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Preface

This issue contains the contributed papers of the 4-rd International Conference “Current
Problems in Nuclear Physics and Atomic Energy” (NPAE-Kyiv2012), which was held on
September 3 - 7, 2012 in Kyiv, Ukraine. The Conference was organized by the National Academy
of Sciences of Ukraine, the Ingtitute for Nuclear Research of the National Academy of Sciences of
Ukraine, Kyiv in collaboration with Taras Shevchenko National University of Kyiv. This is the
continuation of the Conferences held in Kyiv on May 29 - June 3, 2006, June 9 - 15, 2008, and
June 7 - 12, 2010.

NPAE-Kyiv2012 Conference covered the following topics:

Collective processes in atomic nuclei;

Nuclear reactions,

Nuclear structure and decay processes,

Rare nuclear processes;

Neutron and reactor physics, nuclear data;

Problems of atomic energy;

Applied nuclear physics, experimental facilities and detection techniques,
High-energy physics.

Such wide area of topics, discussed during the Conference, is closely connected with the
interests of our country to develop the fundamental research in the field of nuclear physics, which is
the base of nuclear energy.

The purpose of these Conferences was to bring together scientists to share their knowledge
in the current problems in nuclear physics and atomic energy. 175 scientists participated at the
Conference. | would like to note that NPAE-Kyiv2012 Conference attracted the attention of the
scientists and the number of experts from all over the world. We were glad to meet scientists from
Algeria, Austria, Brazil, Byelorussia, Canada, France, Germany, India, Italy, Japan, Libya, Norway,
Poland, Romania, Russia, Slovakia, Slovenia, USA, Uzbekistan and from various scientific
Institutions of Ukraine.

The program consisted of 5 plenary sessions, where 19 scientific reports were presented, 117
oral and 44 poster presentations. In total 180 scientific reports were presented during the
Conference.

Scientific program of the Conference was supplemented by the cultural events. Participants
had possibility to learn more on the history and customs of Ukrainian people and enjoyed the beauty
of Kyiv. Very broad range of the participants and their informal contacts helped to create new
possihilities for the future collaboration concerning different fields of scientific researches.

As suggested by the participants and organizers, the next Conference will be held again in
Ukraine, in the year 2014.

Finally, we are thankful to al authorsfor providing their manuscripts.

Ivan M. Vyshnevskyi

Chairman of the NPAE-Kyiv2012 Conference,
Academician of the National Academy of Sciences
Director of the Institute for Nuclear Research
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DOUBLE BETA DECAY EXPERIMENTS: BEGINNING OF A NEW ERA
A. S. Barabash
Institute of Theoretical and Experimental Physics, Moscow, Russia

The review of current experiments on search and studying of double beta decay processes is done. Results of the
most sensitive experiments are discussed and values of modern limits on effective Majorana neutrino mass (<m,>) are
given. New results on two neutrino double beta decay are presented. The special attention is given to new current
experiments with mass of studied isotopes more than 100 kg, EXO-200 and KamLAND-Zen. These experiments open a
new era in research of double beta decay. In the second part of the review prospects of search for neutrinoless double
beta decay in new experiments with sensitivity to <m,> at the level of ~ 0.01-0.1 eV are discussed. Parameters and
characteristics of the most perspective projects (CUORE, GERDA, MAJORANA, SuperNEMO, EXO, KamLAND-
Zen, SNO +) are given.

1. Introduction

Interest in OvffS decay has seen a significant renewal in recent 10 years after evidence for neutrino oscillations was
obtained from the results of atmospheric, solar, reactor, and accelerator neutrino experiments. These results are
impressive proof that neutrinos have a nonzero mass. The detection and study of 0vSf decay may clarify the following
problems of neutrino physics: (i) lepton number non-conservation, (ii) neutrino nature: whether the neutrino is a Dirac
or a Majorana particle, (iii) absolute neutrino mass scale (a measurement or a limit on m;), (iv) the type of neutrino
mass hierarchy (normal, inverted, or quasidegenerate), (v) CP violation in the lepton sector (measurement of the
Majorana CP-violating phases).

Progress in the double beta decay is connected with increase in mass of a studied isotope and sharp decrease in a
background. During a long time (1948 - 1980) samples with mass of isotope ~ 1 - 25 g were used. So the first
observation of a two neutrino double beta decay in direct (counting) experiment was done in 1987 when studying 14 g
of enriched *Se [1]. And only in the 80th - beginning of the 90th the mass of studied isotope increased to hundred
grams and even to 1 kg. In the 90th Heidelberg-Moscow [2] and IGEX [3] experiments, containing 11 kg and 6.5 kg of
®Ge, respectively, were started. In zero years the NEMO-3 [4] and CUORICINO [5] installations, containing
approximately 10 kg of isotopes (7 kg of '"Mo, 1 kg of **Se, etc. in NEMO-3 and 40 kg of crystals from a natural oxide
of Te, containing 10 kg of "*Te, in CUORICINO) set the fashion.

In 2011 the EXO-200 [6] and KamLAND-Zen [7] installations in which hundreds kilograms of '**Xe are used
already were started. Soon it is planned to carry out start of several more installations with mass of studied isotopes
~ 100 kg (SNO + [8] and CUORE [9]). And it means the beginning of a new era in 23 decay experiments when
sensitivity to effective Majorana mass of neutrino will reach for the first time values < 0.1 eV.

Structure of the review is the following: in Section 2 current large-scale experiments on S decay are considered, in
Section 3 the most perspective planned experiments are discussed, the best modern limits on neutrino mass and the
forecast for possible progress in the future are given in Section 4 (Conclusion).

2. Current large-scale experiments

In this Section the current large-scale experiments are discussed. NEMO-3 experiment was stopped in January,
2011, but data analysis in this experiment proceeds and consequently it should be carried to the current experiments.

2.1. NEMO-3

This tracking experiment, in contrast to experiments with "°Ge, detects not only the total energy deposition, but
other parameters of the process, including the energy of the individual electrons, angle between them, and the
coordinates of the event in the source plane. Since June of 2002 and to January of 2011, the NEMO-3 detector has been
operated in the Frejus Underground Laboratory (France) located at a depth of 4800 m w.e. The detector has a
cylindrical structure and consists of 20 identical sectors (Fig. 1). A thin (30 - 60 mg/cm?) source containing double beta
decaying nuclei and natural material foils have a total area of 20 m* and a weight of up to 10 kg was placed in the
detector. The energy of the electrons is measured by plastic scintillators (1940 individual counters), while the tracks are
reconstructed on the basis of information obtained in the planes of Geiger cells (6180 cells) surrounding the source on
both sides. The main characteristics of the detector are the following. The energy resolution of the scintillation counters
lies in the interval 14 - 17 % FWHM for electrons of energy 1 MeV. The time resolution is 250 ps for electron energy of

1 MeV and the accuracy in reconstructing the vertex of 2e” events is 1 cm.

Measurements with the NEMO-3 detector revealed that tracking information, combined with time and energy
measurements, makes it possible to suppress the background efficiently. Using the NEMO-3 installation 7 isotopes —
Mo (6.9 kg), ®*Se (0.93 kg), '°Cd (405 g), "'Nd (36.6 ), °Zr (9.4 g), *°Te (454 g) and **Ca (7 g) are investigated. A
full description of the detector and its characteristics can be found in [4].
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tracking scintillators
chamber

Fig. 1. Scheme of the NEMO-3 detector
without shielding [4].

