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Fine sampling lead/scintillating fibers calorimeter:
• Volume Ratio (%) Fiber:Lead:Glue 48:42:10 
• 1 mm diameter scintillating fibers
• Average 𝛒 = 5.3 g/cm3

• X0 = 1.6 cm     (~15 X0 depth)
• Sampling fraction 13 %
• Readout through fine mesh PMTs

The KLOE e.m. calorimeter
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The KLOE e.m. calorimeter: light guides and PMTs

few % cross-talk between adjacent read-out
elements which is of no consequence to the
calorimeter performance.

5.4. Photomultipliers

To avoid mechanical complications (the magnet
pole pieces open for detector maintenance) we
chose to use photo-tubes capable of operating in
magnetic field. Cavities in the pole pieces reduce
the field to less than 0:2 T with a component
transverse to the tube axis of less than 0:07 T:
Structures with fine mesh dynodes and small drift
space operate quite well under the above condi-
tions, although some response and gain loss
remain [10]. A disadvantage of this kind of
structure is the low gain per stage and the partial
loss in photo-electron collection, both resulting in
larger signal fluctuation. We use Hamamatsu
R5946/01 1.5’ tubes. Gain and response of all
photomultipliers have been measured before in-
stallation [11]. In the KLOE detector, the tube
gains decrease by B10% when the field is on, but
linearity and resolution are not affected. The PMs
are operated with grounded cathodes in order to
eliminate leakages which can generate noise and
field distortions in the PM. At the end of each
module, a box holds the photo-tube mechanically
in place and pressed against the light pipe ends, to
which optical contact is made by means of Bicron
optical gel BC-630. Inside the box there are cables

with connectors which are attach to the PM’s
bases. The cables carry high voltage, low voltage
power, a test pulse and the output signal. An
exploded view of the PM box, Fig. 4, shows the
aluminum tubes containing the PMs with the high-
voltage dividers and the preamplifiers and the
plate through which tubes connect to light pipes.
Tube caps spring load the PMs against the light
guides.

6. Electronic read-out

A block diagram of the electronics for proces-
sing the photo-tube signals is shown in Figs. 5 and
6. The entire chain is AC coupled several times.
While this results in a greater stability in static
conditions, the effective zero offset for amplitudes
and trigger thresholds becomes the function of
data rates. Calculations show that, for appropriate
choices of the time constants values of Oð1 msÞ; the
effect is negligible [12]. This is experimentally
confirmed, see Section 11.1. The peculiar use of
two capacitors and two 50 O resistors in Fig. 5
allows us to achieve, ideally, a very large time
constant for any value of the coupling capacitor.

6.1. The preamplifier

The PM signal is coupled to a 12 m long, 50 O;
miniature coaxial cable terminated at both ends

Fig. 4. Exploded view of the PM box.Fig. 3. Light guides at one end of a barrel module before
photo-tube installation.

M. Adinolfi et al. / Nuclear Instruments and Methods in Physics Research A 482 (2002) 364–386 369

Light guide with Winston cone

PMT fine-mesh Hamamatsu R5946
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Barrel:
• 24 trapezoidal barrel modules

of 4.3 m length
• fibers parallel to the barrel

axis
• 60 readout cells/module

(5 layers× 12 columns)
~ 4.4 × 4.4 cm cell granularity

Endcaps: 
• 2 × 32 modules curved at

both ends
• vertical fibers
• 15/20/30  readout cells

Total: 4880 PMT’s
Charge and time readout
(with ADC’s and TDC’s) 

The KLOE e.m. calorimeter

4
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Pi = pedestal
Ci = calibration constant
K = absolute energy scale factor
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Cell energy, corrected for the attenuation
along the fibers

• Contiguous cells in position and time are joined into “clusters” 
to reconstruct showers and particles in the calorimeter
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• Each cell readout at both ends
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• Each cell readout at both ends
(QA, QB, TA, TB)

tA,B = arrival time at the PMTs
t0A,B = offsets due to the electronics
v = light velocity in the fibers

• Third coordinate reconstruction:
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• Linearity of the response and energy resolution
measured with radiative Bhabha scattering
(e+e−®e+e−γ) by detecting the charged tracks
in the drift chamber

• Linearity within 1% for E > 70 MeV
e+e−→e+e−𝛄

𝛔E/E=5.7%/√E(GeV)

Ecl � E�

E�

E� =
p
s� E+ � E�

�E

E
=

5.7%p
E[GeV]

� 0.6%

• For  E = 100 MeV ⇒ σE = 18 MeV

E+ and E− measured in the 
Drift chamber (better
resolution for charged tracks)

Energy resolution

7
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• Measured with different processes: ϕ®π0γ (π0®γγ), 
   ϕ®ηγ (η®γγ), ϕ®π+π−π0, e+e−®e+e−γ

