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1 Introduction: Goal of this document

This document is a proposal for a CDR (Conceptual Design ReportedlEXT-100 detector with a
MAGIC readout technology choice. The baseline of this proposal is&d tiee ionization signals on
the NEXT TPC with a charge gain readout based on pixelized MicromesBtBagures (Micromegas),
from which both the energy and topological information of the event is etada Full fiducialization
(via tg measurement) is obtained by the measurement of the primary scintillation by nfeasparse
photomultiplier tube (PMT) array behind the TPC cathode (see figure 1).

The goal of the document is to gather all the relevant information availalpleesént regarding this
technological option, its proposed realization, its merits and expectediparice and its risks, in order
to facilitate the decision-making process within NEXT. Information on detectios\sstems common to
alternative readout technological options (e. g. shielding, vessetygéam, etc...), will not be covered
in the present document, except in the specific aspects to which the pdaeaslout choice would affect.

Beyond the description of this detector baseline, we also express ouowi¢iae course of action
that we propose for the collaboration, regarding the realization of inteateedetectors and the attitude
towards possible detector enhancements that may become viable in thetmesanie propose a staging
scenario which includes a demonstrative intermediate detector (NEXTef@)ebthe full-size NEXT-
100 detector, in close connection with R&D activities in the collaboration (in pdatithe ones carried
out with the NEXT-1 setups). Starting with the baseline design here dedctifse workplan of the
collaboration could eventually include stages (already for the first verdfi?NEXT-100 or as second
enhanced version of the detector) incorporating one or more improveificatidns of the baseline that
could have become established in the meantime. We anticipate in this documees @ssuch possible
improvements that, with the information available at the moment, we consider of bightjal.

The document is structured as follows. We start with an introductory dismu®n NEXT and
the technology decision in section 2, to follow with the presentation of the basiedVicromegas
technology choice in section 3, and its specific implementation proposed inséction 5 we discuss
the sources of background, the shielding and the radiopurity data oh wieicevelop the background
model in section 6. In that section we also present the expected perfmgrofthe detector in terms of
sensitivity to theDv 53 signal. In section 7 we anticipate some operation and maintenance issues and in
8 some costing information. In section 9 we identify some risks and propesesponding mitigation
plans. In section 10, we present some possible improvements that coultbbgorated in future stages
of the baseline design with enhanced sensitivity. We finish this document vatbpmsed course of
action for the collaboration in section 11 and the overall summary in sectiohV&2eave for several
appendixes a series of more detailed information on issues that aredei@throughout the document.

2 NEXT: a high pressure Xe TPC

NEXT intends to search for thev 33 decay of'?*Xe using a gaseous Xe Time Projection Chamber
(TPC). The main point motivating this approach with respect to most competimigtection techniques

is that a gas TPC has access to the topological information of the event {tledetwtron tracks) opening
the way to signal identification, and enhanced background rejectionedver, and thanks to modern
concepts in TPC readouts, this extra handle comes while maintaining a gaog essolution, despite
other tracking3g detection approaches, including previous TPC implementations. As disclasse

on in section 6, the background level and the energy resolution are thexdsbimportant parameters
leading the figure of merit of @33 experiment.
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The choice of technology for the NEXT readout, and by extension afyes@mponent of the de-
tector must be done paying attention to the ability to exploit both mentioned asjgeetst topology
information and good energy resolution. The energy resolution is direetrihined by the nature of
the signal detection in the readout. Besides, the readout has also an onphaet background of the
detector, both through the radioactivity of the readout components or eiquality of the topological
information it provides. Ideally, when comparing the merits of different o®jamne should quantify
the impact that such an option has in the final overall figure of merit thrboghenergy resolution and
background. This is done in section 6 for the option here proposed, txtaet the currently available
information allows us.

Other more practical aspects, although difficult to quantify, are of impoetand need to be consid-
ered too. NEXT has an ambitious schedule, bound by the timeliness of awébudt 100 kg prototype,
NEXT-100, current horizon of the collaboration. To underestimate tke n§the technological choice
could lead to unacceptable delays in the NEXT schedule, therefore aadam conditions conserva-
tiveness can be a bonus. Another aspect is the possibility of accommofidting improvements that
could come in ongoing R&D activities. These R&D could provide important seitgietnhancements or
be the key for eventual risk mitigation. The adoption of a flexible enoughmptpable of incorporating
these enhancements when available is also a bonus. Last but not leessttiseanother important factor
to be considered.

In the following sections we expose a baseline concept for the NEXTtdeteased on a Micromegas
charge readout. We believe this option represents at the moment the fogsboase fulfilling the above
considerations regarding expected performance in backgroundreamgyeresolution, plus conserva-
tiveness, flexibility to future enhancements and cost. We will try to argue tfressons in subsequent
sections.

3 NEXT readout: technological baseline

The main element of this proposal igracrobulk Micromegas readout placed at the TPC anode. The
Micromegas is one of the most successful developments among the sorc@liegattern gas detectors
(MPGD), the modern version of the multiwire proportional counter (MWR@)rge readouts, but using
instead microstructures engraved on plastic substrates, much like prirtieitsciMPGDs are overriding
conventional MWPCs in flexibility and performance, and are object of aetive study and development
since more than 20 yedts Micromegas stands out among MPGDs in aspects like energy resolution,
stability of operation or radiopurity, among others, and are recently attgactirch attention for rare
event applications [1, 2, 3, 4, 5, 6].

The Micromegas devices are characterized by a micromesh susperridideopixelized anode plane
by some insulator pillars (or supporting structure), forming a thin gap (oti@B5 — 150um) where
the charge amplification takes place. The primary charge reaches the fterstirifting through the
conversion volume, enter the gap and triggers the avalanche which sxdatectable signals both in
the anode and in the mesh. While the anode is usually patterned (e.g. pixeliwktherefore provides
topological information on the primary charge cloud, the mesh is common to adveral pixels, and
therefore provides a redundant reading of the same avalanches witloghibility of integrating the
charge over a wider area.

Of the several manufacturing techniques available to fabricate Microntegdsuts, we focus on
the microbulk Micromegas [7]. This technique, jointly developed by CEA and CERN, alltawsro-

'RD-51 collaboration
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Figure 1. General design of the NEXT-100 detector with the baselinegroafion proposed in this
document. At the front the cathode side of the TPC can be seen with the dotlgisg the PMTs

for to measurement. At the back the anode side, with the modular structure sugbeimicrobulk

Micromegas charge readout for energy and topology measurement.

vide all-in-one readouts out of double-clad kapton foils. The mesh is @toheof one of the copper

layers of the foil, and the Micromegas gap is created by removing part &Bjiten by means of appro-

priate chemical baths and photolithographic techniques. The fabricationigee has been developed
substantially during the last years and the resulting readouts have \maglaqy features, outperform-
ing previous generations of Micromegas in several aspects. The meahlaomogeneity of the gap

and mesh geometry is superior, and in fact these Micromegas have attiievsest energy resolutions
among MPGDs.

The use of microbulk readouts in high pressure pure Xe has been emtsiand proposed already
at the conception of NEXT. Since then, a substantial body of experimgati@alhave been generated by
NEXT groups (some of it already published recently [8, 9, 10, 11]) Whiemonstrate that application of
microbulks in NEXT is feasible. While the overall body of data is presentedrimesdetail in appendix
A for reference, we can conclude that:

1. Microbulk readouts can operate at high pressure pure Xenondtegteo 10 bar) and they do
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amplify with gains above 100. This is a remarkable result which compargspesitively with
other MPGDs. Operation of charge gain devices in pure noble gaseshepratic due to the
rapid photon-driven expansion of the avalanche, which makes thaalegedckly depart from the
proportional amplification regime into the Geiger regime (this being the reasthe afse of gas
qguenchers in usual gas TPCs). We speculated that the confinemeatasftanche in microbulk
readouts (inside the kapton cell formed below each micromesh hole) sawenphotons from
expanding the avalanche far away, and acts as a sort of quenchibough more studies are
ongoing to test this hypothesis, this seems to be now corroborated expilisnby the relatively
high gains indeed measured with microbulks.

2. Energy resolutions have been measured with both low energy phdtdmeY2and 60 keV) and
high energy alphas (5.5 MeV). In overall, the results are compatible wittygmnesolutions of 1%
FWHM at the@ s at 2 bar pure Xenon, with indication of continuous widening of the resolution
for higher pressures, having 2% and 3%, for 5 and 10 bar respbctive refer to appendix A
for details on these data). Although plans to improve these results arenaygd@re consider the
previous numbers as realistically achievable in NEXT. We will develop theofebe document
with those numbers as reference values for the energy resolution.

3. Microbulk readouts are very radiopure objects. Various samplesafaih materials as well as
of processed readouts have been measured [11] with a high purityt&ateyielding values on
the minimum detectable level of the measurement, and corresponding to le88 fia/cn? for
Th and U chains and about ¢®Bg/cn? for “°K. These values constitute an upper limit imposed
by the small mass of the measured samples, and certainly they have evetel@igeof contam-
ination, as suggested by the amount and type of raw materials (kapton ppercoMoreover,
taking into account that the studied readouts were manufactured withp@pauific control of
the radiopurity, it should be possible to improve them in case traces of digibais found in
future more sensitive measurements.

These results are the technological baseline of this proposal, the praettaation of which is
developed in the next sections.

4 Proposed realization

4.1 Topology/energy readout: Micromegas

The proposed realization of the Micromegas readout is based on a mingeiare of identical, relatively
small, modules. Each of these modules is a single microbulk readouteflBscnt of active area and
patterned with an array of 1 énpixels, as shown in figure 2. This module is of similar dimensions
and number of channels as the microbulk readouts already manufaatutbd NEXT prototypes (both
NEXT-0-MM and NEXT-1-MM, see appendixes) allowing us to minimize thegid&rived from possible
new manufacturing challenges or unknowns. The Unizar group is glngarking with CERN within
the RD-51 collaboration to enlarge the maximum dimensiafsingle microbulks to 30 cm of side. If
successful this would further simplify the design here proposed. Allpie extracted independently
by strips engraved in the same kapton foil of the Micromegas, going towartacts placed a few cm
away as shown in figure 2. The mesh of each module is segmented into 4opa&rts § cm’ area each),

2The limitation coming from the fabrication equipment available
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Figure 2: Design of the single module
microbulk readout of an active area of
16 x 16 cn?. Each pixel is indicated
in light blue, and the strips connecting
each of the pixels to the contact con-
nector pad array in red. The connector
is placed in the flap at the lower side of
the figure.

each of them read out independently. If deemed necessary (sessiliscof section 6) a finer mesh
segmentation can be considered.

The microbulk are light, flexible structures composed of kapton and copperder to rigidify the
readout, they will be glued into thick metallic supports made of high purity cogpeviding also a
good protection against electronic pick-up noise. The support will behimad in order to allow the
assembly of the modules and proper extraction of the signals. The casaietched in figure 3. The
signals are brought by strips into a contact connector (of the kind glteated in NEXT-1-MM) in the
very microbulk plane, placed few cm away from the active zone in a fleRégtethat is folded down as
shown in figure 3 through a hole in the metallic support. This allows an elegdmntwigight, solderless,
radiopure extraction of the signals, allowing a proper staging of neigidponodules to compose the
mosaic readout. The extraction of the signals out of the vessel is ther@atbieved by means of one
300 channel flat cable and a 300-channel feedthrough per modtite dfpes already developed for
NEXT-1-MM.

The tolerances achievable in the assembly of neighboring modules carl bbela® the mm. How-
ever, no dead zone is allowed in the readout if we want to keep highyeresglution. This is achieved
by means of the “rim” concept. Around the mesh of each microbulk an indigmestrip of about 100-
200um is engraved (in the same process of the mesh manufacturing), andati@péme it is powered
independently at a few volts above the mesh voltage. The drift lines neatrhisure are slightly bent,
like shown in figure 4. As a consequence, the electrons that would a#eedsift towards a region
dangerously close to the edge of the microbulk (potentially dead zoneeaty pushed inwards to
the center of the last pixel of the active zone. In this way absolutely n@ehsa lost. The overall de-
formation of the drift lines is much less than the pixel size, so there is no goasee on the topology
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Figure 3: Sketch of the single mod-
ule mechanics. Highlighted are
the microbulk copper support, the
feedthrough and the flat cable con-
necting at the flap of the microb-
ulk and bringing the signals to the
feedthrough.

information.

In total, about~50 modules of the ones described are needed to cover a circular ate? of
diameter, amounting to a total 6f13500 pixels. The material radiopurity budget is kept to a minimum:
mostly high purity copper, kapton in the Micromegas and the flat cables, palgaPCBs in the head
of the flat cables and the feedthroughs, a small amount of epoxy to glidichemegas, and the small
sandwich pieces of the contact connectors, made of LCP (liquid crysiahpr). The contribution to
the background from these materials is discussed in section 6.

4.2 Measurement oft,

The proposed readout for the primary scintillation is a set of PMTs plaekitht) the TPC cathode. The
combined requirement on radiopurity and pressure makes the selectieominaercial PMT for NEXT
difficult. However, the requirement fag measurement is just that sufficient light is detected to have a
robustt signal. For this a relatively small number of PMTs is needed, and therafeolition based on
placing the detectors outside the vessel, facing quartz windows seenmiblglasispping the need for an
Ré&D to reinforce the PMTs, and allowing to choose existing very radiopM&s like the Hamamatsu
R8520. Other options could also be envisaged, like the larger, also wadjdpl0789 developed by the
XMASS collaboration, if they become available in the meantime.

The realization of this PMT array in our proposal is as follows. The gmaéahe high pressure
vessel will be furnished with 7 cylindrical outlets of the same high purity eofjint to the body of
the endcap by means of electron beam welding) and 10 cm inner diametse ©htlets differ from
standard CF-100 nipples in that they prolong inwards and they are eqligypa flange in the inner side
of the cylinder instead of the outside. This flange is used to install a 2 cm thakzgwindow, which
closes tightly and supports the 10 bar pressure. A number of PMTs (£d®8b20 model) are thus
placed in the inside of each of these cylinders, under one atmosphéoallggoupled to the window,
as shown in figure 5. Preliminary simulations show that this arrangement BVA% are enough to
provide a robust, signal. The windows must be of a material transparent to the Xe waveldiiggh (
Suprasil quartz) or be equipped with wavelength shifter coating, like TRBonally, the cylinder can
also be tightly closed in the outside, in case it is considered conveniengéstya measure against loss
of Xe by cracking/leaking through the window flange.
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Figure 4. Simulation (2D-approximation) of the rim effect on the drift linesiad the boundary between
microbulk modules. Dimensions are expressed in mm. The rim is;200netallic strip in both the
microbulk edges and are at 2@@n distance from the Micromegas active area. They are placed at -255
V while the mesh is at -250 V (i.e. 5 V of difference) above, the Micromegasia is grounded and the
drift field is 100 V cn!. The plot at the bottom is the same but with the rim at -260 V. In both cases all
drift lines that otherwise would have fallen on the dead area are gentiegusto the active area of the
Micromegas, the overall distortion being below the mm scale.