Mo, 7 kg, Phase 2, 3.49y

100,

Mo, 7 kg, Phase 2,3.49y

Fig. 2 displays the spectrum of 2v38 events for '“°Mo
that were collected over 3.49 years (low radon Phase II).
The angular distribution and single electron spectrum are
also shown. The total number of events exceeds 700000
which is much greater than the total statistics of all of the
preceding experiments with '°°’Mo (and even greater than
the total statistics of all previous 2vpf decay
experiments!). It should also be noted that the
background is as low as 1.3 % of the total number of
2vpp events. Measurements of the 2vfBf decay half-lives
have been performed for seven isotopes available in
NEMO-3. The NEMO-3 results of 2vff half-life
measurements are given in Table 1. For all the isotopes
the energy sum spectrum, single electron energy
spectrum and angular distribution were measured. The
Mo double-beta decay to the 0", excited state of '"’Ru
has also been measured by NEMO-3 [13]. For '“Mo,
82Ge, %7r, "ONd and "*°Te these results are published. For
the other isotopes their status is preliminary.

*®Mo, 7 kg, Phase 2, 3.49 y
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Fig. 2. Total energy, individual energy and angular distributions of the '“Mo 2 v events
in the NEMO-3 experiment for the low radon data phase (3.49 years).
Table 1. Present resultsfrom NEM O-3 (only part of full statistic has been analysed)
T12 (0V), yr; T12 (0VE), yr;
Isotope Ti (2v), yr 90 % C.L. 90 % C.L.
Mo (7.11 £0.02 £ 0.54)-10"* [10] >1.1-10" [11] >2.7-10" [12]
Mo - "Ru (07)) [13] (5.7 05 £0.8)-10% >8.9-10% -
Se (9.6 £0.3 £1.0)-10" [10] >3.6:10% [11] >1.5-102[12]
Te [14] (7.0 £0.9 £1.1)-10% >1.3-10% > 1.6-10%
ecd (2.88 £0.04 +0.16)-10" >1.3-10% -
ONd [15] (9.279% 1,5, £0.62)-10"® >1.8:10% >1.52-10”
%7r[16] (2.35 +0.14 +£0.19)-10" >92.10" >1.9-10"
®Ca (4.47°%,,+0.4)-10" >1.3-10%2 -

No evidence for OvBf decay was found for all seven isotopes. The associated limits are presented in Table 1. Best
limits have been obtained for '“Mo (T, > 1.1 - 10* yr). Corresponding limits on the neutrino mass is <m,>
<0.29 - 0.7 eV (using NME values from [17 - 21]). No evidence for Ovy’pp decay was found for all seven isotopes too.
The limits for '®Mo, **Se, '’Nd, *°Zr and "*°Te are presented in Table 1. In particular, strong limits on “ordinary”
Majoron (spectral index 1) decay of '“Mo (T, > 2.7- 10 yr) and ¥Se (7}, > 1.5-10* yr) have been obtained.
Corresponding bounds on the Majoron—neutrino coupling constant have been established, <g..> < (0.25 - 0.67) - 10™*
and <(0.6 - 1.9) - 10, respectively (using nuclear matrix elements from [17 - 23]).

Data analysis proceeds and Collaboration hope for receiving final results for all 7 isotopes in the nearest future

(2012 - 2013).
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2.2. EXO-200 [6, 24]

35 EXO-200 (Enriched Xenon Observatory) is operating
30 MS at the Waste Isolation Pilot Plant (WIPP, 1585 m w.e.)
g since May 2011. The experiment consists of 175 kg of Xe
enriched to 80.6% in "“*Xe housed in a liquid time
projection chamber (TPC). The TPC is surrounded by
passive and active shields. This detector measures energy
through both ionization and scintillation and is capable of
effectively rejecting rays through topological cuts. EXO-
200 has recently claimed the first observation of 2v in
B3Xe (Qpp= 2458.7 keV) [6]. Initial results on Ov decay
together with new result for 2v mode are published in
[24]. The fiducial volume used in this analysis contains
79.4 kg of **Xe (3.52 - 10%° atoms), corresponding to 98.5
kg of active “"LXe. Energy resolution is 10.5 % (FWHM)
using ionization signal only and 4 % (FWHM) at 2.615
MeV using both ionization and scintillation signals.
‘ ‘ . Background index (BI) in the Ov region is 1.4 - 107
2800 3000 3200 counts/keV-kg-yr (Fig. 3). Results obtained after 2896.6 h
of measurements are the following:

counts/20keV

counts /20keV

E ...... Jﬂ ......

b L s b = ] I
2%00 2200 2400 2600
energy (keV)

Fig. 3. Energy spectra in the *Xe QOpp region for 136 ’
multiple-site (top) and single-site (bottom) events. The Ti2 2v, 7Xe) =[2.23 £0.017 (stat) £ 0.22 (syst)]- 107 yr

1 (2 oregions around Qgg are shown by solid (dashed) 136 . (D
vertical lines [24]. T12 (0v, 7Xe)>1.6-107 yr ()

Last result provides upper limit <m,> < 0.14 - 0.38 eV using NME values from [17 - 19, 21, 23]. Taking
into account present background one can predict that EXO-200 sensitivity after 5 years of data taking will be
Ty~ (4-5)-10% yr (<m,>~ 0.08 - 0.24 V).

The project is also a prototype for a planned 1 tone sized experiment that may include the ability to identify the
daughter of '*°Ba in real time, effectively eliminating all classes of background except that due to 2v decay (see
Section 3.5).

2.3. KamLAND-Zen [7, 25]

Chimney The detector KamLAND-Zen (Fig. 4) is a

1IN Corrugated Tube modification of the existing KamLAND detector

%‘ 1IN Y. S Film Pipe carried out in 'the summer of 2011. Thg ﬂﬁ
_%// if] source/detector is 13 tons of Xe-loaded liquid
1° > #\ ~ Suspending Film Strap scintillator (Xe-LS) contained in a 3.08-m-diameter
| |_ Photomultiplier Tube spherical inner balloon (IB). The IB is constructed
| _ ThO.W Calibration Point from 25-um-thick transparent nylon film and is

suspended at the center of the KamL AND detector by
12 film straps of the same material. The IB is

surrounded by 1 kton of liquid scintillator (LS)
(]3?\9J\kgllsx'3‘) i contained in a 13-m-diameter spherical outer balloon
Outer LS N /BT~ Outer Balloon (OB) made of 135-um-thick composite film. The

. T
g [ rT.‘

Xe-LS 13 ton

ST Buffer Oil

I kton {7 S £ ?3 mgiiﬁneter) outer LS acts as an active shield for external y’s and
Gl N5 (gnz)e; madi(:i(r)rrlleter) as a detector for internal radiation from the Xe-LS or
&l el : e < ' IB. The Xe-LS contains (2.52 = 0.07) % by weight of

enriched xenon gas (full weight of xenon is

. L ~ 330 kg). The isotopic abundances in the enriched
Fig. 4. Schematic diagram of the KamLAND-Zen detector [7]. <enon v%zre measureg by residual gas analyzer to be

(90.93 + 0.05) % "*“Xe and (8.89 + 0.01) % '**Xe. Scintillation light is recorded by 1,325 17-inch and 554 20-inch
photomultiplier tubes (PMTs). Details of the KamLAND detector are given in Ref. [26]. The energy resolution at 2.614
MeV is 6 = (6.6 £ 0.3) %/ JE (MeV). The vertex resolution is o = 15 cmAE (MeV). The energy spectrum of S5 decay
candidates is shown in Fig. 5. Unexpectedly detected background (BI =~ 10 counts/keV-kg-yr) is ~ two order of
magnitude higher than estimated background using previous data of KamLAND detector. Nevertheless quite good
results for A3 decay of '**Xe were obtained. The measured 2vff decay half-life of '**Xe [25] is:

T, (2v, **Xe) = [2.38 + 0.02(stat) + 0.14(syst)]-10*' yr (3)
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10 8 —Daa 90% C.L. upper fimit This is consistent with the result obtained by EXO-

E — 2vBp +B.G. OvBp 200 [6, 24]. For Ovfp decay, the data give a lower limit
0L Ay - ggg; o of Tix(0v, °Xe) > 6.2:10* yr (90 % C.L.) [25], which

> g "'\-“.‘.. —_ Ovﬁﬁxz(xo) (n=3) corresponds to limit, <m,> < 0.22 - 0.6 eV using NME
= 102k “‘._f:-..‘ === OVBPyx° (n=7) values from [17-19, 21, 23]. Strong limits on neutrinoless
= F double beta decay with emission of Majoron were
%J - ¢ obtained too. In particular, a lower limit on the ordinary
§ 10 2 t tt 7 Majoron (spectral index n = 1) emitting decay half-life of
w . H 136X e was obtained as 77, ( V;(O, 136Xe) >26-10* yr at
15 T 90 % C.L. The corresponding upper limit on the effective

Es Majoron-neutrino coupling, using a range of available

10l :\3 ‘ ‘ 21 ‘ nuclear matrix calculations, is <g.,.> < (0.8 - 1.6) - 10™°.
Visible Energy (MeV) This is most strong limit on <g,> from Sf decay

experiments.

