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Abstract

SuperNEMO is a double beta decay experiment, which will employ the successful tracker-
calorimeter technique used in the recently completed NEMO3 [1] experiment. SuperNEMO will
study 100kg of double beta decay isotope, reaching a sensitivity to a half-life greater than 1026

years for neutrinoless double beta decay (0νββ), corresponding to a Majorana neutrino mass
of 50-100meV. One of the main goals and challenges of the SuperNEMO detector development
programme was to reach a FWHM energy resolution of ∆E/E of 7%√

E(MeV )
for electrons for the

calorimeter, using large volume plastic scintillator blocks, which has been achieved by the collab-
oration.
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1. Introduction1

The SuperNEMO detector [2] is based on the2

technology of the recently completed NEMO33

[1] experiment, using a tracker-calorimeter de-4

tection technique to study neutrinoless double5

beta decay (0νββ). It is the only 0νββ detec-6

tor that allows full topological reconstruction7

of events and has the lowest projected back-8

ground index as a result. The detector will hold9

∼ 100kg of double beta decay isotope (82Se is10

the ‘baseline’ design isotope, with 150Nd and11

48Ca being considered depending on enrich-12

ment possibilities) to reach a projected sensi-13

tivity of 1026 years (50-100meV effective Majo-14

rana neutrino mass). The dominant factor in15

achieving the target sensitivity is the product16

of ∆E, the energy window of the 0νββ decay at17

the Qββ value (approximated by the energy res-18

olution of the detector in keV), and Nbkg, the19

expected background index in kg−1keV−1yr−1:20

∆E×Nbkg. Consequently the two main ar-21

eas of focus for the SuperNEMO calorimeter22

R&D programme were energy resolution and23

radiopurity. The topology reconstruction avail-24

able in SuperNEMO is a powerful tool to sup-25

press backgrounds from natural radioactivity.26

However, the Standard Model of Electroweak27

Interaction allowed 2νββ decay will have the28

same topological signature as most 0νββ mech-29

anisms. The tail of the continuum spectrum30

from the summed electron energy distribution31

of the 2νββ decay may extend into the en-32

ergy window near the Qββ value mimicking the33

0νββ process. An improved energy resolution34

is the only way to reduce this background and35

is the focus of the work described here.36

The SuperNEMO detector is of a modular37

design (Figure 1), where the detector and the38

ββ decay source are distinct. The detector con-39

sists of 20 modules of a 4m height, 6m length40

and 2m width. Each module contains 5kg of a41

thin (∼40mg/cm2) vertically suspended source42

foil (providing a total of 100kg), surrounded43

by ∼ 2000 drift cells operating in the Geiger44

mode (for particle tracking) and is enclosed45

by calorimeter walls consisting of ∼520 square46

scintillator block and 8” photomultiplier tube47
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Figure 1: An exploded view of a SuperNEMO
module, showing (from left to right) the calorime-
ter wall, tracker, source foil, tracker and calorimeter
wall.

(PMT) optical modules (for energy and time48

of flight measurements). The SuperNEMO de-49

tector principle is shown in Figure 2. A cur-50

rent carrying coil wrapped around the module51

produces a magnetic field of 25G to identify52

electrons and positrons.53

The main requirements of the SuperNEMO54

calorimeter are to provide a good energy res-55

olution for low energy electron (O(1 MeV))56

detection as well as efficient γ tagging for57

background suppression. The SuperNEMO58

calorimeter must be optimised to detect incom-59

ing electrons simultaneously originating from60

the same vertex in the ββ decay source foils61

(Figure 2).62

A calorimeter energy resolution of ∆E/E of63

7%√
E(MeV )

(or 4% FWHM at 3MeV (the Qββ64

value of 82Se)) for electrons is required to reach65

a sensitivy of 1026 years for SuperNEMO, as66

can be seen in Figure 3, which shows simula-67

tions for the SuperNEMO half-life sensitivity68

as a function of the calorimeter energy resolu-69

tion for a fixed exposure of 500 kg.yr, where the70

sensitivity is a convolution of the calorimeter71

energy resolution and the loss of energy of the72

electrons exiting the source foil. When com-73

bined with other requirements, such as a good74

Figure 2: The SuperNEMO detector design prin-
ciple.

timing resolution needed to identify the simul-75

taneous emission of two electrons of the decay76

and good radiopurity, developing such a detec-77

tor presents a challenge. It represents a factor78

of two improvement from the energy resolution79

of the NEMO3 calorimeter, which is 14−17%√
E(MeV )

80

for electrons, for a larger volume scintillator81

block.82

This paper will discuss the SuperNEMO83

calorimeter requirements (Section 2), the pa-84

rameters that influence the energy resolution85

of a scintillator and PMT optical module (Sec-86

tion 3), the calorimeter test bench used to test87

the various parameters (Section 4), and the88

final SuperNEMO calorimeter design and the89

options tested to obtain it (Section 5).90

2. SuperNEMO Calorimeter Require-91

ments92

SuperNEMO has a need for a robust93

calorimeter using reliable and time withstand-94

ing technology, with ease of manufacturing and95

assembly, which provides the required energy96

resolution at a sensible cost. The geometry97

and material of the scintillator blocks have to98

be optimised for the detection of low energy99

electrons whilst providing efficient γ tagging100

(> 50% at 1MeV) for background suppression.101
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Figure 3: SuperNEMO half-life sensitivity as a
function of energy resolution with a fixed expo-
sure of 500 kg.yr for a source foil thickness of
40mg/cm2 and the SuperNEMO target foil contam-
ination of 2µBq/kg for 208Tl, 10µBq/kg for 214Bi
and 0.15mBq/m3 for 222Rn.

