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Studies o f kaonic atom s at th e  D A ΦN E  collider: from  
SID D H A R T A  to  SID D H A R T A -2

D ian a  S irgh i1,2, A id in  A m irk h an i3, A ta  B an ia h m a d 3,
M assim ilian o  B a z z i1, D am ir B osn ar4, M ario  B ragad irean u 2,
M arco C arm in ati3, M ich ael C argn elli5, A lb er to  C lo zza 1,
C ata lin a  C urceanu  1, Luca D e  P a o lis1, R affaele D e l G ran d e1,6,
Laura F a b b ie tti7, C arlo F ior in i3, C arlo G u ara ld o1, M ih ail I lie scu 1, 
M asaiko Iw asaki8, P ao lo  L evi S an d ri1, Joh an n  M a rto n 5,
M arco M iliu cc i1, P aw eł M oskal9, S zym on  N ied zw ieck i9,
Shinji O kada8, D ore l P ie tr e a n u 1,2, K ristian  P isc icch ia 6,1,
A lessan d ro  S cord o1, M ichal S ilarsk i9, F lorin  S irgh i1,2,
M agd alen a  Sk u rzok 1,9, A n to n io  S p a llo n e1, M arlen e T iich ler  5,
O ton  V azquez D o c e 1,7, E b erhard  W id m a n n 5 and Joh an n  Z m eskal5 
1INFN, Laboratori Nazionali di Frascati, Frascati (Roma), Italy
2Horia Hulubei N ational Institu te  of Physics and Nuclear Engineering (IFIN-HH), Magurele, 
Rom ania
3 Politecnico di Milano, D ipartim ento di Elettronica, Informazione e Bioingegneria and INFN 
Sezione di Milano, Milano, Italy
4D epartm ent of Physics, Faculty of Science, University of Zagreb, Zagreb, C roatia
5 Stefan-M eyer-Institut fur Subatom are Physik, Vienna, A ustria
6 CENTRO FERM I - Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi” , 
Roma, Italy
7Excellence Cluster Universe, Technische Universiat Munchen, Garching, Germany
8 RIKEN, Tokyo, Japan
9 The M. Smoluchowski Institu te  of Physics, Jagiellonian University, Kraków, Poland 

E-mail: s i r g h i@ ln f . in f n . i t

A b stra ct. The DAΦNE electron-positron collider of the Laboratori Nazionali di Frascati of 
INFN is a worldwide unique low-energy kaon source and for this reason is suitable for low-energy 
kaon physics like kaonic atoms and kaon-nucleons/nuclei interaction studies. Kaonic atoms 
are atomic systems where an electron is replaced by a negatively charged kaon, containing 
the strange quark, which interacts in the lowest orbits w ith the nucleus also by the strong 
interaction. As a result, their study offers the unique opportunity  to  perform  experiments 
equivalent to  scattering a t vanishing relative energy. This allows to  study the strong interaction 
between the antikaon and the nucleon or the nucleus “a t threshold” , w ithout the need of ad hoc 
extrapolation to  zero energy, as in scattering experiments. The most precise kaonic hydrogen 
measurem ent to date, together w ith an exploratory measurem ent of kaonic deuterium , were 
carried out by the SIDDHARTA collaboration at the DAΦNE electron-positron collider of 
LNF-INFN, by combining the excellent quality kaon beam  delivered by the collider w ith new 
experim ental techniques, as fast and precise Silicon-Drift X-ray Detectors. The measurem ent 
of kaonic deuterium  will be realized in the near future by SIDDHARTA-2, a m ajor upgrade of 
SIDDHARTA.
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1. In tro d u ctio n
The SIDDHARTA (Silicon Drift D etector for Hadronie A tom  Research by Timing Application) 
experim ent and its successor, SIDDHARTA-2, aim to  perform high precision m easurem ents of 
X-ray transitions in exotic (kaonic) atom s at the DA TNE collider.