• The constant term has two contribution: a term
common to all the cells, due to the spread of the 
DAΦNE Interaction Point position (~100 ps), and a proper
constant term, uncorrelated among cells, due to 
a residual miscalibration (~ 100 ps)

Chapter 1: System for on-Axis Neutrino Detection 1–7

KLOE reference system) is determined using the relation:1

z =
A

tA
≠ tA

0
2 ≠

tB
≠ tB

0
2

B

· v (1.2)

The previous determination of tA
0 ≠ tB

0 allows to reconstruct the longitudinal position z. This2

information is used in cosmic ray analysis to associate the energy deposit in the fibers to a cosmic3

ray track in the KLOE drift chamber. The cosmic rays selected in this way are used to inter-4

calibrate tA
0 and tB

0 among the cells, imposing that the di�erence in time between two cells is the5

expected propagation time of the cosmic ray. Finer calibrations are performed run by run using6

e+e≠
æ ““ events. With this sample the time o�set tA

0 , tB
0 of the hit cells are calibrated imposing7

t ≠ r/c = 0 where r is the photon path length and t its reconstructed time.8

The trigger formation time has a spread of few tens of nanoseconds. In order to avoid a worsening9

of the time resolution, the trigger signal is phase locked with the RF signal. The event time is10

therefore discretized according the bunch crossings. The delay due to the cable length shifts the11

time of flight of a constant quantity. This shift is determined from the position of the largest12

peak of the t ≠ r/c distribution for e+e≠
æ ““ events. The association of an event to the correct13

bunch crossing is performed o�-line and depends on the event topology, being the bunch crossing14

time spacing of 2.7 ns. For example, in events with prompt photons the correct bunch is easily15

determined by imposing the t ≠ r/c = 0 constraint. On the other hand, for KS æ fi+fi≠ events,16

the bunch crossing is determined requiring t ≠ l/vfi = 0, where l is the pion track length and vfi17

the pion velocity determined by the measurement of its momentum in the KLOE Drift Chamber.18

Cells close in space and time are grouped into energy clusters. The cluster energy E is the sum of19

the cell energies, the cluster time and position are energy-weighted averages.20

The e�ciency has been evaluated with di�erent data samples (see Fig. 1.6): e+e≠
æ e+e≠“,21

„ æ fi+fi≠fi0, and KL æ fi+fi≠fi0 In the first case, events are selected requiring two tracks and22

zero missing mass, in the other cases two tracks and one cluster are required. The position of the23

second cluster is evaluated by missing momentum from photon direction and pion momenta. For24

energies larger than 100 MeV a constant value of more than 98% is observed. The loss in e�ciency25

below 100 MeV is mainly due to ADC and TDC thresholds and the clustering algorithm.26

The time resolution has been evaluated using „ æ ÷“, „ æ fi0“, e+e≠
æ e+e≠“ events (see27

Fig. 1.7). The resolution is evaluated from the standard deviation of the t ≠ r/c distribution,28

yielding:29

‡t = 54 ps
Ò

E(GeV )
ü 140 ps (1.3)

The constant term of 140 ps is due to residual detector miscalibration of O(100 ps), the time jitter30

of the RF coincidence and the uncertainty on the interaction point position due to the finite length31

of the bunches.32

Cluster positions are measured with a resolution of 1.3 cm in the coordinate transverse to the fibers,33

and with a resolution of 1.2 cm/
Ò

E(GeV ) in the longitudinal coordinate, using time di�erences34

(1.2).35

DUNE Near Detector Preliminary Design Report

Time resolution

8
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KLOE

KLOE-2 

~ 20 years later

ECAL resolutions in KLOE and KLOE-2

9

where the sampling fluctuation term is in agree-
ment with test beam data, and the second term is a
constant to be added in quadrature. The constant
term is due partly to residual calorimeter miscali-
brations, but mostly to the intrinsic time spread
due to the finite length in the z direction of the
luminous point. The bunch length affects the
resolution in tcl ! Rcl=c in two ways.

1. The finite luminous point length produces a
spread in the collision time of the order of
ðc=cÞB50 ps; where cB1:5 cm is the rms spread
of the vertex position along z:

2. There is an additional contribution for photons
at small angles, also of order ðc=cÞcos y with y
being the polar angle of the photon.

In order to distinguish between these effects,
samples of 2g events at large and small angles have
been used. The comparison between the two
samples allows us to disentangle the effect (2)
since the average cos y for events belonging to the
first sample is close to zero. From the analysis of
the data we find that most of the constant terms
are due to the above effect contributing O ð125 psÞ;
while residual miscalibrations contribute 50 ps:
The intrinsic time resolution of the calorimeter is
therefore

st ¼ 54 ps=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p

"50 ps:

Use of more data is expected to reduce the
constant term.

12.3.3. Analysis of KL decay and interaction in the
calorimeter

The timing capability of the calorimeter is fully
exploited in the CP-violation analysis.

