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The kaonic helium-4 3d → 2p X-ray transition was measured in a gaseous target, where Compton
scattering in helium is negligible. The X-rays were detected with large-area Silicon Drift Detectors
(SDDs) using the timing information of the K + K − pairs produced by φ decays at the DA�NE e+e−
collider. A new value of the strong interaction shift of the kaonic 4He 2p state was determined to be
0 ± 6 (stat) ± 2 (syst) eV, which confirms the recently obtained result by the KEK-PS E570 group.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Studies of kaonic atoms have provided important information
on the K −-nucleus strong interaction in the low energy regime.
Low-lying energy levels of kaonic atoms are shifted and broadened
due to the strong interaction between the kaon and nucleus. The
shifts and widths of kaonic atom X-rays have been measured us-
ing targets with atomic numbers from Z = 1 to Z = 92, and they
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are systematically well understood with optical models for Z � 3.
These results have been used for calculations of the K̄ N interaction
[1–4].

However, until recently, there has been a discrepancy in the
energy shift of kaonic helium. Three measurements of the en-
ergy shift of the kaonic 4He 2p state made in the 70’s and 80’s
[5–7] gave consistent results with an average value of the shift1

1 In this article, the shift �E is defined as �E = Eexp − Ee.m. , where Eexp is an
X-ray energy determined by experiment, and Ee.m. is a calculated energy with the
QED effect only.
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Fig. 1. An overview of the experimental setup. The whole system was installed at the interaction point of DA�NE.
�E = −43 ± 8 eV [1,7]. On the other hand, the theoretical calcu-
lations based on the kaonic atom data with Z � 3 gave a shift of
�E ∼ 0 eV (−0.13 ± 0.02 eV [1], −0.14 ± 0.02 eV [1], −0.4 eV [8],
−1.5 eV [9]). Recent theoretical calculations predict a possible
maximum shift of 10 eV [9]. No theoretical model could explain
the large shift, and this difference between experiment and theory
was known as the “kaonic helium puzzle”.

A recent experiment performed by the KEK-PS E570 group gave
a shift of �E = +2 ± 2 (stat) ± 2 (syst) eV [10], which is consis-
tent with theory. This result has a much smaller error than the
average value of the previous experimental results, but differs by
more than three standard deviations, thus making an independent
experimental verification necessary.

Here, we report a new measurement of the kaonic 4He 3d → 2p
X-ray transition energy from which the strong interaction shift of
the 2p level was determined. This measurement was made as part
of the performance test of the SIDDHARTA setup at the DA�NE φ

factory of LNF in Frascati, Italy. The apparatus consists of an ar-
ray of large-area Silicon Drift Detectors (SDDs) coupled to a gas
target which is to be used for precision kaonic X-ray spectroscopy
to determine the antikaon–nucleon isospin dependent scattering
lengths.

An advantage of this new kaonic 4He measurement comes from
the use of a gas target resulting in negligible Compton scattering in
helium — one of the sources of systematic errors in the previous
experiments. The availability of kaons with low energy and low
momentum spread produced by φ decays in the DA�NE collider
results in efficient kaon stopping in this gas target.

2. The SIDDHARTA experimental setup

The SIDDHARTA setup consists of three parts: a kaon detector,
an X-ray detection system, and a cryogenic target system. Fig. 1
shows an overview of the setup. This whole system was installed
at the e+e− interaction point of the DA�NE collider.

The target cell is cylindrical with a radius of 6 cm and a height
of 12 cm. It was filled with helium gas at a temperature of 27 K
and a pressure of 0.95 bar, which corresponds to about 10.0 bar
at normal temperature and pressure. The bottom of the vacuum
chamber, shown in Fig. 1, has a circular window made of a Kap-
ton foil with a radius of 6.5 cm, through which kaons enter the
target cell. An energy degrader, installed on the bottom of the vac-
uum chamber, was adjusted in thickness to optimize the maximum
number of kaonic helium X-rays. It had a step-like shape to com-
Fig. 2. Timing spectrum of the two scintillators in the kaon detector. The time dif-
ference between the clock signals delivered by DA�NE and the coincidence of the
two scintillators is shown. The K + K − and MIPs coincidence events are marked in
the figure.

pensate the φ boost effect caused by a finite crossing angle of the
electron and positron beams.

The K +K − pairs produced by φ decay were detected by a kaon
detector, using a method similar to that used in a previous kaonic
atom X-ray measurement at DA�NE [11]. This detector consists of
two scintillators installed above and below the beam pipe at the
interaction point. Each scintillator has a size of 152 × 72 mm, and
a thickness of 1.5 mm, through which almost all kaons pass. Two
fast photomultipliers (Hamamatsu R4998) were optically coupled
to the ends of each scintillator.

