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The SIDDHARTA experiment (Sllicon Drift Detector for Hadronic Atom Research by Timing
Application) had the aim to perform kaonic atoms X-ray transitions measurements, with the goal
to better understand aspects of the low-energy QCD in the strangeness sector. The experiment
combined the excellent low-energy kaon beam generated at DA®NE, allowing to use gaseous
targets, with excellent fast X-rays detectors: Silicon Drift Detectors. SIDDHARTA was installed
on DA®NE in autumn 2008 and took datatill late 2009. During this period, we have performed
the kaonic helium transitionsto the 2p level (L-lines) measurements: for thefirst timein agaseous
target for helium4 and for the first time ever for kaonic helium3. The interest for such type of
meeasurements was triggered by two reasons. the so-called “kaonic helium puzzle’ (evenif this
was solved by KEK-PS E570 experiment, but a cross-check was useful) and some theoretical
predictions of possible high energy shift. In this paper the results for the measurements to the 2p
level (L-series) for kaonic helium4 and kaonic helium3 are presented.
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1. Introduction

The SIDDHARTA experimental setup [1] was installed on the DA®NE accelerator in the
middle of 2008 and took data until end of 2009. The big part of the data taking was dedicated to
the hydrogen and deuterium data, but we have, aswell, performed measurements of kaonic helium4
and, for the first time ever, of kaonic helium3 atoms.

Although kaonic atom X-ray data have been taken using many target materias, little was
known about kaonic atoms with Z =1 and 2.

Concerning kaonic helium, no data was available for kaonic helium3, while, until recently,
there were discrepancies in the energy shift for 2p level of the kaonic helium4.

In the 70's-80’s, the kaonic helium4 X-rays were measured by three experiments [2], which
gave consistent results and the average value for the shift was: AE=-43+ 8 eV. On the other hand,
the theoretical calculations [3], gave a shift comparable with 0 eV. Recent theoretical calculations
[4] predict a possible maximum shift of 10 eV. No theoretical calculation could explain the large
experimental shift, and this difference between the experiment and theory was known asthe “ kaonic
helium puzzle’. A recent experiment performed at KEK-PS of the E570 [5] group gave a shift
of AE=-2+ 2(stat)+ 2(syst) eV, which is consitent with theory. This results has a much smaller
error than the average value of the previous experiments, but differ by more than three standard
deviations, thus making an independent experimental verifcation necessary.

As soon as the low-enery kaon beam from DA®NE, alowing the use of gaseous target, and
fast-timig X-ray detectors became available, for thefirst time, kaonic helium3 X-rayswas measured
[6] and also anew kaonic helium4 measurement was done by the SIDDHARTA experiment [6],[7].

2. The SSIDDHARTA experimental setup

The SIDDHARTA setup wasinstalled at the e™ e~ interaction point of the DA®NE collider. It
consists of an X-ray detection system, a cryogenic target system, and a kaon detector, as shown in
Fig. 1.

The gas (helium3 or helium4) was contained in a cylindrical target cell (with a radius of 72
mm, and a height of 155 mm), made of 75 um thick Kapton foils. Large area silicon-drift detectors
(SDDs) having an active area of 1 cmPeach and a thickness of 450 um [8], [9], [10] were used for
X-ray detection.

A total active area of 144 cm? was installed with a distance of 78 mm between the SDDs and
the target central axis. The SDDs were cooled to atemperature of 170 K with a stability of 4+ 0.5
K. The KTK~ pairs produced by ® decay were detected by two scintillators installed above and
below the beam pipe at the interaction point (called “the kaon detector”). The scintillator installed
below the beam pipe has asize of 72 x 72 mn? and athickness of 1.5 mm, while the one installed
above the pipe has a smaller size of 49 x 45 mn? and a thickness of 1.5 mm. Above the upper
scintillator a degrader was installed to degrade the kaon energy so that the K- mesons are stopped
in the helium target volume. High intensity X-ray lines for energy calibration were periodically
provided by irradiating thin foils of titanium and copper with an X-ray tube to excite them. They
wereinstalled at the interaction point, replacing the kaon detector.

