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Abstract

The L-series X-rays transitions of the kaonic helium-4 exotic atom were measured by SIDDHARTINO, 
the reduced configuration of the SIDDHARTA-2 experiment, at the DA�NE collider of INFN-LNF, with 
gaseous 4He targets at densities of 1.90 g/l and 0.82 g/l, corresponding to 1.5% and 0.66%, respectively, of 
the liquid helium-4 density. The absolute yields for the Lα transition are determined to be 0.15 ±0.03 and 
0.12 ±0.03, for the two target densities. The yields for the Lβ and Lγ transitions are presented relatively 
to that of the Lα transition. These results are compatible with the yields measured by the SIDDHARTA 
experiment at the densities of 1.65 g/l and 2.15 g/l and contribute to refine the cascade models describing 
the de-excitation of kaonic atoms as function of density.
© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

The X-ray spectroscopy of kaonic atoms is a well established method to study the strong 
interaction between negatively charged kaon (K−) and nuclei at low-energy. From the level 
energy shifts and broadenings with respect to the values determined from the electromagnetic 
interaction only, it is possible to extract information on the strong interaction between the kaon 
and the nucleus at threshold. Such information is being used for a better understanding of the 
Quantum Chromodynamics effective theories in the non-perturbative regime in systems with 
strangeness [1–7].

Beyond the study of the strong interaction, kaonic atoms have been investigated also to un-
derstand the mechanisms of de-excitation, after the kaon is captured in a highly-excited level and 
before it reaches the lower-lying levels by cascading and is absorbed by the nucleus. Moreover, 
the yields of the transitions of kaonic X-rays, defined as the number of X-rays generated per 
stopped kaon, are a key factor to estimate the final detection efficiency of the setup. The early 
cascade models of Leon and Bethe [8] and Borie and Leon [9] introduced the Stark mixing ef-
fect, that causes a negatively charged particle to be absorbed by the nucleus from highly-excited 
atomic states, so reducing the yields of the transitions to the lower-lying states. The effect was 
included as free parameters, to be tuned from different exotic atoms as a function of density, and 
became an essential ingredient of any cascade model.

However, while for hydrogen the Stark mixing plays a major role and the model of Jensen 
[10] reproduces correctly the experimental yield measured by KEK [11] for the 2p → 1s kaonic 
hydrogen transition, the case of helium-4 is completely different, since the Stark effect shows 
a drastic difference. In a helium atom, when a kaon is captured in a highly excited state, it im-
mediately de-excites by the internal Auger process, emitting the second electron and forming a 
hydrogen-like positive ion (K−He)+. Indeed, the kaonic hydrogen is neutral and small, which 
makes it easy to penetrate the surrounding atoms and then experience their strong electric field. 
This is not the case for kaonic ions. The newly formed (K−He)+ ion induces a molecular electric 
field by polarizing the neighbor atoms, an effect called “molecular Stark mixing”. Moreover, the 
(K−He)+ ion, in three-body collisions with other neighbor neutral atoms, forms, on its turn, a 
molecular positive ion state, a process called “Molecular Ion Formation (MIF)”. The MIF then 
de-excites by external Auger process, a process competing with radiative transitions. In addition 
to MIF, the initial kaonic-helium ion, within the environment of neighbor neutral atoms, gives rise 
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to the so-called “Coulomb de-excitation”, a collisional process that transforms potential energy 
in kinetic energy [12,13]. As far as the cascade models are concerned, Koike and Akaishi [14]
developed, nearly 25 years ago, a model for kaonic helium including both the molecular Stark 
mixing and the MIF process. By tuning the rate of the first effect and the strength of the second, 
they reproduced the only experimental point - at liquid helium-4 density - measured at that time 
by Baird et al., [15] in 1983, and, as well, they reproduced the antiprotonic-helium-4 data in 
liquid helium. The calculations of Koike and Akaishi have been performed sixteen years before 
the publication of the SIDDHARTA experiment on “L-series transitions in Kaonic Helium with 
a gaseous target” [16] at the densities of 2.15 g/l (1.7% LHeD) and 1.65 g/l (1.32% LHeD). Un-
fortunately, the calculations did not reproduce the experimental data measured by SIDDHARTA. 
In particular, the 2.15 g/l density point, to which corresponds a measured yield of 17.2+2.6

−9.5% for 
the 3d→2p transition, is not well reproduced by the density dependence yield from the Koike 
and Akaishi’s calculations, which instead obtains the value of 23%. Consequently, actually it is 
not possible to define the density dependence of the yields of the transitions in kaonic helium 
over the whole density scale, from liquid to gas. With the specific aim to provide more inputs 
to cascade calculations, two other measurements in gaseous targets, at 1.90 g/l (1.52% LHeD) 
and 0.82 g/l (0.66% LHeD) were performed with the SIDDHARTINO setup [17] - employing 
one sixth of the X-ray detectors of the SIDDHARTA-2 experiment, at the DA�NE collider of 
INFN-LNF, so to make available, overall, four experimental points at low density.

