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Abstract: The Hamamatsu R12199-02 3-inch photomultiplier tube (PMT) is the photodetector122

chosen for Phase 1 of the KM3NeT neutrino telescope. About 7000 PMTs have been tested for dark123

count rate, timing spread and spurious pulses. For a sub-sample the quantum efficiency, the gain,124

the peak to valley ratio and the magnetic field effects have also been measured.125
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1 Introduction137

KM3NeT is a large research infrastructure that will consist of a network of deep-sea neutrino detec-138

tors in the Mediterranean Sea [1–3]. The main scientific goals are neutrino astro-particle physics,139

study of astrophysical objects by detecting their high-energy neutrino emission, and neutrino os-140

cillation physics, investigation of neutrino properties by measuring atmospheric neutrinos. The141

KM3NeT location in the deep sea offers interdisciplinary opportunities for continuous, real-time142

measurements, e.g. for marine biology, oceanography or environmental sciences. The high-energy143

neutrino telescope of KM3NeT (Astroparticle Research with Cosmics in the Abyss, ARCA) will144

be located off-shore Capo Passero, Italy, 3500 m below the sea level. The low-energy neutrino145

telescope of KM3NeT (Oscillation Research with Cosmics in the Abyss, ORCA) will be located146

off-shore Toulon, France, 2500 m below the sea level.147

Both arrays are made of thousands of Digital Optical Modules (DOMs). The DOMs, 18 per148

string, are arranged along flexible strings kept vertical by a submerged buoy. The strings are grouped149

in building blocks of 115 units. The complete ARCA telescope will consist of two building blocks;150

ORCA of one block, with smaller horizontal and vertical spacing. During the first stage of the151

KM3NeT construction (Phase 1) 24 strings for the ARCA and 6 strings for the ORCA detectors,152

respectively, will be installed. The DOMs will detect the Cherenkov light emitted in the sea from153

charged particles originating from neutrino interactions. Each DOM consists of 31 3-inch PMTs154

inside a 17-inch diameter glass sphere. The timing accuracy and the photon counting capability are155

the main parameters that determine the detector event reconstruction accuracy. The measurement156

of the arrival times of photons on the PMTs is crucial since it affects the accuracy of the event157

reconstruction. The charge estimate is based on the Time over Threshold (ToT) values of the PMT158
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pulses and the number of hit PMTs on each DOM. The accuracy of this estimation affects the159

reconstructed energy resolution. Dark count rate and out of time pulses can also affect the telescope160

performance.161

It is well known that the performance of a photomultiplier tube is subject to variation due162

to magnetic fields that can change the trajectories of the photo-electrons and also of secondary163

electrons. Since PMTs installed into optical modules of an underwater detector can change their164

orientation because of movements of the structures due to sea currents, the influence of the Earth’s165

magnetic field must be investigated. Magnetic shielding is regularly used to reduce magnetic effects166

and make the response of the PMT independent of its orientation.167

The requirements [1] for the main characteristics of the KM3NeT PMTs are summarized in168

Table 1. The Hamamatsu R12199-02 PMT [4] is the photodetector chosen for Phase 1 of the169

KM3NeT project. It is a 80 mm diameter hemispherical PMT with 10 dynodes and standard170

bi-alkali photocathode, see Fig. 1171

Figure 1. Hamamatsu 3-inch R12199-02 PMT.

The paper is organized as follows: in Section 2 the setup and the method used for the measure-172

ment of the Quantum Efficiency (QE) are discussed; in Section 3 the calibration of the gain and ToT173

dependence is shown for a sub-sample; in Section 4 the results from the test of about 7000 PMTs174

are discussed; finally in Section 5 the PMT performance as a function of its angle with respect to175

the Earth’s magnetic field is summarized.176

2 Quantum efficiency measurements177

The photocathode quantum efficiency is measured in DC-mode, without any amplification. The178

whole dynode structure and the anode are connected using a dedicated base. A typical voltage of179
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Photocathode diameter >72 mm
Nominal Voltage for gain 3x106 900-1300 V
Quantum Efficiency at 470 nm > 18%
Quantum Efficiency at 404 nm > 25%
Transit Time Spread (FWHM) < 5 ns

Dark count rate (0.3 s.p.e. threshold, at 20◦C) 2000 cps max
Prepulses between -60 ns and -10 ns 1.5% max

Delayed pulses between 15 ns and 60 ns 5.5% max
Late afterpulses between 100 ns and 10 µs 15% max

Table 1. Requirements from the KM3NeT neutrino telescope for the main PMT characteristics. N.B. cps
stands for counts per second.

