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Abstract

We propose a novel detection concept for neutrinoless double-beta decay searches.
This concept is based on a Time Projection Chamber (TPC) filled with high-pressure
gaseous xenon, and with separated-function capabilities for calorimetry and track-
ing. Thanks to its excellent energy resolution, together with its powerful background
rejection provided by the distinct double-beta decay topological signature, the de-
sign discussed in this Letter Of Intent promises to be competitive and possibly
out-perform existing proposals for next-generation neutrinoless double-beta decay
experiments. We discuss the detection principles, design specifications, physics po-
tential and R&D plans to construct a detector with 100 kg fiducial mass in the
double-beta decay emitting isotope 26Xe, to be installed in the Canfranc Under-
ground Laboratory.
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Overview

Neutrinos have mass. This experimental evidence, unambiguously established in
the last decade, has deep implications in physics and cosmology, and reinforces
the possibility that Ettore Majorana’s insight was true: massive neutrinos could
be their own antiparticles. This would account for the see-saw mechanism neces-
sary to describe the lightness of neutrino mass relative to other fermions of the
same generation without fine-tuning, and would provide a possible mechanism for
leptogenesis. If neutrinos are Majorana particles, neutrinoless double beta (335%)
processes can be observed.

In fact, it could be that 53% processes have already been observed. A positive
evidence, put forward by members of the Heidelberg-Moscow (HM) experiment
would imply an effective neutrino mass of 0.24-0.58 meV. As it happens often
in frontier science, the result is controversial and other experiments with similar
sensitivities do not confirm it.

One clear lesson repeated several times in neutrino physics is that, in order to
confirm or unambiguously refute experimental data, one needs to perform exper-
iments much more sensitive that the ones being disputed. Neutrinoless double
beta decay searches are no exception to this rule, and in fact, a new generation
of 33% experiments is being planned, constructed or commissioned. Some of the
more sensitive (GERDA and MAJORANA) use the same isotope ("®Ge) and the
same experimental technique than the HM experiment, and are therefore subject
to similar uncertainties.

When it comes to search for the Holy Grail more than one knight is necessary.
Requirements for 33% experiments are often contradictory: ultimate resolution
(achievable, for example, with Ge crystals); extra handles, such as a topological
signature of the two electrons characterizing a 33" events (boasted by NEMO and
SuperNEMO, which, however, have inferior resolution to other techniques and are
not fully active detectors); and scalability to large masses (difficult for all of them
and, normally, based on replication).

In this Letter Of Intent (LOI) we formally propose an experiment, based on a high-



pressure gaseous xenon (HPGXe) TPC, which combines all the above desirable
features: excellent resolution, at least as good as 1% FWHM at Qgp; a fully
active detector, easy to scale up as a single volume; and the availability of a
topological signature to provide an extra handle to reject backgrounds. In addition,
the isotope ¥6Xe is almost 9% of natural xenon, and enrichment by centrifugation
is a relatively easy and comparatively cheap technology.

This experiment is called Neutrino Ezperiment with a Xenon TPC (NEXT). We
present here a full research program whose goal is to build and operate at the
Canfranc Underground Laboratory (LSC) a 100 kg (fiducial mass) detector capa-
ble of confirming (with a large signal) or unambiguously refuting the HM claim.
Its sensitivity can be improved to fully explore the inverse hierarchy, competing
and possibly outperforming in physics potential other existing or proposed next-
generation experiments. Operation of this detector is essential to provide a deep
understanding of the experimental techniques to suppress backgrounds that would
allow the extrapolation to larger (1 ton and beyond) detectors.

This document is organized as follows. Chapter 1 introduces the basic concepts
of B3 phenomenology and briefly reviews the experimental status of the field.
In Chapter 2 the physics principles of the proposed experimental technique are
presented. In Chapter 3 we describe the possible designs of the NEXT detector.
The physics potential of NEXT is discussed in Chapter 4. Finally, in Chapter 5
we explain the projected research program for the following years.



Chapter 1

Introduction

1.1 The importance of 33" searches

Neutrino oscillation experiments have demonstrated that neutrinos have masses
and mix [GGMOS§|. In the Standard Model, neutrinos were introduced as massless
particles. Therefore, it is necessary to extend the model to accommodate them.
The mechanism responsible for generating neutrino masses is in turn related to the
Majorana or Dirac nature of neutrinos. Neutrinos could be Majorana particles,
that is, identical to their antiparticles. All other Standard Model fermions, being
electrically charged, are instead Dirac particles, distinguishable from their own an-
tiparticles. Majorana neutrinos provide an attractive explanation for the smallness
of neutrino masses, the so-called seesaw mechanism. Besides, Majorana neutrinos
violate lepton-number conservation. This, together with CP-violation, is a basic
ingredient to help uncover the reasons why matter dominates over antimatter in
our Universe.

The most promising experimental method to reveal the neutrino nature is the
search for neutrinoless double beta decay (53%). Absent any lepton-number-
nonconserving interactions, such a process is possible if and only if neutrinos are
massive, Majorana particles. In addition, the measurement of the half-life of the
BB% decay would provide direct information on the absolute scale of neutrino
masses.

In addition to neutrinoless double beta decay searches, information on the absolute
scale of neutrino masses can be obtained with § decay experiments and cosmology.
Only upper bounds on the neutrino mass, of order ~1 eV, currently exist.

Concerning the neutrino mass spectrum, current neutrino oscillation results cannot
differentiate between the two possible mass orderings, usually referred to as nor-
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Figure 1.1: The two possible orderings of neutrino masses, as suggested by oscillation
experiments. The flavor composition of the mass eigenstates is shown as well [Men05].

mal and inverted hierarchies (see Figure . In the former, the gap between the
two lightest mass eigenstates corresponds to the small mass difference, measured
by solar experiments (A2 ), while in the second case the gap between the two
lightest states corresponds to the large mass difference, measured by atmospheric
experiments (A2 ). In the particular case in which the neutrino mass differences
are very small compared with its absolute scale, we speak of the degenerate spec-
trum. Oscillation experiments have also measured two mixing angles (612 and 6s3).

The third mixing angle (#;3) is known to be small.

1.2 Double beta decay rate

Double beta decay (3/3) is a rare transition between two nuclei with the same mass
number A that changes the nuclear charge Z by two units. The decay can occur
only if the initial nucleus is less bound than the final nucleus, and both more than
the intermediate one.

There are two possible 33 decay modes. The standard two-neutrino double beta

decay (55%),
(Z,A) = (Z+2,A)+e] +e5 +Te, + Ve, (1.1)

was first proposed by Goeppert-Mayer in 1935 |[GM35], and has since then been
observed for many nuclei, such as ®Ge, **Ca, "Mo, %2Se or "*Nd. Typical
lifetimes are of the order of 10%-10% years.
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Figure 1.2: Neutrinoless double beta decay mediated by the exchange of light Majorana
neutrinos.

The neutrinoless mode,
(Z,A) = (Z+2,A) +e1 +e3, (1.2)

is a SM-forbidden process since it violates lepton number conservation. This mode
was first proposed by Racah in 1937 [Rac37], following the fundamental suggestion
of Majorana [Maj37] that same year. To date, no convincing experimental evidence
for this mode exists.

Neutrinoless double beta decay can be mediated by many underlying mechanisms
(involving, in general, physics beyond the SM), the simplest one being the ex-
change of light Majorana neutrinos (Figure . All of them imply nevertheless a
Majorana mass term for the neutrino [SV82].

The inverse of the lifetime for 33% processes mediated by the exchange of light
Majorana neutrinos can be expressed in terms of the phase-space factor G%(Ey, Z)
and the nuclear matrix element (NME) |M%| [EV(2]:

1 2

_ Ov
Tor — Mo ‘M

7 G"(Ey, 7). (1.3)

The effective neutrino mass, mgg, is defined as the my; element of the neutrino
mass matrix in the flavor basis:

2 2
Mpp = ‘ >_Uim
%

The relation of mgs with the mass eigenstates and the oscillation parameters is

[EV02):

2 2
= ‘ Z ]Uei\ze‘mmi’ . (14)

mgs = | cos? Oz (|my| cos® O1p + |ma|e®@ sin® 015) + |ma|e?#279 sin® 615, (1.5)
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Figure 1.3: Absolute value of the effective Majorana neutrino mass in 33% decay as
a function of the lightest mass: mj in the normal scheme (a) and ms in the inverted
scheme (b). The white areas in the strips need CP violation. The two horizontal dotted
lines correspond to the 90% confidence level upper bounds from 33% searches for two
different assumptions on nuclear matrix elements. The two vertical dotted lines show
the corresponding upper bounds for m; (a) and mgs (b), obtained from the intersection
of the horizontal lines with the filled areas. From Reference [Giu07].

Notice that mgg depends on the unknown phases d, ¢1, ¢, of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix. However, the lower and upper limits of mgs are
independent of such phases and depend only on the absolute values of the mixing
angles. Thus, if one observes 3% processes, the known values of the oscillation
parameters can be used to deduce a range of absolute values for neutrino masses,
as illustrated in Figure[1.3] Conversely, if a given experiment does not observe the
B% process, the result can be interpreted in terms of a bound on mgpg.

1.3 Past, present and future 33" experiments

Many experiments have searched for the 33% mode over the last fifty years.
Lifetimes in the range of 10%® — 10% years have been explored, corresponding
to mgg ~ 250-1000 meV. See Table [I.1] for further details.

In particular, the Heidelberg-Moscow experiment [KKT01] searched the 53% decay
of Ge using five high-purity Ge semiconductor detectors enriched to 87% in “°Ge.
The experiment achieved an exposure of 71.7 kg-y and set the most stringent limit
on the lifetime of the 33% process.
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Isotope  Experiment, date  Expos. (kgry) Technique 777, (1023 y) mgag (eV)

BCa Elegant VI, 2004 4.2 scintillator 0.14 <(7.2-44.7)
Ge  HM-Klapdor, 2004 71.7 ionization  (1197257) 0.24-0.58
6Ge IGEX, 2001 8.9 ionization 157 <(0.33-1.35)
8250 NEMO-3, 2007 1.8 tracking 2.1 <(1.2-3.2)
100\ NEMO-3, 2007 13.1 tracking 5.8 <(0.6-2.7)
16Cq Solotvina, 2003 0.5 scintillator 1.7 <1.7
130e Cuoricino, 2007 11.8 bolometer 30.0 <(0.41-0.98)
136X e DAMA, 2002 4.5 scintillator 12.0 <(0.8-5.6)
150Nd Irvine TPC, 1997 0.01 tracking 0.012

160Gq Solotvina, 2001 1.0 scintillator 0.013

Table 1.1: A selection of the past and present experiments giving the best result per
isotope to date [AT0Ra]. All given Tlo/”2 are lower limits, with the exception of the
Heidelberg-Moscow experiment where the 99.997% CL value is given.

A group from this experiment, led by H. V. Klapdor-Kleingrothaus, also claims
[KKT04, [KKKO06] a controversial 40 evidence for ®Ge 83% decay with a lifetime
of about 1.2 x 10%° y, corresponding to a mgg of 240-580 meV (best value: 440
meV). This claim (HM claim, in the following) sparked a debate (see, for example,
References |[AT02, [ZDT02]) in the community because the signal peak is faint and
the spectrum contains other unexplained peaks.

In addition, a similar experiment, which took data at Canfranc, called IGEX
[AT99] did not see any evidence for a signal, although its exposure (8.9 kg-y) was
not enough to exclude this claim.

Clearly, this controversial evidence must be unambiguously confirmed or refuted.
This leads to the goal of the next-generation 33% experiments, namely the explo-
ration of the degenerate hierarchy (mgg ~ 50-200 meV) or, in terms of the lifetime,
which is not affected by uncertainties on the NME, one would like to explore the
region of 10%% y. To reach that sensitivity and do reliable measurements, around
100 kg of the decaying isotope should be enough.

In order to fully explore the inverse hierarchy one has to reach a sensitivity of
mgs ~ 20 meV, or lifetimes of the order of 10?7 y. Observation of 33% decay at
this mass scale would imply the inverted neutrino mass hierarchy, or a normal or-
dering within a quasi-degenerate spectrum. To establish the correct mass pattern,
additional input from the overall neutrino physics program could be necessary.
The study of this mass range requires experiments at the ton-scale.

The 1-5 meV mgg-range arises from the solar neutrino oscillation results and
corresponds to the normal hierarchy. This goal would require hundreds of tons of
the decaying isotope.

12



Many experiments have been proposed in the last 10 years. Table collects some
of the most active. See [AIEEQS] for a recent detailed review.

The GERDA [AT04] and MAJORANA [GT03] collaborations propose new Ge de-
tectors to take advantage of the Heidelberg-Moscow and IGEX experiences. This
is a well-established technique that offers an outstanding energy resolution (0.15%
FWHM at QQ3) and high efficiency, but limited methods to reject backgrounds
(basically, segmentation of the detector and pulse shape analysis).

CUORE |A™05a] and its demonstrator, CUORICINO, are arrays of TeO, bolome-
ters. Because 39Te has a large natural isotopic abundance (~34%), the need for
enrichment is less important. The pros and cons of the technique are similar to
those of Ge experiments: energy resolution is better than 0.5% at ()gs, and the
efficiency for the signal is ~ 85%; background identification is not possible, though
the segmentation of the detector allows the rejection of multiple-hit events.

SNO+ [Che08] is a proposal to fill the Sudbury Neutrino Observatory (SNO)
vessel with liquid scintillator, now that its solar neutrino program has finished. A
mass of several hundred kg of double beta decaying material could be added to
the experiment by dissolving a neodymium salt in the scintillator (1*°Nd natural
abundance is 5.6%). This would make SNO+ the largest 3% experiment of the
next generation. However, the energy resolution will be modest (~ 8% FWHM at
1 MeV) for a pure-calorimetric experiment.

Super-NEMO [Pah0§] is the proposed expansion of the NEMO-3 detector, still in
operation at the Laboratoire Souterrain de Modane. Its principle of operation is
based on the use of thin foils of the 53 emitter surrounded by a tracking chamber
and a calorimeter. Track reconstruction provides a topological signature useful to
discriminate signal and background. However, this design suffers from a poor en-
ergy resolution, due to their calorimeter (as reference NEMO-3 plastic scintillator
calorimeter achieved a resolution of about 14% FWHM at 1 MeV) and from the
fact that is not a fully active detector. The target is a foil located in the middle

Experiment  Isotope Technique Reference
CUORE 128Te TeO, bolometers [AT05a]
EXO 136X o LXe TPC [B¥01]
GERDA Ge  Enr. Ge semicond. det.  [AT04]
MAJORANA  Ge  Enr. Ge semicond. det.  [GT03]
SNO+ 150Nd Nd loaded lig. scint. [Che08]

SuperNEMO  32Se Se foils in tracko-calo  [PahO§]

Table 1.2: Some of the new-generation 33% projects.
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of the tracking chamber and thus background from Radon isotopes will deposit on
it resulting in a serious background that cannot be vetoed (since the signal also
emanates from the foil).

The Enriched Xenon Observatory (EXO, [BT01]) will search for 33% decay in
136Xe using a liquid xenon TPC with 200 kg mass. The ultimate goal of the
Collaboration is to develop the so-called barium tagging, that would allow the de-
tection of the ion product of the 13¢Xe 33 decay, and thus eliminate all background
but the intrinsic 35%.

1.4 Xenon TPCs for 33" searches

A xenon Time Projection Chamber (TPC) is a fully active detector, in which this
noble gas acts simultaneously as target and detector.

Why xenon? Because it is the only one, among the noble gases, that has a (0
decaying isotope: !3¢Xe, whose natural abundance is rather high (9 %). Further-
more it does not have other long-lived radioactive isotopes. In addition, it can be
enriched by centrifugation methods to high concentrations of *¢Xe: for example,
an enrichment of 80% is being used by the EXO-200 experiment. Its Qs value,
2480 keV, is acceptably high. The 3% mode life-time, not yet measured, may be
as long as 10?2 — 10% y. Finally, the 83" mode life-time is predicted to be almost
as short as the one of the other commonly-used 33% isotope, "*Ge [AKZ05].

Why Xe TPCs? One of the most attractive features of a TPC is the fact that it
can be scaled up to large masses. Some of the most successful recent experiments
searching for dark matter are liquid xenon TPCs (LXe). In particular, the XENON
experiment [AT08c| has evolved from a small, 3-kilogram detector, through a very
successful 10-kg intermediate apparatus |[AT08b], to a 100 kg device featuring a
sensitivity to the spin-independent WIMP-nucleon cross section of ~ 1074 cm?
for WIMP masses above 20 GeV [ABC09]. The XENON experiment is already
planning its next phase, a ton-scale device, to further improve its sensitivity by
three orders of magnitude [ABC09]. Other experiments planning or building LXe
TPCs for Dark Matter searches are LUX and ZEPLIN (for a review, see [Bau07]).
In addition, the WARPEI and ArDM experiments [KR07| use liquid argon instead
of xenon.