In this paper the SIDDHARTINO experimental results on the yields of the kaonic helium-
4 L-series X-rays are presented, measured at the gas target densities of 1.90 g/l and 0.82 g/l. In 
section 2, the experimental setup is described, with focus on the kaon paths, from their generation 
at the beams collision point to the stopping inside the target. In section 3, the kaonic helium-4 
L-series yields are derived for the two densities by using Monte Carlo simulations. Finally, in 
section 4, the results and their importance are discussed.

2. The SIDDHARTINO experiment

The SIDDHARTINO experiment, installed in the interaction point (IP) of the DA�NE col-
lider, was the pilot setup for the SIDDHARTA-2 experiment, which aims to measure the kaonic 
deuterium transitions to the ground state. The run was performed, with the goal to assess and 
optimize the performances of the machine and the experimental apparatus via a measurement of 
the kaonic helium transitions to the 2p level, made possible by the much higher yields of these 
transitions [16] compared to the expected kaonic deuterium ones [5].

In the DA�NE collider, due to the crossing angle of 50 mrad between the electron and 
positron beams, the φ-meson has a transverse momentum of 25.48 MeV/c along the horizon-
tal plane of the colliding beams (φ-boost towards the center of the collider rings). Therefore, the 
back-to-back kaons momenta, resulting from φ → K+K− decays, with 49.2% branching ratio, 
have a small angular dependence. The emitted kaons have a kinetic energy of about ∼ 16 MeV, 
making them suitable to be stopped in a low density targets.

A schematic view of the SIDDHARTINO apparatus is shown in Fig. 1. The beam pipe sur-
rounding the IP region, customized for the experiment, has an inner diameter of 58.3 mm and it is 
made of 150 µm thick pure aluminium with a 500 µm carbon fiber reinforcement, uniform along 
the circumference. The special beam pipe materials are chosen to reduce background radiation 
originated from particles lost from the beams due to Touschek effect.

A pair of 1.5 mm thick plastic scintillators, placed about 12 cm above and below the IP, 
read by photo-multipliers, act as kaons detector. The kaon trigger, defined by the coincidence 
3
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Fig. 1. A schematic view of the SIDDHARTINO apparatus.

between the two scintillators, gives an identification of the back-to-back K+K− pair directed 
towards the target. A clear separation between the kaons and the Minimum Ionizing Particles 
(MIPs), namely particles whose energy loss through matter is close to its minimum, is achieved 
using the time-of-flight information [18–20]. A vacuum chamber, placed above the IP, contains a 
cylindrical target cell made of Kapton polyimide (C22H10N2O5), 125 mm in height and 144 mm 
in diameter. The target is cooled to about 23 K at a pressure of about 1.2 bar, to obtain (1.52% 
(LHeD)), corresponding to 1.90 g/l, and a pressure of about 0.42 bar to obtain (0.66% LHeD), 
corresponding to 0.82 g/l. The X-rays emitted from the radiative transitions of kaonic atoms in the 
gas target, are detected through the dedicated Silicon Drift Detector (SSD) system developed by 
the SIDDHARTA-2 collaboration [21,22]. Within SIDDHARTINO, the target is surrounded by 8 
SDDs arrays, out of a total of 48 arrays, for a total number of 64 SDDs, each one with an effective 
area of 0.64 cm2. Multiple foils of copper and titanium are placed inside the setup for the energy 
calibration of the SDDs. These foils are irradiated with an X-ray tube from the lateral side of 
the setup every few hours in between the measurements with beam. A detailed description of the 
configuration of the target and the SDDs, the calibration procedure and performance of the SDDs 
for the SIDDHARTINO measurement can be found in [23,17,24,25]. After passing through all 
materials of the setup, the kaons need to be additionally slowed down. In order to decrease the 
K− momentum such as to center the Bragg peak inside the gas target, a degrader made of Mylar 
is placed below the upper scintillator of the kaon detector. To compensate the small angular 
dependence of the low-momenta K+K− pairs due to the φ-boost, a stepwise degrader, made of 
Mylar, thicker towards the center of the accelerator rings, is used. The optimization of the shape 
and thickness of the degrader was first determined from the MC simulations and then finally 
tuned by experimental data [17].

During the beam time dedicated with the SIDDHARTINO apparatus to the commissioning of 
the detectors and setup, the kaonic helium-4 X-rays were measured and the degrader thickness 
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optimized. A new result on the shift and width of the 2p atomic level of kaonic helium-4 atom 
was obtained [17]. The absolute yield for the Lα transition, and the relative yields for the Lβ

and for the Lγ ones with respect to the Lα at 1.90 g/l and 0.82 g/l target densities, respectively, 
were determined. The procedure to evaluate the yields and their experimental values are given in 
Section 3.