Fig. 5. Energy spectrum of selected /35 decay candidates Now the Collaboration undertakes efforts to decrease

(data poi'nts) together with the best-fit ba?kg‘rounds (gray e background. In principle, the background can be

dashed lines) and 2vff decay (purple solid line), and the  jowered approximately in 100 times. If it will be done,

90 % C.L. upper limit for OvgB decay and Majoron-  sensitivity of experiment will essentially increase and for

emitting 0vf3p decays for each spectral index. The red line 3 years of measurements will be 7, ~ 2 - 10* yr that

depicts the sum of the 2v3f decay and background spectra.  corresponds to sensitivity to neutrino mass, <m,> ~ 0.04

Figure is taken from [25]. - 0.11 eV. After end of the first phase of the experiment
the phase 2 is planned (see the Section 3.6).

2.4. GERDA-I [27]

GERDA is a low-background experiment which searches for the neutrinoless double beta decay of °Ge, using an
array of high-purity germanium (HPGe) detectors isotopically enriched in "°Ge [28]. The detectors are operated naked
in ultra radio-pure liquid argon, which acts as the cooling medium and as a passive shielding against the external
radiation. This innovative design, complemented by a strict material selection for radio-purity, allows to achieve low
background level in the region of the Q-value of °Ge at 2039 keV. The experiment is located in the underground
Laboratori Nazionali del Gran Sasso of the INFN (Italy). The Phase I of GERDA recently started using eight enriched
coaxial detectors (totaling approximately 18 kg of °Ge). The Phase I comes after a one-year-long commissioning, in
which natural and enriched HPGe detectors were successfully operated in the GERDA set-up. GERDA-I measurements
have been started in November 2011. Results of first measurement are presented in Fig. 6.
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Fig. 6. First results from GERDA-L

As can be seen the 2V decay contribution is already clearly visible (7 ,, 2, °Ge) = 1.88 - 10*' yr, preliminary
result). Background index in Ov region is ~ 0.02 c/keV-kg-yr. Blind analysis will be applied to the O v region (which is
closed now). First result will be reported in the end of 2012. Sensitivity of GERDA-I with present background is
~2 - 10% yr for one year of measurement. In 2013 new ~ 20 kg of HPGe crystals will be added and experiment will be
transformed to Phase II (GERDA-II). Description of full scale GERDA experiment is done in Section 3.2.

3. Future large-scale experiments

Here seven of the most developed and promising experiments which can be realized within the next few years are
discussed (Table 2). The estimation of the sensitivity in the experiments is made using NME from [17 - 23].
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3.1. CUORE [8, 29]

This experiment will be run at the Gran Sasso Underground Laboratory (Italy, 3500 m w.e.). The plan is to
investigate 760 kg of "TeO,, with a total of ~ 200 kg of **Te. One thousand low temperature (~8 mK) detectors, each
having a weight of 750 g, will be manufactured and arranged in 19 towers. One tower is approximately equivalent to the
CUORICINO detector [5]. Planed energy resolution is 5 kev (FWHM). One of the problems here is to reduce the
background level by a factor of about 15 in relation to the background level achieved in the detector CUORICINO.
Upon reaching a background level of 0.01 keV ' kg™' y ', the sensitivity of the experiment to the Ov decay of **Te for
5y of measurements and at 90 % C.L. will become approximately 10% yr (<m,> ~ 0.05 - 0.13 eV) — see discussion in
[35]. The experiment has been approved and funded. A general test of the CUORE detector, comprising a single tower
and named CUORE-0, will start to take data in 2012. The full-scale CUORE will start in 2014.

Table 2. The seven most developed and promising projects. Sensitivity at 90 % CL for three (first step of GERDA

and MAJORANA, SNO+, and KamL AND-Zen), five (EXO, Super NEM O and CUORE)
and ten (full-scale GERDA and MAJORANA) year s of measurementsis presented. M - mass of isotopes

. Sensitivity Sensitivity
Experiment Isotope M, kg Tys (y1) <m,> (meV) Status
CUORE [8, 29] H0e 200 10% 50 - 130 In progress
40 2.10% 60 - 200 In progress
GERDA [27, 28] "Ge 1000 6. 107 10 - 40 RED
20-30 10% 90 - 300 In progress
MAJORANA [30, 31] Ge [000 6 107 1010 R &pD &
_ _ . 26 _ . :
SuperNEMO [32,33] 82, 100 - 200 (1-2)-10 40-110 R&D; construction
of first module
~175 4-5).10% 80 - 240 Started in 2011
EXO[6, 34] PXe 1000 é . 10)26 20-55 R&D
~330 ~2-10% 40-110 Started in 2011
KamLAND-Zen [7, 25] BXe 1000 6. 10 3. 58 R&D
50 ~6-10% 120 - 410 In progress
15
SNO+[8] "Nd 500 3. 107 55 - 180 R&D

3.2. GERDA [27, 2]

This is one of two planned experiments with "°Ge (along with the MAJORANA experiment). The experiment is to
be located in the Gran Sasso Underground Laboratory (Italy, 3500 m w.e.). The proposal is based on ideas and
approaches which were proposed for GENIUS [36] and the GEM [37] experiments. The idea is to place “naked” HPGe
detectors in highly purified liquid argon (as passive and active shield). It minimizes the weight of construction material
near the detectors and decreases the level of background. The liquid argon dewar is placed into a vessel of very pure
water. The water plays a role of passive and active (Cherenkov radiation) shield. The proposal involves three phases. In
the first phase, the existing HPGe detectors (~ 18 kg), which previously were used in the Heidelberg-Moscow [2] and
IGEX [3] experiments, are utilized (see Section 2.4). In the second phase ~ 40 kg of enriched Ge will be investigated. In
the third phase the plan is to use ~ 500 - 1000 kg of "°Ge. The sensitivity of the second phase (for three years of
measurement) will be 7', ~ 2-10* yr. This corresponds to sensitivity for <m,> at the level of ~ 0.06 - 0.2 eV. The first
two phases have been approved and funded. First phase will be finished in the end of 2012. The second phase setup is in
an advanced construction stage and data taking is foreseen for 2013. The results of these steps will play an important
role in the decision to support the full scale experiment.

3.3. MAJORANA [30, 31]

The MAJORANA facility will consist of ~ 1000 HPGe detectors manufactured from enriched germanium (the
enrichment is > 86 %). The total mass of enriched germanium will be 1000 kg. The facility is designed in such a way
that it will consist of many individual supercryostats manufactured from low radioactive copper, each containing HPGe
detectors. The entire facility will be surrounded by a passive shield and will be located at an underground laboratory in
the United States. Only the total energy deposition will be utilized in measuring the 0vA8 decay of "°Ge to the ground
state of the daughter nucleus. The use of HPGe detectors, pulse shape analysis, anticoincidence, and low radioactivity
structural materials will make it possible to reduce the background to a value below 2.5 - 10 keV ' kg™ yr' and to
reach a sensitivity of about 6 - 10>’ y within ten years of measurements. The corresponding sensitivity to the effective
mass of the Majorana neutrino is about 0.01 to 0.04 eV. The measurement of the 0vAf decay of °Ge to the 0" excited
state of the daughter nucleus will be performed by recording two cascade photons and two beta electrons. The planned
sensitivity for this process is about 10*”y. In the first step ~ 20 - 30 kg of °Ge will be investigated. It is anticipated that
the sensitivity to 0v/8 decay to the ground state of the daughter nuclei for 3 years of measurement will be T}, ~ 10°® yr.
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It will reject or to confirm the “positive” result from [38 - 40]. Sensitivity to <m,> will be ~ 0.09 - 0.3 eV. During this
time different methods and technical questions will be checked and possible background problems will be investigated.
The first module of MAJORANA (DEMONSTRATOR) is under constriction now and measurements is planned to
begin in 2013.