In this detector, charged kaon pairs were identified by a time-
of-flight technique. The slow kaon pairs are clearly separated from
fast minimum ionizing particles (MIPs), due to excellent time res-
olution (<100 ps FWHM) and the stability of the clock pulses
(380 MHz RF) delivered by DA�NE. A correlation of the time dif-
ference on the two scintillators is shown in Fig. 2. The K +K − pair
production events are indicated. The ratio of kaon coincidences to
MIPs during the kaonic helium measurements was about 20:1.

The kaonic helium X-rays were detected using recently-deve-
loped large area SDDs having an active area of 1 cm2 and a thick-
ness of 450 μm [12,13]. After detailed performance tests, 144 SDD
chips were installed surrounding the target cell. The SDDs were
cooled to a temperature of 170 K with a stability of ±0.5 K.
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Fig. 3. SDD spectrum of X-rays uncorrelated with kaon production. Excellent statis-
tics of the Ti and Mn X-rays are evident. The fit functions are shown as solid lines.
These data were used for energy calibration and determination of the detector re-
sponse.

X-ray signals in the SDDs were read out using a specially de-
signed data acquisition system. Energy data of all the X-ray signals
detected by the SDDs were recorded. In addition, time differences
between the coincidence signals in the kaon detector and X-ray
signals in the SDDs were recorded using a clock with a frequency
of 120 MHz, whenever the coincidence signals occurred within
a time window of 6 μs. In the current system, MIP coincidence
events cannot be rejected in the SDD data, but due to a good
kaon/MIP ratio, X-ray background produced by the MIP coincidence
events was small.

The SDD data are categorized as one of two types. One type
contains X-ray events uncorrelated with the kaon coincidence
(“non-coincidence data”), which provides large statistics of calibra-
tion X-rays, as well as information on peak shape. The other type
contains X-ray events correlated with the kaon coincidence (“coin-
cidence data”), which provides kaonic atom X-ray energy spectra
with a high background suppression.

The energy shift of the kaonic helium X-ray line is expected
to be much smaller than the detector resolution (typically 150 eV
FWHM at 6 keV), so a precise energy calibration and knowledge of
peak shape are crucial. Thus a 55Fe source of about 0.4 MBq and
a thin Ti foil in front of the source were installed in a place close
to the target cell to monitor the stability of the SDD X-ray detec-
tion system. Using the Kα lines of Ti (4.5 keV) and Mn (5.9 keV),
a dedicated stability check and energy calibration has been per-
formed. The kaonic helium X-ray data were taken for about two
weeks in January 2009. In this period, an integrated luminosity of
20 pb−1 was collected, which corresponds to about 4.7×106 kaons
detected by the kaon detector.

3. Analysis of kaonic helium X-ray data

Fig. 3 shows the energy spectrum of the non-coincidence data.
Ti and Mn X-ray peaks produced by the 55Fe source are seen with
high statistics. Here, data of 60 SDDs were selected out of the 144
SDDs installed, based on energy resolution, peak shape and stabil-
ity of the Ti and Mn lines.
Fig. 4. Time spectrum of the SDDs. The time difference between the K + K − co-
incidence and SDD X-ray hits was measured. The peak region corresponds to the
coincidence of the K + K − and X-ray events. The broadening reflects the drift time
distribution of the SDDs, which determines the time resolution of the SDDs.

These known calibration peaks were fitted using the follow-
ing method. For the fit, the reported values of X-ray energy and
width were used, determined by high-resolution X-ray measure-
ments [14,15], where asymmetric distribution of the peak shape is
included. Because precise data on the Ti Kβ line are not available,
a symmetric function was used. In addition to the asymmetry of
the K line shape, there are weak satellite lines. In particular, the
intensity of the KMM Radiative Auger Emission (RAE) peak, which
is located just below the Kβ line, is not negligibly small [16–18],
but a detailed structure is neither simple nor well known. Thus, in
our analysis, a simple function assuming the KMM peak consists of
one single line was used. Intensities of possible other satellite lines
were found to be negligible within our collected statistics. A Voigt
function was applied as a model of the detector response function
instead of a Gaussian, to take care of low- and high-energy tails on
an X-ray peak. Due to the complicated structure of the Kβ peaks
as discussed above, only the Ti and Mn Kα lines were used for en-
ergy calibration, as suggested in [14]. The fit functions are shown
in Fig. 3.

Fig. 4 shows the time difference spectrum of K +K − (and MIPs)
events in coincidence with X-rays in the energy region from 6.2–
7.0 keV, where the kaonic helium Lα line exists. The origin of the
horizontal axis is arbitrary since it depends on a delay time of
the electronics. The start and stop time signals were generated by
coincidence timing on the kaon detector, and X-ray timing on the
SDDs, respectively.

