arXiv:1105.2954v1 [physics.ins-det] 15 May 2011

Preprint typeset in JINST style - HYPER VERSION

Energy Resolution studies for NEXT

C. A. B. Oliveira^{a∗}, M. Sorel^b, J. Martin-Albo^b, J. J. Gomez-Cadenas^b, A. L. Ferreira^a and J. F. C. A. Veloso^a ai3N, Physics Department, University of Aveiro Campus de Santiago, 3810-193 Aveiro, Portugal bInstituto de Física Corpuscular (IFIC), CSIC and Universidad de Valencia Edificio Institutos de Investigación, Apartado de Correos 22085, E-46071 Valencia - Spain E-mail: carlos.oliveira@ua.pt

ABSTRACT: This work aims to present the current state of simulations of electroluminescence (EL) produced in gas-based detectors with special interest for NEXT — Neutrino Experiment with a Xenon TPC. NEXT is a neutrinoless double beta decay experiment, thus needs outstanding energy resolution which can be achieved by using electroluminescence. The process of light production is reviewed and properties such as EL yield and associated fluctuations, excitation and electroluminescence efficiencies, and energy resolution, are calculated. An EL production region with a 5 mm width gap between two infinite parallel planes is considered, where a uniform electric field is produced. The pressure and temperature considered are 10 bar and 293 K, respectively. The results show that, even for low values of VUV photon detection efficiency, good energy resolution can be achieved: below 0.4 % (FWHM) at Q_{β β} = 2.458 MeV.

KEYWORDS: Scintillators, scintillation and light emission processes (solid, gas and liquid scintillators); Large detector systems for particle and astroparticle physics; Time projection chambers; Detector modelling and simulations II (electric fields, charge transport, multiplication and induction, pulse formation, electron emission, etc).

∗Corresponding author.

Contents

1. Introduction 1

2. Electroluminescence process 2

3. Simulation 3 3.1 Toolkit 3 3.2 Model 3

4. Results 4 4.1 Efficiencies 4 4.2 Electroluminescence yield 5 4.3 Fluctuations and energy resolution 6

5. Conclusions 10

1. Introduction

The Neutrino Experiment with a Xenon TPC (NEXT) will search for the β β^{0ν} decay in^{136}Xe using a 100 kg, high-pressure gaseous xenon, electrominescent time projection chamber (HPXe TPC). The project is approved for operation in the Canfranc Underground Laboratory (LSC), Spain. The TPC will have separated readout systems for calorimetry and tracking to facilitate both measurements (see Figure 1).

The two electrons emitted by the β β^{0ν} decay transfer their energy to the medium through ionization and excitation with the characteristic topological signature “spaghetti with two meat balls”. The excitation energy results in the prompt emission of vacuum ultraviolet (VUV) light – primary scintillation. The ionization tracks (positive ions and free electrons) left behind by the particles are prevented from recombination by a suitable drift electric field. Negative charge carriers – primary electrons – drift toward the TPC anode, entering a region with a more intense electric field created by two parallel meshes (EL region in Figure 1). There, they are accelerated and collide with the gas atoms. Depending on the intensity of the electric field, electrons can either elastically collide with the atoms, or excite or even ionize them. As a result of the de-excitation of excited atoms, further VUV photons are generated isotropically – secondary scintillation or electroluminescence (EL), Section 2. Therefore, in such an electroluminescent TPC, both the scintillation and ionization processes ultimately produce VUV photons, to be detected with a photosensors array (photomultiplier tubes, PMTs) located behind the cathode. The detection of the primary scintillation light constitutes the start-of-event, t_0, whereas the detection of EL provides an energy measurement.

– 1 –

Figure 1: Schematic representation of the Neutrino Experiment with a Xenon TPC detector and of the topological signature “spaghetti with two meat balls” of the two electrons emitted by the β β^{0ν} decay.

Electroluminescent light is used also for tracking, as it is detected also by a second array of photosensors (e.g. multi-pixel photon counters, MPPCs) located behind and close to the EL region [1].

Electroluminescence has already demonstrated in the past to be a very good option in order to achieve excellent energy resolution [2, 3], which is of particular importance in neutrinoless double beta decay searches. As an important example, high resolution spectrometry of low-energy X-rays is possible with Gas Proportional Scintillation Counters [4, 5].