The general theme in all the above detectors is the so-called dual-phase TPC.
Charged particles interacting in the liquid will produce both primary scintillation
ultra-violet (UV) light and ionization electrons. The primary UV light is a narrow

!See http://warp.lngs.infn.it/
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continuum, peaked around 172 nm and with a 14 nm FWHM width for xenon
[SK79]. For argon, the spectrum is centered around 120 nm. The detection of the
fast, primary light using photosensors (typically PMTs sensitive to UV light or
coated with a wavelength shifter) provides a precise start-of-event ¢, and a crude
measurement proportional to the energy deposited in the chamber. In the dual-
phase TPC, electrons drift through the liquid to the gas-liquid interface, where a
higher electric field facilitates extraction into the thin gas layer above.

Most of the detectors mentioned above use electroluminescence (EL) to amplify
the ionization signal. When an electron is accelerated in a moderate electric field
(of the order of 3-5 kV /cm/bar), it produces secondary scintillation UV light. The
field can be tuned to generate a large number of photons (of the order of 1000) per
electron reaching the anode, thus producing a proportional signal. As discussed in
Chapter 2, extremely low fluctuations can be reached with EL, which is crucial for
optimal energy resolution. The use of the EL technique allows to measure both the
scintillation (S) and ionization ([) signals with the same photosensors. Normally
PMTs are used, although other photosensors are possible. In WIMP searches, the
ratio 1/S is a powerful discriminator between nuclear recoil and electromagnetic
interactions for energies greater than about 10 keV.

Also, a liquid TPC, using 200 kg of enriched xenon, has been built to search for
BB% events, by the EXO collaboration [B¥01, [DT05]. The ionization of liquefied
noble gases is accompanied by fluctuations much larger than predicted by Poisson
statistics (see Section[2.1)). However, the anti-correlation existing between S and [
signals is exploited to improve the energy resolution from 4.2% FWHM (ionization-
only) to 3.3% FWHM (ionization plus scintillation) at Qs |[CT03]. In the EXO200
detector, this is accomplished by simultaneously reading the S signal by means of
APDs, and the [ signal using two 60° crossed wire planes.

In contrast with the proliferation of the LXe apparatus, only the Gotthard ex-
periment [V93 [L798] built a small (pressurized) gas TPC (GHPXE) for 55%
searches in the early 1990’s. The Gotthard apparatus had a fiducial mass of 5
kg, operated a 5 bar and used conventional gain amplification in a wire plane. Its
energy resolution was mediocre and the addition of a quencher (5% of CHy) to
stabilize the gas and increase the drift velocity quenched both the ionization and
the scintillation light. Because of the quenched scintillation light, the detector did
not measure ty. This configuration resulted in large backgrounds due to tracks
emanating from the anode and cathode.

Clearly LXe TPCs have some advantages over HPGXe, the most important one
being its compactness. The density of liquid xenon is about 3 g/cm?, or 3 tons for
a volume of 1m3. In contrast, the density of gas xenon at 10 bar is 0.05 g/cm?,
corresponding to only 50 kg of xenon per cubic meter. A more compact detector

15



has a smaller volume to surface ratio and offers, therefore, a smaller cross section to
external backgrounds, such as gammas emanating from the laboratory walls or the
detector vessel. It also requires less instrumentation, which in turn minimizes the
internal radioactivity (per unit of active xenon mass). Furthermore, the primary
scintillation yield is higher in liquid than in gas, and the apparatus itself provides
a good measurement of self-shielding (external gammas will tend to interact near
the detector wall) at the cost of a non-negligible efficiency.

Why consider a HPGXe TPC for 83" searches, then? The answer has to do
with the different properties of the liquid and the gas phases. The high density
of the liquid—usually a blessing—is a curse when it comes to the observation of
the signal topology. The characteristic signature from a [ event is two electrons
whose energies add up to Qgs (2480 keV). Electrons in this energy range are easily
tracked in gas, but deposit all their energy in a blob in the much denser liquid.
Therefore, while the gas TPC can resolve blobs within a single track topology, the
liquid TPC cannot. Because of this, it is much more difficult for a LXe detector
to distinguish between a ([ event and a gamma interaction that deposits by
photoelectric or Compton effect an energy in the vicinity of Qﬂﬁﬂ

Consider now a 3 event produced in a HPGXe. The average energy of the two
electrons is about 1250 keV, and at 10 bar each electron travels about 15 cm.
The trajectory of the electron in the gas is completely dominated by multiple
scattering. The resulting “topological signature” is a twisted track that includes
both electrons. In terms of ionization, the track behaves like a minimum ionizing
particle (MIP), depositing about 70 keV per cm, except at both ends, where each
electron deposit 200 keV or more of energy as it ranges out. The picture is that
of a “spaghetti with two meat balls” (Figure .

Perhaps even more important than the topological signature, and often not fully
recognized as such, is the fact that a HPGXe detector can feature a much better
energy resolution than a LXe one, as will be discussed at length in Chapter 2.
This turns out to be essential, since backgrounds increase exponentially with the
resolution, due to the nearby presence of the 2.6 MeV gamma from 2%TI and
the 2.4 MeV gamma line from 2Bi as well as other backgrounds (for a complete
discussion, see Chapter 4).

The fact that a gas xenon TPC offers simultaneously better energy resolution and
a distinct kinematical signature indicates that a HPGXe can offer a much better
capability for rejecting 33% backgrounds than LXe.

2In practice, one can have some level of rejection in the case of Compton interactions if a
second, separated energy deposit due to the absorption of the scattered gamma is observed.
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Figure 1.4: The topological signature in NEXT is a “spaghetti with two meat balls”,
that is, a track that ends in two “blobs” of energy, corresponding to ranging-out elec-
trons. The trajectory of electrons contains no information, being dominated by multiple
scattering in the dense gaseous xenon.
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Chapter 2

A Gas Xenon TPC for 35%
searches

2.1 Energy resolution and 53" decay

As discussed above, excellent energy resolution is a crucial ingredient for a com-
petitive 33% detector. As will be motivated below, this can be achieved with
a HPGXe detector. In addition to the intrinsic properties of xenon, its opera-
tional density also matters. Fluctuations due to intrinsic physical processes limit
the energy resolution of LXe detectors, disfavoring them compared with HPGXe.
This is clearly seen in Figure [2.1] reproduced from [BRI7]. For these data, only
the ionization signal is detected. The resolutions displayed were extracted from
the photo-conversion peak of the 662 keV gamma ray from the 37Cs isotopd'} A
striking feature in Figure is an apparent transition at density p; ~ 0.55 g/cm?.
Below this density, the energy resolution is approximately constant:

SE/E =6 x 107* FWHM. (2.1)

For densities greater than p;, energy resolution deteriorates rapidly, approaching
a plateau at LXe density. The most plausible explanation underlying this strange
behavior is the appearance, as density increases, of two-phase xenon. A fog, or
possibly an evanescent liquid lacework, coexists with gas. In the liquid phase, a
quasi-conduction band forms in xenon with a higher electron mobility. Regions
of high ionization density in LXe experience nearly complete recombination. The
energy in recombination is returned largely as scintillation light, but some unknown

LAs the photo-peak is asymmetric, the resolution was extracted from the peak upper half
only, and electronic noise was subtracted in quadrature.
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Figure 2.1: The energy resolution, FWHM, is shown for ¥7Cs 662 keV gamma rays, as
a function of xenon density, for the ionization signal only. Reproduced from [BRI7].

fraction of energy is converted to heat through excimer-excimer collisions, after
which only one excimer survives (see [Nyg07] and references therein).

By supplying an electric field, the recombination fraction can be made somewhat
smaller, but large fluctuations persist. For fast electrons in LXe, the average
fractions of energy spent in ionization and scintillation are roughly equal if an
electric field is present. However, either one of these signals, if taken alone, will
show anomalously large partitioning fluctuations. If both are measured, a strong
anti-correlation will exist for a fixed energy deposition that can be used to improve
the energy measurement. This is possible only to a certain extent since, in practice,
the primary scintillation signal cannot be measured with the precision and accuracy
needed to recover the intrinsic energy resolution [ABBDOG].

In contrast, given the xenon critical density, the intrinsic resolution in the gas
phase is very good up to pressures in the vicinity of 50 bar, at room temperature,
although practical and technical issues dictate much smaller pressures, in the range
of 5 to 20 bar.

Extrapolating the observed resolution in Figure[2.1/as E~Y/2 from E = 662 keV to
the %°Xe Qgp value (2480 keV), a naive energy resolution is predicted:

SE/E =3 x 107* FWHM. (2.2)
Based on ionization signals only, the energy resolution in Eq.[2.2]reflects an order of
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magnitude improvement relative to LXe. For densities less than p;, the measured
energy resolution in Figure matches the prediction based on Fano’s theory
[Fand7]. The Fano factor F' reflects a constraint, for a fixed energy deposited, on
the fluctuations of energy partition between excitation and the ionization yield Nj.
For electrons depositing a fixed energy F, the RMS fluctuations o; in the total
number of free electrons /N; can be expressed as:

or = (FN[)1/2. (23)

For pure gaseous xenon (GXe), various measurements [Nyg07] show that:

Frxe = 0.15 4 0.02 (2.4)

In LXe, however, the anomalously large fluctuations in the partitioning of energy
to ionization produce an anomalous Fano factor:

Frxe ~ 20 (2.5)

Larger than the one corresponding to GXe by about two orders of magnitude.

Of course, realistic detectors do not measure the intrinsic resolution according to
the Fano factor and the primary ionization yield, but a convolution of several
effects, all of which tend to degrade the intrinsic limit. We can enumerate the
different factors affecting the resolution as follows:

1. Primary ionization yield Ny, given by N; = E/W;, where W is the average
energy needed to produce an electron-ion pair. The specific conditions of
field, density, impurities, etc., can change N significantly.

2. Intrinsic fluctuations, represented by the Fano factor.

3. Losses of drifting electrons due to electronegative impurities, volume recom-
bination, grid transparency, etc., represented by a factor L = 1 — ¢, where
€ is the overall electron collection efficiency.

4. Gain processes such as avalanche multiplication, which multiply the signal
by m and introduce fluctuations in the detected signal, represented by a
variance G.

5. Electronic noise, in electrons RMS at signal processing input, represented by
n.
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In addition there are other important sinks of resolution, such as fluctuations as-
sociated to Bremsstrahlung losses, channel equalization, non-linearities, etc. How-
ever, an analysis of the previous list is sufficient to understand the main issues to
be addressed to approach the intrinsic resolution. Assuming that all the above-
mentioned sources are gaussian and uncorrelated, we can combine them in quadra-

ture:
2

a$4F+G+mm+%; (2.6)

where o, is the total number of electrons RMS, due to fluctuations in all sources.
Then:

2.35 o,
OF/E = 2.7
/ - (27)

1/2
FaGt+L+221"

= 2.35
N[€2

Let us examine each one of these factors with some detail.

Primary ionization yield

Taking Qs = 2480 keV and the energy needed to form an electron-ion pair
Wi = 22 eV, we obtain:
Qs
Ny = —==111200 2.9
=, (2.9)
This naive number needs to be corrected by the recombination factor of electrons
and ions, a quantity that depends on the density (thus the pressure) and the electric
field. However, the correction is small. For example, at 20 bar (p = 0.1 g/cm?)
and for an electric field of 1 kV/cm, the corrected Wi factor is 24.8 eV [Nyg09),
yielding N; ~ 10°.

Fano factor
The Fano factor, together with the ionization yield, introduces a lower limit for

the energy resolution, and sets the scale for the other factors in Equation [2.8, We
assume F' = 0.15 [Nyg07].
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Figure 2.2: Measured resolution AE/E, FWHM, from different radioactive sources in
a small HPGXe using EL as a function of the pressure (from |[CT07]).

Losses during drift

Ionization electrons can be lost while drifting due to several reasons, including
recombination with positive ions, attachment with electronegative impurities and
non-perfect transparency of metallic grids. All these factors can be minimized by
using state-of-the-art gas purification methods, strict control of materials to avoid
degassing and careful choice of grids. In principle, therefore, the factor L can be
made smaller than the Fano factor F', although ultimately attachment may limit
the maximum drift distance.

Gain fluctuation factor

The gain fluctuation factor G is much larger than F' in gas proportional counters
involving avalanche multiplication of the ionization signal near a wire, with values
between 0.6 and 0.8 for typical mixtures and conditions [KT04] and higher values
predicted for higher pressures. However, the use of modern micropattern devices
such as Micromegas are likely to offer a smaller gain factor.

On the other hand, both theoretical arguments [Nyg09] and a variety of experi-
mental measurements suggest that G can be made at least as small as F' using
electroluminescence (EL). We will discuss EL in great detail in Section How-
ever, to gain an insight of the achievable resolution, it is worth to examine the
results obtained by |[CT07], a small HPGXe chamber equipped with a large area
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avalanche photodiode (LAAPD) as photosensor. The detector performed measure-
ments for filling pressures from 1 up to 10 bar, for 22, 30 and 60 keV photons. The
results, shown in Figure , are consistent with resolutions at Qg3 between 0.42%
and 0.6%, indicating also a slight dependence with pressure. This dependence
with the pressure is not well understood (and not found by [BR97]). One of the
early goals of our experimental program — see Chapter 5 — is to reproduce these
results with an independent experimental setup.

Expressing the energy resolution as
SE/E =235 [(F + GYW;/E]"?, (2.10)

and substituting, £ = Qps = 2.48 x 10° eV, W; = 248 eV, F = G = 0.15, we
obtain:

5Q/Q = 4.1 x 107 FWHM, (2.11)

which is close to the best value found in [CT07], and suggests that G can be made
as small as the Fano factor F', using EL.

Electronics noise

In EL based systems, electronic noise can be made small by designing the system to
produce enough light and using low-noise photosensors, such as PMTs. Electronic
noise may also be a significant issue in systems based on avalanche gain, due to
capacitive microphone formed by the grid-anode structure.

Combined expected resolution

To gain an insight of the combined resolution that can be achieved by a large
system, we consider the Scintillation Drift Chamber (SDC), described in [BT97]
and schematically shown in Figure [2.3|

The detector was a stainless steel pressure vessel which contained a low field drift
region, 4 cm deep, followed by a EL generating gap, 6 mm deep, defined by two
transparent stainless steel wire electrodes (1 mm spacing, 50 micron diameter
wires). One stainless steel shaping ring was used in the drift region to provide a
more uniform field. The EL light was viewed by a hexagonal array of nineteen 80
mm diameter glass photomultipliers coupled to the SDC through glass windows. A
thin layer of wavelength shifter (0.5 mg/cm?), p-terphenyl, was vacuum-deposited
on the internal surfaces of the glass windows to convert the UV photons emitted
both by primary scintillation and by secondary EL to visible photons. The quan-
tum efficiency of wave-shifting 172 nm with p-terphenyl was measured to be 90%.
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Figure 2.3: A schematic view of the large SDC used by [B797].

The distance between light gap and windows was 4 cm. The active area of the
detector (field of view) was 30 cm in diameter.

Figure , shows the best resolution measured for a ®’Co radioactive source, corre-
sponding to 2.2% at 122 keV. Extrapolation to (s energies yields a relative resolu-
tion of 0.49% FWHM. This measurement includes the convolution of all experimen-
tal effects discussed in this section, included intercalibration of the 19 PMTs, and it
corresponds to rough values of G = 0.2, F' = 0.15, N; = 10°, L = 0.05,n*/m = 0 in
Equation

2.2 Electroluminescence

2.2.1 Brief historical overview

With the purpose of performing high-resolution spectrometry of low-energy X-rays,
detector designs exploiting electroluminescence (EL) in noble gases were developed
in the last third of the 20th century, especially in Coimbra (Portugal) [CP67] and
CERN [CMST5].

Figure[2.5] (top), illustrates the principle of a Gas Proportional Scintillation Cham-
ber (GPSC). An X-ray enters through the chamber window and is absorbed in a
region of weak electric field (> 0.8 kV cm™! bar™!) known as the drift region. The
ionization electrons drift under such field to a region of moderately high electric
field (around 3 — 6 kV cm™! bar~! range), the so-called scintillation or EL region.
In the scintillation region, each electron is accelerated so that it excites, but does
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Figure 2.4: Energy spectrum from ®’Co radioactive sources in a large SDC using EL at
9 bar (from [BT97]). The measured resolution AE/E, FWHM, at 122 keV is also given.

not ionize, the gas atoms/molecules. The excited atoms decay, emitting UV light
(the so-called secondary scintillation), which is detected by a photosensor, usu-
ally a photomultiplier tube. The intensity of the secondary scintillation light is
two or three orders of magnitude stronger than that of the primary scintillation.
However, since the secondary scintillation is produced while the electrons drift, its
latency is much longer than that for the primary scintillation, and its rise time is
much slower (a few ps compared to a few ns). For properly chosen electric field
strengths and EL region spatial widths, the number n,;, of secondary scintillation
photons produced by a single primary electron is nearly constant and can reach
values as large as a few thousand photons per electron.

The average total number, N;, of secondary scintillation photons produced by an
X-ray photon is then N; = ny, - Ny, (recall that N; is the number of primary
ionization electrons) so the photosensor signal amplitude is nearly proportional to
E, hence the name of gas proportional scintillation counter (GPSC) for this device.

