has recently
reported the K̄-nuclear potential might be strongly at-
tractive, around −200 MeV, via the in-flight 12C(K−, N)
reaction [29]. This interesting report indicates a possibil-
ity of the “deep” K̄-4He potential.

The x-ray yields are compared with the previous ex-
perimental results [3–5] in Table V. The absolute Lα
yield per stopped kaon and the relative yields Lβ/Lα and
Lγ/Lα are consistent with the previous values, although
the errors of past results are large. Unfortunately, there
is no theoretical calculation which accurately predicts the
x-ray yields. Even so Koike and Akaishi fitted the x-ray

yields of previous results by a impact-parameter method
for deriving the Stark-mixing transition rate [30]. Their
fit results show the Lα yield is around 10%, which is ∼ 3
point larger than the 7.3% of our result. This difference
might be due to the large error of previous results. Our
results will update the fit and calculation.

VI. CONCLUSION AND OUTLOOK

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 detec-
tors used in the past experiments. The kaonic 4He x-ray
energy of the 3d → 2p transition was determined to be
6467.1 ± 2.5 (stat) ±2.2 (syst) eV.

Using three observed transition lines (3d → 2p, 4d →
2p and 5d → 2p) with the corresponding EM values [25],
the 2p-level shift was deduced as ∆E2p = 2.5± 2.1 (stat)
±2.2 (syst) eV. An upper limit of 2p-level width Γ2p was
determined to be 17 eV with 95% confidence level. Our
results are consistent with the several kind of optical-
model calculations and exclude the earlier claim of a large
shift of about −40 eV. This resolves the long-standing
kaonic helium puzzle.

These precise results provide a constrain for a K̄-
4He potential depth relevant to deeply-bound K̄-nuclear
states. Compared with Akaishi’s coupled-channel calcu-
lation, the Ucoupl is much larger than 120 MeV, or the real
part U0 is much smaller or larger within his framework.
Interestingly, Akaishi predicted that the U0 = 300 MeV
depth be near the resonance between atomic and nuclear
poles of K−-3He system, and this position is not excluded
within systematic errors. For this reason, a precise mea-
surement of kaonic 3He x rays [31] would be a further
understanding of the deeply-bound K̄-nuclear states.

The absolute Lα x-ray yield per stopped kaon was
determined to be 7.3 ± 0.1(stat)±0.4(syst)%. The rel-
ative yields (Lβ/Lα) and (Lγ/Lα) were determined to
be 35.8± 1.7± 1.4 % and 20.8± 1.2± 1.2 % respectively.
The yields are consistent with the previous experimental
values.
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2. low background : stopped-kaon selection
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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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FIG. 3: A typical density plot between the x- and y-

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

√
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on the radius from the target center, and of −6.5 < z <
8.5 cm on the z coordinate.
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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.
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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.
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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.
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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.
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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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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.

coincidence events with 
SDDs

σ = 130 ns
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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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√
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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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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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Response function

24 CHAPTER 2. EXPERIMENTAL SETUP

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. Each 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 a 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
supplied to Ring 1, Ring X and Back pins, and the OS and IS pins were connected
to a ground line. Signal lines consisted of five independent lines, Feed Back (FB),
Drain, Reset, Bulk (SUB) and Source.

Figure 2.12: Bond plan of the 100 mm2-SDD used for the experiment, produced by
Ketek GmbH. The FET is located on the ceramic bridge just backside of the small
anode. Wires are bonded with gold (yellow square).
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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

Shift = 2 ± 2(stat) ± 2(syst) eV

transition 3d->2p 4d->2p 5d->2p

exp. (eV) 6466.7±2.5 8723.3±4.6 9760.1±7.7

calculation 
(eV)

6463.46±0.15 8721.73±0.20 9766.78±0.23

calculated by T.Koike (2007)

Result

S.Okada et al, PLB 653, 387, (2008)



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.
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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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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

σ 
(e

V)
 

To fit the width 

Gaussian sigma 
fixed

Voigt function 
Breit-Wigner*Gaussian

σ(6.4 keV)=77.9±0.6 eVself trigger 
data

Ti

Ni σ(E) = ω√(W^2 + FE/ω)



upper limit 

17 eV at 95% CL

Preliminary result

Width

C.J. Batty, NPA508, 89 (1990)

E.Friedman (2007)

Theories
~2 eV

preparing



Comparison with Akaishiʼs prediction

Y. Akaishi

where, for simplicity, the decay channel is only limited to the π−+ 4
ΣHe [11, 12] channel of

the reduced mass µ’ with no diagonal potential. For a given Ucoupl the diagonal strength
U0 is searched so as to get a maximum shift of | ∆E2p | in order to obtain the ”deep”
potential. The ”shallow” potential is taken to be a half of the deep potential as before.
The obtained results are given in Table 2.