As indicated in Fig. 33, the time and positions of
the photon clusters together with the KS direction
of flight given by tracking measurements of the

Fig. 32. Time resolution as a function of Eg for f radiative
decays.

Fig. 31. Velocity as a function of track momentum for cosmic
ray events.

Fig. 33. Determination of the KL path based on the measure-
ment of time and of position of one photon. In the case of more
than one photon, an over-constrained determination can be
carried out.

M. Adinolfi et al. / Nuclear Instruments and Methods in Physics Research A 482 (2002) 364–386382

sE/E @ 5.6% /ÖE(GeV) Å 0.5% 

st  @ 58 ps /ÖE(GeV) Å 135 ps

sE/E @ 5.7% /ÖE(GeV) 

st  @ 54 ps /ÖE(GeV) Å 140 ps
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- M. Anelli et al., "Measurement and simulation of the 
neutron response and detection efficiency of a Pb-
scintillating fiber calorimeter ",  NIM A581 (2007) 368

-  
- M. Anelli et al., “Measurement of the neutron 

detection efficiency of a 80% absorber–20% 
scintillating fibers calorimeter ”, NIM A626 (2011) 67

These preliminary results show that at the lowest trigger
threshold the neutron detection efficiency of the calori-
meter ranges from 40% to 50%, depending on the beam
intensity. It corresponds to a sizeable enhancement with
respect to the expected 8216% based on the amount of
scintillator only. For comparison, the efficiency of the 5 cm
thick NE110 scintillator ranges from 4% to 10%, for
values of the trigger threshold below 5MeV of electron
equivalent energy, in good agreement with available
measurements in literature.

3. Monte Carlo simulation and comparison with data

The Monte Carlo code FLUKA [10,11] has been used
for a detailed simulation of the calorimeter structure. The
TSL experimental beam-line, from the neutron source to
the collimated beam, has been also simulated, in order to
have a reliable characterization of the neutron beam
impinging on the detector (see Fig. 3). FLUKA computes
the energy deposits in the scintillating fibers, taking into
account the signal saturation due to the Birks law. For
each energy deposit, the average number of photoelectrons
is estimated and then attenuated to the calorimeter ends
with the proper attenuation length. The photoelectron
statistics and the generation of the discriminated signal are
also simulated, while the trigger effect has not yet been
included.

The primary reason for the observed efficiency enhance-
ment appears to be the huge inelastic production of
neutrons on the lead planes. For neutrons in the high
energy peak (175MeV), the probability to have an inelastic
interaction is 31.4% on the lead, compared to 7.0% on the
fiber and 2.2% on the glue. The secondary particles
generated in such inelastic interactions are on average 5.4
per event, counting only the secondary neutrons above

19.6MeV. Among the produced secondaries, 62% are
neutrons, 27% photons, 7% protons while the remaining
4% are nuclear fragments. Typical inelastic reactions on
Pb are:

nþ Pb! xnþ ygþ Pb,

nþ Pb! xnþ ygþ pþ residual nucleus,

nþ Pb! xnþ ygþ 2pþ residual nucleus,

and so on. Low-energy neutrons (below 19.6MeV) are
transported in FLUKA with a multi-group algorithm, that
uses a neutron cross-section library derived from the most
recently evaluated data. A sizeable contribution to the
calorimeter response comes also from the secondary
neutrons in this low-energy range: due to the larger
inelastic cross section the neutron shower-like effect
increases and originates on average about 100 secondaries
per event, out of which "5 protons and "1 photon directly
contribute in generating a visible response.
The high sampling frequency of the calorimeter appears

to be a crucial point in the efficiency enhancement. First of
all, the protons and the electromagnetic energy produced
on Pb in the inelastic processes can be detected by the
nearby fibers down to very low energies. Moreover,
secondary neutrons are produced in following Pb planes
with decreasing energies, thus having larger probabilities to
produce ionizing particles, i.e. visible signals, in the nearby
fibers. The isotropic distributions, which characterize the
inelastic processes, also play a role: the backscattered
neutrons contribute to increase the collision density in the

ARTICLE IN PRESS

Fig. 2. Dependence of !calo on the trigger threshold. The horizontal scale
is in MeV set for electron response. Accuracy is the same as in Fig. 1. The
scintillator efficiency measurements are reported, scaled by the ratio
between the two scintillator thicknesses.

Fig. 3. Neutron energy spectra as computed with the FLUKA simulation.
From the top: at the source, at the collimator exit and on the calorimeter
entrance.

M. Anelli et al. / Nuclear Instruments and Methods in Physics Research A 581 (2007) 368–372370

Scint. equiv.