In 2009 SIDDHARTA performed the most precise m easurem ent of kaonic hydrogen [1]. As a 
result, the 1s -level shift e 1s and w idth r 1s of kaonic hydrogen were determ ined to  be:

The precise m easurem ent of the shift and w idth of the 1s level w ith respect to  the purely 
electrom agnetic calculated values in kaonic hydrogen and kaonic deuterium , induced by the 
strong interaction, through the m easurem ent of the X-ray transitions to  this level, will allow the 
first experim ental determ ination of the isospin-dependent antikaon-nucleon scattering lengths, 
fundam ental quantities for understanding the low-energy QCD in strangeness sector.

The accurate determ ination of the scattering lengths will place strong constraints on the 
low-energy K - N dynamics, which, in tu rn , constraints the SU(3) description of chiral symm etry 
breaking in systems containing the strange quark. The implications go from particle and nuclear 
physics to  astrophysics (the equation of sta te  of neutron stars).

The SIDDHARTA experim ent has performed also the kaonic helium-4 and kaonic helium-3 
transitions to  the 2p level X-ray measurem ents, for the first tim e in gas in kaonic helium-4 
and for the first tim e ever in kaonic helium-3 [2, 3, 4] and the first exploratory study of kaonic 
deuterium  [5].

Presently, from April 2019 a new experiment, SIDDHARTA-2, is under way at the DATNE 
collider, w ith the aim to  perform the first m easurem ent of kaonic deuterium  [6].

2. T h e  S ID D H A R T A -2  exp er im en t
The kaonic deuterium  X-ray m easurem ent represents the most im portant experimental 
information missing in the low-energy antikaon-nucleon interactions sector, and for this reason 
a new experiment, SIDDHARTA-2, is under way, making use of an improved apparatus.

The case of kaonic deuterium  is more challenging than  th a t of the kaonic hydrogen mainly due 
to  the kaonic deuterium  X-ray yield (one order of m agnitude less th an  for hydrogen), the even 
larger w idth and the difficulty to  perform X-ray spectroscopy in the high radiation environment 
of the DA TNE accelerator.

Experimentally, the case of kaonic deuterium  is still open. The SIDDHARTA experiment 
m easured the X-ray spectrum  with a pure deuterium  target but, due to  the lim ited statistics and 
high background, the determ ination of the strong interaction shift and w idth was not possible. 
An upper limit for the X-ray yield of the K-lines could be extracted from the data: to ta l 
yield <  0.0143 and K a yield <  0.0039 [5].

The goal of the new apparatus of the SIDDHARTA-2 experiment is to  increase drastically the 
signal-to-background ratio, by gaining in solid angle, taking advantage of a new type of Silicon- 
Drift D etectors (SDDs) w ith improved tim ing resolution, and by implem enting additional veto 
systems.

The characteristics of the new apparatus can be summarised in three main updates with 
respect to  SIDDHARTA:

•  A lightweight cryogenic target: the main component of the target cell is the cylindrical 
wall, which consists of two layers of 50 ^m  thick K apton foils glued together w ith a two- 
component epoxy-glue, with an overlap of 10 mm, achieving a to ta l thickness of the order 
of (140 ±  10) ^m , with a working tem perature  of 30 K and a maximum working pressure 
of 0.3 M Pa, allowing an X-ray transm ission of 85% at 7 keV.

e 1s =  -2 8 3  ±  36(stat)  ±  6(syst) eV  
r 1s =  541 ±  89(stat) ±  22(syst) eV.

(1)
(2)
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F igu re 1. The SIDDHARTA-2 setup with the cryogenic target cell surrounded by the SDDs 
and the Veto-2 system within the vacuum chamber, while the Veto-1 device is surrounding the 
chamber on the outside.

• An improved X-ray detection system based on newly developed SDDs with excellent tim ing 
capability (300 ns) and energy resolution (~150 eV). The SDD array consists of eight square 
SDD cells, each with an active area of 8 x 8 m m 2 arranged in a 2 x 4 array form at. A 
new advanced production technology allows to setup up the cryogenic target and detector 
systems with an efficient detector packing density, covering a solid angle of almost 2n sr for 
stopped kaons in the gaseous target cell.