280V is appliedwith respect to the photocathode. The PMT is illuminatedwith aXenon lampwhose180

light passes through a monochromator. The photocurrent is measured by a picoammeter. The light181

intensity is determined using a reference photodiode calibrated by Hamamatsu in the wavelength182

range of 200 - 800 nm in steps of 10 nm with a precision of 0.1%. Reference measurements are183

repeated each hour. The scheme of the test setup for QE measurements is shown in Figure 2. The184

quantum efficiency is calculated as the ratio between PMT and photodiode photocurrents weighted185

with the known QE of the photodiode. QE is measured in the wavelength range of interest 280 -186

700 nm in steps of 5 nm. More details on the method and on the possible systematics can be found187

in [5].188

Figure 2. Scheme of the test setup for photocathode quantum efficiency measurements.
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Photocathode QE was measured for 56 PMTs. The results are presented in Figure 3. Green189

lines show QE curves for individual PMTs; red curve is the mean value with standard deviation at190

each measured wavelength. For the wavelengths indicated in the KM3NeT specifications, QEs with191

standard deviations are: (26.9 ± 1.2)% (@404 nm) and (21.6 ± 1.5)% (@470 nm). The results are192

in agreement with the requirements.193
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Figure 3. Photocathode Quantum Efficiency measurements as a function of the wavelength for 56 PMTs.
The red curve shows the mean value with standard deviation at each measured wavelength.

3 Gain and Time-over-Threshold calibration194

Hamamatsu provides a high voltage (HV) value for each PMT to achieve the nominal gain of 3×106.195

Gain is defined and measured by Hamamatsu as the ratio between anode and photocathode currents.196

In KM3NeT application, PMTs are not used in current, but in pulse mode. The majority of the197

detected pulses are due to single photo-electron (s.p.e.). A charge distribution of s.p.e. pulses is198

shown in Figure 4. The first peak is the so called pedestal, the baseline signal from the PMT in199

the absence of photon induced pulses; the red line is a Gaussian fit to the s.p.e. distribution. The200

PMT gain is a mean value of the fit expressed in units of number of electrons. The gain is defined201

as follow202

gain = (spemean − pedmean) × (vgain/50) × timestep/ampgain/e

where spemean is the mean value of s.p.e distribution; pedmean is the mean value of the203

pedestal; vgain is the ADC scale expressed as Volts per ADC channel; 50 (expressed in Ohm) is204

the ADC load resistor; timestep is the sampling time step in seconds; ampgain is the amplification205

of the PMT; e = 1.6022 × 10−19 coulombs. For the plot in Figure 4, the following standard sets206
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were used: vgain = 2.21 × 10−3 Volts per ADC channel; timestep = 10−9 s; ampgain = 10;207

(spemean − pedmean) ' 125 ADC channels. The corresponding gain is then 3.45 × 106.208

Given the different methods to measure the gain, differences in nominal voltages are expected.209

Therefore, a method of HV tuning in order to get the nominal gain has been developed.210
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Figure 4. Single photo-electron charge distribution for a typical PMT. The red line shows the Gaussian fit to
the s.p.e. distribution.

