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New generation dark matter experiments aim at exploring the 10 -9 -10 -1 0 pb c ross-sec tion region for Wimp-nu c leon sc alar interac tions. Neu trons and gammaray s, du e to radioac tiv e proc esses, are produ c ed in the detec tor c omponents and are one of the main fac tors that c an limit detec tor sensitiv ity . E stimation of the b ackgrou nd from this sou rc e then b ec omes a c ru c ial task for designing fu tu re large-sc ale detec tors. R adioac tiv e b ackgrou nd ev ent rates from some detec tor c omponents (su ch as c opper and stainless steel), as well as from rock and c onc rete (lab walls), were estimated in this work for a hy pothetic al c ry ogenic dark matter detec tor (for instanc e E u r e c a ) with a target mass of 100-1000 kg. D iff erent shielding c onfi gu rations (water, lead, poly ethy lene, plexiglass) were c onsidered. Neu trons and photons were propagated to the detec tor u sing G e a n t 4 . S ome req u irements for the radio-pu rity of the materials were dedu c ed from the resu lts of these simu lations. T hickness of shielding in diff erent c onfi gu rations and the req u ired gamma disc rimination fac tor were inv estigated.

Introduction

Theories beyond the S tandard Model, such as S up ersymmetry (S US Y ), p rovide good c andidates for the non-baryonic dark matter in the Universe, for instanc e Wimps or W eakly Interac ting Massive P artic les. The direc t detec tion of such p artic les is based on observation of their elastic sc attering (nuc lear rec oil) on a suitable laboratory target. S mall nuc lear rec oil energy E r (E r 100 keV) and very low p robability (betw een 1 and 1 event/ kg/ day) charac terise the interac tion, therefore a very low rate of background events c an be tolerated. This req uires an underground laboratory (dep th 1 of 3 km w. e. or more) and strict monitoring of any possible source of radiation. Such laboratories are capable of screening a detector from more conventional signals induced by cosmic rays (the layers of rock reduce their fl ux by a factor of 10 5 -10 7 with respect to the surface). Evidence from theory and experiments suggests the 10 -9 -10 -10 pb region as the probable one for the Wimp-proton cross-section [1]. Reaching such a level of sensitivity requires a tonne-scale mass for the detector and at the same time radio-purity requirements become more constraining.

Detector design studies require careful treatment of all kinds of background. Extensive simulation work can help in evaluating background suppression and rejection strategies, requirements on the depth, amount of passive shielding, purity of materials, veto efficiency etc for a given experiment. High-Z material and low-A material are known to be efficient in suppressing gamma-ray and neutron backgrounds respectively. Many factors can infl uence the selection of appropriate materials for construction, most important are contamination, availability and cost.

The goal of this paper is to outline requisites for a dark matter experimental set-up, that can significantly reduce radioactive background coming from laboratory walls, shielding and some detector components.

Alphas, electrons/positrons, gamma-rays (X -rays) and neutrons are the kinds of particles that may be present among the radioactive decay products. Alphas and electrons, because of their very short range (few microns and few millimetres respectively) due to ionisation energy loss, need to be produced very close to the detector fiducial volume to generate visible eff ects. Neutrons and gamma-rays can reach a dark matter detector from a large distance producing low-energy nuclear or electron recoils, respectively. High-energy electrons can produce bremsstrahlung photons with sufficient energy to reach the detector.

Gamma-rays can be suppressed using passive shielding or rejected by special identification tools. Gamma-ray fl ux from radioactivity usually exceeds by several order of magnitude the neutron fl ux. However, gamma-rays generate electron recoils (e-recoils) in dark matter detectors that can be relatively easily discriminated from nuclear recoils (n-recoils) expected from Wimps. Typical discrimination factors achieved in advanced dark matter detectors are of the order of 10 3 -10 5 (see, for instance, [2,3,4,5]), i.e. only one electron recoil out of 10 3 -10 5 survives the discrimination cuts without significant loss of nuclear recoil events. F or any future dark matter detector aiming at probing the region of parameter space favoured by SUSY models (down to 10 -10 pb) the gamma-induced background should not exceed the discrimination factor reducing the number of background events due to gamma interactions passing all cuts to less than one for the whole period of observations.

Neutron background can be attenuated by the use of passive shielding. Its suppression is essential, because neutron interaction with the target can give the same signal as the one expected from Wimps. Some fraction of neutrons can be rejected using coincidence with an active veto system if positioned just around the target. The efficiency of such rejection in realistic conditions is not high, however, due to the difficulty in building a low-threshold veto system surrounding the target from all sides, that would not introduce any additional background in the detector itself [6 ]. In future large-scale experiments, neutrons from radioactivity in detector components may become a factor that limits the sensitivity of the detector.

B ackground studies for a large-scale detector can be found in Ref. [7] for a xenon target. In the present paper, for the first time, a large cryogenic detector with Ge crystals as the target was modelled. We estimated event rates from some possible radioactive sources in the experimental set-up. The following materials were examined as sources of background radiation: rock, concrete, lead, polyethylene, plexiglass, copper, stainless steel.