What made the devices extraordinarily attractive was their improved energy res-
olution compared with conventional Proportional Chambers (PC) — Figure
(bottom). In a PC the primary electrons are made to drift towards a strong elec-
tric field region, usually in the vicinity of a small diameter (typically 25um) anode
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wire. In this region, electrons engage in ionizing collisions that lead to an avalanche
with an average multiplication gain M of the order of 10? to 10*. If M is not too
large, space charge effects can be neglected, and the average number of electrons
at the end of the avalanche, N, = M - Ny, is also proportional to the energy E
of the absorbed X-ray photon (hence the name proportional (ionization) counter
given to this device). However, for PC detectors, there are fluctuations not only
in Ny but also in M; for GPSCs, since the gain is achieved through a scintillation
process with almost no fluctuations, only fluctuations in N; and in the photosensor
need to be considered. Thus a better energy resolution was achieved in the latter
case; typical values for 5.9 keV X-rays were 8% for GPSC and 14% for PC.

The Scintillation Drift Chamber (SDC) was invented in 1978 [CP81]. An SDC is a
TPC with EL readout instead of charge gain by electron avalanche multiplication
in gas. As examined in the previous section, a large SDC with 19 PMTs [B797|
demonstrated excellent energy resolution at high pressure (9 bar), and for high
energy X-rays. However, for mainstream particle physics, EL has had application
primarily in only one technique: two—phase LXe detectors aimed at direct detection
of WIMPs [ABBDO06]. In that very successful application, the enabling asset of
EL is not excellent energy resolution (limited, as we have seen, by the anomalous
Fano factor in liquid), but the capability to detect single electrons.

2.2.2 Yield and resolution in EL

Electroluminescence occurs in xenon for a fairly wide range of E/p, where E is
the electric field responsible for the process, and p is the gas pressure. Both
gain and resolution are shown in Figure from [BASD™99]. Above E/p = 6-7
kV em™! bar™! (8-9 V em™! torr™1), the effect of charge multiplication is no longer
negligible and energy resolution deteriorates. As it is evident from Figure [2.6] for
3<E/p<6kVem!bar! (4<E/p<8Vcem! torr '), the energy resolution
is nearly optimal. In practice, gains of several hundred have been realized, cor-
responding to an applied voltage of 5-20 kV across two closely-separated meshes.
Under constant, uniform E/p and total voltage V, the total EL gain n is the
number of photons generated per electron:

n="V/Vpu (2.12)

where Vppy is the average potential needed to generate one photon at the given
E/p value.

An empirical formula, describing the EL gain 7 in xenon gas is given in [M*07]:

n = 140(E/p — 0.83)p (UV photons/e cm™') Ax (2.13)
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where E/p is given in kV cm™! bar™!, p in bar, and the separation Az between
the meshes in cm.

The contributions to the gain resolution G must include fluctuations in:

1. the optical gain n;

2. nye, the number of detected photons, or photo-electrons (pe), per incident
electron;

3. the gain process in the photo-detector per single photo-electron, whose fluc-
tuation we express by op4.

The variance can be written as [Nyg09]:

G=1/n+ (14 059)/npe (2.14)

The first term in is much smaller than the second, since 7 is large, while the
limited photon detection efficiency results in a smaller number for n,.. Assuming
o2y = 0.5 (most PMTs will do better than that) and setting G=0.15 (so that it
contributes no more than the Fano factor) one obtains:

nbt > 10 (2.15)

At Qpg, N; = 10°, and consequently one needs to detect at least 10° photo-

electrons to satisfy (2.15]).

2.3 Primary signals

To conclude this chapter we examine in some detail the primary signals in a
HPGZXe. The partition of visible energy in pure xenon is usefully described by
Ws and W, the average energies spent in the creation of one primary scintillation
photon and one electron-ion pair, respectively, by energetic electrons or photons.
The transferred energy is ultimately converted to scintillation, free ionization, and
invisible heat. Section deals with the primary scintillation signal, while Sec-
tions [2.3.2] and [2.3.3] are relevant for the EL scintillation signals.

2.3.1 Primary scintillation and the t; signal

Detection of the primary scintillation is necessary to obtain the tg needed to prop-
erly place an event along the TPC drift direction, and therefore in 3-D space.
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In high-pressure xenon (HPXe) at 10 bars, the primary scintillation decay time
constants are 3 ns (independent of pressure) and ~40 ns (slightly dependent on
pressure). Light is also expected to rattle around the detector volume for about
~10 ns. Overall, a time resolution requirement of 10 ns RMS for the measurement
of the scintillation pulse timing is adequate. The scintillation spectrum lays in the
vacuum ultraviolet, peaking at 172 nm. The primary scintillation is weak relative
to the secondary scintillation, but arrives within a few tens of ns as opposed to
the delayed secondary scintillation.

Taking Wg = 88 £ 10 eV as the average energy to produce a primary scintillation
photon [Nyg09], one obtains:

ns = (2.8 4 0.56) x 10%, (2.16)

or about 30,000 primary scintillation photons at (Qgs. Assume, for simplicity,
that every primary scintillation photon reaches a PMT and is transmitted with an
efficiency of 10% (see Chapter [3| where these assumptions are justified). Thus the
number of photo-electrons recorded would be:

nsd™ =3 x 10" x 107" = 3 x 10°. (2.17)
These photo-electrons are distributed over a large readout surface, typically 1 m?
(more of this on Chapter [3)), and so, the number of p.e. per cm? is ~0.6. If one
would cover completely this surface with PMTs of 17, (2.5 x 2.5 cm?), each one

would record, on average about 4 p.e. In practice one would like to cover only
about 10% of the surface.

Of course, the photons are not uniformly distributed. As shown in Figure [2.7]
most of the scintillation light produced by a typical 3% event will be recorded
in a cluster of PMTs that will have one, or at most a few p.e., while many PMT's
will have no signal at all.

2.3.2 Electron transport and electric field

A B3% event will deposit 2480 keV and produce a twisted track of some 30 cm
length, with an average energy deposition of 70 keV per centimeter except at
both track ends, where two blobs of about 200 keV appear corresponding to the
ranging-out of the electrons. In total, and taking account recombination, about
10° electrons are produced for a 33% event.

The ionization will drift towards the anode, with a drift velocity of about 1 mm/us
for drift electric fields 0.2 < E < 1 kV/cm (see top of Figure 2.8). Assuming a
drift length of 140 cm (our baseline design, see Chapter , this implies a readout
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Figure 2.7: Monte Carlo simulation of scintillation light occupancy in the readout plane
for a typical 83" event produced in a cylindrical TPC of 50 cm radius.

time of around 1.5 ms. The transverse diffusion for a 1 kV/cm drift field, close to
what will be our operative value, is 9 mm/+/m for 10 bar gas pressure (see bottom

of Figure .

The value of maximum diffusion is large, but acceptable. The physical extent of
B0 events near the Qg is 200-300 mm at 10 bar, and essential features of event
topology such as end-point “blob” structures are physically larger than this max-
imum diffusion. In addition, multiple scattering blurs completely the trajectory
of the two electrons, which becomes essentially a “random walk” (we will discuss
the physical signature of 33 events later) with no relevant information except the
total energy, the connected topology and the observation of two Bragg peaks or
blobs at each end of the trajectory. At the same time, the transverse diffusion sets
the scale for the pixelization of the readout plane, suggesting cells of roughly 1 ¢m
size.

Figure [2.9 shows the longitudinal diffusion coefficient as a function of the applied
drift field for pure xenon at 5 bar (yellow) and 10 bar (green). At 1 kV/cm
one gets 4 mm/y/m. This implies that, for a cluster of electrons originating far
from the anode, diffusion during drift causes the signal to be spread over several
microseconds.
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diffusion in pure xenon at 5 and 10 bar. Obtained from a Magboltz [Bia99] simulation.
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Figure 2.9: Longitudinal diffusion in pure xenon at 5 and 10 bar. Obtained from a
Magboltz [Bia99] simulation.

2.3.3 Secondary EL scintillation

Once the ionization electrons arrive to the anode, secondary, electroluminescent
(EL) light can be generated when the electrons traverse a region of moderately
high electric field generated between two parallel meshes. As can be seen from
Eq. [2.13] if one chooses the width of this region to be 5 mm, a gas pressure of 10
bar and E/p ~ 4 kV ecm™ bar™, (20 kV across the meshes at 10 bar pressure)
then each electron yields roughly 2,200 EL photons. The EL signal is expected to
spread over about 2 us, given that the electron drift velocity is about 2-3 mm/us
in the region of intense electric field between the two grids.

The EL light is of the same nature of the primary scintillation, peaked at 172 nm
and emitted isotropically. Assuming perfect reflectivity of the TPC walls, roughly
half of the photons will reach the readout plane behind the EL mesh, while the
other half will reach the opposite readout plane. Assuming, as before, a collection
efficiency per PMT of 10%, one obtains (per plane):

nit =10-22x10°-5x 107" 107" ~ 10", (2.18)
Of course, the light is not distributed in the same way in the readout plane im-
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mediately behind the EL grid (the anode) and in the readout plane opposite to
the EL grid (which can be the cathode for an asymmetric TPC, or also an anode
for a symmetric TPC). In the plane near the EL mesh the light is concentrated
following the track path, while the light recorded by the opposite plane is much
more spread, with a much fainter memory of the original track topology.

If one measures the energy in the plane opposite to the EL generating grid, the
huge amount of light detected with precision photosensors guarantees negligible
fluctuations, thus a factor G in Eq. that is comparable to or less than the
Fano factor. Furthermore, as can be seen in Figure the measurement has
lost most of the “memory” of the boundary contours of the track. One simply
collects all available light using the same PMTs that are needed for collecting
primary scintillation light. The fact that EL light signals are far more spread out
in time compared to primary scintillation light ones can be used for correlating
the two, avoiding to confuse the latter with EL light generated from accidental
low-energy backgrounds. Instead, the light spatial distribution at the plane where
EL is produced retains the track topology, and can be recorded to reconstruct the
topological signal. Thus, one plane becomes the “tracking plane” and the other
the “energy plane”. This concept, introduced in [Nyg09], is central to the NEXT
design and we call it the separated function measurement.

To qualitatively illustrate these concepts, we consider here an idealized asymmetric
EL TPC that bears some resemblance to a possible NEXT design presented in the
next Chapter. We consider a 70 cm radius cylindrical chamber, with a drift length
of 140 cm, filled with pure xenon gas at 10 bar pressure. The chamber inner walls
are assumed to be fully reflective, with perfectly diffuse reflected light. The mesh
generating the EL region is assumed to be perfectly transparent. Both cathode
are anode planes are instrumented with a squared, 1 m? sensitive area centered
on the TPC axis, and no photo-detection efficiency effects are taken into account.
A 30 cm long track is simulated near and parallel to the EL mesh, with constant
energy deposition along the track. The isotropic EL light reaching the two planes
in such a case is expected to be distributed as shown in Fig. 2.10, where red
(blue) indicates high (low) light levels. As can be seen in the bottom figure, the
distribution of light in the plane opposite to EL generation is fairly uniform, with
a mild, cosine-like dependence on the radial distance from the TPC axis of the
light production point. On the contrary, the distribution of light in the plane near
EL generation (top figure) provides an accurate imaging of the track.

Among other advantages, the separation of tracking and energy functions result
in a more robust scheme for PMT calibration. Since the dependence of the light
in the energy plane is mostly due to geometry, the calibration, once made, should
be extremely stable, as will be discussed more quantitatively in Section [3.4] A
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Figure 2.10: Top: EL light in the readout plane immediately behind the EL grid.
Bottom; EL light in the readout plane opposite to the EL grid. For the purpose of illus-
tration a 30 cm long horizontal track is generated near the EL mesh. Spatial dimensions
are given in mm.
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major advantage then is that no dilemma exists concerning a track/event bound-
ary for the energy measurement. Assuming that a reconstructed track lies well
within fiducial boundaries (as determined by the tracking plane), including diffu-
sion effects, no fiducial boundary is needed for the energy plane: every electron
contributes to the total EL signal with equal statistical weight.
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Chapter 3

The NEXT TPC

3.1 Physics-driven requirements for NEXT

A HPGXe TPC design for 33% searches must capture true events with high ef-
ficiency while rejecting backgrounds to the greatest extent possible. From this,
three main challenges emerge:

1. Determination of the total energy of each candidate event with near-intrinsic
resolution, 1% FWHM, or better, at (3. This energy resolution goal can
be met using secondary scintillation or electroluminescence (EL).

2. Determination of the complete topology of each event in 3-D, based on
energy-sensitive tracking of the (G decay electrons and identification of
“satellite” deposits of energy. The 3-D localization requires efficient detection
of the primary scintillation light to accurately define the start-of-the-event
time, to.

3. Fabrication materials of sufficient radio-purity such that the background re-
jection capabilities of the HPGXe TPC provide the desired sensitivity. This
essential goal is a primary subject of chapter 4.

We argue in the following that these requirements can be met with an EL. TPC
filled with high-pressure xenon gas, which we adopt as the baseline design for
NEXT. Based on performance and practical considerations, we have fixed the
density to p ~ 0.05 g/cm? (50 kg/m?). This corresponds to approximately 10 bars
at room temperature. The TPC design optimization requires not only a detailed
definition of TPC chamber layout, but realistic trade-off considerations of read-
out technologies, configurations, mechanics, gas system, high voltage (HV), costs,
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safety aspects, and risk, etc. In this chapter, we present a specific design concept
we believe is a significant step toward this goal. The further steps we believe
will lead us to a practical, cost-effective optimized HPGXe TPC are presented in
Chapter [5)).

3.2 The SOFT TPC: a new concept

3.2.1 Transcending the “conventional” TPC

By definition, a “conventional” EL TPC [Nyg07, Nyg09] (see Figure is a
cylindrically-shaped, “symmetric” TPC (STPC), with a central, transparent cath-
ode and a multi-wire anode plane at each end-cap to provide an optical gain
through EL of ~300. To match this modest optical gain, dense arrays of PMTs
to detect secondary scintillation are needed in each anode plane to measure en-
ergy with required precision. As a corollary, the conventional TPC has excellent
sensitivity for detection of primary scintillation for ty. However, for the tracking
function, the PMTs nearest the secondary scintillation receive large amounts of
signal and may occasionally saturate.

A good candidate for NEXT PMT is the Hamamatsu Photonics R8520, used by
the XENON experiment. These rather radio-pure PMTs are of relatively small
size (2.5 ¢cm) with square-shaped photocathodes.

For 10 bar xenon gas pressure, a possible layout for a cylindrically-shaped con-
ventional STPC of about 100 kg active mass has two 140 cm long drift regions,
and two 100 cm diameter anode planes. In order to provide full photocathode
coverage for the two 0.785 m? anode surfaces, one would then need about 1250 at
each anode, or 2500 PMTs. This is a large number, implying a cost of about 2 mil-
lion euros and an undesirable radioactivity burden of about 1250 mBq (assuming
0.5 mBq per PMT, as measured by the XENON collaboration [ABCQ9]). Due to
complexity in event topology, tracking with pixel sizes of 2.5 cm does not appear
optimum. In addition, delivery times for such a large number of PMTs may be
problematic.

The use of such dense PMT arrays is clearly not fully satisfactory. Accepting
the energy resolution constraint that the number of p.e. at (Qgg is fixed, a better
solution is to increase secondary scintillation to match a smaller number of PMTs.
The increase in EL can be achieved by returning to the familiar “parallel mesh”
geometry for secondary scintillation instead of a wire plane anode. Although this
approach is constrained by the need to maintain an adequate primary scintillation
signal, it appears that most of the 3 spectrum can be captured above noise limits
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Figure 3.1: Top left: a symmetric, conventional TPC. Top right: Detail of the cathode
and the EL grids at the anodes. Bottom: Dense array of R8520 PMTs, a low radioactivity
PMT used by the XENON experiment, and a good candidate for NEXT PMTs.
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Figure 3.2: Top: Monte Carlo simulation of a 33% event display projected on a PMT
plane. Bottom: 3D view for the same simulated 33" event. The tracks and the energy
blobs at track ends are clearly visible.
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(see below).

At the same time, a smaller pixel size, of the order of the transverse diffusion (about
1 cm), in the “tracking plane” is highly desirable. Thus, 2.5 cm PMTs are too big
in the tracking plane. This is clearly seen in Figure where the reconstruction
of a 33% event in the tracking plane is shown. In the figure, it is assumed that
the TPC surface is covered with highly-reflective material. The sensors near the
track receive much more light than the rest, despite the isotropic nature of the EL
emission and the diffusely reflective TPC surface. This background light is very
small. PMTs outside the track path contain, at most, 1% of the light relative to
what seen by the PMTs closer to the track. The 3D picture shows clearly the
energy blobs at both track ends. Nevertheless, detailed tracking information is
lost because of the pixel size. Furthermore, with such large PMTs, the ability to
detect deposits related to, but disconnected from, the track is poo.