The nominal HVwas measured for a sub-set of PMTs with resistive bases having a high-voltage211

division ratio of 3 between photocathode and first dynode, and of 1 between all other dynodes. The212

bases have throughout connectors providing safe inserting of PMTs flying leads. In a dark box the213

whole PMT surface is illuminated by fast LED pulses (460 nm central value with a 800 ns FWHM)214

at 1 kHz frequency. Light from the pulser is delivered to the dark box via an optical fiber. A215

diffusor is installed at the fiber output at a distance of ~1 m from the PMTs. The pulser amplitude216

is tuned to obtain a mean number of ~0.1 photon per pulse detected by the PMT, whose signal,217

amplified ten times, is sent to a LeCroy Waverunner 6100 oscilloscope. The latter is triggered with218

the sync signal from the pulser and the waveforms of PMT signals are saved with a sampling rate of219

1× 109 samples per second. The gain is calculated integrating the signal within a gate of 20 ns and220

fitting the distribution with a Gaussian function. Measurements of the gain are performed at seven221

different voltages around the HV provided by Hamamatsu with steps of 25 V. These results are used222

to fit the gain-HV linear dependence in a double logarithmic scale. The nominal HV corresponding223

to a gain of 3 × 106 is calculated from the fit with 1 V precision.224

For the operation inside KM3NeT DOMs, PMTs are soldered with Cockcroft-Walton bases225

equipped with current amplifiers [6]. Maximal values (amplitudes) of the amplified signals are226

proportional to the charge of the initial pulse. Amplified signals have long trailing tails with lengths227

proportional to amplitudes. S.p.e. pulses after the amplification have an amplitude of ∼500 mV.228

A tunable threshold discriminator on the base forms a rectangular ToT signal from the amplified229

analogue signal, which is sent to the Central Logic Board (CLB) of the DOM for digitization. In230
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normal operation, only ToT signals are sent and the base dissipates only 30 mW power. There is231

also a possibility to read out the amplified analogue signal. In this case the power consumption232

increases, but this feature allows for threshold and ToT calibration in the laboratory where the233

power consumption is not critical. Both analogue and ToT are generated as differential signals. An234

example is shown in Figure 5.235
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Figure 5. Analogue (red curves) and ToT (blue curves) signals from PMT base. The dashed lines shows the
differential signal, while the continuous one the total signal.

A sub-sample of 66 PMTs was equipped with resistive bases to perform gain calibration, peak-236

to-valley ratio measurement and threshold-ToT calibration. In Figure 6-left the histogram with the237

gain slopes is shown. The nominal HVs for 3 × 106 gain derived from these measurements were238

compared with those provided by Hamamatsu. The difference between these two values is presented239

in Figure 6-right. There is a systematic difference that can be explained with the different methods240

used for gain measurement. The measured peak-to-valley ratio is shown in Figure 7.241
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Figure 6. Left: Gain slope ; Right: Difference between measured high voltages and those provided by
Hamamatsu for 3 × 106 gain.

Five out the 66 calibrated PMTs were soldered with active bases and threshold-ToT calibration242

was performed as follows. New nominal HVswere applied and a few s.p.e. data sets were taken with243

different thresholds set by encoders on bases. The mean value of the amplitude distributions from244
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these measurements should correspond to 3 × 106 electrons charge. This mean value was derived245

from a Gaussian fit. Thresholds were determined as minimal values from the same distributions,246

and then expressed as a fraction of s.p.e. divided by mean value. The value for the threshold247

encoder corresponding to the 0.3 s.p.e. nominal threshold was calculated from the linear fit of the248

encoder-threshold dependence. Then the final measurement at nominal HV and nominal threshold249

was performed. The derived ToT distribution was fitted with a gaussion function. The obtained250

mean ToT value of 26.4 ns is the nominal ToT for single photo-electrons at 3 × 106 gain and with a251

threshold of 0.3 s.p.e.252
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Figure 7. Peak-to-Valley ratio for a sub-sample of 66 PMTs.

