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Abstract

Borexino is a large liquid—scintillator detector located in the Laboratori Nazion-
ali del Gran Sasso. The main goal of the experiment is the study of solar neutrinos,
in particular those coming from the so-called “Be reaction. The exceptionally high
levels of radiopurity of the scintillator have made it possible to accomplish not only
its primary goal, but also produce a number of other significant results. Among
these, we are going to discuss those published in 2013, regarding, in particular, an
updated measurement of geo—neutrinos, measurement of cosmogenic background,
new limits on heavy sterile neutrino mixing in ®B-decay. In 2013, Borexino collab-
oration has also published new results about the lifetime measurements of 214Po
and ?'2Po with CTF liquid scintillator detector and a description of the SOX: Short
distance neutrino Oscillations project, being currently in progress.

1 Introduction

Neutrinos from the Sun have been studied by several experiments in the past 40 years
and these studies have led to the discovery of solar neutrino oscillations. However, the
investigation of the solar neutrino spectrum is far from being complete, especially in the
energy region below 1 MeV where experiments can be severely affected by background
due to natural radioactivity. The Borexino experiment has been specifically designed
to study the low—energy solar neutrinos, in particular those coming from the so-called
"Be reaction. The success of Borexino comes as a result of a 15-year long R& D study
carried out by the collaboration to develop the best techniques of purification to reach
the required levels of radiopurity. Thanks to this, Borexino succeeded in measuring "Be,
8B (T > 3 MeV), and pep solar neutrinos and set the best limit to date for the CNO
solar neutrinos. Moreover, Borexino achieved important scientific results out of the field
of solar neutrinos. In the following, we briefly describe the Borexino detector. Then, we
briefly summarize the status of the Borexino project and its main past scientific results,
while we concentrate on the results published in the calendar year 2013. We conclude
with the description of the ongoing and future Borexino activity.

2 The Borexino detector

The Borexino detector is located under the Gran Sasso mountain in the Laboratori Nazion-
ali del Gran Sasso, Italy. It detects solar neutrinos via their elastic scattering on the



electrons of 300 tons of liquid scintillator. The scintillator (PC + 1.5 g/l of PPO) is
contained in a large spherical nylon vessel (R = 4.25m). The scintillation light is viewed
by 2214 photomultiplier tubes (defining the so called Inner Detector, ID) mounted on a
Stainless Steel Sphere (SSS) concentric with the vessel at a radius of 6.85m (see Fig. 1).
In order to reduce external background, the design of Borexino is based on the principle of
graded shielding, with the inner core scintillator at the center of a set of concentric shells
of increasing radiopurity. Besides keeping external backgrounds at a low level, the key
requirement for measuring low energy neutrinos with Borexino is the exceptional radiop-
urity of the scintillator itself. Based on extensive R&D studies and on the tests performed
with the Borexino prototype, so called Counting Test Facility (CTF), the Borexino col-
laboration developed a successful purification strategy which proved to be effective in
removing the most dangerous contaminants from the scintillator. The Inner Detector
(ID) described above is contained in a tank filled with 2000 m? of ultra-pure water which
provides further shielding from background from the rocks and also acts as a Cherenkov
muon detector (Outer Detector, OD) to tag residual cosmic muons. For more details con-
cerning the Borexino detector see [1], [2]. Borexino detector was extensively calibrated
with radioactive sources [3], an essential ingredient in understanding the detector response
function and reducing the systematic errors on all Borexino results.

Borexino Detector

tainless Steel Sphere
Nylon Quter Vessel
ylon Inner Vessel
Fiducial volume

External water tank —,

Rope

Internal

Figure 1: Schematic view of the Borexino detector.

3 Status of the project

The Borexino experiment started taking data in May 2007. Since then, it has produced a
considerable amount of results. It reached the aim for which it was build: after the first "Be
neutrino measurements [4], [5], the precision measurement of the "Be solar neutrino rate
with a total error of less than 5% [6] has been reached. A possible day—night asymmetry



of the "Be neutrino interaction rate, predicted by some models, has been excluded [7].
Borexino provided the first measurement of the pep solar neutrino flux and gave the best
to-date upper limit on the CNO solar neutrino flux [8]. It also performed the measurement
of the ®B solar neutrino rate with an unprecedented low energy threshold of T' > 3 MeV [9)].
Borexino has also published significant results on non-solar neutrino physics, such as the
first observation of anti-neutrinos from the Earth (geo-neutrinos) [10] and several limits
on rare or forbidden processes [11], [12], [13]. These important results have been discussed
in previous reports and won’t be addressed here. In this report we are going to focus on
the articles published in year 2013.

3.1 Measurement of geo—neutrinos from 1353 days of Borexino
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Figure 2: Light yield spectrum of the 46 prompt golden anti-neutrino candidates and
the best fit. The yellow area isolates the contribution of the geo-7, in the total signal.
Dashed red line/orange area: reactor-v, signal from the fit. Dashed blue line: geo-7,
signal resulting from the fit. The contribution of other background is almost negligible
and is shown by the small red filled area in the lower left part. The conversion from p.e.
to energy is approximately 500 p.e./MeV.

We reported a measurement of the geo—neutrino signal obtained from 1353 days of
data with the Borexino detector [14]. This analysis was performed with 2.4 times larger
exposure with respect to the first geo—neutrino observation that Borexino published in
2010 [10]. With a fiducial exposure of (3.69 £ 0.16) x 103! proton x year after all
selection cuts and background subtraction, we detected (14.3 £ 4.4) geo—neutrino events
assuming a fixed chondritic mass Th/U ratio of 3.9. This corresponds to a geo—neutrino



signal Sje, = (38.8 & 12.0) TNU! with just a 6 x 107° probability for a null geo-neutrino
measurement. The data and the best fit are shown in Fig. 2. The main background for
the geo—neutrino measurement is due to reactor anti—neutrinos. The systematic error on
the expected background from the reactor anti—neutrinos is at the level of 5.8%. The fit
results in the Syeact = 84.5 108 TNU (there is no penalty on the reactor signal in the fit),
in a complete accordance with the expectations. Thanks to the extreme radiopurity of
the Borexino detector, the non anti-neutrino background is almost negligible, only 0.7 £
0.18 events within the 46 golden candidates.

With U and Th left as free parameters in the fit, the relative signals are Sty, = (10.6
+ 12.7) TNU and Sy = (26.5 £ 19.5) TNU. Borexino data alone are compatible with
a mantle geo—neutrino signal of (15.4 + 12.3) TNU, while a combined analysis with the
KamLAND data allows to extract a mantle signal of (14.1 + 8.1) TNU. The current
precision of the existing geo—neutrino measurements (both Borexino and KamLAND re-
sults [15]) is not sufficient to discriminate among different geological models.

3.2 Cosmogenic backgrounds in Borexino

The solar neutrino experiment Borexino is in a unique position to study muon-induced
backgrounds in an organic liquid scintillator. In the study [16] published in 2013, a large
sample of cosmic muons is identified and tracked by a muon veto detector external to
the liquid scintillator, and by the specific light patterns observed when muons cross the
scintillator volume. The yield of muon-induced neutrons is found to be Y,, = (3.10 +
0.11) - 107*n /(s - (g/cm?)). The distance profile between the parent muon track and the
neutron capture point has the average value A = (81.5 + 2.7) cm. Additionally, the yields
of a number of cosmogenic radioisotopes are measured for 12N, 2B, 8He, °C, °Li, 8B, °He,
8Li, 1Be, 1°C, and ' C, see Table 1. All results are compared with Monte Carlo simulation
predictions using the Fluka and Geant4 packages. General agreement between data and
simulation is observed for the cosmogenic production yields with a few exceptions, the
most prominent case being ' C yield for which both codes return about 50% lower values.
The predicted p-n distance profile and the neutron multiplicity distribution are found to
be overall consistent with data.

3.3 New limits on heavy sterile neutrino mixing in *B decay

If heavy neutrinos with mass m,, >2m, are produced in the Sun via the decay B —
8Be 4+ et + vy in a side branch of pp-chain, they would undergo the observable decay into
an electron, a positron and a light neutrino vy:

vy —vp+et +e . (1)

Borexino data are used to set a bound on the existence of such decays [18].
The emission of a heavy neutrino in the S*-decay of ®B is suppressed by the mixing

11 TNU = 1 Terrestrial Neutrino Unit = 1 event / year / 1032 protons



Geant4 Geant4 Fluka Borexino KamLAND
Model 111 Model IV

(E,) 283+ 19GeV —— 260 + 8 GeV
Isotopes Yield [1077 (ug/cm?)™!]
12N (L11£0.13)  (3.0£02)  (0.540.2) <11 (1.8 £ 0.4)
12g (30.14£0.7)  (20.7+£07) (288+1.9)  (56+3)  (42.9+3.3)
He <0.04  (0.1840.05) (0.30 % 0.15) <15 (0.7 + 0.4)
Li 06+0.1) (1.68+0.16) (3.1+04) (29+03)  (2.2+0.2)
5B (90.52+£0.09) (144£0.15) (6.6+£0.6)  (14£6)  (8.4%2.4)
‘He (18.5+0.5) (89+£04) (17.3+£1.1) (38 +15)  not reported
SLi (27.7+£0.7)  (7.84£0.4) (288+1.0)  (7£7)  (122+26)
9C 90.16 4+ 0.05)  (0.99+0.13) (0.91 + 0.10) <16 (3.0 +1.2)
1Be (0.24 £ 0.06)  (0.45+0.09) (0.59 = 0.12) <7.0 (1.140.2)
0@ (15.0£0.5) (4L1£08) (141407  (18+5)  (16.5+1.9)
ne (315 + 2) (415+3)  (467+23)  (886+115) (866 = 153)
Neutrons Yield m[107* (ug/cm?)™]

)7
(3.01+£0.05) (2.99+0.03) (2.4640.12) (3.10+0.11) (2.79 4 0.31)

Table 1: Predicted yields for cosmogenic products obtained from Geant4 (Model III and
IV) and Fluka are compared to data from Borexino. Also shown are results from the
KamLAND experiment [17]. Note that the production yields depend on the number of
carbon atoms per weight and the muon energy spectrum. Thus, a 10-20% difference
between KamLAND and Borexino results is expected.

parameter |U.z|? and a phase-space factor as:

0(E) = U 1~ () Bun( ) 2)

where F,,, is the total energy of the heavy neutrino. We use the standard ®B solar neutrino
spectral shape for ®sp.

The search for vy — vy + et + e~ decay is performed by comparing the measured
energy spectrum with that expected from vy-decays. The latter requires the knowledge
of the heavy neutrino flux ®(F£,,,) through the detector, of the kinetic energy of the e*e™
pairs produced (eq. 1), and the response function of Borexino to energy released by eTe™
pairs in the scintillator. The fit was performed in the range of 4.8 —-12.8 MeV and had
76 degrees of freedom. We constrain the mixing of a heavy neutrino with mass 1.5 MeV
< m,, < 14 MeV to be |U.g? < (1072 — 4 x 1079), respectively, see Fig. 3. These are
tighter limits on the mixing parameters than obtained in previous experiments at nuclear
reactors [19] and accelerators [20].
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Figure 3: Limits on the mixing parameter ’UeHrP/Hé«'SVI %qunction of neutrino mass m,,
(90% c.l.). 1: Borexino work [18] excludes values of |U.y|? and m, inside region 1. 2:
upper limits from reactor experiments on the search for vy — v + et + e~ decay due to
W-exchange mode [19]. 3: upper limits from 7 — e + v decay [20].

3.4 Lifetime measurements of >“Po and ?'?’Po with CTF liquid
scintillator detector

The data collected with CTF detector have been already used by Borexino collaboration
in past to set some important limits on physics beyond the standard model. But the main
goal of CTF was to serve as an ultrasensitive tool for measuring the radioactivity levels
unreachable by any other existing method. At the end of 2012 the Counting Test Facility
(CTF) was dismounted to host Dark Side experiment.

A series of measurements with radioactive sources 222Rn, 232Th, and ??°Rn sealed inside
transparent quartz vials and inserted in CTF detector were performed in 2011-2012 [21],
the main goal of the measurement was to establish the spectral shape of electron spectra
of 212Bi and ?'Bi of importance for precision geo—neutrino studies. Collected data allowed
us to study the decay time of 2'*Po and of 2!2Po isotopes.

Both #*Po and ?'2Po are unstable isotopes, characterized by short mean-lives (214p, &~
235us, T212p, A 430ns) and by emission of alpha particles with energies Faiap, & 7.833 " MeV
and F2izp, ~ 8.954 " MeV and 100\% branching ratios (BR). They belong to the ?**U and
232Th chains, respectively. In both measurements, we look for the fast coincidence be-



tween the B-decay of the father isotope (?'Bi or 2!2Bi) and the **Po or ?'?Po a-decay,
respectively. The ?14Po lifetime measurement is characterized by an unprecedented large
statistics (a2 10° events), and both the 2!2Po and 2'Po ones exploit a very long acquisi-
tion window, correspondent to &~ 7 mean-lives. Moreover, the high purity of the detector
materials allows to reach a signal-to—background ratio three orders of magnitude better
than any other existing measurement,

We find that the mean lifetime of 4Po is (236.00 £ 0.42(stat) +0.15(syst)) us and that
of 212Po is (425.1 £0.9(stat) £ 1.2(syst)) ns. Our results, obtained from data with signal—
to—background ratio larger than 1000, reduce the overall uncertainties and are compatible
with previous measurements.

3.5 SOX: Short distance neutrino Oscillations project

The Borexino detector offers a unique opportunity to perform a short-baseline neutrino
oscillation test, which will be able of exploring the sterile neutrino hypothesis in the
range of (sin® 04, Am2,) currently allowed by several experimental anomalies. Since the
currently preferred value for Am2, is of the order of 1eV? and the neutrino energies are
of the order of ~1MeV, the resulting oscillation lengths is of the order of meters. In this
case, it would be even possible to observe a spatial oscillation pattern emerging inside the
target volume.

The Borexino—collaboration paper [22] describes the possible layouts of >*Cr (v.) and
11Ce14Pr (1,) source experiments in Borexino and shows the expected sensitivity to
eV mass sterile neutrinos for three possible different phases of the experiment 4. The
experiment (named SOX - Short distance neutrino Oscillations with BoreXino) will be
carried out by using in a first instance (Phase A) a °'Cr v, source of 200-400 PBq activity
deployed at 8.25 m from the detector center; in a second phase (Phase B) by deploying a
4 Ce-14Pr 1, source with 2-4 PBq activity at 7.15 m from the detector center, and, finally,
in a possible Phase C, a similar 1**Ce-'*Pr 7, source located right in the center of the
liquid scintillator volume. Expected results on neutrino magnetic moment, electroweak
mixing angle, and couplings to axial and vector currents are shown too.

In its current form, the SOX project doesn’t require any modifications of the Borexino
experimental apparatus. The project has recently received a Advances ERC European
grant of 5-years duration.

4  Conclusions and perspectives

The first phase of Borexino started in 2007 and ended in 2010. Borexino collaboration
reviewed the solar neutrino program of Phase 1 in [24]. This work contains all details
about the analysis methods used in the "Be, pep, and CNO neutrino studies and for the
first time shows the results about the seasonal modulation of the “Be neutrino signal.
This work is currently under revision and will be submitted shortly to the journal.
Between 2010 and 2011 several purification cycles using the water extraction technique
have been performed in order to increase even further the scintillator radiopurity. These
purification campaigns have brought the #Kr content to values consistent with zero, and



10 T T T T 17T T T

2
Amy;
T TTTTT

I RA: 95% C.L.
RA: 99% C.L.

—— %'Cr:95% C.L. .

----- *'Cr:99% C.L. ,. ..
——— '%Ce (water): 95% C.L. o
----- 44Ce (water): 99% C.L. N, Y

Lot | — 1“Ce (centen: 5% .. ! _
I 144G (center): 99% C.L. sl T

Solar+KL:95% C.L. Jeal
Solar+KL:99% C.L. ..

1 1 11 11 ‘ | 1 1 11 11 | ~-'~ 1 1 | | I I |
107 107 o 1
sin“(26,,)

Figure 4: Sensitivity of the Phase A (°!Cr external, blue), of Phase B (1*Ce—*Pr exter-
nal, red) and Phase C (14Ce-*Pr center, green). The grey area is the one indicated by
the reactor anomaly, if interpreted as oscillations to sterile neutrinos. Both 95% and 99%
C.L. are shown for all cases. The yellow line indicates the region already excluded in [23].

have significantly reduced the ?!°Bi content (by a factor of ~ 3). In October 2011, after
the last water extraction cycle was completed, the Phase 2 of Borexino started. The
program of this new phase of the experiment is challenging and covers a broad range of
fields from stellar and solar physics to particle physics. The first Borexino publications
using also the Phase 2 data is the update of geo—neutrino measurement [14] and the search
for heavy sterile neutrino mixing in 8B decay [18].

The main goal of Borexino Phase 2 is the detection of neutrinos from the solar CNO
fusion cycle. This would be a major breakthrough for stellar evolution theories, since
the CNO cycle is believed to be the main mechanism of hydrogen burning in stars more
massive than our Sun. Although it should be present in the Sun at a comparatively small
level, it has never been observed. Also, the determination of the CNO flux could help
disentangling between the so-called low and high metallicity hypothesis for the Sun as the
reaction strongly depends on the abundances of carbon, oxygen and nitrogen at the solar
center. CNO neutrino detection is very challenging especially because of the degeneracy
of their spectral shape with that of the radioactive contaminant 2'°Bi. The content of
210Bi in the scintillator should be known precisely in order to disentangle its contribution
from the CNO rate. A big effort is currently devoted to developing analysis techniques
to determine the content of 21°Bi by studying the evolution in time of 2!Po (which is the
210Bi daughter). This analysis is made difficult by disuniformities of the contaminants
in the scintillator volume and variation in time of the content of 2!°Po and 2'°Bi due to



operations and convective motions.

An other important goal for the second phase of Borexino is the direct observation
of solar neutrinos from the pp reaction. These neutrinos stem from the most basic solar
fusion reaction and are responsible for most of the solar luminosity, but have never been
observed in real-time because of their low energies (E <420keV). The main source of
background for a measurement in Borexino is the high decay rate of 1*C and its pile-up.
A knowledge of the *C rate and of the spectral shape and rate of its pile-up are important
to perform a spectral fit to disentangle the pp signal. The already achieved reduction of
85Kr which also affects the low energy portion of the spectrum is an important progress
with respect to Phase 1. The pp neutrino analysis has been completed and the respective
paper will be submitted shortly to a journal of preference of the collaboration.

Further important results which we expect from the new data of Borexino are the
improvement in the precision of the "Be rate measurement (possibly down to 3%) and
of the shape of the electron recoil spectrum. This would be an important achievement
"per se” and would also help evidentiating possible effects due to neutrino Non Standard
Interactions.

In general, in order to probe possible non-standard effects, it would be important
to increase the amount of information in the so-called transition region from vacuum to
matter dominated oscillations, by improving the precision on the pep neutrino rate and
on the ®B neutrino rate (in the region between 3 and 5 MeV).

5 List of Publications in 2013

1. Borexino collaboration: Measurement of geo-neutrinos from 1353 days of Borexino,
Phys. Lett. B 722 (2013) 295-300.

2. Borexino collaboration: Cosmogenic Backgrounds in Borexino at 3800 m water-
equivalent depth, JCAP 1308 (2013) 049.

3. Borexino Collaboration: New limits on heavy sterile neutrino mixing in 8B-decay
obtained with the Borexino detector, Phys. Rev. D 88 (2013) 072010.

4. Borexino collaboration: Lifetime measurements of 214Po and 212Po with CTF lig-
uid scintillator detector at LNGS, Eur. Phys. J. A49 (2013) 92.

5. Borexino collaboration: SOX: Short distance neutrino Oscillations with BoreXino,
JHEP 1308 (2013) 038.
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Abstract

The aim of the COBRA-Experiment (Cadmium Zinc Telluride 0-Neutrino Double-
Beta Research Apparatus) is to prove the existence of neutrinoless double beta
decay (OvfB-decay) and to measure its half life.

As a semiconductor, Cadmium-Zinc-Telluride (CdZnTe or simply CZT) offers
the low radioactivity levels and good energy resolution required for a rare decay
search, with the added advantage of room temperature operation. CZT contains a
number of double beta decay candidates. The most promising is "'6Cd with a Q-
value of 2.8 MeV, which lies above the highest prominent naturally occurring v-lines
from natural radioactivity. Therefore, a detector array made of CZT detectors is
operated in the LNGS in Italy. This prototype is used to investigate the experimen-
tal issues of operating CZT detectors in low background mode, whilst additional
studies are proceeding in surface laboratories. The experiment currently consists of
monolithic, calorimetric detectors in a coplanar grid design (CPG detectors). These
detectors are 1x1x1cm? and will be operated in a 4x4x4 detector array. In such a
configuration it is possible to analyze coincidences between the detectors and make
use of the high granularity of such a setup. Furthermore, the installed detector mass
can be increased easily.

1 Activities at the LNGS

In 2013 more than fourteen working weeks have been accomplished in 2 shifts at the LNGS.
Several upgrades have been done, which are described in the following. Figure 1 shows a total
view of the whole experimental setup.

1.1 Experimental Upgrades
1.1.1 Completing the COBRA demonstrator setup

In 2013 the COBRA demonstrator setup has been completed with the installation of the re-
maining two detector layers. The demonstrator setup consists now of 64 detectors, it collects
low background data with a current accumulation rate of approximately 10 kg-days per month.
A better procedure to contact the high voltage cables for the bias voltage has been applied at
these layers, resulting in much less material in the vicinity of the detectors, which is important,
as all material is potentially contaminated. The measurements qualifying the detectors done
before installation show that these new detectors are the best used by COBRA so far. So it is
a reasonable assumption that these layers will collect data with a better quality than the older
ones. Figure 2 shows a detailed view of the inner part of the experimental setup.

1.1.2 Cooling of experimental setup

In order to have all four layers with 64 detectors running, cooling became an issue for the
COBRA demonstrator setup for the first time.

The data transmission is very stable and robust due to differential signal transmission used in
the electronics read-out system built by the COBRA collaboration. That is why it was decided
to move the data acquisition rack, which dissipates ca. 800W, into the server room of the upper
hut, which is cooled by an air conditioning system. The cable length of 20m has no impact on the
signal quality. Hence the major heat dissipation source in the environment of the experimental
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Figure 1: Total view of the experimental setup. Many new things have been installed in
2013, like the new detector layers, the new polycarbonate radon barrier and the pream-
plifier cooling system. Details to this can be found in section 1.1.

setup was removed.

Nevertheless, the dissipated heat of the preamplifier within the EMI shielding increase the
temperature to 25°C. The overall preamplifier electronics has been doubled due the installation
of layer 3 and 4. So the estimated temperature exceeds 35°C, which is undesirable because the
resolution of the of the whole DAQ chain is known to decrease with higher temperatures. To
improve the operating temperature a preamplifier cooling system was installed. The temperature
inside of the setup was chosen to be constant at 19 °C. Figure 3 shows pictures of the preamplifier
cooling system.

1.1.3 Radon barrier

The radon tight foil has been identified as a one of the major EMI problems because of its
metalization. It has induced large charge pulses on the capton wires which had to pass through
the radon shield. To remove this EMI problem a new radon shield consisting of polycarbonate
has been installed (see Fig. 4). This radon barrier is a cube using the two metal plates from the
old barrier, and three new polycarbonate plates. All this is carefully commissioned, especially
the feedthroughs for the data transmission cables, voltage supply and tubes for nitrogen flushing.
Figure 4 shows a picture of the radon barrier cube.

1.1.4 Uninterruptible Power Supply

To improve the overall stability of the experiment, three Uninterruptible Power Supplies (UPS)
were installed. One is in the lower hut, securing the bias voltage supply of the detectors and
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Figure 2: Detailed view of the inner part of the experimental setup. The partly dismantled
lead castle can be seen, which surrounds the copper bricks containing the detector layers.

preamplifiers. The other two are in the upper hut, as this part of the DAQ and electronics like
Flash-ADCs and server needs much more power.

2 Activities on the COBRA Coplanar Grid Detectors

2.1 Pulse shape analysis of multi-site interactions

The energy deposition of a neutrinoless double beta decay is expected to be a single-site event
(SSE) interaction in just one detector of the array. Hence, the differentiation between events
with multiple interactions from those with a single-site interaction only is one of the key instru-
ments to further reduce background. A cut criterion based on a pulse shape analysis method has
been developed to reject multi-site events (MSE). Such MSEs are typically caused by multiply-
scattered highly energetic photons. It is well known that Cadmium, as compound element of
the detector material CZT, has a very high cross section for the neutron capture reaction, such
as Cd113(n,y)Cd114 (c=20kbarn). The Q value of this reaction is 9.042MeV. This energy is
released in a high energetic photon cascade. Thus, interactions of such photons with the detector
material can cause events in the region of interest of COBRA. Since the energy deposition of
a OvBp3 event is expected to be almost always single-site, all events of the same energy clearly
identified as MSEs can be rejected in the final analysis.

Figure 5 shows typical examples for single-site and multi-site events taken from an energy cal-
ibration of the LNGS setup. To distinguish between SSEs and MSEs the derivative of the
difference signal of collecting anode (CA) and non-collecting anode (NCA) is analyzed as shown
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Figure 3: Left: Picture of the cooling device standing outside of the COBRA hut to
dissipate the heat into the tunnel. Right: Picture of the preamplifier cooling system flow
distributor supplying the cooling plates above the four preamplifier boxes. The flow in
each sub-system can be adjusted individually, so that the uppermost one can be cooled
the most, as it heats up most.

Figure 4: A total view of the radon barrier cube on the left, which shows the metal plates
behind the lead castle, and the polycarbonate walls on the other side of the cube. On the
right side a detailed view of the feedthrough is shown.
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in figure 6. The peaks in the derivative plot get identified by an adapted peak finding algorithm,
which is sensitive down to a minimal peak distance of about 10samples (100 ns). The basic cut
method is very robust as the noise level is calculated for each pulse individually. This approach
allows for an effective reduction of the influence of electromagnetic noise, especially at low en-
ergies.

To improve the cut efficiency and to enhance the understanding of the characteristics of SSE
and MSE, lab experiments are ongoing at the TU Dresden. A Compton scattering experiment
has been set up to create a library of clear SSEs for different energies and depth regions (see
figure 7). The idea is to irradiate one of the 1cm® COBRA CPG detectors with a Cs-137
gamma source (E, = 661.7keV) and search for coincidences of scattered photons with a high
purity Germanium detector (HPGe). The expected energy deposition Ecpg by a primary single
scattered photon at the CPG for a fixed scattering angle ¥} is known from the kinematics of
Compton scattering.

E
Ecra = .
7%(1 —cos?) +1

Knowing this, the energy deposited by the scattered photon in the HPGe can be calculated as
the difference of the initial gamma energy and the energy deposition in the CPG. By adjusting
the scattering angle it is possible to investigate different energy regions. If the coincidence
condition

Ey = Ecpc + Eupce

is fulfilled, the energy deposition in the CPG was very likely of single-site character. Using such
a library of SSEs would allow to precisely determine the MSE cut efficiency for different energies
and to carefully optimize the cut parameters.

First results of an alternative optimization procedure using LNGS calibration data with a Th-
228 gamma, source are shown in figure 8. At the one hand events in the single escape peak region
are expected to be almost always MSE, at the other hand the double escape peak is expected
to be almost always single-site. The peak strength of these regions can therefore be maximized
respectively minimized using a variation of the cut threshold to find an optimal value.

pulse shape: Event ID 12, Run ID 5d5612ba pulse shape: Event ID 38, Run ID 5d5612ba
© 1000 : o F : :
E [ |flagged as SSE P:‘::m E 1000 (flagged as MSE mm
o 800 |—ca ; o [ |[—caA : :
2 E [— NcA ] 2 800:_ — NCA :
600 |— pifr soof- | D
F Cath r Cath
400 400
200F 200
05.%...,,.”..“..\ - : Y T— . .
[ | | 13 | 1 | 1 H | " 1 1
450 500 550 600 650 700 750 450 500 550 600 650 700 750
ADC sample [x 10 ns] ADC sample [x10ns]

Figure 5: Typical pulse shapes for SSE (left) and MSE (right). The difference signal
(green) shows a clear plateau for MSE as result of the multiple energy deposition.
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dDiff: Event ID 12, Run ID 5d5612ba dDiff: Event ID 38, Run ID 5d5612ba
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Figure 6: Derivation of difference pulse for the events shown in figure 5. If there are
at least two peaks higher than the threshold (blue), the event gets flagged as MSE. The
threshold x-noise_level is calculated for each pulse as the product of an optimized constant
x and the RMS of the first 200 samples (red).

Figure 7: Experimental setup to identify single-site events by the use of Compton Scat-
tering. The CPG detector is mounted at the pivot of a goniometer device and acts as
the scatter device. The collimated Cs-137 gamma source is movable on rails to adjust the
distance (13.75 - 42.25 cm) and the analyzed scattering angle (0 and 90°) between source,
the CPG and the HPGe. Different collimator lead plugs can be used to reach a homo-
geneous radiation at several positions. The HPGe is collimated towards the pivot of the
scattering setup to mainly detect the scattered gammas from the CPG and to suppress
the background from the Cs-source (right pictures).

2.2 Lateral Surface Events ("LSE”) recognition

Events near the cathode and anode surfaces of a coplanar grid CdZnTe detector are identifiable
by means of the interaction depth information encoded in the signal amplitudes. However, the
amplitudes cannot be used to identify events near the lateral surfaces. An identification of lateral
surface events is possible by means of their pulse shape. Such identification allows for discrim-
ination of surface alpha particle interactions from more penetrating forms of radiation, which
is particularly important for rare event searches. The effectiveness in suppressing backgrounds
due to alpha contamination in the search for neutrinoless double beta decay is an important
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Figure 8: First result of MSE cut optimization with LNGS Th-228 calibration data. Left:
total energy spectra (blue) compared to the spectra flagged as SSE (green) respectively
MSE (red). Right: comparison of total spectra to the fraction of MSE. As expected, there
is a dip for the double escape and a peak for the single escape region. Since the Compton
valley between Compton edge and full energy peak is expected to be almost always MSE,
the fraction of MSE is strongly increasing in this region. The mean fraction for higher
energies is with about 90% right at the limit of the applied cut.

improvement in analysis. Much work has been done on this topic in 2013, resulting in a pub-
lication in 2014 describing a method to identify lateral surface events by means of their pulse
shapes, see ”Pulse-shape discrimination of surface events in CdZnTe detectors for the COBRA
experiment” in section 6. The LSE cuts are very powerful tools to suppress background, which
is shown in figure 9. The count rate could be reduced to less than 1 count / keV / kg / y in
the region of interest. On the other hand, the LSE cuts also lower the fiducial volume of each
detector. Therefore, it was decided to test 6 cm® detectors instead of 1 cm? which decreases the
surface to volume ratio by 45%. This will improve the overall detection efficiency and it will
also reduce the efficiency loss induced by the pulse shape analysis cuts.

2.3 Cd-113 spectrum

Furthermore, the beta decay spectrum of ''3Cd in the low energy region (50 keV up to 350
keV) was investigated. For the final energy spectrum 24 detectors are used. In figure 10 the
preliminary result of the analysis is shown.

1

For the fit function the theory from Behrens and Janecke is used 2. There is a good agree-
ment between the fit model and the data (XQ/ndf =30.69/63). For the Qg-value and the
half-life the following preliminary results are found: Qg = (323.6 £ 0.2(stat) + 1.2(sys)) keV’
and T1 = (7.91 4 0.09(stat) & 0.21(sys)) x 10%yr. These values are in good accordance to the
1results2 found by other groups. Further investigations are going on to improve the analysis in
the region with an energies below E = 50keV. For lowering the systematic uncertainties of
the half-life, efforts are made to reduce the uncertainty for the content of cadmium within the

IM. T. Mustonen, M. Aunola, and J. Suhonen, Phys. Rev. C 73, 054301 (2006); 76, 019901(E) (2007)
and M. T. Mustonen and J. Suhonen, Phys. Lett. B657, 38 (2007)

2H. Behrens and J. Jinecke, Numerical Tables for Beta-Decay and Electron Capture (Springer- Verlag,
Berlin, 1969)
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Figure 9: Spectrum of the LNGS data. Due to the hardware improvements at the exper-
imental setup and the sophisticated analysis methods, the count rate can be reduced to

less than 1 count / keV / kg / .
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Figure 10: Predicted theoretical shape for 1'Cd by Mustonen et. al.! (blue); data (black)
and fit of the data (red).
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detectors.

2.4 Towards a large-scale set-up — Estimation of the total Back-
ground Rate

A Monte-Carlo (MC) campaign was initialized to estimate the total background rate, after an
efficient radiation shield for a large-scale COBRA experiment was developed based on MC sim-
ulations as well. Altogether, 13824 detectors are simulated. The detectors have a size of 2cm X
2cm x 1.5cm and a weight of 36 g each. Furthermore, a cathode on one side of the detectors and
a lacquer surrounded the detectors are implemented. Nine detectors are arranged in a holder,
which is built out of Delrin plates. In addition, the Kapton cable for the anode readout as well
as the HV supply are applied. The weight of one holder is ~ 360 g.

Eight holders are aligned in a row with an ASIC in front of the first holder. Eight rows are lined
up in a shelves and finally, 24 shelves are stacked building a cubic arrangement of the detectors.
The inner part is surrounded by the developed shield. It consists of 10cm copper, followed
by 20cm of lead. The outer layer is 10 cm boron loaded polyethylene. The whole set-up has
therefore a total volume of 1655 x 1650 x 1650 mm? and a total mass of ~ 29200 kg.

In the next step different background radiation sources, e.g. natural, man-made and cos-
mogenic radioactivity, as well as primary and secondary components of the cosmic radiation
were investigated leading to a preliminary upper limit of the total background rate of < 15.7 -
1073 events/kg/keV /year. Altogether, eleven set-up parts, e.g. lacquer, layers of the shield were
considered as set-up parts. An important background source are radionuclei emitting alpha
particles, which settle down on the set-up parts near the detector, e.g. the cathode, surface of
the lacquer and the Delrin structure. This are mainly ??Rn and its progeny, see Figure 11.
Since analysis tools, like cuts on lateral surface events and multi-side events, cannot be applied
in the simulation, the possibility to further reduce the total background rate is given.

- An222 on lacquer surface (1 mBgkg)
0.0025 — Pa210 on lacquer surface (1 mBakg)
B Bi210 on lacquer surlace (1 mBgkg)
2nbb decay

0.002 —

Counts [1/kgkeViyr]

0.0015 —
0.001—

0.0005

5 -]
deposited E [MeV]

Figure 11: Spectra of ???Rn and its progeny compared to the 2vBf decay of '°Cd is
depicted with a threshold of 40keV and an energy resolution of 2% FWHM.
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Figure 12: Picture of two of the new 6ecm?® Detectors, compared to the old 1cm? one.

3 Large detectors

The new large detectors have two different anode geometries (see fig 12). The first is the scaled
anode design of the 1cm?® detectors and the second are four standard grids on one detectors.
Fach grid is rotated by 90° against its neighbors. This ensures that one anode type only covers
the sides of the crystal and the other one covers the inter subdetector walls. The behavior of
both anode geometries are unknown because they have not been used on such large detectors
before. Especially the quad structure will have an influence on the weighting potential of each
subdetector. The quad detectors also allows the discrimination of multisite events intrinsically, if
they trigger two anode grids, which also increases the signal to background ratio. All knowledge
of operating parameters known for the small detectors have to be investigated for the large
detectors. Furthermore, all pulse shape analysis cuts have to be validated on the large detectors
as well. The first results look very promising that the overall detector performance is not
decreased by these anode types.

4 Pixel detectors

The potential of fine pitch pixel hybrid detectors with CdTe sensor was further evaluated in
simulations. The optimal pixel with respect to pixel size and sensor thickness has been de-
termined with respect to energy resolution, detection efficiency and discrimination strength for
track structures generated by neutrinoless double beta decays against single electron tracks from
background processes. The optimal pixel pitch was found to be about 165 micrometers at 3 mm
thickness of the CdTe sensor layer with respect to the sensitivity to the effective Majorana neu-
trino mass. Various topological features for the tracks of decay electrons were defined and used
in random decision forests to distinguish between single electron tracks (background) and the
tracks of the two electrons after neutrinoless double beta decay. Simulations have shown, that
a relative reduction of the single electron background in the region of the Q-value of the double
beta decay by about 75% seems possible with fine pitch hybrid pixel detectors.

The energy resolution for the sum energy in electron tracks in hybrid pixel detectors was
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investigated in an experiment where pair production photons mimicked track structures of double
beta decays. It was demonstrated that measured tracks could be classified as tracks produced
by Compton scattering (single electron tracks) or as two tracks generated by pair production
(electron, positron) using an artificial neutral network trained with simulated tracks. The results
were published in 4.

5 Conclusion

The COBRA demonstrator setup has been completed in 2013. It now consists of all 64 detectors
of the size 1 x1x1x em?. Improved methods contacting the detectors have been applied. Because
of the increased heat dissipated with the new detector layers three and four, a cooling system
became necessary. That is why the main DAQ rack dissipating the most heat was moved to
another room, furthermore a system was installed cooling the preamplifier devices. Additional
upgrades to improve the quality of the electronic signal transmission like a new radon barrier
including cable feedthroughs were commissioned as well.

In laboratory test measurements new methods to reduce background in the offline analysis were
tested. These new methods seem to be a very powerful tool, resulting in a count rate of less
than 1 count / keV / kg / y in the region of interest.

More background reduction could be achieved if the detector and other surrounding material is
stored, tested and handled in a cleanroom atmosphere.
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Abstract

The aim of CRESST (Cryogenic Rare Event Search with Super-
conducting Thermometers) is to search for particle Dark Matter and
to contribute to the elucidation of its nature. The experiment is lo-
cated at the ‘Laboratori Nazionali del Gran Sasso’ (LNGS), Italy,
and it uses low background cryogenic detectors with superconduct-
ing phase transition thermometers for the direct detection of WIMP-
nucleus scattering events.
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1 Dark Matter

There is strong evidence for the existence of dark matter on all astronomical
scales, ranging from dwarf galaxies, through spiral galaxies like our own, to
large-scale structures. The history of the universe is difficult to reconstruct
without dark matter, be it Big Bang Nucleosynthesis or structure formation.

Despite this persuasive indirect evidence for its existence, the direct detec-
tion of dark matter remains one of the outstanding experimental challenges
of present-day physics and cosmology.

A plausible candidate for the dark matter is the Weakly Interacting Mas-
sive Particle (WIMP) and it is possible that it can be detected by labo-
ratory experiments, particularly using cryogenic methods, which are well
adapted to the small energy deposit anticipated. Supersymmetry provides a
well-motivated WIMP candidate in the form of the Lightest Supersymmet-
ric Particle. WIMPs are expected to be gravitationally bound in a roughly
isothermal halo around the visible part of our galaxy with a density of about
0.3 GeV/cm? at the position of the Earth.

Interaction with ordinary matter is expected via elastic scattering on nu-
clei. This elastic scattering can occur via coherent (“spin-independent”) and
spin-dependent interactions. For the coherent case, a factor A? is expected
in the cross-section, favouring heavy nuclei.

Conventional methods for direct detection rely on the ionisation or scin-
tillation caused by the recoiling nucleus. This leads to certain limitations
connected with the low ionisation or scintillation efficiency of the slow recoil
nuclei. The cryogenic detectors developed for CRESST measure the de-
posited energy calorimetrically, independent of the type of interaction, and
allow for the detection of much smaller recoil energies. When such a calori-
metric measurement of the deposited energy is combined with a measurement
of scintillation light, an extremely efficient discrimination of the nuclear re-
coil signals from radioactive background signals can be obtained. These type
of detectors are being used in the present phase CRESST-II.

2 Detection Principle

The low-temperature calorimeters consist of a target crystal with an ex-
tremely sensitive superconducting phase transition thermometer on its sur-
face. A weak thermal coupling to a heat bath restores again the equilibrium
temperature after an interaction. The thermometer is made of a tungsten film
evaporated onto the target crystal. Its temperature is stabilised within the
transition from the superconducting to the normal conducting state, which
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Figure 1: Schematic representation of the detector for simultaneous phonon
and light measurement. It consists of two separate cryogenic detectors en-
closed in a highly reflective housing, read out by tungsten superconducting
phase-transition thermometers. This concept, developed by scientists of the
institute, is used in CRESST-II. It allows a very efficient discrimination of
the searched nuclear recoil signals from the dominant radioactive §- and
~v-backgrounds.

occurs at temperatures of about 10 mK. A typical width of the transition is
about 1mK. A small temperature rise e.g. from a WIMP-nucleus scattering
event (typically some pK), leads to an increase of resistance, which is mea-
sured with a SQUID (Superconducting Quantum Interference Device). For
the first phase of CRESST, which ended in 2001, 262 ¢ sapphire detectors
had been developed at MPI. These detectors provided an excellent energy
resolution of 133eV at 6keV and a very low energy threshold of 600eV.

In the second phase, CRESST-II, we are using 300 g scintillating CaWQO,
target crystals. The scintillating crystal is equipped with a superconduct-
ing tungsten phase-transition thermometer for the detection of the phonons
created by a particle interaction in the scintillating crystal. A small fraction
of ~ 1% of the deposited energy is emitted as scintillation light, which is
measured with a separate cryogenic detector, optimised for light detection.
Fig. 1 shows a scheme of this composite detector.