The calorimeter R&D for SuperNEMO consists102

of three main areas of study: energy resolution,103

radiopurity and calibration.104

2.1. Energy Resolution105

The energy resolution of the calorimeter is106

required to be 7% FWHM at 1MeV for elec-107

trons to achieve the target SuperNEMO sensi-108

tivity. The scintillator geometry must be op-109

timised to effectively fit a PMT, whilst con-110

sidering the radiation detection requirements111

- the thickness must be at least 2cm to fully112

absorb the low energy electrons produced in113

0νββ and >10cm for γ interactions. A hemi-114

spherical PMT with good uniformity must be115

coupled to a flat face scintillator, therefore cou-116

pling options such as using a lightguide or alter-117

natives must be considered. Good uniformity118

is required within a scintillator block, with the119

energy resolution at any point on the block not120

varying more than ±10% relative to the energy121

resolution obtained at the central position of122

the block. However, the block’s response can123

also be corrected using the spatial resolution124

of the SuperNEMO tracking detector, which is125

σlongitudinal = 13mm and σtransverse = 0.7mm126

(measured with a 90-cell SuperNEMO tracker127

prototype).128

The time resolution of the calorimeter is re-129

quired to be 400ps σ at 1MeV between two130

calorimeter counters in coincidence. This is to131

distinguish two electron events (the signature132

for 0νββ) originating in the source foils and133

those that originate outside of the detector and134

then cross the active volume of the detector to135

immitate 0νββ events. Improving the ∆E/E of136

the calorimeter helps to improve the time res-137

olution. Therefore time resolution was not the138

focus of the R&D programme but was moni-139

tored throughout.140

2.2. Radiopurity141

Specific to low background counting ex-142

periments ultra-pure materials must be used143

throughout the detector. One of the main144

sources of contamination comes from the145

PMTs, specifically from the glass. The PMT146

radiopurity requirements depend on the double147

beta decay isotope being studied (the lower the148

Qββ value the more stringent the requirement)149

and are, depending on the level of radon ema-150

nation from the PMT glass, 100 - 500mBq/kg151

for 226Ra and 60 - 200mBq/kg for 228Th for the152

baseline design isotope. These requirements153

have prompted development of low-background154

glass on a new scale and the collaboration is155

currently working closely with Hamamatsu to156

develop a new radiopure glass to reach the ra-157

diopurity specifications of the detector.158

2.3. Calibration159

During the five years of planned Su-160

perNEMO data taking the gain and stability161

of a large number of PMTs must be monitored162

at a 1% level. The detector response must be163

linear, and any non-linear effects must be mon-164

itored at a 1% level up to 3-4MeV (the region165

of interest for 0νββ). The absolute calibra-166

tion system will use 207Bi sources (providing167

conversion electrons with energies of 482keV168
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and 976keV) inserted into the detector on a169

monthly basis. A daily relative calibration UV-170

LED based light injection system is being de-171

veloped for gain and linearity monitoring. Us-172

ing low activity alpha sources embedded into173

the scintillator to monitor the gain is an addi-174

tional possibility being studied. 60Co (provid-175

ing two coincident γs of 1.1 and 1.3MeV) will176

occasionally be used for absolute time calibra-177

tion. Calibration will not be discussed further178

in this paper.179

3. Parameters Influencing Energy Reso-180

lution181

Energy resolution in scintillating detectors,182

∆E/E, is dominated by stochastic photo-183

electron fluctuations. For a number of photo-184

electrons (Npe) > 20 (as is the case for Su-185

perNEMO), the Gaussian approximation can186

be used and the energy resolution can then be187

expressed as:188

∆E

E
=

2.35σ

E
=

2.35√
Npe

. (3.1)

The energy resolution can be shown as three189

experimental objectives:190

Nph

Ee
· εlight

col · (QEPMT · εPMT
col ) = Npe, (3.2)

