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Motivation

    Insufficient knowledge of the energy carried by undetected particles emerging from these 
interactions, such as neutrons, can skew the reconstructed neutrino energy spectrum and bias 
the extraction of oscillation parameters, and searches for new physics. 

Neutron multiplicity
in accelerator based oscillation experiments is limited, as it is of the order of 1-10 GeVs.

Figure 1: The number of final state neutrons (right) and their kinetic energy (left) for simulated events

inside the MicroBooNE experiment with one muon, one proton and no pions above detection threshold in

the final state. The blue band marks the kinetic energy range of the neutrons which will be measured based

no this proposal.

2.1 LArTPCs

The next generation of neutrino detectors make use of the LArTPC technology. When a

charged particle traverses thorough Argon it generates scintillation light, which is subse-

quently read by an array of PMTs. In addition the charged particle along its path will ionize

the Argon atoms. An electric field produced by an anode composed of multiple planes of

charged wires, and a cathode on the other side, will cause the ionization electrons to drift

towards the wires. The collected charge signal from the wires can then be reconstructed to

form a two-dimensional image of the charged particles paths. The timing of the detected

scintillation light provides additional information that allows transforming this image into a

three-dimensional one.

2.2 Neutrons in LArTPC

Scintillation in LAr has been studied extensively [13]. It is considered to arise mostly from

low excited molecular states, a singlet and a triplate states (1⌃+ and 3⌃+). The decays of

both states are resulting with photons at the vacuum ultraviolet region with wavelength of

128 nm, but they are characterised by di↵erent decay times. Specifically in LAr the decay

times are significantly di↵erent with the singlet having a decay time of the order of 1 nsec

and the triplet of the order of 1 µsec.

It has been shown that those decay times are a↵ected when applying an external electric

field due to recombination processes [7].

4

Neutron kinetic energy

Studies show that ~40% of QE events have at least one neutron.
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Goals
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Main goal: Neutrons identification in DUNE with light Pulse Shape Discrimination (PSD) 
technique.
 [JINST 10 (2015) 08, P08002]


[Phys. Rev. B 27, 5279]

	 [JINST 16 (2021) 09, P09027] 


We are currently working on GEANT simulation of neutron interaction in LAr and studying 
the light yield.


While neutrons are our main goal we are interested in studying PDS response to various 
particles in protoDUNE environment. 



Beam data
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A couple of definitions for the light prompt fraction are used:
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momentum of 80 GeV/2. This secondary beam is then transported to impinge on a secondary target,
producing a tertiary, very low energy (VLE) beam in the 0.3–7 GeV/2 momentum range. The H4-
VLE beam line then accepts, momentum-selects and transports these particles to the ProtoDUNE-SP
detector. The secondary target material can be changed between copper and tungsten. The latter is
chosen for momenta below 4 GeV/2 in order to increase the hadron content of the beam. However,
the copper target was unintentionally used for the 2 GeV/2 run instead of the tungsten target.

3.1 Beam line instrumentation components

The H4-VLE beam line is instrumented with three types of detectors that provide particle identifi-
cation and a trigger for the TPC. There are eight profile monitors (“XBPF”), three trigger counters
(“XBTF”) and two threshold Cherenkov counters (“XCET”). There are also three bending magnets
that direct the beam toward the ProtoDUNE-SP detector. The second of these magnets is also used
as part of a momentum spectrometer. The relative positions of each of these features can be seen in
figure 9. A description of the beam line design has been reported elsewhere [26], while an in-depth
discussion of the instrumentation can be found in [27].

ProtoDUNE
-SP
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XCET
XBPF XBTF
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Figure 9. A schematic diagram showing the relative positions of the trigger counters (XBTFs), bending
magnets (triangles), profile montiors (XBPFs) and Cherenkov detectors (XCETs) in the H4-VLE beam
line. Combining data from di�erent pieces of instrumentation can be used for triggering, reconstructing
momentum and measuring time of flight.