3 DISCUSSIONS

Overall feature of atomic 2p-level shift and width is shown in Figure 1 together with
a schematic behavior of atomic and nuclear poles on the complex k-plane. When the
nuclear pole comes closer to the atomic pole, it gives a fluctuation to the atomic level.
Here, we introduce a concept of ”proximity shift” which is caused when the nuclear pole
approaches the 2p atomic pole in the range of its width.
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Figure 1: Overall feature of a 2p-level complex shift of K−-4He as a function of the po-
tential strength U0. Related behaviors of nuclear and atomic poles are shown
schematically. The nuclear pole fluctuates the atomic level on passing through.

Figure 2 compares two cases of the K−-4He atomic 2p level shifts: one is of coupled
channel and the other is of optical one. Off the ”proximity” region the two cases are
very close each other, giving an equivalence between the coupled channel model with
Ucoupl = 120 MeV and the optical model with W0 = 60 MeV. In the ”proximity” region,
however, 2p level shifts from the two models are extremely different: the maximum shift
of the coupled channel model is almost 10 times larger than that of the optical one. The
standard of the coupled-channel deep potential is set to

∆Ecc
2p = −11 eV, Γcc

2p = 21 eV. (13)

The deep potential is of 200 ∼ 250 MeV strength, and has a p-wave nuclear bound
state, bringing an upward shift. The shallow potential has no such bound state and gives
definitely a downward shift. It is shown that a set of deep coupled-channel potentials
having a p-wave K̄ nuclear bound state can cause an anomalously large magnitude of 2p
level shift.
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Summary

E570 results are consistent with 
all theoretical calculations

Unlikely large width 
-> remains deep potential possibility (~300 MeV)

to investigate kaon-nuclear states

Kaonic helium puzzle was resolved

MESON 2008 Cracow, 7th June 2008



Backup

MESON 2008 Cracow, 7th June 2008



3d->2p x-ray (~6.4 keV)

Kaonic helium x-rays

3d

2p

(Coulomb only)

width : Γ
shift : ΔE 

Nuclear 
Absorption

2p

2p

4d
5d

strong-interaction



Past experiments
1. C.E. Wiegand and R.H. Pehl (1971) PRL27, 1410

100 ~

50

Y

COUNTS
/ 100ev p

v
u

4He (K -, i r - ) X-RAYS

 

45 9

TABLE 1

4

 

6

 

8

 

10

 

12

 

14

 

16

 

18

 

20 l
KAON IC HEL IUM

 

ENERGY (keV)

F i g. 2 . Kaon i c X- ray spec t rum o f 4He . The kaon i c he l i um X- ray t rans i t i ons toge ther w i th the ma j or
con t am i nan t l i ne i rBe 3-2 are shown . The da t a are shown i n b i ns o f two channe l s for c l ar i t y and

cor respond to 4 . 4 x 108 kaons i n f l i gh t .

Kaon i c he l i um da t a

assumed to be equa l . Thus the s i ng l e va l ues quo t ed for the s t rong i n t erac t i on sh i f t
and broaden i ng o f the 2p l eve l are those tha t wou l d have been ob t a i ned i f the l i nes
had been f i t t ed i ndependen t l y and the average va l ues t aken . I t has been i mp l i c i t l y
assumed tha t the upper l eve l s o f the t rans i t i ons are una f f ec t ed by the s t rong
i n t erac t i on . Sys t ema t i c e f f ec t s have been i nc l uded i n the quo t ed er rors and have been
added i n quadra ture to the s t a t i s t i ca l er rors . The ma j or sys t ema t i c con t r i bu t i ons
arose f rom the uncer t a i n t y o f the energy ca l i bra t i on , the s t ab i l i t y o f the e l ec t ron i cs
sys t em and the presence o f i mpur i t y peaks . These sys t ema t i c er rors on the exper i -
men t a l energy were es t i ma t ed to have upper l i m i t s o f 2 eV , 2 eV and 5 eV ,
respec t i ve l y . The er ror o f 2 eV on the ca l cu l a t ed energy has been i nc l uded i n the
er ror quo t ed on the energy sh i f t , AE. Sys t ema t i c er rors for the Loren t z i an w i d th
came f rom the uncer t a i n t y i n the i ns t rumen t a l w i d th ob t a i ned f rom the ca l i bra t i on

