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Studies of the low-energy K N interaction have been performed based on
X-ray spectroscopy of light kaonic atoms by the SIDDHARTA experiment,
where the K-series lines of kaonic hydrogen and deuterium, and the L-series
lines of kaonic *He and *He were measured, as well as kaonic atom X-ray
transitions produced in Kapton. This article deals with the short summary
of the results of these measurements in the SIDDHARTA experiment.
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1. Introduction

X-ray spectroscopy of kaonic atoms plays an important role for under-
standing the low-energy KN interaction at threshold. The SIDDHARTA
experiment, which was performed at LNF (Italy), measured X-ray lines from
four light kaonic atoms at around 6-keV energy using silicon drift detectors
(SDDs) as X-ray detectors and gaseous targets. The most precise values of
the shift and width of the kaonic hydrogen 1s state were determined [1, 2], as
well as the upper limit of the kaonic deuterium K-series lines [3]|. Also, the
shifts and widths of kaonic helium isotopes (3 and 4) were determined [4-7].
In addition to the measurements with gaseous targets, kaonic atom X-rays
produced in the target wall made of Kapton were measured [8]. In this
article, the results reported above are briefly summarized.

2. Experiment

Kaonic atom X-rays using gaseous targets were measured by the SID-
DHARTA experiment at DA®NE in LNF (Italy). DA®NE is an electron—
positron collider, which is optimized to produce at-rest ¢-mesons at the
interaction point. Because of the decay modes of ¢-mesons, low-energy and
monochromatic charged kaon pairs (KK ~) were produced with a branch-
ing ratio of about 50%. The property of these negatively charged kaons
(K7) is suited for production of kaonic atoms, and thereby gaseous targets
can be used [9].

Figure 1 shows the schematic view of the SIDDHARTA experimental
setup. At the DAPNE interaction point, electrons and positrons collided,
and almost at-rest ¢ mesons were created. KK~ pairs produced by ¢ decay
were emitted from the interaction point. The KK~ pairs were detected by
a kaon detector consisting of two plastic scintillators placed above and below
the beam pipe. The timing signals of the K™K~ pairs were recorded using
clock signals with a frequency of 120 MHz generated by DA®NE. Because of
a finite crossing angle of the electron and position beams, the momentum of
the emitted kaons had an angular dependence. This angular dependence was
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compensated using a stepped degrader made of Mylar foils with thicknesses
ranging from 100 to 800 pm which were optimized to increase kaon stops in
the target gas.
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Fig. 1. Schematic view of the experimental setup.

The charged kaons entered the target cell after passing through the
scintillator and degrader. The cylindrical target cell was made of Kapton
polyimide (C2H19N2Os5) foils with a thickness of 75 pym and a density of
1.42 g¢/cm?®. The size of the cell had 15.5 cm high with a diameter of 13.7 cm.
The bottom of the target cell, through which the charged kaons entered, was
also made of Kapton. On the top of the target cell, thin Ti and Cu foils were
installed to produce fluorescence X-rays induced by the beam background.

The X-rays were measured by silicon drift detectors (SDDs) [10], which
surrounded the target. Each SDD has an effective area of 1 cm? with a
450-pm thickness. There were 144 SDDs in total. The SDDs were cooled to a
temperature of 170 K to obtain an excellent energy resolution of about 150 eV
for 6 keV X-rays, which is close to the resolution in noise-free conditions.

The data on the kaonic atom X-rays were accumulated in 2009. In
the experiment, we used four target gases: hydrogen (1.30 g/1), deuterium
(2.50 g/1), helium-3 (0.96 g/1) and helium-4 (1.65 g/l and 2.15 g/1). They
were cooled to 23 K. The charged kaons stopped mainly in the target gas
and partially in the Kapton windows.
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3. Data analysis

The data taken with the SDDs and the kaon detector were analyzed to
extract kaonic atom X-ray spectra. The calibration data were taken with
the Ti and Cu foils excited by an X-ray tube and the beam background.
Using high statistics of the fluorescence Ti and Cu X-rays, the energy scale
was calibrated for each SDD (see Fig. 2 (a)). In addition to the energy
calibration, the time dependent instability was also corrected. The energy
calibration and the instability correction were performed every few hours.
Among the 144 SDDs, 94 were selected for further analysis based on energy
resolution, stability, and peak shapes.
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Fig.2. Energy spectra measured in SIDDHARTA. (a) Energy spectrum taken with

the beam background and the X-ray tube irradiation. (b) Energy spectrum with
timing uncorrelated to K+ K~ pairs. (¢) Energy spectrum with timing selections.