Because of this, it is important to understand the process of secondary light emission (electroluminescence) and try to assess its different properties, namely excitation and electroluminescence efficiencies, EL yield and corresponding fluctuations. With these parameters in hand, it is possible to predict the light gain and energy resolution that are achievable with a particular detector geometry. This assessment can be done through detailed simulations as explained in reference [6]. In this work we present results obtained applying detailed Monte Carlo simulations to the NEXT experiment conditions.

2. Electroluminescence process

At pressures above few hundred Torr [7], the main channel of de-population of the excited atoms is through the formation of excimers — electronically excited molecular states. Excimers, R^{∗∗}_2 , are formed through three-body collisions between one excited atom, R^∗, and two atoms in the ground state, R:

R^∗ + 2R → R^{∗∗}_2 + R (2.1)

The excimers are formed through process (2.1) in high vibrational states and, at the pressures

– 2 – studied in this work, collide with ground atoms, R, losing vibrational energy:

R^{∗∗}_2 + R → R^∗_2 + R (2.2)

The resultant excimers, R^∗_2, in a low vibrational state, emit VUV photons:

R^∗_2 → 2R + hν (2.3)

This results in the so-called “second continuum” centered at 173 nm and with a Full-Width-at-Half-Maximum (FWHM) of 14 nm [8]. Further details about the electroluminescence process in pure noble gases can be found in Ref. [6].

3. Simulation

3.1 Toolkit

The platform used to perform the simulations is the new C++ version of the microscopic technique of GARFIELD [9]. This is a Monte Carlo technique which tracks the electrons at the atomic level using, currently, procedures and cross sections available in MAGBOLTZ 8.9.3 [10, 11].

The electron follows a vacuum trajectory between collisions, the path length being sampled according to an exponential distribution around the (energy-dependent) electron mean free path. The null-collision technique is used to consider the variations of the mean free path due to changes of the electron kinetic energy between collisions [12]. In pure xenon, the program classifies the collisions as elastic, inelastic (electronic excitation) or ionization. It is possible to obtain information about each excited atom produced in the gas, namely: spatial position, time, excitation level and energy spent in the excitation.

Figure 2 shows the cross sections used in our simulations. Detailed simulation of xenon excitations is possible by parametrizing the excited energy levels as a function of 50 energy groups.

An anisotropic angular distribution for elastic collisions is implemented by using both the momentum transfer (EMT) cross section and the total elastic (ELT) cross section according to the method described in Ref. [13].

3.2 Model

Each primary electron is allowed to drift a distance of d = 5 mm under the influence of a uniform electric field. The effect of the field distortion near the meshes is not considered since it has no significant effect [15]. We assume that the gas is at a pressure of p = 10 bar and at a temperature of 293 K. A set of N_e = 40,000 primary electrons is used for each value of the voltage applied between the parallel planes, V . The starting direction of each primary electron is generated isotropically. The starting energy is generated according to the energy distribution calculated by Magboltz for the actual reduced electric field,

(_E p ) =^V_{d p} , (see Figure 3).

We assume that every excited atom gives rise to the isotropic emission of a VUV photon. Its energy is generated according to a Gaussian distribution with the characteristics of the “second continuum” (see Section 2).

The model was previously validated in Ref. [6] by comparing the simulations with available values of the EL yield, the excitation and the electroluminescence efficiencies. Earlier Monte Carlo

– 3 –

Figure 2: Cross sections used by Magboltz 8.9.3 for Xe. The program includes detailed cross sections for elastic collisions, excitations (represented in 50 energy groups) and ionizations. Anisotropic elastic scattering is considered by using both the momentum transfer (EMT) and the total elastic (ELT) cross sections, shown as continuous and dashed gray lines, respectively. The blue lines refer to the first four excited states of Xe corresponding to the electronic configuration 5p^56s^1 (Racah notation is used [14]), the green lines correspond to the 10 levels of the 5p^56p^1 configuration, and the gray dotted lines to other sparsely populated levels. The red line corresponds to ionization (ION).

results [16] and experimental measurements [17] in uniform electric field geometry are presented in Figure 4 to illustrate the good agreement.