This scheme has important advantages. It is conservative, as no R&[@dedé¢o reinforce the
PMTSs. It is mechanically simple, as the quartz window is placed from the insdiéh@ pressure works
positively towards tightening up the flange. It is a moderately radiopurergmltowing us to use the
most radiopure PMT commercially available. We have to stress, howevethéd® PMTs placed in this
way constitute still an important contribution to the radioactive backgrouritdigfproposal as studied
later in section 6. Although we keep this PMT arrangement as our choiag foeasurement in this
baseline configuration, we consider that alternative options avoidingsRidinhpletely are possible and
very motivated. These options will be discussed in section 10.

4.3 Vessel and field cage

The Micromegas charge readout and the PMT readout described imefieys subsections being the
two main ingredients of this baseline design, we describe in the following thengmanner elements

of the configuration proposed. This has been defined following critéradiopurity, conservativeness,
current experience and compatibility with the previous readout elementge\do, other solutions may
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Figure 5. One of the copper cylinder
welded to the cathode endcap, lodging
seven PMTs facing a quartz window.

Y\l/x

eventually appear more convenient in the light of future work ofwassel working group For the
purpose of sensitivity estimation of our baseline design, we have defiaegtbctor materials as follows.

We propose to build the vessel out of high purity oxygen-free cogp®d100). Apart from being the
metallic material for which the lowest concentrations of radioactive contartsaae routinely achieved,
it represents a safe choice as it systematically shows good radiopuriky tatteer independently of the
provider. The relatively poor mechanical properties of copper aeecome by allowing for relatively
thick walls in the design (up to 3 cm thanks to reinforcements). The amount tefriadaused in the
vessel plays also the role of the innermost part of the shielding, so in ldisgi€onfiguration based
in a lead+copper castle, this choice is natural as it subtracts from thedopper lining required for
shielding, as discussed in the next section.

The vessel is depicted in figure 1. It is composed by 3 parts: one cylaighiece with an inner
diameter of 1350 mm and a total length of 1216 mm and 2 torispherical enda#ipgelding is per-
formed by electron beam welding (EBW), with no addition of material in the wgldimd preserving the
radiopurity of the copper. In order to ensure a reliable flange sealifrgEF{Eflon) gaskets and C10100
copper bolts are used. The inside of the endcaps is partly filled with extriecand PTFE pieces for
electrical protections, to avoid empty space that would otherwise be filled withid to effectively use
this space as inner shielding. The remaining empty space, mostly betweerihthdecand the PMTs
represents 20% of the total volume. This space is necessary to keepdistance between the cathode
at HV and the grounded PMTs/flanges, avoiding spurious electrolumimiscggnals.

The drift region is of cylindrical shape and has a diameter of 131 cm ainift @istance of 131 cm.
It is delimited by the field cage, the micromegas readout and the cathode ceiriposvires or a very
transparent grid. The field cage consist of 2 mm wide copper strips imgrimtea Teflon substrate of
cylindrical shape. The distance between strips is 1 cm and they are mbexted by SMD5 resistors
using silver soldering. The thickness of the Teflon substrate is 2 cm. Haddwwn voltage of Daikin
PFA Teflon is 28 kV/mm, (tested for thicknesses~of mm, but this value depends strongly on the
thickness of the sample), so although 2 cm should be sufficient for holdittages at the cathode of

10
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130 kV (corresponding to a drift field of 1 kV/cm), specific tests are adeat the real voltages and
dimensions.

The sensitive volume dimensions being fixed (partly for historical redgort®old 100 kg of Xe at
10 bar, the current geometry will hold only 80 kg at 8 bar, due to the 2a%a eglume outside the field
cage. Instead of rescaling the dimensions to go back to 10 bar we deckkshtthe stated dimensions,
and therefore an operation pressure of 8 bar for our baseline opfithiout particular optimization, with
the aim of: 1) providing a safety margin in the operation of Micromegas rgaatdigh pressure and in
the achievable energy resolution (see discussion in section 6 and 2y adfdiotor of conservativeness
in our studies on topology cuts, which efficiency and rejection factor haea studied for a Xe density
corresponding to 10 bar.

Finally, the front-end electronics associated to the Micromegas readeytaaed at the outer side
of the anode endcap, at a position as close as possible to the readdloises ly the condition that their
radioactivity’s contribution to the background be negligible. For that tmeyramersed in the shielding,
and attenuated by all the copper pieces allocated in the endcap and|y@ssitof the inner shielding,
depending on the radioactivity of the final electronics. The length of thecdllales will therefore be
around 50 cm, not very different to the distance currently used in NEXXIM. While electronics based
on the AFTER chip (T2K TPC electronics) is being used for the test with NEXMM (see appendix A
and B) it is still to be determined if the same hardware is adequate for NERTH@ny case, it should
follow a similar philosophy.

5 Radiopurity and shielding

Backgrounds in rare event experiments may come from external radfataprfrom radioactivity of the
laboratory rocks or airborne radon) or from radioactivity of the congmis of the detector setup itself.
The first category is dealt with by appropriately shielding the detector amddbond by controlling
the radiopurity of every detector component, assuring that sufficiertlg4@ean materials are used. In
the following paragraphs we introduce the basic elements and assumptishigloliing and radiopurity,
on which we later build up the background model to estimate the performartbe option proposed.
Although a more detailed sensitivity calculation is performed later, let us dtniasfor NEXT to be
sensitive to a signal of a few counts per year (corresponding tuthg for mgg ~ 50 — 100 meV) the
background a) 35 must be below a few«10~* counts keV'! kg~! y~1. This strong requirement will
drive the following discussions.

5.1 Shielding

The main monoenergetic gamma line abgyegs in the natural radioactivity is the 2.615 MeV photons
coming from the’’8 Tl isotope of the’>?Th radioactive chain with a flux around 0.4&m?/s (according
to measurements performed at LSC [12]). The photons of 2.448 MeV cdimuing?!*Bi of the 238U
chain, being much less abundant, could be more dangerous since tloeyyaded% away from thé) gz
energy, unresolved from our signal peak even with the best enespjutions achievable by NEXT.
Simulations show that typically their contribution is similar to that of the 2.615 MeMaaisofor similar
original impurities of?%Tl and2'*Bi. Moreover, since both energies are quite close, attenuation studies
for 2.615 MeV photons are roughly valid for 2.448 MeV photons too.

Preliminary studies performed by the NEXHhielding working groupndicate that the thickness of
the shielding needed to attenuate the external radiation down to negligible fiev@&lEXT should be
around 25cm in the case of lead and almost 3 m in the case of water. Weatwalgs go for a mixed

11
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Figure 6: Possible realization of the lead+copper version of the NEXTdéjeamong the ones consid-
ered by the NEXT shieling group (designed by the Ciemat group). In tisig¢he outer 10 cm of lead
is replaced by 1 m of water, equivalent in attenuation power. We refd3jd¢r more details.

option in which 1 cm of lead would be substituted for 10 cm of water (or othdernah with a density
close to 1 g/crh, e.g. polyethylene). Moreover, the innermost part of the shielding numsply with
strong radiopurity conditions (like the other detector components), as titeldgion of its radioactivity
should not exceed the radiation being shielded by it. This seems to be ddbibath by a design based
on a water tank or a design based on lead and copper castle, solutioies! $tuthe NEXT shielding
report For the sake of concreteness, we focus in the second of such gptishiglding based on a lead
wall with an inside lining of high purity copper. In fact, the material of this liningxactly the same
copper as the one of the detector vessel. From the point of view of its istgeltfect and radioactivity
emissions, both media are identified. Due to self-shielding, only the 3 inneomost shielding/vessel
have a relevant contribution to our background model. A possible realizatisuch option is depicted
in figure 6.

Another source of background, deserving special attention, is raddrits progeny. As part of
the 238U natural chain???Rn gas can escape out of materials and diffuse through others with a rathe
complex dynamics during its lifetime/{ ,=3.8 days). Its progeny can deposit on surfaces, especially
those electrostatically charged. Among the progeny we A&\Ri, a dangerous source of background
for NEXT, as mentioned before.

Airborne??2Rn in the atmosphere of underground laboratories can be rather higlaaable due to
emanation from the rock walls, with typical values arountD0 Bg/n? (although it can be substantially
lowered by a good quality forced ventilation). If this concentration is asduats® for the empty spaces
inside the shielding this would constitute an unacceptable source of backbfor NEXT. Therefore,
the first measure is to enclose the shielding in a radon-tight tent, underra(elga N) atmosphere,
capable of bringing down th&?Rn concentration inside the shielding to levels~af0 mBg/n?, i.e.
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4 orders of magnitude below the external concentration (conservativeagion assuming a rather large
internal empty volume of 2.5 fnfor example due to a 20 cm gap between vessel and shielding).

Despite a good isolation with the exterrfdfRn, materials inside the shielding will still emanate
radon at a rate which depends on tffJ contamination of the material and its radon diffusion coefficient
(which one needs to measure experimentally). A continuous flush of {fagemyas, purging all empty
space inside the shielding at a sufficient rate, is a necessary elemarst @gaanation by the materials
inside the shielding and outside the vessel.

Approximate but conservative estimations can be done for the amodatRf emanated by the
lead and copper of the shielding and the outside of the vessel. Assumijuigqliy for 233U con-
tamination in copper and 1 mBg/kg in lead and a radon diffusion distance of O.ihrboth lead and
copper, we obtain a total emanation rate of around 2Bq. This value implieatdbcion of a few
10~* counts keV'! kg y~'at Qs5. To reduce it by one order of magnitude the whole volume must
be renewed every 13.4 hours while two orders implies a renewal evehpdr8. Conservatively using
2.5n? as the total empty volume inside the shielding (51 of liquiglade enough to fill up this volume),
flushing rates above- 10 INo/day should be sufficient to bring radon levels below NEXT sensitivity,
assuming the flushing is performed effectively over all inside volume, andead spaces are left for
radon to grow up. Emanation inside the vessel into the Xe itself must also éfellbastudied because
no flushing is possible there. Although the alphas ffdfiRn in the sensitive volume could give a precise
information of the amount c¥2Rn being emanated at a particular moment into the detector gas, they do
not help in tagging the background events induced by tHgi deposited in the cathode. A preliminary
calculation of the inwards emanation of the materials considered in our badebign has been done
conservatively assuming that all emanat&Rn ends up a$'*Bi surface contamination in the cathode.
Thanks to the extraordinary radiopurity requirements (see later) of tleg materials, and especially
the copper vessel, the contribution of this effect seems to be negligibleyloase, care must be taken
also with the materials in contact with the Xe all along the gas system (tubess Vvéligrs, etc...) as
they all can potentially emanate radon which, due to the recirculation, will pril tlhe detector vessel.
The case of?°Rn from the**?Th chain has not been considered since it decays in less than 1 min into
polonium which it is not a gaseous isotope and the emanation is expected tchéawer.

Of special relevance is the Radon concentration in water for the case whtier shielding (GERDA
gives data for radon contamination around 7-19 mBYy/riihe shielding design in this case should also
foresee a radon filtering stage for the water system.

Therefore, the overall radon dynamics can be rather complex, anddb&m of controlling its
concentration close to the sensitive volume below the required levels foidtdie-art competitive low
background experiments is always a challenging one. This is an esgemtiafor NEXT, beyond the
readout technological decision which is the purpose of this document.wasking hypothesis for the
present document, we assume that the shielding for the experiment wilesiztbringing the effective
radon concentration in the inside of the shielding to levels beld® mBg/n?¥, with negligible contri-
butions to the background. Therefore, we will not include a contributiomfRadon in our background
model later on in section 6.

Other possible external sources of background are neutrons, evi@thduced by natural radioac-
tivity in the walls or shielding or as secondary products of cosmic muon§mfnary estimations seem
to point that these contributions are very much below the level of conoeMEXT. High energy gam-
mas can be produced in muon-induced electromagnetic cascades. Altheyghbo seem to be of no
importance for NEXT, they could be partially tagged by using active muonimette shielding.

To summarize, for the purpose of the present document we assume tlsdtiglidng fulfils the
following specifications, which allow us to neglect in our background matieixternal gamma contri-
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butions, all radioactive emission from shielding materials (other that thenmosr3 cm of copper) and
contribution from radon and its progeny:

1. The shielding should be thick enough to attenuate external photonstddexrels corresponding
to background levels in NEXT below 10~ counts keV ! kg=! y~!. This thickness corresponds
to 25 cm of lead.

2. The radiopurity of the different layers of the shielding must be sudhetheh of the layer’s con-
tribution to the background, after attenuation of the material inside that ldges, not amount in
total to more than the stated 10~% counts keV'! kg=! y~!. The radiopurity of the innermost
layer, in particular, has the strongest radiopurity constraint, at thedéted detector components
themselves. This is achieved by the lead castle option by using an inner linatgpof~ 5 cm

high purity copper{ 10 uBqg/kg)

3. The shielding is built with anti-radon measures mentioned above (raddrtdig, radon-free gas
flushing system), so that it efficiently fights against radon emanation froterials or radon dif-
fusion from the laboratory air, and bring the radon concentration dowregtigible levels for
NEXT.

This assumptions justify the exclusion from our background model of &dreal sources of back-
ground as well as radioactivity from the shielding materials, other than tleerimost 3 cm of copper of
the shielding or vessel. We will focus in the following in the identification of afigible internal sources
of background and therefore on the radiopurity of the inner materials.

5.2 Radiopurity

Despite the advantage offered by a gas TPC using the event topologjgdb lvackgrounds, still the
strictest requirements on radiopurity are to be applied to the materials complosiimer part of the
detector. Eventually, all materials entering the design must be screenadogittieect gamma counting
with germanium detectors or by alternative methods like Mass SpectrometiyI8&ind ICPMS) or
Neutron Activation Analysis (NAA). The requirement on a particular congmt or, conversely, the
criteria to use or not a given material for such component must considaditgpurity, the mass of such
material in our geometry and the particular position with respect to the sensitivee of the detector.
All these elements are inputs of the background model that, based on Geautdtions, quantifies the
contribution of each element to the final experimental background. Thiglnmdescribed in detail in
section 6, has been used to define the detector configuration sketchedprettious section, and to
select the best materials minimizing the background.