Starting with a proof-of-principle experiment in 1998, the technique of
simultaneous measurement of phonons and scintillation light has been de-
veloped at the Max-Planck-Institute. The important advantage of this tech-
nique is that it offers an extremely efficient suppression of the radioactive
background down to very low recoil energies of about 10keV. While the
phonon signal measures the deposited energy, the amplitude of the corre-
sponding light signal depends on the type of interaction. Nuclear recoils,
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Figure 2: Coincident detection of phonons and scintillation light with a
CaWOQy detector. Left: The upper band of events is due to irradiation of
the CaWOQy, crystal with electrons and gammas, whereas the lower band with
lower light yield, is from nuclear recoils caused by a neutron source. Right:
Removing the neutron source confirms that there is no leakage of ionising
events into the nuclear recoil region.

such as WIMP or neutron scattering events, emit substantially less scintil-
lation light than fully ionising interactions, e.g. ~ or 3 interactions, do. As
the overwhelming part of the background consists of § and ~ interactions,
this phonon/light technique provides a very effective method of background
suppression. Fig. 2 illustrates this detection method.

Compared with the alternative approach of simultaneous measurement
of phonons and charge in a semiconductor crystal, which is applied in the
experiments CDMS-II and Edelweiss-II, the method developed for CRESST-
IT has the important advantage that it does not suffer from dead layers at
the surface. A reduced charge collection for ionising events occurring close
to the surface in semiconducting crystals may lead to a false identification of
low energetic 7’s and f’s as nuclear recoils. The result in Fig. 2, which was
obtained with a gamma and beta source, confirms that the suppression also
works for low-energy electrons impinging onto the crystal surface.

3 The CRESST Setup in Gran Sasso

The central part of the CRESST installation at Gran Sasso is the cryostat.
The low temperature which is generated in the mixing chamber of the dilution
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refrigerator is transferred into the radio-pure cold box, via a 1.5m long cold
finger. The cold finger is protected by thermal radiation shields, all fabricated
of low-background copper. The detectors are mounted inside the cold box at
the end of the cold finger. Two internal cold shields consisting of low-level
lead are attached to the mixing chamber and to a thermal radiation shield
at liquid Ny temperature, respectively, in order to block any line-of-sight
from the non-radio-pure parts of the dilution refrigerator to the detectors
inside the cold box. The design completely avoids potentially contaminated
cryogenic liquids inside the cold box.

An extensive passive shielding of low-background copper and lead sur-
rounds the cold box and serves to shield radioactivity from the surrounding
rock. The entire shielding is enclosed inside a gas-tight radon box that is
flushed with boil of Ny gas and maintained at a small overpressure. Special
care was taken to minimise above-ground exposure of the construction ma-
terials of the cold box and the shielding to cosmic rays, in order to avoid
activation.

4 Preparations for the present run

The latest run of CRESST took place between June 2009 and April 2011. It
included a neutron test and vy-calibrations with 57Co and #*2Th sources. Out
of the 18 detector modules installed in the cryostat only 8 were used for the
Dark Matter analysis. One was excluded due to its unusually poor energy
resolution and an additional one was excluded being equipped with a test
Z/nWOQ, crystal. The remaining ones mainly had difficulties in cooling the
light detectors and could therefore not provide the full information needed
for Dark Matter analysis, but still were used to tag coincident events with
signals in more than one detector module.The validity of events which are
considered for analysis is ured with few basic quality cuts applied to the
raw data [1]. The data set collected by eight detector modules between
July 2009 and March 2011 corresponding to a total net exposure after cuts
of 730kgdays showed some hint for the possible existence of a light mass
WIMP (see last annual report). To clarify this situation a run with strongly
reduced background was prepared. .

In the reporting period a new run has been prepeared with modifica-
tons of detectors and setup aiming at a significant reduction of the overall
background level. The most important modification addresses the reduction
of the a and 2°°Pb-recoil backgrounds. Another modification addresses the
neutron background. Our main goal for the next run is to either confirm
or reject the presence of a low mass WIMP signal with high confidence and
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Figure 3: Dilution refrigerator and low-background cold box with its shielding
upgraded for CRESST-II. The gas-tight radon box enclosing the Cu (shown
in gray) and Pb (blue) shielding is completely covered by a plastic scintillator
p-veto (pink) and 40 cm of polyethylene (red).

negligible systematic uncertainties due to the modeling of backgrounds. In
the following sections we will briefly describe the measures for the reduction
of background.

4.1 Measures for reduction of background
4.1.1 Neutron background

The neutron shielding in the last run consisted of ~40cm of polyethylene
(PE) surrounding the Pb/Cu shielding. The remaining neutron background
in the data was most likely from neutrons in the Pb/Cu shielding, either
generated by radioactive processes in the shielding material or by muons
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penetrating the Pb/Cu shielding without triggering the muon veto. Such
neutrons inside the Pb/Cu shileding have relatively low kinetic energies and
can effectively be moderated already by a relatively thin plastic layer placed
inside the Pb/Cu shield. Therefore install a 5 cm thick polyethylene layer
inside the Pb/Cu shieldwas installed. It is expected to reduce the background
from neutrons originating in the Pb/Cu shield by more than an order of
magnitude. Part of this shielding is placed in vacuum inside the cold box,
and another overlapping part outside. The outside part may be removed to
still allow a neutron test with an external neutroun source during the run.

4.2 Degraded o’s and ?"°Pb nuclear recoil background

The silver coated bronze clamps holding the target crystal, which provide the
only non scintillationg surface inside the detector housing, were identified as
the source of these two types of backgrounds in the last run. The degraded
a-particles observed at low energies can be attributed to a significant 21°Pb
contamination in the bulk material (Cu-Sn bronze) of the clamps, while the
206pPh recoil background was from 2!°Po or 2°Pb atoms deposited at the
surface of the silver coated clamps. The range of the 103keV Pb recoils in
silver is just a few tens of atomic layers, and it is only the contamination of
the surface which matters here.

The ?'*°Pb atoms may have been deposited during an exposure to radon
in air after production of the clamps, e.g. while mounting of detectors in
the cold box at Gran Sasso. The cool down of the last run was interrupted
by the L’Aquila earthquake and detectors had to be repaired and remounted
again underground after the earthquake, before the successful cool down took
place. This resulted in a prolonged exposure of about 6 weeks to radon in
the air of the underground laboratory.

On the other hand, a very rapid deposition of 'Po may have occurred
at the end of the electrolytic silver coating process in the moment, when
the voltage was disconnected [2]. Both types of initial deposits, *'°Po or
210Ph, can be distinguished via the resulting time dependence of the rate of
ejected 2°°Pb recoils. When 21°Pb is deposited, the rate will increase with
the 138 days half life of 2'°Po. However, when 2'°Po is deposited the rate
will decrease with the same half life. An analysis of the data of the last run
indicates a rise of the rate and and suggests that it is 210Pb freshly deposited
just before the start of the run, which is responsible for most of the events in
the Pb reference region. This supports the hypothesis that exposure of the
clamps to radon in air may have contributed a significant fraction of the low
energetic 2°°Pb recoil background observed in the last run and preventing
radion exposure of the clamps may significantly reduce this background.
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4.2.1 Radon prevention during assembly and mounting of detec-
tors

Originally we planned to assemble detectors for next run in the clean room
at MPI and use radon reduced air for mounting of detector modules in the
cryostat. The clean room ventilation in Munich was modified to get fresh
air with a high flow from about 15 m above ground, where we expected the
radon level to be relatively low. First tests in early spring 2012 gave radon
levels below ~5Bq/m®. However, with rising temperatures outside, the over-
all level increased and sometimes peaks well above 10 Bq/m?® were measured.
This forced us to give up the plan of conveniently assembling detector mod-
ules in the clean room at MPI. An intermediate attempt of mounting in an
existing glove box under Ny atmosphere proved to be too slow and too diffi-
cult.

In autumn 2012 we finally decided to build a tight metallic housing around
our already existing laminar flow area at the top floor of the CRESST build-
ing at Gran Sasso and supply it with deradonized (j5[mBq/m?]) air. This
setup for assembling detectors has been completed in January 2013.
Additionally, a space around the coldbox of the cryostat was prepared, which
can be flushed with deradonized air to avoid radon during the phase of mount-
ing of detectors in the cold box. All detectors were mounted and stored in a
Radon free atmosphere.

4.2.2 New clamps

We made a new bronze material from selected Cu and extremely high purity
tin and fabricated new clamps from this material. A small tin sample was
converted into a cryogenic calorimeter to measure the rate of alpha decyas
occurring in the volume. In this measurement no 2!°Po decay was observed,
which translates into an upper limit of the *'°Po activity of | 28 mBq/kg.
With this type of measurement were able to improve the limit which can
be obtained with a conventional low background Ge detector by almost two
orders of magnitude. All production steps from the starting material to the
final clamps were carefully controlled with mass spectrometry measurements
of iostopes in the natural decay chains.

We are very confident that the background of degraded alphas with this
new clamps will practically disappear. Instead of using a problematic silver
coating, the surface of the clamps is sputter etched and then sputter coated
with aluminum. After sputter coating clamps were stored in containers con-
tinuously flushed with N? gas.
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5 Current status of the experiment

The CRESST cryostat was cooled down in May 2013.

All the 18 detector modules mounted became operational within two weeks
from the cool down, enhancing the success rate in terms of operational detec-
tors to 100%. The significantly shorter time required with respect to the past
can be attributed to an improved thermal coupling of the holding structure
of the detectors (carousel) and to the replacement of the full set of detector
holders. This last measure was taken to ensure the use of a heat leak free
copper for all parts constituting the holders.

The cool down was followed by a gamma calibration and by the optimization
of detectors which extended until end of July 2013.

Since July 30th the CRESST experiment is taking Dark Matter data.

One of the 18 light detectors shows an unclear problem with the heater dis-
turbing the stability of the complete carousel. Therefore, the stabilization of
it in the operating point had to be avoided.

Our main goal for the current run is to lower neutron, o and 2°Po recoil
backgrounds by more than an order of magnitude with respect to the achieve-
ments of the previous run. This should then allow to either confirm or reject
the presence of a low mass WIMP signal with high confidence and negligible
systematic uncertainties due to the modeling of these backgrounds.
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Abstract

CUORE is a challenging experiment designed to exploit the cryogenic bolometer
technique to reach a sensitivity of the order 10?6 years on the 83(0v) half-life of
130Te, thus approaching the inverted hierarchy region of the neutrino masses. The
detector will consist of a close-packed array of TeOs crystals containing ~ 206 kg
of 30Te in total and cooled to an operating temperature of ~ 10 mK inside a large,
dedicated cryostat.

CUORE is now in an advanced stage of construction. All construction-related
activities are essentially on schedule, and items on the critical path are being fol-
lowed with particular care. The first phase of the cryogenic commissioning was
completed during the summer with the second successful cooldown of the 4 K sec-
tion. Meanwhile, the detector assembly line has continued to make steady progress
in constructing towers and data collection with CUORE-0 has begun. Here we
report the most relevant activities carried out for the CUORE experiment in 2013.

1 Detector components

The CUORE detector will consist of 988 TeO, crystals arranged into 19 identical towers.
Each tower will contain 52 crystals held securely inside a copper structure by specially-
designed PTFE brackets (Fig. 1).
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Figure 1: Detailed view of the components of a single CUORE tower.

A temperature sensor (neutron-transmutation doped (NTD) Germanium thermistor)
and a Joule heater are glued to one face of each crystal. After a tower is assembled,
gold wires are bonded directly from the thermistor and heater to readout ribbons held
in specially designed copper trays fixed to the tower structure. A complex procedure for
cleaning the tower copper parts—the so-called “TECM” process, based on a sequence of
mechanical, electro-chemical, chemical, and magneto-plasma treatments—has been de-
veloped in order to guarantee that background contributions from radioactive surface
contaminants are reduced to an acceptable level.

A detector-part database has been developed to store relevant information about ev-
ery component of the CUORE detector, i.e. production time, cleaning history, sea-level
exposure time intervals, and so on.

1.1 Crystals

The 5x 5 x5 cm?® TeO, crystals were grown at the Shanghai Institute of Ceramics, Chinese
Academy of Sciences (SICCAS). Crystal production has proceeded steadily since 2009 at
a dedicated clean room facility in Jiading, China, and batches of finished crystals were
shipped to LNGS every 1-2 months, traveling by sea to limit cosmogenic activation. All
1063 TeO, absorbers have now been delivered to LNGS. After a visual inspection, the
delivered crystals are stored in nitrogen-fluxed cabinets in CUORE’s underground Part
Storage Area (PSA). Of the 1063 delivered crystals only a fraction (24) were found to
have some visible internal flaws, whose origin is unknown. These crystals were returned
to SICCAS and replaced with new ones.

Approximately 4% of the delivered crystals are tested as cryogenic bolometers to verify
their radio-purity and to check overall performance. In these so-called CUORE Crystal
Validation Runs (CCVRs), four crystals are randomly selected from the most recent
shipments, assembled into a detector module, and cooled to 10 mK inside the CUORE
R&D cryostat in Hall C at LNGS. Each CCVR typically lasts for ~ 1 month, which is
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the time needed to acquire sufficient statistics to verify that the crystals meet contract
specifications. The last CCVR has been performed in summer 2013. All of the tested
crystals have met or exceeded the desired energy resolution and the contract specifications
for bulk radioactivity and dimensional tolerances. Based on this, we expect all crystals
to meet the requirements for CUORE.

In June 2013, three workers from SICCAS spent two weeks at LNGS to reprocess
the surfaces of a total of 44 TeOy crystals which had been used for CCVRs or which
suffered a failure during the gluing procedure. The polishing of the crystal surfaces was
accomplished using the same procedures followed at the Chinese plant. Crystals were
then vacuum-packed in a double-layered PET bag, before returning to the PSA storage.

1.2 NTD thermistors

Each CUORE crystal is instrumented with a NTD Ge thermistor for signal readout. These
devices are produced by irradiating pure Ge wafers at the MIT research reactor for precise
lengths of time. This procedure dopes the semiconductor very homogeneously and also
very close to the metal-insulator transition, a necessary characteristic of these specialized
thermistors. After a nine-month radioactive-decay “cool-oft” period, the wafers are further
processed into sensors at LBNL. To date, more than 1500 CUORE-specific thermistors
have been prepared in this manner. About 1000 are needed to fully instrument CUORE,
including 988 used for direct event detection and the remainder used for monitoring
temperatures around the cryostat.

In August 2013, the assembly team encountered unusual wire-bonding problems with
some of the thermistors in Towers 5 and 6 (Towers 1, 2, 3, and 4 were bonded successfully).
Wires were not adhering properly to the gold contact pads on the NTDs during the
usual ball-bonding process. Rutherford backscattering (RBS) and Secondary Ion Mass
Spectrometry (SIMS) measurements conducted on both bondable and problematic NTDs
revealed significant contact metal/Ge alloying within the problematic bonding pads. The
measurements are consistent with an overheating of the Ge substrate during the vacuum-
deposition plating process. We have subsequently identified two batches of thermistors
that show tis phenomenon: those produced in December 2011 and a second set delivered
in mid-2013.

In light of this, we have sampled all remaining NTD batches to identify those that
are easily bondable prior to gluing the thermistors onto the TeO, crystals. We have also
developed specific techniques that allow us to successfully wire bond to the alloyed-contact
devices that are already installed in towers. Concurrent with this work, we designed
and fabricated a new mask for producing all remaining thermistors. The new mask
incorporates the use of high thermal-conductivity materials, reflective coatings, and a
thermal shield to reduce the overall heat load on the NTDs during contact formation.
These improvements have shown to be quite effective and the new mask has subsequently
been used to fabricate two new batches of devices.

Towers 7, 8, and 9 were assembled with “certified bondable” NTDs and were suc-
cessfully wire bonded. We are now highly confident about the effectiveness of the NTD
selection process and new fabrication procedures. To date, about 300 thermistors have
been manufactured with the new process and both SIMS tests and bonding of a small
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statistical sample indicate they are easily bondable. A total of 13 towers have been as-
sembled and fully bonded, and the equivalent of over 17 towers worth of thermistors have
been glued to the TeO, crystals. There exist adequate, approved, thermistors to complete
all the 19 towers foreseen for CUORE.

1.3 Copper parts

The copper parts that form the scaffolding for the CUORE detector towers are fabricated
in the Milano Bicocca and Legnaro workshops, cleaned at LNL (Laboratori Nazionali di
Legnaro) according to a special protocol (see Section 1), and then placed in underground
storage at LNGS (PSA) until the time comes for assembly. Both the design of the tower
structure and the surface cleaning methods are rather different with respect to those used
in Cuoricino. A complete test of the copper fabrication, cleaning, and assembly sequence
was possible only via the construction and operation of the CUORE-0 tower.

The production of the frames by the Legnaro workshop encountered a major interrup-
tion during Spring 2013 due to severe maintenance needs of the Electrical Discharge Ma-
chine (EDM) used to process them, which took a few months to be fixed by the CELADA
company. The production recovered at the beginning of June 2013. This caused a shift
of the completion of CUORE frame production to January 2014, which includes also ad-
ditional machining requests to replace damaged frames during cleaning and/or assembly
steps.

The frame production interruption did not interfere with the cleaning line of the copper
parts. Regular TECM cleaning of CUORE copper parts has been steadily going since
Easter 2012.Thanks to the new second plasma cleaning machine recently incorporated
into the cleaning line, the TECM cleaning throughput is on schedule. Several quality
checks are done at various points of the cleaning process, especially for what concerns
the radio-purity of the cleaning acids and the alpha-contamination of treated copper test
pieces. Copper parts for the first twelve towers were already sent to LNGS and the third
batch of six towers was completed and stored inside the PSA.

2 Electronics and data acquisition

Main goal of the CUORE electronics is to provide an effective low-noise system for reading
and monitoring CUORE detectors. It is interfaced to the CUORE data acquisition system
(DAQ) which records the data and provides a link with the slow-control and data analysis
tools.

2.1 Front-end electronics

The pre-production phase of the main board of the front-end electronics has been com-
pleted. The corresponding samples are currently under validation at the INFN Milano-
Bicocca laboratory. The final production is foreseen to be completed in early 2014. Each
board consists of 8 layers of 233x280mm? PCB that accommodate 6 channels. Each
channel is composed of a preamplifier and a second-stage PGA, the load resistors, the
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detector biasing system, and a number of other features which allow the thermistor DC
characterization and the monitoring of many voltage nodes. The main board contains
more than 1000 components and is remotely accessible via CAN serial bus.

The backplane boards for the main board have also been pre-produced. Their final
production will follow the prototyping of the pulser boards and power supplies. CAN serial
bus is coupled by fibre optic to the electronics and the glue boards for the electrical-light-
electrical conversion have been in pre-production since mid September.

UCLA is going to receive the final production of the Bessel filter boards for test-
ing. Their antialising programmable frequencies have been optimized on detectors having
characteristics close to those of CUORE-0. USC has produced the boards for the DC/DC
conversion system and is assembling the components. As soon as they will be available,
they will be tested in CUORE-0. The final phase of the characterization and calibration
of the preamplifiers was completed at UCLA. Tests on the connecting link between the
mixing chamber and room temperature are ongoing at Milano-Bicocca.

2.2 Faraday cage

The Faraday Cage is mainly needed to shield the high-impedance signal links between the
detectors and the front-end electronics from disturbances coming from the main power
line (50 Hz), cryogenic pumps and all other EMI interferences which may be injected
from the outside. Located on the second floor of the CUORE building, the cage will
exploit the existing vertical beams (building steel work) as a mechanical support. The
cage volume will be 6.3x6.1x2.9m3. The total surface will be close to 150m?. The
preliminary specification is for a 60 dB attenuation at 50 Hz. Since the disturbances at 50
Hz are mainly induced through the magnetic field, they must be shielded by absorption,
which requires a shield made of a high magnetic permeability material. Steel plates of
6 mm thickness would constitute a good shield, but the overall weight would exceed the
maximum load for the hut floor. A lighter solution is to combine a thinner layer of steel
with panels of Skudotech, a material specifically designed for low-frequency magnetic
shielding. Skudotech comes in panels (Skudal S3022) made of 3mm thick aluminum
layer, a 0.2 mm Skudotech layer, and a 2mm aluminum layer, which will cover the inner
side of the walls of the Faraday cage. The mechanical design of the structure is ongoing.
The grounding configuration of the whole experiment is also being studied.

2.3 Slow control

The CUORE Slow Control System (CUORE-SCS) development is carried out by the INFN
groups of Bologna, LNGS, and Milano-Bicocca and by a US group at UCLA. The system
makes use of the TANGO package and LabVIEW for the high- and low-level systems,
respectively. The US group is developing the high-level system (user interfaces, clients,
webserver, database, interface with the intermediate level), while the the Italian group is
taking care of the low-level (interface with the intermediate level, instrumentation driver),
including the interfaces between Tango and LabVIEW.

In Bologna, a dummy connection TANGO/LabVIEW in the same PC has been de-
veloped. At UCLA, the first version of the user interface has been completed and doc-

39



umented. The next step is to install and configure the system in the dedicated machine
present in the CUORE control room, joining the two parts and replacing the dummy
virtual instrument with a real one.

2.4 Data acquisition system

In 2013 most of the CUORE data acquisition hardware was purchased. All the National
Instruments chassis, controllers, and signal cables, and most of the digitizer boards are
now in Genova. The remaining digitizer boards and the data acquisition computers will be
bought at the beginning of next year. The data acquisition system is now being configured
and tested in Genova, and it will be sent to LNGS in 2014. A small DAQ system, based
on a single chassis, will be configured and installed at LNGS, where it will be used for
the bolometric tests of the CUORE cryostat.

3 Cryogenics

In 2013, the construction and commissioning of the cryostat have achieved several im-
portant milestones. The outer cryostat (300 K, 40 K and 4 K vessels) was cooled twice:
in April and in June, reaching the temperature of 3.5 K. During the second cool-down,
one DCS unit was tested using a dedicated mock-up that simulates the inner cryostat. In
parallel, the characterization of the Dilution Unit was completed and the installation of
the external lead shield is in progress.

3.1 Installation and test of the cryogenic set-up

The first cool-down of the cryostat was performed using 3 Pulse Tubes; at that time the
innermost vessel reached a temperature of 5 K. After warming up, several improvements
were implemented in order to reach the nominal temperature (4 K). First, it was realized
that two out of six baffles were defective and they detached from the 300 K ports when
pumping the IVC - i.e. just before (or during) the cool-down. The design of the baffles
was changed and the new baffles were installed before the second cool-down. In addition,
the single-layer superinsulation of the 4 K plate was replaced with the same 10 layer MLI
used for the 40 K plate. Finally, the thermometers were re-calibrated using their three-
point function instead of the standard Lakeshore function and in a few cases, redundancy
was assured mounting additional thermometers fixed to the cryostat with an improved
thermalization system. The result of the second cool-down was fully satisfactory. A
temperature of 7 K was reached in about 7 days and 3 additional days were needed to
reach the 3.5 K base temperature: this 3-day tail was due to the presence of the steel mock-
up for the DCS inside the 4 K vessel. The mock-up is not simulated in the thermal model
but the model reproduces rather well the behavior of the cryostat at thermal equilibrium.
Transient phases and cooling times are reproduced within a 30% uncertainty. The IVC-
to-OVC leak observed during the first cool-down was visible in the second cooling, too.
We hence decided to perform a dedicated test session at room temperature during the
startup of the Phase II of the commissioning (see below).
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After the warm up, the external vessels were lowered and we installed the missing
parts of the outer cryostat. These parts are the fast cooling tubes between the 300 K
and 4 K plates, the bars holding the inner plates (“SS bars”) and one wiring port (WS3).
We also took the opportunity to re-clean the 40 K plate since the cleaning done in Simic
in 2012 after the mounting of the steel threads (“helicoil”) was significantly worse than
the standard one performed for the other plates/vessels at BAMA (Turbigo, Italy). The
plate was hence dismounted, sent to BAMA, and mounted back in the cryostat. The
remounting procedure was completed at the beginning of October; tests of individual
tubes and IVC-to-OVC integral leak tests are in progress.

3.2 Procurement

The inner vessels and the corresponding gilded plates were completed in April. The three
inner vessels (600 mK, 50 mK and 10 mK) were cleaned at BAMA and delivered to
LNGS at the end of April. The steel rings that are needed to position the vessels were
completed in May and delivered to LNGS in June. The titanium bars that hold the inner
plates were delivered to LNGS in October. In September, the copper thermalizations for
the detector and lead suspensions were characterized and machined while gilding is in
progress. The suspensions will be reinstalled with the new thermalizations after the leak
tests together with the suspensions for the inner lead (not mounted during the Phase I of
the commissioning). In conclusion, all parts needed for the Phase II of the commissioning
are ready and delivered.

The 10 mK shield that will be employed in the Phase II is not the one that will host
the CUORE detector. The latter is in production at CINEL (Padova, Italy): the tender
for the final 10 mK shield is completed and welding tests are in progress. Delivery is
expected in early 2014.

3.3 External Shield

The external shield is designed to screen the cryostat from environmental neutrons and
~ rays. Neutron thermalization and absorption is achieved by a borated polyethylene
terephthalate (PET) floor and by lateral walls of PET followed by boric-acid powders,
which are poured in plastic frames. The B-PET shield is followed by lead blocks. To
ease its installation on the ground floor of the hut, the steel structure holding the shield
was divided into three horizontal rings. The rings were produced by Comasud (Teramo,
Italy) and delivered to LNGS in August (Fig. 2). The rings were already equipped with
the B-PET floor (lower ring) and with the lateral PET walls at the time of construction
in Comasud. Onsite, the rings are filled with lead and the filling proceeds in parallel with
the commissioning of the cryostat.

3.4 The Detector Calibration System (DCS)

The CUORE Detector Calibration System (DCS) is designed to introduce a set of radioac-
tive y-ray sources from outside the CUORE cryostat into the detector region. A total of
12 source strings with 232Th source capsules will be inserted into the cryostat to provide
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Figure 2: Delivery of the external shield in Hall A.

an absolute energy calibration of each TeOy bolometer at the working temperature of the
detector. The DCS consists of a motion system on top of the cryostat operated at 300 K, a
thermalization mechanism at the 4 K stage of the cryostat, and a guide tube system that
directs the source strings around the structures and internal shields of the cryostat into
the detector region. A key technical challenge of the DCS is the insertion of the source
string and the cooldown during the deployment process without exceeding the heat-load
requirements of the individual cryostat stages. Each individual source capsule has to be
thermalized with a custom-design squeezing mechanism. The complete calibration system
will consist of 12 guide tubes inside the cryostat and 12 corresponding source strings.
As a technical verification and demonstration of the deployment and cooldown pro-
cess, the DCS group installed and operated this summer a complete calibration source
deployment system for 2 source strings in the cryostat. All elements of the calibration
system including the 300 K motion box, electronics and software controls, the thermal-
ization mechanism at 4 K and the guide tube routing were tested at 4 K. A mock-up
of the internal cryostat structure was mounted on the 4 K plate to simulate the internal
structure of the cryostat as needed for the DCS testing. Specially-instrumented source
capsules and thermalization mechanisms were used to collect data on the cooldown rate
and thermal behavior of the DCS components. This is the first time that a source string
was operated inside the cryostat during a cooldown. The results of the test demonstrated
that the thermalization mechanism cools down the source capsules and the source string.
The functionality of the detector calibration system was verified. The data from this
cooldown is being analyzed and will be used to optimize the deployment parameter such
as speed and cooldown time. The remaining hardware parts of the DCS are now in
fabrication. Final installation and commissioning of the DCS is scheduled for 2014.
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Figure 3: Cooldown test of the Detector Calibration System. Left and middle: Mockup of
the internal cryostat structure and guide tube system. Right: Deployment system above
300 K (top) and mechanical source thermalization mechanism below 4 K (bottom).

4 Detector assembly

We began assembling detector towers in late February 2013, and we aim to complete all
19 towers by Summer 2014.
Detector assembly is subdivided into four distinct, sequential operations (Fig. 5):

1. Cleaning of assembly tools and equipment, and of tower-readout wire ribbons;
2. Gluing of thermistors and heaters to TeO, crystals;

3. Mechanical assembly of glued crystals, copper, PTFE, and wire ribbons into
towers; and

4. Bonding of gold wires between crystals’ sensors and readout wire ribbons.

Except for cleaning, all of these activities are carried out inside the clean room on the
second floor of the CUORE hut. Gluing is performed inside a dedicated glove box which
hosts a semi-automated robotic system for attaching sensors to crystals, while mechanical
assembly and bonding are carried out using a single workstation with four interchangeable
glove boxes. All glove boxes are continuously fluxed with Ny gas during use to ensure
tower components are kept in a Rn-free environment.

Some assembly activities can be carried out in parallel, though there are constraints
due to limited availability of personnel and equipment, restrictions on clean-room oc-
cupancy, etc. In general we try to glue crystals nearly continuously, while mechanical
assembly and bonding take turns using the clean room for 3- or 4-week stretches because
they utilize the same workspace and equipment.
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Figure 4: The first six detector towers in storage inside the CUORE clean room.

| CLEANING || GLUNG || ASSEMBLY | BONDING

Figure 5: The main steps in the detector assembly process.
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4.1 Organization

Most assembly activities are overseen by a “responsible”—i.e., a collaborator in charge of
completing that task—and this person works in conjunction with a technical coordinator
who maintains the equipment used for that activity. A significant fraction of the gluing
and mechanical assembly work is performed by four external-company technicians under
the supervision of the responsibles or trained collaborators.

4.2 Cleaning

Cleaning of tools and consumables, now largely a routine activity for the external-company
technicians, poses no real problems. The only items that are challenging to clean are the
delicate wire-readout ribbons, which must be cleaned and dried carefully to avoid dam-
aging their copper wire traces. In early towers we observed some unexpected darkening
of the copper traces after cleaning, but we believe this was due to residual moisture and
after making a concerted effort to dry them more thoroughly the problem has largely gone
away.

4.3 Crystal gluing

Crystal gluing is a near-continuous activity, interrupted only when the system needs
maintenance and on certain days when mechanical assembly is in progress and all of the
external-company technicians are needed there. Gluing normally involves two technicians
and a collaborator who has volunteered to act in a supervisory role for a two-week shift.
The standard rate of gluing production is 12 crystals every two days, resulting in a tower’s
worth of glued crystals every two weeks.

The gluing system is complicated and consequently it requires near-constant attention
and frequent servicings and troubleshooting. Most recently we experienced a serious
problem when several of the cartridges used to hold the bicomponent glue epoxy suddenly
ruptured inside the glove box during glue-deposition operations. Fortunately, we believe
that we have solved the problem by lowering the tools-line pressure by 30%.

As of the end of 2013, fifteen towers worth of crystals have been instrumented by the
gluing subgroup. If we maintain the current crystal gluing schedule, gluing operations
should finish in April 2014.

4.4 Mechanical assembly

Mechanical assembly found an early rhythm and has run quite smoothly. We generally try
to assemble towers in batches of 3-4 for efficiency, and we’ve been successful in keeping
to a schedule of building one tower per week for multiple weeks in a row. The physical
assembly of each tower only takes one day, but the preparation, gluing and attachment
of the readout ribbons, and the wrap-up work take several days. Assembly work involves
the responsible and 3-4 technicians, and we often have to temporarily suspend gluing
operations during the two days per tower when all four technicians are needed for assembly.
Our rough goal is to assemble three towers every two months. By the end of 2013, eleven
towers were mechanically assembled.
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4.5 Wire bonding

Like mechanical assembly, wire bonding is performed in batches for efficiency. The bond-
ing subgroup completed 9 towers in 2013. Bonding went smoothly during the first cam-
paign, which saw Towers 1 and 2 successfully bonded. The bonding campaign for Towers
3 through 6 encountered a range of problems: (i) we discovered a technical problem with
the bonding machine which required a maintenance visit from the vendor to repair, (ii)
we encountered problems with misplaced glue residue on the contacts of previously-glued
NTDs re-processed in the gluing glovebox, and (iii) we discovered, as mentioned in Section
1.2, that the gold contacts on the batch of NTDs glued to Towers 5 and 6 did not accept
ball bonds carried out using the established protocol. While the first two issues caused
some delays, the third was by far the most serious. To avoid this problem in subsequent
towers, the gluing and bonding subgroups worked closely together to systematically check
a large sample from all thermistor batches delivered to LNGS before gluing them to crys-
tals. In parallel, as detailed in Section 1.2, a more robust contact deposition technique
was developed and the bonding subgroup developed a protocol that allowed Towers 5 and
6 to be bonded in December 2013. Towers 7, 8, and 9 which were assembled in the interim
with “certified bondable” NTDs were successfully bonded in October 2013.

5 CUORE-0

Main goal of CUORE-0 is a full test and debug of the hardware and procedures specifically
developed in recent years for the CUORE detector. CUORE-0 is actually a single CUORE
tower, that was built in full accordance with the CUORE recipe and using the CUORE
assembly line. After solving a number of serious problems related to the yielding cryogenic
setup of Cuoricino, the detector was finally successfully cooled down in March 2013.

Besides being a promising detector that will surpass the limit on the effective neutrino
mass set by Cuoricino, CUORE-0 is also an high-statistics check of the improvements
implemented to reduce the background sources and to improve the bolometric response
of the detectors in view of CUORE. One of the main goals of the CUORE-0 detector
is to measure the « background coming from the detector surface (mainly the copper
structure surfaces facing the absorber and the crystal surfaces themselves), in order to
validate the new cleaning techniques and assembly procedures adopted for CUORE. These
surface contaminations are dangerous because they can produce degraded alphas that
release only part of their energy in the crystal absorber. These events contribute to a
flat background that goes from the full a-particle energy peak to much lower energies,
reaching the neutrinoless double beta decay region of interest. The reduction of the flat
continuous background in the region of interest would then be a proof of the effectiveness
of the new cleaning and assembly procedures.

5.1 Detector operation

After we reached the base temperature of ~10 mK on all the detectors, in April 2013 the
detector optimization phase started. A lot of effort was spent in order to understand and
reduce all possible sources of noise that worsen the performance of the detectors.
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Figure 6: CUORE-0 energy spectrum.

At the end of April the background data taking started. Even though some interrup-
tions occurred due to cryostat maintenance, we run the detector for 4 months, up to the
end of August 2013, collecting a total statistics of 6.86 kg-y.

Figure 6 shows the energy spectrum of pulse amplitude recorded by 49 fully active
channels during background runs. The energy resolution, evaluated on the 2%8T1 full-
energy peak in the background spectrum of Fig. 6, is 5.6 keV FWHM (o = 2.1 keV).

Since the detector is operating in the cryostat used for Cuoricino, the high-energy y-ray
background (coming from ?*Th contamination in the cryostat shields) is not expected
to change. Having said that, the very preliminary results on the background index in
the region of interest are very encouraging. Figure 7 shows the comparison between the
background count rate of Cuoricino and CUORE-0 in the region 600-8000 keV.

The v lines from 23U are now reduced of a factor of 2 with respect to Cuoricino, as
an indication of the better Radon control during the assembly of the detector and/or its
operation. The « lines from 228U and ?32Th are also reduced in CUORE-0, thanks to the
new detector surface treatment. The ~ lines from 23*Th, as expected, are not reduced
because they originate from the cryostat shield.

It is interesting to study the energy region between 2.7 and 3.9 MeV that is right
above the highest y-line in the ?*?*Th chain (2.6 MeV), but below the lowest a-line at
about 3.9 MeV from 2*2Th. In this interval it is possible to evaluate the o contribution
to the background in the region of interest for the double beta decay of ¥°Te which lies
in a lower energy region.

In the region between 2.7 and 3.9 MeV, excluding the internal o peak from *°Pt, the
background from « surface contamination in CUORE-0 (0.019+0.002 counts/keV /kg/y) is
~ 6 times smaller than in Cuoricino (0.110+£0.001 counts/keV /kg/y). In the neutrinoless
double beta decay region, where the contribution from cryostat v contamination cannot be
reduced, the background index is (0.07440.012 counts/keV /kg/y). Such a low background
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Figure 7: CUORE-0 energy spectrum.

level is the result of a thorough control of all the possible surface recontamination at
all assembly line stages. With the current background, CUORE-0 will overcome the
Cuoricino sensitivity in about a year of data taking. We look forward to another an
exciting and productive year for CUORE-0 and CUORE in 2014.
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Abstract

DAMA is as an observatory for rare processes located deep underground at the
Gran Sasso National Laboratory of the LN.F.N. (LNGS) that develops and exploits
low background scintillators. In 2013 the main experimental activities have been
performed with: i) the second generation DAMA /LIBRA set-up (sensitive mass: ~
250 kg highly radiopure Nal(T1)), upgraded in 2008, 2010 and at the end of 2012;
ii) the DAMA /LXe set-up (sensitive mass: ~ 6.5 kg liquid Kr-free Xenon enriched
either in 129Xe or in 130Xe); iii) the DAMA/R&D set-up (a facility dedicated to
perform relatively small scale experiments, mainly investigating double beta decay
modes in various isotopes); iv) the DAMA /Ge set-up (mainly dedicated to sample
measurements and to specific measurements on rare processes); v) a small set-up
(named DAMA /CRYS) for prototype tests and detectors’ qualification. The main
DAMA activities during 2013 are summarised in the following.

1 DAMA/LIBRA

DAMA/LIBRA (Large sodium Iodide Bulk for Rare processes) is an unique apparatus
for its sensitive mass, target material, intrinsic radio-purity, methodological approach and
all the controls performed on the experimental parameters (c.fr. [1, 2, 3, 4, 5] and the
2013 publication list). It is the successor of DAMA /Nal[6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18], with a higher exposed mass, higher duty cycle and increased sensitivity. The
main goal of DAMA /LIBRA is the investigation of the DM particles in the galactic halo
by exploiting the DM model independent annual modulation signature[19, 20].

The granularity of the apparatus (25 detectors in a matrix 5x5) is an important fea-
ture to study Dark Matter and background identification since Dark Matter particles can
just contribute to events where only one of the 25 detectors fires (single-hit events) and
not to whose where more than one detector fire in coincidence (multiple-hit events). The
apparatus has also the unique feature (as well as DAMA /Nal) that gamma calibrations
are regularly performed down to the software energy threshold in the same conditions as
the production runs, without any contact with the environment and without switching-off
the electronics. The high light yield and other response features have allowed working in
a safe and reliable way down to 2 keV (DAMA/LIBRA- phasel). At the end of 2010 new
photomultipliers (PMTs) with higher quantum efficiency [21] have been installed, some
other optimisations have been done and the data taking of DAMA /LIBRA-phase2 then
started. Among the further scientific goals of this set-up we also recall here: i) investi-
gation with high sensitivity of the Dark Matter (DM) particle component in the galactic
halo by the model independent approach known as DM annual modulation signature,
with highly precise determination of the modulation parameters (which carry crucial in-
formation); ii) corollary investigations on the nature of the candidate and on the many
possible astrophysical, nuclear and particle physics scenarios; iii) investigations on other
possible model dependent and/or model independent approaches to study Dark Matter
particles, second order effects and some exotic scenarios; iv) improved search for processes
of Pauli exclusion principle violation in 2Na and '7T; v) search for possible electric charge
non-conservation (CNC) processes, as the electron decay into invisible channels and in the
e~ — v, + 7 channel, excitations of nuclear levels of ?Na and '?"I after CNC electronic

50



capture, ..; vi) search for possible nucleon, di-nucleon and tri-nucleon decay into invisible
channels in 2Na and ?7I; vii) search for solar axions by Primakoff effect in NaI(T1); viii)
search for nuclear rare decays in 2Na, 2T and TI isotopes (as e.g. superdense states,
cluster decay, ...); ix) search for neutral particles (QED new phase) in 2! Am decays, etc.

Most of these investigations require further dedicated data taking and high exposure
to reach competitive sensitivities. As regards the DM features, which can be suitably
exploited further collecting very large exposure, see e.g. the Sect 6 of Ref. [11] and the
Appendix of Ref. [2]. In particular, the latter shows how the decreasing of the software
energy threshold as in the present DAMA /LIBRA-phase2 offers the unique possibility to
investigate the modulation amplitude at the lowest energy, where a discrimination power
can disentangle among many of the possible DM scenarios.

1.1 Final model-independent result of DAMA /LIBRA-phasel
on DM annual modulation

The results obtained with the total exposure of 1.04 ton x yr collected by DAMA /LIBRA-
phasel during 7 annual cycles (i.e. adding a further 0.17 ton x yr exposure) have been
presented at international conferences and the paper on the final model independent result
of DAMA /LIBRA-phasel was published (see the 2013 publication list).

The same procedures previously adopted (c.f.r. Refs. [1, 2, 3] and the 2013 publication
list) were exploited also in the analysis of the data of the seventh annual cycle and several
analyses on the model-independent investigation of the DM annual modulation signature
have been performed.

Fig. 1 shows the time behaviour of the experimental residual rates of the single-hit
scintillation events in the (2-4), (2-5) and (2-6) keV energy intervals for the complete
DAMA /LIBRA-phasel. The residuals of the DAMA /Nal data (0.29 ton x yr) are given
in Refs. [2, 10, 11]. We remind that these residual rates are calculated from the measured
rate of the single-hit events after subtracting the constant part: < 7, — flat;, > ;. Here
rijk is the rate in the considered i-th time interval for the j-th detector in the k-th energy
bin, while flatj is the rate of the j-th detector in the k-th energy bin averaged over the
cycles. The average is made on all the detectors (j index) and on all the energy bins
(k index) which constitute the considered energy interval. The weighted mean of the
residuals must obviously be zero over one cycle.

In general it is worth noting that rejection strategies cannot safely be applied to
the data when a model-independent signature based on the correlation of the measured
experimental rate with the Earth galactic motion is pursued; in fact, the effect searched
for (which is typically at level of few %) would be largely affected by the uncertainties
associated to the rejection procedure. On the other hand, the signature itself acts as an
effective background rejection.