4. Results

4.1 Efficiencies

Excitation and electroluminescence efficiencies, Q_{exc} and Q_{EL}, respectively, as a function of the reduced electric field are shown in Figure 4. The first quantity represents the fraction of energy that is supplied by the electric field to the primary electrons and that is spent in excitations [16]:

Q_{exc} =

n_{exc}

∑_{i=1}^{niε i}exc

edN_eE

(4.1)

In Eq. (4.1), n_{exc} = 50 is the number of excitation groups available in Magboltz 8.9.3 for xenon, n^i is the number of excitations of group i produced by the set of N_e primary electrons, ε^i_{exc} is the energy of the i^{th} excitation group, E is the modulus of the applied electric field and e is the charge

– 4 –

Figure 3: Energy distributions of the electrons before each collision with the xenon atoms for different values of the reduced electric field. As the value of

(_E p ) increases, the distribution gets broader and the peak shifts to higher energies.

of one electron. The second parameter, Q_{EL}, is the ratio between the energy emitted in the form of VUV photons and the energy transferred from the field to the N_e electrons:

Q_{EL} =

n_{exc}

∑_{i=1}^n i ∑_{j=1}^{ε i, j}EL

edN_eE

(4.2)

In Eq. (4.2), ε^{i, j}_{EL} is the energy of the VUV photon emitted after the j^{th} excited atom of the i^{th} group is produced. The VUV photon energy is randomly generated according to Section 2 parameters.

We note that Q_{EL} is always lower than Q_{exc}. This is due mainly to the loss of vibrational energy by excimers before they emit a VUV photon (as explained in Section 2). The fast increase of both efficiencies for

(_E p ) > 5.0 kVcm^{−1}bar^{−1} is due to the contribution of secondary charges that start to be produced at high reduced field values.

4.2 Electroluminescence yield

The reduced electroluminescence yield,

(_Y p ) , as a function of the reduced electric field is also shown in Figure 4. The reduced electroluminescence yield is defined as the average number of VUV photons emitted per primary electron and per unit of drift length divided by the pressure of the gas, p. The behaviour of

(_Y p ) with

(_E p ) is approximately linear even if some ionization occurs. This happens for α < 0.1 ions · cm^{−1}, being α the First Townsend coefficient (see Figure 5), defined as the number of secondary charges produced when one electron crosses a distance of 1 cm.

– 5 –

Figure 4: Reduced EL yield, Y /p, as a function of the reduced electric field, E/p. Excitation efficiency, Q_{exc}, and EL efficiency, Q_{EL}, are also shown. Full symbols are the results of this work. Earlier Monte Carlo results for Q_{exc} and Q_{EL} [16], as well as experimental measurements of the reduced EL yield [17], are also shown (open symbols) for comparison.

Performing a linear fit to the simulation results, we obtain the following dependence: ( Y p ) = (136 ± 1) ( E p ) − (99 ± 4) [ photons electron^{−1} cm^{−1} bar^{−1} ] (4.3)

where E/p is expressed in kVcm^{−1}bar^{−1}. Eq. (4.3) is in good agreement with experimental data measured at 1 bar [17]: ( Y p ) = 140 ( E p ) − 116 [ photons electron^{−1} cm^{−1} bar^{−1} ] (4.4)

4.3 Fluctuations and energy resolution

The FWHM energy resolution, R_E, of an EL detector (such as NEXT) corresponds to the quadrature sum of the contributions of the different processes happening in the detector:

R_E = 2 √ 2ln 2 σ 2_e N^2_e + 1 N_e ( σ^2_{EL} N^2_{EL} ) + σ^2_{ep} N^2_{ep} + 1 N_{ep} ( σ_q G_q

)_2 (4.5)

In Eq. (4.5) the factor 2 √ 2ln 2 corresponds to the relation between the FWHM and the standard deviation, σ, of a given probability distribution (FWHM = 2 √ 2ln 2σ ≃ 2.35σ). The first term of the expression is related to fluctuations in the number of primary charges created per event (that is a β β^{0ν} decay in NEXT), N_e, the second to fluctuations in the number of EL photons produced

– 6 –

Figure 5: Simulated first Townsend coefficient, α , as a function of the reduced electric field.

per primary electron, N_{EL}, the third reflects the variations in the number of photoelectrons extracted to the PMT photocathode per decay, N_{ep}, and the fourth the distribution in the the PMT’s single electron pulse height, G_q.