For the purpose of this CDR, we have conservatively relied on materidlsanponents with levels
of radioactivity known in the community of low background techniques, nreasa the context of sev-
eral rare event experiments. We refer to HEeXT radiopurity group reportor further details on sources
and methods [23]. For some cases, data from measurements perforrtiezlWyizar group are avail-
able. Table 1 summarizes the materials finally retained as relevant for tHmbaksign here proposed,
their measured activities ¢#U,%*2Th and’K (although this last isotope will not contribute to NEXT
background), the method of measurement and the source referdheatrigs entering the background
model of section 6 are listed in this table. Additional entries considered ititegyeme also included,
like additional measurements of the same material by other methods or othps gooumeasurements
of materials or components that could be used as alternative choices. &@karsmaents number 2, 5,
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# Material Method Unit B8y Z2Th oK
Metals
1 Lead Cometa GDMS mBa/kg <0.372 <0.073 <0.31
2 Copper Luvata C10100 Ge spectroscopy mBag/kg <11.0* <9.7* <17.7*
3 Copper Luvata C10100 hot rolled GDMS mBqg/kg <0.012 <0.004 0.060
4 Copper Luvata C10100 cold rolled GDMS mBg/kg <0.012 <0.004 0.090
5 Stainless Steel Pfeiffer 304-L Ge spectroscopy mBag/kg #2.8 10.4£2.0 <16.6*
Detectors
6 Micromegas without mesh [11] Ge spectroscopy mBdg/cm<0.040 0.005-0.002 <0.046
7 Microbulk-Micromegas [11] Ge spectroscopy mBgfcm 0.026+£0.014  <0.009 0.05%0.025
8 Kapton-copper foil [11] Ge spectroscopy mBgfem <0.011 <0.005* <0.008*
9 Copper-Kapton-copper foil [11] Ge spectroscopy mBdg/cm<0.011 <0.005* <0.008*
Plastics
10 Kapton film [14] ICPMS mBg/kg 124 0.6+0.2 92
11 Kapton [15] NAA mBa/kg <99.2 <36.5 58.9:3.1
12 TEFLON DuPont NXT75 M111 [16] NAA mBg/kg <0.023 <0.006 0.099:-0.040
13 TEFLON [17] Ge spectroscopy mBg/kg <24.8 <16.2 <341
14 VITON Johannsen AG [16] Ge spectroscopy mBg/kg 883 130 2176226
15 PEEK Ge spectroscopy mBag/kg 36t3.3 11.6:2.2 8.3t3.0
16 VECTRAN(Liquid Crystal Polymer)[18] ICPMS mBg/kg <1.24 <0.12 1395
17 Two component epoxy, Resin 20-3001R clear,

catalyst 20-3001C, 1:1 mix [16] NAA mBg/kg <0.55 < 0.094 < 0.62
Connectors, cables,...
18 TIG Welded [16] ICPMS uBg/cm <0.126+0.042 <0.040 —
19 INDIUM New Brunswick Plating 190 [16] ICPMS mBag/kg 0.28.03 0.03@-0.005 5.86-0.68
20 SILVER soldering [15] GDMS mBg/kg <0.12 <0.29 <0.40
21 WIRES MacMaster-Carr 7512 K552 2nd shipment [16] ICPMS mBa/kg Q09812 0.1140.008 <1.9
22 WIRES Atlas Axon [14] Ge spectroscopy mBg/kg <12 <12 230660
23 Circuit Board Cuflon Edelweiss [19] Ge spectroscopy mBag/kg <23 <30 400200
24 Surface mount precision plate, SM5D, 70QIvesistors [20] Ge spectroscopy mBag/pc 0.6P7003 0.014-0.003 0.192-0.03
PMTs, windows
25 PMT R10789 [21] Ge spectroscopy mBq/PMT  0.70.28 1.510.31 <5.1
26 PMT R8520 [22] Ge spectroscopy mBg/PMT  0.28.04 0.210.05 9.3t1.1
27 Heraeus 2 quartz [16] NAA mBag/kg 0.068t0.027 0.02#0.005 0.062-0.016
28 Heraeus Suprasil Quartz [16] NAA mBqg/kg 028.11 0.2460.057 —

1X3N
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Table 1: Summary of measured activities'fU , 222Th and*°K in different materials. * Level obtained from the minimum detectable activity

of the detector (MDA).
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6, 7, 8, 9 and 15 were done by the Unizar group using a high purity geumaaetector (HPGe) at
the Underground Canfranc Laboratory [11]. Measurements numtseadd 4, were performed for the
Unizar group by Shiva Technologies, France, using GDMS.

6 Expected performance
The well knowngsg figure of merit,

Mt

b6 E @
although approximate, it clearly stresses the relevant experimental garametermining the sensitivity
of a Ov35 experiment: the isotopic abundanegthe detection efficiency, the source mass/ and
exposure time, the normalized background rdteand the energy windowE determined by the energy
resolution of the detector.

For the discussion of interest here, only the backgrdutide energy resolutiofZ and the detector
efficiencye could a priori be affected by the readout technology. The energyutian is directly deter-
mined by the readout, as it is providing the energy information. The bachkdrof the experiment can
be affected by all components of the detector close enough to the achivaee/ahrough their radiopu-
rity, and, in particular, also the readout’s radiopurity. Also, in an expaertrilee NEXT, the topological
information provided by the readout is used to perform cuts on the dataeginde the background,
therefore the tracking performance could also have an impact on sap&itth through the background
reduction achieved and the detection efficiency.

TIO/”2 X ae

6.1 Tracking performance

In gas TPCs the ionization track of the particle along the medium can be registéh relative preci-
sion. This topological information can be used to identify and reject backgt events. In the detector
configuration here proposed, the topological information differs fraepthysical ionization 3D track in
two aspects: 1) the primary ionization chargifusealong the drift, resulting in a somehdvurry ver-
sion of the original track, and 2) the readout’s anode is segmented in pixelsn?, and therefore only
a limited pixelized version of the track image is available for topological analy®igse two aspects
must be properly taken into account when defining the discrimination algoritdimi®over, the readout
physics and electronics will impose a threshold and resolution in the chergeteld in a given channel,
and this may also have an impact on the quality of the topological informationisTbigefly discussed
below in 6.1.1.

For the purpose of the present document, the discrimination algorithmselgezhty on 3 conser-
vative categories of topological information of the event tracks. Thigg@itoms are an extension of
those initially developed in [24], where also the basic concepts are inteddared studied. The three
categories are:

e Fiducial cut: the outermost cm of the active volume is treated as a veto, i.e. events dapositin

energy close to the edges of the field cage are rejected. This discrimingt@yion rejects elec-
tron events associated with surface contaminatiprerission) or with interactions in the wall
materials.
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e Single “connection” cut: this method aims at singling out only events with just one track or con-
nection. The raw background a2.5 MeV energies is largely composed by gammas interacting
several times via Compton scattering in the gas. They are composed by mooatheonnection,
and so they are easily rejected by this criterion. Unfortunatiely,s events may also yield multi-
connection topologies (due to bremsstrahlung emission), and therefopedhikes an efficiency
loss. Due to the wiggling nature of electron tracks of these energies (dualtiple scattering)
the algorithm makes use of Graph Theory concepts developed in [24]rttfjdand number the
connections of the event. Diffusion tends to merge connections that atleenwsuld appear dis-
connected. In order to reach some immunity against this effect, the algoridy® with energy
thresholds of neighboring pixels.

e Two-blobs cut once events with just one connection are selected, those with 2 identifiedde la
energy deposits at the ends (blobs) are singled out. These blobs anepteted feature of an
electron slowing down in the gas due to the increase ofdtfigdz of electrons at lower ener-
gies. Two such blobs are expected in signal two-eledito#3 events, while only one in average
single-electron background events. The algorithm developed alvgaigna blob candidates to the
events, and the main track between two of these candidates is drawn ussggthents obtained
in the connection method. Finally the charge of the blobs found at both eedempared, since
signal-events are expected to have similar energy depositions at the bothaflectron tracks
[25]. Features of the background evenitsdys, random accumulation of charge, bremsstrahlung
photons interacting close to the main track) may be misidentified as blobs.

The effect of the above mentioned criteria on both background andl sgeat samples have been
carefully studied. The samples have been generated via simulation with Gesansimplified geometry
of the detector (see below 6.3). The effects of diffusion and pixelizatethen applied to the simulated
events. The above described algorithms are implemented in a ROOT-basecdo@g that analyzes
the simulated events. They are applied sequentially, and their correspaftidiency (i.e. fraction of
the total signal events that survive the cuts) is shown in table 3. On the sitlegrtheir effect on the
background counts, or rejection factor, is shown, also sequentiall\blie 2a

As background events have different sources, the rejection famteath cut depends on the origin
of the contamination. In such way, surface events will show a higheriéitueto rejection factor since
for these events charged particles emitted at the same time as photons tatheesensitive detector
volume. The one-connection cut will be more effective ¥6YTI events since they have a higher prob-
ability to suffer multicomptom interactions (more than one connection) in the RalZH&i events.
Finally, the capability to identify one or two electrons in selected tracks ddedepend on the origin of
the event. In table 2 we show the effect in contributions coming from detpatts in contact with the
sensitive volume and parts farther from it.

Table 3 shows the signal reduction due to the analysis. Signal events raigfaduced near detector
walls and therefore be affected by the fiducial cut, but the effectymiod the largest loss of efficiency
is the Bremsstrahlung emission of photons. This emission may produce agesdnin signal events,
or loss of charge if the photon leaves the chamber. This happens in more-tHa% of the signal
events. In background events, bremsstrahlung photons may prodake blob if it interacts near the
main track.

Optimization of cuts could still yield larger rejection factors, at the expendertier efficiency
loss. At the moment, priority has been given to keep a conservative agpto the topological cuts,
by keeping a relatively small loss of efficiency. However, the work dapeo now points to several
possible improvements, although further studies are needed to quantify Biest).operation at high
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Origin Rejection FactorK)
Fiducial Cut Single Connection Two Blobs Cut
" TI-208 1.3 45 6
Away from sensitive volume
Bi-214 1.1 15 6
: " TI-208 5 45 6
In contact with sensitive volume
Bi-214 50 15 6

Table 2: Effect of each discrimination cuts sequentially applied on elemendsiaat with the sensitive
Xe volume (like the readout) and away from it. Values shown here are medaesvobtained from
different simulations and analysis. Rejection factors of a cut are esguies relation to the previous cut
surviving events.

Efficiency
Rol Fiducial Cut One connection Two blobs
B8O 0.92 0.79 0.37 0.27

Table 3: Effect of the different cuts on the signal efficiency (sungwevents versus total events), for a
region of interest (Rol) corresponding 3t of @) 35. Cuts have been sequentially applied.

pressure pure Xenon imposes a large diffusion on the primary ionizatiou.cldhis diffusion has a
definite effect on the quality of the topological information as is illustrated bétogubsection 6.1.2.
The higher the diffusion the more difficult the tracks are to separate abd tdadentify. Work is ongoing
to quantify this in terms of the rejection factor, but preliminary simulations assusmrailer electron
diffusion [24] points to an extra factor 6£10 in background rejection. Second, attempts to reduce
Bremsstrahlung emission would certainly yield improved sensitivity by enhgrbin cuts’ efficiency.
This could be achieved by adding low-Z additives (e.g. Ne) to the Xe. €ltves points, together with
other reasons commented later sinpngly motivates the use of gas additives to the Xas an improved
stage of the baseline design in pure Xe here considered. Once aggpmdea conservative approach,
we do not adopt these options in our baseline design, as they need fudtie and we will consider
the cuts and numbers presented before in the background model aitovggistudy developed later on.
Nevertheless, we will discuss the option of using a Xe mixture below in sediiéh 1

Some other improvable aspects regarding the topological cuts are listed ollthérfg and should
drive future work:

1. Continue the study on the way the charge is deposited along the tracteegmtifpressure condi-
tions, in order to try to extract further topological information fra /dz.

2. Try to use topological information to identify events interacting near théowgeor the cathode.
Preliminary results are very promising. If successful this could substjtutéormation to perform
the fiducial cut (see section 10).

3. Study topological signatures that could allow the identification of brentdsirg photons inter-
acting near the main track.

18



NEXT Version: 1.0
MAGIC: NEXT-100 with Micromegas readout Date: April 28, 2011

Page 19 of 53

4. Study theCerenkov emission of electrons as a possible distinctive signature betwggnand
background events (discussed in section 10).

6.1.1 Pixel charge threshold

The simulations to generate the rejection factors and efficiency numbexs $haables 2 and 3 have
been used to study the effect of non-zero threshold in the detectabigegber pixel. By removing
from the analysis pixels below a given threshold energy, we haveasb#rat the cuts start losing both
efficiency and rejection power steadily for thresholds energies aboegtain value, while there is no
effect below it. This value is of 10 keV for pixels of 1 cm, and should be perfectly achievable by the
pixel readout of the proposed microbulk plane.

6.1.2 Effect of Diffusion

The high diffusion coefficient in pure Xe implies a wider ionization electrom@lorhe spreading of the
charge makes the tracking more complicated since more pixels are hit anéitbe pler pixel is lower. It
strongly depends, moreover, on the distance to the readout. Figurav3 8iree of the simulated signal
events which have survived all the analysis cuts. It can be appretiatedt highz it is more difficult
to identify events asne trackinstead of two depositions (which could be caused by background gvents
One of the consequences of diffusion is that tracks produced byatiffelectrons (as for example,
those caused by multicompton interactions) merge and fake two electron (saekan example in figure
8). To eliminate them, analysis parameters have to be adjustéettiathe connection; however, this will
also affect signal events and imply an efficiency loss (see figure 9 pronounced at larger distances
to the readout. Another consequence of diffusion is that the energsitiep at the end of the track
(blobg spreads over a large radius making it more difficult to distinguish this depofom the energy
deposited at other points of the track. In figure 9 a large population of diedusignal events is plotted
with indication of thez-coordinate. Depopulation in the edges is the effect of the fiducial cutights
z-dependence of the cut’s efficiency is appreciable, indicating that, witerthe conservative choices
made to define the cuts, there is an effect of the diffusion on the quality abfiebogical information.
As commented previously, the use of gas additives to the Xe that wouldadectiee diffusion would
improve the power and efficiency of the topological cuts.