The XBPFs, described in detail in [28], are scintillating fiber detectors, each containing
192 square fibers, approximately 1 mm thick. The fibers are arranged in a planar configuration
and cover an area of approximately 20 ⇥ 20 cm2. Each device contains a single plane of fibers
and therefore measures one spatial coordinate. Pairs of these detectors, rotated by 90� with respect
to each other, are placed at several points along the beam line. This arrangement allows the
beam position to be tracked on a particle-by-particle basis. The XBPF data is also used in the
reconstruction of a particle’s momentum, discussed in section 3.3.1. Hits in the last two sets of
XBPF devices are used to measure the trajectories of the beam particles that are then extrapolated
to the face of the ProtoDUNE-SP TPC. The XBTFs are designed in a similar way. However, instead
of each fiber being read out separately, they are gathered into two bundles and therefore o�er no
position resolution. Instead, the signals from upstream and downstream planes, which are separated
by 28.575 m, are connected to a time-to-digital converter (FMC-TDC [29]). The TDC signals from
these two planes provide a particle’s time of flight (TOF). The resolution of this measurement has
been measured to be approximately 900 ps [27].
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More specifically, for the VLE electron (or positron)
beams the upstream H2 or H4 beam lines will be tuned to
transport a medium-energy secondary electron beam of 50–
60 GeV of moderate intensity of approximately 104

particles per pulse. That rate is within reach of the lines,
in particular for the H4 beam that can operate in even higher
rates in pure electron mode. As explained above, in this
case the secondary target will be comprised of a few
radiation lengths of Pb in the form of a rod of 30–50 mm in

diameter. The resulting tertiary VLE beam will be basically
pure, with the only contamination coming from spray of
low energy electrons/photons produced in the interaction of
the main beam in the apertures of the magnetic elements
and other material in the beam line (windows, gas), which
can be reduced with the experimental trigger setup and the
positive tagging using the installed instrumentation.
Finally, pure low energy muon beams can be produced in

the hadron mode by closing the momentum selection
collimator. In this case, the last two dipoles in the line
will act as a momentum spectrometer to transport the
selected beam momenta to the experiment.

FIG. 10. G4BeamLine® model of the H2-VLE beam line. The green shapes correspond to the quadrupoles, the red ones in the bending
dipoles. The secondary target and acceptance quadrupoles are shown inside the shielding bunker and not visible. The dump absorbing
the secondary particles is located next to the field-lens quadrupole (Q24). The model of NP-02 detector is shown on the right. (Courtesy:
M. Rosenthal and N. Charitonidis)

TABLE III. Trigger rate at the NP-02 experiment for a W
(0.4–3 GeV=c) target and a Cu(4–12 GeV=c) target for the case
of H2-VLE. The rates correspond to 106, 80 GeV=c secondary
particles generated at the T2 target.

Momentum
[GeV=c] Electrons Kaons Muons Protons Pions

Trigger
rate [Hz]

0.4 7 0 0 0 0 7
1 21 0 0 4 3 28
2 17 0 0 7 12 36
3 14 1 1 10 30 56
3 145 1 1 16 49 213
4 117 3 1 16 80 218
5 94 5 2 20 100 222
6 77 9 2 25 133 247
7 69 11 2 28 169 279
8 59 16 3 35 193 305
9 51 19 3 37 227 337
10 46 22 3 45 254 370
11 41 27 3 53 268 393
12 38 29 3 60 292 422

FIG. 11. VLE beam content at the NP-02 experiment, within
the beam pipe aperture, for 106 ; 80 GeV=c pions impinging
on the secondary target. G4BeamLine simulation using the
FTFP_BERT physics list.

LOW ENERGY TERTIARY BEAM LINE DESIGN … PHYS. REV. ACCEL. BEAMS 20, 111001 (2017)

111001-9

Beamline along with instrumentation provides good conditions for 
the study PDS signals induced by electrons/muons/pions/protons.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 20, 111001 (2017) 



Beam data: 7 GeV runs
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Analyzed events have to pass the following selection criteria:
nTracks == 1;
Track_index == 1;
Cherenkov 1 & 2 == 1 (for muons and pions);
150<TOF<160;

Technique presented by Dante Totani



7 GeV runs
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While muons and protons could be easily distinguished by the amount of light 
deposited in the detector, prompt fractions for both kinds of waveforms are 
very similar.



Neutron source runs
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Runs 2020:


• DD generator provides [2, 3] MeV neutrons with intensity peak at 2.5 MeV;


(Taking into account performance of protoDUNE PDS ~1.6 photons/MeV 
for  at 3.3 meters )


• Two mode of running: continuous and pulsed; Pulses width was set up to 
175 ;


(Much larger than PDS readout window — 13 )

e

μs

μs

Runs 2023:


• What will be the configuration: neutron energy, pulse width, intensity?


• Where DD/DT generator will be installed? (My personal concern how far from closest PDS)


• Trigger operation?