4 Measurement of spurious pulses253

A special device, dubbedDarkBox, has been developed [7] and it is shown schematically in Figure 8.254

It consists of a wooden box and removable trays designed to hold PMTs under test. A time-calibrated255

electrical cabling systemwas realised to connect PMTs to the data acquisition system placed outside256

the box, maintaining for all PMTs the same time signal delay. A picosecond accuracy laser and a257

calibrated optical splitting system are used to illuminate all PMTs in single photo-electron condition.258

Details on the mechanics, the electronics and the laser calibration system as well as its performance259

can be found in [7].260

In this section we summarize the results obtained by testing 6960 PMTs.261

The accurate, but time consuming, HV tuning procedure described in Section 3 cannot be262

applied for the tests. Therefore, it was decided to use the reference ToT value of 26.4 ns with a263

threshold at 0.3 s.p.e. as an indirect observable to equalize the PMT gains at 3 × 106. The HV264

for all PMTs is calibrated for the mass production in order to have the peak value of the time over265
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Figure 8. DarkBox experimental setup scheme [7].

threshold distribution at 26.4 ns, for a single photo-electron signal. We will refer to these high266

voltage as "tuned HV".267

During a run with laser, the ToT distribution of the first hit is collected. The first hit is expected268

in a time window depending on the White Rabbit switch synchronization. This distribution has a269

peak in the range 26-27 ns confirming the reliability of the automatic HV calibration procedure.270

The results discussed in the following sections have been obtained with tuned HV.271

Note that for KM3NeT applications the anode is directly coupled to an external circuit, i.e.272

negative high voltage is used. In this case, optimal and stable performance can be obtained if273

precautions are taken to minimize any electrical discharges between the PMT and the holder. We274

adopted a solution by applying directly to the outside of the photomultiplier tubes the same insulating275

varnish as used for the high voltage bases [8].276

4.1 Dark counts277

In a PMT, noise pulses can be defined as anode output pulses not connected to a light event [9].278

The dark counts are random noise pulses that can be measured at the anode of a PMT even in total279

darkness. The most significant source of random noise for a PMT is the spontaneous thermionic280

emission of electrons by the photocathode. Pulses that result from this process correspond mainly281

to a single photo-electron. The rate at which these pulses are observed is proportional to the area282

of the photocathode, and varies considerably between different photocathode materials. Bialkali283

photocathodes (as those used in KM3NeT PMTs) have the lowest ratio per unit of area. Another284

source of dark pulses is the natural radioactivity in the structure of the PMT itself. The most285

important components are usually 40K and Th contained in the glass envelope. A beta particle286
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emitted in radioactive decays will give rise to a flash of Cherenkov radiation that can produce287

photo-electrons emission from the photocathode [9].288

Once the PMTs are fed with the tuned HV, dark count rates are monitored for 9 hours. During289

this time PMTs recover from the initial exposure to the light and the dark count rate stabilizes. The290

final rate is measured as the average value over the last 100 s of the run for each PMT. It is worth291

mentioning that PMTs with a dark count rate above 2000 cps are measured twice. This procedure,292

though time consuming, is mandatory to get rid of the residual instabilities induced by the material293

surrounding the PMT. The results are shown in Figure 9. The average dark count rate is 1289 cps,294

while the fraction of PMTs below 2000 cps is 92.9%.295

Dark Count Rate (cps)
210 310 410 510

E
nt

rie
s

1

10

210

Dark Rate

Figure 9. Dark Count rate for the whole sample analysed.

The effect of the artificial light on the dark count rate was also studied. Two different artificial296

light sources were considered: fluorescent tube lamps and LED lamps.297

The dark count rate for six PMTswasmeasured in theDarkBox after several weeks of darkening.298

For all of them the measured dark count rate was below 200 cps.These PMTs were exposed for two299

hours to a fluorescent tube lamp light before the dark count rate measurement started. It took about300

a week of darkening to stabilize the dark count rate at the value previously measured. The same301

measurement was performed after a two hour exposure to a LED lamp light1. It took 4 hours to302

stabilize the dark count rate at the value previously measured.303

4.2 Measurement of PMT time characteristics and of spurious pulses304

Unlike dark counts, spurious pulses are time-correlated with the main PMT response to light events.305

Indeed, they can be early or delayed by a characteristic time with respect to the electron transit time306

through the PMT. They are usually classified in prepulses, delayed pulses and afterpulses. After the307