6.2 Energy resolution

As mentioned before in section 4.1, microbulk Micromegas have been shaaahi®ve an energy res-
olution equivalent to 2% and 3% FWHM &2 for 5 and 10 bar respectively working in pure high
pressure Xe. Although measurements with high energy alphas are avéditesie values rely on simple
x E'/2 extrapolation from the low energy (22 keV and 60 keV gammas) measurearesisall scale (3
cm diameter) readouts. In realistic NEXT conditions, witl2.5 MeV electron tracks extending along
~ 30 cm, several features need to be checked not to further contribute éméngy resolution. We dis-
cuss them briefly in the following, although experimental demonstration efgmesolution in realistic
NEXT conditions (electron extended tracks) is a must and it is the goal MfEXET-1-MM program.

e Electrons may gain or lose extra energy from the drift field along their iogizack, depending on
the starting and ending point of their track, and the intensity of the drift veltais translates into
an extra fluctuation in the energy deposited in ionization. As computed intf6tiegradation to
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Figure 7: Simulated signal events
at differentz position (vertical axis).
Black star marks the vertex while yel-
low stars indicate the end of both elec-
tron tracks. Charge spreading due to
diffusion is more important for events
produced near the cathode.

the energy resolution due to this effectig).5 % FWHM for a drift field of~0.1 kV cni! bar!
(being linear with it). This imposes a maximum drift field in order to keep goodggmesolution.

e Electron tracks in NEXT travel30 cm although following a wiggly trajectory. This means that
the energy information must be extracted from a mesh area which is a fattbitarger than
the one used in the previously stated measurements. The contribution to thg sss®lution
by the capacitive noisex_ C'/2, beingC the electrode capacitance) will be a factor3 larger.
The effect on the energy resolution depends on the relative importéuicis gontribution in the
current energy resolution measurements, and could perhaps beddauoptimization of front-
end electronics. In the worse case, a relative increase in gain of atimecstated factor ox 3
would be needed to keep the signal-noise ratio and therefore to keepribeesargy resolution.

e Moreover, the time spread of the signal will be also longer. This may impas&raints on the
front-end electronics (shaping or sampling times).

The mentioned effects do not necessarily constitute unavoidable extrébations to energy reso-
lution, although they need to be probed experimentally in NEXT-1-MM. On therchand, there are
prospects to improve the previous stated values as commented later on in $6cti@m the sake of sen-

20



NEXT Version: 1.0
MAGIC: NEXT-100 with Micromegas readout Date: April 28, 2011
Page 21 of 53

100

o

-20

-40

Y-axis (mm)
N
o
\\\\\\\H‘\H‘\H‘\H‘H\H\

-60

I L T S S S |
0 50 100
X-axis (mm)

Figure 8: Effect of diffusion on pattern recognition: two independespasits of energy are joined
because of the high diffusion in xenon

sitivity estimation in the following paragraphs, we consider a 2.5% FWHM aalistieally achievable
value for our baseline configuration at 8 bar.

6.3 Background model

An appropriate background model for NEXT should include as manydvackd sources as possible,
together with a description of the geometry of the detector and a simulation ojitsiree as faithful as
possible. Searching the always needed compromise between resonacgower and time available,
on one side, and accuracy and usefulness of the results, on theve¢hieave made some simplifying
assumptions to build up a reasonable background model to be used faretenipproposal. These
assumptions are explained and justified in the following.

As anticipated in section 5, all external sources beyond the detectal &esexcluded from our
background model. This is justified only if the specifications expressedtisé¢iation for the shielding
are met, namely: 1) that the shielding is thick enough to stop all relevant ekigmmma radiation
down to negligible levels for NEXT, 2) that the “clean” innermost part ofshelding is thick enough
to stop any radioactivity from the outer part of the shielding, and that it islean, at least, as the
vessel material itself. Moreover, we identify this innermost material (highypcopper) with the vessel
material and therefore only the innermost 3 cm of shielding/vessel areseagative and are included in
the background model.

Moreover, we have made an effort to identify as many elements as poskib&ioner components
of the detector, their material, quantity, and potential radiopurity, as they willfavoidable sources
of background. Only decays capable of populatingghg area have been considered, nantéiyl,
from the232Th natural chain, ané!*Bi from the 233U chain. The simulated geometry, a view of which
is shown in figure 6.3, is a simplified version of the one described in sectimcldding only the main
media of geometrical relevance: the copper vessel parts (body,ndied flanges), the field cage teflon
support and copper rings, the microbulk (simplified into a single plane daotination), cathode, and a
guartz plane representing the PMT contamination. Simulated data from sotot/peogeometrical lo-
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Figure 9: Loss of efficiency due to higher diffusion at high Events passing all the cuts have been
plotted: general YZ view (left) and position (right) where a straight line has been drawn to guide the
eye.

cations has been generically generated (vessel, field cage, catbad@,t). The contribution of smaller
elements not included in the geometry (e.g the field cage resistors or thebfles)care estimated by
taking the data simulated from the prototype location that matched most the geaftiay element,
and properly renormalizing it using its mass and radiopurity. For exampkidoresistors, the simula-
tion from the field cage was used. We took care that in these procederapphoximations performed
went always in the conservative direction. For example, for the fldesastimation we used the data
simulated from the readout plane, although the flat cable geometry is partiaetyated by copper from
the endcap.

In this way, the following list of elements have been identified and their coniibestimated, the
amount/mass of each of them being indicated in table 4:

e The cylindrical body of the copper vessel (3 cm thick), flanges an@ttwrispherical endcaps
(only the innermost 3 cm is taken into account).

e The cylindrical field cage composed by copper strips imprinted in teflon.

e The cylindrical teflon piece supporting the drift cage and isolating the hatfage from the vessel
(2 cm thick).

e The high optical transparency copper mesh at the cathode.

e 130 SMD resistors for the field cage

e Silver paste to do the the electrical connections of the resistors and thedigddings.
e The microbulk Micromegas readout planes.

e Epoxy to attach the micromegas to its support.

e 50 flat cables and 210 copper pieces (tensors) to extract the sigmalghii®Micromegas pixels to
the feedthroughs.
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Figure 10: General view of the
simplified geometry used in the
Geant4 simulations.

50 PLC interface pieces for the contact connections.

The copper support pieces for the microbulks.

49 PMTs of they readout

7 quartz windows.

The copper frame of the cathode and the copper bar that give voltage ¢attiode.

Extra protective teflon pieces above the cathode and composing the Hiirfeegh.

The contribution of each of these elements, both by tH&ifl and2'*Bi contaminations, have been
singled out. The results, included the filtering resulted from the topologydassribed in a previous
subsection, are shown in the table 4. The second column indicates theurdtglidgvel considered
for each material, linking to the corresponding entry of table 1. Columns #mdefour indicate the
contribution of?°® Tl and2'Bi respectively, in units of counts per year. FétBi they include all counts
in the peak, while fof’Tl they include the counts in a region of 3% aroupgls. The fifth column sums
both contributions in the standard units of counts ké¥g—! y—*.

Most of these contributions are upper limits, as they are derived fromurexhapper limits to their
radiopurity. The sum of all items, irrespectively of whether they are uppands or not, is indicated
in the “pessimistic total”. A more realistic estimate allows us to expect lower valuesofoe of the
elements with upper limits. A typical example is the contribution from the microbul#taeia which
appears artificially high because it is based on an upper limit from a HPGsunegaents of very light
samples [11]. Although more sensitive measurements are needed, it isaéalexpect that the actual
contamination will be much lower (an estimation using contamination of the bulk rawialateopper,
kapton and epoxy, gives values 100 lower than the upper limit used):ré&ailéstic total” thus excludes
this contribution from the sum, and halves all other contributions coming fropeulimits. The only
contributions not coming from upper limits and amounting to a significant fracfitimee background are
the PMTs and the field cage resistors.
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Origin Activity entry cly (c/keV/kgly)x10~4
Simulated (from table 1) TI208 Bi214 Total
PMTx49 #26 0.43 0.02 0.75
Readout #9 <11 <11 < 3.7
PTFE electrical protection (200kg)#12 < 0.26 < 0.02 < 0.46
Vessel(body + end caps
+ flanges) (3.4 T) #3 < 0.85 < 0.13 < 1.63
Resistors #24 0.14 0.010 0.26
Cathode(2.12kg) #3 < 0.020 < 0.028 < 0.08
Field Cage (102 kg) #3and#12 < 0.007 < 0.007 < 0.02
MM copper supports #3 <18x107% <80x1073 <0.013
Epoxy (10 g) #17 9.58 x 1073 1.40 x 1073 1.49 x 1072
Quartz windows (7 pc) #27 3.46 x 1073 1.68 x 1073 6.97 x 1073
HV PTFE protection (0.40 kg) #3 <396 x107% <351x1077 <529 %1073
PLC connection pieces (70 pc)  #16 <845 x107% <845x 107 <229 %1073
Kapton flat cables (70 pc) #10 5.50 x 1076 2.5 x 107 4.20 x 1073
Polyamide PCB (210 pc) #10 1.2 x107° 1.9 x107° 4.30 x 1074
Silver (15 g) #20 <6.35x107° <5.61x107° <1.62x107*
Total (pessimistic) < 2.8 < 1.3 < 6.9
Total (realistic) 1.14 0.12 1.7
Total (improvements) 0.25 0.015 0.3

Table 4: Contributions to the background from every element of the deteftéw discrimination cuts
applied. See text for explanation.

The third total indicated (“improvements”) is not based on the baseline dsiigrated, and illus-
trates a guess based on the assumption that one or more of the improvergentsthe baseline design
discussed later on in section 10 could yield a background improvemeniaei@ + 6 beyond the “re-
alistic” baseline background level (by means, for example, of avoidingisieeof PMTSs fortg, or by
improving cuts rejection power by the use of Xe mixture with lower diffusion)

6.4 Sensitivity

With the experimental parameters justified above, mainly background,yeresgjution and efficiency,
the expected sensitivity tov35 for our proposed detector for NEXT-100 has been computed. The
calculation is done is the following way: 4@oy Monte Carlos of the background aroufyh; are
performed using a realistic spectral distribution and experimental ex@o3ine likelihood function is
built upon the simulated counts using the signal (approximated by a gauddiae keequired width)
and the background models. The 95% CL upper limit to the signal intensity iscthraputed in the
standard way from the likelihood function, but for the cases of very laekground, for which the limit
is obtained by integration of the Bayesian posterior probability. The sdatsiswdefined as the average
of the upper limits obtained over the *Ltby Monte Carlo performed. This method is good enough for
our purposes, and in particular allows to include spectral information inrthlgsis. More theoretically
rigorous approaches could be followed, like the Feldman-Cousins uipifesgtription, however at the
expense of more computation complexity, specially if spectral information is éaltded to the models.
The result is plotted in figure 11 for both 1 (left) and 5 (right) years of titang (80 and 400 kg y
respectively) versus the value of the energy resolution, and for the background scenarios defined in
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Figure 11: Estimated sensitivity in terms of the upper limit to the signal intensity in abisérved
counts versus energy resolution. On the left, for one year of data t§Rh@g y of exposure) and
on the right for 5 years (400 kg y). Please note thattfaxis is expressed in total signal counts in
the exposure considered (1 year on the left, 5 years on the right). Tée iackground scenarios
commented in the text are shown: pessimistic (dashed line), realistic (thick sa)dalid improved
(thin line). The two dashed horizontal lines in the plot on the right cornedio the expectedv 33
intensity for amgs = 100 meV using two extreme different NME calculations (see text). The lower line
also corresponds approximately to the expected signahfgy = 50 meV with a favorable NME. The
blue dot would correspond to our baseline configuration with 2.5% FWH@ggresolution.

the previous section. The two dashed horizontal lines in the plot on thecogtgspond to the expected
Ov 3B intensity for amgs = 100 meV using a favorabled(" ~ 4.2 [27]) and not favorableN/® ~ 2.1
[28]) Nuclear Matrix Element calculation fd?®Xe. The lower line corresponds also approximately to
the expected signal fongz = 50 meV with the favorable NME.

In figure 12 the sensitivity, this time expressed in the corresponding hal®ditheOv 55 decay, is
plotted versus exposure time. The two horizontal red dashed line havartteeraeaning as in figure
11. As before, the thick solid line represents the baseline design of 2.5¢4M-With the realistic
background model. The pessimistic model is also shown (dashed black lifle$ti@te the importance
of keeping under control the radiopurity of the components studied in se@tid’he blue set of lines
represent different scenarios of improvements beyond the baseliresolid thick blue line corresponds
to the improved background scenario of table 4 which, we remind, it is onactrf~6 better than
the realistic one. The thin blue line corresponds to the realistic backgrasadbut with an eventual
improvement in energy resolution down to 1% FWHM, possible in some of the iradrecenarios
discussed in section 10. Both improvements are roughly equivalent in tésessitivity. The combined
improvement in background and resolution does yield an extra step in ggysitt only when sufficient
statistics £ 3 years) is gathered.

The quantification of these improvements is a bit arbitrary at this point, butiieeyualitatively well
founded in realistic prospects discussed in section 10, and to some eggat¢heven conservative. In-
deed, a enhanced stage of the detector design implementing one or morargdrihvements considered
there could potentially lower the energy resolution to below 1% FWHM, andftuage the background
level by factor certainly more than the 6 here considered, provided the B#&2s commented in sec-
tion 10 are successfully developed. This improved stage would naturalytiihe at the 2-3 years of
operation of the first baseline detector, according to figure 12.
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sensitivity vs. exposure
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Figure 12: Expected sensitivity ver-
sus exposure. The two horizontal red
dashed lines have the same meaning as
in figure 11. The thick solid line rep-
resents the baseline design with 2.5%
FWHM and the realistic background
model, and the dashed line with the
pessimistic background model. The
blue lines result from different im-
provements over the baseline design
commented in the text: improved
0L oo e background scenario (thick blue), im-
T e e provement in energy resolution to 1%
100 150 200 250 ?’Eggosﬁfg(kg“s)o FWHM (thin blue line), both improve-
ments together (dashed blue line).
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Therefore, and although not considered in this study, more aggeessanarios could be justified,
based on more optimistic assumptions for the mentioned improvements. Let us mesgemally 1)
the possibility of much powerful software cuts derived from succésgferation in a low diffusion Xe
mixture, or 2) the possibility of increasing the efficiency of cuts by using Zoadditives to the Xe, or
by successfully identifying signal topologies that are at the moment losiffiogian.

7 Operation issues

Without being exhaustive, in this section we briefly comment on some aspgetsling the operation
of the proposed detector configuration. Firstly, we focus on mainteriasges derived from the use of
Micromegas as NEXT-100 readout. Secondly, we propose a calibratibocpl for the detector.