The DAMA /LIBRA-phasel data give evidence for the presence of DM particles in the
galactic halo, on the basis of the exploited model independent DM annual modulation
signature by using highly radio-pure Nal(T1) target, at 7.5 ¢ C.L.. Including also the first
generation DAMA /Nal experiment (cumulative exposure 1.33 ton x yr, corresponding
to 14 annual cycles), the C.L. is 9.3 0. At present status of technology the DM annual
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Figure 1: Experimental residual rate of the single-hit scintillation events measured by
DAMA /LIBRA-phasel in the (2-4), (2-5) and (2-6) keV energy intervals as a function
of the time. The time scale is maintained the same of the previous DAMA papers for
coherence. The data points present the experimental errors as vertical bars and the asso-
ciated time bin width as horizontal bars. The superimposed curves are the cosinusoidal
functions behaviours Acosw(t — ty) with a period T" = %’r = 1 yr, a phase t5 = 152.5
day (June 2"?) and modulation amplitudes, A, equal to the central values obtained by
best fit on the data points of the entire DAMA /LIBRA-phasel. The dashed vertical lines
correspond to the maximum expected for the DM signal (June 2"?), while the dotted
vertical lines correspond to the minimum.
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modulation is the only model independent signature available in direct dark matter in-
vestigation that can be effectively exploited. All the many specific requirements of the
signature are fulfilled by the data and no systematic or side reaction able to mimic the
exploited DM signature is available (see e.g. Refs.[2, 3,9, 10, 11, 22, 23, 24, 25, 26, 27, 28|
and the 2013 publication list). In particular, only systematic effects or side reactions
simultaneously able to fulfil all the specific requirements of the DM annual modulation
signature and to account for the whole observed modulation amplitude could mimic this
signature; thus, no other effect investigated so far in the field of rare processes offers a so
stringent and unambiguous signature.

Studies on other DM features, second order effects, and several other rare processes
are in progress with the aim to reach very high sensitivity. Studies for measurements with
data taking dedicated to other rare processes are continuing.

It is also worth noting that in the DM field DAMA /LIBRA is the set-up still having
the highest intrinsic radio-purity, the largest exposed sensitive mass!, the largest collected
exposure, the deepest controlled running condition and stability, and the only one with
highly sensitive ULB (Ultra-Low Background) Nal(T1) detectors.

The DAMA obtained model independent evidence is compatible with a wide set of
scenarios regarding the nature of the DM candidate and related astrophysical, nuclear
and particle Physics. For example, some of the scenarios available in literature and the
different parameters are discussed in Refs. [10, 11, 7, 12, 13, 14, 15, 16, 17, 5, 29, 30]
and in Appendix A of Ref. [2]. A further large literature is available on the topics; many
possibilities are open.

No other experiment exists, whose result can be directly compared in a model in-
dependent way with those by DAMA /Nal and DAMA/LIBRA. In particular, both the
negative results and the possible positive hints (by COGENT, CRESST and CDMS)
achieved so-far in the field, are largely compatible with the model independent annual
modulation results of DAMA in many scenarios, also considering the large uncertainties
in theoretical and experimental aspects, the same holds for indirect approaches; see e.g.
some arguments in 2013 publication list and quoted references.

1.2 DAMA/LIBRA-phase2

e During 2013 DAMA /LIBRA has continued to take data in the new phase2 config-
uration with the PMTs of higher quantum efficiency|[21] and new preamplifiers.

e Trigger modules and designs for other developments were realised to further imple-
ment the apparatus for low energy studies.

e The results obtained in dedicated measurements for a new search for correlated
eTe™ pairs in the o decay of > Am were published (see 2013 publication list and
Sect.1.2.1).

Tn this case the sensitive mass is the total mass of the Nal(Tl) crystals and not a reduced fiducial
mass.
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1.2.1 New search for correlated e*e™ pairs in the o decay of ! Am.

A new search for correlated e*e™ pairs in the o decay of 2! Am has been carried out deep
underground at LNGS by using pairs of Nal(T1) detectors in the DAMA /LIBRA-phase2.

In the seventies experimental and theoretical investigations of weak interactions in
nuclei suggested the presence of various electromagnetic phenomena, which modify the
basic decay processes. In the conventional perturbation treatment of the weak interactions
these phenomena are attributed to higher-order terms. These higher-order terms, accom-
panying  decay and shell-electron capture, are [31, 32]: (i) internal bremsstrahlung; (ii)
ionisation and excitation of the electron cloud; (iii) internal pair production (IPP). After
first estimates [33, 34] and further measurements[35], in 1973 [32] and in the following
years the IPP process was also investigated in the « decay, where this effect could give
additional information on the higher-order phenomena accompanying nuclear transforma-
tions.

Experimental results presently available and theoretical estimates are quoted in Tablel.

Table 1: Experimental results and theoretical estimates of A = A‘;‘% for the IPP process in
« decays, where A.+.- and A, are the ete™ and « activities, respectively. The superscript
® identifies the A value derived for IPP from Ref. [36] when adopting the procedure
described in the 2013 publication list.

Source Experiment Theory

A (x1079) Detectors Year Ref. A (x107%)  Year Ref.
20p, | 53+17 Nal(T1)+Ce(Li) 1986 138] 44 1978 [37]
239py 749 Nal(T)+Ge(Li) 1986 138] 22 1978 [37]
21Am | 31406 Nal(T1)+Ge(Li) 1973 [32] 1.2 1973 [32]

2.15+0.25 Nal(T1)+Ge(Li) 1986 38] 2.3 1978 [37]

1.8+0.7° Plastics+Ge 1990 [36]

470 £0.63  Nal(Tl) pairs 2013 present work

In addition, in Ref. [39] a new model where the pair production would be due to a
QED strong coupling phase was proposed after some anomalous phenomena were observed
in collision of heavy ions at GSI and in collision of heavy ions with e™ [40]. In Ref. [39]
some experimental tests were suggested for this model; one of them is the search for
double coincidence events produced by positron annihilation. Thus, in this scenario the
production of positronium states in « decay of heavy nuclei may be a concurrent process
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with respect to the IPP one. However, since the IPP process is better stated, we have
referred the results to it.

The results presented have been obtained through dedicated measurements with some
pairs of the Nal(Tl) detectors of the DAMA/LIBRA set-up in the new configuration
after the upgrading occurred in fall 2010 when all the PMTs were replaced by new ones
with higher quantum efficiency, specially developed by HAMAMATSU; details can be
found in Ref. [21]. The light response in this experimental configuration is typically 6-10
ph.e./keV depending on the detector. In the particular measurements dedicated to the
present study an 2! Am source was placed in the middle of each used Nal(Tl) pair for a
total of 6 sources used. The electronic chain was modified with respect to the usual one [1]
by excluding the 500 ps blocking time and by using either twelve detectors (six pairs) in
the first running period or six detectors (three pairs) in the second one. An improvement
of a factor ~ 2 has been achieved as regards the ratio of the live time over elapsed one
in the second dedicated run, where just three pairs have been used (those with the lower
number of coincidences in the first run).

In both running periods each pair has the detectors of the other used pairs as anti-
coincidences; this implies two different coincidence backgrounds for a same pair in the
two different running periods (see 2013 publication list). The excess rates per pair in the
region of interest during the two running periods are compatible. Thus, the compatibility
and the independence between the first and the second dedicated runs allow us to perform
a combined analysis of the two data sets.

The source experimental data show an excess of double coincidences of events with
energy around 511 keV in faced pairs of detectors, which are not explained by known side
reactions. Moreover, any sizeable contamination of the sources themselves by isotopes 51
emitters is not present to our knowledge. This measured excess gives a relative activity A
= (4.7040.63) x 10~? for the Internal Pair Production (IPP) with respect to the a decay of
241 Am. This value is of the same order of magnitude as the previous determinations [32, 38,
36] obtained by using different set-ups, sources (with different features and producers) and
experimental approaches. In a conservative approach the upper limit A < 5.5x1072 (90%
C.L.) can be derived. It is worth noting that this is the first result on IPP obtained in an
underground experiment, and that the A\ value obtained in the present work is independent
on the live-time estimate (which is difficult to estimate with very high accuracy in similar
experiments because of the relatively high intensities of the ! Am sources).

2 DAMA /LXe

We pointed out since 1990 [41] the possible interest in using the liquid Xenon as target-
detector material for particle DM investigations. Since the end of 80’s (former Xelidon
experiment of the INFN) we have realised several liquid Xenon (LXe) prototype detectors.
Since 1996 we pointed out to the INFN-CSN2 the intrinsic problems of this detector
medium for large scale experiments dedicated to DM investigation and agreed to pursue
the activity by exploiting Kr-free enriched Xenon gases in limited volume.

The presently running set-up (with a Cu inner vessel filled by ~ 6.5 kg — ~2 1 — of liquid
Xenon) can work either with Kr-free Xenon enriched in ?Xe at 99.5% or Kr-free Xenon
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enriched in *®Xe at 68.8% [42, 43, 44]. Many competing results were achieved on several
rare processes [42, 43, 44, 45, 46, 47]. It is worth noting that e.g. the mass exposed when
using the Xenon enriched in '?Xe corresponds for spin-dependent coupled particles to
expose 24.5 kg of natural Xenon, while the exposed mass when using the Xenon enriched
in ¥Xe corresponds for spin-independent coupled particles to an exposed mass of 50.4
kg of natural Xenon.

In the recent period, data are collected by using Kr-free Xenon enriched in *%Xe and
focusing the high energy region to study rare processes. Various efforts and data analyses
are in progress.

3 DAMA/R&D

The DAMA /R&D installation is a general-purpose low background set-up used for mea-
surements on low background prototypes and for relatively small-scale experiments [48,
49, 50, 51].

The measurements mainly investigate 28 decay modes in various isotopes; both the
active and the passive source techniques have been exploited as well as the coincidence
technique. Particular attention is dedicated to the isotopes allowing the investigation of
the 23" processes and in particular to resonant 2¢ or €8 decay channels. In particular,
in the first case an enhancement of the rate by some orders of magnitude is predicted
for the case of coincidence between the released energy and the energy of an excited
state. In the second case the investigation of neutrino-less 2¢ and eS8 processes can
refine the understanding of the contribution of righthanded currents to neutrino-less 2
decay; therefore developments of experimental technique to search for 2e¢, ¢51, and 28*
processes are strongly required considering also that in the 28" investigations a gap of
several orders of magnitude between theoretical expectations and experimental results is
the usual situation and the better achieved sensitivities do not exceed the level of T/, ~
102" yr. Even more important motivation to search for double electron capture appears
from a possibility of a resonant process thanks to energy degeneracy between initial and
final state of mother and daughter nuclei. Such a resonant process could occur if the
energy of transition (Qgs) minus the energies of two bounded electrons on K or/and L
atomic shells of daughter nucleus is near to the energy of an excited level (E...) of the
daughter isotope.

Therefore developments of experimental technique to improve the reachable sensitivity
in the searches for 2e, ¢87, and 28" processes are strongly required.

Finally, investigations on various kinds of new scintillators and preliminary works for
the future measurements are also in progress.

Some of the main 2013 results are listed in the following, with more details on the
works published in 2013.

e Preliminary results on the application of BaFs scintillators have been presented at
conference. In particular, the radioactive contamination of a 1.7 kg BaF, crystal
scintillator was determined to be on the level of few Bq/kg of ?2Ra and *?Th.
Preliminary pulse-shape analysis of 2'2Bi -2'2Po events gives for the half-life of 2!2Po:
Ty 2(***Po) [299.340.9(stat.)+1.2(syst.)] ns, in agreement with the Table value
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T1/2=299(2) ns, and in a reasonable agreement with the recent Borexino result
T1/2=294.7(1.0) ns. New measurements are foreseen in near future in DAMA /CRYS
(see later) with new crystals to search for double beta decay of barium isotopes and
for accurate measurement of the half-lives of some radionuclides of uranium and
thorium families.

Preliminary studies have shown that segregation of thorium and radium is very
low in cadmium tungstate (CAWOQOy) crystals. It gives a hint of possible signifi-
cant improvement of CAWOQO, radio-purity by recrystallisation, which could be an
important methodological step to advance sensitivity of double beta decay experi-
ments to search for double beta decay of 1%Cd and '*%Cd by using CdWOy crystal
scintillators. We are going to measure one of *CdWO, crystal scintillators in
scintillation mode, recrystallise the sample by the low-thermal-gradient Czochral-
ski technique, and then test radioactive contamination of the crystal obtained by
the re-crystallisation. Similar properties are expected also for ZnWQO, and PbWO,
crystal scintillators, which are promising detectors for rare events searches (as we
already shown), and in further development.

Further investigation of beta decay of 1*™Cd are in preparation.

A further paper on the production strategies and achieved performances of enriched
CdWO, detectors as well as some of the future perspectives has been published.
Future strategies for developing higher radio-pure detectors are ongoing.

As regards the search for double beta decay of '9Cd with the help of enriched
H6CAWOQ, crystal scintillators, the analysis of the data accumulated after the detec-
tor upgrade in October 2012 allowed to improve an accuracy of the half-life relatively
to the two neutrino mode of decay as Tfﬁﬁ(“ﬁCd) = [2.6+0.05(stat.)£0.3(syst.)] x 10
yr; the previous result was Ty ,=(2.5£0.5) x10" yr, while the spread of the half-live
values obtained in other experiments are in the range (2.1— 4.0) x10 yr (taking
into account the experimental errors). The improvement was reached thanks to the
increased statistic and accurate estimation of the "6CdWO, crystals radioactive
contamination by U/Th daughters (instead of the limit obtained earlier), which al-
lowed the simulation of the energy spectrum with higher accuracy. The detector was
upgraded in October 2013 taking into account the data analysis and the Monte Carlo
simulation of the experimental data; besides, the previously used liquid scintillator
surrounding the *6CdWO, crystals (contaminated by “°K on the level of ~2 Bq/kg)
was replaced by highly radio-pure liquid scintillator (developed by the Borexino col-
laboration). A significative background improvement was found (especially in the
energy region before 1.4 MeV), which should allow us to improve further the accu-

racy of the two neutrino mode half-life, and increase the experimental sensitivity to
different channels of 23 decay of 116Cd.

Continuing the previous activity on the subject, new developments on Srly(Eu) de-
tectors have been under investigation and further measurements are planned firstly
in DAMA/CRYS and, then, in DAMA/R&D.
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This DAMA /R&D set-up is as a general-purpose set-up and will assure us also in
future the possibility to realise many kinds of low background measurements in an
efficient way at well reduced cost. In particular the present measurements with the
H6CAWO, crystals are planned with further improvements to continue over about
4 years as needed to reach the proposed goal; then, the other measurements will
start in the DAMA /R&D setup after preliminary measurements in DAMA /CRYS
(see later).

4 DAMA/CRYS

The installation of this new small set-up, dedicated mainly to test prototypes and to
qualify detectors, is almost completed. In particular, in 2013, the automatic opening
system has been designed and now is under completing. While the design, the creation
and installation of a cryogenic system (to allow the investigation of some scintillator
responses as a function of the temperature) is under study. This apparatus will regularly
work in the future on several kinds of measurements; at present test measurements at
room temperature are carried out.

5 Measurements with DAMA /Ge and LNGS STELLA
facility

The measurements on samples and on various R&D developments are performed by means
of the DAMA low background Ge detector, specially realised with a low Z window; it is
operative deep underground in the STELLA facility of the LNGS. Some selected materials
are in addition measured with high sensitivity ICP-MS and mass spectrometers. Also
other Ge detectors (in particular, GeMulti) are used for some peculiar measurements.

In particular, the main data takings/results during year 2013 with DAMA /Ge and
LNGS STELLA facility are summarised in the following.

e A new stage of the experiment to search for double beta processes in °Cd by using
enriched 1%CdWO, crystal radio-pure scintillator in coincidence with the four low
background crystal HPGe gamma spectrometer GeMulti was realised in April 2013.
The data acquisition of the experiment was upgraded and additional calibrations
with radioactive sources have been done to improve the timing of the detector.
New improved limits on double beta processes in °°Cd have been obtained on the
level of Ty, >10%-10?! yr (only few double % decaying candidate isotopes have
been investigated so far at this level of sensitivity) after about 3 thousands hours of
data taking; in particular, the half-life limit on decay of °°Cd relatively to the two
neutrino electron capture with emission of positron is Tfj;ﬁ 7> 8.4x10% yr at 90%
CL. An extended Monte Carlo simulation of the detector background and of the
different double beta processes in '°°Cd is in progress. We estimate the sensitivity
of the experiment after accumulation of a few times larger statistic, in particular
to the 2vef™ decay of ®Cd, to be on the level of the theoretical predictions Ty
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~ 10%°-10%2 yr. Developments of new enriched detectors with better performances
have also been started.

e Search for 23 decays of Ru and ®Ru (see Sect. 5.1).
e First experimental investigation for 23 decay of ®!Os and 2Os (see Sect. 5.2).
e Radioactive contamination of "Lil(Eu) crystal scintillators (see Sect.5.3).

e A deep purification of neodymium oxide samples with a total mass about 5 kg
was performed to realise an experiment to search for 23 decay of “Nd to excited
levels of 1*°Sm with the help of low background HPGe detectors. The radioactive
contamination of the samples was found to be below the sensitivity of the HPGe
gamma and [CP-MS analyses available at the LNGS. The experiment will be realised
by using the four crystal HPGe detectors, GeMulti, after the completion of the
presently running '°Cd experiment.

e An R&D of low background GSO(Ce) crystal scintillators is in progress to investigate
double beta processes in °2Gd and '°Gd. The liquid-liquid extraction method was
applied to purify gadolinium and cerium oxides. The main problem is the reduction
of the actinium activity in gadolinium compounds, which could be solved by using
gadolinium obtained from mineral resources having a low uranium contamination.

e A sample of cerium oxide 0.5 kg of mass was prepared to search for double beta
decay of cerium isotopes by using HPGe spectrometry; 3¢Ce is of especial interest
taking into account one of the largest energy of decay and promising theoretical
predictions. Preliminary measurements confirmed possibility to improve the exper-
imental sensitivity several times in comparison to the existing results.

e A R&D of methods to purify dysprosium and erbium was started. The materials are
of especial interest, taking into account recent theoretical estimations of neutrino-
less resonant double electron capture processes in Dy and '%*Er. New samples
will be measured.

e Preparations of other future measurements are in progress.

5.1 Search for 23 decays of ““Ru and '"’Ru by ultralow-background
HPGe v spectrometry at LNGS

New measurements with ~1 kg of purified Ru, in order to investigate the 23 processes
of Ru and '™Ru isotopes with higher sensitivity, was carried out (see 2013 publication
list).

The ?Ru is one of the only six isotopes where the decay with emission of two positrons
is allowed [52] thanks to the high energy release: Q25 = (2714.51 £0.13) keV [53]. It has
also a quite big natural abundance: § = 5.54% [54]. Moreover, in case of capture of two
electrons from the K and L shells (the binding energies are Fx = 20.0 keV, Er; = 2.9 keV
[55]) or both from the L shell, the decay energies (2691.61£0.13) keV and (2708.71+0.13)
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keV are close to the energy of the excited levels of Mo (Eeze = 2700.21 and 2712.68 keV
[56]). Such a situation could give rise to a resonant enhancement of the neutrinoless K L
and 2L capture to the corresponding level of the daughter nucleus as a result of the energy
degeneracy [57]. In addition, another isotope of ruthenium, ®*Ru, is potentially unstable
with respect to the 25~ decay (Q25 = (1301.2 £2.7) keV [58], § = 18.62%).

Despite the high energy release and the high natural abundance, only one search for
2071 /eB7 processes in *Ru was performed in 1985, giving 7}, limits on the level of 10%
yr [59]. The efforts were renewed only in 2009, when a Ru sample with a mass of 473
g was measured for 158 h with an HPGe detector (468 cm?) underground at LNGS [60]
(an updated statistics of 2162 h was then reported in [61]). The achieved sensitivity for
the 287 /e31 /2 decays was 10*® — 10 yr; for several modes of 23 decay of *Ru (and
104Ru) Tj/, limits were established for the first time. A search for 25 decays of Ru was
also performed in the HADES underground laboratory (500 m w.e.) where a sample of
Ru with mass of 149 g was measured during 2592 h; T /5 limits were obtained on the level
of 101 yr [62].

Our previous measurements [60, 61] showed that the used Ru sample was contaminated
by YK at ~ 3 Bq/kg, and better results are possible only with purified Ru. In 2013
our final results of the search for 237 /e37/2e processes in Ru and for 23~ decay in
1%4Ru obtained with a purified sample of Ru (720 g) in measurements during 5479 h were
published. Purification of the ruthenium using the electron beam melting method allowed
us to reduce the potassium contamination by more than 20 times; activities of 2 Ra and
106Ru were decreased as well.

The results of the measurements (before and after the purification) are presented in
Fig. 2, where the effect of the purification is clearly visible — the spectra of the GeMulti
set-up are the sum of the spectra of the 4 individual HPGe detectors (see also 2013
publication list). With the purified ruthenium samples new improved half life limits on
2% /g3 /2¢ processes in ““Ru have been established at the level of 10?° yr, in particular
for decays to the ground state of “*Mo: T12/"226+ > 1.4 x 10%° yr, Tf;’;ﬁ+ > 8.0 x 10" yr
and TY77% > 1.0 x 10°! yr (all limits are at 90% C.L.). The resonant neutrinoless double
electron captures to the 2700.2 keV and 2712.7 keV excited states of %Mo are restricted
as: Tj*h > 2.0 x 10% yr and 773" > 3.6 x 10* yr, respectively. Various two neutrino
and neutrinoless 23 half lives of “Ru have been estimated in the framework of the QRPA
approach. In addition, the T}/, limit for 0023~ transitions of '™Ru to the first excited
state of 194Pd has been set as > 6.5 x 10%° yr.

A new set-up schema is ready for new measurements; all needed materials are at hand.
The main aim is to investigate the e¢3%2v channel whose theoretical T, /2 estimate is in
the range 10%'—102?? yr, which is not very far from the presently reached sensitivity.

5.2 First investigation for 23 decay of '¥*Os and '*>Os

Osmium contains two potentially double-3 active isotopes: '%*Os (decay energy Qup =
1453.7(0.6) keV [63]; isotopic abundance § = 0.02(1)% [64]; allowed decay channels: 2¢
and 1) and 20s (Qqp = 412.4(2.9) keV [65]; § = 40.78(19)% [64]; 287). There is a
possibility of a resonant enhancement of the Or double-electron capture in **Os to a few
excited levels of ®*W. The most promising of them is the level (0)* 1322.2 keV [66].
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Figure 2: (Color on-line) The energy spectra above 20 keV accumulated with the initial Ru
sample over 1153 h (Ru) and with the purified Ru over 5479 h (Ru-pur) in comparison
with the background (Bg) of the GeMulti ultra-low background HPGe + spectrometer
measured over 7862 h. The energies of 7 lines are in keV.

The investigation of double beta decay of ¥+1920s and alpha decay of 8Os to the
excited levels of the daughter nuclei, after preliminary results presented in ref.[67] contin-
ued by using ultra-pure osmium sample placed in a well-type ultra-low background HPGe
detector especially designed for low energy gamma-ray spectrometry. A Monte Carlo sim-
ulation of gamma quanta propagation and R&D of methods to cut the osmium sample
into thin plates has been performed to estimate the possibility to increase the experi-
mental sensitivity to the alpha decay and to the neutrino accompanied double electron
capture in ®4Os.

After 2741 h of data taking with a 173 g ultra-pure osmium sample limits on double-3
processes in **Os were established for the first time at the level of 175 ~ 10 — 10'7 yr
(see Fig. 5.2 and 2013 publication list for the details). Possible resonant double-electron
captures in 'Os were searched for with a sensitivity T, ~ 10 yr. A half-life limit
Ty > 5.3 x 10" yr was set for the double-3 decay of 12?Os to the first excited level of
192pt. The radio-purity of the osmium sample has been investigated and radionuclides
137Cs, 1850s and 2°"Bi were detected in the sample, while activities of *°K, ®°Co, ?*Ra
and #32Th were limited at the &~ mBq/kg level.

New measurements are foreseen to assess with high C.L. the possible presence of the
rare o decay of *4Os to the first excited level 103.5 keV of YW, for which a possible
preliminary indication has been presented at NPAE2012 conference.

The experimental sensitivity to the processes could be improved almost one order
of magnitude thanks to cut of the sample in 0.8-1.2 mm plates and to use of a new low
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Figure 3: (Color online) Left: low energy part of the energy spectrum accumulated with
the osmium sample over 2741 h. Excluded effects of 202K process in ¥*Os with the
half-life T} ;o = 1.9 x 10™ yr, and of 202K transition to the excited 2% level of W with
an energy of 111.2 keV with the half-life 775 = 3.1 x 10'® yr are shown by the solid lines.
Right: Part of the energy spectrum where the peak from the 23 decay of *20Os to the
first excited level of 2Pt is expected. The excluded — at 90% CL — peak is shown by the
solid line.

background broad energy Ge detector. Further progress can be achieved by using osmium
enriched in ®4Qs, although this will require new enrichment techniques to be developed.

5.3 Radioactive contamination of "Lil(Eu) crystal scintillators

The europium doped lithium iodide (Lil(Eu)) scintillator is known since about 70 years
[68]. Single Lil(Eu) crystals, in particular enriched in °Li, are used for a long time for
efficient neutron detection (see e.g. [69, 70, 71, 72]).

Two decades ago the prospects of Lil(Eu) as a solar neutrino detector were considered
[73]. Recently, Lil(Eu) scintillators were proposed to search for the resonant capture of
axions possibly emitted in the solar pp-cycle by excited "Li [74]. Taking into account the
high natural isotopic abundance of “Li (92.41% [54]), different Li-containing targets have
been already used in several solar axion experiments (see [75] and references therein).
In order to search for solar axions, one of the main requirements for the targets is the
achievement of a level of radioactive contamination as low as possible. The radio-purity
plays an important role also in other applications of scintillation detectors, including
neutron detection.

The radioactive contamination of two 26 g samples of low background lithium iodide
crystal scintillators doped by europium and enriched in “Li to 99.9% ("Lil(Eu)) was in-
vestigated by scintillation method at the sea level in the Institute for Nuclear Research
(Kyiv, Ukraine), and by ultra-low background HPGe v spectrometry deep underground
(see 2013 publication list and Fig.4).

Two "Lil(Eu) single crystals (220 x 20 mm, with masses of ~ 26 g each one) grown by
the Bridgman-Stockbarger method [76] in the Institute of Scintillation Materials (Kharkiv,
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Figure 4: (Color online) Left: the enriched "Lil(Eu) crystal scintillators. Right: energy
spectrum accumulated with the "Lil(Eu) sample No. 1 (red histogram) over 778 h by
ultra-low background HPGe 7 spectrometer. The background spectrum measured without
sample over 3047 h (green histogram) is also shown. (Insert) Low energy part of the
spectra. The energies of v lines are in keV.

Ukraine) were used in the present study. The enrichment of the lithium used for the
crystals growth in “Li was 99.9%; the concentration of the europium in the initial charge
was 8 x 1072 wt%. Due to the high hygroscopicity of the Lil, the "Lil(Eu) crystals were
housed in oxygen free high conductivity (OFHC) copper containers with an external size
of ©26 x 32 mm. The opposite sides of the containers were made of quartz windows
©24 x 6 mm. The lateral surface of the crystals was surrounded by light-reflector made of
annealed magnesium oxide to improve the light collection. The total masses of the packed
scintillators No. 1 and No. 2 (see Fig. 4 left ) are 53.6 and 51.6 g, respectively.

In case of the measurements with ultra-low background HPGe v spectrometer the
samples No. 1 and No. 2 were measured over 788 and 500 h, respectively, whereas the
background was accumulated over 3047 h. The energy spectra of the 7Lil(Eu) sample No.
1 and of the background, both normalised to the time of measurements are shown in Fig.
4 right.

No radioactivity was detected in the detectors on the level of sensitivity ~ 1 mBq/kg
for 2?Ra, ?*Th, 21°Po, ~ 10 mBq/kg for ©°Co, 137Cs and >154Eu, ~ 0.1 — 1 Bq/kg for
40K, 998r and 219Pb.

6 Other activities

In 2013 it continued the investigation on other possible dark matter signatures like the so
called diurnal modulation (the daily variation of the interaction rate due to Earth rota-
tional velocity, that is a fully model independent signature) and the so called directionality
(the correlation of Dark Matter impinging direction with Earth’s galactic motion due to
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the distribution of Dark Matter particles velocities) useful to investigate the particular
case of those DM candidate particles inducing nuclear recoils.

In particular for directionality in recent years we have made extensive efforts and
measurements with ZnWQy crystal scintillators, already interesting to investigate double
beta decay of Zn and W isotopes [49]. These scintillators (see 2013 publication list) have
the particular feature to be anisotropic in the light output and in the pulse shape for heavy
particles (p, «, nuclear recoils) depending on the direction with respect to the crystal axes.
The response to 7/ radiation is isotropic instead. Among the anisotropic scintillators,
the ZnWQO, has unique features, which make it an excellent candidate for this type of
research, and there is still plenty of room for the improvement of its performances. In
2012 the possibility of a low background pioneer experiment (named ADAMO, Anisotropic
detectors for DArk Matter Observation) to exploit deep underground the directionality
approach by using anisotropic ZnWOQ, scintillators has been explored; for details see in
the 2013 publication list.

For completeness, we mention that another interesting idea about a detector with
anisotropic response is put forward by us and some external collaborators; it is based on
the use of Carbon Nanotubes (CNT).

7 Conclusions

The results, obtained by analysing the data of the last (seventh) annual cycle of DAMA /LI-
BRA-phasel, were released, giving the final DM model independent result of DAMA /LI-
BRA-phasel. The positive model independent evidence for the presence of DM particles
in the galactic halo is now supported at 9.30c C.L. (on a cumulative exposure of 1.33
tonxyr i.e. 14 annual cycles of DAMA /Nal and DAMA /LIBRA) and is compatible with
a wide set of scenarios regarding the nature of the DM candidate and related astrophysi-
cal, nuclear and particle Physics.

DAMA /LIBRA-phase2 — started after the replacement of all the PMTs with new
ones having higher quantum efficiency— is continuously in data taking. The strictly qual-
ity control allows DAMA /LIBRA to be still the highest radio-pure set-up in the field
with the largest exposed sensitive mass, the full control of running conditions, the largest
duty-cycle and an exposure orders of magnitude larger than any other activity in the field.

Studies are under way towards a possible DAMA /LIBRA-phase3 or a possible DAMA /1
ton experiment (proposed since 1996).

In addition the work for the future (some years from now) installation of the 6Cd
detectors in the low-background GeMulti set-up has been progressed as well as the prepa-
rations for the future search for super-heavy eca-tungsten with the help of ZnWO, scintil-
lation and the preparation of the other future measurements (among them: developments
on new Srly(Eu) crystals, on new enriched CdAWO, depleted in '3Cd, on highly radio-
pure ZnWOQy, further developing the goals of our project to develop highly radio-pure
scintillators for the search of rare processes).
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Finally, in 2013 all the DAMA /set-ups have regularly been in data taking and various

kinds of measurements are in progress and planned for the future. Several competing
results on developments and rare processes have been published.
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FIG.1: The primary scintillation (S1) spectrum in a zero-field run in the DarkSide-50 TPC. Black:

Background only, clearly dominated by the 3 Ar beta decay, with a 565keV endpoint. Blue: S1

spectrum obtained during the infusion into the recirculating argon of 83"Kr, which decays with

near-coincident conversion electrons summing to 41.5keV. Red: Fit to the 8"Kr+% Ar spectrum,

giving a light yield of 8.0+0.5PE/keV,.. Inset: Spectra in logarithmic scale. Green: S1 spectrum
for «y-rays triggering in coincidence with the neutron veto.

I. DARKSIDE-50 COMMISSIONING AND EARLY RUNNING

DarkSide-50 was built and commissioned, and is now operated, with support from
NSF (NSF PHY-1004072, NSF PHY-1242585, and associated grants), DOE (DE-FGO2-
91ER40671 and DE-AC02-07CH11359), and INFN. The DarkSide-50 TPC, as previously
reported, is cooled by externally-liquefied argon and will be filled with Underground
Argon (UAr) after the current Atmospheric Argon (AAr). The DarkSide-50 TPC has
a thick PTFE reflector, fused silica windows with ITO anode and cathode, and Hama-
matsu R11065-series low-background, high-QE PMT’s submerged in LAr and deployed
with cold preamplifiers.

Following a complete test of the TPCfunctionality run in April 2013, the DarkSide-50
TPC was rebuilt with some improvements and with a set of cryogenic PMTs that meet
the minimum specs for a background-free run. We are continuing R&D on PMTs to
turther reduce their background for future expansions of the program. The DarkSide-50
TPC was redeployed into the LSV on September 13, 2013. It was then cooled and filled
with AAr. Commissioning proceeded for several weeks, establishing the PMT set points
and two-phase TPC operations. The dark matter run started in mid October 2013 and
is continuing since. With the neutron veto filled, the trigger rate is very low, ~50Hz,
consistent with the 1Bq/kg expected from the Ar in AAr. Early tests showed good
pressure stability of the cooling system. The electron drift lifetime is very long, >5ms,
demonstrating the ability of the cooling/recirculation system to establish and maintain
purity of the argon.

We present here preliminary results from 6.3 day of livetime, running in steady con-
ditions with a drift field of 200V /cm and an extraction field of 2.8kV/cm. The data
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FIG. 2: Results from a run of the three DarkSide-50 detectors with an AAr TPC fill for a 6.3 day
livetime, equivalent to >2.6 years of lifetime with UAr in DarkSide-50. We have 2.1x107 events
above the 55keV, DarkSide-G2 threshold, with 3.7x10° in the 55-240keV, (120-500 PE) dark
matter window. The pulse shape discriminant fqg, defined as the fraction of primary scintilla-
tion pulse observed in its first 90ns, vs. Sl (total integral of the primary scintillation pulse).
The S1 range starts at 60 PE, one half of the conservative, 120 PE or 55keV,, threshold declared
for DarkSide-G2 in this proposal and identified by the red vertical line. The gray, nearly hori-
zontal lines identify the lower boundaries of the nuclear-recoil signal region with the indicated
acceptances, as determined using data from the SCENE experiment (see Sec. III and Ref. [2]).

were taken with the Neutron Veto and the Muon Veto full and operational. The TPC
trigger required any three PMT’s (of the 38 total) to give signals above a threshold of
about 0.5PE in a 100 ns window.

Fig. 1 shows the S1 spectrum recorded in DarkSide-50 in a zero-field run; it is clearly
dominated by the 3Ar B decay spectrum. Superimposed on this is a peak at 380 PE due
to 83"Kr introduced into the argon recirculation flow as a calibration source. Correcting
for the concentration gradient observed for the 3" Kr, we get consistent fits to the light
yield of 8.0+0.5 PE/keV,, from both the 83my p peak at 41.5keV and from the B Ar spec-
trum. This is well above the 6 PE/keV,, proposed as the DarkSide-50 design goal and
the 7.0 PE/keV,, of the DarkSide-10 prototype data used for the most recent sensitivity
estimates of DarkSide-50 [1]

6.3day of running with AAr has as much *Ar background as 2.6 years of running
with UAr. We can thus use this data to measure the expected electromagnetic back-
ground in nearly the complete run time of 3years with UAr. Fig. 2 shows the per-
formance of the main electromagnetic background rejection tool in liquid argon, pulse
shape discrimination in the primary scintillation. The pulse shape discriminant fgq is
defined as the fraction of primary scintillation pulse observed in its first 90ns. For elec-
tron recoils, this is typically about 0.3. For nuclear recoils induced by neutron or WIMP
scattering, it is about 0.75. The minimum S1 shown, 60 PE, corresponds to approximately
31keV,.

Events in Fig. 2 were subjected only to minimal data quality cuts. The ionization
signal was used to define a 44 kg out of the 50kg active mass. We discovered that the
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FIG. 3: Projected sensitivity for the DarkSide-50experiment.

52/S1 cut and x-y reconstruction cut require in-situ calibrations due to S2 disuniformity;,
and as of today these cuts are not part yet of the standard analysis. In any case, no
background is seen in or near the signal region, and we are confident we can reach our
PSD performance goals in DarkSide-50.

We use SCENE data and the DarkSide-50 light yield to overlay nuclear recoil accep-
tance contours of PSD discriminant fgy vs. S1 on the DarkSide-50 data. SCENE had a
light yield of 4.5 PE/keV,,, much lower than that of DarkSide-50, and this difference has
a large impact on PSD rejection. This results in a wider spread of the SCENE nuclear
recoil band, which is not corrected for, and, in turn, yields conservative values for ac-
ceptance contours. Upcoming tests of DarkSide-50 with a neutron source will allow us
to redo this study with SCENE calibration of the nuclear-recoil energy scale, but with
DarkSide-50-derived parameters for the nuclear recoil response to PSD.

Fig. 3 shows the projected sensitivity for a 3 years run of DarkSide-50.

II. DARKSIDE VETOES COMMISSIONING AND EARLY RUNNING

The Neutron Veto was filled with boron-loaded scintillator during two weeks ending
on October 13, 2013. The Muon Veto water fill began October 2 and ended November
15, 2013. Operations with the Neutron Veto began when the water level in the Muon
Veto provided sufficient shielding.

The PMTs are operating correctly, with the exception of two PMTs in the neutron
veto (out of 110) and four PMTs in the muon veto (out of 80). The muon veto PMTs
were recycled from CTF after 15 years of continuous operation; we will probably replace
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FIG. 4: Blue: portion of the neutron veto spectrum with the combined peak from the 1.17 MeV
and 1.33MeV +-ray lines from ¢°Co. Red: fit returning a 0.51+0.07 PE/keV,, light yield.

them for DarkSide-G2. The PMTs in the neutron veto are new: the two failures occurred
when the water level reached their submarine cable connectors. The installation and
commissioning of the electronics for the Neutron Veto and the Muon Veto, including the
HYV, the analog front-end modules, the high-speed digitizers, and the data acquisition,
are also complete.

With the water shielding in place, the rate of low energy events in the neutron veto
was found to be higher than expected, due to unexpectedly high levels of 1*C. We have
established that the TMB supplier, who had initially provided samples produced from
oil-based stock in the US, delivered a batch to LNGS that was produced from biogenic
methanol. This higher than expected *C rate will slightly reduce the anticipated >99.5%
efficiency for neutron rejection. This will have to be fixed to reach the design sensitiv-
ity of DarkSide-50(see Fig. 3) by replacing the current TMB stock with a suitably low
background stock.

The TMB replacement is at this time the greatest operational issue of concern for the
collaboration. The local group has been working in collaboration with LNGS staff and
management to install the additional equipment required to ensure that this operation
can be carried out safely. In the meanwhile, the collaboration has already identified av-
enues has already identified avenues to remove the present TMB, to obtain and validate
TMB with low C to LNGS, and to deliver it to LNGS.

We have taken advantage of the ®°Co contamination in the stainless steel of the
Liquid Scintillator Vessel (LSV) to measure the light yield of the neutron veto. As
shown in Fig. 4, a fit of the ®*Co spectrum results in an estimate of the light yield of
0.51£0.07 PE/keV,.. This meets the requirement for DarkSide set by the need to mea-
sure the low energy a’s from neutron capture on '°B.
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FIG. 5: Results from the SCENE experiment [2]. Left: Nuclear recoil light yield, normalized

to the light yield at null field of 8"Kr decays (near-coincident conversion electrons summing to

41.5keV), as a function of drift field and nuclear recoil energy. Right: Variation of light yield of

nuclear recoils with electric field in LAr. The light yield is normalized to zero field at each recoil
energy

ITII. CALIBRATION OF DARKSIDE-50 WITH SCENE

The SCENE collaboration includes groups from Chicago, Fermilab, LLNL, Naples,
Princeton, Temple, UCLA, and UMass, with a large overlap with DarkSide. The collab-
oration has exposed a two-phase argon TPC to a monochromatic, low energy, pulsed
neutron beam at the Notre Dame Institute for Structure and Nuclear Astrophysics to
study the scintillation light yield of recoiling nuclei. The neutron beam was produced
by the “Li(p,n)"Be reaction on a lithium fluoride target. The TPC was viewed by two
PMT'’s, one above and one below the LAr. Liquid scintillation counters were arranged
to detect and identify coincidences from neutrons scattered in the argon fill of the TPC
and thus to select the energy of the recoiling nuclei.

By providing both time-of-flight and pulse-shape discrimination, the SCENE exper-
imental setup enabled the selection of single-scatter nuclear recoils with an excellent
signal to background ratio, a large improvement over previous results in the literature.
This clean signal has allowed SCENE to perform the first precision measurement of the
dependence of the nuclear recoil light yield on applied drift-field in a noble liquid, and
to make the first observation of its dependence on electric field. This dependence is as
high as 35% at 11 keV, [2].

The left panel of Fig. 5 shows the energy- and drift-field-dependent light yield of
nuclear recoils, normalized to the light yield of 83"Kr decays collected at null field. The
right panel of Fig. 5 shows the variation of the nuclear recoils” light yield with drift
tield, normalized to zero field at each recoil energy. The field-dependent quenching is
larger at low recoil energy and becomes significantly smaller for higher energy recoils.
In the energy range above 55keV,, the variation is <25% over the range 0-1.0kV/cm.
This should be compared with a field-dependent quenching of B/ events of 50% at
1.0kV/cm. We note also from the figure that the field quenching is quite low at all
energies of interest at and below a 0.1kV/cm drift field.