Simulations presented in this paper aim to investigate possible design solutions for Eureca (European Underground Rare Event Calorimeter Array) [8]. The Eureca collaboration focusses on cryogenic dark matter search in Europe. It is composed of the C resst, Ed elw eiss and R o seb ud experimental groups and other institutes and scientists, that have joined the collaboration in recent years. Eureca will use a target mass of up to one tonne to explore Wimp-nucleon scalar scattering cross section in the region of 10 -9 -10 -10 pb. A major advantage of Eureca is the planned use of more than one target material (multi-target experiment for Wimp identification). The ability to test the A-scaling of the Wimp-nucleon scattering cross section will be an important tool for confirming the signal as being a positive evidence for Wimp interactions, also reducing systematic errors. Here we concentrated mainly on germanium crystals, other candidate targets for Eureca are CaWO 4 and other solid state scintillators.

The L aboratoire Souterrain de Modane (L SM) has been selected as a host laboratory for Eureca. The design of the experiment and a new underground laboratory hall to host it are not finalised yet. These simulations are contributing to the design of this new cryogenic dark matter experiment Eureca, its infrastructure and the new laboratory hall.

An outline of radioactive background simulations for 100 kg target is presented in Section 2. Simulations and results are described in two separate sections depending on the background source considered: Section 3 -for laboratory walls and Section 4 -for shielding and detector components. First simulations for a tonne-scale target mass are presented in Section 5.

Background from radioactivity imposes severe constraints on the sensitivity of detectors and dominates over the cosmic-ray induced background at a depth of 3 km w. e. by three orders of magnitude. Background comes from U/Th decay chains, as well as from the decays of 40 K, 6 0 Co and some other long and short-lived isotopes. Passive shielding and active rejection techniques (e-recoil discrimination) provide further suppression of gamma background, however neutrons are more penetrating and more dangerous: a single nuclear recoil from neutron elastic scattering cannot be distinguished from the predicted Wimp-signal. Hence, neutron background must be well understood. Monte Carlo simulations are a valid investigative tool for this purpose.

In our simulations neutrons associated with local radioactivity were produced via spontaneous fission of U and (α,n) reactions initiated by α-particles from U/Th traces in the rock and detector components. Gamma-rays were produced by U/Th decay chains and 40 K. Decay chains were assumed to be in secular equilibrium.

Rates and spectra for gamma-ray production do not depend on the material for a fixed radioisotope concentration and are available from databases. They can also be generated with Geant4 [9 ], as was done in Ref. [10] and used here. Neutron spectra depend on the material even for fixed radioisotope concentration because of the material-dependent cross-section of (α,n) reactions and branching ratios for transitions to excited states. This makes the neutron flux calculation more difficult compared to gamma-rays. The measurements of neutron fluxes and spectra in various materials are not straightforward either. The neutron spectra have to be evaluated for all materials relevant to dark matter searches. Neutron yields and spectra were calculated in this work, as described in Ref. [11], using a modified version of S ources4A [START_REF] Wilson | SOURCES4A: A Code for calculating (α, n), spontaneous fission, and delayed neutron sources and spectra[END_REF]7,[START_REF] Lemrani | [END_REF].

Empire2 . 1 9 [14] was used to calculate (α,n) cross-sections and branching ratio for transitions to excited states. These data were then added to the library of S ources4A . This was done for most of the materials used in detector construction. Primary particles (neutrons and gammas) were generated as evenly distributed in the source and emitted isotropically. Geant4 v9 .1 was used to propagate particles through the experimental set-up. The experimental hall was designed to be similar to that of the existing Modane Underground Laboratory (LSM), located at a minimum depth of about 1450 m or 4000 m w. e., with a siz e of 30 m (length) × 10 m (width) × 10 m (height). Fig. 1a shows the laboratory hall with Ge detectors surrounded by shielding. Fig. 1b shows the cryostat consisting of two copper vessels (inner vessel with a thickness of 0.5 cm and a mass of 139 kg, and an outer vessel with a thickness of 0.5 cm and a mass of 181 kg) containing about 100 kg of Ge supported by a copper plate with a thickness of 1 cm and a mass of 22 kg. The cryostat has a diameter of 67 cm and a height of 1.61 m. The crystals are arranged in 27 layers, each containing 12 crystals with a maximum diameter of 7 cm, a height of 2 cm and a mass of about 300 g each. The crystals (see Fig. 1c) are similar to those described in Ref. [15]. Total detector mass has been increased to about one tonne in the 2nd round of simulations (see Section 5). The size of the cryostat has been increased too to hold the larger mass of target and cold electronics. Although we used the simplified design of a dark matter detector based on Ge target, it enabled us to estimate the background rates due to neutrons and gamma-rays from the most massive detector components and determine the requirements for passive shielding.

The statistical uncertainties of the simulation results reported here do not exceed 5% , being of the order of 1% for most reported configurations. 