Finally, the dynamic range also poses a challenge in the conventional TPC. De-
pending on the event localization, the same PMTs need to record thousands of
p.e. (acting as “tracking cells” in the plane closest to the event vertex) for cer-
tain events, but need to record a single p.e (acting as “energy cells” in the plane
farthest to the event vertex) for other events. Although the signals are likely to
extend over tens of us, saturation can occur. All these considerations imply that
the conventional STPC is not a pathway for an optimum NEXT concept.

3.2.2 Separated-Optimized Function for Tracking (SOFT)

The first step in a natural evolution away from the conventional, symmetric TPC
would be an asymmetric TPC such as the one sketched in Figure [3.3] In this figure,
the drift is only 1.5 m long (rather than about twice as much in the conventional,
symmetric TPC discussed above), so it is necessary to compensate with a larger
radius to obtain the same active mass within the cylindrical volume. On the other
hand, only one surface, the one behind the EL grids, is densely packed with PMTs,
while the cathode is sparsely covered with PMTs. In principle, PMTs behind the
cathode could be larger in size with respect to the ones behind the anode. In
this case the two functions (energy and tracking) are clearly separated, and the
dynamic range problem is resolved, since the gain of the PMTs acting as tracking
cells can be made lower than the gain of the PMTs acting as energy cells.

The anode behind the EL grids, acting as tracking plane, would still (for the
moment) be instrumented with square 2.5 cm PMTs, for a total of about 2500
PMTs. On the other hand, 10% photo-cathode coverage in the energy plane, or
about 250 2.5 cm PMTs, would be sufficient. In this scenario, the number of p.e.
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Figure 3.3: An asymmetric TPC in which the cathode plane performs the energy func-
tion and the anode plane performs the tracking function.

recorded from primary scintillation in the cathode plane is:

n;zmt =N - .fQ : ftrans . QE : fcathode (31)
noe™ =3 x10"-5x 1072 - 107" ~ 150 (3.2)

where we have assumed that of the (ns) ~ 30,000 primary photons, (fq) = 50%
reach the cathode, (firans) = 50% penetrate the quartz window, and that PMTs
have a 20% average quantum efficiency (QF) to detect primary scintillation light,
and (feathode) = 0.1. With low-noise single-p.e. sensitive devices such as PMTs,
detecting a 150 p.e. signal within 40 ns is easy. Almost all of the 33 spectrum is
covered by setting the primary charge detection threshold to around 10 p.e, as a
chance 10-fold coincidence of PMT noise within the time frame determined by the
large secondary scintillation pulse is negligible.

The secondary scintillation light detected at the cathode is:
plE/cathode — (5. 9.2 % 1035 x 1072 x107! ~ 10° (3.3)

pe

where we assume an optical gain of 2200, (using 0.5 cm gap and E/p ~ 4 kV
cm ™! bar™!) and similar detection factors as above. As discussed in Section
plk/eathode 1 5 106 is sufficient to ensure that a gain resolution G of ~0.15, of the
same order of the Fano factor, can be met. The EL signal is generally spread over
several ps, ranging from about 3 us (for an idealized “point-like event produced at
~1 cm from the EL grids) to many tens of us (for long tracks parallel to the drift

direction).

It is reasonable to consider a factor of 2 “contingency”, both for the detection of
the t, signal (300 p.e. rather than 150) and for the energy measurement (2 x 10°
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rather than 10°), by increasing the photo-cathode coverage to 20%. This would
correspond to 500 PMTs in the energy (cathode) plane. The necessity of such a
“contingency” factor will be determined by our prototypes (see Chapter [3)).

Regardless of the above considerations, the number of PMTs needed in the anode
plane remains at 2500, with the corresponding problems in radioactivity, complex-
ity, and cost. A realistic solution would likely require even coarser tracking. This
undesirable circumstance can, however, be avoided.

The next logical step is to replace PMTs in the tracking plane with a more finely-
pixelized readout. This is the SOFT concept (Separated-Optimized Function for
Tracking): a TPC with separately optimized technical solutions for energy and
tracking.

With the above considerations in mind, in the next Section we describe the NEXT
baseline design.

3.3 The NEXT TPC

3.3.1 Chamber layout

The NEXT TPC will be filled with xenon gas at a density of p ~ 0.05 g/cm? (50
kg/m?), corresponding to approximately 10 bar gas pressure at room temperature.
The TPC will have a cylindrical shape. Two configurations are being considered:
a) a “symmetric” TPC (STPC), with a central, transparent cathode and two anode
planes at both end-caps equipped with photosensors; or b) an “asymmetric” TPC
(ATPC), where the transparent cathode is at one end and a single anode at the
other. In both cases, the TPC walls are lined with PTFE (Tetatrex™, or TTX),
with near 100% reflectivity for the 175 nm UV light.

Our baseline detector design contains 100 kg fiducial mass. Table shows the
dimensions of the detector for the STPC and the ASTPC.

ASTPC STPC
L (cm) 140 2x140
R (cm) 70 50

Mass (kg) 108 110

Table 3.1: Detector dimensions for the ASTPC and the STPC.
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Figure 3.4: A symmetric TPC with WLS bars for the energy function.

3.3.2 The energy function

In NEXT, the energy measurement will be provided by the detection of EL light
via photosensors. An electron-track event near (Qsg 2480 keV, may traverse 30 cm
in HPXe at ten bars, liberating 10° electrons. As previously discussed, in order to
meet the energy resolution requirement, the array of photosensors must accurately
record at least 10 p.e. per primary ionization electron. At ()gs this requires a total
of at least 10° photoelectrons, independent of the number of PMTs. The optical
gain must be adjusted to meet this constraint. Due to the isotropic nature of EL,
these p.e. are distributed over all photosensors more or less uniformly. Because
the light is not distributed with perfect uniformity, small corrections have to be
made to the detected signal based on the radial position of the EL during the
history of each event.

In the asymmetric version of the SOFT TPC, the energy function is obtained by
instrumenting the chamber with about 250, 2.5 cm square PMTs. This represents
a modest cost (400 k€) and relatively small radioactivity budget (200 mBq).

Each PMT must record, on average, ~4000 p.e. to meet the overall goal of ~ 10°
p.e. A typical event may span 100 us, generating 40 p.e./us, or 1 p.e every ~25
ns. While extended in time, the instantaneous signal level is thus very low. For a
PMT shaping time of ~100 ns (see Section , this corresponds to about 4 p.e.
Such signal characteristics, together with the need for careful intercalibration of
the photosensor devices, make PMTs ideal for the energy function.

The asymmetric TPC is not the only possibility to implement a SOFT TPC. Figure
[3.4] shows a concept for our proposed symmetric device. The energy function is
provided by a large circumferential array of wavelength-shifting (WLS) scintillator
bars to detect both primary scintillation and EL. The perceived advantages include
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the ability to compare performances of the two supposedly identical readout planes,
a more removed location for the PMTs that reduces the impact of radioactivity,
and a lower HV requirement for a given mass. While the solid angle fraction of the
WLS bars is much larger than the 10% assumption for the ASTPC, a penalty is
paid in detection efficiency since a fraction of the WLS light is not captured (but
the loss is not large since the WLS bar is not like fiber optics). On the other hand,
the WLS function places the converted light near the maximum QE of modern
PMTs, which can now approach 40% around 400 nm.

Even though this WLS STPC concept will show a much larger non-uniformity
in azimuthal response with radial position of the EL, the integrated signal will
not display a substantial dependence on the radial dependence of EL. The large-
diameter WLS bars would be cast into Spectrosil™ quartz tubing to eliminate
outgassing and maximize UV conversion. In addition to simulations, evaluation of
this interesting option will require a significant effort to determine the performance
of the WLS bars, for which no experience exists. While it is possible that WLS may
also offer a benefit within the ASTPC concept, we prefer not to include further
speculation here.

3.3.3 The tracking function

The baseline concept for the tracking function is the detection of the EL light via
photo-sensors. In this case, the tracking must be provided by an array with 2-d
pixelization of 1-1.5 cm and with less radioactivity and less cost per unit sensitive
area than PMTs. The signal resolution of the tracking cells does not need to be
remotely as good as that for the energy measurement, since diffusion and multiple
scattering dominate the spatial information quality.

For tracking, we propose to use silicon photosensor devices, with the following
advantages with respect to conventional PMT readout: a) smaller pitch, b) smaller
cost (as low as 20 €, to be compared with some 800 € per PMT) and c) very low
levels of radioactivity. The idea is illustrated in Figure The devices are placed
inside a matrix formed by a Teflon piece which holds the silicon photosensors and
defines the pitch (at about 1-1.5 ¢m) with hexagonal symmetry. The entrance
window is covered with glass or synthetic quartz coated with a WLS such as
terphenyl-butadiene (TPB) that shifts light to near the region of maximum silicon
photosensor quantum efficiency. The photosensor, together with its holder, is
placed in each cell of the matrix and receives the photons impinging directly on
its surface. It could turn out that an optimum solution is to directly couple the
WLS to the MPPC. In this case, the WLS could be a small disc or rod of inorganic
scintillator.
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Figure 3.5: The SOFT asymmetric version of NEXT, with silicon photosensors in the
anode to perform the tracking function. The photosensors are positioned into an array
at the desired pitch.

In addition to the above baseline design for tracking, we are also exploring the
possibility to perform the tracking function with gain amplification and micro-
pattern devices such as Micromegas (MM). This is discussed in Section

3.3.4 t; measurement

In the NEXT baseline design, the detection of primary scintillation light is obtained
by the same readout plane providing the energy function. This is possible, since
the prompt primary scintillation light signal will in fact be well separated in time
from the delayed secondary scintillation one. While no fine pixelization is needed,
detection of faint light levels by the photo-sensors is needed: we have seen that of
the order of 150 p.e. are to be expected at ()gs energies, even less (on average) for
two-neutrino 3 decays. The primary scintillation is always contained within ~50
ns, and is easily distinguished from low-energy backgrounds producing EL, which
lasts for several us. An affordable number of PMTs can serve this purpose as well
as for the energy measurement.
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3.4 Photosensors for NEXT

The NEXT TPC baseline design includes two different photo-detector technologies:
PMTs and silicon photo-sensors. In the following, we discuss in detail requirements
and available technologies for both.

3.4.1 PMTs

Photomultiplier tubes will be used for measuring the total energy deposition in
the chamber, and to detect the primary scintillation light. As mentioned above,
a good candidate for NEXT PMTs are the Hamamatsu Photonics R8520 tubes.

These PMTs combine several interesting features:

e A relative small size (2.5 cm) and square-shaped photocathode, which per-
mits optimal packing for tracking.

e Good sensitivity to the UV light (20% quantum efficiency at 170 nm).

e Low background, 0.5 mBq per PMT plus base on average, from the Th and
U chains.

e Resistant to pressure: rated for 5 bar, for our application they must be
reinforced to take up to 10 bar.

Single photoelectron signals

PMTs must be operated at a sufficiently high gain m such that single photoelec-
tron (spe) detection is efficient. This is necessary for both primary scintillation
and EL light detection. Figure shows a typical spe amplitude spectrum of a
modern PMT. The broad spe peak can be discriminated against a sharp pedestal
peak. The pedestal peak is suppressed by imposing a threshold at or near the
“valley” separating typical pedestal and spe ADC values. Threshold effects imply
that the true spe detection efficiency for any given PMT is somewhat lower than
100%, typically in the 80-90% efficiency range.

A typical PMT spe pulse is ~5 ns FWHM, with somewhat faster rise-time than
fall-time (~10 ns wide at the base). We propose to perform PMT signal shaping,
stretching the pulse shape to ~100 ns, in order to allow ~50 MHz digitization rates
(see Section [3.5]). The signal/noise ratio is expected to be high, even for single
p-e. signals, and stretching will not degrade the ~20 ns time span of the primary
scintillation signal. Furthermore, we propose to split the time-stretched PMT
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Figure 3.6: Typical single photoelectron spectrum of a modern PMT.

signal for separate digitization of the primary scintillation and EL light signals. In
the following discussion, we focus on PMT response considerations for the more
challenging requirements of accurate, EL-based, energy measurement.

Operating gain

For EL light detection, the PMT gain m must be sufficiently high such that true
spe, shaped, pulses produce 4-7 samples above a digital threshold near a low-noise
baseline. Assuming a noise budget of ~50 ¢V rms including ADC quantization,
one could choose the PMT gain to be around m = 4 x 10°. This implies a mean
spe charge qy = 0.64 pC and peak current of ~130 pA, independent of output
impedance. For this gain, the average spe pulse into 50 {2 reaches ~6 mV peak
amplitude.

A typical PMT will begin to display significant and undesirable nonlinearity above
~1 V. In some PMTs, saturation also produces time-stretching of the signal. So,
roughly speaking, to avoid such nonlinearities at this operating gain, there should
be less than 1000/6 ~ 150 p.e. present within the time frame of electron transit
time within the PMT, which is about 50 ns. Despite the abundant EL light inten-
sity seen by the PMTs, the EL light waveform extends over ~100 us, thus avoiding
significant non-linearities. Electronic shaping times longer than the ~100 ns pro-
posed will integrate more signal; such increases will, in turn, impose a greater
dynamic range requirement.
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Calibration of gain and quantum efficiency

PMTs naturally vary in quantum efficiency and in gain. Fortunately, it is not
necessary for all PMTs to have absolutely identical quantum efficiency, nor does
the primary calibration goal require knowledge of absolute quantum efficiency. It
is sufficient to determine the relative quantum efficiencies y within the ensemble
of PMTs, and the single photoelectron pulse height of each PMT. The total charge

(or energy) Q is:

dab

Q=5 ; P (3.4)
where S is an overall conversion constant, g is the signal measured in PMT “a” in
time slice “b”, s, is the average single photoelectron signal for PMT “a”, and x,(r)
is the efficiency for PMT “a” to detect a photon originating at distance r (in the
anode plane) from the TPC axis. Because the radius where EL photons originate
depends on the particular topology and origin of each event, r is a function of
time-slice “b” that must be uniquely determined from tracking for each event. It
is important that PMTs display reasonably similar x values, since a weak PMT
with low y contributes a larger variance per detected photon.

The contribution of errors in x,(r) and s, to the Q resolution is rather small. With
the reasonable assumption that all PMTs in the ensemble contribute similarly:

5Q/Q ox N™?[(ds/5)” + (6x/X)*)"/*. (3.5)

If the maximum allowable error in 6Q/Q is set to 1073, the errors in s, and y must
not exceed ~2 %, for the number of PMTs N ~ 250. Calibrating y and s, for each
PMT to better than 2% accuracy appears feasible by introducing accurately timed
very low-intensity blue LED light pulses (wavelength is not important) into the
TPC. This should allow calibration of the spe pulses with a negligible contribution
of the low-amplitude PMT dynode noise pulses.

3.4.2 Silicon photosensors

For the NEXT baseline design, we propose to use silicon avalanche photosensors
as tracking readout devices.

Avalanche photodiodes (APDs) possess a very thin area of very high electric-
field strength. When a photo-generated (or thermally generated) electron in the
conduction band moves into the avalanche region, the electric-field strength is
sufficient to accelerate it to the point at which it can liberate another electron,
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k
Figure 3.7: Left: detail of a multi-pixel photon counter (MPPC), showing the mul-
tiple APD pixels composing the MPPC. Right: two MPPC detectors (1 mm?) from
Hamamatsu Photonics.

resulting in detector gain. Typical gains for an APD are in the range of ten to
about two hundred. In APDs at room temperature dark current is typically much
too high to detect single electron signals.

Geiger-mode operation can increase the gain to a more significant level. Above
some breakdown voltage, the APD remains stable only until an electron enters the
avalanche region, resulting in the avalanche region breaking down and the APD
becoming a conductor. A resistor placed in series with the detector is used to
reset the detector. When the junction breaks down, large current flows through
the resistor, resulting in a voltage drop across the resistor and the APD. If the
voltage drop is sufficient, the APD voltage will drop below the breakdown voltage
and will be reset.

Geiger-mode APD arrays

An array of small Geiger-mode APDs connected in parallel can distinguish between
a single photon from multiple photons arriving simultaneously. These recently de-
veloped arrays can impressively distinguish multi-photon from single-photon light
levels. One example of these devices, generically known as silicon photomultipliers,
is the Multi-Pixel Photon Counter (MPPC) from Hamamatsu Photonics (Figure
57D).

The sum of the output from each APD pixel in the array forms the MPPC output.
When the photon flux is sufficiently low for photons to arrive at a time interval
that is longer than the recovery time of a pixel, the MPPC will display a single-pe
response. When the instantaneous photon flux is sufficiently high, or the photons
arrive in short pulses (that is, pulse widths less than the recovery time), the pixel
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Figure 3.8: The photon detection efficiency (PDE) is a product of the APD quantum
efficiency, fill factor, and Geiger avalanche probability. The PDE data are shown for
three multi-pixel photon counters with differing numbers of pixels, and include also the
effects of cross-talk and afterpulsing. Wavelength-shifting of the 175 nm UV to the
~400 nm band is required for the MPPC.

outputs will add up as multi-pe pulses. In this case, the MPPC is behaving in
a quasi-analog manner, providing a measure of the incident number of photons
within the integration time of signal processing electronics.

