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Abstract

The NA62 experiment at CERN aims to make a precision measurement of the ultra-rare decay K+ → π+νν, and
relies on a differential Cherenkov detector (KTAG) to identify charged kaons at an average rate of 50 MHz in a 750 MHz
unseparated hadron beam. The experimental sensitivity of NA62 to K-decay branching ratios (BR) of 10−11 requires
a time resolution for the KTAG of better than 100 ps, an efficiency better than 95% and a contamination of the kaon
sample that is smaller than 10−4. A prototype version of the detector was tested in 2012, during the first NA62 technical
run, in which the required resolution of 100 ps was achieved and the necessary functionality of the light collection system
and electronics was demonstrated.
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1. Introduction1

The aim of the NA62 experiment [1] at CERN is a pre-2

cision measurement (10%) of the ultra-rare decay K+ →3

π+νν with a branching fraction BR=O(10−10), that makes4

possible a stringent test of the Standard Model because of5

the small theoretical uncertainties.6

In order to achieve a signal to background ratio of7

about 10 for K+ → π+νν, as well as using kinematic con-8

ditions, vetoes and particle identification detectors to re-9

ject events with a BR up to 10 orders of magnitude higher10

than signal, NA62 will rely on a differential Cherenkov11

detector (KTAG) [2] to tag kaons within an unseparated12

hadron beam of about 750 MHz particles, of which kaons13

are about 6%, and reject events with interactions in the14

residual material of the decay volume.15

The design is based on a CERN West Area CEDAR16

detector [3], a Cherenkov Differential counter with Achro-17

matic Ring focus designed in the 1970s to discriminate18

kaons, pions and protons in unseparated, charged-particle19
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beams extracted from the CERN SPS. The CEDAR gas20

volume and optics are suitable for use in NA62, but the21

original photodetectors and read-out electronics are not22

capable of sustaining the particle rate in the NA62 beam23

line. Therefore a new photodetection and read-out system24

has been developed to meet the NA62 requirements. The25

main experimental requirements are time resolution bet-26

ter than 100 ps, efficiency above 95%, contamination of27

the kaon sample below 10−4 and radiation hardness.28

The NA62 CEDAR is a ≈ 7 m long tube (� ≈ 60 cm)29

filled with N2 (with an option for H2) at room temper-30

ature and pressure that can be varied from vacuum to 531

bar. Starting from the downstream end of the vessel, the32

internal optical system consists of a mangin mirror, a chro-33

matic corrector, lenses and a diaphragm; the Cherenkov34

light is collected, reflected and steered onto 8 quartz exit35

windows (upstream end), equally spaced around the cir-36

cumference of the diaphragm. The new photodetection37

system collects photons exiting the quartz windows and38

focusses them onto spherical mirrors, which reflect them39

onto 256 photomultipliers (PMTs).40

As a first step in the development of KTAG, in 201141

the CEDAR was equipped with its original 8 PMTs, one42

per quartz window distributed uniformly in azimuth. This43

setup was used to evaluate the performance of two front-44

end electronics options and a basic prototype of the new45

light collection and detection system. The front-end elec-46

tronics is based on the NINO ASIC [4]. Two preamplifiers47

were tested: one new, radiation hard, design and a second,48
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Figure 1: The CEDAR installed on the H6 beam line for the 2011
test, in the North Area at CERN