The SCENE measurement suggests that a lower drift-field is important to retain the
best nuclear recoil S1 light yield in a TPC. We are already operating DarkSide-50 at a
much lower drift field than our prototype studies, and it is likely that the optimum drift
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field for DarkSide-G2 will be in the range 100-200 V/cm.

The SCENE findings have important implications for the DarkSide program. On one
hand, operating at lower drift field relaxes the requirements on the high voltage for the
TPC. On the other hand, the resulting longer drift times make the requirements on the
removal of electronegative contaminants more challenging. At the lowest field we might
use, DarkSide-G2 will require an electron drift-lifetime of 5ms, which we have already
achieved in DarkSide-50, as discussed in the next section.

IV. DARKSIDE-G2 PROPOSAL

The DarkSide collaboration developed a proposal for a second generation dark matter

search with a 5.4 tonnes UAr fill and 2x10~% cm? sensitivity. The proposal was submit-
ted to NSF and DOE in November 2013 and to INFN in December 2013. We hereby
submit the proposal, as an addendum, to the LNGS Scientific Committee.
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Abstract

The GERmanium Detector Array (GERDA) at the Laboratori Nazionali del Gran
Sasso of INFN, Italy searches for neutrinoless double beta (0v33) decay of "®Ge.
The GERDA experiment has completed the Phase I in 2013 with a total collected
exposure of 21.6 kg-yr. A lower limit on the half-life of the 0v33 decay for "®Ge has
been estimated: T(l]l/’2 > 2.1 - 10% yr at 90% C.L. The major results obtained from
GERDA Phase I are here reported, togheter with the activities for the preparation
of GERDA Phase II.
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1 Introduction

The GERmanium Detector Array, GERDA, searches for neutrinoless double beta decay of "°Ge.
The detection principle of GERDA is based on bare high-purity germanium (HPGe) detectors
isotopically enriched in "Ge, immersed in liquid argon (LAr). Neutrinoless double beta decay
of atomic nuclei (A, Z) — (A, Z+2) + 2e~ is a forbidden process in the Standard Model (SM) of
particle physics because it violates lepton number by two units. An observation of such a decay
would demonstrate lepton number violation in nature and would prove that neutrinos have a
Majorana component.

The aim of GERDA Phase I was to verify the results from previous experiments with a much
higher sensitivity. Indeed, an exposure of 21.6 kg-yr and a background index (BI) of the order of
BI~10~2 cts/(keV-kg-yr) have been achieved mainly with the re-processed enriched Heidelberg-
Moscow (HdM) and IGEX detectors, having an average energy resolution of 4.8 keV (FWHM)
at Qgg. No excess of events from Ovf33 decay has been detected in the region of interest and a
lower limit on the half-life of the decay has been estimated: T[1)72 > 2.1 -10% yr at 90% C.L.
The Phase II of the experiments foresees to add 20 kg of enriched Broad Energy Germanium
(BEGe) detectors and to reduce the background contribution by a factor of ten. The goal
is to reach the sensitivity on half-life up to 1.4-10%¢ yr, with a background index of 1073
cts/(keV-kg-yr) and after an exposure of 100 kg-yr. Background reduction will be achieved
by detecting the liquid argon scintillation as a veto, in combination with pulse-shape discrimi-
nation performance showed by the BEGe detectors.

2 The GERDA detector

The GERDA experiment implements germanium diodes enriched to about 86% in "Ge, placed in
strings in a cryostat filled with liquid argon as the cryogenic bath. An artist view of the detector
is shown in Fig. 1. The LAr, indeed, acts as both the cooling medium for the semiconductors
and as the shield against external background. The internal side of the stainless steel cryostat
vessel is covered with a copper lining to reduce gamma radiation from the cryostat walls. The
central volume is separated from the rest of the cryostat by a 3 m high and 750 mm diameter
cylinder, made of a 30 pum copper foil (called “radon shroud”), with the aim of preventing radon
convection close the Ge diodes. The cryostat is surrounded by a large tank (8.5 m high and 10 m
of diameter) filled with 590 m? of ultra-pure water. The water buffer has various purposes; it is
used to: (i) moderate and absorb neutrons, (ii) attenuate the flux of external gamma radiation,
(iii) provide the Cherenkov medium for the detection of muons and (iv) provide a backup system
for warming up the argon gas in case of emergency. The water tank is instrumented with 66
PMTs, to detect Cherenkov light produced by muons in the water buffer. An array of 36 plastic
scintillator panels is placed on the roof of the cleanroom; Cherenkov and scintillation signals are
combined (according to a logic OR) as a muon veto for the data acquisition. A clean room and
a two-arm lock installed on the top of the GERDA building, to easily insert the detectors into
the cryostat. For further details about the GERDA experimental setup see Ref. [1].

The data acquisition of GERDA Phase I started on November, 2011 with nine p-type “*"Ge semi-
coaxial (HPGe) detectors, five of them from the previous HdM experiment, one not enriched
from the GENIUS-Test-Facility [2] and three from the IGEX experiment, with a total mass of
about 20.7 kg (17.7 kg enriched and 3 kg not enriched). On July 2012, other five diodes (Broad
Energy Germanium detectors, BEGe [3]), were added, with total mass of about 3.6 kg. These
detectors, foreseen for the Phase II of the experiment, were implemented to test them in the
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Figure 1: An artist’s view of the GERDA detector. The array of Ge detectors is not to
scale. (1): the array of germanium detector string; (2): the stainless steel cryostat; (3):
the radon shroud; (4): the water tank; (5): the clean room; (6): the insertion lock. Plot
from Ref. [1].

GERDA realistic environment. The detectors are placed in individual strings, each of them can
contain up to five independent Ge detectors. In the very first phase of GERDA data taking, a
very high background was observed (18 - 1072 cts/(keV-kg: yr)) and the line at 1525 keV from
42K, the progeny of *2Ar, shows an intensity much higher than expected [4]. These observations
supported the hypothesis that charged 4K ions were drifting in the electric field produced by
the 3 to 4 kV bias of the Ge semiconductors. To prevent that, the strings of detectors were
enclosed into (60 pm thick) copper cylinders (“mini-shrouds”). Signal read out from the diodes
is made by a charge sensitive amplifier located at about 30 cm from the detectors. Signals are
digitized by 100 MHz Flash ADCs. Digital filters reconstruct the physical parameters of interest
like the energy and the risetime of the event [5].

3 Results

In the following sections the main results obtained from GERDA Phase I are reported. They
include the estimation of the 2v33 half-life [6], the energy spectrum decomposition [7] and the
Pulse Shape Discrimination method for background rejection [8]. In the last section the number
of events observed around the Qgg and the estimation of a limit on the half-life of 0v 323 for 6Ge
are discussed [9].

3.1 Determination of the half-life of 2033 decay in “Ge

Two-neutrino double beta (2v33) decay of atomic nuclei is a second-order process in which
the lepton number is conserved. The estimation of the half-life of this decay is very important
because it has been suggested [10, 11] that some constraints on the Ov3 nuclear matrix element
MY can be derived from the knowledge of the 2v/3/3 nuclear matrix element M?”. In addition
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Figure 2: Upper and middle panels: Experimental data (markers) and the best fit model
(black histogram) for the sum of the six detectors (linear and logarithmic scale). Indi-
vidual contributions from the decay (red), K (blue), *°K (purple) and ?'Bi (green) are
shown separately. The shaded band indicates the 68% probability range for the data cal-
culated from the expected event counts of the best fit model. Lower panel: ratio between
experimental data and the prediction of the best fit model.

to that, the estimated value of M?" can be directly compared to the predictions based on charge
exchange experiments [12, 13] and the comprehension of the nuclear aspects of 2v35 decay can
be verified. The events considered have been detected by GERDA between 9 November 2011 and
21 March 2012, for a total of 125.9 days and corresponding to an exposure of 5.04 kg yr [6]. The
2vf3/3 decay is the dominant contribution in the energy spectrum above the endpoint of the 3°Ar
decay; the analysis for 2v33 decay is performed between 600 and 1800 keV, on a total number
of 8796 events. The analysis, based on Bayesian approach via a maximum likelihood fit [14], has
been applied on the energy spectra from six enriched coaxial diodes (two detectors exhibited a
leakage current of tens of pA), fitting the spectra with a global model (Monte Carlo simulated
spectrum), containing the 233 decay of "®Ge and three independent background contributions,
42K, 21Bi and “°K, whose gamma lines are clearly seen from the observed spectra at 1525 keV
for 42K (progeny of 42Ar), 1460 keV for 4°K, 1764 keV for 24Bi.
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The half-life of the 2v35 decay is a common parameter in the fit to the six spectra, while
the intensities of the background components are considered for each detector independently.
Nuisance parameters, given by the active mass and the “°Ge abundance of each detector, are
integrated at the end of the analysis. The considered prior probability density function (PDF)
for TIQ/”2 is a flat function between 0 and 10?2 yr, while the prior PDFs for the active mass

fraction and the "®Ge isotopic abundance of each detector are modeled according to a Gaussian
distribution. In Fig. 2 the experimental data for the sum of the six detectors is shown together
with the best fit model and the individual components obtained from the fit. The expected
number of events predicted by the best fit model is 8797.0 divided as following: 7030.1 (79.9%)
from the 2v33 decay of "Ge; 1244.6 (14.1%) from *?K; 335.5 (3.8%) from 2'4Bi and 186.8
(2.1%) from “°K. The average signal to background ratio is 4:1 and the model reproduces very
well the experimental data, with a p-value of the fit equal to p=0.77.

The best estimate of the half-life is T12/l/2 = (1.84i8:8§(ﬁt)i_8:éé(syst))‘ 10%! yr. The systematic
uncertainties on le/”Q (evaluated separately from the fit) include uncertainties related to the fit
model, uncertainties due to the Monte Carlo simulation details and uncertainties due to the
data acquisition and data handling. The combination in quadrature of all these contributions
gives a systematic uncertainty of fg:g%, which corresponds to tg;})éxm?l yr.

From the estimated half-life one can derive the experimental nuclear matrix element for the
2vBf decay of "Ge. Using the phase space factors from the improved electron wave functions
reported in [15], the nuclear matrix element is M2 = 0.13373903 MeV~1, 11% smaller than
that used in [10]. According to the relation between M2 and M" described in [10], the new
value for M?” corresponds to an increase of about 15% in the predicted half-life for Ov34, well
within the uncertainty of the model calculation. The nuclear matrix elements for 2v55 decay
of "®Ge estimated from charge exchange reactions[12, 13] (d,?He) and (3He,t) have larger values
but still consistent with the one derived by GERDA.

3.2 Background decomposition of the energy spectrum

The experimental energy spectra measured by GERDA with the enriched and natural detectors
are shown in Fig. 4. The green boxes indicate the energy interval Qgg+20 keV where the events
were “blinded”, i.e. they were not processed until the calibration was finalized and all the
selection cuts and analyses were fixed. The energy spectra show gamma peaks from °K and
42K decays and from the decay chains of 22Ra and 23°Th. At the lowest energies the spectrum is
dominated by the 8 decay of 3?Ar which has an endpoint of 565 keV. In the region between 600
and 1400 keV the contribution to the spectrum from 2v33 decay in *Ge is clearly visible. Above
4000 keV a background contribution from « decay of 21°Po and ??Ra decay chain dominates in
the spectrum from the semi-coaxial detectors. The energy scale is determined by calibrating the
detectors with 2?8Th sources once per week. The exposure-weighted average energy resolution
(FWHM), extrapolated at Qgg, is (4.840.2) keV for semi-coaxial detectors and (3.24-0.2) keV for
BEGes. The estimated resolution was stable during the entire data acquisition period. Indeed,
the differences between the reconstructed peaks of the 222Th spectrum and the ones from the
calibration curves are smaller than 0.3 keV.

The energy spectrum from semi-coaxial detectors and BEGe detectors is fitted to a background
model in the energy range between 570 and 7500 keV (for further details see Ref. [7]). The
data are split into three sets; one containing the BEGe data (labelled “BEGe”), a second one
(labelled “Silver” set) for the period of semi-coaxial data with higher background index (at the
time when the BEGe detectors were deployed) and the third containing the rest of the data from
semi-coaxial detectors (labelled “golden”). Different possible contributions were considered and
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Figure 3: Spectra from enriched semi-coaxial (top), enriched BEGe (middle) and non-
enriched (bottom) detectors of GERDA Phase I. The green line indicates the Qgg+ 20 keV
region of blinded data. The bar on the right side of the y-axis indicates the corresponding
background index. Plots from Ref. [7].

the background components were simulated to be located into different hardware components of
the detector setup. Two global models were considered for the “golden” data set, a “minimum
model” fit, were only a minimum amount of background components were considered, and a
“maximum model” fit, containing all the possible contributions. In the “minimum model”
only background sources located close to the detectors (up to 2 cm), were considered. In the
“maximum model” further medium and large distance background components were considered,
as well as additional surface background sources. A Bayesian fit of the simulated energy spectrum
to the measured one was performed and from the fit the activities of the different background
contributions were derived. Both models fit well the experimental spectrum and there is is no
unique determination of the count rates of the different background components. However, the
dominant background contribution comes from sources located close to the detectors or on the
detector surfaces and no peak is expected to appear in a £20 keV window around Qgg. The
background can be approximated by a constant in the energy window from 1930 to 2190 keV,
with the exclusion of the + 5 keV regions around the position of gamma lines, (single escape peak
from 29871 at 2104 keV and gamma line at 2119 keV from 2'4Bi). The experimental spectrum
and the “minimum model” fit are shown in Fig. 4, together with the background components
of the model. The models are in good agreement with the observed spectrum around Qgg. The
blinded region was partially unblinded (30 out of the 40 keV) after the background decomposition
analysis was finalized. The number of events predicted by the model was 8.6 for the “minimum
model” fit and 10.3 for the “maximum” one, while 13 events were observed. The value predicted
by the models for the BI is BI=1.757025x 1072 cts/(keV-kg-yr) for semi-coaxial detectors and
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Figure 4: Experimental energy spectrum from semi-coaxial enriched detectors around Qgg
and the background decomposition with different possible contributions. The labels for
the location mean “p™” on p* detector surface, “H” close to the detector, e.g. on the
holder, “LAr” homogeneous in the argon, “Ge” inside the Ge detectors. The interval of
20 keV around Qgs was blinded and not used for the fit. The light grey histogram shows
a partially unblinded interval. Plot from Ref. [7].

BI=3.6"18x1072 for BEGes.

3.3 Pulse Shape Discrimination Analysis

Ov3p events exhibit a specific energy deposition and thus the pulse shape observed in the GERDA
detectors can be used to discriminate them from background. Indeed, the two electrons from
Ov B decay deposit their energy mainly by ionization in a single location (these events are called
Single Site Events, SSE). Conversely, the background for GERDA is mainly due to gammas which
deposit their energy at different locations in the detector, via multiple Compton scatterings; the
gamma can, indeed, travel several centimeters (these events are called Multi Site Events, MSE).
The discrimination of Ovf3( events, based on the shape of the recorded pulses, is called Pulse
Shape Discrimination (PSD). In GERDA Phase I two different methods for PSD were used,
according to the different characteristics of the pulses and of the electric field distribution in
semi-coaxial and BEGe detectors [8].

For what concerns the BEGe detectors, the ratio between the maximum A of the current pulse
(obtained by numerical differentiation of the charge pulse) and the energy E of the event (cor-
responding to the maximum of the charge pulse) is the discrimination parameter for Single Site
Events with respect to Multi Site Events. This is due to the specific electric field profile and
to the fact that in BEGes only holes contribute to the signal; thus holes migrate towards the
pT electrode with very similar paths, independently from where the energy deposition occurred.
As a consequence, for a localized deposition, the maximum of the current pulse and the energy
are proportional. In Fig. 5, different examples of pulse traces and the derived current pulses
are shown. SSE data (top left) are expected to have a nearly Gaussian distribution of A /E; the
mean of the A/FE values is set to one for the distribution of SSE data. MSE events (top right)
have time-separated pulses; in this case the value of A/F is below 1. In general, for surface
events near the p™ electrode, A /F is larger than 1 because both electrons and holes contribute;
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Figure 5: Pulse traces from the BEGe detectors. The maximum of the charge pulse
amplitude is set to 1 and current pulses have equal integrals.

while for n surface events A/FE is less than unity, since the current reaches its maximum at the
end of the pulse, due to the slow process of charge diffusion from the dead layer to the active
volume. The A/FE based method has been tested with calibration data, considering the double
escape peak (DEP) at 1592.5 keV of the 2614.5 keV line, appearing in the 2?8Th spectrum (from
the 208T1 decay), as a proxy for SSE. The single escape peak (SEP) at 2103.5 keV or full energy
peaks (FEP) (like e.g. at 1620.7 keV) represent are considering as representing MSE data. Ac-
cepted events have A/F between 0.965 (low A/E cut) and 1.07 (high A/E cut). Events below
the low A/E cut are identified as MSE and n™ events, while events above the high A/E cut are
discriminated as p* electrode events.

In Fig. 6 the energy spectrum of BEGe data is shown before and after the PSD cut. Seven out
of 40 events survive the cut in the 400 keV region around Qgg (excluding the 8 keV blinded
window) and the observed BI is reduced from 0.04240.007 to 0.00770:39 cts/(keV-kg-yr). The
acceptance efficiency for signal-like events (i.e. the survival fraction of Ov 3/ events) is 0.92+0.02
and it is derived from the survival fraction of DEP events and from Monte Carlo simulations
of the OvBp signal. This value has also been cross-checked with 2v33 events. The fraction of
rejected events from background, at Qgag, is about 80%. The method shows a very good perfor-
mance, with both high background reduction and high acceptance efficiency.

The current pulses in semi-coaxial detectors have different shapes, due to the contribution of
both electrons and holes to the pulse. For this reason the A/E parameter does not represent
a useful variable for pulse shape discrimination for semi-coaxial detectors. Instead, a method
based on the artificial neural network for the rising part of the charge pulses was applied. The
method is based on the TMIpANN]J16] algorithm (implemented in the TMVA[17] toolkit of
ROOT) based on multilayer perceptrons and on the so called “supervised learning” algorithm.
Two hidden layers with 50 and 51 neurons were used. The times t1to,---,%,, at which the
1,3,5,...,99% of the full height of the pulse is reached, were used as input parameters. Being the
sampling frequency in GERDA 100 MHz, two consecutive time bins were interpolated.
Calibration data were used for the network’s training; data at the DEP peak were considered
as SSE and those at the full line of 2'?Bi (1621 keV) were considered as MSE. The cut value on
the ANN response was set to yield 90% efficiency (survival fraction ) on DEP events from the
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Figure 6: Energy spectrum for the BEGe data Figure 7: Energy spectrum
set before (grey) and after (blue) the PSD cut. from semi-coaxial detectors be-
A zoom in the £100 keV window around Qgs is  fore (open) and after (filled) the
shown in the inset. PSD selection with TMIpANN.

gamma line of 2°°T1 decays at 2.6 MeV. The output of the neural network is a number between
~0 (corresponding to background like events) and ~1 (for signal like events).Considering the
possible influence of an energy dependence or of a volume effect, associated to different contri-
butions from DEP and OvS3f3 events, the final value for the Ov35 efficiency is 0.90f8:83, where
the error contributions are quadratically summed. The systematic uncertainties have been ad-
dressed by the cross-check of the efficiency with 2v36 events and events at the Compton edge of
the 2614.5 keV gamma line. The method rejects about 45% of the events in the 230 keV window
around Qgg. The energy spectrum before and after the PSD cut is shown in Fig. 7. Other two
methods were considered to cross check the results from neural network analysis, the first based
on a likelihood method and the second on the correlation between the A/E parameter and the
pulse asymmetry. In the 230 keV window around Qgg, about 90% of the events rejected by the
neural network method were also rejected by the two other analyses.

3.4 Limit on the half-life of the Ov35 decay in °Ge

With a total collected exposure of GERDA Phase I, corresponding to 21.6 kg-yr, a limit on the
half-life of Ov33 decay in *Ge was derived (see refs. [9] and [18]). After the analysis cuts and
methods were fixed, the region around Qgg45 keV was unblinded. In this energy region seven
events are observed while 5.140.5 are expected from background counts. The PSD cut rejects
three of the six events from the semi-coaxial detectors and the one from the BEGe detector.
The BI after Pulse Shape Discrimation on “golden” data is 0.01-1072 cts/(keV -kg-yr).

To derive the signal strength N% and a frequentist coverage interval, a profile likelihood fit of the
three data sets is performed. The fitted function consists of a constant term for the background
and a Gaussian peak for the signal with mean at Qgg and standard deviation og. The fit has

four free parameters: the backgrounds of the three data sets and 1 /TIO/”Q, which relates to the

peak integral. The likelihood ratio is only evaluated for the physically allowed region Tlo/”2 >0
and after Pulse Shape Discrimination is applied to the data. The systematic uncertainties due
to the detector parameters, selection efficiency, energy resolution and energy scale are folded
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Figure 8: Energy spectrum from all “*"Ge detectors with (filled) and without (open) the
PSD selection. In the upper panel the expectation based on the central value of the half-
life predicted by ref. [19] is also shown (red), together with the 90% C.L. limit predicted
by GERDA Phase I (blue). In the lower panel the energy window used for the backgrund
interpolation is indicated. Plot from ref. [9].

in with a Monte Carlo approach which takes correlations into account. The best fit value is
N% =0, namely no excess of signal events above the background. The limit on the half-life is

Ty > 2.1-10% yr (90% C.L.),

including the systematic uncertainty.

The limit on the half-life corresponds to N% <3.5 counts, displayed as solid blue curve in Fig. 8.
Given the background levels and the efficiencies, the median sensitivity for the 90 % C.L. limit is
2.4 -10%° yr. In Fig. 8 the spectrum before and after PSD is shown, together with the likelihood
fit and the expectation based on the claim from Ref. [19]. Taking T’ f/”2 from Ref. [19] at its face
value, 5.941.4 decays are expected in AE = +20p and 2.0 + 0.3 background events after the
PSD cuts (red dotted curve in Fig. 8). This can be compared with three events detected after
PSD cuts, none of them within Qgg = og. The model (H;), which includes the Ovj3j signal
calculated above, gives in fact a worse fit to the data than the background-only model (Hy): the
Bayes factor, namely the ratio of the probabilities of the two models, is P(Hy)/P(Hy) =0.024.
Assuming the model Hj, the probability to obtain N% =0 as the best fit from the profile
likelihood analysis is P(N% = 0|H;)=0.01. The GERDA result is consistent, though stronger,
with the limits by the previous HAM [21] and IGEX [22] experiments. The profile likelihood
fit is extended to include the energy spectra from HdM and IGEX. Constant backgrounds for
each of the five data sets and Gaussian peaks for the signal with common 1/ Tlo/”2 are assumed.
Experimental parameters (exposure, energy resolution, efficiency factors) are obtained from the
original references or, when not available, extrapolated from the values used in GERDA. The
best fit yields N% = 0 and a limit of

T}y > 3.0 - 10% yr (90% C.L.).
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Figure 9: Comparison of recent 90% C.L. limits on T, for Ge and '*°Xe and correlations
of the two half-lives for different matrix element calculations (assuming light neutrino
exchange). No axial vector quenching is assumed, i.e. g4 = 1.25. Corresponding values
of the effective neutrino mass 0.2 eV (diamonds), 0.3 eV (dots) and 0.4 eV (stars) are
marked on all axes. Plot from ref. [20].

The Bayes factor is P(Hy)/P(Hp) = 2-107%; the claim is hence strongly disfavored. Results from
"6Ge experiments are also compared to the recent 90% C.L. limits from KamLAND-Zen [23] and
EXO0-200 [24] on 136Xe half-life, by rescaling the value of the half-life by the square of the ratio
between the nuclear matrix elements Mo, ("®Ge)/ M, (}35Xe). Fig. 9 In Fig. 9 the limits on
T(1)72 for "°Ge and '36Xe by the different experiments and by combining Ge results, are shown,
togheter with a selection of different nuclear matrix element calculations for the case of light
neutrino exchange.

Considering the most recent value for the “®Ge phase-space factor [15] and the NME calculations
reported in refs. from [25] to [31] (scaling the different g4 and R4 parameters according to ref.
[33]), the upper limit on the half-life estimated from GERDA corresponds to upper limits on the
effective electron neutrino mass between 0.2 and 0.4 eV.

4 Phase II preparation

The preparation of GERDA Phase II has been ongoing in parallel to the Phase I activities during
2013. The main goal of GERDA in its second phase is to get a larger exposure and a background
level reduced of one order of magnitude with respect to Phase I. This will be achieved mainly by
increase the total mass of the enriched material and by detecting the liquid argon scintillation
light as a veto signal, in combination with the powerful pulse shape discrimination performance
of the novel BEGe detectors.
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Figure 10: left: BEGe detector contacted by bonding to prototype front end electronics
on a silicon holder board. center: Schematic sketch of detector string surrounded by the
PMT LAr instrumentation setup. right: Picture of a SiPM fiber test setup.

In the second phase of GERDA 30 BEGe detectors and the 8 Phase I semi-coaxial detectors will
be implemented in 7 strings. The Phase II detectors will be mounted back-to-back in strings
through a single-arm lock system, which has been already constructed. This consists of a single
holder system made of low background copper and silicon plates. FEnriched germanium pro-
curement and BEGe detectors production has been made under the organization of the GERDA
collaboration. The germanium was enriched in the Electrochemical Plant Zelenogorsk (Russia)
and zone-refined by PPM Pure Metals GmbH Langelsheim (Germany). The crystals where
pulled at Canberra Oak Ridge (USA) and the production of the diodes was made at Canberra
Olen (Belgium). All the 30 novel BEGe detectors have been characterized by GERDA collabo-
rators in the HADES underground facility of SCK-CEN in Mol, Belgium [34] with calibration
measurements. During the production chain and during transportation exposure to cosmic rays
was minimized to few days per detector. All the detectors have been stored in the LNGS under-
ground laboratory. The total mass of the 30 novel BEGe detectors is 20 kg, corresponding to
53.4% of the total mass of Ge detectors available (37 kg). Low background aluminum (Al) has
been evaporated for detector contacting on p™ and n™ surfaces. Signal and HV contacts will
be made by bonding Al wires between the evaporated spots on the detector and cuflon cables.
The latter are fixed to a Si support plate with CuSn6 clamps. A new preamplifier, called CC3,
has been produced, having the JFET and the feedback resistor placed in the very vicinity of the
detectors. The new setup has already been tested and shows an energy resolution of 2.7 keV at
2.6 MeV.

LAr scintillation light is generated in liquid argon (at 128 nm wavelenght) by radioactive back-
ground decays or cosmic muons; the decays can occur either in liquid argon or in the detectors,
with the emission of gamma particles which eventually excite the argon. The LAr veto of GERDA
is based on a hybrid design, made of a cylindrical shroud which is composed of three parts, be-
ing the uppermost and lowermost made of copper, while the central one lines with wavelenght
shifting fibers readout by SiPMs. The copper surfaces are also lined with a wavelenght shifter
(Tetra Phenyl Butadiene) and a VM2000 reflector foil. The light produced in this volume is
shifted in the coated copper surfaces and in the fiber surface and then guided towards PMTs
located at the top and bottom, or guided in the fiber towards the SiPMs. In Fig. 10 a schematic
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Figure 11: PSD qualifier (A/F) histogram of experimental data from BEGe detectors
within 200 keV around Qgg. Result from data is compared to Compton continuum events
(green dot-dot dashed), 1621 FEP events (black) from calibration data, simulations of
2K decays at the n™ electrode surface (blue dashed) and ®°Co decay (black dot-dashed).
The accepted interval is show in grey. Plot from ref. [§].

view of the Phase II hybrid design is shown. The capability to reduce the background by the
LAr veto was already demonstrated in the GERDA R&D facility LArGe, where the suppression
factors for internal sources of 2?2Th and 2!Bi in around the Qpp were up to 1180 and 4.6,
respectively [35]. Simulations of the new setup for GERDA Phase II (including the LAr veto)
have shown that high suppression factors can be reached for most of background events external
to the detector assembly. The suppression factors for different backround sources are reported
in Table 1. One of the challenges for GERDA Phase II are the background signals created by
2K B decays (Th)2=12.3 h, Q-value=3.525 MeV) on the detectors surfaces. In Phase I the
individual detector strings were enclosed into copper cylinders, minimizing the drift of 42K ions
on the detector surfaces. In Phase II, since the LAr scintillation light near the detectors has to
be detected, a transparent TPB coated shroud will be used instead of the copper one. Mea-
surements in the LArGe facility show that the nylon shroud suppresses “K by a factor of 17
with respect to the case where no shroud is considered. Simulated suppression factors in GERDA
Phase 11, obtained from the combination of LAr veto togheter with the implementation of copper
shrouds, nylon shrouds or no shrouds respectively, are shown in Table 1. In addition, residual
background contamination will be rejected by the Pulse Shape Discrimination, as described in
ref. [8]. Indeed, it has been already shown from GERDA Phase I data that K contamination
is well rejected by the cut based on the PSD qualifier (4/E value) for BEGes. This is shown in
Fig. 11, where physics data within 200 keV of Qgg are compared to simulations of 42K decays
at the n™ electrode surface. An even better rejection of such contamination is still possible,
tuning the best value for both 42K rejection and selection efficiency for single site events. The
estimation of the expected background index for GERDA Phase II, based on suppression factor
measurements from LArGe and MC simulations, is of the order of 1073 cts/(keV-kg-yr) when
the combination of LAr veto and Pulse Shape Discrimination is used; the major background
suppression is obtained by the Pulse Shape Discrimation method.

The commissioning of the Phase II upgrade is currently ongoing and the starting of data taking
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Table 1: Simulated suppression factors of the LAr instrumentation setup with a copper
mini shroud as used in Phase I, a TPB coated transparent mini shroud and without any
mini shroud.

Background component Suppression Factor
copper shroud nylon shroud no mini shroud

214Bi on holders 2.440.1 9.94+0.4 9.1£0.2
214Bi on surface 1.8040.01 3.440.2 3.5+0.1
214Bi homogeneous in LAr 5.340.3 38.242.7 54.847.9
42K homogeneous in LAr 1.240.1 9.6+4.2 5.3£0.6
42K on surface 1.06£0.01

218Th on holders 320434

is foreseen in 2014.

5 Conclusions

The GERDA experiment has completed the Phase I during 2013 with a total collected exposure of
21.6 kg-yr and a background level of BI~1072 cts/(keV-kg-yr) after Pulse Shape Discrimination.
A limit on the half-life of 0v33 decay of "°Ge was derived: T P/V2 > 2.1-10%yr, corresponding to
an upper limit on the effective neutrino mass between 0.2 and 0.4 eV.

The background level in GERDA Phase 11 will be a factor about ten times lower than in Phase I,
i.e. BI~1073 cts/(keV-kg-yr). Thanks to the increased mass of enriched germanium an exposure
of 100 kg-yr will be reached in about 3 years. The corresponding sensitivity on the half-life of
OvBp3 decay is about Tlo/l’2 ~1.4-10% yr.
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GINGER (Gyroscopes IN GEneral Relativity) is an INFN proposal to measure the gravito-
magnetic (Lense-Thirring) effect of the rotating Earth by means of an array of ring lasers.
An underground location is essential for this challenging experiment, and LNGS may be a
suitable location. G-GranSasso-RD is the experiment financed by the INFN Commission II,
which is aiming at the planning, installation and operation of GINGER. Moreover, the GIN-
GER project is carried out in collaboration with a group in Germany (TUM, U. Schreiber)
and in NewZealand (U.C., J.P. Wells). The Italian group has developed two ring laser pro-
totypes: GP2 and G-Pisa. GP2 is the new prototype [1] installed in S. Piero a Grado, and
expressly designed to study the control of the geometry of the ring. G-Pisa is our first pro-
totype, a square ring with side length of 1.35m. It is a transportable device, which so far
has been installed in different locations, with different orientation (horizontal, vertical, and
aligned with the North Pole direction in order to maximize the Sagnac frequency). Before
it was moved to LNGS, it has taken data in different experimental sites: the INFN-Pisa
section, the central area of Virgo (during its last scientific run), and the CMS clean room
of S. Piero a Grado. Last spring, the prototype G-Pisa was installed at LNGS inside hall
B with horizontal orientation, and the data taking lasted for several weeks. At the end of
May it was disassembled since it interfered with the installation of Xenonl1T. This first test
showed several advantages of an underground location, as a good thermal stability. Some
auxiliary instruments have been installed in the same experimental set-up, in particular two
seismometers and a nano-tiltmeter. The seismometer data showed that the site is close to the
Low Noise Model (LNM) of the Earth, but further investigations are required to characterize
the lower part of the spectrum (frequencies below 1 mHz). Following this first experiment,
a suitable location inside the LNGS has been selected, and an improved experimental set-
up has been defined for the new installation that we named GINGERino. The improved
GINGERino experiment will consist of a 3.6 m side length square ring laser, in this way the

sensitivity will be increased by a factor of 7, and all the laser systematic effects (backscat-



tering and frequency pulling) will be highly depressed. The new installation of GINGERino
is expected to start in spring 2014, and at the time of summer 2014 the experiment should

be in data taking.
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1. INTRODUCTION

One of the pillars of contemporary understanding of matter, energy and space-time is general
relativity (GR). Its successes in explaining the behaviour of the world around us and of the whole
universe are well known, as well as its so far unresolved conflicts with quantum mechanics in the
high energy domain. It is however true that also in the very low energy sector of the gravitational
interaction there are predictions of GR which have not been fully explored up to nowadays. A
typical example is the so called gravito-magnetic component of the gravitational field, whose direct
verification relies for the moment on three experiments in space: i) Gravity Probe B (GP-B)[2] ;
ii) the two LAGEOS satellites orbital nodes analysis [3, 4] ; and iii) the LARES mission, under
way and gathering data, launched in February 2012 [5] . GP-B verified the geodetic effect in the
gravitational field of the Earth with an accuracy of 28% and the Lense-Thirring (LT) drag with
an accuracy of 19%; the analysis of the precession of the nodes of the LAGEOS satellites verified
the LT effect with the accuracy of 10%; finally, LARES is working to determine the LT drag with
an accuracy of a few % (possibly 2%). Other evidence of gravito-magnetic effects may be found
in the laser ranging of the orbit of the moon and in the study of the dynamics of binary systems

composed of at least one compact massive object (neutron star).

Besides pure GR effects, the observation of the universe on the widest scale provides also facts
which can be consistent with GR assuming that otherwise unseen entities exist, such as dark matter,
producing the additional gravity required to explain the rotation curves of galaxies and the speeds of
the components of star or galaxy clusters, or the dark energy necessary to generate the push required
by the accelerated expansion of the universe. These facts have stimulated ideas implying that GR
might need some extension. What matters here is that the phenomenology to look for and to analyse
in search for differences from GR is in the domain of low and ultra-low energies. All above said
gives motivations for working experimentally on the gravitational interaction in the weak domain
looking for post-Newtonian effects and Parametrized Post Newtonian (PPN) descriptions which
could evidence deviations from classical GR. Among various possible experimental approaches,
a perfect tool is represented by light. Light is indeed intrinsically relativistic and is affected in
various ways by the gravitational field. In the classical domain and, as far as a theory is considered
treating space-time as a continuous four- dimensional Riemannian manifold, light completely covers
the manifold with a network of null geodesics. If we find the way of reading the local and global
configuration of the null geodesics tissue we can reconstruct the ”shape” of space-time i.e. the

gravitational field and see whether it fully corresponds to the GR description or maybe there is
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something missing. In our devices the measured quantity is the beat note dv between the two laser
modes, and it can be shown that for a ring laser fixed on the Earth[6]

A 1% . _— GJ@ —~ . —~ ~
ov = 4)\—P[Q - QEQ sin Qug + @(2 cos Ou, +sinfuy)] - n (1)

where An is the vector area of the ring and P is its perimeter, A is the wavelength of the light, Q2
is angular velocity of the Earth, 0 is the colatitude of the laboratory, u, and g are unit vectors
that represent the azimuthal and north-south directions, Mg, Jg and R are the mass, the angular
momentum and the radius of the Earth, respectively. Here y = G%z 4.4 x 1073 m is half of the
Schwarzschild radius of the Earth.

In summary, the ring laser beat note has 3 terms, i.e. Sagnac, de Sitter (Geodetic term) and
gravito-magnetic (Lense-Thirring) which are proportional to €, p and Jg, respectively. The Earth
angular velocity € is independently measured with very high accuracy by VLBI, which measure
the Earth rotation with respect to the fixed stars. Thus the relativistic terms can be obtained by
subtracting from the ring laser data the Sagnac term measured by VLBI. The de Sitter term has
been studied with very high accuracy, so the proposed apparatus can improve the accuracy of the
Lense-Thirring effect [7].

The ring laser appears today as a most interesting apparatus to probe the structure of space-
time at the laboratory scale. At his early stage, the expected sensitivity of GINGER will not be
competitive with space measurements to test PPN theories, but being the apparatus on Earth,
improvements of the ring laser technology will be feasible with time.

Our final goal is a very accurate local measurement of the frame dragging effect, and so GINGER
must be underground located in order to reduce, as much as possible, very low frequency top
soil disturbances due to wind load, atmospheric pressure changes, etc.. Accordingly, the aim of
GINGERino is to measure the level of disturbances present inside the underground laboratory of

LNGS.

2. G-PISA AND ITS EXPERIMENTAL SET UP

The ring laser G-PISA consists in a square optical cavity with a side length of 1.350 m. The four
cavity mirrors are contained in a steel vacuum chamber entirely filled with a He-Ne gas mixture.
This design allows to change the perimeter of the ring simply by changing the length of the tubes
connecting the four cavity mirrors. In the middle of one of the tubes there is a pyrex capillary, and

this is the position where the capacitive discharge is located. Two optically transparent windows
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Laser
excitation

FIG. 1. A schematic picture of the ring lasers: the 4 mirrors delimiting the ring square cavity, the two laser
modes conter-rotating, in one of the corners the two output beams are interfering and the beat note Sagnac

frequency is shown. The beat note, or Sagnac frequency, at LNGS was 104Hz

FIG. 2. G-Pisa on top of its granite table, moved from its installation in S. Piero Lab (Pisa)

are mounted on each corner of the cavity and allow to monitor the 8 beams exiting the cavity. Two
of the four mirrors are equipped with a piezo-transducer, which moves the mirror along a diagonal
of the square. They are used to keep constant the perimeter of the ring allowing a continuous
measurement of the angular velocity of the ring. Fig. 1 shows a schematic of the ring laser.

For this installation, the experimental set up already existing has been used. G-PISA [8],]9],[10]
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has been fixed to a granite table that, in its turn, is firmly attached to a special monument, the one
developed for the installation inside the Virgo central area. The monument is made of reinforced
concrete, which can support the ring laser and its granite table in two different position: horizontal
and vertical. We decided to keep the ring in horizontal configuration. Two broad-band seismometer
and a tilt-meter, with nrad resolution in frequency below a mHz, have been installed on top of
the granite table. The monument was not fixed to the ground, it was simply laying against the
floor. However, care was used for positioning G-Pisa horizontally and in order to make its position
stable. In this configuration, the Sagnac frequency due to the Earth rotation is about 104H z. Our
system can operate free running or enabling the control loop of the perimeter. In the free running
mode, any time that the perimeter of the laser changes more than one wavelength of the laser (A
) a mode jump occurs, and the number of wavelengths inside the perimeter changes. After few
seconds the normal operation of the ring restarts. Split mode operation may take place; in such
a case the beat frequency is the standard Sagnac frequency plus one free spectral range of the
laser cavity (53 M Hz). The perimeter is controlled by keeping the wavelength of one of the two
modes of the ring laser constant, using a stabilized laser source as an external reference. For this
purpose we have used a Doppler-stabilized, single-frequency He-Ne laser associated with a Lambda
Meter LM-10. A simple acoustic and thermal shielding was constructed around the ring laser,
the acquisition of the Sagnac interferogram was continuous, and some additional environmental
monitoring channels were acquired at the same time, i.e. one tilt-meter, 2 different seismometers
(provided by TUM and by INGV-Pisa), temperature and humidity probes etc. The data were sent
to our storage area in Pisa. Unfortunately, it was not possible to synchronize the DAQ clock to the
GPS. Fig. 3 shows the experimental set-up of G-Pisa, attached to the granite table, horizontally
oriented. A simple box has been mounted around the apparatus, and the structure to hold the
“stiferite” panels used for the acoustic shielding is also visible. The data acquisition is based on a
NI PXI system,the signals from the ring laser are acquired at 5 kH z, while the auxiliary channels
(temperature, humidity etc.) are acquired at 1 Hz. Each hour a file is created, and copied in a PC,
which takes care of copying the data directly to our storage area in Pisa. The DAQ reconstructs
the angular rotation with and AR2 filter, while Kalman filters to subtract the backscatter noise
[11, 12], and most of the analysis are done off-line using Matlab.

G-Pisa was moved to LNGS in March. The whole apparatus was mounted in two weeks, and
easily removed, at the end of May, in order to clear the space for the installation of XENONI1t.
From April to May 2013 G-Pisa was taken data, the first two weeks it was free running, then the

perimeter control has been activated.
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FIG. 3. First installation of G-Pisa inside LNGS, Hall B.

3. FIRST MEASUREMENTS AT LNGS

Inside the Hall B the fan coils, regularly located on the two sides of the hall, were continuously
running at full speed. It was immediately clear that they were causing problems to the ring laser;
we noticed in the data a very strong signal around 1 Hz, probably due to a resonance of the
mechanical structure of the ring, excited by the air flow. Fortunately, after few tests it was clear
that it was possible to run properly the ring switching off half of the fan coils.