B ackground from laboratory w alls

The experimental hall in the model was similar to that of the existing Modane laboratory. It was surrounded by a 30 cm thick concrete layer. Gamma-rays and neutrons were generated evenly in a 30 cm thick layer of concrete and a 3 m thick layer of rock and emitted isotropically. The elemental compositions for rock and concrete were taken from Ref. [16] with small corrections based on recent analysis of the rock samples [START_REF] Lemrani | [END_REF]. Despite differences in the composition and radioactive contamination, which can be found in Table 1 and 2 respectively, the neutron spectra and absolute fluxes are similar for concrete and rock as shown in Fig. 2a. Consequently beyond 30 cm of concrete with radioactivity levels as measured in the existing Modane laboratory, the gamma-ray and neutron fluxes from concrete will largely dominate over those from rock (see Fig. 2b). It turns out that the 30 cm thick concrete layer contributes 96% to the total gamma-ray and electron fluxes beyond the shielding and 97% to the total neutron flux, so the rock fluxes can be neglected.

Some elements with high neutron capture cross-section may affect significantly neutron transport through rock or concrete. Since the capture cross-section rises with decreasing neutron energy, this will affect only low-energy neutrons which do not contribute to the nuclear recoil rate in dark matter detectors. The validity of the model for neutron transport through Modane rock and concrete was validated by the measurements of neutron flux in the laboratory [17]. 

Lead and hydrogenous shielding

Usually low radioactivity lead and copper are used to attenuate gamma-ray background from laboratory walls. Lead is preferred as shielding for gamma-rays because of its higher density and high Z. It was shown in Ref. [6] that 20-25 cm of lead can attenuate gamma-ray background by 5-6 orders of magnitude, depending on the energy. Two materials were considered for neutron shielding: polyethylene and water, both beyond 20 cm of lead. 1 and2. The spectra are obtained by propagating neutrons from evenly distributed sources in rock/concrete, using Geant4 v9.1, in the geometry set-up of Fig. 1a.
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Simulation results for background sources located outside the cryostat are summarised in Table 3, details on the background sources considered, are also included. The first column reports the location of the radioactive sources considered along with their total mass and concentration of radioactive nuclides; the second column shows the shielding configurations (between the radiation source and the crystals); the electron and nuclear recoil event rates are given in columns three and four respectively. To quantify the detector sensitivity to the Wimp-signal, we present the results as a rate of single recoil events in the energy range 10-50 keV in a year, assuming a threshold of 10 keV for an energy deposition in any individual crystal. If for a primary neutron both single n-recoil and e-recoil were detected above the threshold, the event was rejected, since it will not be seen as a pure n-recoil due to the high discrimination power of the Ge detectors. No position sensitivity was assumed within a single crystal, and multiple scattering in a single crystal was considered as a single recoil event. If an event consists of an energy deposition of more than 10 keV in one crystal, accompanied by another deposition of less than 10 keV in a different crystal, then this event was treated as a single recoil. Event selection concerning gammas was performed using similar criteria as for neutrons, the only difference is the absence of n-recoils in gamma-ray induced events.

Table 3 (first two rows, columns 3-4) shows that 50 cm of CH 2 or 60 cm of H 2 O can attenuate the n-recoil event rate to a negligible level of 1 event per year. Polyethylene performs better due to its slightly higher fraction of hydrogen compared to water. Neutron fluxes from concrete, beyond different layers of polyethylene and water are shown in Fig. 3. Our results for CH 2 shielding agree with those reported previously in Refs. [7,[START_REF] Lemrani | [END_REF]. Our simulations were carried out with version 9.1 of Geant4, whereas previous simulations were using an earlier Geant4 version [7] and M CM P X [START_REF] Lemrani | [END_REF].

Water shielding

Large-scale dark matter detectors will require significant investment. To reduce the cost of the experiment and optimise the shielding and active veto system, an option of having an instrumented water shield can be considered. Water is the cheapest material available for shielding and can be purified. Used in large quantities it can cope with both gamma and neutron backgrounds. This makes water very attractive as shielding.

The construction of a new laboratory allows two options for water location: a water tank with the immersed cryostat or a layer of water along the lab walls. In the first case (see Fig. 4a) the cryostat is directly immersed in water; in the second case the water is contained in a stainless steel tank along the walls, as shown in Fig. 4b. Another advantage of using water is that it can be used as an active veto system, if instrumented

Neutron Energy [keV] with PMTs. PMTs will detect Cherenkov light produced by high-energy muons or secondary particles in muon-induced cascades. In this way an additional background rejection is provided by tagging muon induced events in the veto in coincidence with a target signal.

We considered water as an alternative shielding against neutrons and gamma-rays. To shield the detector from gamma-rays will require a thickness of water well above the 60 cm needed for neutron background suppression (see Section 3.1). A thickness of 2-3 m of water was investigated in the set-ups shown in Fig. 4 -cryostat immersed in water or water along the laboratory walls held in a tank. Fig. 5 shows the fluxes of gamma-rays and electrons (combined) coming from thorium in concrete, beyond different layers of water. Figure 6 shows the spectra of single erecoils in Ge beyond 3 m of water due to gamma-rays from U, Th and K in concrete, concentrations of Table 2 being assumed. The event rate is dominated by the contribution from thorium. More than 50% of events above 10 keV are single e-recoils. At 10-50 keV single e-recoils largely dominate the background rate.