A peak in the figure corresponds to the coincidence events of
K +K − pairs and X-rays (triple coincidence). X-ray events uncorre-
lated with K +K − production are seen as background events. The
broadening of this peak, which is determined by the time resolu-
tion of the SDDs, reflects the drift time distribution of photoelec-
trons produced by X-rays to the central anode of the SDDs. The
timing resolution was found to be 690 ns (FWHM). Selecting X-ray
events within a peak region suppresses background events associ-
ated with accidental coincidences. The peak region from 2.8 μs to
4.0 μs was selected to obtain a minimum in the statistical error in
the fit of the kaonic helium X-ray line.
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Fig. 5. Energy spectrum of the kaonic 4He X-rays in coincidence with the K + K −
events. Together with the accidental coincidence events of the Ti and Mn X-rays,
the kaonic 4He Lα line is seen at 6.4 keV.

Fig. 5 shows the X-ray energy spectrum selected by the triple
coincidence timing events. The Ti and Mn X-ray peaks are still
seen, due to accidental coincidences. A large enhancement at ener-
gies above the Mn Kβ peak (about 6.4 keV) is due to the existence
of the kaonic helium Lα line. The ratio of the Mn and Ti X-ray
lines is different from that in the non-coincidence data due to ad-
ditional Ti X-ray production by particles hitting the Ti foils within
the triple coincidence timing.

The X-ray peaks in the energy spectrum were fitted with the
functions determined from the non-coincidence data. The relative
ratio of the Mn Kα and Mn Kβ lines was fixed, as obtained from
the calibration spectrum. The kaonic helium line was fitted with an
additional Voigt function, where energy resolution evaluated from
the calibration data was 151 ± 2 eV (FWHM). The X-ray energy of
the kaonic helium Lα line was determined to be

Eexp = 6463.6 ± 5.8 eV, (1)

where the second term is the statistical error. The natural width
was found to be below the measurement limit within our statistics.

The contribution of systematic errors to the kaonic helium
X-ray energy was studied. Energy linearity, gain drifts and rate de-
pendence were found to be ±0.5 eV each. A peak shift caused by
contamination of the Mn Kβ line was found to be negligible. The
total systematic error is estimated to be ±2 eV, which includes
other effects (e.g. uncertainty of the parameter determination in
the fit functions, and possible satellite lines).

4. Discussion and conclusions

Because the strong interaction shift of the 3d state in kaonic
helium is negligibly small, we use the value of 3d → 2p energy
calculated by QED only (Ee.m. = 6463.5 ± 0.2 eV) [10] to obtain
the strong interaction shift of the kaonic helium 2p state as:

�E = Eexp − Ee.m.

= 0 ± 6 (stat) ± 2 (syst) eV, (2)

where the second term denoted as (stat) is the statistical error and
the third term denoted as (syst) is the systematic error.
Table 1
Energy shift of the kaonic helium 2p state.

�E (eV) Ref.

−41±33 Wiegand et al. [5]
−35±12 Batty et al. [6]
−50±12 Baird et al. [7]

−43±8 Average of above [1,7]

+2±2 (stat) ±2 (syst) Okada et al. [10]

0±6 (stat) ±2 (syst) This work

When compared to previous values [5–7,10] summarized in Ta-
ble 1, our result is consistent with the results obtained by the E570
group [10], while it is inconsistent with the average of the other
results [1,7].

In previous experiments, liquid helium was used as a target,
where Compton scattering in helium is significant. About 10% of
the 6-keV X-rays (corresponding to about the energy of the kaonic
He line) can undergo Compton scattering. The experiment by the
E570 group determined the contribution of a Compton tail with
Monte Carlo simulations using the measured kaon stopping distri-
bution in the target cell.

In the present experiment, the kaonic helium X-rays were mea-
sured in a gas target for the first time, where the Compton scatter-
ing was negligible, providing the kaonic atom X-ray peak without
a Compton tail.

Both in our experiment and E570, the energy resolution was
improved by a factor 2 compared to the previous three experi-
ments. A precise determination of energy calibration and detector
response was performed using high statistics X-ray data. These
were essential to obtain the kaonic atom X-ray energy precisely.

In conclusion, the energy shift of the kaonic helium 3d → 2p
line was measured using the gaseous target in the SIDDHARTA ex-
periment. The resultant shift of 0 eV confirms the result by the
E570 group. Prior to the experiment by the E570 group, the aver-
age of the three previous results was �E = −43 ± 8 eV (Table 1),
while most of the theoretical calculations give �E ∼ 0 eV [1,4,8].
This five-sigma discrepancy between theory and experiment was
known as the “kaonic helium puzzle”. A resolution of this long-
standing puzzle provided by the E570 group is now firmly estab-
lished by the present work.
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