where Nph/Ee is the number of scintillation191

photons per unit energy and is determined by192

the scintillator light output. εlight
col is the light193

collection efficiency and depends on the ma-194

terial, surface treatment and geometry of the195

scintillator, the reflector material and its effi-196

ciency and the quality of the optical coupling197

between the scintillator and the PMT (gels,198

lightguides etc). The choice of scintillator for199

the SuperNEMO calorimeter is discussed in200

Section 5.1. The critical intrinsic characteris-201

tics of the PMT include the quantum efficiency202

(QE) of the photocathode QEPMT , the col-203

lection efficiency εPMT
col of photo-electrons from204

the photocathode to the first dynode, and the205

gain of the first dynode. The choice of PMT206

for the SuperNEMO calorimeter is discussed207

in Section 5.2. As can be seen in Equation208

3.1, in the energy region of 1 MeV ∼ 1000 Npe209

are needed to achieve an ∆E/E of 7%, requir-210

ing optimisation of the parameters described in211

Equation 3.2.212

4. Calorimeter Test Bench213

The energy resolution measurement is done214

on optical modules of different configurations.215

An optical module consists of a scintillator cou-216

pled to a PMT (either directly or using a light-217

guide). The measurement is carried out by ex-218

citing the scintillator with a flux of monochro-219

matic electrons, which approximates the delta220

function and therefore any smearing of the dis-221

tribution that is seen is due to the properties222

of the detector. Two electron sources are used:223

the main one is a 90Sr β beam passed through224

a magnetic field to select monochromatic elec-225

trons of known energy, and the secondary is226

a 207Bi source, which provides 976keV and227

482keV K-shell conversion electrons (CE). The228

distribution obtained with the 90Sr beam is229

fit with a simple Gaussian function to extract230

the ∆E/E. The 207Bi fitting function involves231

the deconvolution of X-rays, γs, L-shell and232

M-shell CEs coming from 207Bi to obtain the233

∆E/E and is used to verify the result.234

Both methods have been used to study the235

∆E/E and have been found to be consistent.236

Figure 4 shows the measured energy resolu-237

tion for the same optical module configura-238

tion acquired with the two different methods.239

The test bench measurements have been repro-240

duced by GEANT-4 based optical MC simula-241

tions, with good agreement between the two242

[3] as can be seen in Figure 5, which shows a243

∆E/E data and MC comparison for 2562mm2
244

and 3082mm2 PST and PVT blocks.245

The 90Sr variable energy beam (0.4 - 2.0246

MeV) can also be used to acquire a measure-247

ment of the dependence of energy resolution on248
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Figure 4: Two different fitting procedures for energy resolution acquisition using (a) 90Sr and (b) 207Bi for
a 255mm � ×180mm hexagonal EJ-200 block coupled to an 8” Hamamatsu R5912-MOD PMT via Glycerol
coupling fluid, with 75µm PTFE wrapping on the sides and 12µm Mylar wrapping on the entrance face.
The two methods are consistent with each other, with a ∆E/E of 7.7±0.2% FWHM at 1MeV measured
with 90Sr and of 7.4±0.3% FWHM at 1MeV measured with 207Bi. Systematic corrections have been taken
into account for both of the results, introduced by the respective data acquisition systems.

Figure 5: ∆E/E FWHM at 1MeV comparison for
2562mm2 and 3082mm2 PST and PVT scintillator
blocks.

Figure 6: Energy resolution as a function of 90Sr
energy using a 2562mm2 ENVINET square block
and a Hamamatsu R5912-MOD PMT.

the beam energy, which follows a
√

E distribu-249

tion (Figure 6).250

The time resolution of the system is mea-251

sured by an LED signal delivered to two optical252

modules in coincidence.253
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(a) The SuperNEMO
calorimeter

(b) SuperNEMO
optical module

Figure 7: The SuperNEMO calorimeter (a) and a
blown up SuperNEMO calorimeter optical module:
a 2562mm2 block coupled to an 8” PMT (b).