Table 3 (third row) summarises the event rate due to single electron recoils at 10-50 keV initiated by photons coming from concrete beyond a 2-3 m thick water shield. Using 3 m of water, the sum of U, Th and K gives about 1300 events/year in 100 kg of Ge, requiring a discrimination factor of about 2 × 10 3 for their suppression. To achieve efficient attenuation, a thickness of 3 metres of water is required, leading to a full size for a 100 kg scale experiment of more than 6.5 metres in diameter and probably more than 7.5 m in height. A large-scale detector (1 tonne) may require a slightly thicker shield and bigger size for the full system, or better discrimination power, which is known to be achievable in cryogenic experiments [2,3]. The CDMS Collaboration has achieved with Ge detectors a discrimination factor of better than 10 4 against gammainduced background and better than 10 6 against surface beta events [3]. Similarly the discrimination of Ge detectors in EDELWEISS-II was reported to be better than 10 5

against gammas and better than 10 4 against surface betas above the energy threshold of 15 keV [2].

Another option could be having water around the lab walls, contained in a stainless steel tank (Fig. 4b). The detector will be exposed to the background fluxes from the inner vessel of the water shield. The mass of the steel depends on the lab size and varies with the lab design. Assuming a thickness of 2 cm for the vessel, the total mass of steel is 121 tonnes. We assumed that the cryostat does not have any shielding from the radiation produced inside the lab hall. The benefit of this solution is an experimental hall free of any shielding and direct access to the detectors. The thickness of water should be similar to that found in the case of water tank around cryostat, but it turns out that the radiation from the inner vessel of the tank increases e-recoil rate to almost 10 6 events/year, while 17 nuclear recoils in a year of running are expected. To proceed with this set-up, extra shielding is necessary, as will be discussed in Section 4.2.

Figure 7 shows the energy spectrum of single Ge recoils induced by neutrons from the uranium decay chain in the vessel of the water tank. To study the effect of the threshold the spectrum is plotted for an energy threshold of 5 keV rather than 10 keV as on the previous graphs. The event rate per year for an energy range of 10-50 keV is found to be 12.8 from U and 4.4 from Th decay chains. Decreasing the energy threshold to 5 keV increases the rate of single Ge recoils to 15.4 from U (20% increase).

Figure 8 shows the energy spectra of single and multiple e-recoils induced by gammarays from the uranium decay chain in the vessel of the water tank. For multiple recoils the total energy deposited in an event is plotted on the horizontal axis. Reducing the energy threshold below 10 keV does not add much to the background event rate. The event rate for 1-50 keV range is about 12% higher than for 10-50 keV range .

Background from shielding and detector components

Shielding, as well as any detector components, produces background radiation that, if not sufficiently controlled, would affect the detector sensitivity. Only very pure materials should be placed close to the detectors. In the following sections some components of Figure 8: Energy spectra of e-recoils in 100 kg of Ge from 1 ppb of uranium in the inner vessel (30.2 tonnes of stainless steel) of the water shield. For multiplicities more than 1, the energy threshold for individual crystals was set to 10 keV but the energy is counted as the sum of all energy depositions in all crystals.

the shielding and the cryostat vessels are examined as radioactive background sources.

Results are summarised in Tables 3 and4. In the latter background sources are located within the cryostat. For some cases only neutron or gamma-ray background was simulated resulting in empty cells in the table. This was the case, for instance, for the gamma-ray background from rock, which was shown to be sufficiently suppressed by 20 cm of lead to achieve the required sensitivity for any large-scale detector [6].

Similarly, knowing that 60-70 cm of water attenuates the neutron flux down to desired level, there was no need to simulate neutron transport through 2-3 metres of water. For some cases the simulation for specific geometry has not been done but an approximate result can be obtained by extrapolating similar simulations for slightly different geometry.

Without shielding the neutron and gamma induced background rates would be ∼ 10 5 and ∼ 10 9 events per year, respectively. 

Metallic materials

Metallic materials are present in large quantities in any experimental set-up: in shielding or detector components (cryostat, holders, pipes, etc.).

A mong them, lead, stainless steel and copper are the ones w idely used in dark matter searches. L ead w ork s as a v ery effi cient shield against gamma b ack ground. S tainless steel and copper are usually used to b uild detector v essels. L ead and stainless steel are av ailab le w ith typical contamination lev els of ab out 1 ppb for U and T h, and 1 ppm for K or slightly less. F or copper these fi gures can be smaller by 2 orders of magnitude at least, electrolytic copper (quality N O SV from N orddeutsche Affinerie, G ermany) [18 , 19 ] is available with a contamination level of < 1.6 ppt for U, < 5.6 ppt for Th and < 2.8 ppb for K .