Two types of data were taken with the ete~ beams.
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Figurel: Anoverview of the SIDDHARTA setup installed at the interaction point of DAGNE

The first type (“production” data) are data taken with the kaon detector and degrader, to be
used for collection of kaonic atom X-ray events.

The second type (“X-ray tube’ data) are data taken with the X-ray tube and the Ti and Cu
foils. These X-ray tube data were taken periodicaly (typically every several hours), to be used for
the determination of the energy scale of each SDD, and for monitoring temporal changes in the
positions of the Ti and Cu X-ray pesks.

Energy data of all the X-ray signals detected by the SDDs were recorded using a specially
designed data acquisition system.

Time differences between the X-ray signals in the SDDs and the coincidence signals in the
kaon detector were recorded using clock signals with a frequency of 120 MHz, whenever the X-
ray signals occurred within a time window of 6 us. In addition, time differences between the
coincidence signals in the kaon detector and the clock pulses delivered by DA®NE were recorded.
We explain in the next Section the use of thisinformation.

3. Analysisof kaonic helium X-ray data

In tha analysis of the kaonic helium X-ray data, first, the X-ray tube data were analyzed.
Energy spectra of each SDD contain Ti and Cu Ka peaks with high statistics, mainly induced
by radiation from the X-ray tube. Since each SDD has a different gain, the energy scale was
determined using the known X-ray energies of the Ti and Cu lines. In addition, SDDs having
good performance were selected, based on energy resolution, peak shape, and stability during the
measurements. The energy spectrum of the X-ray tube datais shown in Fig. 2(a), where data of all
the selected SDDs were summed.

The production data were then analyzed using the energy scale determined from the X-ray
tube data after corrections for temporal fluctuations of the peak positions.
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Figure 2: X-ray energy spectra of the SDDs, where data of all the selected SDDs were summed: (&) data
taken with the X-ray tube, and (b) data uncorrelated to the kaon production timing in the production data.

The production data are categorized as two types, based on whether or not the coincidence
signals between the SDD and kaon detector occurred within a coincidence window of 6 us. One
type contains X-ray events correlated with the kaon coincidence (triple coincidence data), pro-
viding kaonic atom X-ray energy spectra with a high background suppression. The other type
contains X-ray events uncorrelated with the kaon coincidence (non-coincidence data), providing
large statistics of background events, as well as X-ray lines from the target materials induced by
the beam background.

Fig. 2(b) shows the energy spectrum of the non-coincidence data. The Ti and Cu peaks are
seen at an energy of 4.5 keV and 8.0 keV, respectively. These peaks were produced by the Ti and
Cufoailsinstalled on the top of the target, as well as by the Ti foil, which isapart of the degrader. In
addition, the Au Ly lineisseen at 9.7 keV, which was produced by the material of the SDD support
structure. The Mn K, and Fe K, peaks were seen at 5.9 keV and 6.4 keV, being produced by a
S5Fe source and the Fe foil installed during part of the measurement.

The timing information of the coincidence data was analyzed to reject X-ray events uncorre-
lated to the KTK~ production timing. The charged kaons were identified by means of the time-of-
flight technique in the kaon detector [7], [11].

The time-difference spectrum of the K"K~ pair events in the kaon detector and the X-ray
eventsin the SDDsis shownin Fig. 3.

The origin of the horizontal axis is arbitrary because of a delay time of the electronics. The
peak in the figure corresponds to the coincidence events of the K"K~ pairs and X-rays (triple coin-
cidences). A region from 2.9 usto 4.6 us was selected as the timing window of the coincidences.
X-ray events uncorrelated with the KK~ production are seen as background events. Selecting
X-ray events within a peak region suppresses background events associated with accidental coin-
cidences.
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Figure 3: Time spectrum of the SDDs. Thetime difference between the K K~ coincidence and SDD X-ray
hits was plotted. The peak region corresponds to the coincidence of the K K~ and X-ray events.
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Figure 4: Energy spectrum of the kaonic helium3 X-rays in coincidence with the K *K~ events. 3d — 2p
transition is seen at 6.2 keV.

4. Kaonic Helium3 measurements

The kaonic helium3 X-ray data were taken for about 4 days in November of 2009. In this
period, an integrated luminosity of 17 pb~! was collected, which corresponds to about 2 x 1C°
kaons detected by the kaon detector.