Trans i t i on
Exp energy

(keV)
Ca l c energy

(keV) AE(keV) l ' (keV)
Re l a t i ve
i n t ens i ty

3d-2p 6 . 429 : 1 : 0 . 012 6 . 464 -0 . 035 ±0 . 012 0 . 030±0 . 030 100 : t4
4d-2p 8. 687 8 . 722 -0 . 035 0. 030 37 : k 5
5d-2p 9. 731 9 . 766 -0 . 035 0. 030 20_ t4
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The yield values are presented in table 3 where they are compared  with the 

results of previous experiments  and calculated values. The measured relative yield 

values are seen to be in comparat ively good agreement.  From the absolute values 

the total K-series yield is found to be 0.123 + 0.062 X-rays / s topped  pion which is 

rather lower than, but still in agreement  with, the value of 0.197 :t: 0.049 obtained 

by Backenstoss et  al.  4). In earlier experiments,  values of 0.095 + 0.014 have been 

measured by Wetmore  et  al.  6), and 0 .18± 0 .05  by Berezin et al.  7). In view of the 

large spread in the experimental  values and their relatively large errors it is difficult 

to draw any conclusions f rom these various experimental  results except to say that 

they reflect the great difficulty in measuring absolute yield values. 

4,2. KAONIC AND SIGMA HELIUM 

The data obtained with kaons stopping in liquid helium are shown in fig. 3. For 

clarity this is shown with an energy dispersion of 100 eV/channel  but much of the 

numerical  analysis and fitting used a dispersion of 50 eV/channel .  The L-series 

transitions leading to the n = 2 state are clearly observed. There  was no evidence 

for transitions to the n = 1 state and a limit on their yield f rom this experiment  is 

~<0.002 X-rays per stopping kaon. 
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Fig. 3. X-ray spectrum measured with (2.3 ± 1.2) x 1 0  7 kaons stopping in liquid helium. 
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Possible large shift
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accommodates deeply bound kaon-nuclear states

Y. Akaishi, EXA05, p45 (2005)

Akaishiʼs prediction : coupled Σπ-channel model

2p

Ucouple = 120 MeV,
searched U0 depth to 
obtain maximum shift
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FIG. 15: The 2p-level shift of kaonic 4He, ∆E2p, obtained
from this work and the past three experiments (WG71 [3],
BT79 [4], BR83 [5]). Error bars show quadratically added
statistical and systematic errors. The average of these past
experiments is indicated by the horizontal gray band.

TABLE V: The absolute Lα x-ray yield and relative yields
obtained from this work and the previous experiments
(WG71 [3], BT79 [4], BR83 [5]). The quoted errors of this
work show quadratically added statistical and systematic er-
rors.

EXP Lα per stopK Lβ/Lα Lγ/Lα

WG71 [3] 0.092 ± 0.024 0.56 ± 0.11 0.26 ± 0.07
BT79 [4] - 0.37 ± 0.05 0.20 ± 0.04
BR83 [5] 0.089 ± 0.045 0.26 ± 0.04 0.18 ± 0.03
This work 0.073 ± 0.004 0.36 ± 0.02 0.21 ± 0.02

resonance between atomic and nuclear poles (U0 ∼ 200
MeV, Ucoupl = 120 MeV), the predicted width (Γ2p ∼ 40
eV) was too large compared to the upper limit of our
result (17 eV with 95% confidence level). This indicates
two possibilities, one is that the Ucoupl be much larger
than 120 MeV, the other is that the U0 be much smaller
or larger within his framework. If the U0 is much larger,
around 300 MeV, the width is close to zero and the shift
is around −2 eV. This solution is not excluded within sys-
tematic errors. Moreover Kishimoto group has recently
reported the K̄-nuclear potential might be strongly at-
tractive, around −200 MeV, via the in-flight 12C(K−, N)
reaction [29]. This interesting report indicates a possibil-
ity of the “deep” K̄-4He potential.