If a lead shield (20 cm thick) is placed to screen the detector together with polyethylene (see Section 3 ), it does not contribute to the background fl ux. N eutron background would be absorbed by the subsequent polyethylene shield; gamma background is mostly reabsorbed within the lead itself. P olyethylene and cryostat vessels (1 cm thick in total) also contribute to the suppression. This was confi rmed by the simulations, see Table 3 (5th row).

An achievable purity level of 0.01 ppb or better for both U and Th makes copper the best material to be used close to the fi ducial volume, as a material for a cryostat, for example. N eutron background from a copper cryostat was already simulated in R ef. [11]. The results are also reported in Table 4 (1st row) together with the e-recoil event rate. N eutron recoil events should not limit the detector sensitivity to Wimps, since less than 1 event per year at 10-50 keV is expected, while a discrimination factor of 10 4 is needed for e-recoils.

W e also estimated possible contribution of Solid curve -spectrum of energy depositions for single n-recoils events (multiplicity = 1), in 100 kg of Ge. D ashed curve -simulated spectrum for events with all multiplicities, the energy plotted is the total nuclear recoil energy deposited in each event (see text for more details). In both plots the inner cryostat vessel in copper (mass = 139 kg) is considered as the radioactive source. An energy threshold of 10 keV was assumed for a deposition in each individual crystal. centration of 10 µBq/kg of 60 Co in the copper of the inner vessel [START_REF] Heusser | Talk at LRT[END_REF], about 150 more e-recoils are expected per year. This does not add much to the results shown in Table 4 (first row).

Neutron interactions can produce multiple recoil events in a detector, whereas the Wimps are expected to scatter only once. Therefore by looking at the multiplicity of interactions it is possible to reject some fraction of the neutron induced background. Fig. 9a shows the multiplicity distribution of recoils (events with at least one nuclear recoil deposition were considered) from neutrons originating in the inner copper vessel of the cryostat with 0.01 ppb of U. If more than one energy deposition (with a threshold of 10 keV per crystal) due to either nuclear or electron recoils occured in diff erent crystals, then an appropriate multiplicity was attributed to this event. If an energy deposition in a crystal was less than 10 keV, it was considered as undetected. As can be seen from Fig. 9a, 52% of events above 10 keV are expected to be single recoils.

The eff ect of discrimination of single n-recoil events from multiple hit events (including e-recoils), can be seen from Fig. 9b. The solid curve shows events in which single n-recoils are the only depositions seen in the detector (multiplicity = 1). The dashed curve is the energy spectrum of nuclear recoils for events with multiplicity ≥ 1. The total energy deposition from all n-recoils for each event is plotted. Fig. 9b shows a reduction of 35% of the event rate in the range 10-50 keV by means of multi-hit event rejection.

The multiplicity distribution of the events and hence, the rate of single n-recoils depends on the details of the set-up, for instance, on the distance between the crystals and the amount of other materials (copper) between them. Moving the crystals apart and adding more copper between them (as holders or additional shielding), results in a reduction of the total external background event rate but suppresses mainly multiple hit events leading in some cases (depending on the incident energy spectrum) to an even higher rate of single scatters, especially in outer crystals.

Figure 10a shows the multiplicity distribution of e-recoils in Ge from 0.01 ppb of uranium in the inner vessel. Multiplicity is counted assuming an energy threshold of 10 keV for energy depositions in individual crystals. Figure 10b shows the energy spectra of single and multiple e-recoils in Ge from 0.01 ppb of uranium in the inner copper vessel. Most events at 10-50 keV are single e-recoils.

Due to strength or other constraints, it may be necessary to use stainless steel in the construction of the cryostat or its internal parts. As an example, we assumed a different design for the cryostat, featuring an inner vessel in steel with a larger diameter. The cryostat was enlarged since shielding may be required to protect the crystals from radiation from stainless steel, regardless of its location (water tank of Fig. 4b or inner vessel of the cryostat). The simulation predicted ∼ 10 5 e-recoils and 2.54 n-recoils in the detector due to the radiation from the inner vessel of the cryostat made out of stainless steel (see Table 4). Gamma-ray induced background can be reduced by 5 cm of lead, followed by 10 cm of polyethylene for neutron attenuation as reported in Table 4 (third row). H owever background from polyethylene needs to be examined as well.

This will be covered in Section 4.2.

The factors that play an important role in the background production are the mass or thickness (for vessels) of the material and the distance to the target crystals. This can be seen when comparing two different background sources: the steel water tank (see Section 3.2) and the inner vessel of the cryostat also made out of stainless steel. If the two vessels have the same, relatively small (∼ 1 cm), thickness, then the background event rates from neutrons or gamma-rays from both vessels are very similar despite large difference in masses. This can be explained by the fact that the large mass water tank vessel is located far away from the detector and the vast majority of neutrons and photons miss the target (small solid angle). The important parameter here is the thickness of the vessels which is assumed to be the same for both vessels. 

Hydrogenous materials

Hydrogenous material, such as water, polyethylene and plexiglass, are commonly used as shielding against neutrons. The SNO collaboration reported a very low contamination level for heavy water (D 2 O): ∼ 10 -16 g U/Th cm -3 [20]. Water (H 2 O) can be purified to a similar level giving only a very small contribution to the background rate.