KLOE Ecal

Measurement of the neutron response
of the KLOE Ecal

Measurement of the neutron response of ECAL
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ECAL module refurbishment and test at LNF
• After dismounting operation, the special protective adesive tape of all 

barrel modules has to be replaced; gluing of delaminated modules, etc.
• check light tightness of module and PMT working; 
• test basic performance with cosmics rays (light yield, E and T resol.)
• test FEE prototypes 

(comparison with old KLOE electronics)

Shifts of trained technicians and physicists

Test box
for testing
PMTs

LED 
driver
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ECAL test at LNF

PMTs will be dismounted, light guides cleaned, new optical gel
applied, and PMTs re-mounted.
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CAEN HV power supply 

For the ECAL module test the KLOE electronics will be reused 

KLOE ADC CAEN VX559 (30 ch.) 8 boards   
KLOE TDC CAEN VX569  (30 ch.) 8 boards

KLOE Low Voltage power supply  (380~V)
+/-6V (2x 300W) => PMT preamp, FEE etc.
+/- 5.2 (2x 280W) => digital circuitry

KLOE SDS 8 boards: spllitter + 
discriminators on 30 ch./board
common tunable threshold(low+hign thr.)

VME bridge

trigger 
distributor
NIM modules
for trigger logic

ECAL test at LNF
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ECAL: procurement of HV and LV power supply

CAEN 
n° 102  board A7030P (48 ch.) H.V. channels +3 KV 1 mA (1.5 W) -  Multipin Conn. common floating
n° 7  Sistem SY4527B  Universal Multichannel Power Supply System - BASIC 600W  
n° 7 Power supply booster A4533 - 1200W  

HV LV

n° 10+2 spare board A25251  8 full floating channels 8V/12A

Mapping of present HV cables 5x12ch on 48 ch. modularity not trivial  (to be studied also for LV)
=> under study to minimize cost (custom connectors or patch panel) 
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ECAL test at FNAL

The quality assurance (QA) and quality control (QC) operation will be performed repeating 
the tests on each module done at LNF. In particular, after re-installation of PMTs (shipped 
separately) in the ECAL modules, the ECAL module performance in terms of light yield, 
energy and time resolution using cosmic rays will be measured and checked again at a 
cosmic ray test stand, with the same equipment used at LNF, before installation in the SAND 
detector.

Storage area for barrel modules: ~50 m2

Storage area for end-cap modules: ~60 m2

Test area: 50-100 m2  depending on the parallelization degree of the operations

Upon arrival at Fermilab, ECAL modules will be stored in a 
proper area for barrel and equipped with a crane of 5 t 
maximum load for handling barrel modules, and 15-20 t for 
handling Endcap modules. A controlled temperature 
environment is required in the storage and test area of ECAL 
modules, avoiding thermal stresses and keeping temperature 
changes within about ±10oC along the whole period.
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What is the expected dynamic range of ECAL PMT signals 
in terms of photoelectrons in SAND ?

Studies for the optimization of the ECAL working point
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Np.e. distributions and expected Np.e. dynamic range

E⌫ range = [0,10] GeV
Events number 101,696

Events cells number 2,184,901

Fraction of events with at least one cell above PE threshold [%]
1000 PE threshold 2.58
2000 PE threshold 0.49
3000 PE threshold 0.13
4000 PE threshold 3.64 · 10�2

Fraction of hit cells above PE threshold [%]
1000 PE threshold 0.19
2000 PE threshold 3.03 · 10�2

3000 PE threshold 7.19 · 10�3

4000 PE threshold 2.11 · 10�3

Table 1: Fraction of events with at least one cell above the photoelectron threshold (top)
and fraction of of hit cells above the photoelectron threshold (bottom) in the neutrino
energy range 0 - 10 GeV.

IDbarrel = (1000 ⇤mod) + (100 ⇤ plane) + column where mod is the module
number going from 0 to 23, plane is the plane number going from 0 to 4, and
column is the column number going from 0 to 11. For the two endcaps, the
module numbers are 30 for endcap A and 40 for endcap B while the columns
are grouped by the plane they belong to. Figures 12, 13 show the occupancy
plots of a module of the barrel and the endcaps.
It is noteworthy that the cells belonging to the fifth plane make the largest
contribution to the occupancy plot. This is in part due to the fact that plane
5 is larger than the cells of the first 4 planes, namely 5.2 cm against 4.4 cm
for planes 1 to 4. Partly it is due to the more probable neutrino interaction
in the iron yoke than the IFV, with secondary particles entering the EMC
from the fifth planes.
From the occupancy plot it is now possible to estimate the average number
of times a cell of a plane records a neutrino interaction. Then the probability
that a neutrino interaction event hits a cell of a plane can be evaluated by
dividing by the total number of events, i.e. 118 592, and the number of cells
in each plane, for the barrel and the endcaps. The related uncertainty is
neglected, as its order of magnitude is at most 10�4. Figure 14 show the

11

• MC simulation of neutrino interactions in SAND
• sample of 118k evts corresponding ~ 30 minutes 

at 1.2 MW in FHC mode (or ∼15 min at 2.4 MW)
• Digitization of ECAL (as in KLOE MC):

deposited energy in the cells propagated to 
PMTs and converted into p.e. number;
constant fraction discriminator simulated 
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Np.e. distributions and expected Np.e. dynamic range
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11