3.4. SuperNEMO [32, 33]

The NEMO Collaboration has studied and is pursuing an experiment that will observe 100-200 kg of **Se with the
aim of reaching a sensitivity for the Ov decay mode at the level of Ty, ~ (1 - 2) - 10*°y. The corresponding sensitivity to
the neutrino mass is 0.04 to 0.11 eV. In order to accomplish this goal, it is proposed to use the experimental procedures
nearly identical to that in the NEMO-3 experiment (see Section 2.1). The new detector will have planar geometry and
will consist of 20 identical modules (5 - 7 kg of ®Se in each sector). A *Se source having a thickness of about
40 mg/cm’® and a very low content of radioactive admixtures is placed at the center of the modules. The detector will
again record all features of double beta decay: the electron energy will be recorded by counters based on plastic
scintillators (A E/E ~ 8 - 10 % (FWHM) at £ = 1 MeV), while tracks will be reconstructed with the aid of Geiger
counters. The same device can be used to investigate '*’Nd, '°Mo, ''®Cd, and "*°Te with a sensitivity to Ov8S decay at a
level of about (0.5 - 1) - 10% y [32]. The use of an already tested experimental technique is an appealing feature of this
experiment. The plan is to arrange the equipment at the new Frejus Underground Laboratory (France; 4800 m w.e.).
The construction and commissioning of the Demonstrator (first module) will be completed in 2013 - 2014.

3.5. EXO [6, 34]

In this experiment the plan is to implement Moe’s proposal of 1991 [41]. Specifically it is to record both ionization
electrons and the Ba" ion originating from the double beta decay process **Xe — *Ba’™ + 2¢". In [34], it is proposed
to operate with 1t of **Xe. The actual technical implementation of the experiment has not yet been developed. One of
the possible schemes is to fill a TPC with liquid enriched xenon. To avoid the background from the 2v decay of **Xe,
the energy resolution of the detector must not be poorer than 3.8 % (FWHM) at an energy of 2.5 MeV (ionization and
scintillation signals will be detected). In the Ov decay of **Xe, the TPC will measure the energy of two electrons and
the coordinates of the event to within a few millimeters. After that, using a special stick Ba ions will be removed from
the liquid and then will be registered in a special cell by resonance excitation. For Ba"" to undergo a transition to a state
of Ba', a special gas is added to xenon. The authors of the project assume that the background will be reduced to one
event within five years of measurements. Given a 70 % detection efficiency it will be possible to reach a sensitivity of
about 8-10% yr for the '**Xe half-life and a sensitivity of about 0.02 to 0.06 eV to the neutrino mass. One should note
that the principle difficulty in this experiment is associated with detecting the Ba" ion with a reasonably high efficiency.
This issue calls for thorough experimental tests, and positive results have yet to be obtained. As the first stage of the
experiment EX0-200 use 175 kg of **Xe without Ba ion identification (see Section 2.2).

3.6. KamLAND-Zen-1000

KamLAND-Zen is an upgrade of the KamLAND setup [26]. The idea is to convert it to neutrinoless double beta
decay search by dissolving Xe gas in the liquid scintillator. This approach was proposed by R. Raghavan in 1994 [42].
At the first step this mixture (330 kg of Xe in 13 tons of liquid scintillator) will be contained in a small balloon
suspended in the centre of the KamLAND sphere. It will guarantee low background level and high sensitivity of the
experiment. This experiment (KamLAND-Zen) is in a stage of a data taking and some more years will proceed (see
Section 2.3). Experiment KamLAND-Zen-1000 with 1000 kg of the enriched xenon will be the next step. It is planned
to upgrade the existing detector. It is supposed that in the new inner balloon more bright liquid scintillator will be used
and the number of PMTs will be increased. All this will allow to improve essentially energy resolution of the detector
and, thereby, to increase sensitivity of experiment to double beta decay (see Table 2). KamLAND-Zen-1000 will start in
~2015.

3.7. SNO+ [§]

SNO+ is an upgrade of the solar neutrino experiment SNO (Canada), aiming at filling the SNO detector with Nd
loaded liquid scintillator to investigate the isotope **Nd. With 0.1 % loading SNO+ will use 0.78 tonnes of neodymium
and contain 43.7 kg of '*°Nd with no enrichment. SNO+ is in construction phase with natural neodymium. Data taking
is foreseen in 2013 - 2014. After 3 yr of data tacking sensitivity will be ~ 6 - 10** yr (or 0.12 - 0.41 eV for <m,>).
Finally 500 kg of enriched "“°Nd will be used (if enrichment of such quantity of Nd will be possible). Planned
sensitivity is ~ 3 - 10% yr (or 0.055 - 0.18 eV for <m,>).

4, Conclusions

Best present limits on 0vfSf decay and on <m,> are presented in Table 3. It is visible that the most strong limits are
received in experiments with *°Xe, °Ge, *°Te and '"’Mo. Considering existing uncertainty in values of NME it is
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Table 3. Best current results concer ning the search for Ovgp decay. All boundsare given with90% C.L.
The bounds on the effective mass of the M aj orana neutrino <m,> wer e obtained
using the calculated nuclear matrix elementsfrom [17 - 23]

Isotope Egp keV Ty, yr <m,>, eV
*Ca 4272 >5.8 107 [43] <14
°Ge 2039.0 >1.9-10% [2] <0.20- 0.69
¥Se 2996 >3.6-10% [11] <0.77-2.4
*Zr 3350 >972.10% [16] <3.9-13.7
""Mo 3034.4 >1.1-10% [11] <0.29-0.70
e 2805 >1.7-10% [44] <1.16-2.16
'*Te 867 >1.5-10* (geochem)  (see [46]) <1.8-4.2
ITe 2527.5 >28-10% [5] <0.28-0.81
PoXe 2458.7 >1.6-10% [24] <0.14-0.38
PONd 3367 >1.8 - 10% 15 <22-75

[15]

possible to obtain conservative limit <m,> < 0.4 eV. It is possible to expect that in the next few years sensitivity to
<m,> will be improved by efforts of experiments of EXO0-200, KamLAND-Zen, GERDA-I, MAJORANA-
Demonstrator, CUORE-0 several times and will reach values ~ 0.1 - 0.3 eV. Start of full-scale experiments will allow to
reach in 2015 - 2020 sensitivity to <m,> at the level 0.01-0.1 eV that will allow to begin testing of inverted hierarchy
region (~ 50 meV). Using modern experimental approaches it will be extremely difficult to reach sensitivity to <m,> on
the level of ~ 3 - 5 meV (normal hierarchy region). For this purpose it is required to increase mass of a studied isotope
to 10 tons and to provide almost zero level of a background in studied area. Nevertheless it was shown, what even using
known today methods such possibility, in principle, exists (see [45]).
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The DAMA/LIBRA experiment is mainly dedicated to the investigation on DM particles in the Galactic halo by
exploiting the model independent Dark Matter (DM) annual modulation signature. The present DAMA/LIBRA and the
former DAMA/Nal (exposed masses. about 250 kg and about 100 kg of highly radiopure Nal(Tl), respectively)
experiments have released so far atotal exposure of 1.17 ton x yr collected over 13 annual cycles; they provide a model
independent evidence of the presence of DM particles in the galactic halo at 8.9 ¢ C.L.. The data of another annual
cycle in the same DAMA/LIBRA running conditions are at hand. After the substitution (at fall 2010) of all the
photomultipliers (PMTs) with new ones, having higher quantum efficiency, DAMA/LIBRA has entered the phase 2;
that substitution has allowed to lower the software energy threshold of the experiment in the present data taking. Future
perspectives are mentioned.