The primary charge fluctuations are well known and described by the Fano factor, F = σ^2_e /N_e. In this work we consider F = 0.15 [19]. In literature are reported values between 0.13 and 0.17 for pure xenon [20, 21, 22, 23, 24] which we used to estimate the overall energy resolution error bars presented in Figure 8.

The fluctuations associated with the electroluminescence production are described by the parameter J defined as the relative variance in the number of emitted VUV photons per primary electron: J = σ^2_{EL} N_{EL}

(4.6)

Concerning the third term, the conversion of VUV photons into photoelectrons follow a Poisson distribution and thus σ^2_{ep} = N̄_{ep}.

The fluctuations in the photoelectron multiplication gain within the PMT can typically be described by (_{σq} Ḡ_q

)_2 = 1 [25]. Taking into account the previous relations, Eq. (4.5) can be rewritten as follows [5]:

R_E = 2.35 √ F N_e + 1 N_e ( J N_{EL} ) + 2 N_{ep}

(4.7)

Usually J is much smaller than F and the energy resolution of a EL detector is attributed only to the fluctuations in the primary charge production and in the photon detection system (a plane of PMT’s in the case of NEXT) – first and third terms of Eq. (4.7). Given that we deal with simulated data, in this work we can also calculate the parameter J for the present geometry. Figure 6 shows J

– 7 –

Figure 6: Relative variance in the number of emitted EL photons, J, as a function of the reduced electric field. It is also shown the Fano factor – the relative variance in the number of primary charges produced per event – for high pressure xenon and a total deposited energy of Q_{β β} = 2.458 MeV.

as a function of the reduced electric field. As the electric field increases, the parameter J decreases until secondary electrons begin to be produced and the avalanche fluctuations start to dominate. For J, values that are much smaller than the Fano factor, can be achieved in optimal conditions, namely for reduced electric fields between 1.5 and 3.5 kV cm^{−1} bar^{−1}. In order to better understand the effect of avalanche fluctuations in EL fluctuations, in Figure 7 we show the N_{EL} distributions for different values of the reduced electric field. The effect of secondary charges is clearly visible, since a long tail in the distribution appears for higher values of the electric field (Figures 7c and 7d).

Using the data obtained by the simulation, we can estimate the energy resolution which can be achieved by the NEXT detector. We assume that all the energy of the two β β^{0ν} decay electrons, Q_{β β} = 2.458 MeV, is deposited in the gas medium, with an average energy lost per ion pair formed of w = 21.9 eV [19, 24]:

N_e = Q_{β β} w = 2.458 × 10^6 eV 21.9 eV

∼= 112,237 electrons (4.8)

Taking into account the intensity of the electric fields in the drift and electroluminescence regions that are planned to be used, we assume that all the primary electrons arrive to the EL region and cross the first mesh without either any recombination or attachment to electronegative contaminants in the drift region.

The average number of photoelectrons produced in the plane of PMTs per decay, N_{ep}, can be

– 8 –

(a) (_E p ) = 2 kV cm^{−1} bar^{−1} (b)

(_E p ) = 3 kV cm^{−1} bar^{−1}

(c) (_E p ) = 4 kV cm^{−1} bar^{−1} (d)

(_E p ) = 5 kV cm^{−1} bar^{−1}

Figure 7: Distribution in the number of emitted EL photons per primary electron, N_{EL}, during the drift along d = 5 mm of xenon at 10 bar and 293 K, for different values of the reduced electric field.

obtained as:

N_{ep} = kN_eN_{EL} (4.9)

where k is the fraction of EL photons produced per β β^{0ν} decay that gives rise to the production of a photoelectron.