A higher background rate may come from polyethylene and plexiglass. We considered radiation coming from polyethylene and plexiglass assuming contamination levels of 0.1 ppb of U/Th and 0.1 ppm of K.

Shielding located inside the cryostat may help to attenuate background radiation coming from a material which is not very radio-pure if such a material is present in the experimental set-up. However, if lead and polyethylene in succession are used, gamma background arising from polyethylene itself produces a high rate of e-recoils in the detector (1.58×10 5 per year at 10-50 keV in 100 kg of Ge), while n-recoil rate is less than 0.3 per year (see Table 4, 7th row). To avoid a high e-recoil rate, the crystals need to be screened by a high-Z material, copper being preferred because of its high radio-purity. A reduction by one order of magnitude of the e-recoil rate due to the contamination of polyethylene was found when 5 cm of Cu are used (see Table 4, 8th row).

Similar suppression of gamma-ray radiation by Cu is expected if the source is located in the stainless steel vessel or any other materials and the low-Z shielding against neutrons is placed between the source and Cu (Table 4, 4th row). The background due to the copper shield itself can become dangerous if Cu is used in very large quantities: only contamination levels of < 0.01 ppb of U/Th, < 0.01 ppm of K and ≤ 10 µBq/kg of Plexiglass could be an alternative to polyethylene. These two materials show a very similar performance as neutron background shielding (see last row of Table 4). The higher percentage of hydrogen in polyethylene explains the lower rates of single nuclear recoil events compared to plexiglass. Plexiglass, however, could be the best option in terms of radio-purity.

If there is a 50 cm thick layer of polyethylene outside the cryostat as a shield against neutrons (see Section 3.1), then less than 1 event per year from neutron-induced recoils is expected from 0.1 ppb of U/Th in polyethylene, while a high rate of e-recoils (2.12×10 5 , see Table 3) is expected from gammas, possibily requiring additional Cu shielding.

5 Simulations for a tonne-scale target

The simulations for a simplified design of the cryostat described above were aimed at investigating the essential requirements for the shielding and its location, material selection and radio-purity. Based on the achieved a new preliminary conceptual design for a tonne-scale Eureca experiment was developed [START_REF] Kraus | Talk at the 2nd LSM Extension Workshop[END_REF]. The set-up includes two water tanks containing one cryostat each. The cryostat consists of 7 concentric vessels with a total thickness of 2.1 cm of copper or more (in the bottom part) and contains either 506 kg of Ge crystals (28 copper plates or layers with 56 crystals each), or 253 kg of Ge and 288 kg of CaWO 4 ). If both targets were present, they were split evenly between the two cryostats. Each cryostat has an outer diameter of 1.28 m, a height of 1.86 m and the total mass of copper of 2.86 tonnes. We have completed the first round of simulations for this set-up with either 1012 kg of Ge, or 506 kg of Ge and 576 kg of CaWO 4 as a target.

The gamma-induced background from rock and concrete beyond 3 m of water in 506 kg of Ge and 576 kg of CaWO 4 was found to be only slightly higher (about 2 × 10 3 events/year at 10-50 keV) than for a ∼ 100 kg Ge target. This is due to (i) attenuation of the gamma-rays in thicker vessels of the water tank and the cryostat; (ii) smaller rate of electron recoils in CaWO 4 compared to the rate in Ge. As before, only single hit events have been included in the aforementioned rate.

Assuming 0.01 ppb of U/Th and 10 ppb of K, large mass copper vessels of the cryostat, copper plates and crystal holders (2.86 tonnes of Cu in total) can give a background event rate of electron recoils of about 1.9×10 5 events/year in 506 kg of Ge. The neutroninduced rate is found to be 1.6 events/year in 1012 kg of Ge and 1.2 events/year in 506 kg of Ge and 576 kg of CaWO 4 . It is known that the best copper in terms of radiopurity has contamination levels smaller than one-half of the assumed values [START_REF] Heusser | Talk at LRT[END_REF][START_REF] Laubenstein | [END_REF] that can result in a background event rate of the order of 1 event/year or less assuming a discrimination factor of 10 5 .

