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Abstract. Neutrinoless double-beta (0v38) decay is a hypothesized process where in some
even-even nuclei it might be possible for two neutrons to simultaneously decay into two protons
and two electrons without emitting neutrinos. This is possible only if neutrinos are Majorana
particles, i.e. fermions that are their own antiparticles. Neutrinos being Majorana particles
would explicitly violate lepton number conservation, and might play a role in the matter-
antimatter asymmetry in the universe. The observation of neutrinoless double-beta decay
would also provide complementary information related to neutrino masses. The MAJORANA
Collaboration is constructing the MAJORANA DEMONSTRATOR, with a total of 40-kg Germanium
detectors, to search for the OvBf3 decay of °Ge and to demonstrate a background rate at or
below 3 counts/(ROI't-y) in the 4 keV region of interest (ROI) around the 2039 keV Q-value for
"6Ge 0vBB decay. In this paper, we discuss the physics of neutrinoless double beta decay and
then focus on the MAJORANA DEMONSTRATOR, including its design and approach to achieve
ultra-low backgrounds and the status of the experiment.

1. Introduction

Since its discovery and confirmation by the Super-Kamiokande [1], the Sudbury Neutrino Ob-
servatory (SNO) [2] and other experiments [3], a non-zero neutrino mass has been recognized as
an indication of physics beyond the Standard Model of particle physics, and therefore one of the
most fundamental questions. Majorana particles are fermions that are their own anti-particles.
If neutrinos are Majorana particles, neutrinoless double-beta (0v33) decay can take place in
some even-even nuclei where single-beta decay is energetically forbidden or highly suppressed.
In this process, two neutrons simultaneously decay into two protons and two electrons with-
out emitting neutrinos. This would explicitly violate the lepton number conservation [4, 5, 6].
OvpBp decay experiments are the only way to unambiguously establish the Majorana or Dirac
nature of standard model neutrinos and the observation of Ov35 decay would have a profound
impact.

Ov B3 decay requires neutrinos to be massive and their own antiparticles. A direct relationship
can be established between Ov/35 decay half time and the effective Majorana neutrino mass as

N . <mgg >\?
(TYfy) ! = G*| Mo, [? (mﬂﬁ> ) (1)
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where G% is the phase space of the decay, Mo, is the nuclear matrix element and < mgg >=
23 ,U2%m;| is the effective Majorana neutrino mass with U.; being the Pontecorvo-Maki-
Nakagawa-Sakata mixing matrix [7]. Therefore, measurement of the OvSS decay half time is a
complementary way to probe the absolute neutrino mass scale. For example, the inverted mass
hierarchy has an effective neutrino mass between about 15 meV and 50 meV, and the lower
boundary corresponds to a “%Ge 0vSf decay half time longer than 10%7 years.

In recent decades, many experiments have searched for Ov35 decay in several isotopes in-
cluding, e.g., %Ge, ¥%Xe, ¥0Te, and others. For recent reviews of Ovf3j3 decay experiments,
see for example references [6, 8]. All of these isotopes also undergo two-neutrino double-beta
(2v383) decay with typical half-lives on the order of 101Y to 102! years [9, 10, 11, 8]. Similar to a
single-beta decay spectrum, the sum energy of the two electrons in 2v55 decay is a continuum
extending up to the Q-value (Qgg) of the decay. In contrast, due to the absence of neutrinos,
the two electrons in Ov33 decay carry almost all of the energy released in the decay, and their
total kinetic energy is peaked at the Q-value. Compared to other detection systems, High-Purity
Germanium (HPGe) detectors have the critical advantage of excellent energy resolution, which
eliminates the otherwise almost irreducible 2v35 decay background and improves the discovery



potential due to the clean line signature.

2. The MAJORANA DEMONSTRATOR

The MAJORANA Collaboration is constructing the MAJORANA DEMONSTRATOR (MJD) [7] in
class-100 clean rooms located on the 4850’ underground level at the Sanford Underground Re-
search Facility (SURF) [12]. The collaboration plans to deploy a total of 40-kg Germanium
detectors into two modules, with 30 kg of the Ge detectors enriched to 87% "6Ge. The DEMON-
STRATOR aims at demonstrating a path forward to achieve a ultra low background and at
showing technical and engineering scalability toward a tonne-scale instrument.
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Figure 1. Adapted from [7]. MJD shield configuration. The experimental apparatus is sitting
on the top of a stainless-steel over-floor with orthogonal channels, allowing HDPE panels (poly
shield) and veto panels underneath the apparatus. See the text for detailed discussions of the
shield.