The FWHM energy resolution, R_E, is shown in Figure 8 as a function of the reduced electric field for two different scenarios: an optimistic (k = 0.06 [19]) and a conservative (k = 0.005 [1]). The contributions of each of the three terms of Eq. (4.7) are also shown. The optimal energy resolution is achieved for a value of

(_E p ) that is higher than the one marking the beginning of ionization, shown in Figure 6 as the reduced field value minimizing the value of J. The reason is that the still small additional fluctuations introduced by the production of secondary charge are compensated by the increase in the number of EL photons produced per primary electron due to

– 9 –

Figure 8: FWHM energy resolution, R_E , as a function of the reduced electric field for two different scenarios: an optimistic (circles, k = 0.06) and a conservative (squares, k = 0.005). The values of R_E if only each of the three terms of Eq. (4.7) would contribute are also shown.

the increase of the EL yield. Also, and as expected, the reduced electric field value which gives the best energy resolution increases as k decreases, and the best value of R_E is worst for lower values of k. For the experimental conditions considered here, the best energy resolution is obtained for (_E p ) between ∼ 4.0 and ∼ 5.0 kVcm^{−1}bar^{−1}, that is the value usually attributed to the ionization threshold of Xe [26].

5. Conclusions

The C++ version of the microscopic technique of Garfield, allows to gather information on the excited atoms produced during the drift of electrons through a xenon gas detector. Such simulations rely on detailed cross sections for elastic collisions, excitations and ionization as modelled by Magboltz 8.9.3. By considering that every excited atom leads to the emission of a vacuum ultraviolet (VUV) photon, we are able to accurately simulate electroluminescent (EL) light production in realistic detector geometry setups.

In this work we consider EL light production in the NEXT β β^{0ν} experiment. We evaluate the EL yield and the corresponding fluctuations produced in such a setup, corresponding to a EL region given by a 5 mm uniform electric field gap of xenon at 293 K temperature and 10 bar pressure. We obtain that a FWHM energy resolution of 0.4% or better at the Q value of the β β^{0ν} reaction, Q_{β β} = 2.458 MeV, can in principle be obtained, even considering conservative assumptions regarding the VUV photon detection efficiency.

In conclusion, our simulations indicate that the 1% FWHM energy resolution goal of the NEXT experiment can in principle be met and even be improved upon, as far as fluctuations in

– 10 – the primary ionization charge, in the electroluminescence, and in the VUV photodetection processes are concerned. This energy resolution goal is one of the main figures of merit for the NEXT experiment [1].

Acknowledgments

We acknowledge the support of the NEXT Collaboration (and the CONSOLIDER-INGENIO 2010 grant CSD2008-0037 (CUP)). This work was partially supported by project CERN/FP/109283/2009. C. A. B. Oliveira was supported by a doctoral grant from FCT (Lisbon) with reference SFRH/BD/36562/2007.

References

[1] The NEXT collaboration, NEXT, a HPGXe TPC for neutrinoless double beta decay searches, arXiv:0907.4054.

[2] A. Bolotnikov, B. Ramsey, The spectroscopic properties of high-pressure xenon, Nuclear Instruments & Methods A 396 (1997) 360-370.

[3] J. M. F. dos Santos, A. C. S. S. M. Bento, C. A. N. Conde, The dependence of the energy resolution of Gas Proportional Scintillation Counters on the scintillation region to photomultiplier distance, IEEE Transactions on Nuclear Science 39 (1992) 541-545.

[4] C. A. N. Conde, A. J. P. L. Policarpo, A Gas Proportional Scintillation Counter, Nuclear Instruments & Methods 53 (1967) 7-12.

[5] J. M. F. dos Santos, J. A. M. Lopes, J. F. C. A. Veloso, P. C. P. S. Simes, T. H. V. T. Dias, F. P. Santos, P. J. B. M. Rachinhas, L. F. Requicha Ferreira, C. A. N. Conde, Development of portable gas proportional scintillation counters for x-ray spectrometry, X-Ray Spectrometry 30 (2001) 373-381.

[6] C. A. B. Oliveira, H. Schindler, R. Veenhof, S. Biagi, C. M. B. Monteiro, J. M. F. dos Santos, A. L.

Ferreira, J. F. C. A. Veloso, A simulation toolkit for electroluminescence assessment in rare event experiments, arXiv:1103.6237v1 [physics.ins-det].