which has already been used for the NA62 RICH [5, 6, 7].49

To test the photon detection a prototype light guide was50

built to replace one of the original PMTs. A solid alu-51

minium block was machined to produce 3 conical sections52

with polished surfaces that reflected the light onto 3 Hama-53

matsu R7400 PMTs. The results from the test beam were54

complemented by Monte Carlo simulations, used to esti-55

mate the radiation dose in the experimental area (FLUKA56

[8]) and photon rate and distributions (GEANT4 [9]) on57

the NA62 beamline. The resulting design was tested in58

2012, during the NA62 technical run, with the prototype59

version of KTAG.60

2. Test beam experimental setup61

The detector was installed on the H6 beam line at62

CERN in 2011 (fig. 1) and tested using an unseparated63

hadron beam of momentum 75 GeV/c with a rate of ≈ 4064

kHz. The beam composition was determined as part of65

the test. A scintillator placed upstream of the detector66

was used as trigger and beam particle counter.67

2.1. Detector68

The CEDAR volume was filled with nitrogen at room69

temperature. The original read-out was used for the setup70

of the detector and as a baseline for reference throughout71

the test. A discrimination threshold of 30mV was applied72

to the signals from the 8 PMTs and then the signals were73

split and used for both coincidence logic and scalers. The74

functionality of the CEDAR optics requires incident par-75

ticles to be parallel (to within 100 µrad) with the optical76

axis as they pass through the gas envelope. Alignment of77

the CEDAR optical axis with the beam is achieved by mea-78

suring the distribution of the light after it passes through79

an annular shaped diaphragm using the 8 PMTs. For the80
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Figure 2: After the alignment the pressure was varied, with a fixed
diaphragm opening of ≈ 1 mm: the profile of coincidences (for at
least 6, 7, and 8 PMTs) shows, in order from the left, the pion, the
kaon and the proton peaks.

alignment a gas pressure of 1.68 bar was used, correspond-81

ing to the pion Cherenkov signal, since the pion rate is a82

factor 10 larger than the kaon rate. Alignment does not re-83

quire the equalisation of the count rate in the PMTs. The84

diaphragm aperture was gradually closed from 20 mm to85

its design value of 1 mm while adjusting the orientation of86

the CEDAR optical axis horizontally and vertically. Align-87

ment is achieved when the ratios between the count rates88

in the PMTs remain constant while varying the diaphragm89

aperture. Finally, to confirm the functionality of CEDAR90

following the alignment procedure, the overall PMT rate91

was measured as a function of nitrogen pressure. Figure 292

demonstrates discrimination of pions, kaons and protons,93

and establishes that kaons can be cleanly selected. Fig-94

ure 3 demonstrates that there was no loss of signal for95

diaphragm apertures of 1 mm and above.96

Once the tuning was complete, the analog signals from97
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Figure 3: Two data sets, at the pressure of the pion peak, showing
the variation of the efficiency with the opening of the diaphragm.
The statistical error is not visible on this scale.
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Figure 4: Schematic of the radiation hard preamplifier

the PMTs were split and fed into the prototype electronics,98

after a 32 dB attenuation.99

2.2. Electronics100

The front-end electronics was based on NINO ASIC [4],101

a time over threshold charge discriminator with very low102

jitter (≈ 60 ps). The time over threshold technique allows103

an off-line slewing correction for better time resolution.104

The NINO has a differential input, for which two prototype105

preamplifiers were used. The newly designed (fig. 4) and106

radiation hard preamplifier was tested for noise and time107

performance (fig. 5). The second preamplifier had already108

been characterized for the NA62 RICH detector and was109

used as a reference and also in the second stage of the tests110

which studied the new PMTs.111
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Figure 5: Time performance of the radiation hard preamplifier: there
is much more uncorrelated noise with respect to fig. 6, and the overall
response suggests a distortion of the signal.
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Figure 6: Time performance of the RICH preamplifier: secondary
peaks along the vertical axis (> 0) are due to signal reflections in-
troduced by the attenuators.

The read-out system was based on HPTDC ASIC [10]112

and TELL1 [11]; the components were part of an interme-113

diate development stage of the final common NA62 read-114

out system, composed of custom HPTDC based daughter115

boards and TEL62 [12].116

2.3. Photomultiplier Tubes117

As already mentioned, the original light collection and118

detection system is not suitable for the intensity of NA62119

beam, that will produce a photon flux of few MHz/mm2
120

at the CEDAR exit windows. It was therefore decideded121

to replace the 8 PMTs by 8 groups of small, fast Hama-122

matsu metal package PMTs of type R7400-U03. Since123

the active area of the PMTs is <20% of their geometrical124

area, light guides are necessary to channel the Cherenkov125

photons. A prototype light guide was made, consisting of126

three conic sections hollowed out of an aluminium plate127

(fig. 7). The faces of the cone were highly polished and128

their reflectivities measured in the laboratory. This proto-129

type was designed to replace precisely one of the original130

CEDAR PMTs in such a way that its orientation could be131

varied in addition to its distance from the CEDAR quartz132

exit window. In this way it was possible to take data with133

different geometrical configurations in order to enable dif-134

ferent comparisons with the Monte Carlo simulation of the135
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Figure 8: Simulation of the illumination of the 3 PMTs prototype,
in a specific configuration, with cones projection overlaid.