1LED lamps with color in the range 3000-6000 K lead to similar results.
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time needed for darkening a ten-minute-long run was performed with PMTs illuminated by a laser308

emitting at 470 nm. Its trigger frequency was set to 20 kHz and the light output tuned in order to309

operate PMTs in single photo-electron regime, (0.1 p.e. per pulse). These data were analysed to310

estimate PMT timing performances and quantify spurious pulses.311

Timing characteristics312

Time characteristics of PMTs are measured by detecting and analyzing the so called first photon313

hits, i.e. pulses detected in the window [T0, T0 + 200 ns], where T0 is the calculated arrival time314

of laser photons on the PMT surface. First hits must have no hits before them in the defined time315

window. The time of arrival distribution of the first hits is shown in Figure 10. The earliest high316

peak of the distribution corresponds to the PMT transit time summed to the cable delay.317

Entries    1.097583e+10
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RMS     5.696
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Figure 10. Average distribution of time of arrival of first hits for the whole sample.

The value of the transit time is determined as the centre of the bin with the maximum counts.318

The transit time spread (TTS) is defined as the FWHM of the main peak. Since the histogram319

binning is 1 ns, the error on FWHM is 1.4 ns. The results are shown in Figure 11 and indicate that320

TTS values are all below 5 ns.321

Determination of prepulses and delayed pulses.322

Prepulses arise from a direct photo-effect on the first dynode, due to photons that pass through323

the photocathode without interactions [10]. Prepulses are hence detected as the response of the324

PMT to a light event, but they appear before the typical arrival time of the main pulse, see325

Figure 10. For a 3-inch PMT the prepulse arrival time is in the range 10-16 ns before the main326

pulse. However, we followed a more conservative approach and considered the range 10-60 ns327

before the main pulse. The percentage of prepulses is defined as the ratio of the hits in the window328
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Figure 11. Transit Time Distribution spread for the whole sample.

[Tpeak − 60.5 ns,Tpeak − 10.5 ns] over the number of the first hits; Tpeak corresponds to the centre of329

the maximum bin (transit time peak).330

The distribution of the prepulses measured for the tested PMTs is shown in Figure 12. 98.8%331

of the total sample has a prepulse fraction below 1.5%. The average prepulse fraction is 0.2%.332
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Figure 12. Prepulse distribution for the whole sample.

Delayed pulses are caused by elastic scattering of photo-electrons on the first dynode (D1) [10].333

A photo-electron hitting the first dynode may be backscattered without liberating any secondary334

electron. Backscattered photo-electrons on the first dynode are decelerated by the electric field335

and then accelerated again towards it, giving secondary electrons. Thus, also delayed pulses are336
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detected as the response of the PMT to a light event. Delayed pulses do not have a random time337

distribution, but they tend to accumulate around a time that is twice the photo-cathode to D1 transit338

time. Therefore, the falling edge of the main peak in Figure 10 is softened by the delayed pulses.339

The peak of delayed pulses, due to elastic scattering of the electrons on the dynodes, is observed in340

Figure 10 at about 30 ns after the main peak. The percentage of delayed pulses has been calculated341

as the ratio of the first hits in the window [Tpeak + 15.5 ns,Tpeak + 60.5 ns] over the number of all342

first hits.343

The distribution of the delayed pulses measured for the tested PMTs is shown in Figure 13.344

98.5% of the total sample has a delayed fraction below 5.5%. The average delayed pulse fraction is345

3.2%.346
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Figure 13. Delayed pulse distribution for the whole sample.