• Neutrino energy range of interest 
for oscillation analyses is [0,10] GeV 

• In this range the MAXIMUM Np.e. that 
has to be treated by FEE can be safely 
set between 1000 and 2000
=> see next slides for the choice of the 
FEE dynamic range

• MC simulation of neutrino interactions in SAND
• sample of 118k evts corresponding ~ 30 minutes 

at 1.2 MW in FHC mode (or ∼15 min at 2.4 MW)
• Digitization of ECAL (as in KLOE MC):

deposited energy in the cells propagated to 
PMTs and converted into p.e. number;
constant fraction discriminator simulated 
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11

• Neutrino energy range of interest 
for oscillation analyses is [0,10] GeV 

• In this range the MAXIMUM Np.e. that 
has to be treated by FEE can be safely 
set between 1000 and 2000
=> see next slides for the choice of the 
FEE dynamic range

• MC simulation of neutrino interactions in SAND
• sample of 118k evts corresponding ~ 30 minutes 

at 1.2 MW in FHC mode (or ∼15 min at 2.4 MW)
• Digitization of ECAL (as in KLOE MC):

deposited energy in the cells propagated to 
PMTs and converted into p.e. number;
constant fraction discriminator simulated 

• to maximize the neutron detection efficiency by ECAL the MINIMUM Np.e. that has to be treated 
by FEE is the lowest possible, ideally 1-3 Np.e.
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What is the expected pile-up of 
ECAL PMT signals in SAND ?

Studies for the optimization of the ECAL working point
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Cell occupancy plots and hit probability

Barrel

Ecap A Ecap B Average probability 
that a cell is fired/hit in 
a neutrino interaction 
event:

Pbarrel = 1.37%
PecapA = 0.88%
PecapB = 0.86%

Pcell = 1.16%
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Pile-up probabilities [%] Pile-up probabilities
[%]

before smearing after smearing

PCELL [%] 1.16 1.5 2.0 1.16 1.5 2.0
Time window [ns]

50 0.67 0.90 1.28 0.64 0.86 1.36
100 1.33 1.81 2.52 1.32 1.71 2.56
150 1.95 2.71 3.72 1.91 2.60 3.78
200 2.59 3.58 4.87 2.52 3.48 4.93

Table 2: Table of the values of the pile-up probability of two PMT signals integrated in a
chosen time window for three di↵erent values of PEMC , before and after the e↵ect of the
smearing.

3. Analysis of the test of the PMT

After the work done on the simulation, a direct test of the PMTs is per-
formed as an additional support for the final results of this thesis. First a
brief discussion of the PMT and its base composed of divider and pream-
plifier is given, then the test of the PMTs is reported with the main results
concerning the gain trend as a function of the high voltage, the determina-
tion of the � factor, the measurements of the relative quantum e�ciency QE
and the saturation of the preamplifier.

3.1. The readout of the KLOE calorimeter

3.1.1. Fine-mesh PMT

The type of PMTs used in the KLOE detector is the fine-mesh photomul-
tiplier tube (the technical data sheet is reported in appendix A). The main
di↵erence between these PMTs and the traditional ones is the fact that the
electron multiplication takes place thanks to the dynodes, which consist of
a series of very fine grids placed close together, about 1 mm. The proximity
of the dynodes is functional in order to reduce the path of the secondary
electrons, thus minimizing the e↵ects of an external magnetic field, although
this structure has disadvantages such as a low gain per stage and a partial
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Pile-up probability
• The beam time structure (SPILL: 9.6 μs every 1.2 s) is 

reconstructed to simulate the time of the neutrino
interaction event and calculate the pile-up probability that, 
given a PMT signal, a second signal arrives within a fixed 
time window (TW) after the first signal.

• In average N=84 interactions per spill (1.2 MW beam). 
The time difference between two consecutive interactions 
in a spill is evaluated and from this, the distribution of 
time differences for a single cell with a probability to be 
hit of Pcell = 1.16%, 1.5%, 2% is evaluated. 

• Time propagation/smearing of hits in a single neutrino 
interaction event is taken into account (=>negligible).