To be specific, a background rate at or below 1.0 count/(ROI-t-y) in the 4 keV region of inter-
est (ROI) around the 2039 keV Q-value for Ge Ov3f decay is required for tonne-scale Ge-based
experiments that will probe the inverted hierarchy parameter space for Ov35 decay. Based on
simulation studies, if the DEMONSTRATOR can achieve a background level of 3.0 counts/(ROI-t-y)
or better, then a tonne-scale experiment with similar design and material is expected to have
the required background level of 1.0 count/(ROI't-y) or better, thanks to various effects such as
self-shielding and longer time for cosmogenic backgrounds such as ®Ge to decay. In addition to
searching for Ov3( decay, the DEMONSTRATOR will be used to search for a range of new physics
beyond the standard model, including low mass dark matter and axions [7, 13].



A modular approach is chosen for MJD for its natural expandability to larger scale
experiment. In the current approach, four or five HPGe detectors are stacked together to form a
string, and seven strings are mounted into a single cryostat with dedicated supporting systems
such as cryogenic and vacuum systems, together referred to as a module. The construction of
the DEMONSTRATOR is organized in three phases. First, a prototype module with three strings
of natural HPGe detectors was constructed in 2014 and has been in commissioning. By early
2015, the first production module with more than half of the total enriched HPGe detectors
and some natural detectors, a total mass of 20 kg of Ge, will be completed. By late 2015, the
second production module with the rest of HPGe detectors will be constructed, also with a total
mass of 20 kg of Ge. Thanks to separate supporting systems, those modules can be individually
operated and maintained, and data-taking will begin as soon as the first module is ready. The
rest of this proceedings will report on the status of the MJD project as of September 2014.

Figure 2. Left: A photograph of the main body of the lead shield and outer copper shield.
Right: A photograph of the nearly completed shield, inside which the prototype module has
been taking commissioning data. The supporting systems of the prototype module can be seen
in the photo as well. The cryostat of the prototype module is inside the shield. The current
prototype module shielding includes large veto coverage, a semi-sealed Rn box constantly purged
with nitrogen gas, complete lead shield at the prototype module side, and outer copper shield
surrounding the cryostat.

2.1. Shield

MJD utilizes both active and passive shielding, as shown in Fig. 1. The outmost component of
the shield configuration is composed of layers of high density polyethylene (HDPE) panels, two
layers of which are borated. The construction of the poly shield has started, and upon com-
pletion, it will enclose the entire apparatus, including the supporting systems of each module.
Inside the poly shield, there are two layers of active veto panels on every side of the experiment,
made of scintillating acrylic sheet and read out by Photomultiplier Tubes (PMTs). The active
veto panels on four sides of the shield have been installed and commissioned. Inside the veto
panels, a semi-sealed Radon (Rn) Enclosure Box made of Aluminum has been constructed to
provide a nearly Rn-free environment. A nitrogen gas delivery system that constantly purges the
Rn box with boil-off nitrogen gas was implemented. Further improvements are currently being
implemented to use cold clean charcoal to filter out the remaining Rn in the nitrogen purge gas.
Inside the Rn box is a 45 cm thick lead shield composed of 5.1 x 10.2 x 20.3 cm? lead bricks, which
are carefully stacked in a pattern that eliminates any direct path for photons originating from
outside the shield to penetrate. The main body of the lead shield has already been completed,



as shown in the left side of Fig. 2. In the photo, keyed structures can be seen on two sides of
the lead shield. When cryostats are inserted into the shield, additional lead shielding matching
the keyed structures will be also installed, completing the lead shield. Inside the lead shield,
an outer copper shield made of Oxygen-Free High thermal Conductivity (OFHC) copper has
already been installed. An inner copper shield made of electroformed copper will be installed
to directly enclose the cryostats. For more details of the shield design, see reference [7]. Since
August 2014, the MJD prototype module has been taking commissioning data in the nearly
completed shield described here, as shown in the photo on the right side of Fig. 2.