3. The yields of K−4He L-series X-rays

To measure the absolute yield Y of the Lα X-ray transition for kaonic helium-4, the detection 
efficiency of kaonic X-rays, εEXP , obtained by normalizing the number of detected X-ray events 
NX-ray to the number of kaon triggers Nktrg and to the surface areas of the SDDs used in the 
analysis, was firstly determined. From the SIDDHARTINO Monte Carlo simulations, the Monte 
Carlo efficiency, εMC , given by the ratio of the number of detected X-ray events NMC

X-ray to the 

number of kaon triggers in the simulation NMC
ktrg, assuming that each stopped kaon leads to a 

subsequent kaonic X-ray event, was evaluated.
The absolute yield Y of the Lα X-ray transition for the kaonic helium-4 is then given by:

Y = εEXP

εMC = NX-ray/Nktrg

NMC
X-ray/NMC

ktrg

. (1)

The same notations have been used by SIDDHARTA to extract the yields of X-rays from 
kaonic atoms arising from the interaction of kaons with Kapton foils [20], kaonic helium-3, at 
the density of 0.96 g/l, kaonic helium-4 at the densities of 1.65 g/l and 2.15 g/l [16], and kaonic 
hydrogen at the density of 1.3 g/l [26].

3.1. Data analysis

To obtain the number of kaon triggers Nktrg, identified by the coincidence of a pair of kaons 
at the top and bottom scintillators of the kaons detector, the timing information to separate kaons 
from MIPs was used. The time-of-flight difference and the timing resolution allow to define the 
kaons with less than 1% contamination from the MIPs. More details on the data analysis are dis-
cussed in a separate paper [17]. The energy calibration for each individual SDD was performed 
using the fluorescence lines of Ti and Cu, at the energies of 4.5 keV and of 8.1 keV, respectively, 
following the same procedure introduced in [23,25]. From the data corresponding to 33 SDDs 
out of the 64 SDDs installed in the setup, which were operating stably with good energy res-
olution (157.0 (stat) ± 0.4 (syst) eV (FWHM) at 6.4 keV), the X-ray events correlated to the 
kaon trigger timing were selected and the X-ray energy spectra for optimal degrader runs were 
obtained. Fig. 2, shows the spectra of: (a) the 0.82 g/l target density measurement obtained with 
4.3 pb−1 integrated luminosity, in an acquisition time of 70 hours; (b) the 1.90 g/l target den-
sity measurement obtained with 9.5 pb−1 integrated luminosity, in an acquisition time of 125 
hours. To fit each energy spectrum, the Lα , Lβ , and Lγ lines of kaonic helium-4, each repre-
sented by a Gaussian function, were included. The strong interaction width of the 2p level was 
set to zero in this analysis, since the strong interaction broadening is negligible [17]. A common 
parameter for the energy shift for the 2p state was introduced for all the three transitions. The 
intensities of the Lβ and Lγ transitions are given as ratios to the Lα transition. The background 
includes other kaonic X-rays coming from the K− stopped inside the Kapton walls of the target 
cell, represented by Gaussian functions, with their transition energies set to the values used in 
5
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Fig. 2. X-ray kaonic helium-4 spectra measured by SIDDHARTINO for: (a) 0.82 g/l target gas density; (b) 1.90 g/l target 
gas density. The kaonic helium-4 peaks Lα , Lβ and Lγ are shown. Several kaonic atom X-ray lines produced in the 
Kapton foils are also shown: Kaonic Carbon 6 → 5, Kaonic Oxygen 7 → 6, Kaonic Nitrogen 6 → 5, Kaonic Carbon 
7 → 5, Kaonic Oxigen 6 → 5, Kaonic Carbon 5 → 4 transitions. The solid line shows the fit function of the spectrum. 
The blue line shows the L series Lα , Lβ and Lγ kaonic helium-4 components. (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)

Table 1
The number of Lα X-ray events and the relative intensities of the Lβ , Lγ transitions, 
with their statistical error, obtained from the SIDDHARTINO measurement.

1.90 g/l 0.82 g/l

Lα X-ray events 191 ± 14 146 ± 12

Lβ /Lα 0.162 ± 0.031 0.114 ± 0.032

Lγ /Lα 0.031 ± 0.012 not detected

[20], indicated with the dotted lines in the figure. A second-order polynomial function is used 
to represent the background over the fitted energy range (5 ÷ 10.5 keV). The resulting fit func-
tions and the components corresponding to the kaonic helium-4 X-rays, are plotted in the energy 
spectra.