5. Calorimeter Design254

The SuperNEMO calorimeter (Figure 7(a))255

consists of a polyvinyl-toluene (PVT) or256

polystyrene (PST) plastic 2562mm2 square257

scintillator block with a minimal thickness of258

120mm and a hemispherical ‘cutout’ directly259

coupled to an 8” PMT (Figure 7(b)) covered260

by a magnetic shield. The block is wrapped in261

0.024g/cm2 Teflon on the sides and 12µm alu-262

minised Mylar on the entrance face to increase263

the light collection. Many different configura-264

tions have been tested to reach this configu-265

ration. The first SuperNEMO module, known266

as the ‘demonstrator’, calorimeter will consist267

of these 2562mm2 block optical modules. The268

R&D that has led to this design will now be269

described.270

5.1. Scintillators271

5.1.1. Material272

It is adequate to use a scintillating detector273

to reach this target as the ∆E/E that can be274

achieved is limited by other properties of the275

detector, such as the thickness of the source276

foil (which contributes ∼ 5% to the detector277

∆E/E). The SuperNEMO calorimeter requires278

a scintillator that has a high light yield, low279

electron back scattering (which is proportional280

to Z2), high radiopurity, good timing (requir-281

ing a coincidence time resolution of 400ps σ of282

two electrons at 1MeV) and a relatively low283

cost. A fast inorganic option of YSO (Y2SiO5284

doped with Ce) and Phoswich (a hybrid con-285

sisting of two CaF2 scintillators doped with286

Eu optically coupled to each other) scintilla-287

tors were considered but did not meet the re-288

quirements of radiopurity, back scattering and289

cost.The most obvious type of scintillator that290

is able to satisfy all of these requirements si-291

multaneously is organic scintillator. Initially,292

liquid (toluene based, consisting of 0.5% PPO293

(2,5-Diphenyloxazole) scintillating agent and294

0.0025% of wavelength shifting POPOP (1.4-295

bis(5-phenyloxazol-2-yl) benzene)) and liquid-296

plastic hybrid scintillators were considered for297

the calorimeter. However, due to the difficulty298

of the mechanical design and the energy loss of299

electrons in the entrance window of the liquid300

scintillator container the energy resolution of301

these types of scintillators was too poor to be302

considered for the final design.303

The two main choices of low Z scintillator304

are PST, as used by NEMO3, and PVT. The305

candidate scintillators studied for SuperNEMO306

are listed in Table 1, with three main manu-307

facturers considered - ENVINET for PST, and308

Bicron (BC) and ELJEN (EJ) for PVT. JINR309

Dubna and ISM Kharkiv, both manufacturers310

of PST, were also considered and tested during311

the early stages of the R&D. PVT has a higher312

light yield and longer light attenuation length313

than PST and is therefore preferable, however314

there are some concerns with PVT. There can315

be mechanical difficulties with using PVT such316

as ‘crazing’ of the scintillator when it comes317

into contact with various common substances,318

requiring great care when casting and handling319

the scintillator. PVT is more brittle than PST320
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Material ∆E
E (%)

NEMO-3 PST 8.9 ±0.2%
EJ-200 PVT 8.3 ±0.2%
EJ-204 PVT 7.8 ±0.2%

Table 2: Tests of PVT and PST materials, using a
scintillator of a 3082mm2 square and 124mm depth
geometry and a Photonis 8” XP1866 PMT.

and hence more difficult to machine. The cost321

of PVT is also higher than PST, therefore it322

was important to consider both PVT and PST323

for the R&D. A comparison of measurements324

made with PVT and PST materials is shown325

in Table 2, confirming that PVT gives a better326

∆E/E.327

5.1.2. Geometry and Optical Coupling328

The geometry of the scintillator is optimised329

for the requirements described in Section 2,330

considering the number and size of optical331

modules needed for the calorimeter. Several332

geometries have been closely studied, including333

hexagonal (255mm and 276mm diameter) and334

square (2562mm2 and 3082mm2) blocks. MC335

simulations and measurements were carried out336

to optimise the shape of the scintillator, lead-337

ing to a choice of a hexagonal (280mmhex) or338

square (2562mm2) face scintillator with a min-339

imum thickness of 120mm. Simulations and340

measurements (Figure 8) have shown that nor-341

malising the area of the particle entrance face342

of a square block to the same as that of a hexag-343

onal give similar ∆E/E results, with the square344

block chosen for the final design due to easier345

manufacturing and construction.346

There is a minimum 20mm high ‘step’ of347

10mm width surrounding the particle entrance348

face of the block. This is required to fully349

absorb the electrons incident on it (20mm is350

required for electrons up to 3MeV from the351

baseline 82Se and 31mm for 4MeV from 48Ca).352

Over this distance the block edges must be353

straight in order to avoid any loss in detection354

efficiency (Figure 9). Due to the presence of a355

Figure 8: Simulation comparison of hexagonal and
square PVT blocks (with the area of the front face
normalised to 65946.2mm2) showing energy resolu-
tion as a function of position of the entry of 1MeV
electrons relative to the centre of the blocks.

∼ 25 Gauss magnetic field in SuperNEMO the356

PMT of the optical module needs to be pro-357

tected with a magnetic shield, covering 10cm358

of the scintillator in front of the PMT entrance359

face (Figure 15). In order to achieve a good360

packing fraction for the optical modules the µ-361

metal shield rests on the 6mm wide and 20mm362

high step of the scintillator block. Therefore a363

step of minimum 20mm and a height of 100mm364

on top of that is required for the scintillator365

block, leading to 150mm (Figure 9).366

Comparisons of optical modules with and367

without lightguides were made. Removing the368

lightguide from the setup reduces the number369

of optical contacts in the module, a high num-370

ber of which could lead to poorer light collec-371

tion. The hemispherical 8” PMT is instead di-372

rectly coupled to the scintillator, which has a373

hemispherical cutout of a 112mm radius. This374

is one of the largest effects on and achieved a375

significant improvement for ∆E/E (Figure 16).376

The final geometry of the scintillator block is377

shown in Figure 9.378

Good optical coupling between the scintil-379

lator and PMT is essential for uniform and380

complete light collection, mostly achieved by381

coupling the PMT directly to the scintillator,382

as described above. However, it was also im-383
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Material Type
Light Yield Refr. Decay Atten.

λ (nm)
(ph/1MeV e−) Index Time (ns) Length (cm)

PST ENVINET ∼ 8, 000 1.57 2.5 200 420-440
PST JINR Dubna ∼ 8, 000 1.57 2.5 200 420-440
PST ISM Kharkiv ∼ 8, 000 1.57 2.5 200 420-440
PVT BC-404 10,400 1.58 1.8 160 408
PVT BC-408 10,000 1.58 2.1 380 425
PVT BC-412 9,200 1.58 3.3 400 434
PVT EJ-204 10,400 1.58 1.8 160 408
PVT EJ-200 10,000 1.58 2.1 380 425
PVT EJ-212 9,200 1.58 2.4 400 423

Table 1: SuperNEMO calorimeter candidate scintillators and their characteristics, where λ is the wavelength
of maximum emission (nm). The refractive index is quoted at a wavelength of 589.3nm.