light envelope produced at the prototype by the Cherenkov136

photons (fig. 8).137

3. Finalizing the design of KTAG138

Simulations with FLUKA indicate that the radiation139

flux at the front end electronics is up to 0.4Gy/year and140

that radiation hardness is an important requirement. The141

radiation hard preamplifier did not perform as expected142

during the test beam. Figs. 5 and 6 show the time and143

time over threshold distributions for the two preamplifiers.144

The radiation hard preamplifier proved to be too noisy for145

this application.146
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Figure 9: Distribution of optical photons at the entrance plane of
the cones. The array of PMTs is shown; the dashed ones are not
installed.
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Figure 10: Diaphragm illumination for N2, weighted with quantum
efficiency. The left hand side distribution is due to kaons.

To remove the need for a preamplifier a new voltage147

divider with differential output was designed to feed the148

PMT signal directly into the NINO input. This approach149

was expected to introduce several percent inefficiency on150

some PMTs but has several intrinsic advantages: avoid-151

ing the introduction of any further noise source, partially152

compensating for the lack of a preamplifier with a gain fac-153

tor of ≈ 2 because of the differential output, and reducing154

sensitivity to common mode noise.155

Data collected during the test beam enabled a realistic156

estimate to be made of the number of photoelectrons that157

would be generated by the photon flux produced by the158

nominal NA62 beam intensity. This was crucial in refin-159

ing the Monte Carlo simulation describing the evolution160

of the Cherenkov photon flux through the optical system,161

and enabled the optimisation of the optical components162

(lenses, mirrors, light guides) and the number and distri-163

bution of PMTs. Fig 9 shows an example of the distri-164

bution of Cherenkov photons incident upon the lightguide165

in one octant for one such optimisation. These studies166

revealed severe constraints on the rate capability of the167

read-out electronics.168

3.1. Monte Carlo simulation169

A full simulation of the CEDAR was undertaken in170

which Cherenkov photons were created within the gaseous171

radiator and propagated through the optical system to exit172

through the diaphragm aperture and out from the 8 quartz173

windows. Detailed information concerning the reflectivity174

and absorption of the different optical components as a175

function of wavelength was used together with the dis-176

persive properties of the two candidate radiators, gaseous177

nitrogen and hydrogen, and the spectral response of the178

PMTs. The simulation shows that an average of 18 hits179

per beam particle is enough to fulfil all the requirements.180

The West Area CEDAR used by NA62 was designed to181

operate with nitrogen, where full compensation of the dis-182

persion was incorporated into the optics. Figure 10 shows183
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Figure 11: Diaphragm illumination for H2, weighted with quantum
efficiency. The left hand side distribution is due to kaons.