Determination of afterpulses347

Afterpulses are noise pulses that can follow the main PMT response to a detected light event. One348

mechanism that can give rise to short delay afterpulses is the emission of light from the stages349

of the multiplier structure, which goes towards the photocathode where it can produce further350

photo-electrons. In general, PMTs exhibit Type I afterpulses in the time window 10-80 ns after the351

primary pulse [4]. Long delay afterpulses are commonly defined as Type II. They are caused by352

residual gases that can be ionized by the passage of electrons in the space between the photocathode353

to the first dynode and also through the multiplier structure. The positive ions that are formed will354

drift in the reverse direction and some can find a path back to the photo-cathode. Because the drift355

velocity of the positive ions is relatively low, the time they take to return to the photo-cathode can356

range from hundreds of nanoseconds to tens of microseconds. It also depends on the type of ions,357

on the position where they are generated and on the supply voltage.358

Afterpulses are defined as hits with a first hit before them in a time window of 10 µs. The359

used front-end electronics does not allow for a good separation for the consecutive hits with a time360
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difference . 10 ns 2. For 3-inch PMTs Type I afterpulses arrive ≤ 20 ns after the first hits, so their361

quantification is not possible with the current setup.362

Figure 14. ToT as a function of the first hit time. The peaks corresponding to the signal induced by different
ions are also indicated.

Considering the Type II afterpulse time distribution, for 3-inch PMTs two peaks at about 1 µs363

and 3 µs can be distinguished, as shown in Figure 14. These peaks are due to the residual gases364

inside the PMT. Given the typical drift velocity of each ion, the first one is presumably produced by365

CH4 ions, the second one by Cs ions. Other peaks below 1 µs are due to hydrogen and helium ions.366

The percentage of Type II afterpulses is determined as the ratio of afterpulses in the time367

window [Tpeak + 100.5 ns,Tpeak + 10 µs] over the number of first hits.368

The percentages of spurious pulses of all types are eventually corrected taking into account the369

dark noise hits that contaminate both first hits and spurious pulse distributions.370

The distribution of the afterpulses measured for the tested PMTs is shown in Figure 15. 92.4%371

of the total sample has an afterpulse fraction below 15%. The average afterpulse fraction is 7.1%.372

4.3 Summary of the results373

Following the results discussed in the previous Sections and the constraints shown in Table 1, it374

turned out that 93% of the measured PMTs complied with the requirements.375

2Signal discrimination with 0.3 p.e. threshold concatenates both impulses to a single long one
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Figure 15. Afterpulse distribution for the whole sample analysed.

Variable outside the acceptance windows Fraction of the events
Afterpulses 35.9%
Darkcounts 24.6%

Darkcounts+Afterpulses 13.3%
Delayed pulses 5.6%

Prepulses+Delayed pulses 4.4%
Darkcounts+Afterpulses+Prepulses 3.2%

Darkcounts+Afterpulses+Delayed pulses+Prepulses 3.0%
Darkcounts+Afterpulses+Delayed pulses 3.0%

Darkcounts+Prepulses 2.4%
Darkcounts+Prepulses+Delayed pulses 1.5%

Prepulses 1.5%
Prepulses+Afterpulses 0.73%

Afterpulses+Delayed pulses 0.44%
Prepulses+Afterpulses+Delayed pulses 0.43%

Table 2. Sources that caused the rejection of the PMTs. Note that the subsets are not overlapping and that
percentages are calculated with respect to the rejected sample.

The sources that caused the rejection of a PMT are summarized in Table 2. Afterpulses and/or376

dark count rates account for about 75% of the rejected PMTs.377
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5 Measurement of Earth’s magnetic field effects378

Earth’s magnetic field affects the PMT response deflecting the trajectories of the photo-electrons379

drifting from photocathode to first dynode, and also trajectories of secondary electrons in the dynode380

chain. Influences on such trajectories can have strong impacts on detection efficiency, timing and381

charge properties of the PMT. Since PMTs installed into optical modules of an underwater detector382

can change their orientation because ofmovements of the structures due to sea currents, the influence383

of Earth magnetic field must be investigated. Magnetic shielding is indeed largely used to reduce384

magnetic effects and make the response of the PMT orientation independent.385

PMT response was measured while varying the orientation and inclination to the Earth’s386

magnetic field. A light-tight dark box (1 × 0.5 × 0.5 m3) able to rotate with respect to the vertical387

axis (steps of 1◦) and to change its inclination (steps of 10◦) was constructed for this purpose. No388