• Finally the pile-up probabilities for different time windows 
are evaluated, TW = 50, 100, 150, 200 ns. 

spills with 0 hit                            1 hit

pile-up probability (%)

Spill simulation
• 9.6 Ps per spill

• 6 batches, 84 bunches/batch

• 2 empty bunches

• 1 bunch: Gaus(V = 1.5 ns)

• 't bunches = 19 ns

18

Neutrino interaction in a spill with
𝑁𝐶𝑎𝑙𝑜𝐶𝑒𝑙𝑙 𝑝𝑒 > 2.5 > 0

time (ns)

Star: vertex, 
blue: muon track, 
green: non-muon 

tracks

Pile-up probabilities [%] Pile-up probabilities
[%]

before smearing after smearing

PCELL [%] 1.16 1.5 2.0 1.16 1.5 2.0
Time window [ns]

50 0.67 0.90 1.28 0.64 0.86 1.36
100 1.33 1.81 2.52 1.32 1.71 2.56
150 1.95 2.71 3.72 1.91 2.60 3.78
200 2.59 3.58 4.87 2.52 3.48 4.93

Table 2: Table of the values of the pile-up probability of two PMT signals integrated in a
chosen time window for three di↵erent values of PEMC , before and after the e↵ect of the
smearing.

3. Analysis of the test of the PMT

After the work done on the simulation, a direct test of the PMTs is per-
formed as an additional support for the final results of this thesis. First a
brief discussion of the PMT and its base composed of divider and pream-
plifier is given, then the test of the PMTs is reported with the main results
concerning the gain trend as a function of the high voltage, the determina-
tion of the � factor, the measurements of the relative quantum e�ciency QE
and the saturation of the preamplifier.

3.1. The readout of the KLOE calorimeter

3.1.1. Fine-mesh PMT

The type of PMTs used in the KLOE detector is the fine-mesh photomul-
tiplier tube (the technical data sheet is reported in appendix A). The main
di↵erence between these PMTs and the traditional ones is the fact that the
electron multiplication takes place thanks to the dynodes, which consist of
a series of very fine grids placed close together, about 1 mm. The proximity
of the dynodes is functional in order to reduce the path of the secondary
electrons, thus minimizing the e↵ects of an external magnetic field, although
this structure has disadvantages such as a low gain per stage and a partial
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Ppile-up is O(1%)
in 50 ns TW
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Can the present KLOE PMT-base configuration fit
the expected dynamic range of signals in SAND?

Studies for the optimization of the ECAL working point
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Driver

Discriminator

Analog adder

ADC

TDC

Trigger

Splitter card

50 Ω

HV
Photomultiplier

Cable
50 Ω

Preamplifier

Npe                GPM                 Gpreamp

CATT 

Vpreamp       Vdis > VTH
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PMT signal in KLOE and preamp linearity test

Ch1 Ampl
 584mV
Unstable
histogram

Ch1 Rise
 3.02ns
Unstable
histogram

Ch1 Fall
 6.62ns
Unstable
histogram

200mVΩ M 10.0nsCh1
Constant fraction discriminators.
Effective thresholds in the range 4–5 mV: 
correspond to signals originated 
by 3–4 p.e.  or a 3–4 MeV photon 
at 2 m from PMT

12 m cables

1 2 3 4 5
 (V)in V

0.5

1

1.5

2

2.5

3

3.5(V
)

ou
t

V

Linearity testLinearity test

~1% linearity

preamp
saturation

~0.2% linearity

preamp linearity test 

Conclusion: 
the dynamic range of signals can be 
increased in SAND by accepting linearity 
at 1% level (instead of 0.2% as in KLOE)

divider and preamp 
in the PMT base

divider
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Choice of the dynamic range
Assuming:
• to increase Vpreamp(max) by 15% =>  Vpreamp(max ) = 5.4 V     (Gpreamp=2.5)

      (linearity from 0.2% to 1%)

• Vdis(max) = Vpreamp(max) •  0.5  • CATT= 2.0 V
• to have a very low noise environment as in KLOE => lowering 

(halving) the minimum discriminator/digitizer threshold to VTH= 2.5 mV

GPM Gtot Npe(max) signal Npe(min) MeV
(⇥105) (⇥106) amplitude VTH = 2.5 mV at module center

(mV/pe)
4.8 1.2 ⇠ 2000 1.0 ⇠ 3 3.0
6.4 1.6 ⇠ 1500 1.3 ⇠ 2 2.0
9.5 2.4 ⇠ 1000 2.0 ⇠ 1 1.0

Table 5: Maximum and minimum number of photoelectrons given by a calorimeter readout
cell as a function of the gain Gtot = GPM ⇥Gpreamp.

The GPM values shown in Table 4 are all well within the working range of
the PMTs. At Gtot = 2.1 ⇥ 106 the dynamic range for Npe extends from 3
to 1000. At Gtot = 1.04 ⇥ 106 it ranges from 6 to 2000 photoelectrons. If
the noise level in SAND permitted it, VTH could be slightly lowered, further
reducing Npe(min). Also Npe(max) could be slightly increased by allowing
larger Vpreamp(max) at the price of slightly worsening the linearity of the
preamplifier response, set in KLOE at the level of 0.2% [? ]. Another viable
option would be the removal of the preamplifier from all 4880 PMT bases,
allowing larger Npe(max), not constrained anymore from the limit in equation
(9) (corresponding to Vpreamp(max) = 4.7 V). All this information will be
important as a guide for the final choice of the SAND readout electronics.