that sufficient angular separation of kaons and pions, plot-184

ted as their radius on the diaphragm plane, is preserved at185

all wavelengths. The dispersion is not fully corrected with186

hydrogen and light of different wavelengths is spread over187

an angular range of size similar to the separation between188

kaons and pions (fig. 11). The design pion contamina-189

tion requirement may be achievable with hydrogen at the190

expense of the loss of about 40% of the Cherenkov light191

from kaons. The corresponding KTAG time resolution is192

within design specification, while the degradation in the193

kaon identification efficiency would be potentially critical.194

The KTAG has been designed to be compatible with both195

solutions, because nitrogen offers a better optical perfor-196

mance and hydrogen introduces less material on the NA62197

beam line.198

The number of detectable photoelectrons per beam par-199

ticle determines the efficiency, the time resolution and, to200

some extent, the contamination of pions in a kaon sample.201

Critically for NA62, it also determines the single channel202

hit rate, which imposes constraints on the read-out elec-203

tronics. It is therefore necessary, within the optimization204

process, to prevent individual channels from exceeding 5205

MHz average rate (see § 3.4). Based on the test-beam mea-206

surements and studies described in § 2, the simulated per-207

formance of KTAG for a sample of PMT configurations208

within this limit, each requiring different combinations of209

lenses and spherical mirrors, is shown in table 1 for both210

gases that might be used as the Cherenkov radiator. The211

requirements of kaon tagging efficiency greater than 95%,212

based on the coincidence of signals from one or more PMTs213

in at least 6 octants, with an average production rate of214

photo-electrons no more than 5 MHz per PMT can be215

achieved for both nitrogen and hydrogen, while sufficient216

flexibility exists to enable further refinement of the type217

and configuration of PMTs to be used in the final design to218

improve the balance between kaon-tagging efficiency and219

rate per PMT. For the hydrogen option PMTs with higher220

quantum efficiency (R9880-U110) are required.221

option R[mm] <N> MR [MHz] ε(≥ 6)
N2 R7400-U03 51.68 11.1 2.7 69%
N2 R7400-U03 77.52 17.4 4.8 95%
H2 R7400-U03 51.68 8.1 1.9 48%
H2 R7400-U03 77.52 12.5 3.4 80%
H2 R9880-U110 77.52 22.4 5.8 99%

Table 1: Monte Carlo estimated performance for several configura-
tions: N2 and H2 options with different spherical mirror radii R and
different PMT models. The average number of hits <N> per beam
particle, the hit rate on the most active channel rate MR and the
CEDAR efficiency ε for ≥ 6 fold coincidece is shown.

The pion contamination is dominated by accidental co-222

incidences with kaons, hence it is determined by the com-223

bined time resolution of the KTAG and the RICH; for a224

rate of charged pions in the beam of ≈500 MHz the re-225

quirement for both detectors is 100 ps resolution.226

3.2. Mechanics and Optics227

To handle an instantaneous kaon flux of ≈50 MHz228

within an unseparated beam of ≈750 MHz, Monte Carlo229

simulations indicated the need for several hundred Hama-230

matsu PMTs distributed equally among the octants, with231

each octant replacing one of the original CEDAR PMTs232

and accepting light from a single quartz window. The233

physical size of each group of PMTs required that the oc-234

tants were placed around the beam pipe, with light re-235

flected radially out towards them. The radial location of236

the PMTs was chosen to minimise the expected radiation237

from neutrons and muons, simulated with FLUKA, and is238

between 30 and 50 cm from the beam line. The Cherenkov239

light emerging through a quartz window displays different240

angular behaviour in the radial and transverse directions241

and it was first thought that an ellipsoidal mirror would242

be required to focus the reflected light onto any sensible243

grouping of PMTs in an octant. However, detailed calcu-244

lations showed that a combination of a spherical lens cov-245

ering each quartz window and a spherical mirror reflecting246

light radially outwards would be satisfactory. This option247

greatly simplified and speeded up the fabrication, since248

eight pairs of standard lenses could be bought, with one249

from each pair converted to a mirror of high reflectivity250

at all wavelengths using an aluminium coating procedure251

developed by the CERN optics group.252

The light guides for each octant consist of a matrix of253

closely-spaced, conic-sections cut into an aluminium plate,254

with the interior of each cone lined with aluminised My-255

lar. The coating was developed by the CERN optics group256

to ensure high reflectivity over all relevant wavelengths.257

Little flexibility existed in the choice of conic parameters258

and in order to maximise the fraction of incident light re-259

flected from the sides of the cones onto the active centre of260

the PMTs, the aluminium plate was machined to form a261

spherical surface with the axes of the cones converging at262

the virtual source of light reflected in the spherical mirror.263
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Figure 12: Aluminum support for PMTs (up to 64), as a portion of
a spherical shell, with cones integrated in the design.

The PMTs are set into the outer curved surface of the light264

guide to mate precisely with the cones. The light guides265

were made in the Liverpool University workshop to accom-266

modate 64 PMTs (fig. 12), since this was the maximum267

number foreseen on grounds of cost and performance.268

KTAG is constructed in two halves to enable installa-269

tion around the beam pipe, with each half comprising 4270

octants (fig. 13). Cherenkov light exiting a quartz win-271

dow is focussed onto a spherical mirror and reflected ra-272

dially outwards onto a light guide, which forms the inner273

wall of a closed Light Box (LB) acting as a Faraday cage274

to contain the PMTs and readout electronics. A cooled,275

aluminium, heat-sink forms the outer wall and is in ther-276

mal contact with the NINO card that generates most of277

the heat. A cylinder surrounding the beam pipe holds278

the spherical mirrors, mounted such that their positions279

can be adjusted both radially and along the direction of280

the beam to accommodate mirrors of different radius and281

thickness. Between the mirrors and LBs is a lightweight282

aluminium cylinder (purple in fig. 13) with apertures to283

Figure 13: Mechanical design of the KTAG detector, constructed in
two halves to enable installation around the beam pipe. Each half
comprises 4 octants and is bolted to a support cylinder cantilevered
from the end flange of the CEDAR.