The radio-purity of the target material of the future large-mass dark matter detector needs to be kept below ppt levels for U/Th and ppb levels for natural potassium. Fig. 11 shows the energy spectra of events (electron recoils) in 506 kg of Ge (one cryostat) caused by intrinsic contamination of Ge crystals with 1 ppt of U/Th and 1 ppb of K. Secular equilibrium was assumed for the decay chains. When simulating intrinsic background we used the same approach as in Ref. [START_REF] Kudryavtsev | [END_REF]. Only events with energy deposition in one crystal exceeding 10 keV were counted. The numbers of events at 10-50 keV are 423, 119 and 23 per kg of Ge in a year of running. With a discrimination factor of 10 5 , to keep the background rate below 1 event in a tonne of target per year in the region of interest, the crystal contaminations should not exceed 0.1 ppt of U/Th and 1 ppb of natural potassium. Neutron background from intrinsic crystal contamination can be rejected since spontaneous fission of uranium will be accompanied by energy depositions from fission products in the MeV range. The first simulations of muon-induced neutron background were carried out for the setup described above assumed to be located at the LSM. Muons were transported from the surface down to the underground site and generated around the lab hall using the Music and Musun codes [23,24,25]. Muons were passed to Geant 4 v9.2 [9] where the physics list suggested in Ref. [26] was used. All particles produced by muons passing through the rock, lab and the detector, were transported and their energy depositions in the water tanks and crystals were recorded. Details of these simulations have been reported [START_REF] Kudryavtsev | Talk at the 2nd LSM Extension Workshop[END_REF][START_REF] Kudryavtsev | Talk at the WONDER-2010 Workshop[END_REF][START_REF] Tomasello | [END_REF] and will be published in a separate paper. We present here only the main results of the first simulation runs. 12 single nuclear recoil events were found at 10-50 keV in a 7.4 years of running of 1012 kg of Ge in two cryostats leading to a rate of 1.6 ± 0.5 events/year. All other events in the detector were found to be multiple hit events containing energy depositions from muons and all secondaries (gammas, electrons, neutrons and other hadrons) from muon-induced cascades. A similar rate was obtained for set-up with both Ge and CaWO 4 crystals but single nuclear recoil events were dominated by the high-energy oxygen recoils. This result does not assume any anti-coincidence between the events in the main target with energy depositions in the water tanks. If the water tanks are equipped with photomultiplier tubes and act as a water Cherenkov active veto system, then no events were observed in anticoincidence between the target and the veto (with a veto threshold of 0.2 GeV) leading to an upper limit on the background event rate of 0.3 events/year in 1012 kg of Ge.

This clearly shows that the muon-induced background is not a limiting factor for a tonne-scale detector located at LSM with a water Cherenkov veto system.

Simulations of neutron and gamma-ray backgrounds from other sources for a tonnescale detector are in progress. Components with relatively small mass but potentially contaminated with radioactive isotopes (cables, feedthroughs etc) need to be carefully analysed. Special attention should be paid to radon and its progeny. Cosmogenic activation of the crystals and detector components at the surface will also be investigated and material storage underground is foreseen.

Conclusions

Nowadays Wimp search demands high sensitivity detectors to explore the 10 -9 -10 -10 pb region, which requires practically the full suppression/discrimination of any background signal. Radio-purity of the materials, discrimination factor and cost are the main factors that affect background suppression. From the simulations presented in this paper several important conclusions can be drawn. It was shown that the background coming from the lab walls can be attenuated by 20 cm of lead along with 50/60 cm of polyethylene/water. A proper selection of concrete ingredients can reduce the background rate further, as we found background from concrete dominating over that from rock in the existing LSM laboratory.

Approximatively 3 m of water can be used to attenuate both neutron and gamma-ray backgrounds. Two water shield configurations were examined: a whole experimental hall surrounded by water or the cryostat immersed in water. The hall surrounded by water requires a discrimination factor of 10 6 for gammas to remove the background from the steel tank (water tank), or additional inner shielding. The nuclear recoil rate from an electrolytic copper cryostat is much less than 1 event/year and does not require additional shielding even for a large-scale detector. A discrimination factor of 10 4 would suppress gamma-induced background from rock, concrete and copper in a 100 kg target. Better discrimination is required for an one tonne target mass inside a bigger cryostat. If a large mass of stainless steel is used in the cryostat construction, then additional background attenuation, to a level below 1 event/year, would require 5 cm of Cu inside 10 cm of CH 2 assuming a discrimination factor of about 10 4 and 100 kg target. Copper is available with high purity (< 0.01 ppb of U/Th, < 0.01 ppb of K and ≤ 10 µBq/kg of 60 Co) and should be used wherever possible instead of higher contaminated steel. More generally, no more than a few kg of stainless steel or other material with concentrations of about 1 ppb of U/Th are allowed near the detectors. All results in Tables 3 and4 can easily be scaled to actual concentrations if needed.

More materials and components for large-scale cryogenic detector construction with different targets will be studied in future.

Less than 0.3 single nuclear recoils per year are expected in one tonne of target from muon-induced neutrons in anti-coincidence with a water Cherenkov veto system.

From the simulations reported here it is obvious that low background and high discrimination power are essential for the performance of the Eureca experiment. The electron recoil discrimination factor of better than 10 5 and a background rate of 0.16 events/kg/day/keV at low energies, close to the required values, have recently been reported for Ge detectors in the Ed elw eiss-II experiment [2,[START_REF] Armengaud | [END_REF].

Figure 1 :

 1 Figure 1: Schematic view of the experimental hall of the underground lab (a), cryostat (b) and crystal (c) from Geant4.