2.2. Detectors, Strings, and Modules

The collaboration has chosen to use P-type Point Contact (P-PC) HPGe detectors [14, 15].
As compared to the more conventional coaxial HPGe detectors, they have several important
advantages for a rare-event search. Their small readout contact produces a highly localized
“weighting potential”, and this combined with a larger range of charge drift times allows for
excellent pulse-shape discrimination sensitivity to distinguish between multi-site and single-site
events. This suppresses the main background of Compton-scattered gamma rays. Both P-PC
and p-type coaxial detectors also have a thick outer lithium contact that fully absorbs alpha
particles, further reducing the background. Lastly, the small capacitance of PPC detectors
greatly improves the energy resolution at low energies, reducing the energy threshold and
allowing for low-mass dark matter searches.
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Figure 3. Left: A photograph of a digital microscope that has been used to measure the
dimensions of bare Ge crystals inside a custom glove box. A digital scale is used for mass
measurements. Right: The Full-Width-at-Half-Maximum (FWHM) at 1333 keV of the 30
enriched ORTEC detectors measured by ORTEC (blue dots) and by the MJD collaboration at
SURF (red open squares), plotted against detector serial number. The FWHM of all detectors
are better than the experimental specification of 2.3 keV, which is shown as the dotted horizontal
line.

Most of the natural Ge detectors being deployed at MJD are the Broad Energy Ge detectors
(BEGe) manufactured by Canberra [16], and all of the enriched Ge detectors and two natural Ge
detectors are manufactured by AMETEK/ORTEC [17]. A comprehensive set of acceptance and
characterization tests of the ORTEC detectors have been carried out at SURF [18], including
measurements of the masses and dimensions of bare Ge crystals, as shown in the left side photo
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Figure 4. Left: Adapted from [7]. The design of a MAJORANA DEMONSTRATOR module. Right:
A photograph of the prototype module during string mounting. The unseen cryostat is inside a
custom glove box so that it can be opened up to allow string mounting. The visible copper tube
that connects the cryostat and the vacuum system is called “cross-arm tube”, within which is
the thermosyphon tube. The thermosyphon tube is filled with nitrogen in dual phases. The
copper structure surrounding the cross-arm tube is used to support part of the lead shielding,
which completes the main body of the lead shield on the over-floor when the cryostat is inserted
into the shield.

of Fig. 3. So far, 30 enriched detectors with a total mass of 25.2 kg have been delivered to SURF
and all of them meet experimental specifications such as energy resolution, as shown in the right
panel of Fig. 3. Natural BEGe detectors have also been tested. Efforts to manufacture more
detectors to reach 30 kg are still ongoing.

Bare Ge crystals are removed from their commercial cryostats and then built into detector
units packed with custom high voltage contacts and front-end signal read-out boards. Depend-
ing on the size of the bare crystals, four or five detector units are stacked into one string, and
each string is then tested for performance. The metal supporting parts in the detector units
and strings are made of ultra pure electroformed copper [19] produced underground to minimize
radioactivity at the vicinity of detectors. More details about detector units, strings and their
performance can be found in other MJD talks in this workshop: 1. Guinn, Low Background Sig-
nal Electronics for the MAJORANA DEMONSTRATOR; J. Leon, Prototype for a low-noise charge
preamplifier with a forward-biased JFET; S. Mertens, MAJORANA Experience with Germanium
Detectors; and B. Jasinski, Assembly of MJD.

A total of fourteen production strings of HPGe detectors will be constructed, seven for each
production module. The construction of strings for the first module is well underway as of
December 2014. In addition, three strings with a total of ten natural HPGe detectors of both
BEGe and ORTEC types have been constructed for the prototype module and are being used
for commissioning of the experimental apparatus.

Each MJD module consists of a cryostat with detector strings, cryogenic and vacuum systems,
parts of the shield and its own calibration system, as shown in the design plot in the left panel of



Fig. 4. Each module can be moved as a whole inside the clean room. The cryogenic system is a
thermosyphon filled with nitrogen in both gas and liquid phases. The thermosyphon thermally
connects to a cold plate inside the cryostat at one end and it is constantly cooled inside a Liquid
Nitrogen (LN) dewar at the other end [20]. For production modules, the cryostat itself and the
thermosyphon are all made of electroformed copper.