1. Introduction

The DAMA project is an observatory for rare processes located deep underground at the Gran Sasso National
Laboratory of the I.N.F.N. It is based on the development and use of low background scintillators. Profiting of the low
background features of the realized set-ups, many rare processes are studied [1 - 21].

The main apparatus, DAMA/LIBRA, isinvestigating the presence of DM particlesin the galactic halo by exploiting
the model independent DM annual modulation signature.

In fact, as a consequence of its annual revolution around the Sun, which is moving in the Galaxy traveling with
respect to the Local Standard of Rest towards the star Vega near the constellation of Hercules, the Earth should be
crossed by alarger flux of Dark Matter particles around 2 June (when the Earth orbital velocity is summed to the one of
the solar system with respect to the Galaxy) and by a smaller one around 2 December (when the two velocities are
subtracted). Thus, this signature has a different origin and peculiarities than the seasons on the Earth and than effects
correlated with seasons (consider the expected value of the phase as well as the other requirements listed below). This
DM annual modulation signature is very distinctive since the effect induced by DM particles must simultaneously
satisfy al the following requirements:

(1) therate must contain a component modulated according to a cosine function;

(2) with oneyear period;

(3) with aphase that peaks roughly around 2nd June;

(4) this modulation must be present only in a well-defined low energy range, where DM particles can induce
signals;

(5) it must be present only in those events where just a single detector, among all the available ones in the used
set-up, actually “fires’ (single-hit events), since the probability that DM particles experience multiple interactions is
negligible;

(6) the modulation amplitude in the region of maximal sensitivity has to be < 7 % in case of usually adopted halo
distributions, but it may be significantly larger in case of some particular scenarios such as e.g. those in Refs. [22, 23].

At present status of technology it is the only model independent signature available in direct Dark Matter
investigation that can be effectively exploited.

The exploitation of the DM annual modulation signature with highly radiopure widely sensitive Nal(TI) as target
material can permit to answer — by direct detection and in away largely independent on the nature of the candidate and
on the astrophysical, nuclear and particle Physics assumptions — the main question: “Are there Dark Matter (DM)
particles in the galactic halo?’ The corollary question: “Which are exactly the nature of the DM particle(s) detected by
the annual modulation signature and the related astrophysical, nuclear and particle Physics scenarios?’ requires
subsequent model dependent corollary analyses as those available in literature. One should stress that no approach
exists able to investigate the nature of the candidate either in the direct and indirect DM searches which can offer these
latter information independently on assumed astrophysical, nuclear and particle Physics scenarios.

In particular, it is worth noting that many possibilities exist about the nature and the interaction types of the DM
particles as e.g.: SUSY particles (as neutralino or sneutrino in various scenarios), inelastic Dark Matter in various
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scenarios, electron interacting dark matter (including WIMP scenarios), a heavy neutrino of the 4-th family, sterile
neutrino, Kauza-Klein particles, self-interacting dark matter, axion-like (light pseudoscalar and scalar candidate),
mirror dark matter in various scenarios, Resonant Dark Matter, DM from exotic 4th generation quarks, Elementary
Black holes, Planckian objects, Daemons, Composite DM, Light scalar WIMP through Higgs portal, Complex Scalar
Dark Matter, specific two higgs doublet models, exothermic DM, Secluded WIMPs, Asymmetric DM, Isospin-
Violating Dark Matter, Singlet DM, Specific GU, SuperWIMPs , WIMPZilla, etc. (see in the literature). Moreover, even
a suitable particle not yet foreseen by theories could be the solution or one of the solutions. It is worth noting that often
WIMP is adopted as a synonymous of Dark Matter particle, referring usually to a particle with spin-independent elastic
scattering on nuclei; on the contrary, WIMP identifies a class of Dark Matter candidates that can have different
phenomenologies and interaction types. This is true also when considering a precise candidate as for example the
neutralino; in fact the basic supersymmetric theory has a very large number of parameters that are by the fact unknown
and, depending on the assumptions, they can present well different features and preferred interaction types. Often
constrained SUGRA models (which allow easier calculations for the predictions e.g. at accelerators) are presented as
SUSY or as the only way to SUSY, which is not the case. Other open aspects, which have large impact on model
dependent investigations and comparisons, are e.g. which is the right description of the dark halo and related
parameters, which is the right related atomic/nuclear and particle physics, etc. as well as the fundamenta question on
how many kinds of Dark Matter particles exist in the Universe'. It is also worth noting that the accelerators could prove
the existence of some possible Dark Matter candidate particles, but they could never credit by themselves that a certain
particle is in the halo as the solution or the only solution for Dark Matter particle(s). Moreover, Dark Matter candidate
particles and scenarios (even for neutralino candidate) exist which cannot be investigated at accelerators. Thus, in order
to pursue a widely sensitive direct detection of DM particles, model independent approach, ultra-low-background
suitable target material, very large exposure and full control of the running conditions are mandatory.

2. Short summary of the results

The DAMA/LIBRA data released so far correspond to six annual cycles for an exposure of 0.87 ton x yr [13, 14].
Considering these data together with those previously collected by DAMA/Nal over 7 annual cycles (0.29 ton x yr), the
total exposure collected over 13 annual cycles is 1.17 ton x yr; this is orders of magnitude larger than the exposures
typicaly released in thefield.

The DAMA/Nal set up and its performances are described in Refs. [1, 3, 4, 5], while the DAMA/LIBRA set-up and
its performances are described in Refs. [12, 14]. The sensitive part of the DAMA/LIBRA set-up is made of 25 highly
radiopure Nal(Tl) crystal scintillators placed in a 5-rows by 5-columns matrix; each crystal is coupled to two low
background photomultipliers working in coincidence at single photoelectron level. The detectors are placed inside a
sealed copper box flushed with HP nitrogen and surrounded by a low background and massive shield made of
Cu/Ph/Cd-foils/polyethylene/paraffin; moreover, about 1 m concrete (made from the Gran Sasso rock material) almost
fully surrounds (mostly outside the barrack) this passive shield, acting as a further neutron moderator. The installation
has a 3-fold levels sealing system that excludes the detectors from environmenta air. The whole installation is air-
conditioned and the temperature is continuously monitored and recorded. The detectors’ responses range from5.5t0 7.5
photoelectrons/keV. Energy calibrations with X-raysiy sources are regularly carried out down to few keV in the same
conditions as the production runs. A software energy threshold of 2 keV is considered. The experiment takes data up to
the MeV scale and thusit is also sensitive to high energy signals. For al the details see Ref. [12].

Several kinds of analyses on the model-independent DM annual modulation signature have been performed (see
Refs. [13, 14] and references therein). Here Fig. 1 shows the time behaviour of the experimental residual rates of the
single-hit events collected by DAMA/Nal and by DAMA/LIBRA in the (2 - 6) keV energy interval [13, 14].
The superimposed curve is the cosinusoidal function: A cos o(t-ty) with a period T = 2n/w = 1 yr, with a phase
to = 152.5 day (June 2"), and modulation amplitude, A, obtained by best fit over the 13 annual cycles.

The hypothesis of absence of modulation in the data can be discarded [13, 14] and, when the period and the phase
are released in the fit, values well compatible with those expected for a DM particle induced effect are obtained [14];
for example, in the cumulative (2 - 6) keV energy interval: A = (0.0116 + 0.0013) cpd/kg/keV, T =(0.999 + 0.002) yr
and to = (14617) day.

Summarizing, the analysis of the single-hit residual rate favours the presence of a modulated cosine-like behaviour
with proper featuresat 8.9 ¢ C.L. [14].