Figure 2 :

 2 Figure 2: (a) Energy spectra of neutrons from radioactivity in concrete (solid curve) and in rock (dotted curve) from Sources4A. Separate contributions from U (spontaneous fission and (α,n) reactions) and Th are also shown for concrete (see legend for details). (b) Neutron energy spectra from U and Th traces in rock at rock/concrete boundary (black solid curve) and concrete at concrete/air boundary (red dashed curve). The blue solid curve shows the neutron spectrum from rock at the concrete/air boundary. Details about compositions and contaminations are in Tables1 and 2. The spectra are obtained by propagating neutrons from evenly distributed sources in rock/concrete, using Geant4 v9.1, in the geometry set-up of Fig.1a.

Figure 3 :

 3 Figure 3: Energy spectra of neutrons from 1.9 ppm of U and 1.4 ppm of Th in concrete beyond different thicknesses of polyethylene (a) and water (b).
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 45 Figure 4: View of the LSM laboratory from Geant4 with water shielding the cryostat. Top: cryostat is immersed in water; bottom: water is in a stainless steel tank along the laboratory walls.

Figure 6 :

 6 Figure 6: Energy spectra of single e-recoils in 100 kg of Ge from concrete beyond 3 m of water shielding.

Figure 7 :

 7 Figure 7: Energy spectrum of single n-recoils in 100 kg of Ge from 1 ppb of uranium in the inner vessel of the water shield. An energy threshold of 5 keV was assumed to select events.
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6 0Figure 9 :

 69 Figure 9: (a) Multiplicity distribution of energy depositions due to nuclear recoils. (b)Solid curve -spectrum of energy depositions for single n-recoils events (multiplicity = 1), in 100 kg of Ge. D ashed curve -simulated spectrum for events with all multiplicities, the energy plotted is the total nuclear recoil energy deposited in each event (see text for more details). In both plots the inner cryostat vessel in copper (mass = 139 kg) is considered as the radioactive source. An energy threshold of 10 keV was assumed for a deposition in each individual crystal.

Figure 10 :

 10 Figure 10: (a) Multiplicity distribution of e-recoils in Ge above 10 keV from uranium in the copper inner vessel of the cryostat. (b) E nergy spectra of electron recoils in Ge above 10 keV from 0.01 ppb of uranium in the copper inner vessel of the cryostat: single and multiple recoils are shown.

Figure 11 :

 11 Figure 11: Energy spectra of gamma-ray induced events in 506 kg of Ge (one cryostat) from intrinsic contamination of Ge with 1 ppt of U/Th and 1 ppb of K. Events with energy deposition in one crystal only are plotted.

Table 1 :

 1 Compositions of rock and concrete at LSM in % of mass (rock density = 2.65 g/cm 3 , concrete density = 2.4 g/cm 3 ).

	Element	H	C	O	Na	M g	A l	Si	P	K	Ca	Ti	M n	F e
	Rock	1	5 .9 4	4 9 .4	0.4 4 0.8 4 2 .5 8 6 .9 3 0.06 0.2 1 3 0.6	0.07 0.03	1.9

Concrete 1.09 7 .7 8 4 9 .6 8 0.01 0.7 8 0.4 8 2 .6 9 0.07 0.02 3 6 .7 8 0.09 0.01 0.5 2

Table 2 :

 2 Concentrations of natural uranium, thorium and potassium containing longlived radioactive isotopes in LSM rock and concrete.

	Element	U	Th	K
	Rock	(0.		

84 ± 0.20) ppm (2.45 ± 0.20) ppm (6.8 ± 0.8) × 10 3 ppm Concrete (1.9 ± 0.2) ppm (1.4 ± 0.2) ppm (2.5 ± 0.4) × 10 3 ppm

Table 3 :

 3 Background event rate per year at 10-50 keV due to single nuclear/electron recoils from neutron/gamma interactions in 100 kg of Ge. Background sources are external to the cryostat.

Table 4 :

 4 Background event rate per year at 10-50 keV due to single nuclear/electron recoils from neutron/gamma interactions in 100 kg of G e. Background sources are detector components.

	source	shielding	e --recoil n-recoil
			events	events
	copper (cryostat)			
	320 kg, δ = 1 cm, 0.01 ppb U/Th, 10 ppb K	none	6677	0.0308
	stainless steel (inner cryostat vessel) 347 kg, δ = 0.5 cm, 1 ppb U/Th, 1 ppm K	none 5 cm Pb + 10 cm CH 2 10 cm CH 2 + 5 cm Cu	4.04×10 5 5.57×10 3 2.26×10 4	2.54 0.042 0.130
		10 cm C 5 O 2 H 8 + 5 cm Cu	-	0.521
	lead (inside the cryostat)			
	3310 kg, δ = 5 cm, 1 ppb U/Th	10 cm CH 2	-	0.557
	polyethylene (inside the cryostat)			
	36 6 kg, δ = 10 cm, 0.1 ppb U/Th, 0.1 ppm K	none	1.58×10 5	0.288
	polyethylene (inside the cryostat)			
	46 2 kg, δ = 10 cm, 0.1 ppb U/Th, 0.1 ppm K	5 cm Cu	1.38×10 4	0.333
	plex ig lass (inside the cryostat)			
	59 2 kg, δ = 10 cm, 0.1 ppb U/Th	5 cm Cu	-	0.523
	δ = thickness			
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