3.2. Measure PMT characteristics and readout electronics

The main focus of this section of the thesis is to test the functionality of
the PMTs and the bases. Specifically, the goal is to test twenty-five Hama-
matsu PMTs, classified as R5946-70 (the technical data sheet is provided in
appendix A), as a sample of 145 PMTs that have been purchased to serve
as spares during the DUNE and SAND running in the next decades. The
gain as a function of high voltage (HV), the determination of the coe�cient
� defined below and the relative quantum e�ciency (QE) have been mea-
sured. This testing was conducted without the preamplifier, although some
measurements with the preamplifier were also taken to mainly determine the
signal saturation level.
The PMTs used for the direct test have the following serial numbers:

WB0170 WB0199

WB0177 WB0200
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• Different dynamic ranges can be implemented changing GPM => 
the final choice should be a compromise between an affordable level of
events with energy saturated cells, depending on Npe(max), and an acceptable 
neutron detection efficiency, depending on Npe(min).

(12m long cable attenuation: CATT = 0.74)
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HV=1700 V HV=1900 V HV=2100 V

no preamp PMT2
with preamp PMT2

REF PMT1

preamp recovery time from saturation
depends on input amplitude signal

fixed LED
intensity (full)

PMT2

Preamp linearity test => saturation
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Preamp linearity test => saturation

only only

• The time baseline is distorted during saturation. The recovery time from saturation to linear regime 
depends on the input signal amplitude.

• The input information is not fully lost during the saturation regime. The “over-linearity” of the 
integrated charge, or the signal width increase vs the input signal amplitude could be exploited to 
characterize signals beyond the preamp saturation regime.

=> amplitude of signals can be measured even in the saturation regime! 
     (precision to be studied) 

• Two PMTs with their bases tested in the preamp saturation regime
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What choice of FEE for SAND/ECAL?

Studies and tests for FEE choice
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Choice of FEE for SAND/ECAL
Three possible read-out schemes:

CAEN: 
collaboration for a commercial (partly customized) solution keeping KLOE energy and time performance

Detector

ENERGYWaveform
Digitizer TIME

Detector

PA Fast
Discr picoTDC

ENERGY

TIME

PA

ToT

Highest Flexibility
=> 
Fsampl ~ 1 GS/s =>High Cost or
Fsampl ~ 125-250 MS/s
+ signal shaper

Less Flexibility
=> energy by ToT
with 2 or more thresholds 
not to worsen energy resol.
Time walk correction 
needed

ENERGY

TIME

Split paths
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PMT

Preamp
(on PMT)

High speed 
amplifier

Note: some stages may be folded into a single active component

High pass Filter

Low pass Filter

Fast 
Discriminator

Low Noise,
Highly linear amplifier

ADC 
Driver

picoTDC

14 bit ADC

Nicolo’ Tosi | Part 3: ECAL

a more conventional approach
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Pico TDC test (CAEN+INFN)

• Led Driver CAEN SP5601 
(l~400 nm) + fiber splitter 

• two KLOE PMTs (test + reference)
• test PMT signal splitted:
i. Pico TDC
ii. Digitizer 730S 14 bit @ 500 MS/s
• Resolution comparison
• TDC: Start on Ch0 with trigger from 

LED Driver. Stop on Ch1 and Ch2 
(dual threshold) with variable 
amplitude.

• Digitizer: autotriggering on Ch0.

Test setup:

Digitizer

PMTs + Led Driver

DT5203+A5256

Compas SW
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Time Reconstruction         (using ToT-Walk correction)

• Acquired pulses at 7 different 
amplitudes over a 40 dB dynamic 
range, the walk causes ~3-4 ns 
spread on DT: 7 separate peaks appear on the histogram. 
(sample independent from calibration sample)

• DT corrected by ToT using calibration data with a 5th order 
polynomial fit of the ToT-Walk points taken at the lower 
threshold (10 mV)

• Corrected DT histogram presents one single peak: 
• Time Resolution ~ 70 ps

Walk
(ns)

Sigma 
before (ps)

Sigma 
after (ps)

119.1 - -

119.6 89 72

120.0 81 71

120.5 75 70

121.1 74 65

121.8 77 63

122.8 100 71(peak at 119.1 ns at limit)

Low threshold: 10 mV

Pico TDC test (CAEN+INFN)
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Time Reconstruction (using ToT-Walk correction)

Walk
(ns)

Sigma 
before (ps)

Sigma 
after (ps)

120.8 74 69

121.4 72 61

122.3 82 62

High threshold: 100 mV

Time Resolution ~ 60 ps

Pico TDC test (CAEN+INFN)
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(ECAL resol. ~ 54ps/√E + 100 ps)
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Amplitude
(mV)

Sigma    
(%)