The same data of Fig. 1 have also been investigated by a Fourier analysis, obtaining a clear peak corresponding to a
period of 1 year [14]; this analysisin other energy regions shows instead only aliasing peaks.

! Consider the richness in particles of the luminous Universe which is just 0.007 of the density of the Universe with
respect to about 0.22 of the Dark Matter attributed to relic particles by the combination of the results of WMAP, of the
SN type |A and clusters observations.
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Fig. 1. Experimental model-independent residual rate of the single-hit scintillation events, measured by DAMA/Nal
over seven and by DAMA/LIBRA over six annual cyclesin the (2 - 6) keV energy interval as a function of the time [4,
5, 13, 14]. The zero of the time scale is January 1% of the first year of data taking. The experimental points present the
errors as vertical bars and the associated time bin width as horizontal bars. The superimposed curveis A cos w(t-tg) with
period T = 2n/m = 1 yr, phase to= 152.5 day (June 2™) and modulation amplitude, A, equal to the central value obtained
by best fit over the whole data: cumulative exposure is 1.17 ton x yr. The dashed vertica lines correspond to the
maximum expected for the DM signal (June 2, while the dotted vertical lines correspond to the minimum. See Refs.
[13, 14] and text.

Thus, this alows the study the background behaviour in the same energy interval of the observed positive effect.
The result of the analysis is reported in Fig. 2 where it is shown the residual rate of the single-hit events measured over
the six DAMA/LIBRA annual cycles, as collected in a single annual cycle, together with the residua rates of the
multiple-hits events, in the same considered energy interval. A clear modulation is present in the single-hit events, while
the fitted modulation amplitudes for the multiple-hits residua rate are well compatible with zero [14].

2-6 keV

0.02
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Fig. 2. Experimenta residual rates over the six DAMA/LIBRA annual cycles for single-hit events (open circles) (class
of events to which DM events belong) and for multiple-hit events (filled triangles) (class of events to which DM events
do not belong). They have been obtained by considering for each class of events the data as collected in a single annual
cycle and by using in both cases the same identical hardware and the same identical software procedures. The initial
time of the Figure is taken on August 7. The experimental points present the errors as vertical bars and the associated
time bin width as horizontal bars. The errors of the multiple-hit residual rates are dightly smaller that the filled triangles
symbol. Seetext and Refs. [13, 14].

Similar results were previously obtained aso for the DAMA/Nal case [5]. Thus, again evidence of annual
modulation with proper features, as required by the DM annual modulation signature, is present in the single-hit
residuals (events class to which the DM particle induced events belong), while it is absent in the multiple-hits residual
rate (event class to which only background events belong). Since the same identical hardware and the same identical
software procedures have been used to analyse the two classes of events, the obtained result offers an additional strong
support for the presence of a DM particle component in the galactic halo further excluding any side effect either from
hardware or from software procedures or from background.

The annual modulation present at low energy has also been analyzed by depicting the differential modulation
amplitudes, S, as a function of the energy; the S, is the modulation amplitude of the modulated part of the signal
obtained by maximum likelihood method over the data, considering T = 1 yr and to = 152.5 day. The S, values are
reported as function of the energy in Fig. 3. It can be inferred that a positive signal is present in the (2 - 6) keV energy
interval, while S, values compatible with zero are present just above; in particular, the S, values in the (6 - 20) keV
energy interval have random fluctuations around zero with y? equal to 27.5 for 28 degrees of freedom. It has been also
verified that the measured modulation amplitudes are statistically well distributed in al the crystals, in all the annual
cycles and energy bins; these and other discussions can be found in Ref. [14].
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Fig. 3. Energy distribution of the modulation amplitudes S, for the total cumulative exposure 1.17 tonxyr obtained by
maximum likelihood analysis. The energy bin is 0.5 keV. A clear modulation is present in the lowest energy region,
while S, values compatible with zero are present just above. In fact, the S, values in the (6 - 20) keV energy interval
have random fluctuations around zero with 2 equal to 27.5 for 28 degrees of freedom. See Refs. [13, 14] and text.

In order to release in the maximum likelihood procedure the assumption of the phase fixed at t, = 152.5 day, the
signal has been alternatively written as: Spx + Spk €0S @(t-tg) + Zmk SN @(t-tg) = Sox + Y mk COS o(t-t), where Sox and
Smk are the constant part and the modulation amplitude of the signal in k-th energy interval. Obviously, for signals
induced by DM particles one would expect: i) Znx = O (because of the orthogonality between the cosine and the sine
functions); ii) Snx = Ymi; iii) t' = to = 152.5 day. In fact, these conditions hold for most of the dark halo models;
however, it is worth noting that slight differences in the phase could be expected in case of possible contributions from
non-thermalized DM components, such as e.g. the SagDEG stream [6] and the caustics [24]. ]’he 2c contours in the
plane (Sy, Zn,) for the (2 - 6) keV and (6 - 14) keV energy intervals and those in the plane (Y., , t') are reported in Fig. 4
[14]. The best fit values for the (2 - 6) keV energy interva are (1o errors): S, = (0.0111 + 0.0013) cpd/kg/keV;
Z.= —(0.0004 + 0.0014) cpd/kg/keV; Y, = (0.0111 + 0.0013) cpd/kg/keV; t'= (150.5 + 7.0) day; while for the
(6-14) keV energy interval are S,= —0.0001 + 0.0008) cpd/kg/keV; Z, = (0.0002 = 0.0005) cpd/kg/keV;
Y = <(0.0001 + 0.0008) cpd/kg/keV and t obviously not determined. These results confirm those achieved by other
kinds of analyses. In particular, a modulation amplitude is present in the lower energy intervals and the period and the
phase agree with those expected for DM induced signals. For more detailed discussions see Ref. [14].

Both the data of DAMA/LIBRA and of DAMA/Nal fulfil all the requirements of the DM annual modulation
signature.
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Fig. 4. 26 contours in the plane (Sy, Zy) (left) and in the plane (Y, t) (right) for the (2 - 6) keV and (6 - 14) keV
energy intervals. The contours have been obtained by the maximum likelihood method, considering the cumulative
exposure of 1.17 ton x yr. A modulation amplitude is present in the lower energy intervals and the phase agrees with
that expected for DM induced signals. See Refs. [13, 14] and text.

Sometimes wrong statements were put forwards as the fact that in nature several phenomena may show some kind
of periodicity. The point is whether they might mimic the annual modulation signature in DAMA/LIBRA (and former
DAMA/Nal), i.e. whether they might be not only quantitatively able to account for the observed modulation amplitude
but also able to contemporaneously satisfy all the requirements of the DM annua modulation signature; the sameis aso
for side reactions.
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Careful investigations on absence of any significant systematics or side reaction able to account for the measured
modulation amplitude and to simultaneoudly satisfy all the requirements of the signature have been quantitatively
carried out (see e.g. Refs. [4, 5, 12 - 14, 17, 25], and Refs therein). No systematics or side reactions able to mimic the
signature (that is, able to account for the measured modulation amplitude and simultaneoudly satisfy al the
requirements of the signature) has been found or suggested by anyone over more than a decade.