The number of Lα X-ray events obtained from the fit and the relative intensities of the Lβ

and Lγ with respect to Lα are listed in Table 1, with their statistical error. For the 1.90 g/l target 
density, the detection efficiency εEXP of Lα is (16.26 ± 1.26) events per million kaon triggers 
per cm2 SDD. For the 0.82 g/l target density, the detection efficiency εEXP of Lα is (5.8 ± 0.6) 
events per million kaon triggers per cm2 SDD.
6
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Table 2
The absolute yield of the kaonic helium-4 Lα transition and the relative yields of the Lβ

and Lγ corrected by detectors efficiencies, obtained with the SIDDHARTINO setup.

Density 1.90 g/l 0.82 g/l

Lα yield 0.148 ± 0.027 0.126 ± 0.023

Lβ /Lα 0.193 ± 0.042 0.133 ± 0.037

Lγ /Lα 0.035 ± 0.015 not detected

3.2. Monte Carlo simulation for εMC

Dedicated Monte Carlo (MC) simulations, using GEANT4 toolkit, were performed to evaluate 
the fraction of kaons stopping in the gas targets, needed to extract the absolute X-ray yields. The 
X-ray detection efficiencies of the SDDs, εMC, were extracted from the simulations. Kaonic atom 
X-rays were generated at the position where the K− stopped, and were isotropically emitted with 
a 100% yield for each transition and each kaonic atom. In this way one can directly compare the 
ratios between NX-ray and Nktrg from the experiment and from the simulation. In the simulation 
all the materials and geometries used in the experiment were reproduced. The simulation starts 
at the DA�NE IP with a φ-meson, whose initial position and boost momentum are derived from 
the crossing angle, the dimensions of the interaction region, and the momentum bite of the e+e−
beams. The subsequent K+K− pair carries the boost momentum of the φ, and its momentum 
direction follows the angular distribution, as a result of a spin-one particle decaying into two spin-
zero particles. The number of kaon triggers NMC

ktrg was calculated by requiring the coincidence 
between the top and bottom kaon detectors. The number of kaonic helium-4 events detected by 
the SDDs, NMC

X-ray, was normalized to the number of kaon triggers NMC
ktrg and to the total surface 

area of the SDDs in MC. The efficiency (εMC) in the simulation is defined as the number of 
X-rays detected by the SDDs divided by the number of kaon triggers. The detection efficiencies 
εMC for the two target densities turned to be (110 ± 18) events per million kaon triggers per cm2

SDD for the 1.90 g/l target density and (46 ± 7) events per million kaons trigger per cm2 SDD 
for the 0.82 g/l target density. The errors come from systematic uncertainties related to the setup 
material composition, beam features, beam pipe dimensions and densities.

4. Results and discussions

By applying the values obtained from sections 3.1 and 3.2 into Eq. (1), the absolute yield for 
Lα of kaonic helium-4 X-ray was determined to be:

YLα = 16.26 ± 1.26

110 ± 18
= 0.148 ± 0.027 (2)

at 1.90 g/l target density, and

YLα = 5.8 ± 0.6

46 ± 7
= 0.126 ± 0.023 (3)

at 0.82 g/l target density, where the statistic and systematic errors were added quadratically.
In Table 2, the absolute yields of the kaonic helium-4 Lα transition and the relative yields of 

the Lβ and Lγ , corrected by detector efficiencies, obtained with the SIDDHARTINO setup are 
given.
7
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Fig. 3. The Lα X-ray yield of K− 4He as function of the target density from all gaseous target measurements: this work 
(filled dots) and SIDDHARTA [16] (hollow squares).

In Fig. 3, the absolute yields for the kaonic helium-4 Lα X-rays measured by SIDDHARTINO 
are plotted together with the previous SIDDHARTA results [16] in gas. The helium gas density 
was determined by measurements of the target gas pressure and temperature. For the higher 
gas density an error in the determination of pressure and temperature of ±2.0% and of ±3.5%, 
respectively, was achieved, leading to a density error of ±5%. While for the lower gas density, the 
pressure and temperature errors were determined to be ±4.0% and ±5.1%, respectively, leading 
to a density error of ±10%. For the 1.90 g/l density the result of this work is consistent with the 
SIDDHARTA measurement done at similar gas target density [16].

From the perspective of kaonic atoms cascade models the density region covered by these two 
new SIDDHARTINO measurements is of great interest since, up to now, due to the absence of 
data, no progress has been achieved in cascade model calculations for kaonic atoms since almost 
twenty years [27,14,28,29,10]. In the coming years SIDDHARTA-2 collaboration will measure 
the transitions yields for various kaonic atoms, by also using gas targets at various densities.

These results, including the two new kaonic helium-4 yields reported in this article, will trig-
ger a renaissance of the cascade calculations for exotic atoms, in particular for the kaonic atoms 
and a better understanding of the underlying processes and physics.
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