7.1 Maintenance

The modular design proposed for the Micromegas readout in section é|lisuited for relatively easy
replacement of single modules in case of malfunctioning. The module suppahanics, based on in-
dependent copper pieces, as well as the system of signal extracticontict connectors, is designed to
allow for independent access to each module, and eventual replacémegded. Nevertheless, the re-
placement of a module implies the evacuation and opening of the detectd; eesssubsequent closing
and pumping, adding up to a rather cumbersome operation whose frgguemznt to minimize.

One of the concerns when working with charge readouts (and mordisalicwith MPGDSs) is the
occurrence of discharges, and especially of damaging ones (see $mdtion on risks 9). They can
damage the front-end electronics, if not properly protected, or th@utadelf. Although Micromegas
has shown an outstanding behavior in high pressure pure Xe with téspticer MPGDs, the absence of
guencher always lowers the limiting point where instabilities and dischatgesippearing. Fortunately,
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the current experience with microbulk operation in pure Xenon tells us thdintiting discharge that
eventually appears is not one that damages the readout permanenttyddes produce a temporary
short-circuit between the mesh and the affected pixel. This short-cireniters the affected module
inoperative (at least only the part of the module sharing the same meshod&ctiThis situation is
cured just by exposing the readout ta*dprobably other electronegative gas would also work), without
needing to dismount or replace the readout. In any case, the ocamérstich event, even if not
needing the replacement of a module, would however disrupt the norm4rl B&ta taking operation,
as the detector vessel would need to be evacuated (although not hpeEmednimize the consequences
of such situation we propose to equip the front-end electronics with théopibgof disconnecting at
will any chosen pixel from the readout chain. This would allow to isolate lioetscircuited pixel from
the system at the outside of the vessel, allowing to apply voltage to the meshtititaagain, with no
alteration to the detector. Running with a number of inoperative pixels isqirfgossible with totally
negligible consequences to the performance of the detector, be it effictepological rejection power
or even energy resolution. Detailed simulations are needed to determine tfiienlut preliminary
considerations point at least to abeuR5. This leaves a rather comfortable margin against this kind
of disruptive events. Once the number of inoperative pixels reachesuhiber, the NEXT operation
protocol should include a gas evacuation and curing of the affectel$ pixe

Of course, experience with small prototypes like NEXT-1-MM is needeckttebevaluate the plau-
sibility and extent of these problematic situations. Moreover, in the possitdeefacenarios discussed
in section 10 contemplating the use of quenchers, this risk would be greatlyistiedh

7.2 Energy Calibration

For an experiment like NEXT with very demanding requierements on the emeggsurement, a key
element for the success of the experiment is to have an adequate methloel émrergy calibration of
the detector. The calibration method should ideally fulfill the following conditidthe energies for the
calibration should cover the full relevant energy scale defined by theesiieg physics process. The
method should also allow to scan at least the fgHplane although additional information about the
position is desirable. And finally the calibration process should neither titeodetector performance
e.g. by introducing solid objects within the sensitive volume, nor should imtethe data taking for
too long so that the calibration can be repeated frequently. For a pixekedtdr, in which the energy
deposition per pixel for the case of NEXT can be up to 200-300 ke\ktlest two calibration methods
which fulfill the above mentioned conditions: TA&'Kr method and the activated xenon method.

7.2.1 83Kr method

The energy calibration of a TPC witHKr is a well established method. It was developed for ALEPH
[29] but later used also for the NA49 [30] and STAR [31] chamber® Jystem is based on introducing
a foil doped with®**Rb into the gas systeni?Rb decays with a half-life time of about 86 days iftdr
under the emission of various X-rays (see figure 13).

This decay is interesting since most of the decays occur via the metastatyg mvel, 33"Kr, at
41.5 keV which has a long life time of about 2 hours, enough so that the Xges distributed within
the chamber. On the other hand the half-life time is short enough so thateafteving the*>Rb source
from the gas flow, the normal data taking can be started again soon. Fecti.thkeV energy level the
decay to the ground level occurs via the energy level at 9.4 keV leadmggectrum shown in figure 13

3sometimes it disappears spontaneously after some time without voltage

27



NEXT o Version: 1.0
MAGIC: NEXT-100 with Micromegas readout Date: April 28, 2011
Page 28 of 53
Xe Abundance Reaction Cross-section Daughter Decay Decay E,* Rat€ (Bg/kg)
Isotope  (atom %) Mode (barn) Product Mode Half-life (keV) tday
124Xe 0.09 124Xe(n, v)12mXe 28 125mYe IT 57s 252.8 <le-6
124X e(n, )'%5Xe 147 125Xe  BYEC  17hr  188/243.4 100
125Xe —125 1 — 1251 EC 59.4d 35.5 1
129%e 26.4 129%e(n, n’)129mXe 1.6 129m Yo IT 8.9d 236.1 100
131Xe 21.2 131X e(n, n")131mXe 1.3 18lmye IT 11.8d 163.9 100
132X e 26.9 132X e(n, ) '33™Xe 0.05 133my e IT 2.2d 233.2 1
132X e (n, v)'33Xe 0.4 133X ¢ B8~ 5.2d 81.0 10
136Xe 8.87 136X e(n, v)'37Xe 0.23 137Xe B~ 3.8m 455.5 <le-6
1B7Xe —137 Cs — 137Cs B~ 30.1y 661.6 le-3

Table 5: Overview about the reaction modes, decay producs, half-lifs tiemergies and rates for 1 kg
of activated natural xenon. Taken from [33].

[31]. This plot is a simulation for Ar:C®50:50. Since the absorption length of the x-rays and the size
of the readout pixels is affecting the recorded spectrum, the lines andthesponding intensities will
change for xenon at 10 bar. However, the energy range is natedfby this.
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Figure 13: Left: energy level diagram (in keV) for tFitRb decay [32]. Right: simulation of a spectrum
obtained with*3"*Kr in Ar:CO, 50:50. An energy resolution of 6 %) was assumed [31].

The main drawbacks of this method might be that the maximal deposited enengly 4105 keV
and that another gas, Kr, is introduced into the enriched xenon.

7.2.2 Activated xenon method

For the calibration of liquid xenon detectors a method based on neutrmatadtixenon was recently
developed [33]. The idea is to produce metastable xenon by fast nedttigation of xenon!?®Xe and
130Xe, and to use afterwards therays emitted from the daughter products for the calibration. In table 5
an overview about the energy lines and the half-life times for the casearftasation of 1 kg of natural
xenon by?>2Cf is shown.

Energy depositions between 35.5 keV and 243.4 keV are available cguberinteresting energy
range for a pixelized readout. A main drawback of this method is the londifeatime of many of the
daughter products. Also the rate might be limited when instead of naturahyamiched xenon is used
for the activation since in this case the fraction'&fXe and!?°Xe will be reduced in the gas. On the
other hand the use of enriched xenon for the activation is desirabletbimdetector mass should not be
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Concept Price  Quantity Price  Subtotals
€ /ud. ud. € ke
Material / Equipment
Micromegas 2000 60 120000
Flat cables + FT 300 120 36000

Subtotal k€ 156.00
Items related to the vessel endcap

Lateral copper stuffing 12 426 5112
Thick copper support structure 12 1120 13440
Teflon stuffing 5135 1 5135
Hardware copper 15 35 525
Teflon gaskets 75 5 375
Tubes copper 225 20 4500
Flange copper 74 60 4440
3FlangeFT copper 441 20 8820
Subtotal k€ 42.35
Manufacturing costs
General copper machining Assumed by NEXT groups’ worksloopsSC
Tubes EBW 600 40 24000
Teflon stuffing machining 300 1 300
Thick copper structure machining 6000 1 6000
Subtotal k€ 30.30

Total k€ 228.65

Table 6: Estimated costs for the microbulk Micromegas charge readout.

diluted over time. Although this method was developed for a liquid xenon detédsalso applicable
to gaseous xenon.

8 Costs

We give here some costing information regarding the technological optigoped. Only items compos-
ing the readouts themselves (microbulk modules, PMTs, quartz windows) sigles and connectors)
or induced on the vessel design because of the implementation of the teé&tmpper outlets and their
welding, feedthroughs, fabrication costs, etc...) are included. Thi#ion of the copper vessel itself
and the field cage are not included here (see [34]).

In table 6 the Micromegas readout cost is estimated together with its implementatianandbde
endcap of the vessel. Similarly in table 7 the cost of #heeadout (PMTs and quartz windows) is
estimated as well as the costs of integrating them in the cathode endcap e@keauprof the estimations
are rather complete and although some items are costed by real offerspguties other items have been
estimated and could vary. In particular, by ordering large quantities ofic@¢pieces (Micromegas,...)
final prices could get somehow lower than the ones quoted.
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Concept Price  Quantity Price  Subtotals
€ /ud. ud. € ke
Material / Equipment
Fused Silica Quartz 1815 7 12705
PMT 1360 49 66640
Subtotal k€ 79.34
Items related to the vessel endcap
Teflon over the cathode 36100 1 36100
Support Teflon copper 677 1 677
Tube copper 506 7 3542
Flange copper 74 10 740
Hardware copper 179 9 1611
Teflon gaskets 110 2 220
Stuffing copper 12 498 5976
Stuffing Teflon 722 1 722
Cathode Copper 2720 1 2720
Copper grid 872 2 1744
Subtotal k€ 54.05
Manufacturing costs
General copper machining Assumed by NEXT groups’ workslwopsC
Tubes EBW 600 7 4200
Cathode machinning 300 2 600
Teflon machining 900 1 900
Subtotal k€ 5.7

TOTALk € 139.10

Table 7: Estimated costs of thgscintillation readout

9 Risks and contingencies

All options have their risks and trying to anticipate them allows to devise possibkingency plans. In
the following we enumerate some possible risks of this proposal (primarilg thosctly linked with the
Micromegas readouts), and we discuss them briefly trying to assessl¢hsitility and eventual impact
and to define to some extent the basis for possible mitigation plans for eactnof e must keep in
mind, even if we have opted for conservative options as much as podk#tieye are doing research at
the limit of techniques in several aspects and it is very likely that we faqeisas.

e The total area of microbulk here proposed will be the largest amount obitic readout ever
manufactured, so one could not totally exclude unforeseen circumstatfedrication, with could
produce, for example, delay in their production. In answer to this coness have to consider
that microbulk Micromegas, although a relatively new technique, havedgiigene through mod-
erately intense cycles of developments and application. Throughoutdbiedsphase of the CAST
experiment [35, 36, 37], in which microbulk Micromegas are being usede ih@an 15 readouts
of 50 cn? active area (and 500 cmotal printed kapton area each) have been manufactured at
CERN, with sustained feedback from detector users to fabrication teahsiat CERN to allow
for improvement and consolidation of the fabrication processes. Alreadiye Unizar R&D pro-
gram (mostly for NEXT-1-MM) microbulk readouts amounting to a total actiemaf 1500 crh
with already very similar characteristics as the one needed for NEXT-206 been manufac-
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tured. This is a non-negligible fraction of the area of NEXT-100, and atthahe fabrication of
the NEXT-100 readout will be undoubtedly an important and difficult tésk, reduces the prob-
ability of unpleasant surprises in the process. Finally, the group eugntuaharge of microbulk

fabrication, R. de Oliveira’s workshop at CERN, is a world leader in NDB@levelopment and
fabrication, and has specific experience in large scale fabricatiorofwrete applications (the
typical example being the 10 n¥ of bulk Micromegas built for the T2K TPC)

Although operation up to 10 bar in pure Xenon has been demonstratednegptally as com-
mented in previous sections, this has been achieved in small setups anchehsurements pe-
riods. We know that the higher the operating pressure, the closer thatiopepoint of the Mi-
cromegas is to the limit of stability and the onset of discharges. To operateadacge area of
readout and for such long periods as required in this operation poinbevdhallenging. Regard-
ing long periods of operation, the experience in CAST provides a gdederee for year-long
campaigns of uninterrupted operation with microbulk detectors at gaingabdy Beyond this,
several aspects are considered as mitigation of this risk. First, defaulitam at the lower pres-
sure of 8 bar gives some safety margin. Second, some degree of teleséth discharges is
achieved by the possibility of disconnecting the affected pixel from th& fead electronics from
the outside, as discussed in a previous section. Third, addition of a fragftide to the Xe im-
proved the maximum gain achieved by the Micromegas (and probably thgyenresolution) and
therefore the range of safe operation (we refer to appendix A foilsletaNe-Xe data). Finally,
as part of the overall philosophy of our proposed staging scenammiiog R&D (some of it done
by NEXT groups) on Micromegas readouts may provide further solutiorisisoshortcomings
(use of quenchers, improvements in the Micromegas geometry itself, deveig on discharges
protection via resistive coatings). All these reasons provide googhectsto deal with possible
risks related to high pressure operation of Micromegas, in any caséo doe importance of this
issue we consider very important that full operation experience is deratetsin an intermediate
scale prototype.

Another conceivable risk is that our extrapolation on the energy resoluticealistic NEXT con-
ditions fails due to factors unforeseen in our discussion of section 6. Udth@ur estimation
contains some degree of conservativeness, in case of an eventsahing of the final energy res-
olution achieved, it could in part be also compensated by better resultskgrband according to
the combined effect on the sensitivity as was quantified in 6.4. In any B&€2 work is ongoing
to further improve energy resolution and our prospects is that bettersviflar the baseline ones
will eventually be reached and implemented in a second stage, following anererof the lines
described in 10.

Finally, another risk would be that one or more of the contributions in thegsaakd model de-
veloped in 6 resulted underestimated, or that new contributions appewamignot contemplated,
consequently leading to a larger background level than expected amindstiment of the sensi-
tivity. The first of these options appear improbable, provided an exiaysogram of material
screening is performed in NEXT, to detect any sample not complying with theparity spec-
ifications or to exclude contaminations during manipulation, for example. Fdeveéof detail
of this document, and the relative simplicity of the baseline design proposesiLitly performed
on the materials entering the geometry is relatively complete and the possibilitypsfses in
this area are reduced. Moreover, most of the contributions to the mactdjmodel come from
materials with upper limits on their radiopurity, which adds an extra safety ma@irthe other
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hand, a very real possible source of background that was notdesed in out model is radon,
as was largely commented in section 5. The study of radon and its controlXT Kiust be a
priority for the collaboration.

As an overall measure of risk mitigation we propose a general coursgiohavhich includes sus-
tained R&D activities to explore and improve diverse aspects of the expdriesping an open design
capable to incorporating one or more of these improvements as they bedainéesbed is probably the
best long-term strategy for risk mitigation. Some of the improvements that mayrieea reality in the
near future are commented in the next section.