The obtained model independent evidence is compatible with awide set of scenarios regarding the nature of the DM
candidate and related astrophysical, nuclear and particle Physics. For examples, some given scenarios and parameters
arediscussed e.g. in Refs. [2,4 - 7, 18 - 21] and in Appendix A of Ref. [13]. Further large literature is available on the
topics [26]; other possibilities are open. Here we just recall the recent papers [27, 28] where the DAMA/Nal and
DAMA/LIBRA results, which fulfill all the many peculiarities of the model independent DM annual modulation
signature, are examined under the particular hypothesis of a light-mass DM candidate particle interacting with the
detector nuclei by coherent elastic process. In particular, in Ref. [27] allowed regions are given for DM candidates
interacting by elastic scattering on nuclel including some of the existing uncertainties; comparison with theoretical
expectations for neutralino candidate and with the recent possible positive hint by CoGeNT [29] are also discussed there
(Fig. 5), while comparison with possible positive hint by Cresst [30] is discussed in Ref. [28].
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Fig. 5. Regions in the nucleon cross section vs DM particle mass plane allowed by DAMA in three different instances
for the Na and | quenching factors: i) without including the channeling effect [(green) vertically-hatched region], ii) by
including the channeling effect [(blue) horizontally-hatched region)], and iii) without the channeling effect using the
energy-dependent Na and | quenching factors [27] [(red) cross-hatched region]. The velocity distributions and the same
uncertainties as in Refs. [4, 5] are considered here. The allowed region obtained for the CoGeNT experiment, including
the same astrophysical models as in Refs. [4,5] and assuming for simplicity a fixed value for the Ge quenching factor
and a Helm form factor with fixed parameters, is aso reported and denoted by a (black) thick solid line. For details see
Ref. [27].

No other experiment exists, whose result can be directly compared in a model-independent way with those by
DAMA/Nal and DAMA/LIBRA. Some activities (e.g. [31, 32, 33] clam model-dependent exclusion under many
largely arbitrary assumptions (see for example discussionsin [4, 5, 13, 34, 35]); often some critical points exist in their
experimental aspects (e.g. use of margina exposures, determination of the energy threshold, of the energy resolution
and of the energy scale in the few keV energy region of interest, multiple selection procedures, non-uniformity of the
detectors response, absence of suitable periodical calibrations in the same running conditions and in the claimed low
energy region, stabilities, tails/overlapping of the populations of the subtracted events and of the considered recoil-like
ones, well known side processes mimicing recoil-like events, etc.), and the existing experimental and theoretical
uncertainties are generally not considered in their presented model dependent result. Moreover, implications of the
DAMA results are generally presented in incorrect/partial/unupdated way.

As regards the strongly model dependent indirect searches their results are restricted to some DM candidates and
physical scenarios under particular specific assumptions, and require also the modeling of the existing — and largely
unknown — competing background for the secondary particles they are looking for. No quantitative comparison can be
directly performed between the results obtained in direct and indirect searches because it strongly depends on
assumptions and on the considered model framework. In particular, a comparison would always require the calculation
and the consideration of al the possible configurations for each given particle model (e.g., for neutralino: in the allowed
parameters space), as a biunivocal correspondence between the observables in the two kinds of experiments does not
exist. We just mention here that neither negative nor possible positive indications are at present in conflict with the
DAMA model independent result.

Finally, for completeness we remind: i) the recent possible positive hints presented by CoGeNT [29] and Cresst [30]
exploiting different approaches/different target materials; ii) the uncertainties in the model dependent results and
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comparisons; iii) the relevant argument of the methodological robustness [36]. In particular, the general considerations
on comparisons reported in Appendix A of Ref. [13] still hold; on the other hand, whatever possible “positive” result
hasto be interpreted and alarge room of compatibility with the DAMA annua modulation evidence is present.

3. Per spectives

A first upgrade of the DAMA/LIBRA set-up was performed in September 2008. One detector was recovered by
replacing a broken PMT and a new optimization of some PMTs and HVs was done; the transient digitizers were
replaced with new ones, having better performances and anew DAQ with optical read-out was installed.

A further and more important upgrade has been performed in the end of 2010 when al the PMTs have been replaced
with new ones having higher quantum efficiency; details on the reached performances are reported in Ref. [37]. This
alows a lower software energy threshold and, hence, the improvement of the performance and of the sensitivity for
deeper corollary information on the nature of the DM candidate particle(s) and on the various related astrophysical,
nuclear and particle Physics scenarios. Since January 2011 the DAMA/LIBRA experiment is again in data taking in the
new configuration, named DAMA/LIBRA-phase 2.

The purpose of the last upgrade of the running second generation DAMA/LIBRA set-up is: i) to increase the
experimental sensitivity lowering the software energy threshold of the experiment; 2) to improve the investigation on
the nature of the Dark Matter particle and related astrophysical, nuclear and particle physics arguments; 3) to investigate
other signal features; 4) to improve the sensitivity in the investigation of rare processes other than Dark Matter as done
by the former DAMA/Nal apparatus in the past [8] and by itself so far [15, 16]. This requires long and heavy full time
dedicated work for reliable collection and analysis of very large exposures, as DAMA collaboration has always done.
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POSSIBILITIES OF STATISTICAL PICK-UP AND KNOCK-OUT IN THE PRE-EQUILIBRIUM
(EXCITON MODEL) NUCLEAR REACTIONS FOR THE CLUSTER EMISSION

E. Bétak

Institute of Physics, Slovak Academy of Sciences, Bratislava, Slovakia
Faculty of Philosophy and Science, Silesian University, Opava, Czech Republic

Emission of nucleons in low-energy nuclear reactions (say, below the pion threshold) can be well described using
statistical model (compound nucleus plus pre-equilibrium emission). On the other hand, that of the complex particles,
i.e. light clusters up to a’s, is far from satisfactory state. The main reason is — apart of very specific properties of the
clusters themselves — that different types of direct reactions, like pick-up, knock-out and others, play an essential role.
In the absence of more justified approaches, phenomenological ones are frequently applied, with very little (or no)
physics in their background.

We suggest a generalization of the Iwamoto-Harada-Bisplinghoff statistical model which is capable to incorporate
the main features of direct reactions leading to the cluster emission, but — obviously, as any other statistical approach —
pays for this generality by loosing details of nuclear structure and their manifestation in individual reactions. This
approach, originally without spin variables, is easy to be used also in the spin-dependent version of the exciton model.
The model is illustrated on several nuclear reactions.

1. Introduction

Attempts to include complex particle (light cluster, i.e. from deuteron to o) emission into pre-equilibrium models
appeared already in 1970 [1], but the original (unsuccessful) approach was soon replaced by two different ways, how
one can interpret the cluster emission; namely the idea of preformed o particles [2] and of exciton (nucleon)
clusterization [3, 4]. Whereas the former one is by the underlying physics restricetd only to strongly bound clusters, i.e.
the a particles, the latter one is of general nature. In fact, the preformed o particle model yielded better agreement to the
obsrerved o particle energy spectra than the other one, but the consequent development of tle clusaterization model
minimized this gap. In addition, the emission of preformed o particle is treated as an emission of just one nucleon of
special type, what introduces some inconsistency into the model. Having in mind general applicability for wide range of
ejectiles, we feel Iwamoto - Harada model [5, 6] to be a suitable starting point for interpretation of complex particle
spectra and other quantities.

2. Calculation of complex particle emission — basic equations

To keep our consideration and especially the equations simple and transparent, we limit our presentation and
explicite presentation of formulae here to the case of nucleon-induced reactions only, while other reactions will still be
kept in mind. The energy spectrum of the emitted particles (and/or y quanta) in the spin-independent formulation of the
model is

X 1
26 Y kL), m

where \,°(n,E,¢,) is the particle (or y) emission rate from an n-exciton state (n = p + k) of excitation energy E to the
continuum, the energy of the ejectile of type x is ¢,, and 1, and oy are the time spent in an n-exciton state and the cross
section of creation of the composite system, respectively.
In the case of nucleon emission, one has
2s o, (p—1,h,U) (2)
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where p, and s, are the ejectile reduced mass and spin, respectively, o,y is the inverse cross section, which is, in fact,
replaced by the cross section of the capture of a projectile by the nucleus in its ground state, and U is the energy of
residual nucleus, which is produced in an (n - 1)-exciton state. The factor R(p) takes into account the proton-neutron
composition.In fact, it stands as an effective quantity which arises from replacing the two-component description (i.e.
that distinguishing between the neutrons and the protons) by an one-component one '.