•  Dedicated veto systems, to  improve by at least one order of m agnitude the signal 
to  background ratio, as compared to the kaonic hydrogen m easurem ent performed 
by SIDDHARTA (signal/background ~  1/3). Two special veto systems are foreseen 
for SIDDHARTA-2, consisting of an outer barrel of scintillators counters, read by 
Photom ultipliers (PM s), called Veto-1 as active shielding and an inner ring of plastic 
scintillation tiles (SciTiles), read by Silicon Photom ultipliers (SiPMs), placed as close as 
possible behind the SDDs, for charge particles tracking, called Veto-2.

The SIDDHARTA-2 apparatus [6, 7] is schematically shown in Fig. 1.
A detailed Monte Carlo simulation was performed within the GEANT4 framework to optimise 

the critical param eters of the setup, like target size, gas density, detector configuration and 
shielding geometry. The M onte Carlo sim ulation took into account the described improvements 
with the assum ption th a t the values of shift and w idth of the 1s ground sta te  of kaonic deuterium  
were -800 eV and 750 eV, respectively, as representative theoretical expected values. Moreover, 
yields ratios K a : K# : K totai were those of kaonic hydrogen, with an assumed K a yield of 10- 3 .

Fig. 2 shows the expected spectrum  for an integrated luminosity of 800 pb -1 delivered by 
D A ^N E in similar machine background conditions as in SIDDHARTA runs. The extracted  shift 
and w idth can be determ ined with precisions of about 30 eV and 80 eV, respectively. These 
values are of the same order as the SIDDHARTA results for kaonic hydrogen.

In spring 2019, the Day-1 setup, SIDDHARTINO, see Fig. 3, containing 8 SDDs units out 
of the 48 units for the complete SIDDHARTA-2 setup, was installed in the D A ^N E accelerator. 
The SIDDHARTINO setup has the aim to m easure kaonic helium X-rays in order to  quantify the 
background in the new D A ^N E configuration, previous to  the kaonic deuterium  measurem ent.
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F igu re 2. Simulated SIDDHARTA-2 kaonic deuterium  spectrum , assuming a shift £1s =  -800 
eV and w idth r 1s =  750 eV of the 1s state, as well as a K a yield of 10- 3 . The spectrum  was 
sim ulated for an integrated luminosity of 800 pb - 1 .

After the debug and optim ization w ith the SIDDHARTINO setup, in 2020 the kaonic deuterium  
m easurem ent will follow with the full SIDDHARTA-2 setup.

F igu re 3. The SIDDHARTINO setup - detail.

3. C on clu sion s

The D A ^N E collider delivers an excellent quality low-energy charged kaons beam. Such 
a beam was intensively used by the SIDDHARTA collaboration to perform unique quality 
measurem ents of kaonic atoms. In 2020 the kaonic deuterium  m easurem ent will be performed 
by the SIDDHARTA-2 experiment.

Different theoretical calculations on shift and w idth of the 1s ground sta te  of kaonic deuterium  
were performed in the last years, as shown in Fig. 4. The expected precision of the experim ental 
m easurem ent of the SIDDHARTA-2 experiment is given as the rectangle coloured in red (shift
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F igu re 4. Different theoretical calculations on shift and w idth of the 1s ground sta te  of kaonic 
deuterium . The expected precision of the experim ental m easurem ent at DAFNE is given as the 
rectangle coloured in red (shift e1s=  ±30 eV, w idth r 1s =  ±  75 eV).

e1s=  ±  30 eV, w idth r 1s =  ±  75 eV). The experim ental result will set essential constraints for 
theories and will help to disentangle between different theoretical approaches.

SIDDHARTA and SIDDHARTA-2 experim ents on DATNE collider provide unique quality 
results for the understanding of the low-energy QCD in the strangeness sector, w ith implications 
going from particle and nuclear physics to astrophysics.
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