One of the biggest advantages of the MPPC is that it is a solid-state device. It is
compact, rugged, easy to use (70 V operation), and low cost (about 20 to 50 euros
per unit in large quantities). Furthermore the MPPC is capable of high photon
detection efficiency (PDE, Figure . Additional advantages of the MPPC are
high gain (10°-10%) and low multiplication noise (noise added by the multiplication
process). Tracking with MPPCs is also free of operational problems associated with
gaseous avalanche gain detectors.

A MPPC disadvantage is its sensitivity to temperature, and temperature stabi-
lization or compensation is still required for all applications using MPPCs. The
Geiger mode requires a narrow operating voltage range, set for each device (or
possibly groups). Another disadvantage is a high-noise rate at the single p.e. level
due to thermally generated carriers at room temperature.
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Tracking with MPPCs

MPPCs generate nearly uniform single photoelectron (spe) pulses. However, the
uniformity of the MPPC noise pulses and the large intensities of tracking signals
should allow a digital threshold set high enough to eliminate almost all noise,
without degrading the spatial resolution. A digital threshold at the 4-6 p.e. level
should lead to an insignificant noise rate.

To optimize tracking, the optical coupling of each MPPC is arranged to have a
limited field of view, approximately perpendicular to the parallel meshes plane.
The MPPC pixel then produces a detectable signal only if the EL light generated
in the meshes is within its field of view. The total number of channels in the
ASTPC (for a pitch of 1.5 cm) is of the order of 10

Each primary electron entering the meshes produces EL light for a time interval
given by the gap size divided by the drift velocity. For E/p ~ 4 kV/cm bar,
this time interval is about 3 us. Typically, 600-1200 electrons contribute to the
track imaging at any moment. Tracks less parallel to the TPC axis contribute the
higher number of electrons within the EL gap. With so many primary electrons
per mm, the statistical contribution to spatial resolution is ~1 mm rms, even for
the maximum possible diffusion within the chamber.

With an optical gain of 2200 and a track population of ~900 electrons within the
EL meshes, the total EL luminosity is in the range of 2 x10°% photons per us. A
detection element of 1 cm? at a distance of 1 cm from the luminous region will
subtend a solid angle fraction of ~0.04. Hence, about 80,000 photons per us will
impinge on such a 1 cm? detection area. The shape and extent of the WLS must
be matched to the MPPC area of only 1 mm? to produce an MPPC signal of ~100
p.e. per us. The required overall WLS conversion/detection factor for UV photons
impinging on the 1 cm? area is 0.00125, a modest goal.

Figureshows a Monte Carlo simulation of an event tracked by MPPCs (compare
with Figure where the event was tracked with PMTs). The light background
collected by cells outside the track is at most 10~ of the total track, and 10=°~10~°
for most cells.

Therefore, given that signal levels are ample, MPPCs can be expected to pro-
vide more than sufficient spatial and amplitude resolution to distinguish the MIP
“strip” from the energy blobs at both ends of the track, whose energy deposition
is typically 2-3 times higher.

In summary, tracking with MPPCs seem to be a robust and viable option, capable
of reducing costs and radioactivity levels compared to conventional PMT readout,
and providing optimal granularity.
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Figure 3.9: Monte Carlo simulation of the image of 33% event in a plane of MPPCs.
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3.5 Electronics for NEXT

In this Section, we further elaborate on basic principles for NEXT electronics with
combined PMT plus MPPC optical readout.

The signal processing block diagrams for PMTs and MPPCs will be nearly iden-
tical, with differences appearing mainly in analog signal processing, digitization
sampling rate and digitization dynamic range. Most of the time, no detector ac-
tivity will be present, and zero-suppression can greatly reduce data flow. In both
cases, zero suppression is accomplished via a digital threshold well above the noise
from the photosensor device and associated electronic circuitry. Time-stamping of
the digitized signals will allow time correlations to be determined with a latency
convenient for the formation of event triggers.

3.5.1 Electronics for the PMT readout

Analog signal processing and sampling rate

Capture of the intrinsic waveform of the PMT would require ~400 MHz sampling.
For NEXT, however, no essential physics information exists in this time domain.
A modest 10 - 20 ns RMS timing resolution is expected to be sufficient to corre-
late primary scintillation signals. A very desirable reduction in electronic system
complexity, power dissipation, and data flow can therefore be realized by proper
shaping of the PMT signal, “stretching” it in time so that it can be sampled at
a much lower rate. On the other hand, the PMT pulses cannot be stretched to
arbitrarily long shaping times, as the longer shaping time corresponds to longer
integration time, and the instantaneous dynamic range requirement for the energy
measurement could become severe.

Although spe pulses can vary considerably in amplitude (see Fig. 3.6, they are
similar in shape. Therefore, provided that the electronics noise is sufficiently low,
ordinary waveform sampling of a time-stretched spe pulse can provide timing in-
formation that is much more accurate than the sampling time interval. A im-
provement factor of 10 with respect to sampling clock time interval can be easily
accomplished with decent signal/noise. Simple PMT digital signal processing of
spe waveforms should therefore be sufficient to meet the NEXT requirement of 10
ns RMS timing resolution, for 100 ns wide time-stretched waveforms. The natural
sampling rate for PMT signals is thus likely to be in the 50 MHz range. This is
appropriate for both the energy and ¢y measurements.

o4



Dynamic range considerations

A 8-bit ADC is sufficient to characterize both spe amplitude spectrum and baseline
stability and noise. We foresee a dual-range system, where the analog signal from
each PMT is split. The small spe signals from primary scintillation light are
digitized with 8-bit resolution, while the much larger amplitudes of the energy
signals are measured with a 12 bit ADC, but at lower gain. This allows considerable
range overlap to determine the relative gains with good accuracy.

Digital signal processing

The gain of the PMT is adjusted to place the mean amplitude of an spe pulse
well above electronic system noise. If the ADC returns a value above this digital
threshold, data storage is initiated for that and all subsequent samples that remain
continuously above threshold. A noise pulse may cause only a single sample to
reach above threshold, whereas a real photoelectron pulse will generally lead to
several samples rising above threshold. It is reasonable to require that at least three
contiguous samples occur above threshold. For strings of three or more contiguous
samples, a time-stamp is attached to that string of data. A time-stamped string is
called a “Hit”, and constitutes the primary datum. Waveform capture may include
some pre- and post-history to facilitate baseline monitoring.

The digital threshold approach introduces a very useful “non-linearity” in the data
flow. Experience shows that an analog sum approach for such a large number of
inputs is prone to serious difficulties due to the presence of small but coherent
noise sources. Such coherent noise can arise from power supplies, radio signals,
and other electrical or electronic systems nearby. Such coherent noise may be
imperceptible in single channel performance, but, adding coherently in the assem-
bled system, coherent noise may easily produce large and perhaps unmanageable
signals in a wide fan-in. Coherent noise is often unseen until the complete system
is assembled, when it is more difficult to develop countermeasures. A per-channel
digital threshold completely eliminates coherent noise, since the threshold is by
construction much higher than per-channel noise.

To define a tg signal it is necessary to coordinate the Hits from all PMTs to sense
a coincidence in time. The time resolution needed to recognize the event ty is
modest, about 20 ns, but in practice, it is almost certain that the event trigger
is the large energy signal. In this case all data must be buffered for at least one
millisecond to recover the ty information. The Hit data are time-sorted to permit
the triggering and event-building functions to occur efficiently. An event trigger
keeps all waveforms within the maximum time span of interest.
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3.5.2 Electronics for the tracking function

Because electrons reside in the EL region for 2-3 us, a ~2 us shaping time and
~1 MHz digitization rate is appropriate for tracking. A 8-bit ADC seems ade-
quate; this limited resolution and conversion rate minimizes power dissipation, an
important consideration given the large number (10*) of tracking channels.

This large number of tracking channels located in the pressurized TPC vessel also
poses some challenges for signal transport and processing. Several solutions may
be implemented, ranging from extracting all signals out of the TPC via multi-
pin feedthroughs, to locating part of the electronics inside the TPC, protected by
shielding. In this latter case, the signals will be digitized, serialized, and transmit-
ted via optical fibers for further processing outside the vessel.

3.6 Micromegas as tracking plane readout in a
EL device

The Micromegas (micromesh gas structure) concept, conceived and developed at
CEA/Saclay |[GRRCO906], consists of a micromesh, suspended over a (pixelised)
anode plane, with isolator pillars defining a high electric field gap of 50-100 microns
of height. This concept is schematically shown in Fig. In the amplification
gap, the electron avalanche occurs in much the same way as in parallel plate
chambers, only in a much thinner and localized spot. Micromegas are being used in
many high energy experiments in which they have proven outstanding performance
in spatial, temporal and energy resolutions, as well as robustness, homogeneity and
stability of operation.

The avalanche process inside a Micromegas structure has a particular feature, first
pointed out in [Gio98], which consist of reduced—or even cancelled—dependency
on external geometrical (amplification gap) or environmental (gas pressure and
temperature) factors. This effect favors the stability of operation over long times
as well as the homogeneity of the gain over large surfaces, making the Micromegas
one of the micropattern concepts with better prospects for scaling up. In fact, large
surfaces of Micromegas readout planes have been already built by experiments such
as COMPASS (1.5 m?) and T2K (9 m?).

As amply developed in Chapter 2, electroluminescence is considered the best tech-
nology to achieve ultimate energy resolution in NEXT, using, at the same time,
the photosensors needed for the measurement of ¢, (PMTs). Regarding the track-
ing function, our baseline scenario is based in small, high-gain photosensors such
as the SiIPMTs, that also make use of the EL light.
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Figure 3.10: Top: Simplified scheme of a Micromegas structure, and of the detection
mechanism: electron drift towards the micromesh and amplification in the amplification
gap. Bottom: Scheme of the typical electrostatic structure of a Micromegas plane,
indicating the drift trajectories of the primary electrons entering the amplification gap
(red lines) and the ions created in the avalanche (blue lines).
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However, we would like to explore also the intriguing possibility of performing the
tracking function with Micromegas keeping the energy function with photosensors.
Micromegas appears as a competitive possibility in terms of resolution, pixeliza-
tion, and its capability for covering large surfaces at a reduced cost. Last but
not least, the last generation of Micromegas readouts (microbulk), made out of
double-clad kapton thin planes, are composed of potentially very radiopure mate-
rials (copper and kapton).

The operation of Micromegas in NEXT requires addressing a set of questions that
are being studied actively by the collaboration. The most important ones are:

e Operation at sufficiently high gains in pure xenon at high pressure and long-
term stability. Preliminary tests on a small setup at Saclay seems to point
that gains close to 10® are easily achieved at 4.5 bar.

e The possible use of a quencher for xenon, without suppressing the production
and transmission of scintillation light, both primary and secondary (via elec-
troluminescence). A very small amount of CF, seems to be a good option,
with the important additional benefit that would reduce the charge diffusion.
Tests are foreseen to assess this possibility in NEXT.

e Measurements of actual samples are in progress in the Canfranc Laboratory
with very encouraging preliminary results.

e Operation of Micromegas planes in conjunction with an electroluminescent
grid. Study of possible incompatibilities, like for example the one potentially
caused by the light produced in the Micromegas avalanche.

3.7 Summary

The NEXT detector is conceived as a high-pressure, radio-pure gas detector appa-
ratus, with a fiducial mass of 100 kg of 13¢Xe, corresponding to a volume of about
2 m3. The baseline design is a electroluminescent TPC with separate-optimized
function for tracking (SOFT), with PMTs performing the energy function and ¢,
measurement, and Multi-Pixel Photon Counters (MPPCs) performing the tracking
function.

PMTs appear as a mandatory solution to provide a robust to measurement from
the weak primary scintillation signal, and accurate energy measurement from the
intense EL signal. Central to both applications are the PMT capability as single-
photoelectron counters. Calibration relies on the relative quantum efficiency of
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the PMTs that can be measured from the relative height of single photo-electron
peaks. Our baseline technology choice for the NEXT PMTs are either a variant
of Hamamatsu R8520 (reinforced to take up to 10 bar pressure), or a variant of
R7367A (which takes up to 20 bar, but needs to be made radiopure). We foresee
about 250 PMTs, at an estimated cost of 200 k€ and about 125 mBq contribution
to the radioactivity budget.

MPPCs are our baseline design as tracking sensors. We foresee about 10,000
channels, at a cost of about 20 € per channel (200 k€ in total). The small (1
mm?), high-density (1600 microcells), S10362-11-025C detector from Hamamatsu
Photonics appears to be a good option for NEXT. The radioactivity budget is
estimated to be small, likely dominated by the detector holder, and in any case
below the level introduced by the PMTs.

The possibility of tracking with Micromegas is also being explored as a backup
option.

Two fundamental milestones need to be taken before building the NEXT-100 de-
tector. The first one is to prove that the SOFT concept provides the desired
energy resolution and topological signature. The second milestone is to prove that
a SOFT TPC with the chosen technological solutions can be built as a radio-
pure detector. These milestones, together with choosing and validating a limited

number of technology options, set our R&D program, that we discuss in Chapter
5.
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Chapter 4

Physics potential of NEXT

4.1 Experimental goals

The search for neutrinoless double beta decay relies on finding a faint signal at the
transition end-point of the 33? energy spectrum. Due to the finite energy resolu-
tion of detectors, 3% events, which should pile at ()33, spread over a larger region.
Any background event falling into this region limits dramatically the sensitivity
to the effective neutrino mass. In a background-limited experiment the sensitiv-
ity improves only as (Mt)~'/* (where M is the total mass of 33 source and t is
the experiment run time) instead of the (Mt)~'/2? expected in the background-free
case. Good energy resolution is therefore essential.

Unfortunately, resolution is not enough per se: a continuous spectrum arising from
a, ( and ~ radiation from the natural decay chains can overwhelm the signal peak,
given the enormously long decay times explored. Consequently, extra handles to
reject backgrounds are required.

In the traditional experimental approach, 53% searches have been carried out
with devices such as germanium diodes [KK*01, IAT99], which rely mainly on an
impressive energy resolution (much better than 1% FWHM at 1 MeV). Other
experiments [AT05b] were designed to exploit the topological signature of a (53
event to reject backgrounds, but their energy resolution was mediocre (for instance,
the energy resolution of NEMO-3 is ~14% FWHM at 1 MeV).

We believe NEXT offers the best compromise between these two requirements.
First, resolution is expected to be at least 1% FWHM at Qg (~2480 KeV). Sec-
ond, the topological signature available on the detector allows the identification
and rejection of backgrounds.
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Next-generation 3% experiments aim at exploring the so-called degenerate hier-
archy, corresponding to effective neutrino mass values down to 50 meV. If no signal
is found, the inverse hierarchy extending from 20 to 50 meV will be accessible only
to experiments which can simultaneously achieve large fiducial mass and negligible
backgrounds.

In order to confirm or unambiguously refute the signal claimed by the group of
the Heidelberg-Moscow experiment led by Klapdor-Kleingrothaus, one needs to
be sensitive to effective neutrino masses in the range of 50-100 meV or, in terms
of the period, to 10?° years. In particular, to exclude a signal at 240 meV (lower
limit of the HM claim, see Sec. with a confidence level of ~90%, a sensitivity
of mgs ~ 110 meV needs to be achieved. Conversely, if a detector with such a
sensitivity founds a signal at 240 meV, it would be able to measure it with ~30.

As previously said, in case the HM claim is refuted and no signal is found in
the degenerate region, a new generation of experiments will explore the inverse
hierarchy by means of extrapolating the known technologies to larger detectors.
Within this scenario, the goal of NEXT is to provide a deep understanding of the
experimental background-suppression techniques which allow the extrapolation to
such huge detectors.

According to the above discussion, the goal of the NEXT-100 experiment is to
build and operate a 100 kg TPC capable of exploring down to mgs ~ 100 meV,
hence confirming or refuting the HM claim. Such a detector will be large enough
to prove the feasibility of scaling the technology up to a 1-ton detector.

In the previous chapters we have defined the baseline for the NEXT TPC. This
chapter is devoted to discuss its physics potential as well as to discuss the impli-
cations on the radiopurity of the materials.

4.2 Backgrounds in NEXT

4.2.1 Signal and background signatures

The importance of a background source in NEXT depends on the energy resolution
and also on the track identification capabilities of the detector. Only those events
with energy around or above (gg, and able to mimic a signal track become a
background.

Double beta decay events have a distinctive topological signature in HPGXe: a
ionization track, of about 30 c¢cm length at 10 bar, tortuous because of multiple
scattering, and with larger depositions or blobs in both ends (see Figure .
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E. (keV) Probability (%) E, (keV) Mean path (cm)

200 4 12 0.14
800 6 27 0.8
1240 8 28 1.8
1680 10 95 9.5
2000 11 133 11
2480 14 198 33

Table 4.1: Radiation probability for electrons in xenon at 10 bar. Average energy of
the emitted photons and their mean free path in the HPXe is also shown.

Secondary ionization along the track produced by d-rays complicates the signal
recognition. In addition, in more than a 30% of the events the electrons produce
also bremsstrahlung radiation. Those typically low-energy gammas — below 100
keV in average, although higher energies are possible too — may convert within the
TPC active volume and be detected. Table shows the probability of radiation
together with the energy of these photons and their mean path in xenon at 10 bar.