194 ±0.1

31 ±0.1

13
1
+1

0

R

10

Ra
0.4

150

Figure 9: Geometry of the 2562mm2 scintillator block.
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Optical Refractive ∆E
E (%)

Material Index
Alcohol 1.37 9.4 ±0.2%

Gel 1.46 8.6 ±0.2%
Gel 1.52 8.4 ±0.2%

RTV 615 1.41 9.4 ±0.2%

Table 3: Tests of optical coupling materials, us-
ing EJ-200 PVT for a scintillator of a 3082mm2

square and 124mm depth geometry and a Hama-
matsu R5912-MOD PMT.

portant to test the coupling material used be-384

tween the PMT and scintillator, which has to385

have a refractive index in between the scintil-386

lator (1.58) and the PMT glass (1.47) ones,387

good transmittance, good radiopurity, the cor-388

rect viscosity and must be non permanent in389

order for the PMTs to be replaceable. Tests390

have been carried out on optical gels with dif-391

ferent optical indices, showing a large improve-392

ment for a gel with a refractive index of 1.52393

(Table 3).394

An optical epoxy silicone rubber compound395

(RTV 615 based, with a refractive index of396

1.41) is currently to be used to couple the397

PMTs to the blocks in the construction of Su-398

perNEMO. The compound has a lower refrac-399

tive index than needed, but has high radiop-400

urity and the required viscosity and is there-401

fore used as a compromise of the requirements.402

However, work is ongoing to find an optimal403

coupling material with a closer matching re-404

fractive index and other required properties.405

5.1.3. Wrapping and Surface Finishing406

In order to increase light collection, the op-407

tical modules must be wrapped in a reflec-408

tive material, which must have high reflectiv-409

ity (to redirect any escaped light back to the410

PMT) and be radiopure. In addition, the re-411

flective material on the scintillator entrance412

face must have a low Z and low density (to413

reduce electron back scattering) and must be414

dimensionally thin (to prevent energy loss of415

electrons as they pass through the material).416

The reflectors studied include aluminised My-417

lar, PTFE (Teflon ribbon or ELJEN EJ510418

reflective paint) and Enhanced Specular Re-419

flector (ESR). ESR is a relatively new poly-420

mer based product, which is composed of lay-421

ers that form a gradient of refractive indices.422

It works by refracting light with an incident423

angle θi < θc (where θc is the critical angle)424

to the next layer until θi > θc and has a high425

reflectance of ∼ 95%. Energy resolution can426

depend on whether specular or diffusive reflec-427

tors are used (Table 4).428

Optical simulations and measurements have429

shown that the best ∆E/E is achieved with430

three layers of diffusive Teflon wrapping431

(corresponding to an optimal thickness of432

0.024g/cm2) on the sides of the blocks and with433

12µm of aluminised Mylar on the sides and the434

entrance face of the scintillator, which has to435

be thin enough to avoid electron energy loss436

inside it but thick enough to shield the optical437

module from the UV photons produced in the438

SuperNEMO tracker.439

Studies have been carried out to see what440

kind of surface finishing would get the best per-441

formance from the optical module, leading to442

all surfaces of the scintillator being of a ma-443

chine finish, except for the face with the hemi-444

spherical cutout, which will be polished.445

5.2. PMTs446

The SuperNEMO calorimeter requires a447

PMT with a high QE, good collection effi-448

ciency and high radiopurity at a reasonable449

cost. Different size PMTs were considered for450

SuperNEMO, starting with a 5” PMT (any-451

thing smaller would not be viable due to the452

large number of channels and cost) and go-453

ing up to an 11” PMT. During testing it was454

found that using a 5” PMT did not achieve455

the required ∆E/E as its size did not match456

the geometry and size of the chosen scintilla-457

tor blocks. 10” and 11” PMTs did not achieve458
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PMT Type
Scintillator Reflector ∆E

E (%)Type Dim. (mm) Side Face
8” Ham. EJ-200 255hex�×100 ESR Al-Mylar 7.6 ±0.3%
8” Ham. EJ-200 255hex�×100 PTFE Al-Mylar 7.4 ±0.3%
8” Phot. ENVINET PST 255hex�×100 PTFE Al-Mylar 10.7 ±0.2%
8” Phot. ENVINET PST 255hex�×100 Al-Mylar Al-Mylar 11.0 ±0.2%

Table 4: Tests of specular and diffusive reflective materials, where the 8” Hamamatsu is the R5192-MOD
tube and the 8” Photonis is the XP1886-124 tube.