The x-ray yields are compared with the previous ex-
perimental results [3–5] in Table V. The absolute Lα
yield per stopped kaon and the relative yields Lβ/Lα and
Lγ/Lα are consistent with the previous values, although
the errors of past results are large. Unfortunately, there
is no theoretical calculation which accurately predicts the
x-ray yields. Even so Koike and Akaishi fitted the x-ray

yields of previous results by a impact-parameter method
for deriving the Stark-mixing transition rate [30]. Their
fit results show the Lα yield is around 10%, which is ∼ 3
point larger than the 7.3% of our result. This difference
might be due to the large error of previous results. Our
results will update the fit and calculation.

VI. CONCLUSION AND OUTLOOK

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 detec-
tors used in the past experiments. The kaonic 4He x-ray
energy of the 3d → 2p transition was determined to be
6467.1 ± 2.5 (stat) ±2.2 (syst) eV.

Using three observed transition lines (3d → 2p, 4d →
2p and 5d → 2p) with the corresponding EM values [25],
the 2p-level shift was deduced as ∆E2p = 2.5± 2.1 (stat)
±2.2 (syst) eV. An upper limit of 2p-level width Γ2p was
determined to be 17 eV with 95% confidence level. Our
results are consistent with the several kind of optical-
model calculations and exclude the earlier claim of a large
shift of about −40 eV. This resolves the long-standing
kaonic helium puzzle.

These precise results provide a constrain for a K̄-
4He potential depth relevant to deeply-bound K̄-nuclear
states. Compared with Akaishi’s coupled-channel calcu-
lation, the Ucoupl is much larger than 120 MeV, or the real
part U0 is much smaller or larger within his framework.
Interestingly, Akaishi predicted that the U0 = 300 MeV
depth be near the resonance between atomic and nuclear
poles of K−-3He system, and this position is not excluded
within systematic errors. For this reason, a precise mea-
surement of kaonic 3He x rays [31] would be a further
understanding of the deeply-bound K̄-nuclear states.

The absolute Lα x-ray yield per stopped kaon was
determined to be 7.3 ± 0.1(stat)±0.4(syst)%. The rel-
ative yields (Lβ/Lα) and (Lγ/Lα) were determined to
be 35.8± 1.7± 1.4 % and 20.8± 1.2± 1.2 % respectively.
The yields are consistent with the previous experimental
values.
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1. high resolution 
Silicon Drift Detectors (SDDs)

24 CHAPTER 2. EXPERIMENTAL SETUP

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. Each 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 a 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
supplied to Ring 1, Ring X and Back pins, and the OS and IS pins were connected
to a ground line. Signal lines consisted of five independent lines, Feed Back (FB),
Drain, Reset, Bulk (SUB) and Source.

Figure 2.12: Bond plan of the 100 mm2-SDD used for the experiment, produced by
Ketek GmbH. The FET is located on the ceramic bridge just backside of the small
anode. Wires are bonded with gold (yellow square).

produced by KETEK GmbH

small anode → small detector capacitance

high resolution : 185 eV FWHM at 6.4 keV

thin detector : 0.26 mm

large effective area : 100 mm2

e-



Outlook

eV precision is essential again !
kaonic helium-3 x-rays @ J-PARC E17

Coupled-channel で大きなシフト

Y. Akaishi: EXA05

!"" #""

$""
!" %&'

!"#$%$

&"#$%$

'()*+,

-.)/)*+,

!(

!"

(

"

)(

)!"

&'

!(

!"

(

"

)(

)!"

&'

!(

!"

(

"

&'

Coupled Channel + Optical Potential
!E2p = ~|10|eV の
大きなシフトを許容

KEK-PS E570で実験
(2005年10月~12月)

J-PARC E17実験
(J-PARC DAY-1？)

E570以前に3度実験が行われており、
いずれも大きなシフト(~-40eV)を報告

K-3Heは本実験が初
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