Energetic single-electrons can imitate the two-blob pattern due to fluctuations
in energy deposition, d-ray secondary tracks or bremsstrahlung radiation. Beta
electrons and high-energy gammas — which interact in the HPGXe producing
electrons — are therefore the main concern.

Background events with charged particles entering the active volume can be re-
jected defining a fiducial volume few centimeters away from the chamber walls
(Figure . The reliability of such a veto depends on the accuracy of the ¢,
measurement.

High-energy photons create electrons far from the detector walls through Compton
interactions, pair-creation and photoelectric absorption (Figure |4.2)).

4.2.2 Sources and types of backgrounds

The 33% peak of 13Xe is located in the energy region of the naturally-occurring
radioactive processes. Although the half-life of the parents of the natural decay
chains is comparable to the age of the universe, it is very short compared to the
desired half-life sensitivity of the new 33% experiments (10%° years). For that
reason, even a small quantity of these nuclides creates significant event rates.

In our case, the dangerous isotopes are 2Tl and ?'Bi, from the thorium and
uranium series, respectively. They emit beta radiation accompanied by alpha
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Figure 4.1: Charged particle backgrounds entering the detector active volume can be
rejected with complete 3D-reconstruction (top left). The mean free path of xenon for
the high-energy gammas emitted in 2'4Bi and 208TI decays is > 3 m, and thus many
of them cross the detector without interacting (top right). Also, 2'*Bi and 2°8TI1 decay
products include low-energy gammas which interact in the vetoed region close to the
chamber walls (bottom left). Only those background events with tracks fully-contained
within the fiducial volume may mimic the signal (bottom right).
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Figure 4.2: Cross sections of the main interactions of photons (x-rays and 7-rays) in

xXenon.
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and gamma particles due to subsequent decays and nuclear de-excitations of their
daughter nuclei.

The daughter of 2°T1, 2®Pb, emits a de-excitation photon of 2614 keV with a
100% intensity. The Compton edge of this gamma is at 2382 keV, well below ()g3.
However, the scattered gamma can interact and produce other electron tracks close
enough to the initial Compton-electron so they are reconstructed as a single object
falling in the energy Region of Interest (ROI). Pair-creation events are not able
to produce single-track events in the ROI. Photoelectric electrons are produced
above our ROI but can loose energy via bremsstrahlung and populate the window,
in case the emitted photons escape out of the detector.

After the decay of 2'“Bi, 2*Po emits a number of de-excitation gammas with ener-
gies above 2.3 MeV. The gamma line at 2447 keV (intensity: 1.57%) is very close
to QQpp. The photoelectric peak may infiltrate into the ROI for resolutions worse
than 1.5-2%. The gamma lines above Q3 have low intensity (below 0.1%), but
their Compton spectra can produce background tracks in the ROI. Pair-creation
events in the window are unlikely (see Section [4.5.2)).

A sketch of the ROI considering the above description can be seen in Figure [4.3]

All materials contain 2°®T1 and ?'“Bi impurities in a given amount. Careful se-
lection of radiopure materials and purification is mandatory for all double beta
decay experiments. Indeed, new-generation detectors are being fabricated from
amazingly pure components, some with activities as low as 10 uBq/kg or less.

In addition, another relevant source of background comes from radon gas: either
22Rn (half-life of 3.8d) from the ?**U chain or ?*Rn (half-life of 55s) from the
232Th chain. As a gas, it diffuses into the air and can enter the detector. Radon
contamination can be translated into 2'4Bi, for the ??Rn, or into 2%8TI, for the
220Rn, their only decay products affecting the experiment. In case of equilibrium,
the activity of the radon and that of their products is the same.

In both cases, the radon suffers from an alpha decay into polonium, producing a
negative ion which is drifted towards the anode by the electric field of the TPC.
Then, 2'Bi and 2°®T1 contaminations can be assumed to be deposited on the anode
surface. In such a way, 1 Bq/m? of radon will mean ¢Bq/m? for its daughter, ¢
being the length of the chamber (assuming an anode covering the full base). Radon
may be eliminated from the TPC gas mixture by recirculation through appropriate
filters. Also, some underground laboratories have installed charcoal Rn scrubbers
into the airstream.

Cosmic particles can also affect our experiment by producing high energy photons
or activating materials. This is the reason why double beta decay experiments
are conducted deep underground. At these depths, muons are the only surviving
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Figure 4.3: The landscape near the end-point of 136Xe, as a function of deposited energy.
The normalization of the different peaks is arbitrary. The purpose of the plot is to show
how the B8% signal lies between the dominant 2'*Bi and 2°%T1 backgrounds.
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cosmic ray particles, but their interactions with the rock produce neutrons and
electromagnetic showers. Muon veto detectors can easily eliminate this background
contribution.

Before being stored underground, materials can be activated by energetic cosmic
neutrons, which have sizable penetrating power. Once being underground, the
capture of low-energy neutrons can also produce radioactive isotopes in the detec-
tor.

In summary, five types of background are foreseen:

1. Radioactive contamination of detector materials: vessel, readout plane, etc.
Careful selection of radiopure materials is necessary to suppress this back-
ground as much as possible.

2. Radioactive contamination of laboratory walls. In this case, only photons are
able to reach the detector. This background can be attenuated by shielding.

3. Radioactive contamination of the shielding itself.

4. High energy photons due to muon interactions.The muon flux itself is strongly
suppressed by operating in an underground laboratory.

5. Neutron activation.

Hereafter the first type will be referred to as internal background, meanwhile the
other four, as external. In this chapter, the impact of all these background sources
will be discussed.

4.3 Simulation

The NEXT collaboration is developing a Geant4-based [AT03], detailed simulation
of the detector. The simulation is capable of propagating the particles through
the physical volume. All relevant physical processes, such as multiple scattering,
ionization, Compton scattering, pair creation, bremsstrahlung, etc., are considered.
Particles with very short track-length (less than a few mm) are not propagated
but added as local energy depositions in order to speed up the simulation. In
addition, the simulation can drift the ionization produced by charged particles
towards the anode(s), generate and propagate the scintillation UV light and EL
light, and provide the basic response of both photosensors (PMTs, SiPMTs) and
Micromegas readout.
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The Monte-Carlo event generator GENBB/DECAY4 [PTZ00] is used to produce
the initial samples of signal and background. This code can simulate several (33
decay modes for all 69 known nuclei candidates for such processes, and a vari-
ety of potential backgrounds. It provides the initial energy, time, and angular
distributions of particles emitted in those processes.

The analysis presented in the following sections relies on data samples generated
with this simulation.

4.4 Event selection

As shown in previous chapters, the topological signature of the processes taking
place inside the TPC provides an extra handle to discriminate between signal and
background events. A minimal set of selection cuts allows to reject background
events with high efficiency.

Our Monte-Carlo can simulate the response of both Micromegas and a pixelized
photosensor plane. In both cases, particles giving a signal on the TPC are recon-
structed as a collection of “hits”, or “connected pixels” in three dimensions (3D),
two of them available from the pixel/ MM plane, and the third one from the time
information.

After pixelization, a minimal set of selection cuts can be applied, based on the fact
that a G0 event tends to have a single track with two intense deposits of energy
(blobs) at both extremes due to electron absorption. Therefore, the first step is
to define the event in terms of segments and blobs. Different algorithms are being
developed in order to identify tracks (or wires) and blobs with the best performance
allowed by the experimental parameters. These mathematical procedures take into
account the length and the charge densities to estimate the ends of a track, and
treat as different objects those ones separated by one empty pixel.

Once an event is described as a group of wires and blobs (what we call a recon-
structed event), it is selected as a signal candidate or rejected as a background one
by means of the selection cuts. A signal candidate is an event whose reconstructed
energy is within a window of a few standard deviations around Qgs (the so-called
ROI), and whose topology fulfills the following requirements:

1. Fully contained in the fiducial volume: there is no energy depositions closer
than 1 cm to the vessel. Thereby, a veto region is defined around vessel
surfaces. Figure [1.1] shows the capabilities of this veto.

2. Only one reconstructed track: events with more than one object (tracks or
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disconnected energy depositions) are rejected, since they may be produced
by coincidental background interactions.

3. BB% signature: the unique track ends in two blobs of high energy, as expected
for a B0 event. This cut relies on pattern recognition algorithms currently
being under study.

4.5 Performance of the NEXT detector

We describe along this section the dependence of the detector performance with
some critical experimental parameters, namely energy resolution, pitch size and
pressure. Then, we analyze the potential of the SOFT standard design (thus
fixing those experimental parameters) in terms of signal detection efficiency and
background rejection factors.

4.5.1 Impact of the experimental setup

In the previous chapters we have discussed the different parameters that affect
the NEXT detector design: energy resolution, pixel size, operative pressure and
radioactivity budget are among the most important from the point of view of the
physics performance. These parameters depend on choices related to the detector,
while others such as the impact of the external backgrounds, depend largely on
the environment (the depth of the laboratory, for example) and the shielding.

In the reminder of this section we focus only on the “internal backgrounds”, coming
from detector materials. The dominant sources are the readout planes and the
pressurized vessel walls. The analysis of the impact of these backgrounds will be
used to define the optimal parameters for NEXT.

Energy resolution

Along this document we have argued often that energy resolution is a must and
much effort in NEXT design will be devoted to achieve better than 1% FWHM at
Q- To quantify the effect of resolution in the background it is enough to consider
the dominant source of background (events emanating from the vessel) and study
how it increases with increasing resolution, as shown in Figure [4.4] Notice the
rapid increase of the background with degrading resolution. For 2°°T1 events the
largest contribution comes from Compton events where the scattered photon is
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integrated in the track, while for 2'4Bi ones the largest contribution comes from
the photoelectric peak, laying very near the signal peak.

Tracking pitch

A second fundamental parameter is the tracking pitch. A larger pitch translates
into a worse two-track (or track-blob) separation and therefore one expects that
backgrounds increase with increasing pitch. As before, we quantify the effect of the
pitch in the background by considering the dominant source (in this case is enough
to count 28T events emanating from the vessel) and studying how they increase
with increasing pitch. As shown in Figure the dependence with the pitch is
much less dramatic than the dependence with energy resolution. As expected, the
increase of the background is due to Compton events where the scattered photon
is integrated in the track with larger pitch. A pitch of 1.5 ¢cm is found to be a
reasonable possibility, implying 10,000 channels for a ASTPC of R = 70 cm.

Dependence with pressure

A non trivial question is to choose the operative pressure of NEXT. Higher pressure
results in a smaller detector (for the same mass), but at the same time requires
smaller pitch if the track pixelization is to be maintained constant. On the other
hand, the transverse diffusion does not decrease very much with distance, so the
natural pitch is not far from 1 cm. This provides an optimal pixelization at 10
bar (with some 15-30 hits per track), while at 5 bar one could compensate with
somewhat larger pitch, and at 20 bar with somewhat smaller. As pressure increases
the technical problems (with electric field intensity, feedthroughs and vessel design)
become more complex, and as pressure decreases the detector become bigger. All
this suggests 10 bar as a good compromise.

Background levels are not expected to change dramatically with pressure. At
lower pressure one has more surface to volume ratio (a minus from the background
point of view) but less density and thus less interactions in the gas (a plus). Both
effects keep compensating each other as pressure increases. Therefore, the choice of
the operative pressure attends mostly to technical and economical considerations,
rather than background ones.
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Figure 4.4: Effect of resolution in the dominant source of background (events emanating
from vessel). Top: 29*T1 events. Bottom: 21Bi events.
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Figure 4.5: Effect of pitch in the dominant source of background (28Tl events emanating
from vessel).

4.5.2 Signal selection efficiency and background rejection
power

We analyze now the performance of the standard design of the NEXT SOFT
detector in terms of the signal identification and background rejection power. We

assume a pressure of 10 bar, a track pitch of 1.5 cm, an energy resolution of 1 %
FWHM at Qg = 2480 keV, and a vessel containing 100 kg of xenon.

In order to estimate the efficiency of the selection cuts and the capability to re-
ject background, 33% and background data samples have been generated with the
Monte Carlo tools described in Sec. [£.3] Signal events are simulated in the volume
inside the vessel, meanwhile internal backgrounds (**®T1 and ?'*Bi decays) are sim-
ulated in the vessel walls and in the readout planes. Then, we apply the selection
procedure described in Sec. [£.4] up to the second cut, and estimate accordingly its
performance.

Tables [4.5.2 [4.5.2 and [4.5.2] summarize the results. Rejection factors for 2'4Bi
and 2°T1 backgrounds are listed in Tables [4.5.2 and 4.5.2] respectively, showing
the contribution of each specific cut. Contribution of Compton and photoelectric
events in the final sample of events passing the cuts are also presented. Total
suppression factor is ~4x 1077 for 2!4Bi and ~4x107% for 2°°T1. Signal detection
efficiency due to selection cuts is about 40%, as can be seen in Table [4.5.2]

Notice the third cut in Section has not been applied in this study. On top
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Selection criteria Events in readout Events in vessel

Initial 108 108
Fiducial Volume 244296 195457
ROI 213 176
One track 37 35
Photoelectric Events 17 22
Compton Events 20 13
Total suppression 3.7 x 1077 3.5x 1077

Table 4.2: Suppression of the 214Bi events by the selection cuts and the energy window
(ROI). Suppression factors for each cut are displayed in rows 3 to 5. Rows 6 and 7 show

contribution of Compton and Photoelectric events to the final sample of events passing
the cuts, respectively.

Selection criteria Events in readout Events in vessel

Initial 107 107
Fiducial Volume 3125234 2610556
ROI 2123 1648
One track 40 35
Photoelectric events 30 24
Compton events 10 11
Total suppression 4 x107° 3.5 x 107

Table 4.3: Suppression of the 2°8T1 events by the selection cuts and the energy window
(ROI). Suppression factors for each cut are displayed in rows 3 to 5. Rows 6 and 7 show

contribution of Compton and Photoelectric events to the final sample of events passing
the cuts, respectively.

Selection criteria Signal events Selection efficiency

Initial 109 1
Fiducial Volume 741249 0.74
ROI 589405 0.59
One track 409279 0.41

Table 4.4: Selection efficiency for the signal, according to the energy window (ROI) and
the event selection cuts.
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of the above selection one applies now the condition that the track ends in two
blobs. However, this selection criterium implies a pattern recognition algorithm
which identifies the blobs and match them to the track with a certain goodness.
The NEXT Collaboration is working on the optimization of such an algorithm,
and preliminary results yield a rejection factor of about 1/50. The rejection power
of this cut measured by the St. Gotthard TPC was roughly a factor 1/30, hence
consistent with our preliminary estimations. Although the aim is to improve the
value achieved by Gotthard, along this document we conservatively assume a sup-
pression of 1/30 due to signal topology.

4.6 Background estimates

Taking into account background rejection numbers shown in the previous Section,
we present now a realistic estimation of the backgrounds expected in the NEXT
experiment. The contamination levels in the detector materials quoted in this
Section are conservative since values are taken from available measurements. The
NEXT collaboration plans to reduce these levels by searching for more radiopure
materials.

4.6.1 Internal backgrounds

We examine the impact of the 2°T1 and ?'*Bi backgrounds in the SOFT ASTPC.
This detector uses 250 PMTs in the cathode, each one with a radioactivity budget
of 0.3 mBq 2Tl and 0.4 mBq ?'“Bi. The anode is composed of some 10,000
MPCCs, whose total radioactivity budget is estimated in 30 mBq 2°T1 and 40
mBq 2Bi. The vessel is assumed to be made of low radioactivity steel, 1 cm
thick, with a mass of 740 kg and a radioactivity budget of 1 mBq/kg for 2°*T1 and
the same quantity for 214Bi. The total budget is summarized in Table [4.5]

According to previous section, the final rejection factor for 2°°T1 events emanating
from the readout planes is 1.3 x 1077 (recall an extra factor of 1/30 coming from
the signal topology). For the 28Tl events emanating from the vessel the rejection
factor is slightly better due to the vessel self-shielding, yielding 1.2 x 10~7. Notice
the contribution of 2'4Bi is one order of magnitude smaller and therefore irrelevant
for the present discussion.

To compute the number of background events in the ROI per year, we multiply the
radioactivity budget by the relevant time period (1 year = 3.15x 107 seconds) and
by the suppression factor. As an example, the number of 2°T1 events emanating
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from the cathode that pass all the cuts is:

75 x 1072 -3.15 x 107 - 1.3 x 1077 =307 x 1073 ~ 0.3 (4.1)
Thus one gets about 1.2x107* 2%8T] events/keV /kg/year.
The contribution of the vessel is much larger:

740 x 1073 -3.15 x 107 - 1.3 x 1077 = 3030 x 107% ~ 3 (4.2)
or 1.2x1073 29Tl events/keV /kg/year.
Tables [4.6] and [4.7] summarize the internal backgrounds in NEXT. Table [4.6] shows

the contribution of 2°®T1 and 2'Bi contamination in both readout planes and
vessel, meanwhile Table shows the effect of each individual selection cut over
the background. Notice the last table presents the initial number of events as the
number of events found in the ROI, taking into account different energy resolutions.