Figure 2 (b) shows the energy spectrum obtained with 94 SDDs with
timing uncorrelated to the K™K~ pairs. Together with the large beam
background, there are fluorescence X-ray peaks at 4.5, 8.0, and 9.6 keV,
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which were identified as the Ti Ko, Cu K« and Au L« lines. The Ti and
Cu lines were produced in the foils installed on the top of the target cell,
while the Au line was produced in the material of the printed-circuit boards
of the SDDs.

The accuracy of the energy scale determined using the calibration data
was examined using these three peak positions. The fit of the X-ray peaks
showed that the gain was slightly shifted by about 6 eV. This gain shift
was expected because the hit rates of the SDDs were much higher in the
calibration data. The gain shift was corrected with an accuracy of +4 eV.

With timing cuts on the SDDs and event selection on the K™K~ pairs
in the kaon detector, a clean energy spectrum of the kaonic atom X-rays was
extracted. Figure 2 (¢) shows the energy spectrum using the hydrogen gas
target. The bumps from 6 keV to 9 keV were identified as X-ray signals from
kaonic hydrogen. The sharp peaks were attributed to X-ray transitions in
the kaonic atoms produced in Kapton.

4. Kaonic hydrogen and deuterium

The results of kaonic hydrogen experiments performed by the KpX [11]
and DEAR [12] collaborations showed the negative sign of the strong-inter-
action shift on the kaonic hydrogen 1s state. The DEAR experiment ob-
tained the shift with the most precise value. However, the result obtained
by DEAR is not in a good agreement with theoretical calculations using
scattering data, branching ratios, etc. In particular, the behavior below the
K~ p threshold is very sensitive to constraints with/without the DEAR re-
sult [13]. Therefore, it is very important to determine the shift and width
of the kaonic hydrogen 1s state with a better accuracy.

Figure 3 shows the energy spectrum taken with hydrogen gas in the
SIDDHARTA experiment, where the continuous background and the X-ray
transition lines from Kapton were subtracted. The peak position of the
Ko line is clearly seen at lower than the X-ray energy calculated using
the electro-magnetic interaction only (EM value), meaning that the strong-
interaction shift can be determined to be negative.

To determine the shift and width of the kaonic hydrogen 1s state, the en-
ergy spectrum of kaonic hydrogen was fitted using the Voigt function, which
is a convolution of Gaussian and Lorentzian. The Gaussian function rep-
resents the detector response function, whose parameters were determined
from the calibration data. Because the strong-interaction shifts and widths
of np (n > 1) states are expected to be very small, a common shift and
a common width were used in the fit. The determination of the shift and
width of the kaonic hydrogen 1s state was performed using the Ka and K3
lines, whereas contributions from the K-high transitions (i.e., K~ , K9, etc.)
were taken as part of background.
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Fig. 3. Energy spectra of kaonic hydrogen.

With the fit of the energy spectrum, the strong-interaction shift and
width of the kaonic hydrogen 1s state were determined to be

€15 = —283 £ 36 (stat.) =6 (syst.) eV, (1)
Iy = 541 £ 89 (stat.) + 22 (syst.) eV. (2)

Measurements of the shift and width of the kaonic deuterium 1s state
are very important to determine the isospin dependent scattering lengths ag
and aq. The first measurement of kaonic deuterium was performed in the
SIDDHARTA experiment. However, due to a limited signal-to-background
ratio, no clear signals from kaonic deuterium were observed. Compared to
Monte Carlo simulations, the upper limits of the yield of the kaonic deu-
terium K« line was evaluated as

Y (K,) < 0.0039 (C.L. 90%), (3)

where theoretically expected shift and width values were used in the fit. The
determined limit is consistent with cascade calculations. These results are

important for the evaluation of the new experiments proposed at LNF [14]
and J-PARC [15].