Fig. 4 shows the full set of data with the ring laser operating in closed loop under the action of
perimeter control. After approximately 20 days of data taking, the ring laser had a failure (see
the final part of time series reported in Fig. 4). There was a lack of pressure in the capillary
(where the gas discharge happens) so that the gas mixture was contaminated by air. After a while
the capillary was completely broken and the laser suddenly stopped. Fig. 5 shows the power
spectrum of the raw data relative to the interferogram of clockwise and counter-clockwise beams.
Data taken at LNGS exhibit lower noise compared to S. Piero data, that was taken with the same
instrument, in similar conditions (Sunday in both cases when the human activity is minimal).
The response of G-Pisa at LNGS is a bit worse in the mHz region, this is probably due to the
reference laser used at LNGS which was not so good as the one in S. Piero Lab (Iodine stabilised

laser). Another advantage of the S. Piero installation was a higher rotational bias because the
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FIG. 4. The whole raw data of our ring laser collected at LNGS.

ring was at maximum of the Sagnac frequency, which implies a reduction of the systematics of the
Laser. LNGS has a very good thermal stability, in fact, free running G-Pisa was running for 2 days
continuously. This first set of measurements shows that most of the disturbances of the ring laser
result from human activity. Despite the perimeter control loop, from time to time the perimeter
control was not tight enough to keep the apparatus operating properly; this is a problem which
has not been fixed for lack of time. Luckily, there are several time intervals which are good. To
evaluate the Allan deviation a not working day has been selected, a day in which the instrument
was well behaving. This has been compared with the data taken in S. Piero in February, in similar
conditions. The kalman filter has been used, in order to reduce the low frequency disturbances due
to the systematics of the laser. The Allan deviation for the two different locations are reported
in Fig. 6, and it is worth noticing that the long term stability (i.e. the time at which the Allan

deviation has its minimum) at LNGS is higher than in S. Piero lab.

A two channel tilt-meter with nano-radiant precision has been installed on top of the granite
table. It shows that a large motion is present during working days when people work inside the
hall, while the situation during weekend and vacation is completely different. Fig. 7 below shows
the full set of the tilt-meter data. The two channels show several large changes, probably due to
inadequate anchorage of the apparatus to the floor, and the position of the tilt-meter was not stable
enough. Despite the large noise in the data, the very tiny periodic signals coming from the diurnal
and semi-diurnal polar motion are visible. This tilt is due to the deformation of the Earth crust,
due to the tidal effect of the moon, as one can see in Fig. 8. Fig. 9 shows one of the two channels
of the tilt-meter. The full set of data is split in two pieces, which correspond to: working time and

rest of the day. The figure shows that most disturbances occur during human activities. Moreover,
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FIG. 5. Power Spectrum of the Sagnac frequency. The data were taken at S. Piero (red, Febrary 2013) and

at LNGS (blue); we used the data collected in a Sunday, when there are no people working around
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FIG. 6. Allan deviation of the Sagnac frequency as a function of time. The data were collected at S. Piero
(red dashed line, Febrary 2013) and at LNGS (green dot-dashed line) after the removal of laser systematics
by Kalman filtering. The Allan deviation was calculated using data collected in a Sunday, when there are

no people working around.
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FIG. 8. Detail of the power spectrum of the tilt-meter data. The two typical frequencies of the diurnal
(1.15 x 107° Hz) and semi-diurnal (2.31 x 107° Hz) polar motion are visible; in the same figure the
expected polar motion. These two frequencies are not coming from night /day temperature changes, and can

be induced only by the tidal effect of the moon.

we verified that large transient signals in the nights come from far away strong earthquakes.
The level of seismic background noise depends on the location of the site on Earth; however, a
low noise background is described by the Low Noise Model (LNM), which has a typical structure

induced by the oceans motion below 1Hz. Fig. 10 compares the measurements at LNGS with the
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FIG. 9. Top: one of the two channels of the tilt-meter during working time. Bottom: the same channel

during the rest of the time; in this case some teleseismic events are clearly visible

LNM (the three translational displacements). The noise level at low frequency is higher especially
for the two horizontal translations. At the moment it is not possible to say whether this behaviour
depends on air flows and external disturbances or if it is a characteristic of the GranSasso site.
Kalman filters have been applied to a selected bunch of data, in order to see the microseismicity
in the milli-Hz region, Fig. 11 shows the comparison between the microseismicity detected by
the seismometer and by the ring laser. Teleseismic events was observed in the seismometers and

tilt-meters, but not in the ring laser data.

4. CONCLUSIONS AND FUTURE PLAN

The first set of data are showing a longer integration time compared with the installation in S.
Piero a Grado, but several improvements are needed to better understand the low frequency part

of the spectrum due to LNGS environment conditions, namely:
i) The monument must be well connected to the floor;

ii) A good acoustic isolation is required, and the instrument should be possibly far from human

activities;

iii) It is important to enlarge the ring, our plan is to go up to 3.6 m, which represents an

improvement of a factor of 7 in sensitivity;
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FIG. 10. Power spectra evaluated with the seismometer data compared with the Low Noise Model (LNM)

of the seismic background. The top one is the vertical direction

iv) The iodine stabilized laser, which is an absolute frequency stabilized source, should be used

for the perimeter control;
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FIG. 11. Microsismicity shown by the three channels of the seismometer (continuos red, green and black
lines) and by the ring laser data (dotted blu line), the structure in the ring laser data is visible only after

the use of the Kalman filter used to remove the systematic effects of the laser.

v) The clock of the acquisition must be synchronized with the GPS signal and, for geophysical

studies, the UTC time stamp is also required.

The new installation of the ring laser, that we have named GINGERino, will be in the corridor
between Node A and Node B, construction is expected to start in spring 2014, and likely we expect

to have the device operating at the time of summer 2014.

5. AKNOWLEDGMENT

The authors thank Gabriele Balestri, Giulio Petragnani, Maurizio Garzella, Francesco Francesconi
and Mario Francesconi for technical assistance and André Gebauer (Wettzell) and Alex Velikosetzev

which have participated with enthusiasm to the first installation.

109



[1]

REFERENCES

N Beverini et al.” Measuring general relativity effects in a terrestrial lab by means of laser gyroscopes”.
In: Modern Problems of Laser Physics (2014).

C.W. Everitt and et al. In: Phys. Rev. Lett.(106) (2011), p. 221101.

I. Ciufolini and C. Pavlis. ”Controlling the non-linear intracavity dynamics of large He-Ne laser gyro-
scopes”. In: Nature 958 (2004), pp.1-19.

I. Ciufolini and et al. In: The Furopean Physical Journal Plus 126 (2011), pp.1-19.

I. Ciufolini and et al. In: The European Physical Journal Plus 127 (2012), pp.127-133.

K.U. Schreibel and J.-P. Wells In: Invited Review Article, Review of Scientific Instrument 84 (2013),
pp.041101-26.

F Bosi et al. ”Measuring gravitomagnetic effects by a multi-ring-laser gyroscope” In: PHYSICAL RE-
VIEW D, PARTICLES, FIELDS, GRAVITATION, AND COSMOLOGY 84 (2011). PACS numbers:
42.15.Dp, 42.30.Sy, 42.55.Lt, 91.10.Nj pp.122002-1-122002-23. ISSN: 1550-7998. DOI: 10.1103/Phys-
RevD.84.122002. URL: http://dx.medra.org/10.1103/PhysRevD.84.122002.

J Belfi et al. ”A 1.82 m2 ring laser gyroscope for nano-rotational motion sensing” In: APPLIED
PHYSICS. B, LASERS AND OPTICS 106 (2012), pp. 271-281. ISSN: 0946-2171. DOT: 10.1007/s00340-
011-4721-y. URL: http://dx.medra.org/10.1007/s00340-011-4721-y.

J Belfi et al. "High sensitivity rotation measurements with a mid-size laser gyroscope” In: ICONO 2010:
International Conference on Coherent and Nonlinear Optics (Proceedings Volume) Vol. T993H Kazan
(Russian Federation): Society of Photo-Optical instrumentation Engineers, 2011, 79931H-79931H-7.
DOI: 10.1117/12.880971. URL: http://dx.medra.org/10.1117/12.880971.

A Di Virgilio et al. ” Performances of G-Pisa: a middle size gyrolaser” In: CLASSICAL AND QUAN-
TUM GRAVITY 27 (2010), pp. 084033. ISSN: 0264-9381. DOI: 10.1088,/0264-9381/27/8/084033. URL:
http://dx.medra.org/10.1088/0264-9381/27/8,/084033.

D Cuccato et al. ”Controlling the non-linear intracavity dynamics of large He?Ne laser gyroscopes”
In: METROLOGIA 51 (2014), pp. 97-107. ISSN: 0026-1394. DOI: 10.1088,/0026-1394/51/1/97. URL:
http://dx.medra.org/10.1088/0026-1394/51/1/97.

A Beghi et al. ?Compensation of the laser parameters fluctuations in large ring laser gyros: a
Kalman filter approach” In: APPLIED OPTICS 51 (2012), pp. 7518-7528. ISSN: 0003-6935. DOI:
10.1364/A0.51.007518. URL: http://dx.medra.org,/10.1364/A0.51.007518.

110



The ICARUS Experiment

The ICARUS Collaboration

M. Antonello?, B. Baiboussinov?, P. Benetti¢, F. Boffelli®, A. Bubak™, E. Calligarich®, S. CentroP,
A. Cesana®, K. Ciedlikf, D.B. Cline8, A.G. Coccod, A. Dabrowskaf, D. DequalP, A. Dermenevh,
R. Dolfini®, A. Falcone®, C. Farneseb7 A. Favab7 A. Ferrarii, G. Fiorillod7 D. Gibinb7 S. Gninenkoh,
A. Gruglieh{nib7 M. Haranczykf, J. Holeczek™, M. Kirsanow!, J. Kisiel™, T. Kochanek™, J. Lagodal7
S. Mania™, A. Menegolli¢, G. MengP, C. MontanariC, S. Otwinowski8, P. Picchi®, F. PietropaoloP, P.
Plonski®, A. Rappoldi®, G.L. Raselli®, M. Rossella®, C. Rubbia7i, P. Sala®, A. Scaramelli®,
E. Segreto?, F. SergiampietriP, D. Stefan®, R. Sulej®!, M. Szarskal, M. Terrani®, M. TortiC,
F. Varaninib7 S. Venturab, C. Vignoli®, H.G. Wang8, X. Yang®, A. Zalewskabf7 A. Zani® K. Zaremba©,

AINFN - Laboratori Nazionali del Gran Sasso, Assergi, Italy
bUniversita di Padova e INFN, Padova, Italy
CUniversita di Pavia e INFN, Pavia, Italy
dyniversita Federico II di Napoli e INFN, Napoli, Italy
€Politecnico di Milano e INFN, Milano, Italy
FH Niewodniczanski Institute of Nuclear Physics, Krakéw, Poland
8Department of Physics, UCLA, Los Angeles, USA
hipstitute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia
iCERN, Geneva, Switzerland

INuclear Center for Nuclear Research, Warszawa, Poland
WTnstitute of Physics, University of Silesia, Katowice, Poland
DINFN Laboratori Nazionali di Frascati, Frascati, Italy
OInstitute for Radioelectronics, Warsaw Univ. of Technology, Warsaw, Poland
PUniversita di Pisa e INFN, Pisa, Italy

Abstract

In 1977 C.Rubbia [I] conceived the idea of a LAr-TPC (Liquid Argon Time Pro-
jection Chamber). The ICARUS T600 cryogenic detector is the largest LAr-TPC
ever built and operated. Installed in the Gran Sasso underground laboratory and
exposed to the CNGS neutrino beam, on June 26t 2013 ICARUS has completed 3
years of data taking collecting about 3000 CNGS neutrino events but also cosmic
rays, and showing optimal performances. The cosmic ray data taking after CNGS
beam stop (December 3¢, 2012), including a summary of the T600 detector opera-
tion, will be here reported along with the detector decommissioning. The updated
results from the search for the v, — v, anomalies with the CNGS beam and future
perspectives for the ICARUS T600 detector will be also presented.

ISpokesman of the ICARUS Collaboration
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1 ICARUS T600 Detector

The ICARUS T600 detector is the largest Liquid Argon Time Projection Chamber (LAr-
TPC) ever built and operated. The detector consists of a large cryostat split into two
identical, adjacent half-modules with internal dimensions 3.6x3.9x19.6 m® and filled with
a total of 760 tons of ultra-pure LAr. Each half-module houses two TPCs separated by a
common cathode, with a drift length of 1.5 m. Ionization electrons, produced by charged
particles along their path, are drifted under uniform electric field (Ep = 500 V/cm)
towards the TPC anode made of three parallel wire planes, facing the drift volume. A
total of 54000 wires are deployed, with a 3 mm pitch, oriented on each plane at different
angles (0°, + 60°, - 60°) with respect to the horizontal direction. The drift time of each
ionization charge signal, combined with the electron drift velocity information (vp = 1.55
mm/s), provides the position of the track along the drift coordinate. Combining the wire
coordinate on each plane at a given drift time, a three-dimensional image of the ionizing
event can be reconstructed. The absolute time of the ionizing event is provided by the
prompt ultra-violet scintillation light emitted in LAr and detected through an array of
74 Photo Multiplier Tubes (PMTs), installed in LAr behind the wire planes, which are
also used for triggering purposes. The detector is completed by a cryogenic plant made of
a liquid Nitrogen cooling circuit which keeps Argon in liquid phase and guarantees high
LAr thermal stability (within 1K). The LAr purity is a key issue for the detector imaging
capability and for a correct estimation of the ionization charge of events at any depth
along the drift path. A system of LAr purifiers, operating both in gas and in liquid phase,
keep the LAr purity under control.

The ICARUS T600 detector performances can be summarized as follows: 1 mm? preci-
sion in event topology, e/~ separation with 2% X, sampling, electromagnetic showers en-

ergy resolution o(E)/E = 0.03/1/E(GeV') & 0.01, low energy electrons resolution o(E)/E

= 0.11/4/E(GeV) & 0.02 and hadronic showers resolution o(E)/E = 0.30/,/E(GeV).

During 2013, after the definitive CNGS beam stop on December 37¢ 2012, the ICARUS
T600 detector continued its data taking with cosmic rays untill June 26", when the
detector decommissioning started. These three years of continuous underground operation
(June 2010 - June 2013) have proven that the LAr-TPC detection technique, developed by
the ICARUS Collaboration, is well understood and can be adapted for the next-generation
experiments. In three years of continuative data taking, ICARUS collected ~3000 events
of CNGS-beam neutrino interaction and cosmic ray events with energy spanning from
tens of MeV to tens of GeV.

The analysis of the collected data sample is progressing along several paths. The
present effort is mainly devoted to: (1) the search for anomalous v, — v, transitions; (2)
the search for the disappearance anomaly from initial muons from the CERN beam; (3)
the finalization and validation of the multiple scattering algorithm for the measurement
of muon momentum in the few GeV energy range. The more complete study of the actual
nature of the CNGS events and the study of cosmic ray and other data is continuing on a
longer time schedule. On the technical side, the development of automatic reconstruction
tools is progressing, as well as a detailed investigation of the detector uniformity using
long muon tracks from external neutrino interactions.
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This report will focus on the following items: (1) the updated search for the v, —
Ve anomalies with the CNGS beam[P3]] confirming with an almost doubled statistics the
early ICARUS result[P1]} (2) final operation of the cryogenic plant; (3) cosmic ray data
taking after CNGS beam stop (December 3rd, 2012) including summary of the T600
detector operation; (4) phases of the detector decommissioning which started just after
the run was stopped.

2 Search for anomalies in the 1, appearance from the
CNGS v, beam

ICARUS has performed an updated search for anomalies with the CNGS beam. This anal-
ysis extends with an almost doubled event statistics our previously published result
showing that there was a possible agreement of all published experimental results only
for a narrow surviving region centered around (Am?, sin*(20))new = (0.5eV2,0.005).

Following the previous analysis , the events with a clear electron neutrino signature
have been efficiently visually identified by requiring the presence of a primary charged
track initially consistent with a minimum ionizing relativistic particle and subsequently
building up into a shower. The track has to be spatially separated from other ionizing
tracks from the primary vertex.

In the newly added sample we have found two additional electron events that bring
to four the total observed number of events. This is compatible with the visible back-
ground expectation of 6.4 £+ 0.9 due to conventional sources: the probability to observe a
statistical under-fluctuation resulting in four or less v, events is 25%.

The first new event, shown in Figure (1 has a total energy of ~27 GeV and an electron
of 6.3 £ 1.5 GeV, taking into account the partially escaping fraction of the e.m. show-
ers. The electron is clearly separated from the other tracks after 1 cm from the main
vertex. The progressive evolution of the electron from the single ionizing particle to an
electromagnetic shower is clearly visible in the plot of dE/dx along the individual wires
in Figure [1}

The second new event, shown in Figure [2, has a total energy of ~14 GeV and an
electron of 6.4 + 0.3 GeV. The corresponding three-dimensional reconstruction of the
event is also shown. In both events the single electron shower in the transverse plane is
opposite to the remaining of the event, with the electron transverse momentum of 3.5 +
0.9 GeV/c and 1.2 £ 0.2 GeV/c respectively. At statistical confidence levels of 90% and
99% the limits are respectively 3.7 and 8.3 events. The corresponding new limits on the
oscillation probability are (P(v, — v.)) < 3.4 x 1073 and (P(v, — v.)) < 7.6 x 1073
respectively, see the exclusion plot in Figure [3|left. This result is in published in [P3]l

The LSND result [2] was based on anti-neutrino events. A small ~2% antineutrino
event contamination is also present in the CNGS beam as experimentally observed [4].
In the limiting case in which the whole effect is due to 7, — 7, the absence of an
anomalous signal gives a limit of 4.2 events at 90% CL. The corresponding limit on the
oscillation probability is (P(7, — 7)) < 0.32. The resulting (small) exclusion area
is shown in Figure [3] right. As shown in Figure [3| a major fraction of the initial two
dimensional plot [Am?, sin?(20)],e, of the main published experiments sensitive to the
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Figure 1: Ezperimental pictures of the first of the two new events with a clear electron signature found
in the additional sample of 904 neutrino interactions. The evolution of the actual dE/dx from a single
track to an e.m. shower for the electron shower is shown along the individual wires. The event has a
total energy of ~27 GeV and an electron of 6.3 + 1.5 GeV with a transverse momentum of 3.5 + 0.9

GeV/e.

v, — v, anomaly [2| [, Bl 6] [7] is now excluded by the present result. There is tension
between the limit sin?(20,.,) < 6.8 x 1073 at 90% CL and < 1.52 x 1072 at 99% CL of
ICARUS and the neutrino lowest energy points of MiniBooNE with 200 < EYF < 475
MeV, suggesting an instrumental or otherwise unexplained nature of the low energy signal
reported by Ref. [3]. Recently a similar search performed at the same CNGS beam by the
OPERA experiment has confirmed our finding and the absence of anomalous oscillations
with an independent limit sin?(20,.,) < 7.2 x 1073 [8]. As a conclusion, the LSND
anomaly appears to be still alive and further experimental efforts are required to prove
the possible existence of sterile neutrinos.

3 Detector operation

The T600 cryogenic plant worked efficiently, safely and reliably all over the 3-year run
without causing any detector dead time. A paper is in preparation on successful commis-
sioning and underground operation of the cryogenic plant. The Nitrogen cooling plant
and Nitrogen re-liquefaction system have been highly reliable thus avoiding any safety
problem of interference with the detector data taking. The Argon purification system
has guaranteed the continuous maintaining of the LAr purity much above the foreseen
target value. The evolution of LAr purity all over the T600 run is represented in Figure [4]
As one can see, the several LAr recirculation stops due to pumps maintenance haven’t
affected detector performance: electron lifetime has been maintained most of the time
above 5 ms in both cryostats when recirculation system was active, corresponding to 60
ppt Os equivalent impurity concentration.

The installed pumps required more frequent stops than planned. Hence, the 2013
period of T600 operation has been dedicated to the installation, test and run of the new
Barber Nichols LAr recirculation pump with not-immersed motor. This is characterized
by a higher reliability and an increased recirculation speed. The new pump (BNHEP-23-
000 model) is similar to the T600 LN5 cooling pumps that worked more than 10000 hours
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Figure 2: Second v, event. It has a total energy of ~14 GeV and an electron of 6.4 + 0.3 GeV with
transverse momentum of 1.2 £ 0.2 GeV/c. The 3D reconstruction of primary particles in the event is
also shown (red dots correspond to vertices of polygonal ﬁt.

without requiring any maintenance. A picture of the new pump is shown in Figure

The Barber-Nichols pump was delivered at the beginning of March 2013. Two weeks
of major works to upgrade the LAr recirculation system on East cryostat were carried out
stopping the LNy cooling and the T600 data taking. Then the pump was installed and put
in operation at the beginning of April 2013. The last part of the run was dedicated to the
test of the new pump and to monitor the trend of purity in the new configuration. With
few weeks of operation after the long stop for major installation works it was possible to
exceed 7 ms electron lifetime. A zoom of the electron lifetime trend is shown in Figure [6]
As one can see the increase of pump recirculation speed is clearly visible. The last purity
drop was caused by the interruption of the LNy cooling, which is needed for the LAr
recirculation, while the new Barber Nichols pump did not report any damage. Before the
definitive run stop, the new pump operated for a period equivalent to the mean working-
period of the old ACD pumps (~ 2000 hours), but performing at a purification rate 1.5
times higher.

4 Data taking after CNGS beam stop

The ICARUS-T600 data taking continued after CNGS beam stop (December 37, 2012)
to collect cosmic ray data until June 26", 2013, when the run was stopped to allow
the decommissioning procedures to start. The exposure to cosmic rays in this period
corresponded to 0.203 kton year, providing an overall ICARUS T600 exposure to cosmic
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Figure 3: Neutrino (left) and antineutrino (right) with Am? as a function of sin®(20,e.) for the main
experiments sensitive to the v, — v. and U, — U, anomalies [2, 13, (5, [6, [1] and for the present result
(continuous red lines). The yellow stars mark the best fit points of MiniBooNE [3]. The ICARUS limits
on the oscillation probability for v, — v. are < 3.4 X 1073 and < 7.6 x 1073 at 90% and 99% CL,
corresponding to sin?(20,.) < 6.8 x 1072 and sin?(20,e0) < 1.5 x 1072 respectively. The ICARUS limit
on the v, — v, oscillation probability is < 0.32 at 90% CL, corresponding to sin*(20e.) < 0.64.

rays equal to 0.733 kton year, corresponding to 615 days of ICARUS T600 data taking.
The upgraded ICARUS T600 PMTs trigger system, based on the coincidence of the PMT
sum signals of the two adjacent chambers in the same module, worked properly with a
steady trigger rate of about 35 mHz, leading to about 130 cosmic events per hour collected
on the full T600. Moreover, the SuperDaedalus set-up, introduced in the data taking for
cosmic rays since September 2012 with the aim of recovering the lowest energy part of the
cosmic ray spectrum, continued operating smoothly with a ~120 mHz raw trigger rate
including both Collection and Induction 2 views. A dedicated paper is currently under
preparation to provide all the details concerning the main features and efficiencies of the
ICARUS T600 different trigger sources, both for CNGS run and for cosmic rays. The last
part of the 2013 cosmic ray run was dedicated to a few special data taking, whose results
are currently under analysis:

1. set-up with a stochastic trigger to study the low energy background sources in
ICARUS T600: about 50,000 events were collected, corresponding to about 50 sec-
onds of exposure of the whole detector;

2. set-up with different values of the drift electric field, from 270 V/ecm up to 900
V/cm, to study the ionization electron diffusion and to verify the methodology used
to measure the liquid Argon purity with cosmic muons;

3. test of long lasting high values of the HV applied to the cathode (nominal 75 kV,
tested up to 150 kV for 2 days, which corresponds to a drift electric field of about
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Figure 4: Electron lifetime evolution in West and East modules from the full T600 live-time. LAr
recirculation stops for pumps maintenance are marked by the dotted lines.

Figure 5: The new LAr recirculation pump: Barber Nichols pump (BNCP-32C-000 model).

1000 V/cm).

5 T600 decommissioning

The last part of the T600 run was dedicated also to the T600 decommissioning prepa-
ration. In particular an emptying skid to host an immersed LAr pump was installed
together with an intermediate buffer to speed up the emptying process.

An administrative procedure to sell the 530,000 1 of LAr back to ALIS Company
was done. A detailed safety and technical procedure together with a precise schedule
and logistic plan were defined with LNGS management in order to maximise safety and
minimize interference with other underground activities.

The decommissioning phase started on June 27" 2013 proceeding with the following
phases:

1. Cryostat emptying phase.

This phase started on June 27 2013 and ended on July 25 2013, lasting less
than one month (only working days) and was operated in safe and smooth way.
The emptying phase was carried out in parallel on the two modules transferring the
liquid Argon inside an intermediate vessel (20000 /) with a high transfer speed (7000
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red dots are relative to the new pump).

6

[/h). This allowed to speed up the process and to decouple the emptying procedure
from the truck uploading (Figure . 740 over a total of 760 LAr tons were recovered
and sold to the ALIS company with a total number of 33 trucks (1-2 truck/day).

. Cryostat warming-up phase.

This phase started on July 25" and took about one month proceeding with the
help of a heating system to speed-up the process circulating warm GNs inside T600
cooling screens while keeping the thermal gradients within the AT, < 50 K
specification, to prevent thermal shocks on wire chambers (Figure 8).

. T600 dismantling phase.

This phase was started in September 2013 and will globally last about 10 months. It
can be divided into two sub-phases: the first one is finalized to the cryostat opening
(in order to recovery the internal detectors and possibly the cold vessels) and to the
recovery of the cryogenic plant and electronics to be reused in the future projects
(see section n. @; the second phase is aiming at the final emptying of the ICARUS
Area in Hall B.

Future perspectives

The successful operation of the ICARUS experiment has conclusively demonstrated that
the LAr-TPC is the leading technology for the future short and long baseline accelerator
driven neutrino physics.

The INFN has concluded an important cooperation agreement towards a joint experi-

ment with the US-LBNE collaboration, involving the long term realization of a truly large
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Figure 7: Tracks upload with liquid Argon during the emptying phase in Hall B.

mass underground LAr-TPC detector for a search of CP violation in the lepton sector,
proton decay and other topics.

For the next years, the ICARUS collaboration is proposing a new experiment with an
intense low energy neutrino beam with the aim of definitely clarify the possible existence
of additional neutrino states, as hinted by calibration-source neutrino experiments, re-
actor and accelerator experiments, and eventually measure the corresponding oscillation
parameters. The experiment is based on two identical LAr-TPCs, detecting electron and
muon neutrino events at a Far and Near location. The ICARUS T600 detector, which
was operated underground in the LNGS underground laboratory, will be the Far detector
while an additional 1/4 of the T600 detector (T150) will be constructed and used as the
Near detector.

The proposal SPC-P-247 (ICARUS-NESSIE) has been conditionally approved by the
August 2013 CERN Research Board with CERN code WA104. Conditionality implies
that, at the moment in time, the construction of a short-baseline neutrino beam is not
granted and the focus is mainly on detector technology development and qualification
with test beams. Within WA104 the T600 will be overhauled and a smaller T150 detector
“clone” will be constructed. The existing internal detector together with many ancillary
equipments of the LNGS set-up will be recovered.

Vigorous technology developments, while maintaining the already achieved basic fea-
tures of T600, will introduce important new features addressing in particular: 1) the
magnetization of LAr; 2) the LAr purification; 3) new thermal insulation; 4) new cold
bodies design; 5) compensation of recombination effects to improve the calorimetric en-
ergy measurement; 6) modification on T600 and new electronics for T150; 7) new light
detection system.

ICARUS will then be operated either at CERN , if a neutrino beam will be
made available in a reasonable time schedule, or else at FNAL provided it will be
approved. This experiment will offer remarkable discovery potentialities, collecting a large
statistics of v events in both neutrino and antineutrino channels, largely adequate to settle
the origin of the observed neutrino related anomalies. This large neutrino event sample
(> 10°) with the appropriate energy will be also permit to maintain the appropriate levels
in RD/participation in physics developments within a ”learning” process based on real v
events in the preparatory phase of LBNE experiment.
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On a longer time scale the overhauled ICARUS T600 detector could also provide a
convenient near detector in LBNE.
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Abstract

Aim of the LUNA experiment is the direct measurement of the cross section for
nuclear reactions relevant for stellar nucleosynthesis. The year 2013 was dedicated
to the study of the 7O (p,a)'*N and 22Ne(p,7)?*Na reactions. The former was mea-
sured using a solid target and an array of silicon detectors while the latter required
a differentially pumped gas target and two HPGe detectors. After the optimization
and calibration of the two setups, new data were obtained for both reactions. The
data taking and analysis is still on going. Moreover, new developments occurred for
the LUNA-MV project.
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1 The "O(p,a)'N reaction

1.1 Introduction

The rare isotopes 7O and '8F play an important role in a number of astrophysical scenar-
ios, including classical novae and massive stars. Their abundances are influenced by the
two competing reactions O(p,a)*N and "O(p,y)!®F, both part of the CNO cycle. The
CNO cycle takes place in the inner part of massive stars, depleting the 7O abundance.
Surprisingly, observed surface abundances of these RGB or AGB stars also show a deple-
tion of 17O with respect to solar values indicating a connection between the envelope and
the energy generating region of these stars. A few attempts have been made to explain
the observation [, 2] and a better understanding of the 7O destruction rate may shed
some light on the issue, improving our understanding of the evolution of many types of
stars, including our Sun.

(Classical novae are frequent phenomena in our galaxy, taking place in binary systems
consisting of a white dwarf and a main-sequence or red giant star. Mass from the latter
accretes on the white dwarf up to unstable conditions. Every 103-10* years this process
leads to a thermonuclear runaway, triggering Hot-CNO reactions [3, 4]. In particular *F
is produced, a rare isotope unstable to 57 decay. The gamma rays from the annihilation of
the positrons emitted during its decay may, in principle, be detected by space telescopes,
but have not been observed to date. A better understanding of the production rate
of BF at the relevant astrophysical energies would help constrain theoretical models and
predictions. The "O(p,y)!®F reaction has been studied at LUNA and results have already
been published [5, [6]. The complementary investigation of the O(p,a)“N (Q = 1.2
MeV) reaction started recently and focus on two narrow resonances at E, = 70 and
193 keV, which dominate the reaction rate at energies of astrophysical interest (0.03-0.4
GK). The 193 keV resonance is already relatively well known [7, 8] and was measured
chiefly to commission the setup. The main objective of the campaign is the precise direct
measurement of the 70 keV resonance, very challenging because of its extreme weak
resonance strength. A few direct [9] and indirect [10] attempts had been made in the
past, but they painted an incomplete picture which motivated our campaign.

1.2 Experimental approach and preliminary results

The thick target yield technique was employed to investigate the two resonances. Protons
from the 400 kV LUNA-II accelerator with typical beam currents of 150 pA, impinged on
a solid Tal’Oj5 target. These targets were produced by anodization using water enriched
in 7O: the same technique employed for the "O(p,7)'®F campaign [11]. Alpha particles
produced by the reaction were detected using an array of eight silicon detectors arranged
in two rows at 135° and 102.5° with respect to the beam axis, as shown in figlll A
standard electronic chain was used to process the signal which was acquired in list mode
using MIDAS [I2]. To improve the reduction in background, the setup was surrounded
by 5cm lead bricks.

The fragile silicon detectors are continuously hit by elastically scattered protons, caus-
ing damages to the detectors and increasing the background. To prevent this, protective
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Figure 1: (Left) the scattering chamber with the silicon detector mounted. The proton
beam enters from the copper tube on the top. (Right) the inside of the aluminium dome
on which the detectors are mounted, showing 1 cm diameter collimators.

aluminized Mylar foils (~2pm thick) were mounted in front of each detector. The thick-
ness was chosen so as to stop the protons while still letting the reaction alpha particles
pass through. Finding a compromise between these two requirements was very challeng-
ing, since alpha particles are produced with an energy of around 1 MeV only. The setup
efficiency was determined using two independent GEANT4-based simulations. The very
intense and well-known [13] resonance at 151 keV in "*O(p,a)'*N was used to validate the
simulations and to provide a cross-check for the efficiency values found. The agreement
obtained was satisfactory, giving a final total efficiency value of around 11%. The sec-
ond step in the setup commissioning was the measurement of the 193 keV resonance in
70(p,a)™N. Unfortunately, the aluminized Mylar foils proved insufficient to completely
suppress the beam-induced background from elastically scattered protons and additional
precautions had to be taken. Thin steel collimators, with small apertures of 0.5 cm in
radius, were mounted in front of all detectors as shown in figlll They suppressed the
beam-induced background and allowed the measurement. The resonance strength value
found was in very good agreement with previous investigations (see figl2 for a sample
spectrum). Employing the peak from the 151 keV resonance in *O(p,a)'®N and that
from the 193 keV resonance in 17O (p,a )N, we were able to calibrate the detectors and
to provide a precise (£0.1 pum) value for the thickness of the aluminized Mylar foils used.
Identifying the region of interest where the alpha particles from the 70 keV resonance
are located (typical energy approx. 200 keV) is especially crucial in light of the very low
rates expected (few counts per Coulomb of charge on target). It provides both a way to
precisely estimate an upper limit if no signal can be seen and a reliable sanity check in
case a counting excess or an actual peak are observed.
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Figure 2: A typical spectrum for the 193 keV resonance. The resonance peak is well
separated from the beam-induced background due to backscattering protons.

Data taking for the 70 keV resonance has already started and we have collected several
days of data on-resonance, off-resonance and without beam. Collecting data off-resonance
is mandatory to understand any possible beam-induced background which could affect our
measurement. Data analysis is still on-going and more data are required before conclusions
can be drawn. However, preliminary results are very encouraging and indicate a value
for the resonance strength parameter of the 70 keV resonance can be obtained in the
following months.

2 Study of the **Ne(p,y)*Na reaction

2.1 Motivation and previous work

The ?2Ne(p,y)?*Na reaction is included in the hydrogen burning neon-sodium (NeNa)
cycle. This cycle affects the nucleosynthesis of neon and sodium isotopes, and it plays
a key role in the study of the surface composition of Red Giant Branch stars (Gamow
peak 30-100 keV), the composition of the ejecta from Asymptotic Giant Branch Stars and
classical novae (Gamow peak 100-600 keV) [14] and possibly in the simmering phase prior
to the explosion of a type Ia supernova [15].

The #*Ne(p,7y)**Na is the NeNa cycle reaction with the most uncertain cross section.
In the energy range relevant for astrophysics, the *2Ne(p,v)?*Na reaction rate is poorly
known because of the contribution of a large number of resonances (fig.[3)), many of which
have never been observed directly [9, [16]. The mere existence of several of these energy
levels, e.g. the ones corresponding to the Ep = 215 and 104keV resonances, is even
doubted [I7].

The lowest-energy resonance with a directly measured strength is the one at £, =
479 keV [I8]. For the resonances below that energy, only upper limits are reported in the
literature [19, 20]. For the Ep = 215 and 104 keV resonances, indirect resonance strength
data have been reported [21] but later not confirmed in a more recent experiment [22].

Therefore, a new study is highly desirable.
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Figure 3: List of resonances in the *Ne(p,y)?*Na reaction that have been discussed in
the literature. The corresponding states in the 23Na compound nucleus and their spin-
parities, where known [I7], are also shown. The v rays detected in the E, = 186keV
resonance (figs.d and [{) are marked with blue arrows.

2.2 Experimental setup for the HPGe-based measurement

The experimental setup for the measurement of the ?Ne(p,v)**Na consists of a windowless
gas target with three differential pumping stages and a gas recirculation system [23].

In summer 2013 the preparatory phase of the experiment has been completed with the
study of the gas target properties. In particular, the gas density profile along the target
chamber and the beam heating effect have been measured using natural neon gas. The gas
density without beam has been deduced from pressure and temperature measurements at
different positions inside the target chamber. The thinning of the target gas through the
energy deposited by the ion beam, i.e. the so-called beam heating effect, has been studied
with the resonance scan technique, using an intense ' Ne(p,v)??Na resonance at 271 keV
proton energy.

Subsequently, the final setup for the 2Ne(p,7)**Na HPGe phase has been constructed.
It consists of two HPGe detectors, one at 90° with respect to the beam direction, and
the other one at 55° effective angle. The use of two high resolution detectors with well
defined solid angles will allow a measurement not only of the total resonance strength,
but also of the different branching ratios of the resonance decay. The two detectors are
shielded by about 20 cm of lead in order to suppress the environmental background.
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Figure 4: Scan of the **Ne(p,7)**Na resonance at F, = 186keV: Yield in the 440keV
ray as a function of proton beam energy.

2.3 Data taking and preliminary results

The #Ne(p,y)*Na data taking with enriched neon-22 gas has started in late 2013. So
far, the resonances at £, = 159, 186 keV, 256, and 323/333 keV proton energy have been
detected, all of them for the first time. Previous experiments at the surface of the Earth
had only resulted in upper limits [I9, 20]. This clearly shows the power of the LUNA
technique for measuring nuclear reaction cross sections underground.

As an example of the newly discovered resonances, fig.[d shows the energetic resonance
profile, and fig.[5] the in-beam ~-ray spectrum. The signature of the resonance is clearly
seen, and the decay scheme can be deduced.

2.4 Outlook

The HPGe-detector based phase of the experiment is expected to conclude in spring 2014.
This phase will establish the strengths and the decay schemes of the newly discovered
resonances, and place improved limits on the other reported resonances.

As a next phase, a much higher-luminosity measurement is planned. The two shielded
HPGe detectors will be replaced by a 47 summing borehole bismuth germanate (BGO)
scintillator. This detector will enable v calorimetry with its typical y-detection efficiency
of 70% [23]. The enhanced efficiency will come at the expense of resolution, however.

In the BGO-based phase of the *Ne(p,7)**Na experiment, the upper limits for un-
detected resonances will be pushed to even lower levels, and it will be attempted to
measure the direct-capture part of the cross section. The necessary changes in the setup
are planned to be done in summer 2014, and the BGO-based measurement should start
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in late 2014.
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Figure 5: In-beam 7-ray spectrum obtained in the 55° detector in an overnight run on
top of the E, = 186keV resonance in the **Ne(p,7)**Na reaction.

3 The LUNA-MYV project

The LUNA-MYV project foresees the realization of a worldwide unique facility inside the
underground Gran Sasso Laboratory centered on a 3.5 MV single-ended accelerator able
to provide intense proton and alpha beams. Two different beam lines are foreseen devoted
to solid and gas target experiments, respectively. This will allow us to study key reactions
of the Hydrogen and Helium burning and the so-called neutron source reactions, which
provide the neutron flux necessary for the slow neutron capture process. Originally, the
B node site was identified as the best place inside LNGS to build such a facility, due to
its position far away from the main experimental halls and to its dimensions. However,
given the presence of water utilities of the Teramo aqueduct in the B node site, an of-
ficial question was put to the “Istituto Superiore di Sanita” (main Health Institute) on
the possible impact of the LUNA MV project and site preparation on the water quality.
The official response arrived to the LNGS Director at the end of July 2013. The Direc-
tor analyzed deeply the document during the summer break, together with the LNGS
technical division and INFN management. At the beginning of September he communi-
cated to the LUNA collaboration the decision of not proceeding with the installation of
the LUNA-MV accelerator in the B node site since the time required for facing the legal
implications of an installation in that location are considered to be unpredictable and
too long thus incompatible with the timeline of the project. The Director is in contact
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with the INFN management in order to find as soon as possible an alternative location
inside the LNGS. Different hypothesis have already been analyzed and discussed with the
collaboration but a final decision has not yet arrived. A location inside one of the main
halls would have the advantage of requiring less preparation work with respect to the B
node site. The LUNA collaboration and LNGS technical division have already elaborated
a project of installation of the 3.5 MV accelerator with two beam lines in the Hall C (see
figltl). Shielding calculations and Montecarlo simulations of the expected neutron flux just
outside the experimental area have been performed for the new configuration and demon-
strate that the envisioned shielding concept based on water and boron loaded concrete
allows to mantain the neutron flux produced by LUNA MV at a level of 1% with respect
to the LNGS natural neutron flux. The request of almost 3 Meuros for the LUNA MV
project in the framework of the “Progetti Premiali” call (year 2013) has been considered
eligible for funding by the Italian Research Ministry. The total allocated budget is about
2.5 Meuros which sums to the 2.8 Meuros obtained in the previous call of the year 2012.
This money will allow us to prepare the site, setup the shielding of the accelerator room
and buy a commercial machine including one target beam line. Explorative efforts have
been devoted to define the characteristics of the neutron detector for measuring the neu-
tron source reactions and to study the behavior under beam of carbon targets which will
be used for the C(a, )0 reaction measurement. The collaboration is eager to start
the engineering of the shielding and the technical infrastructures as well as the tendering
of the accelerator itself but is still awaiting the final decision on the location of LUNA
MV.

WL WE=I

-

Figure 6: Preliminary sketch of the installation of the LUNA MV accelerator in the Hall
C. The tank and two beam lines are indicated. A shielding composed of a sandwich of
water and concrete is foreseen (pink region).
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Abstract

The Large Volume Detector (LVD) in the INFN Gran Sasso National Laboratory,
Italy, is a neutrino observatory mainly designed to study low energy neutrinos from
core collapse supernovae. The experiment has been monitoring the Galaxy since
June 1992, under increasing larger configurations, in January 2001 it has reached
its present active mass M = 1 kt. No neutrino burst candidate has been found over
7212 days of live-time, the resulting 90% C.L. upper limit to the rate of gravitational
stellar collapses in the Galaxy (D < 25 kpc) is 0.116 yr—1.