Figure 14: The environmental chamber enclosing KTAG is shown in
its final position on the beam line as part of the NA62 experiment
in the North Area at CERN. The CEDAR gas enclosure can be seen
behind KTAG.

allow the passage of light. Both surfaces of the cylinder are284

matt black to absorb any scattered light and prevent opti-285

cal cross talk between the octants. A blue LED, mounted286

externally to KTAG, feeds a set of optical fibres, with each287

fibre directing light onto one of the spherical mirrors. The288

light intensity can be adjusted using neutral-density fil-289

ters and by varying the electrical current fed to the LED,290

and the system enables the functionality of the optical and291

electronics chains to be tested prior to the arrival of beam292

particles.293

The two halves of KTAG are bolted onto a support294

cylinder, shown in black in (fig. 13), which is cantilevered295

off the CEDAR end flange, shown in green. The complete296

system is enclosed within a light-tight, aluminium, envi-297

ronmental chamber (fig. 14) lined with fire-resistant, in-298

sulating foam and continuously flushed with nitrogen gas.299

The nitrogen ensures that all optical components are kept300

free from dust and oxidation and also that any hydrogen301

that might leak through the seals on the quartz windows302

from the CEDAR volume is diluted and removed before303

any hazardous build up can occur. Distilled water from a304

chiller is fed under pressure through two sets of stainless-305

steel pipework, one circuit for each half of the detector,306

passing through the heat-sinks on the outside of each LB.307

The temperature of the water is controlled to ±0.1oC and308

the system was designed to limit the temperature drop309

between input and output to less than 0.5oC. Additional310

fire-resistant insulation covers the support cylinder and311

other exposed regions between KTAG and CEDAR, while312

the CEDAR gas volume is enclosed in a well-insulated313

cylinder. Prior laboratory studies have shown that the314

combined effects of thermal insulation, together with the315

temperature-controlled KTAG environment, are sufficient316

to make negligible any temperature fluctuations in the317

CEDAR gas that would otherwise cause changes in refrac-318

tive index and broaden the Cherenkov cone. CEDAR is319

equipped with thermocouples to measure the temperature320

at the centre and both ends of the gas volume, while there321
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are 12 thermocouples distributed throughout the KTAG322

enclosure to monitor temperatures close to the beam pipe,323

the support tube, and the NINO cards. All thermocouples324

are read out and the temperatures available in real time325

as part of the detector monitoring.326

3.3. Front-end electronics327

To eliminate the need for a preamplifier the standard328

Hamamatsu voltage divider was replaced by a custom de-329

sign with differential output, collecting the signal both330

from the anode and the last dynode. The increased to-331

tal resistance also reduced the heat production. Assuming332

a typical gain of 106 and a maximum hit rate of 5 MHz,333

9 MΩ gives, at the operating voltage of 900V, a current334

that safely guarantees no gain drop during the operation335

of the PMT. The signal is transported to the front-end336

board by a halogen-free shielded twinaxial cable, about 30337

cm long, with 100 Ω impedance, equipped on both ends338

with Harwin M80 connectors. The front-end board (fig.339

15) consists of a motherboard with 64 analog differential340

inputs, 64 differential outputs, 1 Embedded Local Monitor341

Board (ELMB) [13] for services and remote control, and 8342

mezzanines, with 1 NINO ASIC each.343

Although the input impedance of the NINO mezzanine344

has been optimized to minimize reflections, the quality of345

the connection still leaves a residual reflection, with a rel-346

ative amplitude of a few percent, which, given the length347

of the cable, is visible at the end of the main signal, with348

about 4 ns delay. This results in a double peak in the dis-349

tribution of the time over threshold, where the secondary350

peak, at higher value, corresponds to signals large enough351

to have the reflection above threshold. The ratio between352

the two peaks is a qualitative indicator of the position of353

the threshold with respect to the signal spectrum. Photon354

rates are such to impose the single photoelectron regime355

on all PMTs, thus the efficiency of each PMT is defined356

by the fraction above threshold of its own single photo-357

electron spectrum (SER). The gains of the PMTs vary by358

a factor of 10 and the dependence on of the PMT gain on359

Figure 15: Prototype front-end board for 2012 run, equipped with 8
NINO mezzanines.