the required ∆E/E due to an insufficient col-459

lection efficiency from the photocathode to the460

first dynode, which becomes smaller for larger461

diameter PMT bulbs. This led to a choice of an462

8” PMT, which increases the photo-detection463

surface to improve the ∆E/E and decreases the464

total number of calorimeter channels used (and465

hence improves radiopurity and reduces cost).466

8” and larger diameter PMTs have so far been467

mostly used for Cerenkov light detection, offer-468

ing a large surface and high gain (108 - 1010) to469

detect the few photo-electron (Npe) output. In470

SuperNEMO the level of light is ∼ 1000 Npe,471

therefore the PMTs have had to undergo de-472

velopment to focus the linearity to take into473

account any non linear effects due to the high474

light level. The QE, collection efficiency, gain475

(considering voltage dividers and the number476

of dynode stages) and shape of the PMTs have477

also been studied.478

Most of the R&D tasks described could479

only be carried out in partnership with PMT480

manufacturer companies, prompting the Su-481

perNEMO collaboration to start close work482

with Photonis and Hamamatsu in 2005. ET483

Enterprises PMTs were also considered and484

tested, however did not have the QE required485

for SuperNEMO. Photonis and Hamamatsu486

started the development of 8” PMTs (XP1886487

from Photonis and R5912-MOD from Hama-488

matsu, Table 5), with the main focus on in-489

creasing the QE of the photocathode, the re-490

duction on the number of dynode stages from491

11 to 8, decreasing the gain by a factor of 100492

and the geometry of the dynodes (with a lin-493

ear focused geometry to give good linearity and494

minimise the transit time of electrons for a fast495

response).496

5.2.1. Photocathode497

The development of new photocathode pro-498

cesses in recent years has been achieved with499

bi-alkali alloys, such as SbKCs and SbKNa [5],500

leading to a peak QE of ∼ 40% for 3” PMTs.501

These photocathodes have a spectral sensitiv-502

ity optimal in the U.V. - blue region, thus503

are a good match for the λ emission of the504

SuperNEMO scintillators (Table 1). Photonis505

and Hamamatsu have worked on extrapolating506

these processes to 8” PMTs and have produced507

several tubes with QE at or above ∼ 40% at508

∼400nm (Figure 10). For comparison, the av-509

erage QE of the 1940 3” and 5” PMTs used in510

NEMO3 was 20%.511

As the QE of a PMT is wavelength (λ) de-512

pendent it is important to match the λ of the513

scintillator light output as closely as possible to514

that of the peak λ of the PMT. Therefore the515

development of the scintillators and the PMTs516

must be correlated with respect to each other.517

Several prototypes of 8” PMTs have been518

received and tested by the collaboration. Al-519

though the QE of the Hamamatsu tubes is520

higher, the Photonis tubes were found to give521

a better ∆E/E. In 2009 Photonis announced522

a full stop to their PMT R&D branch, there-523

fore there has been a strong focus on improv-524

ing the ∆E/E for the Hamamatsu PMTs. A525

lower collection efficiency in the Hamamatsu526
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Type
Cathode Quoted QE at Dynode Gain at

� (in) Max QE 400nm Stages Nominal HV
Hamamatsu R5912-MOD 8 42% 41% 8 5× 105 at 1500V
Photonis XP1886 8 35% 35% 8 5× 105 at 1500V
ET Enterprises 9354KB 8 28% 26% 12 7× 106 at 1300V

Table 5: The main SuperNEMO calorimeter candidate PMTs and their characteristics for the best selected
tubes.

(a) Photonis QE (b) Hamamatsu QE

Figure 10: Quantum efficiency curves of bi-alkali photocathodes for several 8” PMTs from (a) Photonis
(XP1886) and (b) Hamamatsu (R5912-MOD) measured by the respective manufacturers after production.
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tubes compared to the Photonis tubes was sus-527