5. Kaonic 3He and *He

The X-ray measurements of kaonic “He atoms performed in the 70s and
80s introduced a serious problem; ¢.e., inconsistency between theory and
experiment both in the shift and width of the kaonic *He 2p state [16]. The
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shift measured in the 70s and 80s was 43 + 8 eV on average, whereas theo-
retical calculations gave a shift below 1 eV based on the kaonic atom data
with the atomic numbers Z > 3 [16, 17]. The widths of Iy, = 1-2 eV was
theoretically estimated both for kaonic 3He and “He. Experimentally, how-
ever, the width of kaonic *He was not well determined, leaving the situation
unclear with the average of 55 + 34 eV [16].

The discrepancy of the shift and width between theory and experiment
is known as the “kaonic helium puzzle”. Possible shifts up to 10 eV and
widths up to 40 eV either in kaonic He or “He were calculated related
to the kaonic nuclear systems [19, 20]. Therefore, it is very important to
perform a precision measurement of the shift and width of the kaonic *He
2p state, and for the first time of kaonic >He.
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Fig. 4. X-ray energy spectra of (a) kaonic 3He, (b) kaonic *He, and (c) kaonic deu-
terium. The thin lines show the peak fit functions after the background subtrac-
tion. The positions of the kaonic 3He and *He 3d — 2p transitions are shown. In
Fig. (c), (1): kaonic carbon 6 — 5 transition, (2): kaonic carbon 8 — 6 transition,
(3): kaonic oxygen 7 — 6 transition, and (4): kaonic nitrogen 6 — 5 transition.
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The energy spectra of the kaonic 3He and *He X-rays are shown in
Figs. 4 (a) and (b), where the thin lines show the peak fit functions af-
ter the background subtraction. The peaks at 6.2 keV and 6.4 keV are the
kaonic 3He and “He 3d — 2p transitions, respectively. Figure 4 (c) shows
the X-ray energy spectrum using the deuterium target, where the signals of
the kaonic deuterium X-rays are not visible.

In addition to kaonic helium, several small peaks were observed in all
the spectra, which originated from the kaonic atom X-rays produced in the
target window material made of Kapton polyimide (Co2H19N20O5). The
kaonic *He X-ray peak partially overlapped with the K ~O transition. The
contamination of this transition was evaluated using the kaonic deuterium
data.

The energy spectra were fitted using a Voigt function: V = V(e, ),
where I represents the strong-interaction 2p width. Due to the strong pa-
rameter correlation between the values of o and I in the fit, the values
of o were fixed using the values obtained from the calibration data. The
main contribution to the systematic errors for the widths is related to the
uncertainty in the values of the detector response. The determined shift and
width of the kaonic helium 2p states are summarized in Table I, together
with the results of the previous experiments. Our results are inconsistent
with the previous experiments, whereas they are consistent with theoretical
predictions. Therefore, the “kaonic helium” puzzle was resolved both for the
shift and width.

TABLE I

Energy shifts (AE»,) and widths (I,) of the kaonic helium 3He and *He 2p states.

Target AFEs, [eV] Iy, [eV] Ref.
“He —41 £33 — Wiegand et al. [22]
‘He —35+12 30 £ 30 Batty et al. [23]
‘He —50 412 100 + 40 Baird et al. [24]
‘He —43+38 55 4+ 34 Average of above [16, 24]
He +242 (stat.)£2 (syst.) — Okada et al. [25]

(stat.) =
‘He 046 (stat.) &2 (syst.) — SIDDHARTA [5]
“He 4543 (stat.) =4 (syst.) 1448 (stat.) =5 (syst.) SIDDHARTA [4, 6]
( ) £4 (syst.) 6+6 (stat.) £7 (syst.) SIDDHARTA [4, 6]

3He —2 =+ 2 (stat.
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6. Kaonic atoms produced in Kapton

Together with the kaonic atom X-rays produced in the gaseous targets,
kaonic atom X-rays produced in the target window made of Kapton were
observed in the same time. Because Kapton contains C, N, O atoms, X-rays
from kaonic carbon, kaonic nitrogen and kaonic oxygen atoms were expected
to be measured.