the supply voltage is not sufficient to allow equalization of360

the response of the PMTs. In order to render the single361

channel inefficiency negligible the threshold should be low362

enough to cope with PMTs with gain as low as 5 × 105.363

This, together with the time performance requirements,364

puts severe constraints on the acceptable level of noise.365

The NINO threshold is set by a bias voltage that trans-366

lates into an equivalent charge via the calibration factor367

4 mV/fC. The resistive network on the NINO mezzanine368

allows a minimum voltage of about 95 mV. Depending on369

the quality of the setup, a minimum threshold around 100370

mV was proven to be achievable and set as baseline target,371

guaranteeing a maximum inefficiency of a few percent on372

the PMTs with lowest gain.373

The time resolution is a crucial parameter in NA62, as374

it is a high rate experiment, sensitive to accidentals. The375

intrinsic transit time spread of Hamamatsu metal package376

PMTs, such as R7400-U03 and similar models, is about377

300 ps. The contribution of the front-end has been kept378

below 100 ps by the choice of the NINO ASIC (60 ps) and379

by limiting the noise; tests showed that noise below 30 fC380

gives a negligible contribution to the time jitter. The cross381

talk has been measured to be below 1% in the worst case.382

3.4. Read-out electronics383

Each front-end board provides 64 LVDS outputs, dis-384

tributed on 2 SCSI cables. Such signals are fed to the input385

of a 128 channel TDC board (TDCB) [12]. The TDCB386

is specifically designed for NA62, using 4 HPTDCs and387

one ALTERA Cyclone III FPGA. Each TEL62 board can388

house 4 TCDB daughter boards giving a total of 512 chan-389

nels. The HPTDC can measure both leading and trailing390

edges of the incoming signal with a dead time of 5 ns and391

a LSB of 100 ps. Although the signals from the chosen392

PMTs are shorter than 5 ns, it is still possible to measure393

both edges, and therefore the time over threshold, since394

the NINO implements a stretching time of about 11 ns,395

which is added at the generation of digital output signals.396

The most severe limitation of the HPTDC, for the current397

application, is the rate capability per channel: in order to398

keep the detection inefficiency below a few percent it has399

to be operated with an 80 MHz clock with a hit rate below400

5 MHz. This is true only for one single channel; since the401

internal buffers are shared by groups of 8 channels, also the402

rate capability is shared. Another limitation is given by403

the output bandwidth of the TDCB to the TEL62, which404

is about 30 MHz of data words per HPTDC. The hit rate405

per PMT is expected to range between 0.5MHz and 5MHz406

and therefore the total rate per HPTDC is managed by407

distributing the channels using splitter boards, to use only408

one channel per each group of 8 of each HPTDC, with409

a mapping based on MC estimates. This mapping keeps410

the rate per HPTDC below 15MHz which corresponds to411

30MHz of data words coming from the measurements of412

both the leading and trailing edges.413
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Figure 16: Octants instrumented (grey) during the NA62 technical
run

4. Technical run414

In the autumn of 2012 NA62 took a sample of data with415

a partially instrumented detector, providing an opportu-416

nity to complete or refine the development of several com-417

ponents of the experiment. The mechanics of the KTAG418

were complete, but only 4 octants were equipped with LBs419

(fig. 16), and each LB had 32 PMTs installed. The beam420

intensity in the technical run was only 1-2% of the nominal421

intensity and therefore splitter boards were not required.422

In order to keep the noise level within the foreseen limit,423

low pass filters had to be installed on the HV distribution424

boards. The prototype front-end was not ready for re-425

mote control, therefore thresholds were set to a standard426

value of 270mV and could not be changed during the data427

taking, introducing a significant single channel inefficiency428

(up to 20%).429

The tuning procedure described in section § 2.1 was430

adapted to the new setup and performed successfully (fig.431

17), although complicated by having only 4 instrumented432

octants. Fig. 18 shows the the number of hits per beam433

particle, with a clear separation between signal and back-434

ground.435

The partial setup of NA62 provided the means to per-436
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Figure 17: Pressure scan performed during the NA62 technical run.