magnetic material was used, only PVC and Aluminium. A pulsed laser (PicoQuant PDL 800-B)389

with a 410 nm laser head, which can emit light pulses as short as 50 ps FWHM, was used as light390

source. The laser light was split and sent through multimode optical fibers to the PMT under test391

and to a second PMT kept as monitor of the intensity. An optical diffuser (Thorlabs (D1-C50) [11]),392

with a circular, flat intensity distribution within a 50◦ angle of divergence, provided homogeneous393

illumination over the PMT photocathode.394

The location of the test box was carefully selected in order to ensure the uniformity of the Earth395

magnetic field within an area surrounding the box of at least 1 m. The magnitude of the magnetic396

field in this area was measured to be 40 µTesla.397

The reference system used for these measurements is shown in Figure 16.398

Figure 16. On the left: PMT axis in measurements (p). On the right: polar angle (θ) and azimuthal angle
(φ)

Measurements were performed with a PMT surrounded by a cage made with 1-mm diameter399

mu-metal (a nickel-iron alloy with very high relative magnetic permeability [12]). The cage is a400

68× 68 mm2 mesh, enough to avoid shadow effects on the PMT photocathode surface. An average401

magnetic field reduction factor of 4 was measured inside the cage.402
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θ 50◦ 50◦ 90◦ 90◦ 130◦ 130◦

naked shielded naked shielded naked shielded
Det. eff. 12.0% 10.1% 11.9% 6.8% 23.3% 6.7%
Gain 4.1% 2.8% 3.0% 1.6% 5.1% 1.8%
TTS 8.1% 5.0% 4.0% 1.7% 3.3% 1.5%

Table 3. Maximum variation of the detection efficiency ( Det. Eff.) Gain, and TTS by rotating 360◦

horizontally the PMT at three inclinations θ.

One 3-inch PMTwas tested by measuring the dependence of detection efficiency, gain and TTS403

on the azimuthal angle (φ). Measurements were performed for three different vertical orientations404

of the PMT: 50◦ upwards (θ = 50◦), horizontal (θ= 90◦) and 50◦ downwards (θ=130◦). Figure 17405

shows an example of gain measurement at θ = 130◦. The maximum values of variation measured for406

each of the three different vertical positions, with and without themagnetic shield are summarized in407

Table 3. These variations were calculated as the percentage of the difference between the maximum408

and the minimum value, divided by the maximum.409

For the 3-inch PMTs, the impact of Earth’s magnetic field is negligible. The largest effect is410

found on the detection efficiency but not so high to justify the use of a magnetic shielding in the411

design of optical modules with 3-inch PMTs.412
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Figure 17. Azimuthal angle dependence of the gain for a 3-inch PMT oriented downwards at θ = 130◦, in
the case of naked (red line) and shielded (blue line) PMT.

Long term measurements performed so far on a detection unit operating at the KM3NeT-It413

off-shore site show rotations on the horizontal plane lower than 20◦ for DOMs. Within such angular414

range, the measured variation on unshielded PMTs was always below 8% for detection efficiency415

and below 3% for gain and TTS .416
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6 Conclusions417

About 7000 Hamamatsu PMTs, type R12199-02, to be used for Phase 1 of the KM3NeT have been418

characterized. The main parameters, such as dark counts, TTS, prepulses, delayed and afterpulses419

have been measured for the whole sample. It turned out that 93% of the tested PMTs complied with420

the requirements.421

For a sub-sample of about 60 PMTs the QE, the gain and the peak-to-palley ratio were measured422

and the results found in agreement with the expectations. These measurements were also used for423

the gain and ToT calibrations. A threshold at 0.3 s.p.e. was fixed and the nominal ToT of 26.4 ns424

was derived from the calibrations.425

Finally, the effect of the different orientation of the PMT with respect to the Earth magnetic426

field was also measured. It turned out that the response of 3-inch PMTs has small dependence on427

the Earth magnetic field. Therefore, unlike the large PMT case [13], the use of a mu metal cage is428

not necessary.429
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