Although these X-ray transitions do not significantly influence on the
strong interaction, X-ray yields of these kaonic atoms are of interest, re-
lated to kaon capture ratios and cascade processes in compound materials.
However, there were no X-ray yield data in such complex compounds. In
addition, it is reported that the X-ray yields are strongly related to atomic
number Z, as well as the composition materials such as hydrogen |26, 27].

Figure 5 shows the energy spectrum taken with the deuterium gas. Com-
pared to Monte Carlo simulations, the absolute X-ray yields of kaonic atoms
produced in Kapton were determined for the first time [8]. Table IT shows
the absolute X-ray yield Y of the kaonic atoms produced in Kapton. Special
care was taken of defining X-ray yields in Kapton. When a kaon stops in
Kapton (CooH19N20Os5), it results in X-rays from one of kaonic carbon, ni-
trogen, oxygen or hydrogen. However, there is a lack of knowledge on which
atom first captures the kaon. To account for this, we define the X-ray yields
as the number of X-rays per stopped K~ in CooH19N2Os5.
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Fig.5. Energy spectrum of the kaonic atom X-rays produced in Kapton, where the
target cell was filled with deuterium. (1) Ti Ke, (2) Ti Kj, (3) kaonic carbon
(K~C) 8 = 6 and 6 — 5, (4) kaonic oxygen (K~0) 7 — 6, (5) kaonic nitrogen
(KN)6—=5,(6) K N7—=5, (MK 08 —=6and6 —5 K~ C5 — 4, and kaonic
aluminium (K~Al) 8 =7, ()K" N5 —4,and (9) K C6—4, KO 7 — 5, and
K~Al 7 — 6 transitions.
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TABLE II

X-ray yields Y of the kaonic atoms produced in Kapton. The X-ray yields Y were
defined as the number of X-rays per stopped K~ in CooH19N2Os5. The last column
gives the X-ray yields Y normalized by the atomic percentages f,.

Transition Energy Yield (V) Y/fa
[keV] [7%] [%]

K-C5-4 102165 9.7107  17.3%12
K~C6-5 55449 22108 4o+l

K-C6—4 157594 134+0.3 24405
K-C7—=5 8.8858 0.2+£0.2 04+£0.3
K-C8—6 5.5096 0.3+06 05+1.0

K"N5—4 139959 07402 14.0739
K-N6—5 75954 0.2+0.2 4.7+32

K-06—5 99687 1.8703%  14.2%390
K-07—6  6.0068 05+£02 42+1.6

K~07-5 159733 08403 6.0+2.6
K-08—-6 99027 03+03 21123

The X-ray yields Y of kaonic nitrogen are smaller because of the small
atomic percentage of nitrogen in Kapton (f, = 2/39), as expected. The
ratios of C:N:O in the X-ray yields are expected to be related to the atomic
ratios of Kapton. The X-ray yields normalized by the atomic percentages
fa are shown in Table II. The normalized yields Y/ f, of kaonic carbon and
kaonic nitrogen are almost the same within the errors both in the 5 — 4 and
6 — 5 transitions, while Y/ f, of the kaonic oxygen transitions are higher
than those of kaonic carbon or kaonic nitrogen both in the 6 — 5 and 7 — 5
transitions.

The yield patterns and the yield ratios can be related to the capture
processes in the Kapton compound and the cascade processes of the kaonic
atoms. A detailed theoretical calculation is needed to understand the yield
patterns determined in this experiment.

7. Summary

The SIDDHARTA experiment measured X-ray lines from kaonic hydro-
gen, deuterium, 3He and *He. The most precise values of the shift and width
of the kaonic hydrogen 1s state were determined. Compared to the Monte
Carlo simulations, the upper limit of the X-ray yield of the kaonic deuterium
Ka line was evaluated. The shifts and widths of the kaonic 3He and ‘He
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were determined for the first time. In addition, the absolute yields of X-rays
produced in Kapton were determined. Studies of the determination of the
X-ray yields of kaonic hydrogen and helium isotopes are in progress. New
experiments of kaonic deuterium are planned at LNF and J-PARC.
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