4.6.2 External backgrounds

While one can minimize the internal backgrounds by choosing radiopure compo-
nents, it is also necessary to suppress the external background, which comes mainly
from the laboratory walls, but also from underground muons and neutron activa-
tion. The suppression of these backgrounds is achieved by shielding the detector.

208T1 from laboratory walls

Photons from 2°®T1 decay are the most important external background, therefore
it is illustrative to examine the interaction cross sections for photons of 2614 keV in
matter. Table shows the fractional probability of 2614 keV photon interactions
in xenon, stainless steal and lead. About 80% of the external photons will interact
in a Hcm-thick steel shielding, while almost all of them will be absorbed in a
15 cm—thick lead shielding. Conversely, once in gas most of the photons will cross
the chamber without interacting. In all cases the most probable interaction is the
Compton scattering.

The 2.614 MeV 2%T1 photon flux measured in the LSC is 0.13 /cm? /s, distributed
homogeneously and isotropically in a sphere of 1.2 m surrounding the detector and
shielding setup.As expected from the above discussion, for a light shielding of 5
cm lead the number of background events per year is intolerably high, of the order
of several thousand. A thicker lead shielding is needed to reduce this background
down to a negligible level compared to the internal backgrounds. This is achieved
with a shield of 15 cm, leading to 0.5 counts per year due to the 2°°TI external
background.
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Radioactivity source 2®TIl (mBq) *“Bi (mBq)

Cathode 75 100
Anode 30 40
Vessel 740 740

Table 4.5: Radioactivity budget for the SOFT ASTPC.

Radioactivity source 208 214Bi
Cathode (events/year) 0.3 -
Anodes (events/year) 0.2 -
Vessel (events/year) 3 0.3

Total (events/keV /kg/year) 1.5x 1073 -

Table 4.6: Internal background events in NEXT, after event selection cuts. Energy
resolution of 1% FWHM at Qg is assumed.

Resolution Events (counts/keV /kg/year)x 1073
AE(keV)  FWHM  no cuts fiducial one track all
(2467, 2493] 1% 1459.7£0.4 1029.3+£0.3 16.21£0.04 1.50£0.01
(2440, 2520] 3% 1475.0£0.2 1082.0+0.1 26.63£0.03 4.940.01
(2415, 2545 5% 1461.2+0.2 1079.9£0.1 29.36+£0.02 5.5£0.01

Table 4.7: Internal backgrounds in NEXT, according to different selection cuts and
energy resolutions.
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Ph. absorption Compton int. pair creation mean path (cm)

Xe 3% 82 % 15 % 332
SS 0.2 % 92 % 7% 2.3
Pb 7% 69 % 22 % 1.4

Table 4.8: Fractional probability of any interaction of 2614 keV photons in xenon,
stainless steel and lead. Mean path in media is also presented.

The problem of shielding

The thick lead shield of 15 cm, needed to reduce the background emanating from
the laboratory walls below one count, implies about 16 tons of lead. Even assuming
low-activity lead (1 mBq/kg) and taking into account the high degree of self-
shielding, the resulting background, summarized in Table is much larger than
the internal NEXT background.

The conclusions are not surprising, but sobering. Shielding is a major issue for an
experiment like NEXT, and the collaboration is exploring different possibilities to
suppress external background.

Source and Events (counts/keV /kg/year)x 1073
origin no cuts fiducial one track all
20877 (shielding) 1840.4 +0.4 1438.440.3 41.06 +0.05 7.17 4 0.02
214Bj (shielding) 16.00£0.01 13.9240.00  3.224-0.00 0.63=£0.00
Total shielding  1856.4+0.4 1452.3£0.3 44.28 £0.05 7.8 £ 0.02

Table 4.9: Events in the detector due to 2°*T1 and 2!4Bi (1 mBq/kg) in lead shielding,
according to the different cuts.

Underground muons

Underground muons are able to produce high energy photons. Cosmic muons
passing through matter lose energy mainly by ionization, which is transferred to
electrons in the traversed medium. In addition, there are radiative losses which
result from muon bremsstrahlung, direct pair production by muons and muon-
nuclear interactions.

At the LSC underground muons present a mean energy of 290 GeV and a flux
intensity of around 5 x 1077 (em~2s71). The differential spectrum is constant
for small energies but steepens to reflect the surface muon spectrum for energies
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higher than 500 GeV with an angular dependence for the muon intensity of 1(0) =
1(0) cos? 0, 6 being the vertical angle.

Our studies show this background to be largely negligible, and it can be further
reduced with the use of active vetoes.

Neutron activation

Sea level neutrons are able to activate radioactive isotope in the detector gas and
materials. We have studied this production in copper and xenon. For a time tg
of exposure and a decay time tp underground, the number of radioactive nuclei is
calculated as

N(tE + tD) = é(l - 6_)‘tE)€_)\tD, (43)

where A is the decay constant of the radioactive isotope and A the activation
computed with a MC code based on semi-empirical formulas using the sea level
neutron spectrum. The study shows that very few of the produced radioactive
isotopes will decay emitting an energy above 2MeV and almost none of them
in the form of an isolated photon or electron. Therefore, even a cosmoisotope
such as ®Co, very disturbing for some of the 33 experiments, can be neglected
since it decays 3~ emitting also two photons. The only worrisome cosmoisotope
is %°Co produced in the reaction *Cu(n, 4n+a)°®Co with a half life of 77 days,
which produce energetic photons. However, due to its short half life, the computed
contribution is the order of 0.3 mBq during the first year stored underground and
around 10 uBq during the second year.

Once materials and gases are stored underground, the radioactive capture of
medium energy neutrons can produce radioactive isotopes. The number of ra-
dioactive nuclei produced after a time ¢ is

N(t)=>(1-e?), (4.4)

Assuming a Watt evaporation spectrum for both fission and a-n neutrons, normal-
ized to LSC neutron flux, 3.8 x 107%cm™2s7!, we have computed the interaction
production rate for 1¥"Xe, the only concerning isotope produced in ¥¢Xe activa-
tion, to be 0.6 nuclei per year and kg. This number is equal to the activity due
to the short half life of 3"Xe, 3.8 min. So, in case of 100kg of ¥*Xe, we could
have around 60 decays per year. However, not all them are dangerous: only those
able to create single track with an energy in the resolution window. The 3"Xe
isotope presents two main decays: a beta emission with Qna.,=4173keV (67% of
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Exposure (kg-year) T7% (10*y) mgs (meV)

100 2.11 232
200 3.36 184
500 5.89 139
1000 8.91 113

Table 4.10: Sensitivity to 48% half-life and mgs (according to central value of Nuclear
Matrix Element quoted in [RESV06]) of the NEXT SOFT TPC.

the times), and another beta emission with Qu.x=3717.5keV (30% of the times)
plus a photon of 455.5keV with a mean life of 3.8 min. In case of our 100 kg ex-
periment, simple calculations reduce to 0.5 events per year the concerning decays
for a resolution of FWHM=1% (to 1.6 events per year for FWHM=3%). The use
of 20 cm (40 cm) of neutron shielding would decrease by 1 (3) orders of magnitude
these numbers.

4.7 Physics case of the NEXT experiment

Taking into account background estimates, signal detection efficiency and back-
ground rejection factors from previous sections, we estimate in this section the
sensitivity of the NEXT experiment to the 33% process, assuming the exchange
of a light Majorana neutrino. This physics potential is expressed in terms of sen-
sitivity or exclusion plots, which quote a sensitivity to the effective parameter
mgs (defined in Chapter 1) under some experimental conditions (exposure, en-
ergy resolution, background levels,...). Results are given for a 90% confidence level

(C.L.). The Nuclear Matrix Element used to compute mgg is taken from Reference
[RESVO06].

The best case for the NEXT experiment is that one in which all external back-
ground have been suppressed down to a negligible level by means of shielding. For
this particular scenario, the sensitivity achieved by the asymmetric SOFT TPC
can be seen in Table [4.10[ and Figure [4.6| where the effect of the energy resolution
is also shown.

4.7.1 Conventional TPC versus SOFT TPC

In the conventional, symmetric TPC described in Chapter 3, tracking and energy
measurement are performed with dense arrays of 17 R8520. About 2,500 of such
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Radioactivity source Tl (mBq) *“Bi (mBq)

Cathode 375 500
Anode 375 500
Vessel 740 740

Table 4.11: Radioactivity budget for the conventional STPC.

PMTs are needed, resulting in the radioactivity budget shown in Table[£.11} Notice
that the PMTs contribute now as much as the vessel, while in the case of the SOFT
ASTPC the dominant source is the vessel. The left panel of Figure [4.7] shows the
sensitivity that can be achieved with 90% C.L. as a function of the exposure. As

inferred from this figure, the sensitivity is similarly limited by the backgrounds
from the PMTs and the vessel.

In the SOFT, asymmetric TPC described in Chapter 3, tracking is performed by
MPPCs (or as a backup option by Micromegas) and energy measurement is per-
formed with sparse arrays of 1”7 R8520. About 250 PMTSs are needed, resulting in
the radioactivity budget shown in Table[4.6] Notice that now the PMT background
contributes much less than the vessel background. The right panel of Figure 4.7]
shows the sensitivity (90% C.L.) corresponding to this experimental setup. As
expected, this approach yields much better results than the conventional TPC.

An important conclusion is that no further improvement on the radioactivity bud-
get of the photosensors will have a significant impact until one manages to reduced
the budget coming from the vessel. This could be achieved by procuring more ra-
diopure steel and/or with alternative designs for the vessel (steel with an internal
lining of ultra-radiopure copper, use of lighter materials, etc). Figure com-
pares the sensitivity (90% CL) of the SOFT ASTPC with an optimized vessel —
ten times less background — with that with the standard one. Assuming such an
optimized vessel, sensitivity of mgg ~ 110 meV is achieved for an exposure of 500
kg-year. For comparison purposes, sensitivity of the NEXT experiment assuming
negligible backgrounds (thus depending only on exposure) is shown in same Figure.

4.8 Summary

We have described the physics case of the NEXT experiment. As it has been
proven, the NEXT experiment is capable of exploring the degenerate hierarchy of
the neutrino mass, and thus confirming or refuting results from the Heidelberg-
Moscow experiment. Moreover, sensitivity is expected to be improved in several
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Figure 4.6: Sensitivity to mgg at 90% C.L. of the SOFT ASTPC as a function of the
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Figure 4.7: Sensitivity to mgg at 90% C.L. as a function of the exposure, assuming
energy resolution of 1% at (Qgs. Left: sensitivity achieved with the conventional STPC.
Right: sensitivity achieved with the SOFT ASTPC. Solid line shows results when all
internal backgrounds are considered, meanwhile dashed and dotted lines show results
when only contamination from vessel and readout, respectively, are accounted for.
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(introducing ten times less background) vessel. The dashed line represents the sensitivity
when all backgrounds are negligible.

ways:

By improving the energy resolution (this, although theoretically possible,
may be difficult).

By fully exploiting the power of the topological signature. We expect to be
able to do much better than the conservative 1/30 rejection factor used in
this analysis. Preliminary studies show that 1/50 and even 1/100 could be
reachable.

By procuring more radiopure steel for the vessel. A reduction of two in 2°8T1
and at least two in 2'*Bi should be possible.

By adding an inner lining with ultra-radiopure copper (about 1-2 cm of 100
uBq copper).

By procuring more radiopure lead for the shield or exploring the possibility
of active shields.

The full exploitation of the topological signature, together with careful selection of
materials, is expected to reduce the internal background below one count per year.
Achieving this level for the external backgrounds will require active shielding.
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Chapter 5

The NEXT Project

The goal of the NEXT project is to build and operate the NEXT-100 detector at
the LSC. This is an ambitious enterprise, both scientifically and technically, and
it requires a strong collaboration, clear objectives and well defined deadlines. In
this chapter we describe our current definition of the project, that will, however,
keep evolving and improving, as the Collaboration expands and gains experience.

Finding new international partners with expertise in the field is one of the out-
standing challenges of the Collaboration.

5.1 Stages of the NEXT project

We are proposing to build a radiopure, gas high-pressure Xenon TPC based on elec-
troluminescence, with excellent energy resolution and tracking capabilities. One
needs to approach to this extremely challenging (and no less rewarding) goal in
well planned stages.

1. The first one involves acquisition of needed know-how and the equipment
of laboratories. We call this stage NEXT-0, and its main deliverables are a
set of small prototypes and a number of relevant measurements, including
a measurement of the energy resolution for our PMTs, and its dependence
with pressure, as well as the demonstration of the concept of tracking with
photosensors. NEXT-0 also involves several studies associated with the per-
formance of Micromegas in pure xenon and at high pressure. These setups
are very valuable in the future as lab installations to test specific solutions
and as characterization setups. Some of the forseen functions include testing
of degassings for several materials, details studies of sensor performance and
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development of calibration techniques.

2. The second stage of the project (NEXT-1), has a clearly defined goal: build-
ing a (non-radiopure) TPC, large enough to contain and track electrons in
the energy range relevant for 33% searches (for example those produced
by Compton interactions of the 660 keV gamma from 137Cs). NEXT-1 will
demonstrate the key ideas behind the SOFT concept: energy resolution, ca-
pability of tracking, topological signature, etc... It will also be essential to
address some of the most challenging technical issues: electron attachment,
UV light attenuation and wall reflectivity, drift field definition and gas purity.
We will also test some of the choices concerning mechanics and electronics
and will confirm the baseline option.

3. The third stage of the project is the construction of a radiopure TPC that
we call NEXT-10, intended as a 1/10 scale version of NEXT-100. This
detector is necessary to test at reasonable large scale all the final solutions for
NEXT, gain experience with radiopurity, measure all expected backgrounds
for NEXT (running with natural Xenon), and, if accessible, measure the
B3%* mode. NEXT-10 will be operated at Canfranc and it will require a gas,
veto and calibration system close to the final one.

4. The fourth stage of the project is called NEXT-100 and implies the con-
struction and commissioning of the NEXT-100 detector. NEXT-100 implies
a larger volume and probably tighter radiopurity requirements than NEXT-
10. However, there are few items that can be easyly scaled from the NEXT-10
prototype. These includes the pressurize vessel, the gas system, the calbra-
tion, veto system, electronics, and monitoring of gas purity.

5. The fifth and last stage of the project is to conduct the physics program of
NEXT. This is expected to start the first quarter of 2014.

The schedule for the different phases of the project is shown in Figure [5.1} The
different phases are overlapped, taken into account that most of the phases play
a role even after the next phase is started. Some obvious overlaps are comming
from the development of common infrastructure in Canfranc like the gas system.

In the next sections, we present a brief summary of the different stages of the
project.
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Figure 5.1: Roadmap of the NEXT project.
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5.2 NEXT-0

The first stage of the project focuses around studying several key questions for
NEXT using small prototypes built at IFIC, IFAE and UNIZAR.

5.2.1 Energy resolution measurements

IFIC is concentrated in understanding the measurement of the energy in NEXT
with resolution of at least 1% FWHM at QQg3. The first step in this program is to
measure the resolution as a function of the energy (using different gamma sources)
and as a function of the pressure, using a small 1-PMT chamber, called TFIC-0
(Figure [5.2] top). The PMT (a R8520 from Hamamatsu Photonis) is coupled to
the chamber using an optical window capable to withstand pressures of up to 15
bar. The setup includes a close gas system (Figure , bottom) and is capable
of reaching a vacuum in the range of 10~7 torr, essential to guarantee initial good
gas purity.

The system has been designed by IFIC, UPV & CIEMAT and is under construc-
tion (part of the system is built by Vacuum systems, a Valencia-based company
and another part is built at CIEMAT). The gas system has been developed in
collaboration between IFIC and Abell-Linde. We expect to start commissioning
the chamber and the gas system before the summer 2009. Many operational pa-
rameters will be tested: operative EL voltage, gas purity, energy resolution as a
function of pressure. A first study of the reflectivity of TTX will also be made.

This studies will also be conducted at Coimbra, which will use a different approach
(the PMT window will be placed inside the chamber). The combined results should
lead to at least one publication before the end of the year.

The measurement of energy with 1% resolution requires a refined calibration of
the PMTs. IFIC has already acquired 18 R8520 (needed for NEXT-1). These will
be calibrated during the next few months at IFIC. The readout electronics for the
PMTs will be developed by the ITACA group (UPV), and the on-line software
and DAQ by CIEMAT. CIEMAT will also study how to reinforce the R8520 to
make it capable of standing at least 10 bar.

5.2.2 Tracking function with photosensors

Building a tracking system based on EL and photosensors is a new concept. Before
building NEXT-1, we want to test as many aspects as possible of this concept.
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Figure 5.2: Top: a scheme of the IFIC-0 Chamber. Bottom: the chamber together with
the gas system.
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Figure 5.3: Top: a detail of the field-cage of the IFAE chamber. Bottom: Hamamatsu
APD.
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To this extend, few MPPCs from Hamamatsu will be characterized at IFIC, Coim-
bra and CIEMAT, addressing also the issue of shifting the light from UV to Blue
(coating with TPB or WLS crystals are two interesting possibilities).