10 Foreseeable improvements

Although we acknowledge the merit of taking decisions on the readoutdbaginand of reducing the
phase space of possible options, for the sake of optimization of respuveeconsider that the current
information does not allow for a complete definition of the NEXT-100 at this timerddver, to close
the door to the possibility of accommodating improvements in our setup that magraggdent in
the near future can be a serious shortcoming. Although this documentrésenfed, as a baseline
choice, a conceptually well-defined design for NEXT-100, the coufsaction that we propose for
the collaboration is to test this choice in intermediate detectors and, at the sam&gepasxploring
alternative options or enhancements that could provide clear improvementbsaquent stages of the
experiment. We describe our proposed staging strategy in the next s@diese possible enhancements
can also be the basis for mitigation plans in the case some of the risks enunmetheegrevious section
become real. In the following we select a few issues that could complemeéstitate or improve some
of the aspects of the baseline design, which we consider they have tdaegeial if ongoing development
work yields successful results, and that NEXT should monitor closely.

10.1 Alternative measurement of primary scintillation

Being the PMTs an important contribution to the background, to searchtéonative options to mea-
sure the primary scintillation is an obvious way of improvement of our baseésigd. In the MAGIC
approach in which the photosensors at the cathode are only leeasurement, and therefore with less
requirements regarding homogeneous response/coverage than in@teLAf¢heme, options consider-
ing gaseous photomultipliers or photosensors coupled to scintillating baysmbeqiausible alternatives.

10.1.1 Gaseous Photomultipliers

A low-cost and potentially radiopure alternative to commercial PMTs mighelseaus photomultipliers
or photon counters. These devices underwent a significant adwantén the last years caused by the
improvements of micropattern gas detectors (MPGDs). A possible detectoemiocould consist of a
guartz window transparent to DUV light followed by photocathode e.gtecb@ith Csl. This coating
can be applied to the surface of a MPGD as for example a THGEM. By dhesiradequate electric
field configuration, the electrons released on the photo cathode arelguidehe holes where a charge
amplificaton takes place. To increase the maximal gain of the system a ca$tader three THGEMs

is normally used. The advantage of this approach is that large areas camdred very cost effectively.
A research group from Canada is currently preparing a large modskdban photo counters which
is designed to stand 10 bars [38]. In addition to be sensitive to single fha@aaesearch group from
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Coimbra found promising results for the achievable energy resolution poton counter based on a
microstrip plate (MSP) readout [39]. Finally, the group of CEA/Saclay is dksveloping very sensitive
UV detectors based on Csl-coated Micromegas planes with very promesatis (Forfire project).

10.1.2 MPPCs

Multi Pixel Photon CounteréMPPCs) are also an interesting alternative to the classical PMTs. While
they have a reasonable price per unit, they have the disadvantage gfvailable only in small sizes
of up to 3x3 mm, having a large noise rate of several hundred kHz and not to be disatisitive
to the scintillation light of xenon. A research group from the University efrBis working on a way
to overcome the last point [40]. They presented the idea to couple the MRPTPB (tetraphenyl-
butadiene) doped bars to shift the deep UV light to the blue region wheMPRCs have a reasonable
detection efficiency. By covering both ends of the bar with MPPCs also dfse problem might be
overcome by requiring a coincidence in both sides. Beside of the facsuichta system would be by
far the cheapest solution, it also would have the advantage of beinglsuialnigh pressure without
any additional effort for reinforcement while the contribution to the radidtp levels is supposed to be
much lower than for a system based on PMTs.

10.2 Use of quenchers

Operation in pure Xenon has been a requirement for most of the work vittoiviegas within NEXT,
in order to be able to detect the primary scintillation light for event fiducializatibihne operation of
proportional-mode charge readouts in pure noble gases is conventieellgroblematic, as described
before, and the demonstrated performance of Micromegas in pure Xebas remarkable result within
the MPGD community. Nevertheless, it is clear that the potential of Micromegaany other charge
readout, is fully realized with the use of a quencher gas added to the resblé\g an example, bench-
mark results in Ar-isobutane mixtures (isobutane being a quencher ofectavié\r) provide systemat-
ically better performance than the one established in previous sectionsrioXp. Regarding energy
resolution, factors of the order of 2 better are obtained. Other aspectdsa favored in Ar-isobutane
than in pure Xe, like achievable gain, ease of operation at high pressanesitivity to gas impurities,
etc.

It is conceivable that the use of a suitable quencher for Xe could atsader significant advantages
in one or more of these aspects:

e increasing the amount of primary charges via Penning effect, leading towegbenergy resolu-
tions.

e quenching the photon emission in the avalanche, leading to more stable ampfifatatigh volt-
ages, and higher achievable gains, and potentially also leading to betigy essolutions.

e increasing the drift velocity for a given reduced field value, potentiallgilezato the use of lower
drift fields, simplifying high voltage solutions and improving energy resolu{mnreducing the
effect studied in [26]).

e improving transversal and longitudinal diffusion, leading to better topolofpymation and even-
tually better background reduction.

Although some additives to Xe could be used while preserving the primarlistion for ¢y, more
intriguing is the possibility of relaxing such strong requirement. This scemaridd open a big range of
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Figure 14: On the left, transversal diffusion of pure Xe at 5 (greer) hnel 10 (yellow line) bar versus
the drift field. On the right the same for a mixture of Xe with 0.5%,Céhowing an improvement of a
factor~10

possible gas mixtures to optimize regarding the previous 4 points. The extehicio NEXT is feasible
without primary scintillation is commented in the next two sections.

There is another possible motivation to explore the option of using additiviket¥e. Adding a
low-Z species to the Xe will reduce the probability of the electron having straidung emission. As
commented in section 6, this emission is the cause of the major loss of efficietiay twipology cuts.
Whether this emission can be substantially reduced in a practical mixture is ®ehe Studies are
ongoing to quantify this effect.

Very recent unpublished data from Unizar group (see appendix ggesi that the addition of a
fraction of 20-40% of Ne to the Xe improves the gain in the Micromegas (testapl ia 5 bar pressure)
and maybe also the energy resolution. In addition, molecules like TMA (trimethignaire known
to form effective Penning mixtures with Xe. As advocated by D. Nygréh[they might be used in
small quantities while still preserving primary scintillation (and electroluminisden€dd data with
charge amplification in single wire proportional counter [42] exists with ane@sgve 7% FWHM energy
resolution at 22 keV with additions of 5% or 10% of TMA to the Xe. A systematidystf this mixture
at higher pressures with Micromegas is being carried out by the UnipapgtPreliminary results are
very promising, showing indeed much larger gains than in pure Xe for the saltages (as expected
for a Penning mixture), larger maximum gain, and very stable operation.n@rgg resolution of 12%
at 22 keV at 4 bar of Xe-2.5% TMA (see appendix A) has been alrebthired (extrapolating to 1.2%
FWHM at Q. Better results seem achievable after optimization of the TMA fraction. thsekat 1%
FWHM at (g4 is at hand of a Micromegas readout by using this kind of mixture. In addiidditives
like CF, or CH, could be used to increase the drift velocity and the diffusion and to alloagderation at
lower drift fields. As shown in figure 14, the addition of only 0.5% of@&the Xe reduces a factor of 10
the transversal diffusion even at the low drift fields needed to avoidebgeadation of energy resolution
studied in [26]. On the other hand, the use of Xe mixtures poses some talofuméstions, in particular
regarding possible attachment from the additives and the issue of agpeopurification techniques.
In any case, the phase space opened by the use of quenchessadfiege potential for improvement
for NEXT that is worth exploring. Our baseline option leaves open the waynpoovement via these
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directions.

10.3 t, determination by ion detection at cathode

At every primary interaction a large number of positive ions (as many at@bsg are generated and
they drift slowly towards the cathode. If these ions could be detected iatatinval at the cathode a
precise information or, or, equivalently, on the absoluteposition of the event could be obtained.
Unfortunately, because ions do not trigger an avalanche, the chigrgg miduced in a given electrode
structure (a wire plane or grid, for example) is rather small. Additional comptic arises form the fact
that the reading must be performed at an electrode at very high voltagesvdr, the amount of charge
(~ 10°) involved should be sufficient for detection in ionization mode, and thezef® challenge seems
to be of a technical nature. Recent work by the New Mexico Universibygi{43], in the context of
R&D for dark matter TPCs have demonstrated ion detection at the TPC cathibdey sensitivity of
only 900 ions (a signal 100 times weaker than ours). Some issues to qoagdbe fact thess ion
cloud would arrive very much spread in time, so probably a special Venyrgadout electronics would
be needed.

If this possibility is realized, our baseline detector could manage without P&tiegort, measure-
ment, thus avoiding the largest contributor to the background. Moreibvesuld allow operation with
any kind of quencher without worrying about preserving the primaitilation, opening the way for
the optimizations discussed in the previous subsection.

10.4 TPC withoutt,

The measurement of has been a must for NEXT since the beginning. As largely proven by oaher
event experiments, fiducialization is a very important issue allowing to rejiecga fraction of events
associated with edge effects. Now that first full background modelSIEXXT are available, we can
evaluate to which extent this handle is important in NEXT, or whether the rareld tomes from a
prejudice based on different assumptions and needs than the onesitébeMEXT.

Fiducialization is powerfully utilized in liquid Xe TPCs, like EXO or XENON, but is@used to
some extent in other rare event experiments (e.g. modern Ge bolometésgyustified by the need of
identifying and eliminating: 1) events that interact in the outer layer of seasitiiume (self-shielding);
2) events associated with surface contaminations (8.gmission) and 3) events associated with the
presence of the boundary of the sensitive volume (incomplete chargetioile

In gaseous media like NEXT, self-shielding is not a relevant effect, swifitization affects only
events associated tbemission from surface facing the sensitive volume or from incomplete eltaig
lection (tracks starting in the gas and ending in the surface material or xse@véccording to the study
presented in section 6, the fiducial cut allows a background rejectiorfauftar of 5 to 50 (depending
on the type of contamination, and only for contaminationsontactto the sensitive volume, otherwise
it is of order unity, see table 2). The non-availabilitytgfinformation would reduce the rejection power
of the fiducial cut because only fiducialization in the- y plane would be possible. Naively assuming
the effect to be proportional to the surface (in reality it will depend on theah distribution of contam-
inations in the relevant surfaces), one could guess that the effeat &f thformation on the rejection
is of a factor of 2-17. Although important, this factor does not seem pitdtaly high, especially if
it allows for compensating measures like extra simplicity and radiopurity (av@iEMTs) and more
powerful topology cuts (due to the use of low diffusion gas). Moreoad?MT-free cathode could be
more easily optimized for ultra-low surface contaminations, and a good tdpalagformation could

35



NEXT Version: 1.0
MAGIC: NEXT-100 with Micromegas readout Date: April 28, 2011

Page 36 of 53

allow to recognize events happening in contact with the readout, due todhptenally low diffusion
that they would present. This opens a way to do a pseudo-fiducializatioouiit which would add to
the other measures.

In summary, although all these ideas need careful study and simulationsniiderations presented
seem to point that &-less operation of NEXT could be not only possible, but even competitive.

10.5 Electroluminiscence readout with APDs

The detector concept based on Micromegas charge readouts is cectaisBrvative and most suitable
to achieve on a reasonable time scale a NEXT-100 detector, however #smadrin section 9 it also
contains risks. For many of them possible solutions are already corsiglettee previous subsection.
Nevertheless, not all of these problems might be solved sufficiently to maketbmpetitive experiment
on the long term but even for this case the presented detector concept allfall back solution by
replacing the Micromegas readout by an EL-based readout. The iibssibusing APDs to read the
EL signal is particularly appealing among the possible EL-based configiisebecause both tracking
and energy information are extracted from the APD readout, and theré#® philosophy of the original
baseline MAGIC design is preserved, making it a natural possible evolufltnis option is further
developed in appendix C where an update of the status of R&D on APDsrpexd by IFAE group is
also presented.

10.6 3p-tag through Cerenkov radiation

Recently |. Giomataris [44] has proposed the use of(eeenkov emission that2.5 MeV electrons
would emit in high pressure Xe to tag them as background, and achievinarfyotentially very pow-
erful, rejection factor. The density of the gas could in principle be adjussi¢hkat the emission threshold
would be below) gz but above%Qgﬁ. In this way only background electrons would emit radiation, and
not 3 electrons of typical energies %Qm. The required density for this is between 10-20 bar. For
higher densitieg 3 events would also emierenkov radiation and the discrimination might be achieved
by looking at the 2-cones emission versus the 1-cone one. In anytbasatensity of the emission is
rather weak, so a large coverage of photosensors would be ne&dexppropriate way to distinguish
the Cerenkov light from the normal scintillation light is needed (maybe usingreiffiesensors with sen-
sitivity to different wavelengths). In the scenario of a non-scintillating T8ubsections 10.2,10.3 and
10.4, this problem is solved, and so this idea could be more naturally applieé tf these future stages
of NEXT[44]. Although the idea is very appealing, it certainly needs detatedy and simulation in
order to assess its feasibility and possible implementation in future NEXT stages.

11 Proposed staging strategy

Currently NEXT is actively performing R&D with small scale NEXT-0 and NEXTrototypes € 1
kg). The baseline design proposed here relies in part in the workrpegtbin the NEXT-0 setups at
Unizar and Coimbra, as well as the NEXT-1-MM prototype (see appenfliatAJnizar. Several of
the aspects of the baseline design, as well as the ones commented as pogsdements of it, need
further experimental verification in the ongoing NEXT-0-MM and NEX™M programs. Our proposal
goes beyond defining a baseline design for NEXT-100, but rathegimgtscenario in which the baseline
design is tested in an intermediate detector (NEXT-10 project) and in paral®&BEXT-1 program is
continued actively. The NEXT-100 design should then get enriched watextperimental feedback from

36



NEXT Version: 1.0
MAGIC: NEXT-100 with Micromegas readout Date: April 28, 2011

Page 37 of 53

the NEXT-1 and NEXT-10 experiences, in order to minimize risks and adberselection of the best
option.