pected and after addressing that aspect of the528

tube development, the difference between the529

performance of the tubes decreased but was530

still present. After investigating it was found531

that this was due to a problem with the spatial532

uniformity of the photocathode in the Hama-533

matsu tubes. Measurements have shown that534

the QE is constant over almost the entire sur-535

face of the Photonis PMTs (Figure 11(a)), but536

decreases by up to 30% for photons incoming537

on the side of the PMT compared to the centre538

for the Hamamatsu tubes (Figure 11(b)). Af-539

ter further development with Hamamatsu the540

photocathode uniformity was improved to be-541

ing constant across almost the entire surface of542

the PMT (Figure 11(c), improving the ∆E/E543

obtained with the Hamamatsu PMTs (Table544

6).545

SuperNEMO is a low counting rate experi-546

ment, therefore the polarity of the PMTs was547

chosen to be positive. This minimises the noise548

due to field emissions and lowers the dark cur-549

rents of the PMTs.550

5.2.2. Gain and Linearity551

The average SuperNEMO light level is ∼552

1000 Npe (for 1 MeV electrons), correspond-553

ing to an instantaneous peak current of ∼ few554

mA, which makes keeping linearity challenging.555

Several details have been considered and imple-556

mented in the design of the 8” PMTs to ensure557

a linear response: 8 dynode stages, a focused558

linear geometry of the dynodes and an increas-559

ing electric field on the last dynode stages. Ten560

of the Hamamatsu 8” PMTs have been received561

and tested after being coupled to plastic scin-562

tillators. Measurements carried out with the563

90Sr electron spectrometer in the energy range564

of 0.4 - 2 MeV (Figure 12) and with an LED565

in the energy range of 0 - 5 MeV (Figure 13)566

show that the deviation from linearity does not567

exceed 0.5% (Figure 12). Therefore we can ex-568

pect to have linearity better than 2% up to569

3MeV.570

Decreasing the number of dynode stages and571

optimising the voltage divider also decreases572

the gain on the PMT. The distribution of high573

voltage (HV) between dynodes is obtained with574

a voltage divider circuit. Typically, a linear dis-575

tribution of tensions gives a homogeneous ac-576

celeration of electrons between all of the dyn-577

odes to maximise the gain. In order to decrease578

the gain, the distribution at the last dynode579

stages was changed to a progressively increas-580

ing one (Figure 14), giving an electric field that581

increases at the end of the signal amplification582

and hence preventing non-linearity of the re-583

sponse.584

5.2.3. Collection Efficiency585

The HV distribution of the first two stages586

of the voltage divider was also optimised to587

improve the collection efficiency of the photo-588

electrons and hence the ∆E/E. This was589

achieved by increasing the HV between the590

cathode and the first dynode (by 2) and be-591

tween the first and second dynodes (by 1.5)592

and achieved an improvement of ∼ 0.4% for593

absolute ∆E/E (Table 7). The Hamamatsu594

PMTs currently still have a poorer collection595

efficiency than Photonis, however the required596

∆E/E has now been obtained with both due to597

Hamamatsu’s higher QE (Table 8).598

Studies have been carried out in collabora-599

tion with Phynics Cie and Photonis to char-600

acterise the minimum length of the magnetic601

shield over the photocathode required to shield602

the PMT from the magnetic field in order not603

to see any effect on the collection efficiency of604

the PMT. This length was found to be 10cm605

(Figure 15).606

5.2.4. Timing607

Reducing the number of dynode stages of608

the PMT helped to reduce the time transi-609

tion spread (TTS) of the PMT, improving the610

timing of the calorimeter. The hemispherical611

shape of the PMT also ensures better timing.612

The main focus of the calorimeter develop-613

ment has been on optimising the light collec-614

tion for ∆E/E, therefore the time resolution615
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Block
PMT

∆E
E Gain Rise Time

number (%) (nVs) (ns)

1
R5912-MOD BI 8.0 ± 0.1 4.9 ± 0.1 4.1 ± 0.3
R5912-MOD AI 7.5 ± 0.1 5.4 ± 0.1 4.4 ± 0.3

2
R5912-MOD BI 7.7 ± 0.1 4.8 ± 0.1 4.3 ± 0.3
R5912-MOD AI 7.3 ± 0.1 5.8 ± 0.1 4.3 ± 0.3

Table 6: Tests of Hamamatsu R5912-MOD PMTs before and after photocathode uniformity improvements,
using two 2562mm2 EJ-204 square scintillator blocks wrapped in 0.024g/cm2 of Teflon on the sides and 12µm
on the entrance face and coupled to the PMTs via alcohol, where BI indicates the PMT before improvement
and AI indicates the PMT after improvement, run at the nominal HV.
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Figure 11: Photocathode uniformity response of (a) Photonis, (b) Hamamatsu PMTs before improvement
and (c) Hamamatsu PMTs after improvement, measured in relative units with three prototypes of PMTs.

Configuration K-Dy1 Dy1-Dy2 ∆E
E (%)

Standard 8.5 ±0.2%
Altered ×2 ×1.5 8.1 ±0.2%

Table 7: Tests of an optimised HV divider using an EJ-204 PVT scintillator of a 3082mm2 square geometry
and a Hamamatsu R5912-MOD PMT, where K denotes the cathode and Dy1 and Dy2 denote the first and
second dynodes respectively.
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(a) Charge response (b) Deviation from linearity

Figure 12: Charge response of a SuperNEMO scintillation counter with a new 8” PMT (R5912-MOD
Hamamatsu) as a function of the electron energy (a) and the observed deviation from a linear fit (b) using
the electron spectrometer for testing. The energy resolution at 1MeV is 7.9%, corresponding to ∼ 885 Npe

detected in the PMT.

(a) Charge response (b) Deviation from linearity

Figure 13: Charge response of a SuperNEMO scintillation counter with a new 8” PMT (R5912-MOD
Hamamatsu) as a function of the electron energy (a) and the observed deviation from a linear fit (b) using
an LED for testing.
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Figure 14: A SuperNEMO PMT 8 dynode stage voltage divider circuit, with the value of the
voltages between each stage given in percent.