At the same time, we will use the prototype chamber at IFAE (IFAE-0) to study a
prototype tracking pixel plane that will use first LAAPDS and later MPPCs. The
prototype IFAE-0 has been already contructed and it is being commissioned. The
chamber, see Fig. [5.3] is able to sustain 10 atmospheres and has an inner active
volume of 10x10x 15 cm? that is enough to identify electron tracks of low energy.
IFAE is also contructing a small chamber to be able to study degassing properties of
materials and check the performance of single photosensors. The IFAE-0 setup also
includes a close gas system developed together with the IFIC group and based on
the experience of a similar setup at the Coimbra University. Large Area Avalance
Photo Diodes (LAAPDS) are an interesting option as tracking photosensors due
to their large area, large Q.E. to the UV (no WLS needed) and pressure resistance.
There exists considerable experience in the use of this sensors both at IFAE and
Coimbra, and we have around 16 units available from Hamamatsu. It is then
possible to build a small tracking plane in a short time, avoiding some of the
complications (such as WLS) that must be carefully understood with MPPCs.
Our goal is to understand tracking (sensors intercalibration, position resolution,
transverse dispersion of the EL light, ...) with proven technology (APD) using the
prototype chamber at IFAE(Fig. In parallell, we will develop the techniques
for detecting DUV light with MPPCs.

5.2.3 Studies of performance of Micromegas

The UNIZAR group has initiated an R&D program whose main deliverable during
the NEXT-0 phase is the demonstration that Micromegas can be operated in
an stable way in pure xenon and at 10 bar pressure. Other goals include the
investigation of the possible use of a quencher (for example a small amount of CFy),
which does not degrade resolution, does not quench the UV light and improves
operation, including the possibility of a smaller transverse diffusion. These studies
involve a detailed understanding of gas purity and the control of impurities that
can cause electron attachment and are, therefore, of uppermost importance, not
only for the Micromegas development but for the general understanding of the

NEXT TPC.
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Figure 5.4: The setup for NEXT-0 studies at UNIZAR.
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5.2.4 Gas system

The gas system is one of the key elements that must be controlled by the ex-
periment. Figure shows the schemes of the gas systems at Zaragoza and
IFAE/IFIC. Both systems try slightly different approaches that will be throughly
tested, so that the gas system to be installed at the LSC (for NEXT-10) incor-
porates all the gained know-how. The gas system in Zaragoza uses a pump to
recirculate and pressurize the gas circuit, while IFIC and IFAE uses the convec-
tion of the gas from a hot point in the circuit that was succesfully used at the
Coimbra University for years. The other difference appears during the xenon re-
covery procedure. IFAE uses schemme closer to that of Coimbra while IFIC uses
a commercial product. The three cases have a similar cleaning procedure based
on hot getters.

5.2.5 Software and simulation

Simulations are fundamental at this stage of the project to help during the design
of the different prototypes. Issues like the proper pixelization, the impact of the
walls reflectivity, the dynamic range of the photosensors, shapping and sampling
time of the electronics, etc. The main deliverables of the Software project in NEXT
during the NEXT-0 phase are:

1. To define and implement the event data model for NEXT.

2. To develop a Monte Carlo simulation capable of generating the basic physics,
detector response and digitisation.

3. To develop a prototype framework for analysis.
Most of this deliverables are well under way. For example, a detailed Monte Carlo

simulation developed at IFIC and UNIZAR has already produced the large data
used in the physics studies presented in Chapter 4.

Simulations will also allow us to understand the response of the various prototypes
used to study the energy resolution and tracking function in NEXT.

5.2.6 Radiopurity

The following milestones have been fixed for NEXT-0 phase:
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1. To search for available information on radiopurity of relevant materials in
existing databases and compilations of data.

2. To create a database to manage the requests of new measurements and to
store the results.

3. To assess the need and possibility of performance of other techniques than
gamma spectroscopy with HPGe detectors underground for measuring ra-
diopurity of components.

4. To determine the availability of existing detectors owned by the group of the
University of Zaragoza and operated at the Canfranc Underground labora-
tory (several Ge and Nal detectors) for screening materials related to NEXT
and to perform some measurements if possible.

The last point is of particular importance. We need to start building the NEXT
detector no later than 2011, and the LSC main installations will not be available
until 2010. We believe that is mandatory for NEXT to find a solution to operate
in the old LSC installations, using existing detectors, in order to gain experience
and assess the radiopurity o some of the key components of the detector (PMTs,
MPPCs, Micromegas, among others).

5.3 NEXT-1

The goal of the NEXT-1 phase of the project is to demonstrate that NEXT can
achieve both the energy function with the target resolution of at least 1% and the
tracking function. A non-radiopure prototype will be built and commissioned in
2010, and operation will extend until 2011. NEXT-1 will remain a test facility
so we can continue some of the developments on the scope of NEXT-100 while
building the NEXT-10 in case the nominal performance is not achieved.

5.3.1 NEXT-1 prototype dimensions and equipment

NEXT-1 will be a SOFT ASTPC capable to withstand an operative pressure of
at least 10 bar. The active surface will be a cylinder of R=20 cm and L=30 cm,
for a total mass of natural Xenon of about 2 kg. A sketch is shown in Figure [5.6]

The dimensions of NEXT-1 are sufficient to fully contain Compton interactions
of the 660 keV gamma from *"Cs. The maximum drift length of 30 cm is also
sufficiently long to measure electron attachment and UV light attenuation. The
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Figure 5.6: A sketch of NEXT-1.

Figure 5.7: Energy plane of a prototype TPC (J. White, TAMU).
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Figure 5.8: Conceptual drawing of the SiPMT plane. Notice the small sensors separated
by a pitch of 1 cm.

inner walls of the field cage will be covered with a high-reflectivity material, prob-
ably TTX. A plane of 18 PMTs will be located behind the transparent cathode
to read the scintillation and EL light (both direct and reflected). See Figure
for a similar setup. The EL grids will be separated by 5 mm and will operate
at an E/P of 4 kV-bar™!- m~'. A tracking plane of MPPCs, containing about
400 sensors at a pitch of 1 cm will be installed behind the anode (Figure . If
the results of the NEXT-0 phase of the project are encouraging concerning the
operation of Micromegas in pure Xenon at high pressure, we will also test a plane
of Micromegas with a similar pixelization.

NEXT-1 will demonstrate convincingly the capability of NEXT-1 to achieve at
least 1% energy resolution, convoluting not only the intrinsic Fano factor (one
would extrapolate a value as low as 0.4% FWHM at Qs from this fluctuation
source) but also several other effects: light attenuation (due to the presence of
impurities, such as water), fluctuations due to variations on reflectivity, and fluc-
tuations associated to the calibration of the PMTs and readout electronics.
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5.3.2 Technical issues

During NEXT-1 phase, we should also demonstrate that:

1. One can drift the ionization charge in pure Xenon for at least 1 m without
degrading the performance due to attachment.

2. Photosensors and electronics short-term stability.

3. Water and other contaminants are present in so small proportions that UV
light is not attenuated in the TPC.

4. Reflectivity of the TPC walls is large anough for our purposes.

5. Signals can be taken out via feedthroughs or preprocessed with front-end
electronics near the readout planes.

6. Gas operation.

7. Long-term stability like degradation of reflective walls or photosensor re-
sponse degradation due to DUV radiation.

8. Uniformity and stability of the drift electric field.

5.3.3 Gas system

The gas system will be very close to those used in the NEXT-0 prototypes. The
larger inner volume might require large recirculation flux but no big step is ex-
pected at this phase. The main activities during this phase of the project will
concentrate in the design of the NEXT-10 gas system. This includes most proba-
bly tools to calibrate gas properties and monitor their stability.

It is also relevant at this stage of the project to devote some effort to the definition
of the sequrity protocols for the operation of vacuum and pressurize systems inside
the laboratory.

Coimbra University has been contributing to the gas system for the XENON col-
laboration and they are in a good position to play a leading role in this project.

5.3.4 Calibration

NEXT-1 will be the first prototype to exercise calibration concepts. We need to
perform four important tasks:
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1. The intercalibration of the energy measurement photosensors.
2. The absolute energy calibration.
3. The intercalibration of the tracking photosensors.

4. The characterization of the gas properties: photon absorption, electron dis-
persion, velocity and attenuation.

As part of the calibration we need to understand also the thresholds obtained from
the different technical solutions that have been adopted. NEXT-1 is also the ideal
place to test the different calibration solutions that we will adopt for the NEXT-
10 prototype. The design of the ancillary around the calibration (electronics,
monitor chambers, radioactive source handling, etc...) will take place in this
phase previous to the contruction for NEXT-10 prototype.

Some safety issues like the hadling of radioactive sources has to be developed with
the LSC at this stage.

5.3.5 Photosensors

During this phase the photosensor mechanical integration and calibration will be
developed. It is critical to define the protocols to build large amount of them into
large areas under extrict conditions of cleanliness and radiopurity. NEXT-1 can
be used as a prototype to test some mechanical solutions if needed.

5.3.6 Electronics

The final design of the electronics will be fixed during this phase. Prototypes
will be used at the NEXT-1 phase so we can correct design or implementation
problems. The next level, NEXT-10, will require a large amount of electronics
and we have to consider delays in the construction and testing procedures. This
is even more relevant if we finally take the decision to build custom electronics.

5.3.7 Radiopurity campaign
In 2010 an intense program of radiopurity measurements must be conducted at the
LSC with the aim of screening the materials that will be used for the first radiopure

prototype (NEXT-10). At this stage we will have already a conceptual design
of the NEXT-10 including materials and many of the detector components will
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be screened in Canfranc: TPC inner volume material, photosensors, electronics,
cables, etc. ..

5.4 NEXT-10

The goal of the NEXT-10 phase of the project is to demonstrate that NEXT can
achieve both the energy function with the target resolution of at least 1% and the
tracking function while being a radiopure detector. In addition, NEXT-10 will
allow us to measure the backgrounds of NEXT-100. NEXT-10 is expected to have
a total fiducial mass of about 10 kg of depleted or enriched Xenon. The inner size
of the prototype will be of the order of 0.2 m?.

Unless we find that the 83%” mode is accessible the detector will run with natural
xenon. NEXT-10 will incorporate solutions that we consider final or close to
final for the energy and tracking planes and will be constructed from radiopure
components.

The detector will be used to collect ample statistics to understand our backgrounds
(this is easy to achieve by simply not shielding it from the gammas emanating from
the laboratory wall), as well as the effect of passive and perhaps active shielding.

NEXT-10 will be built in 2011 and commissioned and operated in 2012 and further
on.

5.4.1 Gas system

The gas system is an evolution of the ones installed for the NEXT-1. The loca-
tion inside the Canfranc laboratory adds complexity to the problem. The main
diferences with previous gas systems are:

e Large recirculation flux

e Large recovery containers. Probably the recovery techinque should be changed
from liquid Nitrogen to pressure pump.

e Technique for gas purification might differ.
e Radon purifier might be neeeded.

e Enriched Xenon gas will be used so all fast recovery techniques will be on
place.
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The NEXT-10 gas system is almost a one to one scale of the final one. NEXT-10
will be operated in parallel with NEXT-100 for some time and we need separated
circulation gas systems.

One of the critical issues to be developed in coordination with the mechanics
working group are the safety and the fast recovery system in the account of a
large gas leak. Both the early detection and the protocol to minimize loses will be
included in the early stages of the mechanics and gas system designs.

NEXT-10 will also be the final test of the ability of the gas system to keep the
required purity. The understanding of light absortion and electron attachment will
be finally confirmed at this phase. The scale of the detector and gas systems will
allow us to extrapolate to the final detector.

5.4.2  Active and passive Veto

NEXT-10 will be the first full prototype requiring the external active and pasive
veto. It is very important to understand the level of rejection achieved with the
selected solution. Due to its smaller size we could also consider the possibility to
operate the detector with and without shielding to understand the real impact of
the shielding. For the long run, NEXT-10 might be a good testbench to measure
and understand the laboratory background and the impact on the NEXT physics.
Another issues to be considered are the mechanical supports and infrastructure
that will be common to the later NEXT-100 detector.

5.4.3 Mechanics

Some of the basic mechanics parameters will be tested at this stage. The pressurize
vessel with all services feedthroughs can be tested with this last prototype. There
are other issues like the uniformity of the drift electric field, cathode high voltage
(up to 100 kV) feedthroughs, gas in and outlets,... These points will be finally
fixed at this project phase and transported to the final NEXT-100 detector.

The construction of the detector vessel and the assembly of photosensors will be
done in a clean room environment. The usage of the LSC clean room is a good
option for NEXT-10. This could serve as a good trainning for the aseembly of the
NEXT-100 detector that is larger in volume and complexity.

The detector is suficiently large to show material deformation and mechanical
assembly precission similar to the final NEXT100. Early tests of this requirement
will allow to improve the design for the final NEXT-100.
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5.4.4 Calibration

A prototype of the final calibration system will be installed at the NEXT-10. This
prototype will be very similar from the size and the performance to the NEXT-100.
The goal of the calibration system will be to obtain the target energy resolution
and required stability. This includes intercalibration of sensors, absolute energy
calibration, electronics calibration and gas monitoring.

5.4.5 Photosensors

NEXT-10 represents the first attempt to operate large amount of photosensors
(~900 MPPCs and ~50 PMT’s ). The design of the testing procedures and the
machanical integration will be done during this phase. The construction of readout
planes has to be done under clean conditions. The procedures were developed
already in the previous phase.

5.4.6 Electronics

Final design of the front-end and back-end electronics will be installed at the
NEXT-10 prototype. The scale of the system will be already one forth of the
total. Data Acquisition system, trigger (if any) and data shipping will be installed
in LSC at this stage. NEXT-10 is also an excellent bench mark to understand issues
relevant to the DAQ like data reduction, event rate and data storage schemmes.

5.4.7 Slow Control

NEXT-10 will have the level of complexity and safety similar to the final detector
requiring a full slowcontrol system running by this time. We do not expect big
changes except on the number of monitor parameters when we operate NEXT100.
That implies that most of the development has be finished by the starting of
NEXT-10 such that the Slow Control will be installed at this stage.

It is crucial the monitoring and the testing of safety aspects of the experiment like
the gas leakage detection and High Voltage control. We envisage the same system
to control and monitor the NEXT-10 and NEXT-100 detectors.
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5.4.8 NEXT-10 at the LSC

The main prototype will sit in an space of 2x2 m? (1 m? central to accommodate
a TPC vessel of a few kg of Xenon at 10 bar pressure, plus a surrounding area to
install different shielding configurations of a max of 50 cm thickness). This central
area must be under the action of the crane, together with some extra empty space
to assist in the installation of the heavy pieces of the setup. The rest of the space
is used for gas equipment, electronics, clean air flow cabinet and general working
area.

5.5 NEXT-100

The TDR for NEXT-100 will be prepared during 2012 and construction will pro-
ceed during 2013. We expect to commission the detector by the end of 2013.
NEXT-100 will be operated in Hall A.

5.5.1 Active and Pasive veto

The larger NEXT-100 volume imply additional mechanical difficulties in the con-
struction of the veto and shielding. The external dimensions of the NEXT-100
detector might be as large as 3 meters high and 2 meters long. The shield and
veto has to be designed also to provide access to the readout of the detector and
allow openning of the chamber for maintenance.

5.5.2 Mechanics

NEXT-100 detector will be scaled up from the NEXT-10 prototype. However, the
change in scale and the new location inside LSC imply changes in the detector

layout. Veto and shielding, gas distribution system and electronics has to be
adapted from those in NEXT-10.

5.5.3 Gas system

Gas system will be separated from the one in NEXT-10 prototype to allow per-
forming tests with the NEXT-10 prototype. The new gas system will not be very
different from he one of the previous phase but we expect to apply some changes
based on the accumulated experience. The main difference will be the system size.
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The recovery system, and gas storage will be a factor of 10 larger. Recirculation
flux and gas purification will be also larger.

5.5.4 Photosensors

The production of photosensor readout planes is one of the most consuming man-
power tasks in this phase. The need to perform the integration under clean and
radiopure conditions. NEXT will actively search for installations at the different
labs, including the clean room in Canfranc, to define an efficient assembly line.

5.5.5 NEXT-100 in LSC

The activities regarding the installation and commissioning of NEXT100, will re-
quire an additional larger space in hall A, as well as other needs in terms of
electrical power, gas delivery and others. Preliminary estimates of the required
space is shown in Tabld5.1] The biggest element of the whole experiment will be
the final high pressure TPC, which together with its shielding could possibly need
a space of 20-30 m?. If we need to go to active/radiopure veto systems (liquid
scintillator, water), this need for space may grow up to 100 m? or more.
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Support structure  Area (m?)
Mobile Clean Room 3.3

Gas Bottle storage 3.2
Total 6.5
Fixed structures Area (m?)
Cabin for gas 0.7
Xenon recovery system 6.5
Tank for storage and fast recovery 2.3
Electronic racks 3.5
Total 13.0

Detector Estimation Area (m?)

NEXT-10 detector 2.3
NEXT-100 detector 21.5
Total 23.8

Table 5.1: Preliminary estimation of the key elements used for the space requirements
of the final NEXT 100 detector.
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