Since July 2005 has been member of the Supernovae Early Warning System (SNEWS)
project, the network of neutrino observatories whose aim is to provide the astro-
nomical community with a prompt ad confident alert of the occurrence of a galactic
supernova, event.

Since 2006 LVD has been acting as a far-monitor of the CNGS project, the high
energy, wide band v, beam, set up at Cern and sent towards the INFN Gran Sasso
National Laboratory, for the observation of the v, appearance, through neutrino
flavor oscillation. In 2012 LVD gave a primary contribution to establish the in-
consistency of the OPERA result of a superluminal neutrino velocity and further-
more confirmed that the neutrino speed is compatible with c, its deviation being
< 3.8-107% at 99% C.L.. The sensitivity of this measurement was by one order of
magnitude better than that of previous ones in a similar energy range.

1 Introduction

The detection of neutrinos from SN1987A, first observation of neutrinos from extra-
solar origin, marked the beginning of the experimental phase of neutrino astrophysics
[Hirata et al.(1987), Bionta et al.(1987), Alekseev et al.(1987)] and [Aglietta et al.(1987)].
Core collapse supernovae are the known most powerful neutrino emitters. While the ob-
servation of neutrinos from SN1987A was guided by the optical observation, currently
running v detectors must be able to identify a neutrino burst even in the absence of an
electromagnetic counterpart. Neutrinos can actually travel across our Galaxy and reach
the Earth were they can be identified, while light gets partially or totally absorbed by
dust in the Galactic plane. As the great part (~ 80 %) of core collapse supernovae in
our Galaxy are not visible through their light emission, neutrino detection is in many
cases the only possibility to detect and study these events. In the presence of an elec-
tromagnetic counterpart, on the other hand, the prompt identification of the neutrino
signal could alert the worldwide network of observatories [Antonioli et al.(2004)] allowing
to study many aspects of the rare event from its onset.

Previous direct searches of supernova neutrino bursts from our Galaxy have given null
results [Dye et al.(1989)]; [Ahrens et al.(2002)]; [Alekseev & Alexeyeva (2002)];
[Ambrosio et al.(2004)]; [Novoseltseva et al.(2011)]. The Super-Kamiokande Collabora-
tion set an upper limit at 90% c.l. for the supernova explosion rate out to 100 kpc of 0.32
per year [lkeda et al.(2007)].

The Large Volume Detector (LVD), in the INFN Gran Sasso National Laboratory
(Italy), at the depth of 3600 m of water equivalent, is a one kiloton liquid scintillator
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detector [Aglietta et al.(1992)]. Tt consists of an array of 840 scintillator counters, 1.5 m®
each, viewed from the top by three photomultipliers (PMTs), 2520 in total, arranged in
105 modules hosting clusters of 8 counters. The whole array is divided in three identical
towers with independent power supplies, trigger, absolute clock and data acquisition,
DAQ.

LVD started the commissioning phase in February 1992 for five months till June 1992,
mainly dedicated to stabilize the DAQ system. Since June 6" 1992, with the first tower
completely built, the detector started the first science run. The experiment has been
running under increasing larger configurations since then and in January 2001, with the
completion of the last tower, it reached its final layout: the scintillator mass of one kton.
Thanks to its modularity and dedicated DAQ system LVD allows a very high duty cycle.
It can be serviced during data taking and in case of failures, the neutrino observatory
automatically remove the not properly working region and reconfigures itself at lower
mass. The effect is to adjust dynamically the LVD active mass, M.

Neutrinos can be detected in LVD through charged current (CC) and neutral current
(NC) interactions on proton, Carbon nuclei and electrons of the liquid scintillator. The
iron support structure of the detector, whose total mass is about 0.85 kt can also act as a
target for neutrinos and antineutrinos, with a certain probability that the product of the
interaction may reach the liquid scintillator and be detected [Agafonova et al.(2007-a)].
The total LVD target consists of:
free protons - 8.313 x 103!

C nuclei - 4.267 x 103!

Fe nuclei - 9.7 x 10%°

electrons - 3.393 x 1032

Neutrino interaction channels, relevant to the detector, are reported here:

Vo+p—e +n (1.8 MeV)  (88%) (1)

Ve +2C =2 N4 e” (17.3 MeV) (1.5%) (2)
74120 512 B 4 et (14.4 MeV) (1.0%) (3)
v +2C >y 4+2C ++  (15.1 MeV) (2.0%) (4)
vite —uvte (—) (3.0%) (5)
Ve +°9 Fe =% Co* + e~ (10. MeV) (3.0%) (6)
e+ Fe =% Mn+et (12,5 MeV) (0.5%) (7)
v +0Fe =1+ Fe* +4  (15. MeV) (2.0%) (8)
]

Cross sections of different interactions are obtained referring to [Strumia & Vissani(2010)
for interaction 1, [Fukugita et al.(1988)] for interactions 2 and 4, [Bahcall et al.(1995)] for
interaction 5 and [Kolbe & Langanke(2001)] and [Toivanen et al.(2001)] for interactions
6 and 8.

The main neutrino reaction in hydrogenate targets, at the typical energy of neutrino from
gravitational stellar collapses (GSC), is the inverse beta decay, IBD, (1) which gives two
detectable signals: the prompt one due to the e™ (visible energy F. ~ E; — 1.8 MeV
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+ 2 mec?) followed by the signal from the np — dv capture (E, = 2.2 MeV, mean capture
time ~ 185 pus).

At present a universally accepted model of neutrino emission associated with GSC does
not exist. This is due to the great complexity of the problem, in which all known forces
interplay with each other in extreme physical conditions. The critical role of neutrinos for
the energy transport, as first suggested in [Colgate & White(1966)], is however generally
accepted. A few other points are nowadays well established. The total energy of the
collapse, the binding energy of the future neutron star, is between 2 and 3 -10% erg, and
99% of this is delivered by neutrino emission. The formation of a region where neutrinos
are trapped determines the time scale of this emission, as confirmed by the observation
of neutrino from SN1987A, of the order of ten seconds.

There has been a wide discussion whether SN1987A data show an hint of the presence
of an accretion phase, which would occur in the first stage of neutrino emission. Important
reference in this discussion is the paper by Loredo and Lamb [Loredo & Lamb(2002)]
where it is argued that the SN1987A observations can be used to claim for an evidence
of the accretion phase.

The neutrino-driven mechanism [Bethe & Wilson(1985)], or delayed scenario for the
explosion, has been the most studied so far. In this scenario the explosion of the mas-
sive star receives crucial assistance from the energy deposition due to an initial, intense
neutrino luminosity. Simulations based on this model have given different estimations of
mean energies and luminosity of neutrino emission. In particular early one-dimensional
simulations gave quite different results for the mean energies of various neutrino fla-
vors (10-12 MeV for v, 11-17 MeV for 7., 15-24 MeV for v,,v,, v;,U., hereafter v,)
[Totani et al.(1998)]. However, recent studies [Tamborra et al.(2012)], [Janka(2012)] show
a tendency towards lower values for the mean energies as well as a smaller spread among
them. It should be noted though that models, assuming a quite different scenario, have
been proposed enlarging the theoretical panorama [Imshennik & Ryazhskaya(2004)].

A parallel approach to this problem is the attempt to parameterize the neutrino emis-
sion, of which a remarkable example can be found in [Keil et al.(2003)]. Another work
[Pagliaroli et al.(2009)] considers the microscopic processes of the collapse to build a pa-
rameterization of the neutrino emission, which comprehends both an accretion and a
cooling phase. The free parameters are then determined with a maximum likelihood
procedure on the data from SN1987A.

We refer to this study for an estimation of the neutrino signal from a GSC in LVD.
MSW effect while crossing the matter of the collapsing star [Wolfenstein(1978)],
[Mikheev & Smirnov(1985)] is taken into account, while v-v interactions are neglected.
The normal mass hierarchy scenario has been assumed together with the most recent
values of 015 and mass squared differences Am?, and Am2,. In this scenario the recent
discovery of a non null value for #;3 mixing angle [An et al.(2012)] has no significant
impact on the expected neutrino signal. We find that a total of about 300 events would
be detected in LVD (1kt) for a GSC at 10 kpc from the Earth. They would be shared
among the possible interaction channels as shown in the previous table. Focusing on the
Inverse Beta Decay (IBD) interaction (1), it results that 250 of these signals would be
recorded (and recognized) in LVD, which is quite on the conservative side. The neutrino
signal is expected to develop on a time scale of 20 s, being 90% (50%) the fraction of
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detected events in the first 10s (1s).

The LVD neutrino burst sensitivity for different selection algorithms and energy cuts,
E.ut, has been exhaustively discussed in [Agafonova et al.(2008)] for real background con-
ditions. The highest sensitivity can be achieved, in LVD, for E., = 10MeV, At=10
seconds and without any additional selection criterium based on the expected neutrino
flavor content. Different choices on the duration of the time interval At, based on model
predictions, and supported by the SN1987A data, increase the model dependence of the
search without introducing an important improvement in sensitivity.

LVD working stand alone, with an imitation frequency threshold, Fj,,, of one fake
event every 100 years, reaches the sensitivity shown in figure 1, calculated for E.,; = 10
MeV and for 300 < M, < 1000 ton. Even in this very conservative panorama, LVD
results to be observing, with full efficiency, a region of space centered in the Earth with
radius 25 kpc as long as its active mass remains greater than 300 tons.
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Figure 1: LVD efficiency versus distance for E...=10MeV and active mass, M., between
300 and 1000 ton.

2 Core Collapse SN Monitor

2.1 Data set

The whole LVD data taking can be devided in 2 periods according to slightly different
values of the trigger threshold. In the first period, from June 6%, 1992, to December,
315, 2003, the hardware trigger energy threshold was set to g ~ 5 MeV, for the core
counters, i.e., counters not directly exposed to the rock radioactivity which represent 47%
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Figure 2: LVD duty Cycle as a function of time.

of the total, and £y ~ 7 MeV, for external ones. In the second period, from January 1%,
2004 up to now, the trigger energy threshold of the array was set uniformly to £ ~ 4
MeV. A secondary energy threshold, £, ~ 0.5 MeV, to detect gammas from n-captures, is
enabled during 1 ms after the occurrence of each trigger and remained unchanged during
both periods. Duty cycle of the detector, averaged over 10 days windows, is shown in
figure 2. Fluctuations on the duty cycle, after the construction period, are mainly due to
maintenance activity. The duty cycle of the whole data set achieves 95.8% (99.6% since
2001 and 99.8% since 2008).

The detector active mass, M., is dynamically adjusted. M, is continuously mon-
itored through the atmospheric muon flux. The muon rate observed by the whole LVD
array is 0.097 £0.01 muons per second, while each counter detects, on average, 1.8 muons
per hour. The detector active mass is updated every 8 hours by considering the counters
that detected at least one muon in this period. Quality cuts on single counters are applied
at this level to determine the reliable active mass of the detector:

e The response to atmospheric muons is used to identify and discard bad working
counters, problems that are mainly due to electronic failures.

e Counters with a background rate R(E > 7TMeV) > 3-1073s~! [Agafonova et al.(2008)]
are rejected as noisy. On average this problem regards less than 2% of the counters.

LVD active mass, M,., as a function of time is shown in figure 3. From June 9" 1992 to
August 315 2013 M, remained greater than 300 t during 7212 days.
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Figure 3: LVD active mass as a function of time. M,y remained greater than the 300 t
limit during 7212 days, from June 9" 1992 to August 31°¢ 2015.

2.2 Selection criteria

Most accredited model and numerical experiments predict that in core collapse supernovae
neutrinos emission occur in three main phases:

- v, are emitted in shock breakout, when v, produced in electron captures (neutron-
ization) are freed by the passage of the shock wave trough the neutrino sphere, duration
few milliseconds;

- v, and 7, are emitted during the accretion phase, whose duration, around 500 ms,
will determine the future evolution of the collapse;

- neutrinos and antineutrinos, v; and 7;, of all flavors are emitted during the thermal
cooling, duration few tents of seconds.

Average energy of emitted neutrinos ranges between 10 and 25 MeV, energy spectra
are approximately thermal. On the bases of these expectations the data set dedicated to
the search for neutrino burst must be free from the atmospheric muon component and
limited to a convenient energy window to cut most of the background due to radioactivity.
For these reasons the following cuts on single events are applied:

e coincident events in 2 or more counters within 200 ns, are rejected as muon candi-
dates. To avoid the contamination of any signal associated with muon interactions
inside the detector or in the surrounding rock, a dead time of 1 ms is applied after
each muon event. This cut introduces a dead time, tgeq < 0.01%, corresponding to
less than 1 hour per year. The possibility that the product of a neutrino interaction
involves more than one counter (and for this reason is rejected) has been evaluated
in [Antonioli et al.(1991)]. Convolving this probability with the expected energy
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spectra we obtain that about 3% of neutrino interactions will be excluded from the
following burst candidate selection process because of this cut. In case of a positive
detection, i.e., the burst identification, these events will be recovered.

e According to the expected signal, the energy of the trigger events are selected in
the range Eeyr < Epigger < 100 MeV. Two energy ranges are considered with
E.. =7 MeV and 10 MeV. Radioactivity background is highly suppressed at
these energies, while the impact on the expected signal is negligible because of the
energy dependence of the cross sections.

Moreover applying these two filters, in particular the second one, the rate becomes almost
independent from the local hardware configuration and the effect due to the threshold
change is negligible.

The core of the algorithm for the neutrino bursts candidate selection consists in the
search for a cluster of signals within a fixed time window, At¢. The burst candidate is
simply characterized by its multiplicity m, i.e., the number of events detected during At
and At itself. All the other characteristics of the cluster, as its topological distribution
inside the detector, the detailed time structure, energy spectrum and v flavor content,
are left to a subsequent independent analysis (consistency check). A set of dedicated cuts
are introduced in the process of burst candidate selection. They are occasionally applied
to disentangle and reject local fluctuations of the trigger rate due to temporary failures,
electric noise or human activities in the experiment. They can involve single counters (S-
Cut) or sets of counters which are in some way connected as modules (M-Cut) or groups
(G-Cut).

All these cuts are based on the simple requirement that events belonging to the cluster
are due to low energy neutrinos that, because of their huge mean free path, are expected
to interact uniformly inside an array made by elements with same detection efficiency.
After applying the cut, the cluster is reanalyzed with the new multiplicity m’ = m — m;
and new background rate, f;,. We refer to these cuts as topological cuts. Their effects are
carefully monitored along data taking and processing. For clusters that, before applying
topological cuts, had an imitation frequency lower than 1 per month, an individual in-
spection is performed. The majority of these downgraded clusters are due to electronics
failures, in particular TDC failures impacting muon rejection. It is not rare to see that the
increasing of the number of downgraded clusters is correlated with a decreased number
of recognized muons.

2.3 Results

At the end of the data selection and after applying topological cuts, the LVD background
data should behaves as a stochastic series well described by the Poisson statistic indepen-
dently from the local hardware configuration.

In the search for a cluster of events within a fixed time window, At, each data period,
T, is scanned through a “sliding window” with duration At=20s, that is, it is divided

into N:% intervals. This process has been repeated twice, where the At windows are
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relatively shifted of At/2. In this way the unbiased time window is 10s. The expected
frequency of clusters of duration 20s and multiplicity > m, due to background, is:

Eyn(m, fox) = C - > P(k;20 - fix) ev - day™ (9)

k>m

where f, is the background counting rate of the detector for visible energy, E ;s > Eeut
(Eeus = 10MeV in this analysis), P(k; fuxAt) is the Poisson probability to have clusters
of multiplicity k if fi At is the average background multiplicity, and C = 86400/(2 - At)
is the number of trials per day.

Indeed, a candidate burst is defined by its multiplicity to which, for a known back-
ground rate, an imitation frequency is associated (through eq.9). Fi.' thus represents the
significance of the detected cluster defined as the average time you have to wait for a fake
event originated by the Poissonian background [Agafonova et al.(2008)].

To check the performance of the selection procedure and to validate the reliability of
the algorithm to reproduce background fluctuations, a number of test had been performed
in the past and are periodically repeated. We simulate clusters of events in a subset
of counters equipped with a LED system. We test, and online continuously monitor,
the cluster selection criteria at low thresholds, i.e., with F;, < 1-day ', 1 - week*,
1-month™'. While for LVD working standalone a detected cluster is considered a candidate
neutrino burst only if its significance is higher than 100 years. This request is relaxed
to 1 month when working in coincidence with other detectors in the SNEWS project
[Antonioli et al.(2004)].

The comparison between expected and detected clusters in the whole period and for
different imitation frequencies, F,,,, is summarized in table 1.

Table 1: Comparison between expected and detected clusters in the period from 6-9-1992
to 8-31-20135.

‘ ‘ Fin <1/day ‘ Fim <1/week ‘ Fim <1/month ‘
expected 2224 416 74
detected 2261 418 97

On the bases of these results, we conclude that:
- the detector behavior has been under control during the whole period of data taking;
- the method used in the search for neutrino burst candidates is reliable and
- the threshold of the F,, set at 1 every 100 year, in the standalone search, is a reasonable
choice.

All the clusters of Table 1 are shown in figure 4. Among them, 97 with significance
F;,! > 1 month (74 were expected) have been individually inspected and resulted fully
compatible with chance coincidences among background signals. Ten have a significance
better than 1 year (against 5 expected). The maximum detected significance was F;,} = 5

years, in two clusters, being 100 years the significance necessary to have a neutrino burst
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Figure 4: Detected clusters: in red clusters whose significance is better than F;,} > 1 year.

candidate. Furthermore, in case of detection, the neutrino burst candidate will be sent to
a second level analysis, which aims at studying the consistency of these clusters with the
features of a real neutrino burst. This second level analysis is called consistency check!.

LVD has been observing the Galaxy searching for neutrino bursts from core collapse
SN since June 1992. The detector is considered active only if its active mass, M,., was at
least 300 t, being, in this way, fully sensitive to core collapse SN occurring at a distance
D < 25 kpc from the Earth. No neutrino burst candidate has been detected during 7212
days, from June 9** 1992 to August 31°* 2013. The corresponding upper limit on the rate
of gravitational stellar collapse at 90% C.L. is: 0.116 year—!. This is the most stringent
limit to date achieved by the direct observation of the entire Galaxy searching for neutrino
bursts.

3 CNGS beam monitor and the neutrino speed

Since 2006 LVD has been acting as a far-monitor of the CNGS beam [Aglietta et al.(2004)]
[Agafonova et al.(2007-b)]. Muons, produced by charged current interactions of muon
neutrinos in the rock, are responsible for the bulk (~ 80%) of CNGS events in LVD. At
the nominal intensity 4.510° p.o.t./y the LVD event rate corresponds to more than 100
CNGS events per day, against a practically negligible background.

In 2012, as a consequence of the neutrino time of flight measurement performed by
OPERA experiment, unexpectedly showing evidence for superluminal propagation of v,

'In the SNEWS project, the required coincidence with other detectors is considered, by LVD, the
main instrument to confirm the reliability of the alarm. No additional test on the detected cluster is
performed in this case before sending the alarm to the central server if the cluster has F;,, < 1/month.
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Figure 5: Sketch of the LNGS map with the position of the LVD and OPERA experiments.

neutrinos, we studied the sample of cosmic muon events in time coincidence between the
LVD and OPERA detectors, during a calendar time period from mid 2007 until 2012, for a
total live time of about 1200 days. In a time-window of 1us, and excluding events in time
with the CNGS beam spill, we found 306 events due to single muons entering horizontally
from the OPERA side and going through the LVD detector. Indeed, the OPERA-LVD
direction lies along the so-called Teramo valley, where the Gran Sasso mountain profile
exhibits small depths even in the horizontal direction. Visual inspection confirms this
pattern. See in fig. 5 a sketch of the LNGS with the position of the two detectors and
the direction of those muons.
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Figure 6: Distribution of 0t = tryp — topera for the 306 events inside 1 pus time coinci-
dence.

The calendar time evolution of the time difference 0t = t;yp — toprra for various
periods of data-taking shows a variation of the average value in each period larger than
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statistical uncertainties. This behavior, shown in fig.6, corresponds to a negative time
shift for OPERA of the same order of the excess leading to a neutrino velocity higher
than the speed of light.

Further checks of the OPERA experimental apparatus showed evidence for equip-
ment malfunctioning. The result of this joint analysis provided a check that was to-
tally independent from the TOF measurements of CNGS neutrino events, pointing to
the existence of a possible systematic effect in the OPERA neutrino velocity analysis
[Agafonova et al.(2012-a)].

Furthermore, to allow a more accurate neutrino time of flight measurement, from
May 10th to May 24th, 2012, the CERN-SPS accelerator was operated with a new beam
structure. This structure was made of four batches separated by about 300 ns, with
16 bunches per batch, with a narrow width of ~3 ns each, separated by 100 ns. For
this occasion, a new High Precision Time Facility (HPTF), designed by the Borexino
collaboration, was installed in the external buildings of the LNGS. In view of the new
neutrino beam, LVD modified a subset of counters, with the aim of improving their
timing performances. We have chosen 58 of them (Super-Set, see fig. 7) to maximize the
acceptance with respect to CNGS neutrinos while minimizing the number of detectors
to be modified. From data taken since 2006 from the CNGS beam we have learnt that
the Super-Set counters were involved in 40% of the CNGS events detected by LVD, while

Figure 7: Schema of LVD counters. The blue ones represent the Super-Set, see text.
On the one hand, to avoid time fluctuations in the trigger formation at the single-
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counter level, we have modified the cabling of the PMTs, by delaying only one of them.
The change guarantees that the 3-fold coincidence among the PMTs in every counter is
always formed due to the same tube. On the other hand, to perform a measurement of
the transit time in each counter, we have equipped them with a LED system. The transit
time, is the time between the light generation inside a counter and the formation of the
trigger. By means of the LED system, we have measured the behavior of the transit time
versus energy for each counter.

The trigger of the array has been upgraded too. An independent fast trigger logic has
been implemented in the counters of the Super Set. The trigger has been connected to
one of the Time Interval Counters of the HPTF, which provides a high precision time
difference between the LVD trigger and the absolute GPS time. Thanks to this improve-
ment, the absolute time accuracy of LVD is of the order of few nanoseconds. Finally a
new, independent, high precision geodesy measurement was performed. The CNGS-LVD
baseline, namely the distance between the center of the BFCTI.400344 intensity monitor
at CERN and the LVD Super-Set upstream entry wall (taken as the LVD reference), was
found to be 731291.874+0.04 m.

During the bunched-beam run we found 190 events in total, consistent with the 1.89 -
10" protons on target (p.o.t.) delivered. For the measurement of the neutrino velocity,
we have used only events involving at least one of the Super-Set counters. We have found
79 of them out of 190, i.e., 40% as expected from the Super-Set geometry. To limit the
sources of systematic uncertainties, we have applied quality cuts to them. First we have
required the non-saturation of ADC of the triggering counter, as the saturation would
not allow a precise measurement of the transit time. Second, because the number of
photoelectrons for energy releases E<30 MeV is too low to guarantee that the counter is
triggered by direct (i.e., fast) light, we have selected only events where the energy release
associated to the triggering counter was above a certain value. We have tested different
cuts, between 30 and 100 MeV. The r.m.s. of the distribution becomes stable for E>50
MeV, this value being our final choice. The described quality cuts reduce the sample to
48 events, that have been used for the final analysis.

The systematic uncertainties associated to the measurement of the difference between
the neutrino time-of-flight tof, and the expected one at speed of light tof.:

ot = tof , — tof, (10)

are summarized in Table 2. The baseline between LVD and CERN is known with an
uncertainty lower than 0.3 ns. In fact, neutrino-induced muons responsible for events
in the Super-Set can be generated as far as several hundreds of meters from LVD. This
makes shorter the actual neutrinos baseline, while part of the distance is travelled by
the produced muons of different energy. This effect has been investigated through a
Monte Carlo simulation and has a negligible impact on the measurement. Constant
delays at CERN give an additional uncertainty of 1.5 ns. The uncertainty due to the
system time inter-calibration has been measured and it is 1.1 ns. Also, the delay between
the proton extraction time and the recording of the BCT waveforms by a digitizer has
been measured, with an uncertainty of 1.0 ns. The variable correction o7y p (energy and
counter dependent) introduces a further systematic uncertainty, 0.4 ns, evaluated through
the propagation of the one associated to the energy measurement. Finally, the last three
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‘ Systematic uncertainties ‘ ns ‘ Error dist. ‘

Baseline (< 10 cm) < 0.3 Gauss.
Const. corr. at CERN 2.0 Gauss.
BCT calibration 1.0 Gauss.
Time link calibration 1.1 Gauss.
GPS syncronization accuracy 1.0 Gauss.
PMT transit time correction 0.4 Gauss.
Absolute transit time cal. 1.5 Flat
Optical fiber length 0.5 Gauss.
Fluorescence lifetime 0.6 Exp.
Total systematic + 3.2

Table 2: Sources of systematic uncertainty in the measurement.

terms in Table 2 are related to the constant corrections in the absolute time calibration
of the Super-Set counters. They account for the unknown time delay between trigger and
LED light generation, 2.6+1.5 ns; the uncertainty associated to the optical fiber length,
0.5 ns, and the difference between the detector response to LED light and to particle
ionization, 1.1 & 0.6 ns (the scintillator decay time is 7=3.3 ns.

By quadratically summing up all these contributions, we obtain a total systematic
uncertainty of 3.2 ns. The distribution of ¢ for the 48 events is shown in figure 8 compared
with the superposition of all the peaks of the waveforms correlated to detected events.
The mean value of the measured distribution is:

0t = —0.3 £0.650¢ £3.25y5 1S (11)
The neutrino speed is compatible with ¢, its deviation being, at 99% C.L.:
—33-10° < (v, —¢)/c < 35x107° (12)

These values are an order of magnitude lower than previous direct measurements
[Agafonova et al.(2012-b)].

147



10F
B Mean =-0.3 ns
2 o rm.s.=4.0ns
- L
I 5
(0] L
>
m | !J_L‘
0 20 0 20

8t [ns]
Figure 8: Distribution of 0t = tof ,—tof ., for each of the 48 selected events, compared with

the superposition of all the peaks of the waveforms correlated to detected events (grey).
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Abstract

The OPERA neutrino detector at the underground Gran Sasso Laboratory (LNGS) was designed
to perform the first detection of neutrino oscillations in appearance mode through the study of v, —
v; oscillations. The apparatus consists of a lead/emulsion-film target complemented by electronic
detectors. It is placed in the high-energy long-baseline CERN to LNGS beam (CNGS) 730 km away
from the neutrino source. Runs with CNGS neutrinos were successfully conducted in 2008, 2009,
2010, 2011 and 2012 for a total luminosity of 18 x 10'° p.o.t. (proton on target). In November 2012
the CNGS run has been stopped and subsequently the beam line has been dismounted. The emulsion
analysis has continued during last year and will presumably continue for the whole 2014. After a
brief description of the beam and of the experimental apparatus we report on the data and related
analysis results.

1 Introduction

The solution of the long-standing solar and atmospheric neutrino puzzles has come from the hypothesis
of neutrino oscillations. This implies that neutrinos have non vanishing and non-degenerate mass eigen-
states, and that their flavor eigenstates involved in weak interaction processes are a superposition of the
mass eigenstates. Several experiments carried on in the last decades with solar and reactor neutrinos, as
well as with atmospheric and accelerator neutrinos, contributed to build-up our present understanding
of neutrino mixing. Atmospheric neutrino oscillations have been studied mainly by the Kamiokande,
MACRO, Super-Kamiokande and SOUDAN2 experiments. Long baseline experiments with accelerator
neutrinos (K2K and MINOS) confirmed the oscillation scenario first pointed out by the Super-Kamiokande
experiment supporting the v,, — v, oscillation channel for atmospheric neutrinos, while the CHOOZ and
Palo Verde reactor experiments excluded the v,, — v, channel as the dominant one. However, the direct
appearance of a different neutrino flavor is still an important open issue. This is the main goal of the
OPERA experiment [1] that uses the long baseline (L=730 km) CNGS neutrino beam from CERN to
LNGS. The challenge of the experiment is to measure the appearance of v, from v, oscillations in an
almost pure muon-neutrino beam. This requires the detection of the short-lived 7 lepton (¢7 = 87.11 pum)
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Figure 1: Fish-eye view of the OPERA detector. The upper horizontal lines indicate the position of the
two identical supermodules (SM1 and SM2). The "target area” is made of walls filled with ECC bricks
interleaved with planes of plastic scintillators (TT). Arrows also show the position of the VETO planes,
the drift tubes (PT), the RPC with diagonal strips (XPC), the magnets and the RPC installed between
the magnet iron slabs. The Brick Manipulator System (BMS) is also visible. See [2] for more details.

produced in the charged-current interaction of a v.. This sets two conflicting requirements: a large target
mass needed to have sufficient statistics and an extremely high accuracy detector technique to observe
the short-lived 7 lepton. The 7 is identified by the detection of its characteristic decay topologies either
in one prong (electron, muon or hadron) or in three prongs. The 7 track is measured with a large-mass
active target made of 1 mm thick lead plates (target mass and absorber material) inter-spaced with thin
nuclear emulsion films (high-accuracy tracking devices). This detector is historically called Emulsion
Cloud Chamber (ECC). Among past applications it was successfully used in the DONUT experiment for
the first direct observation of the v, .

The OPERA detector [2] is made of two identical Super Modules (SM) each consisting of a target
section of about 625 tons made of lead/emulsion-film ECC modules (hereafter called ”bricks”), of a
scintillator tracker detector (TT) needed to trigger the read-out and pre-localize neutrino interactions
within the target, and of a muon spectrometer (Figure 1). A single SM has longitudinal dimensions of
about 10 m. The detector is equipped with an automatic machine (the Brick Manipulator System, BMS)
that allows the on-line removal of bricks from the detector. Ancillary facilities exist for the handling, the
development and the scanning of the emulsion films. The film scanning is performed with two independent
types of scanning microscopes: the European Scanning Sytem (ESS) in Europe and the S-UTS in Japan.

A target brick consists of 56 lead plates of 1 mm thickness interleaved with 57 emulsion films [3]. The
plate material is a lead alloy with a small calcium content to improve its mechanical properties [4]. The
transverse dimensions of a brick are 12.8 x 10.2 cm? and the thickness along the beam direction is 7.9 cm
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Figure 2: Schematic view of two bricks with their Changeable Sheet and target tracker planes.

(about 10 radiation lengths). The construction of more than 150,000 bricks for the neutrino target has
been accomplished by an automatic machine, the Brick Assembly Machine (BAM) operating underground
in order to minimize the number of background tracks from cosmic-rays and environmental radiation.
The bricks have been inserted in the detector target by the BMS and housed in a light support structure
placed between consecutive TT walls. The support structure has been designed with the requirement
of minimizing the material along the neutrino beam direction in order to reduce to the 0.1% level the
number of interactions in regions not instrumented with emulsion films or scintillators. In order to reduce
the emulsion scanning load the use of Changeable Sheets (CS) [5], successfully applied in the CHORUS
experiment, was extended to OPERA. Tightly packed doublets of emulsion films are attached to the
downstream face of each brick and can be removed without opening the brick. Charged particles from a
neutrino interaction in the brick cross the CS and produce signals in the T'T scintillators. Following these
signals the brick is extracted and the CS developed underground and analyzed in the scanning facilities
at LNGS and in Nagoya. The information of the CS is used for a precise prediction of the position of
the tracks in the most downstream films of the brick, hence guiding the so-called scan-back vertex finding
procedure. The brick, CS and TT layout [5] is schematically shown in Figure 2.

2 Evidence of v, — v, appearance in the CNGS beam with direct
7 detection

The CNGS neutrino beam was designed and optimized for the study of v, — v, oscillations in appearance
mode, by maximizing the number of charged current (CC) v, interactions at the LNGS site. For a detailed
description of the CNGS beam we refer to [2].

After the beam commissioning run in 2006, the CNGS run started on September 2007 at rather low
intensity. The first event inside the OPERA target was observed on October 3"¢.Longer runs took place
in 2008, 2009, 2010, 2011 and 2012. On December 2012 the last CNGS neutrinos were delivered to LNGS.
A long shutdown is foreseen at CERN for 2013 and 2014 for the upgrade of LHC and the CNGS beam
has been decommissioned. The global CNGS performance during the 2008 to 2012 runs is summarized
in table 1.

A first v, interaction candidate was found in 2010 [6].

A second v, interaction candidate was found in 2011 and presented in 2012 [9] (Fig.4).

A third v, interaction candidate was found in 2012 and officially presented in a seminar at LNGS on
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Figure 3: The first OPERA tau candidate (see [6] for details).

Second V‘l‘. Candidate Event

parent
-

2000 pm

Figure 4: The second OPERA tau candidate (see [9] for details).

March the 26th 2013 [10] (Fig.5). The sample of events analyzed up to now consisted of:

e all the Ou events collected and searched for in the two most probable bricks for the 2008-2009 runs
and in the most probable one for the 2010-2011 runs,

o all the 1p events with p, < 15 GeV/c collected and searched for in the two most probable bricks
for the 2008-2009 runs and in the most probable one for the 2010 run.

Two v, candidate events in the hadronic decay channels were observed: the first in the 2009 run data
with a one-prong topology [6], the second in the 2011 run data with a three-prong topology [9]. The
analysis was then performed on the most probable bricks of 1u events with p, < 15 GeV/c collected
during the 2011 and 2012 runs. A v, candidate event in the muonic decay channel was observed in this
data sample. The three candidate events found, together with a conservative background estimation,
mostly due to charm candidates with undetected muon, give a significance of 3.4 sigma for the direct
detection of v,, =+ v, oscillations
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Figure 5: The third OPERA tau candidate; in this candidate event the short track is seen to decay
leptonically into one muon which stops in the spectrometer.

The kinematical quantities of the tracks measured in the emulsion films for the third candidate event
are given in the following:

e track pyp has a momentum p,, = (0.907015) GeV/c, measured by MCS. It was found in the CS
films. It was followed into the downstream brick where it disappears after having crossed 18 lead
plates. No charged particle track could be detected at the interaction point. It is classified as a
hadron by its momentum-range correlation [10];

e track d; is the 7 decay daughter. Its angle with the 7 lepton track (Ogink) is (245 £ 5) mrad.
The impact parameter with respect to the primary vertex is (93.7 & 1.1) pm. The track, found
also on the CS films, agrees with the muon track reconstructed in the electronic detectors in both
momentum (Ap = 0.3752 GeV/c) and angle (Af = 18 + 25 mrad);

e the shower originating from a vy-ray conversion has an energy of (3.1f8:g) GeV. The conversion to

an ete™ pair is observed 2.1 mm (0.36 Xy) downstream of the primary vertex to which it points
with an impact parameter of (18 +13) pm. It is incompatible with originating from the secondary
vertex, the impact parameter being (96 & 12) pm.

In the plane transverse to the beam direction, the angle between the 7 candidate direction and the
sum of the transverse momenta of the other primary particles (po and ) is A¢,x = (155 +15)°. The
transverse momentum at the secondary vertex (p5?) amounts to (690 + 50) MeV/c. The scalar sum of
the momenta of all the particles is ps.m = (6.8157) GeV/e.

With the present statistics and the observation of three v, candidates, the absence of a signal from
v, — v, oscillations is excluded at 3.4 o [10].

3 Measurement of TeV atmospheric muon charge ratio

The muon charge ratio R, = N+ /N,,-, defined as the number of positive over negative charged muons, is
studied since many decades. It provides an understanding of the mechanism of multiparticle production in
the atmosphere in kinematic regions not accessible to accelerators, as well as information on the primary
cosmic ray composition. A charge ratio larger than unity reflects the abundance of protons over heavier
nuclei in the primary cosmic radiation. The charge asymmetry is preserved in the secondary hadron
production, and consequently in the muon fluxes, due to the steepness of the primary spectrum which
enhances the forward fragmentation region. The kaon contribution to the muon flux increases with the
muon energy. Since the production of positive kaons is favored by the associated production AKT, the
muon charge ratio is expected to rise with energy. Assuming the hypothesis of complete scaling we expect
an energy independent charge ratio above the TeV energy region at sea level once the kaon contribution
to the muon flux reached its asymptotic value. At higher energies, around O(100) TeV, the heavy flavor
contribution, as well as changes in the primary composition, may become significant. The momentum
and charge reconstruction was obtained via the Precision Trackers (PT) of the OPERA spectrometers.
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Layers of vertical drift tubes are arranged in PT stations instrumenting the two identical dipole magnets.
The momentum and charge information is given by the angle A¢ in the bending plane, i.e. the difference
between the track directions reconstructed by the two PT stations before and after each magnet arm.
For nearly horizontal muons up to four bending angles can be measured in the two dipole magnets.
OPERA collected charge-separated cosmic ray data between 2008 and 2012. More than 3 million
atmospheric muon events were detected and reconstructed, among which about 110000 multiple muon
bundles. The charge ratio R, = N,+/N,- was measured separately for single and for multiple muon
events. The analysis exploited the inversion of the magnet polarity which was performed on purpose
during the 2012 Run. The combination of the two data sets with opposite magnet polarities allowed min-
imizing systematic uncertainties and reaching an accurate determination of the muon charge ratio. Data
were fitted to obtain relevant parameters on the composition of primary cosmic rays and the associated
kaon production in the forward fragmentation region. The charge ratio of single muons impinging on
the apparatus was computed combining the two polarity data sets [11]. After the correction for charge
misidentification and detector misalignment, the final measurement with the complete 5-year statistics
yields the result:
R,(n, = 1) = 1.377 £ 0.006(stat.) t5-007 (syst.) (1)

The charge ratio of multiple muon events was computed using all the muon charges reconstructed in
events with n, > 1. It is not computed within the bundle itself, but summing up all the positive and the
negative charges belonging to the bundle subsample. The result after polarity combination and correction
for misidentification is significantly lower than the single muon value:

R, (n, > 1) = 1.098 £ 0.023(stat.) 70015 (syst.) (2)

In the surface energy range 1-20 TeV investigated by OPERA, R, is well described by a parametric
model including only pion and kaon contributions to the muon flux, showing no significant contribution
of the prompt component. The energy independence supports the validity of Feynman scaling in the
fragmentation region up to 200 TeV /nucleon primary energy.

4 Conclusions and plans for 2014

The extraction of bricks from the Opera apparatus, and the scanning and analysis of the remaining events
in the emulsions, will continue during 2014 in order to complete the search for v, events collected in the
last years and not yet found. All the most probable event bricks and most of the second probable bricks
have been measured and analised. During the year 2014 the remaining third and fourth most probable
bricks (for those events which have not been confirmed in the first and second brick) will be extracted
and analyzed. The extraction will continue till the end of 2014 while the scanning and analysis will last
also in the year 2015. In 2015 the apparatus is foreseen to be decommissioned.
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THEORY GROUP

The LNGS theory group is organized in the following five working subgroups
(or IS, from Iniziative Specifiche): PI12, PI121, CT51, FA51, PD51. The coordi-
nators are indicated in bold face in the members list. The research topics concern
five main areas: astroparticle physics (mainly FA51); compact stellar objects and
dense hadronic matter (CT51); cosmology, large scale structures and dark mat-
ter (PD51); computer simulations of gauge theories (PI12); particle physics phe-
nomenology (mainly PI21). There is a tradition of collaboration between the LNGS
theory group and several experimental groups. In this report, we briefly describe
the activities of the theory group in 2013.

Members of the group: R. Aloisio, Z. Berezhiani, V. Berezinsky, R. Biondi, P. Blasi,
D. Boncioli, M. Crisostomi, G. Di Carlo, G. Di Panfilo A. Maiezza, M. Mannarelli,
M. Mitra, G. Pagliaroli, A. Parisi, L. Pilo, N. Rossi, F.L. Villante, F. Vissani.

Updated information can be found at: http://theory.lngs.infn.it/index.html

Lattice QCD (PI12)

Member: G. Di Carlo.

In collaboration with V. Azcoiti, E. Follana, M. Giordano (Universidad de Zaragoza,
Spain) and A. Vaquero (The Cyprus Institute, Cyprus).

Scientific work

The research activity has been focused on the study of the sign problem and topology in
lattice field theories: non-zero baryonic density QCD, so-called Aoki phase and models
with f-term.

We have continued a long standing study on the structure of the vacuum in QCD
into the Aoki phase; in a paper, published on Nucl Phys. B [1], we provide numerical
evidence, coming from HMC simulations, supporting a vacuum structure for this model
more complex than the one assumed in the standard picture, in contradiction with the y
PT predictions for the Aoki phase. In another paper, also published in Nucl. Phys. B [2],
we substantiate this evidence with an analysis of the corrisponding Aoki phase structure
in the Nambu-Jona Lasinio model sharing the same low energy symmetries of 2 flavours
Wilson fermions lattice QCD. Next we tried to extend these results by adding a chemical
potential term, looking for possible hints of new parity-broken phases, but we failed in
finding different behaviour with respect to the zero chemical potential case.
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Fundamental Interactions and Gauge Theories (PI21)

Members: Z. Berezhiani, R. Biondi, A. Maiezza, G. Di Panfilo, N. Rossi, F. Villante.

IA. Dolgov (University of Ferrara), I. Tkachev (INR, Moscow),
P. Geltenbort, V. Nesvizhevsky (ILL, Grenoble), A. P. Serebrov (PNPI, St. Petersburg),
Yu. Kamyshkov (Univ. Tennessee, USA) .