(a) SuperNEMO optical module (b) Relative collection efficiency

Figure 15: A SuperNEMO optical module (a) and relative collection efficiency (b) as a function of
distance to cover PMT photocathode in a 25G magnetic field.
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has only been validated for the configurations616

that have achieved the required ∆E/E.617

5.2.5. Pulse Parameters618

PMT afterpulses could lead to an increased619

counting rate of the calorimeter by creating620

false γ hits in the SuperNEMO detector. If in-621

cluded in the charge integration of pulses they622

could also degrade the ∆E/E. PMTs with af-623

terpulses with a delay of up to 2µs (caused by624

light ions in the PMT) can be identified and un-625

dergo a selection criteria requiring the proba-626

bility of afterpulses occurring to be < 1%, with627

∼ x% of PMTs passing the selection. The dark628

noise of the PMTs has to be < 5Hz for a five629

photo-electron output.630

5.2.6. Radiopurity631

The glass and internal insulation compo-632

nents of the PMT are the main source of con-633

tamination in the calorimeter. The current634

level of radiopurity reached for the Hamamatsu635

8” PMTs is 0.58Bq/kg for 40K, 0.10Bq/kg for636

214Bi and 0.02Bq/kg for 208Tl, which is suf-637

ficient for the SuperNEMO baseline isotopes.638

The expected levels to reach are 0.05Bq/kg639

for 214Bi and 0.004Bq/kg for 208Tl. This is640

compared to 0.53Bq/kg for 40K, 0.24Bq/kg for641

214Bi and 0.01Bq/kg for 208Tl for the NEMO3642

5” PMTs [1]. The SuperNEMO collaboration643

is currently working closely with the Primev-644

erre high purity glass manufacturer to produce645

a low radioactivity PMT bulb necessary for646

lower Qββ value isotopes, requiring an order647

of magnitude radioactivity improvement.648

To ensure radiopurity, all of the componets649

of the optical module, particularly the PMT650

components and glass, are selected with high651

purity Germanium (HP-Ge) detectors.652

6. Summary and Conclusion653

The SuperNEMO experiment aims to reach654

a sensitivity of 1026 years with 100kg of 82Se.655

One of the main focuses of the project R&D656

has been on the calorimeter design, in partic-657

ular improving the energy resolution of elec-658

trons from 14-17% to 7% FWHM at 1 MeV659

using larger volume plastic scintillators. Many660

combinations of PMTs, scintillators, reflec-661

tive wrappings and their parameters have been662

tested to arrive at the optimal optical module663

for the SuperNEMO calorimeter. It consists664

of a 2562mm2 square PVT or PST scintillator665

block, directly coupled to an 8” Hamamatsu666

R5912-MOD PMT (developed in collaboration667

with Hamamatsu) via a hemispherical cutout668

in the scintillator. The block is wrapped in669

0.024g/cm2 Teflon on the sides and 12 µm al-670

Mylar on the entrance face of the scintillator671

to increase light collection. The collaboration672

has achieved the ∆E/E stipulated by the R&D673

proposal, with the main results summarised in674

Table 8. There have been early indications675

that the ∆E/E of 8.7 ±0.2% for a 2562mm2
676

PST scintillator block with an 8” R5912-MOD677

Hamamatsu PMT can be further improved.678

A single block from the latest production has679

been measured to give a result of 8.0 ±0.2%680

∆E/E at 1 MeV.681

The contribution of each part of the R&D to682

the improvement in ∆E/E can be seen in Fig-683

ure 16, where the starting point is the ∆E/E684

of NEMO3 ( 14−17%√
E(MeV )

) and the endpoint is the685

∆E/E of SuperNEMO ( 7%√
E(MeV )

). The largest686

improvement for ∆E/E comes from the direct687

coupling of the 8” PMT to the hemispherical688

cutout in the scintillator block without the use689

of a light guide, therefore avoiding any unnec-690

essary loss of light collection. Another large691

contributing factor to the ∆E/E improvement692

comes from the increase in quantum efficiency693

of the bi-alkali photocathodes of the 8” PMTs.694

Optimising the material, wrapping and surface695

finishing, and the geometry of the scintillator696

block and the operation of the PMT (optimi-697

sation of the voltage divider, gain and linear-698

ity) have also contributed to reaching the tar-699

get ∆E/E.700

Construction of the SuperNEMO ‘demon-701

16



Scintillator
Hamamatsu Photonis

Dimensions
PST 256 x 256 x 120 cm3 8.7 ±0.2% 7.5 ±0.2%
PVT 256 x 256 x 120 cm3 7.3 ±0.2% 6.7 ±0.2%

Table 8: Measurements of the final SuperNEMO optical module designs.

Scintillator
     Geometry
     Surface (polishing + reflector)
     Material PS → PVT

Photomultiplier
     Quantum efficiency
     Optimisation of operation
     Changing 5" → 8" and direct coupling

34 %

6 %

12 %

14 %

24 %
10 %

Figure 16: Contribution of performance developments to reach the SuperNEMO optical module design
starting at the level of NEMO3.
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strator’ module is currently under way, which702

will be a fully operational standalone module703

containing 7kg of 82Se. The demonstrator will704

be installed and commissioned in the Labora-705

toire Soutterain de Modane (LSM) and begin706

running in 2015. Depending on the results of707

the demonstrator, the rest of the detector will708

start construction in 2015, with each module709

being commissioned and starting running as710

soon as it is complete. SuperNEMO aims to711

reach its sensitivity by 2020.712
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