[7] Y. Tanaka, Continuous Emission Spectra of Rare Gases in the Vacuum Ultraviolet Region, Journal of the Optical Society of America 45 (1955) 710-713.

[8] M. Suzuki, S. Kubota, Mechanism of proportional scintillation in Argon, Krypton and Xenon, Nuclear Instruments & Methods 164 (1979) 197-199.

[9] http://cern.ch/garfieldpp

[10] S.F. Biagi, Monte Carlo simulation of electron drift and diffusion in counting gases under the influence of electric and magnetic fields, Nuclear Instruments and Methods A 421 (1999) 234-240.

[11] http://cern.ch/magboltz

[12] H. R. Skullerud, The stochastic computer simulation of ion motion in a gas subjected to a constant electric field, Brit. J. Appl. Phys 1 (1968) 1567-1568.

[13] A. Okhrimovskyy, A. Bogaerts, R. Gijbels, Electron anisotropic scattering in gases: A formula for Monte Carlo simulations, Physical Review E 65 (2002) 037402.

[14] G. Racah, On a New Type of Vector Coupling in Complex Spectra, Physical Review 61 (1942) 537.

– 11 –

[15] C. M. Monteiro, J. A. M. Lopes, J. F. C. A. Veloso, J. M. F. dos Santos, Secondary scintillation yield in pure argon, Physics Letters B 668 (2008) 167-170.

[16] F. P. Santos, T. H. V. T. Dias, A. D. Stauffer, C. A. N. Conde, Three-dimensional Monte Carlo calculation of the VUV electroluminescence and other electron transport parameters in xenon, Journal of Physics D 27 (1994) 42-48.

[17] C. M. B. Monteiro, L. M. P. Fernandes, J. A. M. Lopes, L. C. C. Coelho, J. F. C. A. Veloso, J. M. F.

dos Santos, K. Giboni and E. Aprile, Secondary scintillation yield in pure xenon, Journal of Instrumentation 2 (2007) P05001.

[18] M. Redshaw, E. Wingfield, J. McDaniel, E. G. Myers, Mass and Double-Beta-Decay Q Value of 136Xe, Physical Review Letters 98 (2007) 053003.

[19] D. Nygren, High-pressure xenon gas electroluminescent TPC for 0 − ν β β -decay search, Nuclear Instruments and Methods A 603 (2009) 337-348.

[20] A. J. P. L. Policarpo, M. A. F. Alves, M. Salete, S. C. P. Leite, C. M. dos Santos, Detection of Soft X-rays with a xenon Proportional Scintillation Counter, Nuclear Instruments and Methods 118 (1974) 221-226.

[21] H. Sipilä, Energy resolution of the Proportional Counter, Nuclear Instruments and Methods 133 (1976) 251-252.

[22] D. F. Anderson, T. T. Hamilton, W. H. M. Ku, R. Novick, A large area, Gas Scintillation Proportional Counter, Nuclear Instruments and Methods 163 (1996) 125-134.

[23] M. M. F. Ribeirete, A. J. P. L. Policarpo, M. Salete, S. C. P. Leite, M. A. F. Alves, E. P. de Lima, Fano Factors of Krypton-Xenon mixtures, Nuclear Instruments and Methods 214 (1983) 561-563.

[24] T. H. V. T. Dias, J. M. F. dos Santos, P. J. B. M. Rachinhas, F. P. Santos, C. A. N. Conde, Full-energy absorption of x-ray energies near the Xe L- and K-photoionization thresholds in xenon gas detectors: Simulation and experimental results, J. Appl. Phys. 82 (1997) 2742-2753.

[25] D. G. Simons and P. A. J. de Korte, Soft X-ray energy resolution and background rejection in a driftless Gas Scintillation Proportional Counter, Nuclear Instruments and Methods 277 (1989) 642-656.

[26] F. I. G. M. Borges, J. M. F. dos Santos, T. H. V. T. Dias, F. P. Santos, P. J. B. M. Rachinhas, C. A. N.

Conde, Operation of gas proportional scintillation counters in a low charge multiplication regime, Nuclear Instruments and Methods A 422 (1999) 321-325.

– 12 –