722.0 -

406.0 8.0

228.3 5.9

128.4 5.4

72.2 4.0

40.6 4.0

22.8 3.2

POLY FIT

Amplitude Reconstruction  

Low threshold: 10 mV

Amplitude resolution from 3 to 6 % in the low/medium range
(well below ECAL resol. ~ 5.7%/√E in this range – see next slides)

Pico TDC test (CAEN+INFN)
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(using ToT-Amp correction)
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Amplitude Reconstruction  
        (using ToT-Amp correction)

High threshold: 100 mV

Amplitude
(mV)

sigma
(%)

722.0 4.2

406.0 3.8

228.3 3.2

POLY FIT

Amplitude resolution ~ 3-4 % in the higher range
(below ECAL resol. ~ 5.7%/√E – see next slides)

Pico TDC test (CAEN+INFN)
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Amplitude resolution obtained from 
ToT is compared with the intrinsic
calorimeter resolution
(assuming 1 mV = 1 p.e. = 1 MeV
=> 1 V = 1 GeV)

comparison with Ecal resolution
From previous studies on dynamic range:
• Vdis(max) = Vpreamp(max) •  0.5  • CATT= 2.0 V
• minimum discriminator threshold possible VTH= 2.5 mV

(min)

preamp
linearity

~ 1%
preamp
saturation

GPM Gtot Npe(max) signal Npe(min) MeV
(⇥105) (⇥106) amplitude VTH = 2.5 mV at module center

(mV/pe)
4.8 1.2 ⇠ 2000 1.0 ⇠ 3 3.0
6.4 1.6 ⇠ 1500 1.3 ⇠ 2 2.0
9.5 2.4 ⇠ 1000 2.0 ⇠ 1 1.0

Table 5: Maximum and minimum number of photoelectrons given by a calorimeter readout
cell as a function of the gain Gtot = GPM ⇥Gpreamp.

The GPM values shown in Table 4 are all well within the working range of
the PMTs. At Gtot = 2.1 ⇥ 106 the dynamic range for Npe extends from 3
to 1000. At Gtot = 1.04 ⇥ 106 it ranges from 6 to 2000 photoelectrons. If
the noise level in SAND permitted it, VTH could be slightly lowered, further
reducing Npe(min). Also Npe(max) could be slightly increased by allowing
larger Vpreamp(max) at the price of slightly worsening the linearity of the
preamplifier response, set in KLOE at the level of 0.2% [? ]. Another viable
option would be the removal of the preamplifier from all 4880 PMT bases,
allowing larger Npe(max), not constrained anymore from the limit in equation
(9) (corresponding to Vpreamp(max) = 4.7 V). All this information will be
important as a guide for the final choice of the SAND readout electronics.

3.2. Measure PMT characteristics and readout electronics

The main focus of this section of the thesis is to test the functionality of
the PMTs and the bases. Specifically, the goal is to test twenty-five Hama-
matsu PMTs, classified as R5946-70 (the technical data sheet is provided in
appendix A), as a sample of 145 PMTs that have been purchased to serve
as spares during the DUNE and SAND running in the next decades. The
gain as a function of high voltage (HV), the determination of the coe�cient
� defined below and the relative quantum e�ciency (QE) have been mea-
sured. This testing was conducted without the preamplifier, although some
measurements with the preamplifier were also taken to mainly determine the
signal saturation level.
The PMTs used for the direct test have the following serial numbers:

WB0170 WB0199

WB0177 WB0200

22

Pico TDC test (CAEN+INFN)
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Conclusions
• ECAL testing is about to start at LNF in a dedicated area

• Studies for the optimization of the working point of the SAND calorimeter read-out 
electronics have been performed. 

• The dynamic range and pile-up of the signals have been studied with MC. 
• PMT preamplifiers have been tested for linearity and are well compatible with needed 

dynamic range and proposed FEE solutions, with the additional advantage of lowering the 
PMT gain (and HV), that is beneficial for PMT lifetime.

• The features of preamp saturation could be exploited to partially recover input signal 
information during saturation regime and measure amplitude even for saturated signals.

• Possible solutions for the FEE that could constitute a good compromise between cost and 
performance are being investigated in collaboration with CAEN.

• The picoTDC with double threshold discriminator constitutes a good option. 
• To further improve amplitude resolution at higher energies, optimization of the thresholds 

for the best perfomance in the whole expected dynamic range (2.5-2000 mV) is being 
studied. 

• Other solutions based on PicoTDC + amplitude meas. (RADIOROC chip) are being 
investigated in collaboration with CAEN and appear also promising.
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Spare Slides
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Ks® p0 p0 

Mass reconstruction within 1%with 
PDG. Resolutions are in good 
agreement with MC expectation. 

MK= 494 MeV 
sK = 27 MeV

Mh= 546 MeV 
sh = 42 MeV

p0 ®gg

from j®p+p-p0

Mp= 135 MeV 
sp = 14 MeV

3g events: 
j®hg, p0g

Examples of mass reconstruction in KLOE