Although we acknowledge the merit of advancing fast towards a desigdEXT-100, we need to
balance it with the risks of jumping to a 100 kg detector without a proper detnadine experience at an
intermediate scale and, in some senses, not even at a small scale. Ingtingieompromise solution is
to exploit synergies and complementarities between the NEXT-1 and NEXk{€riences. A NEXT-
10 intermediate detector, built upon a conservative baseline design,decheetest and demonstrate
the background solutions proposed. The radiopurity, shielding andomypacuts, and in general the
NEXT background model assumptions, are crucial points for NEXTesgcas discussed in section 6.
NEXT-10 would demonstrate it (or would pinpoint the possible weaknesfsgsallowing for correction
at NEXT-100). NEXT-100 design would be built upon a improved desigmgpinto account feedback
from NEXT-1 and NEXT-10 programs. Alternatively, it could be consaétkto build a first version
of NEXT-100 (and therefore quicker) based on a relatively comrgimer design close to NEXT-10 and
contemplate possible enhanced stages of NEXT-100 after complete ¢&drtira NEXT-10 and NEXT-

1 becomes available. In any case, flexibility in the starting point and connestilo R&D work are two
main points of this proposal.

12 Summary

We have presented a baseline conceptual design for NEXT-100 baseldicromegas charge readout as
the main element providing topology and energy information of the event. Wemaent of the primary
scintillation is achieved by means of a sparse PMT array located behindttimdea A competitive
performance could be obtained by this detector, under the assumptioreakggy resolution of 2.5%
FWHM at Qs at 8 bar of pure Xe, as indicated by current results in low scale protstypel the
construction of the detector out of very radiopure materials. A realistikgsgaond model has been built
using radiopurity levels of all the materials entering the inner detector compn€&he merits of this
proposal relies on its cost-effectiveness, its relative simplicity, the ceatbee use of materials regarding
their radiopurity, and the possibility of implementing future improvements.

Improvement of the energy resolution, quality of the topology informatiod, mackground levels
seem available through a series of enhancements beyond this baseijme Assan example, operation
in a suitable Xe mixture could potentially improve Micromegas operation, its emesgjution and the
background rejection power through better topology cuts. Combined waltenmativet, measurement
that could avoid the PMT plane (as most probably the additives to the Xe vguéidch the primary
scintillation), it would lead to further radiopurity of the detector. These ogtimged close monitoring
by NEXT as they may constitute the basis of future NEXT stages, or of mitigatéons @fter possible
unforeseen shortcomings of the baseline design.

We have proposed a staging scenario for NEXT in which the baseline dptiested on a interme-
diate detector NEXT-10, while continuing the R&D with the NEXT-0 and NEXTetups. NEXT-10
would also test the background assumptions and solutions for NEXTEM@htually NEXT-100 would
be defined with a more or less conservative profile, but allowing for sesyent stage with one or more
of the enhancements envisaged once they become established by the R&D.
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Appendices

A Summary of results with microbulk readouts

NEXT-0-MM is the first small prototypebuilt in order to test microbulk planes in high pressure. Itis a
2 litre chamber made of Stainless Steel, with a diameter of approx. 14 cm aificragion of 6 cm. The
vessel has been tested to hold pressures of up to 12 bar. With the helistors fitted at its exterior,
the vessel can be heated up to 200 A field cage consisting in 6 copper rings held together with three
columns made of PEEK and interconnected by resistors. The structurgedtby a copper disk as a
cathode. A hole is made in the cathode to accommodate the sources used itst{fgtes 15).

Figure 15: On the left, a photo of NEXT-0-MM. The vessel is covered waittinsulator layer (black).
On the right, the field cage of NEXT-0-MM: six copper rings interconngefa resistors, held in place
by three PEEK bar and a copper disk as a cathode on top.

Figure 16: On the left, the first generation of microbulk Micromegas usdtky have a diameter of
35 mm and an amplification gap of x@. On the right, the first large microbulk built, with a segmented
anode. It has an active area of400 cn? divided into 144 pixels.

Two types of microbulk Micromegas have been used for the tests in NEMMO<¢ircular readouts
with an amplification gap of 50m and 35 mm diameter whose anode was not segmented and a bigger
one, with an active area of X0 cn? (figure 16). The latter has a pixelized anode with a total of 144
pixels and at the time was the largest Micromegas built with the microbulk techniuring the tests
both signals of the anode and of the mesh are recorded.

6Although the first results with microbulk readouts at high pressure wetedreed at the HELLAZ setup in Saclay [8]
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At the first phase of the measurements, the response of the detectorfeiandimixtures of Ar-
Isobutane was studied, with the concentration of Isobutane in the mixtyi@egdrom 0.1% to 5%. The
pressure inside the vessel was raised up to 10 bar and the tests weneittothe alphas coming from
an?*'Am source. The best energy resolution achieved in that configuratsrow % (FWHM) for the
5.5 MeV of the alphas coming from an source, at 4.75 bar in Ar-2%iG&s mixture.

At a later stage, measurements were performed introducing pure Xenoa @éhamber increasing
the pressure up to 5 bar. In the range between 2 and 5 bar enerfyticesoaround 3% (FWHM) for the
5.5 MeV alphas of thé*! Am source were obtained [9], the best one being 2.5% for the 4 batisisg
a selection of events based on risetime the aforementioned values impre84¢FWHM) (the best
value at 1.8% FWHM for the 4 bar case). The system was working mainly iosed¢ mode, meaning
that the gas was introduced and then the vessel sealed. However, ahiinges was recirculated in the
system and purified while passing through a filter. In all the cases, the limitatitve measurements
was the gas quality; the energy resolution measurements started to be dfeatbdsby attachment.
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Figure 17: Energy spectra of th€ Am 5.5 MeV alpha peak measured on the left at 8 bar of pure Argon,
showing an energy resolution of 2.03% FWHM, and on the right measurddbar of pure Xenon,
showing an energy resolution of 1.94% FWHM.

The second campaign of measurements was focused on pure Ar andgpgases. The quality of
the gas was improved after long pumping periods but as well after praldyeges-out periods in vacuum
and circulating warm Nitrogen gas through the system. Figure 17 showesheslsults achieved in each
case, for the 5.5 MeW of the 2! Am, namely 2.03% (FWHM) at 8 bar of Ar and 1.94% (FWHM) at
4 bar of Xe. Under these conditions the effect of attachment in the gésdstatbe evident only in higher
pressures, allowing thus data-taking up to 8 bar in pure Ar and purenXéi® bar of Xe, the attachment
effect was already apparent and therefore the resolution achiéve8% (FWHM) at 5.5 MeV was not
as good.

By this time, when the pixelized microbulk detector was used, part of the pixele read with a
reduced version of the T2K electronics, allowing the 3D reconstructidgheofracks gathered. Figure
18 shows art*' Am alpha track in pure Ar at 1.23 bar, as recorded in the two-dimensidaiaé pand its
reconstruction.

Measurements with~ in pure Xe Flipping the?*' Am source upside down, the emitted from the
deposition remain blocked. Nevertheless, the source emitiine at 59.54 keV, which served to probe
the lower energy region. Measurements were done at 1, 2 and 3.51zee Tirst measurements at high
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Event 24 reconstructed

Figure 18: Projections of alpha
tracks obtained with the?*!Am
source in NEXT-0-MM in~1 bar
of Ar-2%iCH, (up) and in pure Ar
(down): 2D mapping of the events
(right), as acquired with a reduced
version of the T2K electronics, and
their 3D reconstruction (left).

pressure, yield an energy resolution of 7.8% at 2 bar and 9.3% (FWHBiMhé& 60 keVy of the 24! Am
at 3.5 bar (figure 19). If extrapolated to tfg 3 value of Xe (2458 keV), they would correspond to 1.2%
and 1.45% (FWHM) respectively.
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Figure 19: Spectrum of 59.54 keyin pure Xenon at 3.5 bar with an energy resolution of 9.6% (FWHM).
The spectrum is acquired with &% Am source from which the alphas were blocked. The peak on the
left is composed mainly of escape peaks from the 60 ke\due to the fluorescence of Xe at 30 and
33keV and partly of the 26 ke¥ line of 24! Am.

Interesting results in high pressures were obtained by Coimbra and Sattiaysmaller setup [10],
where the drift length was 7 mm. The measurements on the energy resolutioa cfiarge and the
scintillation channel, were performed in pressures of Xe varied from Dtmaf. The results obtained
show a good operation in high pressures with high charge gain, abdverléll pressures, as plotted
in the left part of figure 20. However the energy resolution for theys-iaf 22 keV of a'’? Cd source
shows an increase from 13% at 1 bar to 31% at 10 bar (right-handfdfagtire 20). These results could
be improved in an optimized setup with a selected Micromegas detector.
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Figure 20: Measurements with a microbulk Micromegas in the Coimbra setup 28ikegV v in Xe
pressures of 1 to 10 bar. On the left, the charge gain of the microbulkwascadn of the Micromegas
voltage, showing high enough gains for measurements in high pres€urehle right, the energy reso-
lution as a function of the Micromegas voltage. A worsening of the enespjuton is noted following
the increase of pressure of Xe. Plots taken from [10].

Tests with Xe-Ne mixtures Another series of measurements were taken, with mixtures of Xenon with
different concentrations of Neon at pressures up to 5bar. Thes@amployed was th&'! Am which
emits alphas of 5.5 MeV. The main conclusion of these measurements is thavéseseslear increase in
the gain of the Micromegas in the Ne mixtures with respect to the one in pureearéing the energy
resolution measurements, similar values were obtained as in the case ofgyuae pfesented in figure
21, although for a wider range of amplificatio fields. Due to a non-optimdbpeance of the readout
used in these measurements, it is not excluded that better energy resobatitich be achieved with this
mixture.
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Figure 21: Results on energy resolution measurements with the differexie Mextures. No significant
improvements are observed with respect to the results obtained in puréhiat fields.
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Tests with Xe-TMA mixtures TMA is known to form a Penning mixture with Xe. Old results [42]
performed in single wire proportional counters showed gains up to(dfd much higher than other
mixtures for the same amplification voltage), and energy resolutions down €WPM at 22 keV for

a TMA fraction of 10%. A systematic study of this mixture with Micromegas and Ipiggssures is
ongoing by the Unizar group. First measurements have been done withixfases of Xe and small
percentages of TMA (Trimethylamine). As expected, the gain of the Micramewreases by at least
one order of magnitude with respect to the yield in pure Xe. Very prelimiresylts of a measurement
with a Xe-2.4%TMA mixture at 4 bar show an energy resolution of 12.6% (M)Ifor the 22 keV
photons of @°Cd source (which would translate into a 1.2% (FWHM) at thg Qf Xe). Better results
are expected after the optimization of the TMA fraction in the mixture.

Data
Gaus Fit

Peak = 291.83 £ 0.06

Res.(%FWHM) = 12.58 + 0.09
%2/NDF = 1.47

100 200" 300 400500 600700 800 800 7000
MCA Channel
Figure 22: Preliminary energy spectrum recorded wit’&€d source in a Xe-2.4%TMA gas mixture at

4 bar. The energy resolution achieved is 12.6% (FWHM) at 22 keV.dtlshbe mentioned that the fit
contains the four peaks present (22 keV, 25 keV and their escaks geal6 keV and 19 keV).

B Status of NEXT-1-MM prototype

NEXT-I uM is a prototype mainly designed to test Micromegas detectors inside highupgess atmo-
sphere. With this purpose an 80 litres volume40 cm in diameter, 53 cm drift-length) Stainless Steel
vessel was manufactured covering the required specifications to wadkd bar (figure 23).

The main premises to design this prototype were the capability to reach greatues around 10 bar
and vacuum and outgassing levels low enough to assure the purity ofdh@agad inside the vessel.
Other important issues for the final setup of the experiment, like radiopwety not considered for the
development of the prototype. These requirements implied a special selefcéibthe materials placed
inside the vessel, trying to use these with an outgassing rate as low as p@issibREEK, delrin or
cirlex).

The main objective of the operation of this prototype is to te&robulk Micromegasletectors in
high pressure Xe atmosphere, trying to simulate the expected environrmesitaiess of the NEXT-100
experiment regarding gas and pressure. Complementary to this, thé@pefahis prototype allows to
test different solutions and techniques applicable to the final phase expleeiment: feedthroughs, the
field cage or bake-out system are some of the issues that could beedheck

When NEXT-I M was installed in the Zaragoza laboratory, only certifications of vacuudrpags-
sure were given by the manufacturer. In order to check these ceitifisavacuum, pressure and out-
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Figure 23: A photo of the NEXT-
1-MM prototype and its supporting
structure.

gassing test were developed before to equip the vessel. In additiokkesobasystem was installed
allowing to increase the temperature of the vessel up td'200

Promising results were obtained from these preliminary tests. TRINOS (atotdr) certified that
a pressure 05.6 x 10~% mbar could be reachable after 22 hours of pumping. This result wakeshec
since a pressure at8 x 10~ mbar was reached after 95 hours pumping cycle and equivalent values
were also reached after the opening amalosingof the vessel. After the installation of the mentioned
bake-out systefmand the realization of a bake-out cycle-e£00 hours heating the system up to 18D,

a pressure o8.4 x 10~" mbar was reached, After the improvement of the system, mainly after the
installation of metal O-rings and gaskets, and new bake-out cyclesupedsvel reached went down to
6.3 x 10~" mbar.

As mentioned, a pressure test was done putting inside the vessel 11&rggas. It was checked that
no variations of the pressure, except the related to temperature oscillatieresobserved along more
than 10 days.

In parallel to the different vacuum and pressure tests done, systenuégiassing measurements
were performed, especially after the installation of any new componeneitisglvessel. After some
of these cycles and materials added, it was observed, that the outgagsidgcreases during the time
even if some new elements were placed inside the vessel. This leads to thihkkbhatut cycleslean
the different materials and they remain clean even if the the vessel is opBluederically, the main
conclusion is that outgassing rate remains below’ mbarx /s even when all the required elements for
the detection are placed inside the vessel (detector, field-cage anldréemghs mainly). It is expected
to improve this value making systematic bake-out cycles when the vessel wikrtaking data, based
on the improvement of the outgassing rate observed in the previous cycles.

The first measurements were carried out using a bulk Micromegas defleftqrart of figure 24).
This detector was specifically designed to be placed in NEXM| having a sensitive area of 30cm
diameter. This area is covered by 1152 pixels~df.9 cm side which allow to register not only the
energy of the event, but also the track.

In a first test, @22Rn source was diffused inside the vessel togetherttbar of Ar-2%iCH,. Using
this source, 3 alpha emissions of 5.5, 6.0 and 7.7 MeV could be detectedix€lseof the detector were
short-circuited and grounded while the signal was obtained by the mesé apénation voltage. The

"For more details of the system see for example BIm®z talk at the Coimbra NEXT Coll. Meeting (October 2009).
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Figure 24: Photos of the Micromegas readouts manufactured to equip HUBXW. On the left the
bulk Micromegas detector installed in the NEXT-1-MM; it has a diametexr80 cm and its anode is
segmented te-1200 pixels. On the right, the new microbulk Micromegas recently construlttiscone
of the four sectors to be installed in order to cover the sensitive surfadeXT-1-MM.