Fig. 4 shows the X-ray energy spectrum of the SDDs in the triple coincidence timing, where
the energy scale determined from the X-ray tube data was used for the horizontal axis.
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A peak seen at 6.2 keV isidentifed as the kaonic helium3 L, line. Along with this peak, other
small peaks are seen. They are identified as the Ti L, line at 4.5 keV, the kaonic carbon 6h — 59
transition at 5.5 keV, the kaonic oxygen 7i— 6h at 6.0 keV, and the kaonic nitrogen 6h— 5g at 7.6
keV. The kaonic atoms X-rays others than kaonic helium, were produced by kaons stopping in the
target window made of Kapton (polyimide) (Cx2H1005N5).

The result obtained from these data for the 2p level strong interaction shift of the kaonic
helium3is[6] :

5. Kaonic Helium4 measurements

Using the same setup, as well as the same measurement and analysis procedures, the kaonic
helium4 3d — 2p X-rays were re-measured over short periods from September to November 20009.
The strong-interaction shift of the kaonic helium 2p state was determined to be [6]:

AE2p = Eexp — Eem. = 454 3(stat) + 4(syst)eV (5.1)

This result is in agreement, within the errors, with the results reported by the E570 [5] and
SIDDHARTA collaborations [7].

6. Conclusions

The SIDDHARTA experiment measured the kaonic helium 3d— 2p transitions, L, transitions:
for the first time in a gaseous target for helium4 and for the first time ever for helium3.

DA®NE provesto be an “idea” kaonic atom “factory”.

For the future, the SIDDHARTA collaboration plans to upgrade the experimental setup, in
order to do a precise measurement for the kaonic deuterium, and also to try to measure, the X-ray
transitions for kaonic helium3 and kaonic helium4 to the 1s level.

7. Acknowledgements

We thank C. Capoccia, B. Dulach, and D. Tagnani from LNF-INFN; and H. Schneider, L.
Stohwasser, and D. Stuckler from Stefan-Meyer-Institut, for their fundamental contribution in de-
signing and building the SIDDHARTA setup. We thank as well the DA®NE staff for the ex-
cellent working conditions and permanent support. Part of this work was supported by Hadron-
Physics 13 FP6 European Community program, Contract No. RII3-CT-2004-506078; the Euro-
pean Community-Research Infrastructure Integrating Activity “ Study of Strongly Interacting Mat-
ter” (HadronPhysics2, Grant Agreement No. 227431) under the Seventh Framework Programme
of EU; Austrian Federal Ministry of Science and Research BMBWK 650962/0001 V1/2/2009; Ro-
manian National Authority for Scientific Research, Contract No. 2-CeX 06-11-11/2006; and the
Grant-in-Aid for Specially Promoted Research (20002003), MEXT, Japan.



Short Title for header D.L. Sirghi @

References

[1] J. Zmeskal, Progr. Part. Nucl. Phys. 61 (2008) 512.

[2] C.E. Wiegand, R. Pehl, Phys. Rev. Lett. 27 (1971) 1410; C.J. Batty et al. Nucl. Phys. A 326 (1979)
455; S. Baird et al., Nucl. Phys. A 392 (1983) 297.

[3] C.J. Batty, Nucl. Phys. A 508 (1990) 89c.

[4] Y. Akaishi,in: Proc. Inter. Conf. on Exotic Atoms (EXAQ05), Austrian Academy of Sciences Press,
Vienna, 2005, 45.

[5] S. Okadaet al., Physics Letters B 653 (2007) 387.

[6] M.Bazzi,et al., Physics Letters B 697 (2011) 199.

[7] M.Bazzietal., Physics Letters B 681 (2009) 310-314.

[8] P Lechner, etal., Nucl. Instrum. Methods A 458 (2001) 281.

[9] C. Fiorini, et a., Nucl. Instrum. Methods A 568 (2006) 322.
[10] M. Bazzi,et al., Nucl. Instrum. Methods A 628 (2011). 264.
[11] V. Lucherini,etal., Nucl. Instrum. Methods A 496 (2003) 315.