Scientific work

The research activity has been focused on the following topics:

(i) Millicharged dark matter: generation of galactic magnetic fields and the BBN limits.
A new scenario for creation of galactic magnetic fields has been proposed which is opera-
tive at the cosmological epoch of the galaxy formation, and which relies on unconventional
properties of dark matter. Namely, it requires existence of feeble but long range inter-
action between the dark matter particles and electrons. In particular, millicharged dark
matter particles or mirror particles with the photon kinetic mixing to the usual photon
can be considered. We show that in rotating protogalaxies circular electric currents can be
generated by the interactions of free electrons with dark matter particles in the halo, while
the impact of such interactions on galactic protons is considerably weaker. The induced
currents may be strong enough to create the observed magnetic fields on the galaxy scales
with the help of moderate dynamo amplification. In addition, the angular momentum
transfer from the rotating gas to dark matter component could change the dark matter
profile and formation of cusps at galactic centers would be inhibited. The global mo-
tion of the ionized gas could produce sufficiently large magnetic fields also in filaments
and galaxy clusters [3]. In addition, effects of light millicharged dark matter particles on
primordial nucleosynthesis were studied. It is shown that if the mass of such particles
is much smaller than the electron mass, they lead to strong overproduction of Helium-
4. An agreement with observations can be achieved by non-vanishing lepton asymmetry.
Baryon-to-photon ratio at BBN and neutrino- to-photon ratio both at BBN and at recom-
bination are noticeably different as compared to the standard cosmological model. For
higher mass of new particles the effect is much weaker and may even have opposite sign [4].

(ii) Sterile Neutrinos and Leptogenesis. Sterile neutrinos can naturally emerge as neu-
trinos from a shadow or mirror gauge sector. Among other interesting phenomenological
and astrophysical implications, this picture suggests the possibility of natural co-lepto-
genesis of the ordinary and dark matter fractions. The mechanism is based on the B — L
violating scattering processes like [¢p — ['¢/ that transform ordinary leptons and Higgs
into the shadow ones which are out of equilibrium in the early universe [5].

(#ii) Baryon number violation. Several reviews and reports were prepared for the Com-
munity Planning Study - Snowmass 2013 - and ”"Project X: Accelerator Reference Design,
Physics Opportunities, Broader Impacts”, which summarize the theoretical motivations
and the experimental efforts to search for baryon number violation, focussing on nucleon
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decay and neutron-antineutron oscillations. Present and future nucleon decay search ex-
periments using large underground detectors, as well as planned neutron-antineutron oscil-
lation search experiments with free neutron beams were highlighted [6, 7, 12]. In addition,
members of our group (Z. Berezhiani, R. Biondi, N. Rossi) participated in the experiment
on the search of neutron—mirror neutron oscillation at the Institute Laue-Langevin (ILL),
Grenoble, together with the colleagues from the ILL and St. Petersburg Nuclear Physics
Institute. The experiment was preformed on the pf2 facility, EDM beamline, using the
ultra-cold neutron chamber with the 200 1 volume. The results of the experiment are
under elaboration and will be published.

Cosmology and Dark Matter (PD51)

Members: Z. Berezhiani, M. Crisostomi, L. Pilo and F.L. Villante.

In collaboration with E. Babichev (LPT-Orsay) L. Canton and C. Broggini (INFN-
Padova), A. Serenelli (UAM-Barcellona), D. Comelli (INFN-Ferrara), A. Dolgov and
A. Drago (University of Ferrara).

Scientific work

The research activity has been focused on the following topics:

i) Modifications of gravity. We have studied modification of gravity at large distances.
We focused our activity on both the internal consistency of such models and on their
phenomenological implications. All the theories with five degrees of freedom has been
classified and constructed. The physically important cases of spherically symmetric solu-
tions and cosmological FRW solutions were analysed in detail.

it) Big Bang Nucleosynthesis. Effects of light millicharged dark matter particles on
primordial nucleosynthesis were studied. It is shown that if the mass of such particles
is much smaller than the electron mass, they lead to strong overproduction of Helium-4.
An agreement with observations can be achieved by non-vanishing lepton asymmetry.
Baryon-to-photon ratio at BBN and neutrino- to-photon ratio both at BBN and at re-
combination are noticeably different as compared to the standard cosmological model.
For higher mass of new particles the effect is much less pronounced and may even have
opposite sign.

i11) Neutrino astronomy. The study of the distintive signatures of ultra high energy
events recently seen by IceCube can allow to single the neutrino origin out. We have
discussed the possibility to discriminate the neutrino origin by measuring the fraction of
the muon tracks. For any initial composition, because of the occurrence of flavor oscilla-
tions and despite their uncertainties, the fraction of muon tracks in the cosmic neutrinos
is smaller than the one of atmospheric neutrinos, even hypothesizing an arbitrarily large
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contribution from charmed mesons. A good understanding of the detection efficiencies
and the optimization of the analysis cuts, along with a reasonable increase in the statistics,
should provide us with a significant test of the cosmic origin of these events.

_ Theoretical Astroparticle Physics (FA51)

Members: R. Aloisio, V. Berezinsky, P. Blasi, D. Boncioli, M. Mitra, F.L. Villante,
F. Vissani

In collaboration with V. Dokuchaev (INR, Moscow), Yu. Eroshenko (INR, Moscow),
A. Gazizov (DESY Zeuthen), S. Grigorieva (INR, Moscow), M. Kachelriess (Trondheim
Univ. Norway) and A. Vilenkin (Tufts University, USA).

Scientific work

The group worked in the following fields: ultra-high energy cosmic rays (UHECR), UHE
neutrinos, neutrinos and gamma-rays from SN and SNRs, neutrino properties, and cos-
mology of the dark matter (clumps). From this list two works may be mentioned,

In the first one the propagation of UHE nuclei in CMB and EBL radiations has been
studied in analytical approach. The work is published in the form of two papers [41, 42].
Early such calculations have been performed as Monte-Carlo simulations, in which the role
of physical processes in formation of spectral features is lost. In these two papers three
different analytical methods are developed on the basis of analytic solutions to kinetic
(transport) equations. The trajectory method in backward time gives clear picture of
nuclei propagation in the background radiation with explosive behavior of trajectories
in the end of backward time, which affects the shape of the spectra. The most precise
calculations of spectra are obtained in the method of coupled kinetic-equations. The
spectra of primary and secondary nuclei, and spectra of secondary protons are calculated
by this method and obtained results agree with Monte Carlo simulations reasonably well.
A new approach for the observational discrimination of the neutrino mass hierarchy has
been proposed by C. Lujan-Peschard, G. Pagliaroli and F. Vissani in [10]. An ordinary
muon neutrino beam from pion decay of 6-8 GeV, observed at a distance 6000-8000 km
in a Mton detector, results in 1000 muon events with a 30% difference for the cases of
normal and inverted mass hierarchy, caused by the matter oscillation effect. The pairs
of accelerator-detector CERN-Baikal lake or Fermilab-Mediterranean Sea are at the ideal
distance for such an experiment.

_ Astrophysics and high energy physics (CT51) ___

Members: M. Mannarelli, A. Parisi, G. Pagliaroli, and F. Vissani.
In collaboration with F. Nesti (GSSI), G. Senjanovic (GSSI), F.L. Villante (University
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of L’Aquila and INFN), A. Tanni (LNGS), F. Lombardi (LNGS), L. Tolos (ICE-UAB),
C. Manuel (ICE-UAB), J. Soto (UB), M. Escobedo (Munich, Tech. U.), F. Giannuzzi
(INFN-Bari), R. Anglani (CNR-Bari), M. Ruggieri (University of Catania), G. Colucci
(Frankfurt University), R. Casalbuoni (University of Florence and INFN), R. Gatto (Uni-
versity of Geneve).

Scientific work

The scientific achievements concern several aspects of neutrino physics [10] and of matter
in extreme conditions. The properties of r-modes in compact been studied in [43, 44],
in which it was shown that the so-called rocket effect might lead to a damping of these
oscillations for a certain range of temperature and frequencies. The propagation in the
quark gluon plasma of heavy quarkonia has been studied in [45], with particular emphasis
on the medium induced modification of the the energy levels and widths. A review on
crystalline color superconductors has been completed [46], which should soon appear on
Reviews of Modern Physics. The properties of phonons in the superfluids have been
discussed in [47, 48].
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Conferences, seminars and other activities

CP3 origins, Sud-Denmark University, Odense, Denmark, March 18, 2013 ( “Dark World”,
distinguished lecture by Z. Berezhiani)

ESS Science Symposium on “Neutron Particle Physics at Long Pulse Spallation Sources”,
LSPC, Grenoble, France , March 22-25, 2013 ( “Neutron oscillations and implications in
physics and astrophysics”, invited talk by Z. Berezhiani)

3rd Int. Workshop on Baryon and Lepton Number Violation (BLV 2013): “From the
Cosmos to the LHC”, MPIK, Heidelberg, Germany, Apr 8-11, 2013, ( “Baryon number
violation and ultra high energy cosmic rays”, invited talk by Z. Berezhiani)

DESY, Hamburg, Germany, July 1, 2013 (invited seminar by F.L. Villante)

Int. Workshop “Beyond the Standard Model after the first run of the LHC”, GGI, Flo-
rence, Italy, June 24-July 14, 2013 ( “Millicharged Dark World: Cosmological Etudes”,
seminar by Z. Berezhiani)

Int. Conference ”Dark matter, dark energy and their detection”, NSU, Novosibirsk, Rus-
sia, July 22-26, 2013 ( “Mirror Dark Matter”, invited talk by Z. Berezhiani)

Int. Conference on Topics in Astroparticle Physics and Underground Physics (TAUP2013)
Asilomar, California, USA, Sept. 8-13, 2013 ( “Solar models and solar neutrinos: a quan-
titative analysis of the solar composition problem”, contributed talk by F.L. Villante)

First Autumn School & Workshop on Particle Phenomenology, Thilisi, Georgia, Sept.
23-28, 2013 ( “Physics beyond Standard Model”, invited lectures by Z. Berezhiani)

Int. Workshop on “Precision Physics and Fundamental Physical Constants”, (FFK 2013),
Pulkovo Observatory, St. Petersburg, Oct. 7-11, 2013 ( “Dark matter and generation of
galactic magnetic fields”, invited talk by Z. Berezhiani)

Laboratory of Theoretical Physics, JINR, Dubna, Russia, Oct. 10, 2013 ( “Dark matter
and generation of galactic magnetic fields”, invited seminar by Z. Berezhiani)

Institut de Physique Théorique, CEA Saclay, France, Oct. 16, 2013 ( “Dark matter and
generation of galactic magnetic fields”, invited seminar by Z. Berezhiani)

Fifth INFN International School on: ” Architectures, tools and methodologies for develop-
ing efficient large scale scientific computing applications” ESC13 - Bertinoro, Italy 20-26
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Oct. 2013 (R. Biondi participant)

PSI Kolloquium, Villingen, Switzerland, Dec. 5, 2013 ( “Neutron Oscilations: a window
to parallel worlds?”, invited colloquium by Z. Berezhiani)

“Passion for Physics”, Riccardo Barbieri Fest, SNS, Pisa, Dec. 19-20, 2013 (Z. Berezhiani
participant)

Tales of Lambda - Nottingham (UK), July 1-5 (M. Crisostomi and L. Pilo speakers)

GR20, 20th International conference on General Relativity and Gravitation 07-13 July
2013, Warsaw (Polland) (L. Pilo speaker).

COSMO 2013 @ DAMTP Cambridge (UK), September 2-6 (M. Crisostomi speaker).

7th Aegean Summer School “Beyond Einstein’s theory of gravity”, Paros (Greece), Septem-
ber 23-28 (M. Crisostomi speaker).

The Cosmological side of Massive Gravity, 26/11/2013, APC Paris; (L. Pilo invited
speaker).

The Cosmological side of Massive Gravity, 27/11/2013, LPT Orsay; (L. Pilo invited
speaker).

Int. Conference on Topics in Astroparticle Physics and Underground Physics (TAUP2013)
Sept. 8-13, 2013, Asilomar, California, USA, (F.L. Villante, contributed talk)

DESY, Hamburg (Germany), July 1, 2013 (F.L. Villante, Invited Seminar)

33rd International Cosmic Ray Conference, July 2-9 2013, Rio De Janeiro, Brasil (R.
Aloisio speaker)

16th Lomonosov Conference on Elementary Particle Physics, Moscow, August 22 -28,
2013 (V. Berezinsky, invited talk)

INFN-IHEP Meeting on Cosmic Ray Physics, LNGS, September 16 -17, 2013 (V. Berezin-
sky, introductory talk)

International Cosmic Ray Conference, Rio De Janeiro, Brasil, July 2-9 2013 (P. Blasi,
invited plenary talk)

4th Workshop on Air Shower Detection at High Altitude, Naples, January 31- February
1, 2013 (F. Vissani, invited talk)
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NuMass2013 workshop, The Future of Neutrino Mass Measurements: Terrestrial, Astro-
physical, and Cosmological Measurements in the Next Decade. Milan, February 4-7, 2013
(F. Vissani, invited talk)

Activity in INFN and International organizations

R. Aloisio is a member of the GSSI Scientific Board.

Z. Berezhiani organized the Int. Workshop SW6 “Hot Topics in Modern Cosmology”
in Cargese, is coordinator of the L’Aquila unit of PRIN biennal grant 20084ZCK5J-004
“Astroparticle Physics”, is scientific Coordinator of the Russian Science and Education
Ministry biennial Grant N. 14.U02.21.0913 ” Physics of solar, reactor and geo-neutrinos” at
JINR, Dubna (2012-2013), teaches Theoretical Physics (Quantum Field Theory), Gauge
Theories, Relativity and Cosmology at the University of L’Aquila, is member of the Doc-
torate Collegium of the Physics Dept. University of L’Aquila.

V. Berezinsky is a member of Int. Advisory Board of JEM-EUSO. He was a member of
Int. Advisory Committees of many conferences.

M. Mannarelli is the scientific secretary of the LNGS. Coordinator of the CFA and co-
organizer of the LNGS seminars, teaches Weak and Strong Interactions II at the University
of I’Aquila.

L. Pilo is member of the Doctorate Collegium of the Physics Dept. and of the Doctorate
Commission, University of L’Aquila and teaches Weak and Strong Interactions I at the
University of I’Aquila.

F.L. Villante is a member of the scientific board of the CFA, has been convener of the
“Int. Neutrino Oscillation Workshop (NOW 2012)”, of the Nat. Workshop: “Incontri di
Fisica delle Alte Energie (IFAE 2012), member of the organizing committee of the Int.
Workshop: “The Physics of the Sun and the Solar Neutrinos: 3rd”, teaches Astrophysics
at the University of L’Aquila.

F. Vissani is co-organizer of the LNGS seminars, observer in Comm.Il on behalf of
Comm.IV, referee for the INFN National Permanent Committees II on non-accelerator
physics and IV on theoretical physics, LNGS representative in the Italian Physics Society,
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Abstract

The XENON collaboration has entered a new phase in 2013. After operating,
analyzing and publishing data from the running XENON100 experiment for five
years, the focus has shifted to the construction of the XENONI1T experiment. This
experiment, sited in Hall B of LNGS, will be two orders of magnitude more sensitive
than XENON100. XENONIT will be completed during 2014 and start collecting
data in 2015. While the design and construction of XENON1T was ongoing in 2013,
the collaboration has also published several important papers based on XENON100
data.

1 Introduction

The XENON collaboration operates a series of direct detection experiments at LNGS
to search for dark matter particles in our Milky Way. The experiments use dual-phase
liquid xenon time-projection chambers (TPCs) and are particularly well-suited to search
for one of the most compelling dark matter candidate particle, the Weakly Interacting
Massive Particle (WIMP), over a broad range of parameters. Starting with the XENON10
experiment more than a decade ago, the collaboration has successively built larger and
more sensitive detectors. The XENON100 experiment was the world’s most sensitive
direct detection dark matter experiment for a number of years, until late 2013. The
collaboration is currently constructing the next experiment, XENONIT, which itself will
be two orders of magnitude more sensitive than XENON100, with a sensitivity goal of
2 x 10747 cm?. Much of the infrastructure and detector design for XENONI1T is such that
it can be reused for an even larger upgrade in the future.
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2 XENON100

2.1 Operation status

The XENONT100 detector continues operating and taking valuable data. After a mainte-
nance period in 2012, the detector was filled again with liquid xenon (L.Xe) in late 2012.
The maintenance period allowed also to lower the contamination of Rn and ®Kr in the
LXe, these are radioactive isotopes that can be a background in the dark matter search.
A new dark matter search run was started in April 2013 and ended in January 2014, with
more than 150 days of data collected. These data were complemented with a dedicated
24l AmBe neutron calibration run and regular calibrations using gamma sources. The
detector remains healthy and continues to provide science data.

We anticipate to continue operating the detector for a fifth year, to improve the sen-
sitivity of the search for annual modulation, and to test new calibration procedures that
will be important both for assessing the performance of the detector at the lowest energies
and to test new calibration strategies for XENONI1T.

2.2 Published Data

The XENON collaboration continued to analyze and publish data in 2013, based on the
same 225 day data-set used in Ref. [1]. However, we also published papers that provide
further description of the neutron background and detector response to nuclear recoils
and a long paper that provided a very detailed description of the dark matter analysis.

2.2.1 Spin-dependent interpretation of the XENON100 Dark Matter Data
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Figure 1: XENON100 90% C.L. upper limits on the WIMP spin-dependent cross section
on neutrons (left) and protons (right). The 1o (20) uncertainty on the expected sensitivity
of this analysis is show as a green (yellow) band. The figures were published in Ref. [2].

Using the data collected between 2011 and 2012 comprising a total of 224.6 live days,
we published a paper on the results for spin-dependent WIMP-nucleon interactions [2].
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Sensitivity to spin-dependent interactions is possible due to the presence of two xenon
isotopes, 2?Xe and *'Xe, with an odd number of nucleons and a non-zero spin. The
XENONT100 results give the most stringent limit for WIMP-neutron scattering cross sec-
tion for most WIMP masses, and are competitive with other experimental results for
WIMP-proton scattering, as shown in Fig. 1.

2.2.2 Response of XENON100 to Nuclear Recoils
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Figure 2: (left) Result on Q, obtained from fitting the MC generated charge spectrum
to neutron calibration data, allowing to extend Q, to lower nuclear recoil energies than
reported in dedicated measurements. (right) Similarly, L.g obtained after absolute scin-
tillation light matching. The blue lines show the obtained Q, and L.g relations in both
cases, see Ref [3].
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Figure 3: Simulation of the c¢S1 and ¢S2 signals based on the Q, and L curves presented
in Fig. 2 for two different WIMP parameters. (left) The distribution for an 8 GeV /¢’
WIMP and (right) the distribution for a 25 GeV /¢> WIMP with spin-independent WIMP-
nucleon cross-sections of 3 x 107*! cm? and of 1.6 x 10~%2 cm?, respectively. The vertical red
lines represent the 3 PE analysis threshold and the upper 30 PE boundary, other analysis
cuts defining the nuclear recoil region are also shown, see Ref. [3] for details. The black
dots show the XENON100 data, with only two events in the nuclear recoil region, while
hundreds would be expected for the two simulated WIMP parameters.

In this publication [3], data from measurements with an external **' AmBe neutron
source were compared with a detailed Monte Carlo simulation which was used to extract
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the energy-dependent charge-yield Q, and relative scintillation efficiency Leg (see Fig. 2).
The analysis showed an excellent level of absolute spectral matching in both observable
signal channels (i.e., scintillation and ionization). The results provide a powerful con-
firmation of the validity of the derived signal acceptance in dark matter searches of the
XENON100 experiment reported earlier. In particular, they also show that any low-mass
WIMP signal with parameters reported by other dark matter experiments would give a
convincing signal in the XENON100 experiment, see Fig. 3.

2.2.3 Estimate of the Neutron background in the XENON100 experiment

Ref. [4] presents a study on the nuclear recoil background of the XENON100 experiment,
taking into account neutron backgrounds from («,n) and spontaneous fission reactions
due to natural radioactivity in the detector and shield materials, as well as muon-induced
neutrons. Based on detailed Monte Carlo simulations, see Fig. 4, and using measured
radioactive contaminations of all detector components, the paper predicts the nuclear
recoil backgrounds for the WIMP search results published in the 2011 [5] and 2012 [1]
XENON100 publications. In particular, we show that these nuclear backgrounds to do
not limit the sensitivity of the experiment.
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Figure 4: The GEANT4 model of the XENON100 experimental site for simulations of
the cosmogenic neutron background, showing a muon interaction as an example. Two

neutrons (dashed lines) and an electromagnetic shower are produced in the rock: one
neutron is stopped by the shield, and another one penetrates into the detector volume [4].

2.2.4 Behavior of single Electrons in LXe

Finally, the collaboration also published a detailed study of the behavior of single electrons
in XENON100 [6]. These single electrons are unrelated to WIMP interactions, but the

173



study is very important to understand the response of a two-phase xenon TPC to single
electrons, enabling searches for low energy events based on the S2 signal alone. Ref. [6]
discusses single-electron charge signals and explains them as being due to the photoion-
ization of impurities in the liquid xenon and of the metal components inside the TPC.
These signals can be used as a unique calibration source to characterize the detector.

3 XENONI1T

XENONIT is the successor to the XENON100 experiment and 2013 was an important
year for this phase of the XENON-series of experiments. With a design sensitivity two
orders of magnitude better than XENON100, over a broad range of WIMP masses and
interaction types, this first LXe TPC experiment at the tonne-scale will have significant
discovery potential. In designing the experiment, we have built-in the possibility for a
rapid sensitivity scale-up by another order of magnitude, by enabling a ~ 2x larger L.Xe

detector to fit into the same cryostat while re-using most of the other systems developed
for XENONIT.

3.1 Construction Status

Figure 5: 3D rendering of XENONI1T. The cryostat housing the dual-phase xenon TPC
is hanging in the middle of the water tank (left). The service building with all equipment
to support running the experiment, has three, fully packed, floors.

The construction of the XENONI1T experiment is progressing rapidly at LNGS, on
schedule to start taking science data in Summer 2015. Before the construction of the
major items could start, a detailed safety analysis was completed and approved by the

“Genio Civile” and by the LNGS SPP. Fig. 5 shows a CAD rendering of XENON1T. We

174



started the construction in the fall of 2013 with the erection of the Water Tank (WT),
the largest structure of the experiment. The WT will be filled with 700 m? of ultra-pure
water and instrumented with PMTs for an active Cherenkov muon veto. It is a stainless

steel cylinder, 9.6 m diameter and 9 m high, with a conical roof rising an additional 3.2 m.
The construction of the WT was completed on December 15th, 2013 after three months
of underground assembly. During the WT construction, the muon veto group spent an
intense weekend cladding the internal surface of the WT’s roof with a reflective foil. This
foil will later cover the entire surface of the WT and improve the muon veto efficiency.

Figure 6: The cryostat, with an outer diameter of 1.6 m, houses the dual-phase xenon
TPC in the water tank. The thick cryogenic pipe contains the xenon and vacuum lines
between the cryogenic system and the cryostat. It also carries the signal and high-voltage
cables for the PMTs. The separate thin pipe carries the high-voltage cable for the cathode
in the TPC.

All the photo-multiplier tubes (PMTs) for the muon veto system itself were purchased
and tested during 2013. Two different calibration systems were tested and the reflec-
tive foil has been characterized (reflectivity curve versus wavelength, wavelength shifting
power and radioactive content). In addition, the PMT mounting structures were also
constructed.

The construction of the service building also began in the fall of 2013. This building,
depicted in the middle of Fig. 5, will house all the systems and equipment necessary to
operate the detector. The ground-level floor will be dedicated to ReStoX (Xe recovery
and storage system) and cryogenic distillation column. The mid-level floor houses the
electronics, and data acquisition (DAQ) system and has an operations room. Finally,
the top-level floor is for the XENONIT cyrogenics system and purification system. The
cryogenic pipe from the cryostat in the WT also enters the service building through the
top-level floor. The single cryogenic pipe carries the xenon input and output lines and
also has all the signal and high-voltage cables for the instrumentation in the cryostat.
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Figure 7: Construction of the water tank in the fall of 2013.

The design of the cryostat and cryogenic pipe was finalized during 2013 (see Fig. 6)
with manufacturing starting in early 2014. All the material necessary for the manu-
facturing of this device was procured and screened. The cryostat, like almost all the
other systems of the experiment, was designed with an upgrade of XENONIT in mind.
XENONIT is designed for 3.3 tons of LXe, with 248 PMTs in the TPC. The upgrade of
XENONI1T will roughly double the amount of xenon and the number of PMTs. We will
be able to reuse the outer vessel of the cryostat and the cryogenic pipe for this upgrade.
Since the cables carrying the PMT signals and high-voltage from the support building
to the TPC have to be installed into the cryogenic pipe during manufacturing, we will
already install sufficient cables for the upgrade as well. The construction of the vibration-
free support structure holding the cryostat in the center of the water tank was started
in September 2013. It is also designed to be able to hold a possible future upgrade of
XENONIT. It has been installed in the WT during May 2014. The installation of the
cryostat itself will take place in July 2014.

The design of the XENONI1T TPC continued during 2013, with most design-aspects
finalized. We spent time identifying, screening and procuring PTFE, stainless steel and
OFHC copper, the main components of the TPC. A prototype of the anode electrode grid,
which needs to fulfill strict requirements in terms of flatness, has been produced, as well as
a prototype of the cathode grid, which needs to hold a voltage around -100kV. Full-sized
prototypes of the Cu-field-shaping-ring and the custom-made high-voltage feedthrough
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Figure 8: (left)Completed water tank. (right) Raising of the service building.

were also constructed. About a third of the 248 3-inch Hamamatsu R11410-21 PMTs
necessary for the construction of the TPC have been delivered and tested at cryogenic
temperatures and screened for radioactivity with a HPGe detector.

The design of the cryogenic system, required for liquefaction of xenon, was largely
completed in 2013 and most of the components purchased. The cryogenic system inter-
faces with the xenon purification system and forms the recirculation system during normal
operations. Most of the construction of the purification system has also been completed.
Both systems will be installed at LNGS during the summer of 2014. Similarly, the Kr dis-
tillation column was constructed and tested. Initial commissioning results look extremely
promising, with indications that the Kr concentration in Xe will be much lower than the
0.5 ppt required for XENONIT.

The Xe recovery and storage system (ReStoX) was redesigned during 2013 to allow
for a larger storage capacity, more optimal cooling power and safety redundancy. The
system is now based on a 2-m-diameter spherical double-walled stainless steel pressure
vessel which will be able to store up to 7.6 tonnes of Xe in supercritical, liquid or even
solid state. The increased capacity will enable ReStoX to serve also for the upgraded
XENONIT detector. The sphere is vacuum insulated and designed to have a maximum
heat leak of about 50 W. The cooling system has been improved with two nitrogen-based
systems: a 3 kW condenser, made of copper mounted inside the sphere, enables ReStoX to
keep the xenon in liquid state for filling into the TPC; a system of cooling lines surrounding
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Figure 9: Inspection of the water tank during construction.

the inner sphere keep its temperature well below the LXe triple point, enabling ReStoX
to efficiently and rapidly recover the LXe from the detector if necessary.

Finally, a lot of progress has been made on the DAQ, slow control and computing
efforts. The DAQ system consists of two main components, the trigger-less DAQreader
that continuously reads and digitizes all PMTs, and the EventBuilder that selects and
saves the relevant information from the data flow. A 40-channel prototype was constructed
and is used to test the entire readout chain, from the raw data until disk storage and makes
us confident that this novel readout system will preform well. The modular approach
makes it very easy to adapt the system to the increased number of channels for the
upgrade of XENONIT.

The XENONI1T slow control system is based on a commercial system of controller units
with a central supervisory control and data acquisition computer (SCADA). Almost all
XENONI1T sub-systems interface with the slow control system. Besides a formal technical
requirements document, many of the necessary slow-component systems were purchased
and customized for our use during 2013.

The computing group continued to refine the computing model for XENONI1T. The
amount of data, especially during calibration, will be significant and unprecedented at
LNGS. We are therefore planning to use GRID resources in order to process this data.

We also further enhanced the detail of our GEANT4-based Monte Carlo simulations
during 2013. This allows us to anticipate the effects on the XENONIT backgrounds for
various design choices. With a design goal of less than one background event in a 2 ton-yr
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exposure, the Monte Carlo has become an essential tool for XENONI1T.

4 Conclusions

The construction of XENONIT started in 2013, on schedule to deliver science data in
the second half of 2015. The LNGS laboratory support has been invaluable and exem-
plary during this time, from providing the engineering support and integration of various
sub-systems, from water tank to cryostat to support building, to maintaining the safety
of construction and operations. While the construction was ongoing, the XENON col-
laboration has also operated and analyzed data from XENON100, reported in several
publications. We expect to still release a number of important publications based on data
from this experiment in the coming years.

5 List of Publications

The XENON Collaboration published three papers in 2013:

e “Limits on spin-dependent WIMP-nucleon cross sections from 225 live days of
XENON100 data”, E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett.
111, 021301 (2013).

e “Response of the XENON100 dark matter detector to nuclear recoils”, E. Aprile et
al. [XENON100 Collaboration|, Phys. Rev. D 88, 012006 (2013).

e “The neutron background of the XENON100 dark matter search experiment”, E.
Aprile et al. [XENON100 Collaboration|, J. Phys. G: Nucl. Part. Phys. 40, 115201
(2013). This paper was also one of the Highlights of 2013 chosen by the J. Phys. G.’s

Editors for presentation of outstanding research.
The following paper was submitted in 2013 and published at the beginning of 2014:

e “Observation and applications of single-electron charge signals in the XENON100
experiment”, E. Aprile et al. [XENON100 Collaboration], J. Phys. G: Nucl. Part.
Phys. 41 (2014) 035201.

Finally, our long paper describing the details of the dark matter analysis, originally
submitted in 2012, was significantly expanded. It describes not only the analysis methods
in the 100 day dark matter exposure data-set [5], but also includes the analysis methods
used in the 225day data-set [1]. The manuscript was resubmitted in 2013 and published
at the beginning of 2014.

e “Analysis of the XENON100 Dark Matter Search Data”, E. Aprile et al. [XENON100
Collaboration], Astropart.Phys. 54 (2014) 11-24.
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Abstract

Low radiation doses may have a modulation effect to the normal cell metabolism
that can result in perturbations leading to resistance or sensitivity to damage in-
duced by various stressors. In order to investigate the cellular mechanisms that
take pace at environmental radiation exposure levels we have designed experiments
consisting in twin set-up of different biological systems in a laboratory where the
environmental radiation is reduced as possible and in a reference laboratory. To this
purpose a cell culture laboratory has been set up underground LNGS several years
ago. The results of recent in vitro studies carried out on pKZ1 A11 hybridoma cells
are here reported. An animal housing facility has been designed for the planned in
vivo studies.

1 Introduction

Environmental radiation represents a constant daily stimulus that has been incorporated in the
biology of living organisms during evolution with the development of defense mechanisms well
preserved during phylogeny.

In order to investigate if modulation of radiation environment can modify the biochemistry of
biological systems and their response to genotoxic agents, Satta et al [1] designed an experiment
consisting in twin set-up of yeast culture in a laboratory where the environmental radiation is
reduced as possible and in a reference laboratory. They took advantage of the unique oppor-
tunity represented by the Gran Sasso National Laboratory (LNGS) of the Istituto Nazionale di
Fisica Nucleare (INFN), where the cover of at least 1400 m of rock gives an excellent shielding
against cosmic rays and neutrons, the former being reduced by a factor of 10° [2] and the latter
by a factor of 103 [3, 4] respect to the external environment. Yeasts maintained for up to 120
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generations under low radiation environment (LRE) were more susceptible to the toxic effects
of methyl-methan-sulphonate respect to yeasts maintained in reference radiation environment
(RRE).

Since then, further studies have been carried out on cells from higher eukaryotes, namely Chinese
hamster V79 cells and TK6 human cells [5, 6, 7], cultured for several months, in order to reach
a comparable number of generations as yeasts, in LRE and in RRE. The overall results have
shown that cells maintained under LRE are less efficient in scavenging reactive oxygen species
and more susceptible to radiation induced DNA damage compared to cultures maintained in
RRE. The open question is if and how this behaviour is also occurring in vivo, being well know
that not all the radiation induced damage has a local origin and that part of the biological re-
sponse is due to non-cell-autonomous physiological mechanism that point to studies at organism
level.

The Cosmic Silence Project aims to study the biochemical behaviour of living organisms in a
reduced radiation environment by means of very sensitive biological in vitro and in vivo models:
hybridoma cells derived from transgenic pKZ1 mouse model and pKZ1 mice.

The pKZ1 intrachromosomal recombination assay has been extensively used for studying in
vitro and in vivo responses to low acute doses of DNA damaging agents [8, 9, 10, 11, 12]. In
the framework of the collaboration with Prof. P. Sykes, Flinders University, Australia, and with
Prof. Edoardo Alesse and co-workers, University of LAquila, Italy, in vitro experiments have
been carried out using the hybridoma cell line Al1l, obtained by fusing pKZ1 spleen cells with
a myeloma cell line and then selecting clones housing the pKZ1 transgene [9]. A1l cells were
cultured for 1 month in both LRE (underground at LNGS) and RRE (at the Istituto Superiore
di Sanit, ISS, in Rome). The results have shown that the concentration of poly (ADP-ribose)
polymerase-1 (Parp-1), a key protein in DNA repair as well as in differentiation, proliferation,
and tumour transformation, is drastically reduced in cells grown in LRE. Moreover, divergences
have been observed in the expression of genes (among them CAT, SOD and GPX) involved in
the protection from oxidative damage.

In the framework of the Cosmic Silence Project, an animal housing facility, satellite of the fa-
cility already existing at LAquila University, has been designed for the planned in vivo studies.
For an accurate interpretation of the biological in wvitro and in vivo results the characterization
of the different components of the radiation environment will be carried out in the different
experimental sites.

2 Characterization of the radiation field in the dif-
ferent experimental sites

The Cosmic Silence project requires a characterization of the radiation field in the environ-
ments where the in vitro and the in vivo experiments will be carried out. To this purpose new
measurements have been planned in the different sites of interest, namely in the underground
laboratories of Gran Sasso (INFN) and in the ground laboratories at LAquila University and
at Istituto Superiore di Sanit (ISS). The details of the measurement plans have been widely
discussed in the framework of the collaboration. Taking into account that the monitoring mea-
surements will be carried out inside and outside the animal housing and cell incubators, 11 sites
has been identified to be monitored: 2 at ISS, where only in vitro experiments will be performed,
4 at LAquila University where in vitro and in vivo experiments will be performed and 5 at LNGS
underground laboratories, where both in vivo and in vitro experiments will be carried out.
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At the LNGS underground cell culture laboratory two incubators have to be monitored, one of
them located inside a 10 cm thick iron shield.

Thermoluminescence dosimeters (LiF), optically stimulated luminescent dosimeters (A1203),
large dimension BF3 detector, high pressure ionization chambers (Reuter-Stokes), have been
chosen to measure the dose, dose rate due to terrestrial radiation (gamma rays and Rn) and
cosmic radiation (mainly neutrons). In particular, among the possible LiF based dosimeters,
the TLD 700H have been selected as they are characterized by a high radiation sensitivity and
signal stability. They cannot reveal the neutron component which, being low with respect to the
other components (gamma), especially in the underground laboratories, will be better detected
by using the more appropriate instrumentation mentioned above. A set of these dosimeters has
been purchased, and the Al1203 dosimeters are available at ISS.

Two high pressure ionization chambers Reuter-Stokes are also available and an inter-comparison
between them has been planned in order to warrant the comparability of the results obtained
in the different measurement sets/sites.

Gamma radiation energy spectrum, and activity concentration of gamma radiation emitting
radionuclides, will be performed by gamma spectroscopy with an HpGe.

Neutron dose will be assessed by BF3 high sensitive detector.

A tentative neutron spectrometry will be also carried out by an extender range multi-spheres
System.

Radon activity concentration in air will be measured and monitored using an Alfaguard instru-
ment.

The described measurements will be performed in the ground laboratories at LAquila University
and ISS and at the LNGS underground laboratory.

3 Experimental results on in vitro cell cultures

The hybridoma cell line (A11) was kindly donated by Prof. Pamela Sykes, Flinders University,
Adelaide, Australia. A1l cells were cultured in parallel for up to 1 month at the ISS (reference
radiation environment, RRE) and at the LNGS underground cell culture laboratory (low radia-
tion environment, LRE). Afterwards, A1l cells grown at LRE were brought to RRE laboratory
and cultured for additional 2 weeks, together with the 1 month-old RRE culture. Experiments
were performed two times.

To evaluate gene expression of enzymes such as catalase (CAT), superoxide dismutase (SOD),
and glutathione peroxidase (GPX), all of them involved in quenching the damage produced by
Reactive Oxygen Species (ROS), mRNA was extracted weekly from the A1l parallel cultures.
CAT is hydrogen peroxide scavenger and SOD is superoxide ion scavenger. GPX (with his 4
isoforms) has several function: Glutathione oxidation, scavenger of hydrogen peroxide intracel-
lular (GPX1 and GPX2) and extracellular (GPX3) or lipid peroxide (GPX4) scavenger.

At the same time protein expression of poly (ADP-ribose) polymerase-1 (PARP-1), a key protein
in DNA repair and physiological and pathological functions from cell survival to several forms
of cell death, was evaluated. Analysis of gene expression of antioxidant enzymes was performed
with real time quantitative PCR analysis (¢qPCR) and relative quantification was carried out
with the AACT method [13].

Gene expression analysis of ROS-Scavenger genes (Fig. 1) showed that the two Gpx mRNA
isoforms (Gpzl and Gpz3) as well as Cat are less expressed in A1l cells grown at LRE respect
to cells maintained at RRE as soon as after 1 week of culture. This under expression increases
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Figure 1: Gene expression of Catalase (Cat), Superoxide dismutase (Sod), Glutathione
perozidase (Gpxl, Gpz3, Gpzj) evaluated by qPCR e normalized on the gene expression
in A11 cells at time 0. o Hybridoma cell line 9198 A11 growth in RRE; o Hybridoma cell
line 9198 A11 growth in LRE. The black vertical line indicate the time (4 weeks) in which
the cells growth in LRE for 1 month have been taken back to RRE (the data from these
experimental point are pictured in red as the cells in LRE).

with time and it is maintained for up to 1 month. When cells grown at LRE were brought to
RRE these gene expression were restored to the original level or even increased. It is worth note
that the level of under Sod mRNA expression found after 1 week of growth at LRE is maintained
during all the experiment duration: the minimum value is obtained as early as after 1 week of

growth.

PARP-1 modulation was also evident after a very short period (1 week). A1l cells grown at
LRE showed less protein modulation respect to cells grown at RRE and this finding was kept
during the entire month of culture.

When A11 cells grown at LRE were brought to RRE laboratory and cultured for additional

2 weeks, together with the 1 month-old RRE culture, the protein modulation increases and
showed an inversion between the two cultures (Fig. 2) [14, 15].
If, after further experiments already planned, PARP-1 modulation from the environmental ra-
diation will be confirmed, this finding would open new scenario on the interaction between
radiation environment and individual genotype, either on the incidence of DNA damage related
diseases either on life span. Actually, literature data show a correlation among lifespan and
PARP-1 modulated DNA repair [16, 17, 18, 19].
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Figure 2: Modulation of Poly [ADP-ribose] polymerase-1 protein both unprocessed (Parp-
1) and cleaved (Cleaved PARP-1) compared to the internal standard -Actin evaluated by
Western Blot on 4 clones of the hybridoma cell line 9198 A11growth in the two experimen-
tal condition. In the graph quantity differences of Parp-1 protein compared to the internal
standard are normalized on the quantity of Parp-1 in A1l cells at time 0. © Hybridoma
cell line 9198 Allgrowth in RRE; e Hybridoma cell line 9198 A1lgrowth in LRE.

4 Design of the underground LNGS mice housing fa-
cility
A mice housing facility, satellite of the facility already existing at LAquila University, has been
designed. The set up is shown in Fig. 3. Mice will be kept inside closed cages in a rack
located in a closed room. A further closed space is foreseen for storage and further isolation of
the animal housing site from outside. It is important to underline that the underground mice
housing satellite facility of LNGS will be used only for the maintenance of the pKZ1 mice colony
in LRE. After different periods of time mice will be transferred to LAquila University (where
a parallel mice colony will be established in reference conditions) for the planned biological
tests. The colleagues of LAquila University will be in charge for the management and for all the

authorization aspects (accordingly to the national rules for animal testing, ethical committee
included) of the LNGS satellite mice housing facility.
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1

The Fukushima Dai-ichi nuclear power plant (NPP) accident, which occurred in the subse-
quent days after the earthquake and tsunami off the east coast of Japan on March 11 2011,
released large amounts of radionuclides into atmosphere and the ocean. The magnitude of
the atmospheric releases of radionuclides attached to particulates have been estimated to
be as high as 43% of the Chernobyl accident, with estimates of total radioxenon activity
released being more than twice that of Chernobyl [1][2]. In the days and weeks following
the accident many radionuclide detection systems throughout the northern hemisphere,
including the IMS network, experienced highly elevated detections of radioiodine, radio-

caesium and radioxenon [3]-[6]. This study focusses on identifying the probable source
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Abstract

A series of '33Xe detections in April 2011 made at the Comprehensive Nuclear-
Test-Ban Treaty Organisation (CTBTO) International Monitoring System noble gas
station in Darwin, Australia, were analysed to determine the most likely source lo-
cation. Forward and backwards atmospheric transport modelling simulations using
FLEXPART were conducted. It was shown that the most likely source location was
the Fukushima Dai-ichi nuclear power plant accident. Other potential sources in the
southern hemisphere were analysed, including the Australian Nuclear Science and
Technology Organisation (ANSTO) radiopharmaceutical facility, but it was shown
that sources originating from these locations were highly unlikely to be the source
of the observed 33Xe Darwin detections.