To validate the apparatus design and to debug issues in the construction and operation of
modules and the DAQ systems, a prototype module was constructed and has been in commis-
sioning, as shown in the right panel of Fig. 4. The prototype module is identical to production
modules, except it is made of commercial OFHC copper. The vacuum system of the prototype
module will be reused for the second production module. Ten natural HPGe detectors of both
BEGe and ORTEC types are arranged into three strings and mounted onto the cold plate inside
the prototype module cryostat, as shown in the left panel of Fig. 5.

DAQ systems based on the Object-Oriented Real-time Control and Acquisition (ORCA) plat-
form [21] have been instrumented to control both commercial and collaboration-manufactured
electronics, and background data and calibration data are being taken. The HPGe detectors
in the prototype cryostat have shown good energy resolution similar to that in commercial
cryostats. The experience of commissioning the prototype module has been critical for the col-
laboration to improve the experimental apparatus. In addition, a set of detailed construction
procedures and strict cleanness protocols, including clean machining, have been developed and
improved during this process. The prototype module commissioning will continue for a few
months and the construction of the first production module is well underway and will be com-
pleted in early 2015.
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Figure 5. Left: A photograph inside the prototype cryostat, which is opened up to allow the
mounting of three strings of HPGe detectors. The string in the front has two Canberra BEGe
detectors on the top and two ORTEC detectors at the bottom. Right: A spectrum taken by
one of the HPGe detectors in the prototype cryostat during in a calibration run with a ?2*Th
line source.



2.8. Background Estimation

A vigorous program to assay the natural radioactivity in almost all materials used in the MJD
experiment has provided a foundation for accurate background projections, summarized in
Fig. 6. The radioactivity of components close to the active HPGe detector volumes has a strong
influence on the background level. In particular, ultra pure copper electroformed underground
has both much reduced primordial radioactivity and limited cosmogenically produced %°Co.
By using electroformed copper at some locations closest to the detectors, such as the support
structures in detector units and strings as well as the cryostat itself, we have achieved several
orders-of-magnitude background reduction over the use of commercial alternatives. The biggest
projected background is from natural uranium and thorium in the electronics front-end, cables
and connectors, which are also very close to the detectors. Some of the estimations are upper
limits and work to improve them are still in progress. Summarizing all the contributions, the
projected background for MJD is < 3.1 counts/(ROI-t-y) in the 4 keV ROI around 2039 keV.
More details about the MJD background model can be found in references [7, 22].

Background Rate (c/ROI-t-y)

0 01 02 0.3 0.4 0.5 0oe 07 038 0.9 1

Electroformed Cu 0.23
OFHC Cu Shielding
Pb shielding

Cables / Connectors
Front Ends

Ge (U/Th)

Plastics + other
Ge-68, Co-60 (enrGe)

Co-60 (Cu) |
External y, (a,n) | 0.10 @ Natural Radioactivity
Rn, surface a | 0.05 u Cosmogenic Activation
Ge, Cu, Pb (n, n'y) i o021 External, Environmental
Ge(n,n) fL 07 w p-induced
Ge(n,y) o 013 . neutrinos
direct u + other 0.03
v backgrounds fmm Total: 3.1 ¢/ROI-t-y

Figure 6. Estimated background contributions in the Ov33 decay ROI at MJD. The estimations
come from simulation studies based on material assay results as well as existing measurements
of various physics processes, and some of the estimations are upper limits. The contributions
sum to < 3.1 counts/(ROI-t-y) in the DEMONSTRATOR.

3. Summary

The assembling and construction of the MAJORANA DEMONSTRATOR is proceeding at the
4850’ level of the Sanford Underground Research Facility. The shield is near completion
and a prototype module with ten natural HPGe detectors was constructed and has been in
commissioning. The first production module with 20-kg HPGe P-PC detectors, mostly enriched
in "Ge will be completed and enter commissioning in early 2015; the second production module
is expected to be completed in late 2015.
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