! There are several ways of introducing the charge factor. We follow here the charge factor R,(p) of [3]. Explicitly,
the sum of the neutron and the proton charge factors equal 1 at each stage of the reaction. Anyway, none of different
suggested forms of charge factors has proper behaviour both at the very early stage of the reaction process and at
equilibrium, and similarly these factors cannot withstand the detailed balance principle (see also [4, 5]).
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In the most simple case, the cluster emission rate can be written formally in exactly the same way as it was for
nucleons, just with replacing the exciton number of the residual nucleus (p - 1, &) by (p - p.. ) [3]%, where we assume
that the cluster is formed by p, of thetotal of p excited particles (Fig. 1).

+ —_— —_— —_—
___ ° ~E : ?__.__'EF :;-__.__EF ___.__EF
_'.._-.....'_._‘B I
—— —— —e— U e
coalescence IH model IHB model knock-out

Fig. 1. Schemes of coalescence ("classical coalescence" [3, 6]), Iwamoto - Harada pick-up model [7, 14], Bisplinghoff's
improvement [15] for the a particles due to strength of coupling of nucleons within the cluster, and the statistical
understanding of the knock-out process [16]. Though all parts depict four nucleons, i.e. the a particle, they are — with
the only exception of knock-out — of general validity.

Additionally, the emission rates can be multiplied by 7v_, the formation probability [6] of the coalescence models (or
by the a pre-formation factor 7y, , if we assume their existence as special entities (p, = 1) within the nucleus [2]). The
original form of the coalescence model [3] has been soon improved by Ribansky and Oblozinsky [6] who improved the
approach by replacing the artificial p,! factor by 7y o(p, ,0,e +B )/g  which has a straightforward physical
interpretation: its second part is the number of configurations of the p, excitons, and v, is the formation probability. In

practice, however, the single-cluster density g, is often replaced by the single-particle one’. Thus, the emission rate
reads [7]

Q)R(p—px,h,U) (D(p,wo’ex—i_Bx)R (p) (3)
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This approach led to both reasonable absolute values and for some clusters even rather good spectra shapes. A
commonly used approach is to consider y,_ to be a parameter obtainable from the fit to the data. Typical values are of

the order of 10~ for o's and of 10”2 for deuterons.

Pl
Simple theoretical estimates of the formation probability of the coalescence model yield e.g. 7y, = p.’ (Z‘ ] [8]

¥4
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or y = {E (—0) } [9], where P, is the radius of the sphere in the momentum space containing the nucleons which
me

are picked up and it is found to be close to the Fermi momentum, or Y, = 4™ above mass 27, with m =1 for deuterons

* In fact, this idea appeared already in the paper of Blann and Lanzafame [1]. However, their predicted complex
particle spectra were substantially below the experimental data.
3 See also the discussions of the role of the single-cluster density [6, 7].
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and m = A for o's, tritons and *He [10]. However, the presence of formation probabilities and/or other additional

functions is not strictly justifiable by detailed balance, and it is therefore rejected by some groups (e.g. [11 - 13]), even
though such rejection of this factor means worsening of the agreement between theory and data.

3. Iwamoto-Harada-Bisplinghoff model — Extensions of coalescence concept
3.1. Basic ideas

The coalescence model has been made more sophisticated to allow the cluster to be formed not only of excitons, but
also from unexcited nucleons below the Fermi level (see the second column in Fig. 1), i.e. a form of statistical
description of pickup. This approach became known as the Iwamoto-Harada model [14]* even though it has been
suggested and applied five years earlier [7]. Mathematically, it means replacing the density product

p, E
(D(p—px,h,U)X(l)(pX,O,ex+BX) by Z j (D(p_p*:haE_el)(‘Xp*aoael)(’xospx_p*agz)dsl ’ where p* is the

p'=l & +B,
number of excitons contributing to forming the cluster, and the remaining (p,-p’) nucleons are picked up from the
Fermi sea. Now, the cluster density is g, =v,g[g(e, + B, +p.E.)" " /[p,\(p, —1)!] [7], what makes the formulation
of the problem — as far as complex particles (clusters) concerns — parameterless (!!).

3.2. Extensions of the Iwamoto - Harada - Bisplinghoff (pickup) model

Bisplinghoff suggested (we use IHB to denote the Iwamoto - Harada model with Bisplinghoff's generalization) that

not all nucleons be available for the cluster formation within the model, but only those close to the Fermi energy, and
the energy width of the "band of availability" is determined by the binding energy of nucleons inside the cluster [15].
It is natural to generalize the idea to arbitrary combinations of excited and unexcited nucleons, and to all types of
clusters. As the binding energy of nucleons in the deuteron is small, the pick-up possibility is hardly likely to be
observed in practice. Thus, strongly bound entities, like a's, have large energy space available for their creation (which
makes the approach close to the original ideas [7, 14], and loosely coupled objects (e.g. deuterons) practically get close
to the standard coalescence model [17, 18].

It is necessary to keep the consistence with the compound nucleus theory when one deals with pre-equilibrium
models. One of the principal requirements is the principle of microscopic reversibility applied to the emission rates and
to the particle capture, and the other one is the necessity of reaching the compound nucleus theory as the limit
(equilibrium) case of the pre-equilibrium emission when one goes to sufficiently long times. Both of them can be dealt
relatively easily in the case of nucleon emission [19] and with some additional approximation also for cluster
coalescence model in its pure version [21], where the Weisskopf-Ewing formulae within the model by summation over
all exciton states can be reached (up to possible charge factor, see [4]). It is much more difficult to reach the proper
equilibrium limit for cluster emission with some allowance for pickup and possibly other processes.

In our model, we assume that the pickup is effective

Tiipd) 2 azMeY . P )
only when the number of excited particles is insufficient

od _,Ffdm"’"l, —= § to form the cluster of the required type. When the exciton
o Hmedd = 1 pgumber is large enough, the excitons do not show the
—_— IHes themauns —— . . R
ol I~ ] need to pu their partner(s) from the Fermi sea. This
E | 1  suggestion does not influence the high-energy part of the
1 ___,_.—-—'_ 7] . . g .
spectrum, but is able to yield the proper equilibrium
limit.

Two other ideas have been used: We have included
some "energy blurring" to simulate the thermal

dat e [rmbifd=]
sl P

= e . 1  movement of nucleons in excited nucleus, and — in

oL & T 4  addition — we have incorporated the Heisenberg principle

3 L L L 13 approximately in the very first stage. Therein, the nucleus

" = 4 = = lives very shortly, and due to the uncertainty relation it is
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Fig. 2. Angle-integrated deuteron energy spectra from
2Bj + p at 62 MeV. Points are the data, the curves show
the spectra calculated within different model assumptions
(see the text).

possible with a rather small, but nonzero amplitude, that
the exciton can "borrow" enough energy to pick up
nucleons from the sea also much deeper than allowed by
the cluster binding energy.

Fig. 2 brings the deuteron energy-integrated spectra

calculated using the modified PEQAG code [207’.

* We list here only the initial paper by Iwamoto and Harada, and not all relevant subsequent ones.

> The calculations presented in this paper are aimed to illustrate the properties of the model and they are done with
default parameters (level densities, optical model parameters, intranuclear transition matrix element, ...) and they do not
cointain any fitting, which would surely lead to much better agreement to the data.
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Fig. 3. The a energy spectra from >*Fe(p,a) at 62 MeV
showing the influence of different features added to the IHB

model. (From [25]).

Thereare no free parameters specific for the cluster
emission; the other parameters have been kept at their
overall (default) values (see above). If we allow all
depth of the nuclear potential to be available for
pickup, we get pretty above the experimental data, and
the restriction to the deuteron binding energy suggested
by the IHB model draws the spectra down. For loosely
bound ejectile like the deuteron, this curve is
indistinguishable from the pure coalescence calculation
(not drawn) in the scale of the Figure. The two added
"energy blurrings", i.e. the thermal and the uncertainty
ones, bring the resulting spectra close to the
experimental points.

The situation with o spectra is somewhat more
complicated and it is depicted in Fig. 3. The two
"energy blurrings" 