Reconstructed hits
0 5 10 15 20 25 30

0

20

40

60

80

100

120

140

160

180

200

220
310× All hits

 2≥NSectors 

Figure 18: Number of hits per beam particle. Accidentals are re-
moved by requiring the coincidence between at least 2 octants.

form a basic physics selection of the decay K+ → π+π0 to437

perform efficiency studies with a kaon sample.438

4.1. Time resolution439

KTAG has enough degrees of freedom to estimate its440

own time resolution without relying on an external time441

reference: the number of hits per kaon is large enough to442

evaluate the time of the event by performing an average.443

The residuals with respect to the average are a measure-444

ment of the time resolution of an individual PMT, while445

the global time resolution can be estimated by dividing by446

the square root of the number of hits. It is a slightly bi-447

ased estimate, because of the correlation between average448

and residuals, but for a number of hits of the order of 10449

or more the bias is negligible.450

In order to achieve the best time performance, two sets451

of parameters must be evaluated: time offsets and time452

slewing parameters, exploiting the time over threshold (fig.453

19). Once these corrections are applied, the time resolu-454
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Figure 19: Distribution of the time over threshold; the second peak
is populated by events where a signal reflection is above threshold.
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Figure 20: Time resolution

tion of the individual PMT can be estimated (fig. 20). For455

the partial setup the global time resolution is about 100456

ps, which can be scaled to the final setup obtaining 60–70457

ps.458

4.2. Efficiency459

The presence of the Liquid Krypton calorimeter (LKr)460

in the partial setup, adding the kinematical constraint461

given by the beam geometry, allows a selection of π0s,462

which correspond only to kaon decays, mainlyK+ → π+π0
463

(fig. 21). In this way a sample of kaons was isolated during464

the data analysis, to be used as a reference for efficiency465

studies.466

Fig. 22 shows the efficiency as a function of the event467

time with respect to an external time reference; the drop468

in the second half of the read-out window is due to the loss469

of trailing edges on its right hand side. The observation of470

this effect led to a modification of the TEL62 firmware to471
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Figure 21: Squared missing mass m2
miss(π0) obtained from the Tech-

nical Run, compared with the MC simulation of the most common
K+ decays involving at least a π0. The MC samples are normalized
according to their branching fractions.
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Figure 22: CEDAR efficiency measured for the selected kaon sample
as a function of the kaon decay time with respect to the trigger
timestamp. Two different edge requirements are considered: leading
and trailing edge (L+T); at least one leading (L).

enlarge the read-out window and cope with fluctuations of472

the event position with respect to the trigger.473

5. Conclusions474

The performance of the CERN CEDAR was measured475

in a dedicated test beam in 2011, both in its original form476

and with the replacement of one PMT with a group of477

3 Hamamatsu R7400 PMTs, new electronics, and a spe-478

cially designed lightguide. This enabled a refinement of479

the electronics design and a Monte Carlo simulation of the480

Cherenkov photons to determine the most appropriate op-481

tical parameters. This information was incorporated into482

the design of KTAG, with a preliminary version, equipped483

with 4 octants each of 32 PMTs, participating in the NA62484

technical run in Autumn 2012. The information collected485

was used to finalize the design and estimate the final per-486

formance, taking into account all the foreseen constraints.487

The use of a preamplifier to match the PMT’s analog out-488

put to the NINO input was discarded, and replaced with489

a custom voltage divider with differential output. The490

Monte Carlo simulation was improved, leading to predic-491

tive results in the study of the final working parameters492

of the detector. The light collection system, the services,493

the front-end and read-out electronics were built for the494

2012 run, during which all design elements were evalu-495

ated, leading to a final optimization. Results from the496

2012 data taking show that the final time resolution will497

be better than 100 ps, and that the required efficiency and498

pion rejection are achievable.499
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