Introduction
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of radioxenon detections made in the southern hemisphere from the Darwin IMS station
(130.9°E, 12.4°S) in April 2011 using atmospheric transport modelling [7].

2 Results and discussion

A series of 133Xe detections were made by the Darwin IMS noble gas station in April
2011. Prior to April 2011, the Darwin IMS noble gas station had not recorded a detection
of 1 mBq m™2 or greater. Quality assurance was performed for this detection period,
to screen out false positive activity concentrations associated with either calibrations or
detector problems. There were 17 consecutive detections greater than 1 mBq m™2 from
8 April to 16 April 2011. The number of consecutive detections is unique to the noble
gas monitoring stations located in Australia. The IMS noble gas station in Melbourne
has recorded detections greater than 1 mBq m™3, which can be attributed to releases
generated from the ANSTO radiopharmaceutical facility [8].

The location of the Hadley cells and the Intertropical Convergence Zone (ITCZ) typically
acts as a barrier to limit interhemisphere atmospheric transport within the troposphere
[9]. In March to April the location of the ITCZ in the Australian-Asia region is very close
to the equator [10]. However the modelling shows that over a period of around a month,
there would be some radioxenon plume movement across the ITCZ into the southern
hemisphere.

The forward simulation shows that in late March there appeared to be some plume move-
ment into southern Asia and Indonesia. In the subsequent days and weeks, the modelling
shows this air mass had moved into the southern hemisphere through Indonesia into Dar-
win. There was also some plume movement across the equator through the central Pacific
which moved across countries such as Fiji. According to [11], March to April is an op-
timum time of the year for transport across the equator from the northern to southern
hemisphere in the central Pacific [7].

The predicted activity concentrations using forward simulations are sufficient to produce
observed detections at the Darwin IMS noble gas station, even with the decay of the
source, movement across hemispheres and the dilution due to the plume travel distance.
The modelling results from backwards simulations also support detections of radioxenon
in Darwin from the Fukushima Dai-ichi NPP accident [7].

3 Conclusion

In this study a series of ¥3Xe detections made at the Darwin IMS noble gas station
in April 2011 were analysed to determine the most likely source location. Due to the
prolonged nature of the detections and the magnitude of the release, it is likely that the
source originated from the Fukushima Dai-ichi NPP accident. Despite the position of
the ITCZ close to the equator in the Australian-Asian region during March to April, the
modelling predicted that radioxenon would migrate into the southern hemisphere and
would be detectable at the Darwin IMS noble gas station. Other potential sources in the
southern hemisphere were analysed, including the ANSTO radiopharmaceutical facility,
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but it was shown that sources originating from these locations were highly unlikely to be
the source of the *3Xe Darwin detections.
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Abstract

The Pauli exclusion principle (PEP) and, more generally, the spin-statistics con-
nection, is at the very basis of our understanding of matter and nature. The PEP
spurs, presently, a lively debate on its possible limits, deeply rooted in the very
foundations of Quantum Mechanics and Quantum Field Theory. Therefore, it is
extremely important to test the limits of its validity. The VIP collaboration is con-
sidering as well the possibility to extend its scientific program towards the study of
spontaneous x-ray radiation predicted in the framework of collapse models.

1 Introduction

The Pauli Exclusion Principle (PEP), which plays a fundamental role in our understanding
of many physical and chemical phenomena, from the periodic table of elements, to the
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electric conductivity in metals and to the degeneracy pressure which makes white dwarfs
and neutron stars stable, is a consequence of the spin-statistics connection [1]. Although
the principle has been spectacularly confirmed by the huge number and accuracy of its
predictions, its foundation lies deep in the structure of quantum field theory and has defied
all attempts to produce a simple proof [2]. Given its basic standing in quantum theory,
it seems appropriate to carry out precise tests of the PEP validity and, indeed, mainly
in the last 20 years, several experiments have been performed to search for possible small
violations [3, 4, 5, 6, 7, 8, 9, 10, 11]. Moreover, many (if not all) of these experiments are
using methods which are not obeying to the so-called Messiah-Greenberg superselection
rule [12]. The indistinguishability and the symmetrization (or antisymmetrization) of the
wave-function should be checked independently for each particle, and accurate tests were
and are being done.

The VIP (Vlolation of the Pauli Exclusion Principle) experiment has the goal to
improve the limit on the probability of the violation of the PEP for electrons, (P < 1.7 x
10726 established by E. Ramberg e G. A. Snow: Experimental limit on a small violation
of the Pauli principle, Phys. Lett. B 238 (1990) 438) by three-four orders of magnitude
( P <107297730 ) exploring a region where new theories might allow for a possible PEP
violation.

The experimental method, originally described in [13], consists in the introduction of
electrons into a copper strip, by circulating a current, and in the search for X-rays resulting
from the forbidden radiative transition that occurs if one of the new electrons is captured
by a copper atom and cascades down to the 1s state already filled by two electrons with
opposite spins. The energy of this transition would differ from the normal K, transition by
about 300 eV (7.729 keV instead of 8.040 keV) [14] providing an unambiguous signal of the
PEP violation. The measurement alternates periods without current in the copper strip, in
order to evaluate the X-ray background in conditions where no PEP violating transitions
are expected to occur, with periods in which current flows in the conductor, thus providing
“fresh” electrons, which might violate PEP. The rather straightforward analysis consists
in the evaluation of the statistical significance of the normalized subtraction of the two
spectra in the region of interest.

The experiment is being performed at the LNGS underground Laboratories, where
the X-ray background, generated by cosmic rays, is reduced.

2 The VIP experimental setup

The first VIP setup was realized in 2005, using the CCD (Charge Coupled Devices) as
X-ray detectors [15, 16, 17, 18, 19], and consisted as main elements of a copper cylinder,
4.5 cm in radius, 50 pum thick, 8.8 cm high, surrounded by 16 equally spaced CCDs of
type 55.

The CCDs were at a distance of 2.3 cm from the copper cylinder, grouped in units of
two chips vertically positioned. The setup was enclosed in a vacuum chamber, and the
CCDs were cooled to about 165 K by the use of a cryogenic system. A schematic drawing
of this setup is shown in Fig. 1.

The DAQ alternated periods in which a 40 A current is circulated inside the copper
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Figure 1: The VIP setup. All elements af the setup are identified in the figure.

target with periods without current, referred as background.

This was installed at the LNGS Laboratory in Spring 2006 and was taking data in this
configuration until Summer 2010 (presently, see below, we are working on a new setup).
The setup was surrounded by layers of copper and lead (as seen in the picture) to shield
it against the residual background present inside the LNGS laboratory, see Fig. 2.

3 VIP results

3.1 VIP analyses results

Until summer 2010 the VIP experiment was in data taking, alternating periods of “signal”
(I=40 A) with periods without signal (I=0 A). Data analyses were performed (energy
calibration, sum of spectra, subtraction of background) and the probability of violation
of PEP for electrons obtained in 2013 after a refined re-analysis of the data:

2

5 <28 x107% (1)

3.2 Discussion of the results

We are attempting an interpretation of our results in the framework of quon-theory, which
turned out to be a consistent theory of small violations of PEP. The basic idea of quon
theory [20] is that (anti)commutators, are replaced by weighted sums
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Figure 2: The VIP setup at the LNGS laboratory during installation.

where ¢ = —1 (¢ = 1) gives back the usual fermion (boson) commutators. The statistical
mixture in equation (2) also shows that the PEP violation probability is just (1 + ¢)/2
and thus our best experimental bound on ¢ is

1
% <28x107% (3)

4 Future perspectives:VIP2, a high sensitivity setup

The VIP setup used CCD detectors, which are excellent X-ray detectors, but very slow.
We plan to switch to a new type of detectors for precision X-rays measurements, the
triggerable Silicon Drift Detectors (SSD) which have a fast readout time (=~ 1us) and
large collection area (100 mm?) in the framework of VIP2, a new high sensitivity setup.
These detectors were successfully used in the SIDDHARTA experiment at LNF-INFN for
measurements of the kaonic atoms transitions at the DA®NE accelerator of LNF-INFN
[21]; using a proper trigger system a background rejection factor of the order of 107 was
achieved in SIDDHARTA. We built a new setup, much more compact, with higher current
circulating and with a veto system against background coming from outside. A schematic
layout of the new setup is shown in Fig. 3.

In 2013 we assembled and tested the VIP2 setup at LNF-INFN. In 2014 after end of
testing at LNF, the setup will be transported, installed and debugged at LNGS.

We then expect to gain about 2 orders of magnitude in the limit of PEP violation in
a data taking of 3-4 years. We are, as well, considering to extend the scientific program
towards a feasibility study of limits on parameters of the collapse model (as a solution
of the measurement problem, put initially forward by Ghirardi, Rimini and Weber) by
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Figure 3: The VIP2 setup experiment using SDD detectors and an external veto-system.

measurements of X rays spontaneously emitted in the continuous spontaneous localization
(CSL) model [22], [23] .

5

Acknowledgements

The VIP Collaboration wishes to thank all the LNGS laboratory staff for the precious
help and assistance during all phases of preparation, installation and data taking. The
support from Museo Storico della Fisica e Centro Studi e Ricerche Enrico Fermi, Roma,
the HadronPhysics FP6, HadronPhysics2 and HadronPhysics3 FP7 and from the EU
COST 1006 Action projects is acknowledged.

6

List of Publications in 2013

. C. Curceanu et al. Evaluation of the X-ray transition energies for the Pauli-

Principle-violating atomic transitions in several elements by using the Dirac-Fock
method, LNF preprint, INFN-13-21 /LNF, 21-11-2013.

. 3. Di Matteo, L. Sperandio et al. Evaluation of the anomalous X-ray energy in VIP

experiment: some values from Dirac-Fock method, LNF preprint, INFN-13-20/LNF,
21-11-2013.

. S. Di Matteo, L. Sperandio et al. Evaluation of the Anomalous X-ray energy in VIP

Experiment, LNF preprint, INFN-13-19/LNF, 21-11-2013.

. S. Donadi, A. Bassi, L. Ferialdi and C. Curceanu, The Effect of Spontaneous Col-

lapses on Neutrino Oscillations, Found. Phys. 43, (2013) 1066.

196



5. M. Bahrami, S. Donadi, L. Ferialdi, A. Bassi, C. Curceanu, A. Di Domenico and
B. C. Hiesmayr, Are collapse models testable with quantum oscillating systems?
The case of neutrinos, kaons, chiral molecules, Sci. Rep. 3, (2013) 1952.

6. J. Marton, S. Bartalucci, S. Bertolucci, C. Berucci, M. Bragadireanu,M. Cargnelli,
C. Curceanu and S. Di Matteo et al. Testing the Pauli Exclusion Principle for
Electrons, J. Phys. Conf. Ser. 447 (2013) 012070

7. S. Donadi, A. Bassi, C. Curceanu, A. Di Domenico and B. C. Hiesmayr, Are Collapse
Models Testable via Flavor Oscillations?, Found. Phys. 43 (2013) 813.

References

[1] W. Pauli, Phys. Rev. 58, (1940), 716.

2] R. P. Feynman, R. B. Leighton and M. Sands The Feynman Lectures on Physics,
Addison-Wesley, Reading, MA (1963).

[3] R. Arnold, et al., Fur. Phys. J. A6 (1999) 361.
[4] H.O. Back, et al., Eur. Phys. J. C37 (2004) 421.
[5] A. Barabash, Found. of Phys. 40 (2010) 703.
[6] A.S. Barabash,et al., JETP Lett. 68 (1998) 112.
7] P. Belli, et al., 460 (1999) 236.
[8] G. Bellini, et al., Phys. Rev. C' 81 (2010) 034.
9] R. Bernabei, et al., Phys. Lett. B 408 (1997) 439.
[10] R. Bernabei, ef al., Eur. Phys. J. C 62 (2009) 327.
[11] Y. Suzuki, et al., Phys. Lett. B 311 (1993) 357.
[12] A.M.L. Messiah, O.W. Greenberg, Phys. Rev. 136 (1964) B248.
[13] E. Ramberg and G. A. Snow, Phys. Lett. B 238 (1990) 438.

[14] C. Curceanu et al. Evaluation of the X-ray transition energies for the Pauli-Principle-
violating atomic transitions in several elements by using the Dirac-Fock method, LNF
preprint, INFN-13-21/LNF, 21-11-2013.

[15] J. L. Culhane, Nucl. Instrum. Methods A 310 (1990) 1.

[16] J.-P. Egger, D. Chatellard and E. Jeannet, Particle World 3, (1993) 139.
[17] G. Fiorucci, et al. Nucl. Instrum. Methods A 292 (1990) 141.

[18] D. Varidel, et al. Nucl. Instrum. Methods A 292 (1990) 147

197



[19] R. P. Kraft, et al. Nucl. Instrum. Methods A 372 (1995) 372.
[20] O. W. Greenberg Phys. Rev. Lett. 64 (1990) 705.

[21] C. Curceanu et al. Eur Phys J A31 (2007) 537-539; M. Bazzi et al. Phys. Lett.
B681 (2009) 310; M. Bazzi et al. Phys. Lett. BT04 (2011) 113; Bazzi et al. Phys.
Lett. B697 (2011) 199; Bazzi et al. Phys. Lett. B714 (2012) 40.

22] Q. Fu Phys. Rev A56 (1997) 1806.

23] G.C. Ghirardi, A. Rimini and T. Weber Phys. Rev. D34 (1986) 470: ibid. (1987)
3287: Found. Phys. 18 (1988) 1.

198



THE PIERRE AUGER
OBSERVATORY

D. Boncioli?®, A. di Matteob, A.F. Grillo?, S. Petrerab’c, V. RiziP
for the Pierre Auger Collaboration

& INFN Laboratori Nazionali del Gran Sasso, Assergi, Italy

D INFN and Physics Department, University of L’Aquila, L’Aquila, Italy
€ GSSI, Gran Sasso Science Institute, L’Aquila, Italy

Abstract

The Pierre Auger Project is an international Collaboration involving over 400
scientists from 17 countries, with the objective of studying the highest energy cosmic
rays. Recent results from the Collaboration as well as further developments in the
detector are presented in this report.

1 Introduction

Ultra-high energy cosmic rays are of intrinsic interest as their origin and nature are un-
known. It is quite unclear where and how particles as energetic as ~ 10%° eV are acceler-
ated. Over 40 years ago it was pointed out that if the highest energy particles are protons
then a fall in the flux above an energy of about 4 x 10'? eV is expected because of energy
losses by the protons as they propagate from distant sources through the CMB radiation.
At the highest energies the key process is photo-pion production in which the proton loses
part of its energy in each creation of a A resonance. This is the Greisen—Zatsepin-Kuzmin
(GZK) effect. It follows that at 102 eV any proton observed must have come from within
about 50 Mpc and on this distance scale the deflections by intervening magnetic fields in
the galaxy and intergalactic space are expected to be so small that point sources should
be observed. Despite immense efforts in the period since the prediction, the experimental
situation remains unclear. The main problem in examining whether or not the spectrum
steepens is the low rate of events which, above 10%° eV, is less than 1 per km? per century
so that the particles are only detectable through the giant air showers that they create.

These showers have particle footprints on the ground of ~ 20 km? and suitably dis-
tributed detectors can be used to observe them. Also the showers excite molecules of
atmospheric nitrogen and the resulting faint fluorescence radiation, which is emitted
isotropically, can be detected from distances of several tens of kilometers.

The Pierre Auger Observatory has been developed by a team of over 400 scientists
from 17 countries. The Observatory comprises about 1600 10 m? x 1.2]m water-Cherenkov
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detectors deployed over 3000 km? on a 1500 m hexagonal grid, plus a sub array, the
Infill, with 71 water Cherenkov detectors on a denser grid of 750 m covering nearly
30 km?. This part of the Observatory (the surface detector, SD) is over-looked by 24
fluorescence telescopes in 4 clusters located on four hills around the SD area which is
extremely flat. The surface detectors contain 12 tonnes of clear water viewed by 3 X
9” hemispherical photomultipliers. The fluorescence detectors (FD) are designed to record
the faint ultra-violet light emitted as the shower traverses the atmosphere. Each telescope
images a portion of the sky of 30° in azimuth and 1°-30° in elevation using a spherical
mirror of 3 m? effective area to focus light on to a camera of 440 x 18 cm? hexagonal
pixels, made of photomultipliers complemented with light collectors, each with a field
of view of 1.5° diameter. 3 High Elevation Auger Telescopes (HEAT) located at one
of the fluorescence sites are dedicated to the fluorescence observation of lower energy
showers. The Observatory also comprises a sub array of 124 radio sensors (AERA, Auger
Engineering Radio Array) working in the MHz range and covering 6 km?, a sub Array of
61 radio sensors (EASIER, Extensive Air Shower Identification with Electron Radiometer)
working in the GHz range and covering 100 km?, and two GHz imaging radio telescopes
AMBER and MIDAS with respectively 14° x 14° and 10° x 20° field of views.

An important feature of the design of the Observatory was the introduction of the
hybrid technique as a new tool to study airshowers. It is used here for the first time. The
hybrid technique is the term chosen to describe the method of recording fluorescence data
coincident with the timing information from at least one surface detector. Employing
these two complementary observation methods provides the Auger Observatory with high
quality information about angular reconstruction, determination of the core position of
the shower and of the types of particles in the primary cosmic rays. Comparing results
from the different types of detectors also helps scientists reconcile the two sets of data
and produce the most accurate results about the energy of primary cosmic rays.

2 Recent results from the Pierre Auger Observatory

2.1 The Energy Spectrum

The energy spectrum of ultra-high energy cosmic rays at energies greater than 3 x 107 eV
has been derived using data from the Pierre Auger Observatory [1]. This measurement
provides evidence for the suppression of the flux above 4x10'Y eV and is updated here. The
combined energy spectrum scaled with £3 is shown in Fig. 1. The dominant systematic
uncertainty of the spectrum stems from that of the overall energy scale, which is estimated
to be 14%.

The position of the ankle at log,,(Fankle/eV) = 18.72 + 0.01 (stat.) £ 0.02 (sys.)
has been determined by fitting the flux with a broken power law E~7. An index of
v =3.23 £0.01 £+ 0.07 is found below the ankle. Above the ankle the spectrum follows a
power law with index 2.63 4+ 0.02 £ 0.04. In comparison to the power law extrapolation,
the spectrum is suppressed by a factor two at log,o(E1/2/eV) = 19.63 +0.01 + 0.01. The
significance of the suppression is larger than 200. The suppression is similar to what is
expected from the GZK effect for protons or nuclei as heavy as iron, but could in part
also be related to a change of the shape of the average injection spectrum at the sources.
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2.2 The mass composition

The atmospheric depth, Xy.x, at which the longitudinal development of a shower reaches
its maximum in terms of the number of secondary particles is correlated with the mass of
the incident cosmic ray particle. With the generalization of Heitlers model of electron—
photon cascades to hadron-induced showers and the superposition assumption for nuclear
primaries of mass A, the average depth of the shower maximum, X, at a given energy
E is expected to follow [2]

(Xmax) = a(In E(In A)) + (1)

where (In A) is the average of the logarithm of the primary masses. The coefficients «
and (§ depend on the nature of hadronic interactions, most notably on the multiplicity,
elasticity and cross-section in ultra-high energy collisions of hadrons with air, see e.g. [3].

A recent analysis [4] based on high quality and high statistics hybrid data collected
with the southern site of the Pierre Auger Observatory has been addressed to the (X,ax)
measurement and its energy dependence. The results of such measurements are presented
in Fig. 2 together with predictions for proton and Fe primaries using different hadronic
interaction models [4]. These models need to extrapolate the features of hadronic inter-
actions well beyond the cms-energies accessible at man-made accelerators. Their uncer-
tainties are correspondingly large and the wide distribution of predictions in the figure
demonstrates that the systematic uncer- tainties in this analysis can be significant. With
this caveat kept in mind, a transition from a light composition up to the ankle approach-
ing the expectations for heavier nuclei up to 40 EeV is inferred from both the X, values
and from its RMS values.

2.3 The Cosmic Ray Anisotropy

Between January 2004 and December 2009 the Pierre Auger Observatory has detected 69
cosmic rays events with energy in excess of 55 EeV. Their arrival directions are reported
in [5] This data set is more than twice as large as the one analyzed in [6], which provided
evidence of anisotropy in CR arrival directions at the 99% confidence level. The anisotropy
was tested with a priori parameters through the correlation between the arrival directions
of CRs and the positions of nearby active galaxies from the 12th edition of the Veron-Cetty
Veron catalog of quasars and active galactic nuclei. The degree of that observed correlation
has decreased from (69713)% to (3817)%, to be compared with the 21% expected to occur
by chance if the flux were isotropic. More data are needed to determine this correlating
fraction accurately. The evidence for anisotropy has not strengthened since the analysis
reported in [6].

The correlation of recent data with objects in the VCV catalog is not as strong as
that observed in 2007. If the evidence for anisotropy is substantiated by future data, then
it should also become possible to discriminate between different astrophysical scenarios
using techniques of the type that have been presented here to explore the compatibility
of different models with the present set of arrival directions.

The time sequence of the correlations between events with energy exceeding 55 EeV
and AGN in the VCV catalog is shown in Fig. 3. Period I is the exploratory period [6]
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Figure 1: The combined energy spectrum [1] measured by the Pierre Auger Observatory.
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from 1 January, 2004 through 26 May, 2006. The data collected during this period was
scanned to establish the parameters which maximize the correlation. Period II is from
27 May, 2006 through 31 August, 2007 when the correlation paper [6] was published and
period III includes data collected after, from 1 September, 2007 through 31 December,
2009. The time sequence is shown in terms of pgqiq, the degree of correlation with objects
in the VCV catalog as a function of the total number of time-ordered events after the
exploratory period.

1o 20 ‘ 30 ‘ 40 . 50

Total number of events (excluding exploratory scan)
Figure 3: The most likely value of the degree of correlation pyu, = k/N is plotted with
black circles as a function of the total number of time-ordered events (excluding those
in period I). The 68%, 95% and 99.7% confidence level intervals around the most likely
value are shaded. The horizontal dashed line shows the isotropic value p;s, = 0.21.

We have also compared the distribution of arrival directions with the positions of dif-
ferent populations of nearby extragalactic objects: galaxies in the 2MRS survey and AGNs
detected in X-rays by Swift-BAT. These studies are a posteriori and do not constitute
further quantitative evidence for anisotropy.

We have analyzed the region of the sky close to the location of the radiogalaxy Cen A,
since this corresponds to the largest observed excess with respect to isotropic expectations.
The region of Cen A is densely populated with different types of nearby extragalactic
objects. From all the arrival directions of CRs with E > 55 EeV, 18.8% lie within 18°
of Cen A, while 4.7% is the isotropic expectation. There are two arrival directions very
close to the position of the Cen A nucleus. Aside from those two events, the excess is
distributed rather broadly.

A knowledge of CR composition is important for deciding which of several source sce-
narios is more likely. The trajectories of highly charged nuclei are expected to undergo
large deflections due to the Galaxys magnetic fields. While a correlation of arrival direc-
tions with nearby matter on small angular scales is plausible for protons above 55 EeV,
it is puzzling if the CR are heavy nuclei. If the particles responsible for the measured
excesses for example around Centaurus A at £ > 55 EeV are heavy nuclei with charge
Z, the proton component of the sources should lead to excesses in the same regions at
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energies F/Z. In [7] the lack of anisotropies in the directions of the excesses at energies
above Ey,/Z is reported, setting constraints on the allowed proton fraction at the lower
energies.

2.4 Searches for high-energy neutrinos and gamma rays

The limits on the fluxes of photons [8] and neutrinos [9] obtained from the Pierre Auger
Observatory are shown in Fig. 4. Model scenarios for sources of UHECRs, in which
the observed particles are produced by the decay of other particles (top-down models),
lead to large secondary fluxes of photons and neutrinos. Some representative examples
of predicted secondary fluxes of such models are shown in Fig. 4 (photons: GZK, TD,
Z-burst, and SHDM; neutrinos: TD, Z-burst). The neutrino flux limit of the Auger
Observatory is now lower than the Waxman-Bahcall flux. The current flux limits rule
out or strongly disfavor that top-down models can account for a significant part of the
observed UHECR flux. The bounds are reliable as the photon flux limits in Fig. 1.2
depend only on the simulation of electromagnetic showers and, hence, are very robust
against assumptions on hadronic interactions at very high energy.

Single flavour (90% CL) PRELIMINARY

10—
wpprer Diniss 93% C.L --- SHDM q E vlimis Exctic scen
F -

E=E_[km~sr'y]
]
3t
§U
1]
=
n

o

2
T
|

Integral Fi
<
-
s
;o
/o
ER
E* dNJE | GeV e
2

3 3] Ve

10° = =
=t n i |\|||\|ﬂ i PR | =} 10

10*
Energy(eV]

Figure 4: Limits on the flux of photons [8] and neutrinos [9] obtained from the Pierre
Auger Observatory. The data are shown together with the current limits from other
experiments and some examples of predicted fluxes.

The photon flux limits have further far-reaching consequences by providing important
constraints on theories of quantum gravity involving Lorentz invariance violation (LIV).
And, observing a single photon shower at ultra-high energy would imply very strong limits
on another set of parameters of LIV theories. Similarly, observing cosmogenic neutrinos
would allow to put constraints on LIV in the neutrino sector.

3 Activity of the L’Aquila—Gran Sasso Group

The activity of the group has followed two main lines:

e Developement of a Monte Carlo code (SimProp) for the propagation of UHECR
nuclei in extragalactic space, and its use for the study of physical observables
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e Developement and test of the Raman Lidar system for an enhanced atmospheric
test beam within the Observatory.

Concerning the first item, the work has been the subject of the PhD thesis of D. Boncioli
(PhD obtained in December 2011) and the MSc thesis of A. di Matteo (MSc obtained in
October 2012). The code has been developed also in collaboration with F. Salamida (now
at Paris-Orsay) and R. Aloisio (LNGS).

Using SimProp, several physical analyses are in progress, concerning mainly the mass
composition of UHECRs detected in the Observatory and predictions for the fluxes of
cosmogenic neutrinos from GZK interactions.

D. Boncioli has presented her work at the RICAP-13 conference held in Rome [10]
and the CASPAR2013 held in Hamburg. A. di Matteo has presented related work at the
33rd International Cosmic Ray Conference conference held in Rio de Janeiro [11].

Concerning the second reserch argument, the Raman Lidar system has been run in
coincidence with a lateral scattering facility in Lamar (Colorado). The whole system was
moved last year to Malargue, to form part of the so-called Super Beam System [12].
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Abstract

In this report, we present the activity of PLAXA Experiment in the year of
2013. The experiment that has resulted in the creation of an X-ray source with a
spectrum of X-ray emission between 70 eV and 30 keV, is based on the generation
of a plasma obtained by focusing a laser beam on a target of a different material.
The activity can be divided in two parts:

- Development and characterization of soft X-rays Microbeam system in the range
of energy 70 eV - 1 keV

- Improvement and simulation of High Voltage System for high energy X-rays emis-
sion.

In particular, we present the geometry of the optical system, the software/hardware
control and the preliminary measures of the first configuration of soft x-ray Mi-
crobeam system (70 eV - 1 keV). Moreover, preliminary results of high energy
x-rays emission, the design and simulation with p-spice of the high voltage system
will be described.

1 Introduction

Different applications of soft X-rays (~70 eV - 2 keV) and hard x-rays (~3 keV - 25 keV)
in biological, radiobiological and in medical imaging field, have encouraged the develop-
ment of X ray sources based on the production of plasma. The x-rays emission is due to
plasma obtained focalizing an high power Nd-YAG laser beam on different targets. Plas-
mas produced by focusing pulsed laser beams on solid targets are currently recognized as
one of the most promising alternative to conventional (X-ray tubes) and to synchrotron
X-ray sources. Optimization of pulsed x-rays sources (~3 keV - 25 keV), due to the
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plasma electrons accelerated by an electric field, it is necessary to make x-rays source
comparable with the most advanced current x-ray tubes (i.e. microfocus) for applications
in the field of mammography and non-destructive inspection.

The microbeams plays an important role in the study of the biological effect of the ion-
izing radiation at low dose and low energy photons (100 eV - 1 keV). The microscopic
size of the beam at the focus point allows to irradiate the cells or parts thereof. Using an
x-ray microbeam single cell approach, it has been possible to study different implications,
such as apoptosis of the bystander effect [1][2].

2 Soft x-rays: Microbeam

The x-ray micro-beams are important experimental tool due to two significant character-
istics: the micrometer size of the focal spot and the high monocromaticity of the photon
energy. The wavelength of soft x-rays selected is 2.48 nm. To collect and select soft x-rays
at 2.48 nm we use a multilayer spherical mirror [3][4][5].

2.1 Experimental Layout

The choice of the 2.48 nm wavelength is related to the interaction, thought the photoelec-
tric effect, with the biological structures as indicated in figure 1 and 2: where is shown
the linear absorption coefficient and transmission profiles for different biological material.
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(a) Figure 1: transmission profile of the (b) Figure 2: linear absorption coefficients
x-ray for different biological components of the x-ray for different biological compo-
(thick. 1 pm) nents.

The experimental layout is shown in figure 3 and 4 where is represented its outline.
The interaction chamber is composed of lense (L), mirror (S), target (T): both, run on
rails driven by step-by-step motors controlled by computer (4 stepper motors and 1 DC
motor). The sensitivity of the whole movement is 1 pym. The centre of the chamber
is indicated with C and biological sample position in B ( figure 3 and 4). Moreover, is
indicated the direction of focalized laser beam and x- ray emission from plasma. A single
triangle SCT, togheter the biological sample position must satisfies the optical equation
of the mirrors and the constancy of the incidence angle on the mirror simultaneously. The
X ray plasma emission depends on the material: in our case we use the yttrium (Y 39)
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that has a high x-ray conversion efficiency to 2.48 nm and will be used as target in the
plasma source. To protect the mirror from the debris, produced during the formation of
the plasma, we used a window of protection of 50 nm thick silicon nitride. The software
used for management of the system is designed by high level programming language; the
hardware is composed of 5 serials controllers, 4 stepper motors and 1 DC motor. The
controller gives a number of features to achieve automation and handling tasks in research
and industry in a very cost effective way. Programming is facilitated by the high- level
mnemonic command language with macro and compound command functionality [5].

(¢) Figure 3: inside of the interaction (d) Figure 4: general hardware and soft-
chamber ware setup

2.2 Measures and first configuration of Microbeam

In reference to figure 3 the target was placed at the center of the interaction chamber and
the pin diode detector (by Emerge Corporation, 125 um of intrinsic zone) was placed at
distance of 84.5 cm from plasma. The detector was placed at an angle of 30 degrees in di-
rection of the laser beam with a 7 mm diameter sensitive area. To measure the conversion
efficiency in the range of about 300-510 eV and between about 450 and 800 eV, a 1 ym
tick vanadium microfoil and a 1 pm tick nickel microfoil were placed in front of entrance
window of the detector respectively. For the measurements of the radiation component of
more than 800 eV, we used an 7.5 ym thick aluminum microfoil. In the table of figure 5 is
shown analysis of x- ray efficiency at 3.7 J laser beam energy [5]. The charge represented
in the following equations are the integrated signal of the detector filtered with Y, Ni and
respectively:

Q' / S(E,)Tpr(E) T, (E,)dE, (1)
tOt X /S TDL ) Ni tzl'um(Ez)dE':C (2)
QY / S(E) T (Ey)Ta="5"(E,)dE, (3)

T coefficients are the transmission profiles visualized in figure 6 for each filter and dead
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Target MYLAR - E g5 =3.71+-021]

W (Wicm?) Filter Energy Interval (¢V) | Ex (mJ in 27 sr) N% (in 27 sr)
1.6x 1013 V1 pm tick 300 - 510 146.6 4.0
1.6x 1012 Ni 1 pm tick 450 - 850 83.6 2:3
1.6 x 1012 Al 7.5 pm tick > 800 eV 12 3x 102

Target ¥ - E 15, =3.71+-021

W (Wicm?) Filter Energy Interval (eV) | Ex (mJ in 27 sr) N% (in 27 sr)
1.6x 1012 V1 um tick 300 - 510 413.4 11.2
1.6x 1013 Nil pum tick 500 - 850 67.2 1.8
1.6x 10" Al7.5 pm tick > 800 eV 1.6 4x102

Figure 5: x-ray intensity measurements, Ej s, = 3.7 J

layer (DL) of detector. From results we can noted a better x-ray efficiency for Yttrium
than the Mylar (Figure 5).

Plasma source produced by
focusing a NdYAG laser on
Cu target.

X-rays

Pin hole

10 cm

(f) Figure 7: Outline used to measure the
spot size

(e) Figure 6: transmission curves for three
microfoils used

First of characterization of x-ray microbeam optic, we have estimated the dimension
of the source using a pin hole camera filtered with 3 um thick aluminum foil. In the
figure 7 is shown the outline used to measure the pot size where the distance of plasma
source-pin hole is 5 cm and distance of pin hole - film is 10 cm. The dimension of pin
hole in entrance windows is 25 pm and the image of source was captured by film kodak def.

The film image of the source is acquired at 4800 dpi resolution corresponding to 5.3
pum pixel dimension (Figure 8). The optical density of the system is up to 4. In the
figure 8 we can observe a peak of image source with S/N ratio maximum about 3. In
the figure 9 we report the profile of this peak and estimated the spot size to be around
27.5 pm at the FWHM. The microbeam setup (first configuration) is shown in figure 10
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where is indicated the distances and materials filter used for the characterization of x-ray
microbeam intensity at 2.48 nm. The 2.48 nm monochromatic microbeam is obtained by
using a multilayer spherical mirror of 15 mm aperture radius and 256 mm of curvature
radius which selects the wavelength of x-rays at an 8 degrees incidence angle from the
normal of the mirror.

Gray Walue

et

el
(g) Figure 8: density profile of the source (h) Figure 9: Profile x-ray spot
image obtained by pin hole camera
(i) Figure 10: Microbeam setup (j) Figure 11: Curve of the reflectivity

In the figure 11 is shown the curve of the reflectivity of the multilayer deposited on
the substrate of the spherical mirror (Reflectivity is about 1% - Bragg angle of 82 @ 500
eV) and wavelength resolution of about 200. The focalized point of the beam was formed
at a distance of 400.2 mm from the mirror.To analyze the x-ray intensity at 2.48 nm we
used a Pin Diode placed in the proximity of the focus point of the monochromatic beam
filtered with 1 pm Vanadium thick foil. The choice of vanadium filter is due to the good
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transmission in this x-ray region (about 20%) and to separate the ultraviolet and visible
window. The charge which we have collected by Pin diode was 4 nC.

3 High Voltage System for high energy X-rays emis-
sion

Optimization of pulsed x-rays sources (~ 3 keV - 25 keV) it is necessary to make x-rays
source comparable with the most advanced current x-ray tubes. There are many variables
that allow us to get this optimization but the electrical parameters are especially the
basis of the choice for the high voltage system configuration. The reason to obtain a high
voltage through a LC inverter is because of the system is working with high voltage in
the discharge phase, but during the charge of the capacitors the system is isolated which
is essential for the safety and average life of the electrical components [6] [7].

3.1 Experimental Apparatus

The x-rays of the higher energy region (about 25 keV) is produced for bremmsthralung
effect. The relative configuration of the interaction chamber is shown in figure 12. The
main feature is to apply the High voltage (30 - 50 kV) from the target, on which the
laser is focalized, (cathode) to the anode (such as metallic materials Mo or W) where
x-rays are produced. The mechanism of x-rays production is based on the generation of a
plasma obtained by focusing a laser beam NdYag (5J per pulse, duration 6 ns, 0.3 mrad
divergence, 536 nm wavelength) on a target metal.

The apparatus for the High Energy X-rays generation is composed of interaction chamber
in the vacuum (10~%mbar) and two main circuits systems: a power supply that provides
a maximum voltage of 40 kV and an LC-inverter circuit. A Rogowsky loop is used to
measure the intensity of the electronic current.

High Voltage System is composed of following sub-circuits:
e High Voltage Power Supply
e Trigger circuit for Spark-Gap
e Trigger circuit for Thyratron
e LC Inverter

A customize high power supply is applied to spark gap for generating a discharge to
produces x-rays. The Maximum voltage is around 40 kV. Spark Gap is a high power
three-terminal switch which is used to be activated the discharge. It is composed of 3
poles: two poles are connected to the power supply and the central pole is connected to
the output of the trigger circuit for spark gap.

A trigger circuit for Spark Gap (Figure 13) consists in a LC inverter and a Thyratron,
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Focalized Laser
Beam

Figure 12: Interaction chamber (inside)

which is used as high electrical power switch. The trigger circuit for Thyratron is shown
in figure 14 and is used to generate the peak voltage sent to the Thyratron (Figure 15).
The control signal of the Silicon Controlled Rectifier (SCR) is obtained with a customize
circuit as shown in figure 15. Moreover, a LC inverter (Figure 16) is used to activate the
discharge by charging a couple of capacitors of 1.5 uF.

From the p-spice analysis we can observe a signal with the maximum value around
20kV in the output of the trigger circuit for spark gap (Figure 17): if this values is
higher, it could damage the system, in oppositely, the discharge cant be activated. Its im-
portant that the intensity in the output of the trigger circuit for spark gap is about 20 kV.

The LC-Inverter (Figure 16) is the most important circuit in the high voltage system
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Figure 13: Trigger circuit for spark gap
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Figure 16: LC Inverter

(k) Figure 17: output of the trigger circuit (1) Figure 18: LC Inverter Pspice model

for spark gap

to control the intensity of x-rays. In figure 18 the schematic representation of the p-spice
model.

In figure 19 a typical voltage signal in output of LC inverter from P-spice simulation
is shown. According to the experimental measurements (Figure 20), we obtained a sim-
ilar signal with different damping due to the approximation of the model but with the
same maximum value. All high voltage system is immersed in transformer oil (Figure 21)
to isolate from the environment.

«10° Signals xRay Tube - Factor diode: 6000

a 1 10 18 20 2% 30 a5 40
tima(us)

(m) Figure 19: output voltage of LC in- (n) Figure 20: output voltage of experi-
verter (Model) mental LC inverter signal (red line)
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Figure 21: High Voltage system
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Figure 22: Profile transmission of aluminum (Thick. 12.8 ym) [7]

3.2 Preliminary results

From the results of p-spice model, we have tested the system by analyzing the emission
of x- rays for iron target measured by photodetector from Quantrad system (diameter of
7.5 mm, absorption layer of 125 ym and dead layer of 0.3 1). On the entrance window of
photodetector, there is an aluminum foils of 12.8 pm thickness (Figure 22). The distance
between photodector and cathode is 10.5 cm.

15 kV of power supply is applied in two poles of spark gap (which is the input of
the circuit of figure 18); in according to the high voltage system the discharge voltage
is around 25 kV. System Energy is estimated to be around 240 J. Inside the interaction
chamber, we exposed films by Kodak (Film Dentaire ultra speed), to capture the sample
of x-ray images (iron cross): one with aluminum foil of 12.8 pum thickness and another
without aluminum foils. The x-ray images of iron cross are shown in Figure 23 where is
noted a better image in the film with aluminum foil; in fact, in the film without filter,
it has a blurring due to all x-rays energies components (around keV and greater than
5 keV). Since x-ray image is formed with all energies components that have a different
absorption coefficient, the image of the film is not well defined. While in the film filtered
is selected by a spectra where Ka and K/ energies emission of iron are more intense. In
figure 24 is shown the signal of the photodiode and current intensity.

According to the standard bremsstrahlung profile [8]:

1 1.1

I Z((+— - 7)33) (4)

Amim

and taking into the consideration of the detector quantum efficiency, we have calculated
the complete profile (Figure 25). From these values, we have estimated the number of
photons in the input of the photodiode of ~ 108. Considering the emission of x-rays on
a 4 sr solid angle, the total number of x-rays photons emitted is ~ 10'2. From these
analysis we can see that the number of emitted photons is comparable with present X-ray
tubes but with the difference that in our source, x-rays are emitted with a time of the
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Figure 23: X-ray images captured using Films Dentaire by Kodak. Film without alu-
minum (1), Film with Aluminum (2)
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Figure 24: Output of photodiode (blue line) and current intensity (black line)
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Figure 25: Complete Bremsstrahlung profile

order of us (figure 24), to be compared with the time of x-ray tubes traditional ranging
from about 0.01 s to 10 s [9]. Another advantage of our High Voltage system is the
LC-inverter; it allows to isolate the complete system during the charging phase which is
essential for the safety of both people and electronic components.

4 Conclusions

In the preliminary measures about the Microbeam system, Yttrium conversion efficiency
was sistematically 2 or 3 times larger than Mylar conversion efficiency in water window.
The difference is due to the kind of spectrum emitted by the two materials used. The soft
x-rays were generated from an yttrium target (energy of 3.7 J). Yttrium can be considered
a good candidate for soft x- ray microbeam. The Microbeam setup will be be used in the
future to obtain monochromatic beams with different optical configurations as parallel
beam. We are planing to reduce the magnification of x-ray microbeam at value less or
equal to 1, reconfiguring the optical mechanical layout. In the range of x-ray energy
of 3 keV - 25 keV, we have studied a possible p-spice model to evaluate the electrical
characteristics of the high voltage system to optimize the emission of x-rays. A possible
future configuration will be to use an IGBT (Insulated Gate Bipolar Transistor) instead
of Thyratron to compact the system and increase the energy [10]. In near future we
will improve the synchronization of the system between trigger discharge with pulse laser
beam. Moreover, we will examine x-rays emission by changing the distance from anode
and cathode and power density of the laser.
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