R=R &”
R,=175+-005

7. 14055 +- 166 h”
T ,=405+-005days

Counts/Channel (1.5 hours)

0 1000 2000 3000 5 0 5 10 15 20 25 30 35 40 45 50 5 60 65 70 75
ch Time (hours)

Figure 25: On the left, energy spectrum of the bulk Micromegas placecei?NEXT-I M with ~1 bar
of Ar-2%iCH, and??2Rn source diffused. On the right, the rate evolution over time, showiné thRn
decay half-life.

left part of figure 25 shows a spectrum with three alpha peaks. Thisnslkmrated by the detection rate
evolution, which fits th&??Rn decay half life as it can be seen on the right part of figure 25. Thiddist
proved the good running of the bulk detector and the good quality of thplgesd inside the prototype.

Using the T2K DAQ, with the same source in the gas, we registered not ontpékh signal, but
also the pixel signafs These first tests have as main goal the tuning of the DAQ system to the signal
features expected in NEXT{M and the development of the analysis tools to obtain particle tracks from
pixels signals. In any case, the first tests were successful andkevents were recorded, allowing the
2-D reconstruction of the track and a 3-D distribution of the energy depas seen in figure 26.

As the main goal of the prototype is to test microbulk Micromegas, which arectxg to obtain
better energy resolution values, sector detectors with the same pixelwaitifigp were developed at
CERN to cover the 30 cm diameter area (right-hand part of figure 24 fifdtéwo sectors have been
tested in a test chamber usind bar of Ar-2%iCH, and an**! Am source (providing a 5.5 MeV alpha
emission). Preliminary tests showed a good behaviour of the detectorg, feeitly to be installed at
NEXT-1 uM to take data at different configurations (gas mixture and pressufeadd amplification

8For more details of this DAQ see for example HoiBez talk at the Santiago NEXT Coll. Meeting (April 2010).
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| Event 26 reconstructed Map for event 26

Figure 26: Example of an event’s 3D distribution of the energy deposij el 2D track reconstruction
(right). The shaded area indicates the active area of the bulk Micromegas

field) recording both event energy from mesh and track from pixels.

In conclusion, NEXT-1:M is the medium size prototype used to test Micromegas solution for data
taking in NEXT-100. The prototype allows the testing of the detectors in a 3&ngth field cage with
gas pressures up to 10 bar. There are two sources of informatiorttiedetector, the mesh signal for
the event energy but also the track from the pixels signals, using foathAFTER based DAQ. After
the first tests that assured the necessary vacuum, pressure arssmgiganditions to work with the
detectors~30 cm-diameter active area bulk Micromegas were successfully testduniRagy tests to
cover the same area with microbluk Micromegas were also performed in dgsber, being imminent
the installation in NEXT-luM for commissioning.

C Summary of results with APDs

The disadvantage of a charge readout is that the exponential amplifigatiioduces fluctuations in
the measurement limiting the achievable energy resolution. In an electroluemébt ) readout this
charge amplification process is replaced by a light amplification. Primary ehsatrift to a region which
is concluded by two wire meshes. Between the two meshes a voltage is applethatthe electrons
excite the gas, normally pure noble gases as xenon or argon, withouhgitizin the de-excitation of
the atoms, photons in the VUV region are emitted isotropically. Since this is a lineeggs, the gain
fluctuations introduced are smaller and therefore the achievable ems@ytion is significantly better.
The amount of photons produced depends on the applied voltage diéetbe distance between the two
meshes and also on the operation pressure. It turns out that thenpemfoe improves with increasing
the pressure in contrast to a charge readout. In [45] a detailed destib the process for xenon can
be found.

The use of APDs for the readout of EL chambers was already studiedividy by a research group
at the University of Coimbra [46]. Their results (left part of figure @ith a single APD readout indicate
that an excellent energy resolution of less than 5% can be achievekaV Z@r pressures between 4
to 6 bar. The authors believe that the rise for higher pressures isdchysxperimental effects (micro
sparks) in their setup. If this result could be scaled witk/E to the Qs of xenon (2.46 MeV), an
energy resolution of significantly better than 1% FWHM at 2.46 MeV would d&siple. They also
compared directly the performance of reading out the chamber with an AR ttne achieved with a
PMT [47]. The result is shown in the right-hand part of figure 27. As can see the energy resolutions
with these two kind of sensors are very similar under the same experimenttiicos.

In the following the results obtained with a 5 APD readout are summarizedwiedldy a set of
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Figure 27: On the left, energy resolution and gain as function of theyme&sr three different energies
[46]. On the right, direct comparison for the achieved energy resolutitmone PMT and one APD
[47].

simulations showing a very good understanding of the physics and whichentitie basis to extrapolate
to larger readout areas in the future. This section will be concluded layganmentation why a direct
step to a 100 kg detector with this readout technology is not preferable.

C.1 Experimental results

Experimental tests were performed with a readout consisting out of 5 AFEBH4-55-SPL) from Hama-
matsu. These are standard APDs without the protection window which norafeigrbs VUV photons.
The APDs have a size of 5x5mmA 10x10 mn? version is also available. These APDs are directly
sensitive to the EL light of xenon (172 nm) with a quantum efficiency of 8B0% according to the data
sheet. Measurements performed together with the research group atitleesity of Coimbra gave a
result of 7G:16%. During the tests the same bias voltage is applied to all 5 APDs, while thé fsamna
each is read out independently. This powering scheme introduces adnighation between the noise of
the APDs. Proper treatment of the pedestal correlation might help imprabeifuhe energy resolution
and it is under investigation.

For the signal creation'd”Cd source was used which emits mainly X-rays at 22 keV and 25 keV. The
source is located on top of the central APD. The data taking is triggerethibgshold requirement on the
energy deposition in the central APD while no requirements are applied tatbeAPDs. After 1000
data events, 10 events with random trigger are taken to determine the padesitmise continuously
during the data taking. The gain and energy resolution were measuradvide range of parameters as
drift field, EL field, APD voltages at various pressures between 1 astldar.

The energy deposition in the APD array is measured by adjusting the phatfile pbtained from
the MC. The fit adjusts simultaneously the coordinates in the APD readow, gtanintegrated energy
and a parameter that allows to scale the photon profile width. This parametardasairement of the
drift distance as it can be seen in figure 28 where this scale factor is pbtadunction of the true
drift coordinate position. The reconstructed energy as function oftibéop distribution scale factor is
shown for data and MC in figure 29. The best energy resolution obtaiitedhis method is (8.20.1)%
FWHM.

46



NEXT Version: 1.0
MAGIC: NEXT-100 with Micromegas readout Date: April 28, 2011
Page 47 of 53
1.6

1.5
1.4
1.3
1.2
1.1

Photon distribution scale factor

0.9
0.8

0.7

0.6 L1 |I| o & g |. | |.|"|'| TS | (o T
: 5 10 15 20 25 30
True drift coordinate (mm)

Figure 28: Photon scale factor spatial dispersion as function of theddftlinate from MC simulations.
The region between 5 and 12 mm corresponds to the conversions in tirelalemescence gap.

This is not the optimal method to reconstruct the energy, in the future therdinate will be mea-
sured from the evert given the exact position in the drift volume. Since we do not have a measute
of the event time, the best energy resolution is obtained by fixing the scatesiffieztive position z and
adjusting the energy and the photon conversion coordinates in the APB. pldre best result for the
energy resolution with this method is (#9.1)% FWHM as shown in figure 30. The data are restricted
to an active area of5 mm around the center of the chamber. An inter-calibration between the BKPDs
applied to the data for this result. The peak of 25keV is clearly visible. THeiadal peak which can
be found at 8 keV, see figure 31 is caused by X-ray fluorescertbe abpper of the cathode. This peak
has an energy resolution of 15.7% which is worse than expected whied sdth /E, we assume due
to a higher noise contribution. A low threshold of about 2 keV can be aetligith such a readout at
1.65 bar. Further improvement can be expected for higher pressuses\an in the left part of figure 27.
However, already a simple scaling this energy resolution to 2.5 MeV alreadfjrims the expectation
for an energy resolution far better than 1% at¢healue of Xenon. The potential performance for larger
APD and higher pressures is discussed in the following section.

The absolute calibration is done with respect to the main Cd peak (22.2 k&e}.the fit, we ob-
tained 22.210.012 keV for this peak. The value of the Cu peak is obtained atf#)1¥ while it is
expected at 8.15keV, this is a linearity of 0:4@.36% at the Cu peak. The value is significant because
the Cu fluorescence peak is close to the detector threshold where noii@és critical for the linearity
performance. The detector threshold can also be estimated from theuspgddt to be around 2.5 keV.
This value is expected to improve with the pressure. For example at 10&aruthber of photons per
electron is around 2200 (compared to 510 at 1.65 bar) giving an estimagstidhd of 0.6 keV.

C.2 Simulations

A fast Monte Carlo simulation was used to better understand the relevatieedifferent factors limiting
the final energy resolution. The geometry of the detector is fully implementedconsider point-like
energy depositions produced by conversions’d€d x-rays in the sensitive volume (drift and EL re-
gions). Each conversion produces 45.45 drift electrons per degdsitéon average, with a Fano factor
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Figure 29: Reconstructed energy as function of the photon scale fgzatial dispersion for the data
(left) and MC(right). The electroluminescence region is clearly seen infipthres.

of 0.15. For conversions within the drift volume, the transversal diffussimulated by the convolution
with a Gaussian distribution ef = 1,/z mm, wheren = 0.553,/mm is the diffusion coefficient for the
experimental conditions andis the drift distance in mm. Drift electrons produce photons isotropically
within the EL region. The average number of photons produced by amariecaversing the full EL re-
gion is 510 (with Poissonian fluctuations). Proportionally less photonsradeiped for shorter traversed
EL distances (for x-ray conversions in the EL region). Photonsiagito the APD plane are recorded.
The non-transparency of the EL meshes to both the primary x-rays andday EL photons is taken
into account. The average profile of photons arriving to the APD plaiagfaisction of the coordinate
of the initial conversion is used in the energy reconstruction, as deddrilibe previous section. The
number of photons detected by the different sensors are computetitbese profiles by masking them
using the APD grid geometrical configuration, and applying a quantumesftig of 80%.

The noise is simulated assuming a 70% correlation among all the APDs and acistalevel of
340 photons. These numbers are obtained from the combined fit of theddDdapeak in the data and
it is comparable with the numbers obtained from the simple sum of the APD pksdeBkee noise for
the 10x10 mm APDs are rescaled pessimistically with the area of the APD. The results @ sh
Table C.2 for 5mm APD and Table C.2 for 10 mm APD. The agreement betvegamdd Monte Carlo is
remarkable and gives some confidence on the extrapolation to largeregasigs. The results show that
the resolution at 10 bar should be better than or the order of 4% FWHMfke¥ (i.e. 0.37% FWHM
at 2.5MeV). This result also shows that the actual setup at the IFAE is limjtétebAPD and electronic
noise. The 10x10 mMAPD show worse results to the ones with 5x5 fithe main reason for that is
the pitch that is almost 50% worse. In fact, the fraction of photons in the dulA&Ds compared to the
central one is 0.52 while this number is reduced to 0.37 for 10 mm APD. This d&pends strongly on
the transverse diffusion and it will be less relevant for longer drift dists.

C.3 Discussion

The preliminary studies show a great potential for EL readout combinicgitrgand energy measure-
ments in a single plane. Although the data were taken with a small readout & ARIPS, extrapolations
to large area readouts can be based on this data set since the en@gjtialeper voxel in the final de-
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Figure 30: The best result achieved for the energy resolution wast{71)% FWHM for the 22 keV
line. The settings for this run were: drift field: 300 V/cm/bar, EL field: 4 kvi/bar, APD bias voltage:
410V, pressure 1.65 bar. The different colours show the relativiibations of the different®Cd x-ray
peaks and the pink line starting at 13 keV describes the conversions it ttegien.

~le-  Resolution scale free fit (no noise) Resolution fixed scale fit (no hoise

510 8.2 % (4.1 %) 7.2% (3.9%)
2200 3.6 % (3.2 %) 3.7% (3.2%)
Data 7.9 % 7.4%

Table 8: Energy resolutions obtained with two MC models for APD areas 5% and pitch of
10.3 mm. Data results are added for comparison.

tector will not differ too much from the one obtained in the given measuresezi@. This method also
avoids the difficulties of shifting the EL light and the non uniformities produhathg the light transport
from the anode to the cathode.

The cost of such a readout is certainly a drawback. In the mass piodwé APDs of 5x5 mm
cost about 250 Euro/piece and 10x10 fabout 500 Euro/piece considering between 3500 (2xX2 cm
pixel size) and 13500 APDs (1x1 émpixel size). Also the radiopurity contribution will require further
investigation. The contribution of the silicon itself is certainly negligible but ferttudies are needed
for the contribution of the packaging in which the APDs are delivered. eDdmg on the results of
this study a time consuming optimization of the packaging in collaboration with Hamamégst be
required, taking into account the small difference between the Bi pesikgroand the) 3z value of
xenon. One also has to consider that a large TPC with EL readout was bt in contrast to a
charge readout TPC. This introduces significant higher risks foraghstrauction of an EL detector and
requires many additional studies which do not fit with the given time scale EOXTN For example,
to our knowledge, never before was an EL mesh of a diameter larger timalbuilt. The design and
optimization of such an EL mesh certainly can take a long time. Another delicagmgesameter is the
uniformity of the readout plane, both for calibration and surface cgeer@he best option is a uniform
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Figure 31: The best result achieved for the energy resolution was#0.1)% FWHM for the 8.15 keV
line. The settings for this run were: drift field: 300 V/cm/bar, EL field: 4 kvi/bar, APD bias voltage:
410V, pressure 1.65 bar.

~vle-  Resolution scale free fit (no noise) Resolution fixed scale fit (no hoise
510 11.9 % (4.2 %) 8.7% (3.7%)
2200 4.5 % (3.8 %) 4.4% (3.2%)

Table 9: Energy resolutions obtained with two MC models for APD’s area0r10 mn? and pitch
15.3mm.

readout plane (like the MM) even if the energy resolution is slightly worseesnew technologies like
photon-counters allows for this uniform readout plane and it shoulder®d also because of its reduce
cost with respect to solid state devices. Therefore the most successimig approach is to start with
a charge readout while the EL readout is developed further with chanolbeize of NEXT-1 and later
followed by a chamber of size NEXT-10.
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