• Is there a possibility for muon veto? (Assuming short pulse);


• Is there centrally produced MC simulation for planned runs?



BACKUP SLIDES



7 GeV runs
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Moving from analysis of each channel to the sum of all-one-type channel in event. 
Waveforms from various readout channels shown on the left, sum of all waveforms on the 
right.


Only one type of sensor is shown on the plots.

Sum



7 GeV runs
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Distributions of maxima for event makes much more sense then for particular 
channel in event, meaning time of the signal relative to the trigger time is quite 
stable.


On average protons depose much more light then muons.



7 GeV runs
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Prompt fraction definitions
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p =

∫ t85%

t0
A(t)dt

∫ t
t0

A(t)dt
; F100

p =
∫ t100%

t0
A(t)dt

∫ t
t0

A(t)dt
;

A couple of definitions for the light prompt fraction are used.

F′ p =
∫ tmax+0.7

tmax−0.4
A(t)dt

∫ t
t0

A(t)dt
;
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*Modified SSPEntire PD Channel Map

Chris Macias | Photon Detector System Info @ ProtoDUNE | May, 201824

USDaS MSDaS DSDaS | SSP_Serial#

PD Module HB SSP SSPch DAQch PD Module HB SSPch DAQch PD Module HB SSP SSPch DAQch |

TOP of Cryo 002-0047-FL34 Hamamatsu SSP503 0-3 216 219 002-0002-FL22 Hamamatsu SSP601 0-3 240 243 001-0003-FL01 SensL-C1 SSP401 0-3 144 147 | USDaS MSDaS DSDaS

002-0008-IU54 Hamamatsu SSP503 4-7 220 223 002-0054-IU22 Hamamatsu SSP601 4-7 244 247 002-0044-IU50 SensL-C1 SSP401 4-7 148 151 |

002-0058-FL24 Hamamatsu SSP503 8-11 224 227 002-0059-FL08 Hamamatsu SSP601 8-11 248 251 002-0039-FL29 SensL-A1 SSP401 8-11 152 155 | 127 131 120

002-0063-IU19 Hamamatsu SSP504 0-3 228 231 002-0020-IU09 Hamamatsu SSP602 0-3 252 255 003-0002-IU27 SensL-C1 SSP402 0-3 156 159 | 125 130 119

003-0026-FL07* SensL-C1 SSP501 0-3 192 195 002-0060-FL39 Hamamatsu SSP602 4-7 256 259 002-0025-FL25 SensL-C1 SSP402 4-7 160 163 | 132 129 118

002-0014-IU26 Hamamatsu SSP504 4-7 232 235 ARAPUCA-2    Hamamatsu

SSP603 0-3 264 267

003-0011-IU37 SensL-C1

| 121 128 117

SSP603 4-7 268 271 SSP402 8-11 164 167 |

SSP603 8-11 272 275 | USRaS MSRaS DSRaS

003-0024-FL33 SensL-C1 SSP501 4-7 196 199 002-0055-FL40 Hamamatsu SSP602 8-11 260 263 003-0048-FL42 SensL-C1 SSP403 0-3 168 171 | 123 113 109

003-0004-IU48 SensL-C1 SSP501 8-11 200 203 002-0013-IU01 Hamamatsu SSP604 0-3 276 279 002-0023-IU53 SensL-C1 SSP403 4-7 172 175 | 116 112 108

002-0041-FL36 Hamamatsu SSP504 8-11 236 239 002-0011-FL15 Hamamatsu SSP604 4-7 280 283 002-0038-IU35 SensL-C1 SSP403 8-11 176 179 | 115 111 107

Bottom of Cryo 002-0036-IU47 SensL-C1 SSP502 0-3 204 207 002-0031-IU02 Hamamatsu SSP604 8-11 284 287 002-0040-FLP06* SensL-C1 SSP404 0-3 180 183 | 114 102 106

|

|

USRaS MSRaS DSRaS | SSP_IP#

PD Module HB SSP SSPch DAQch PD Module HB SSP SSPch DAQch PD Module HB SSP SSPch DAQch |

TOP of Cryo 003-0031-IU20 SensL-A1 SSP301 0-3 96 99 002-0049-IU16 SensL-A1 SSP201 0-3 48 51 403-003-0063-IU28 SensL-A1 SSP101 0-3 0 3 | USDaS MSDaS DSDaS

002-0055-FL03 SensL-A1 SSP301 4-7 100 103 001-0054-FL18 SensL-A1 SSP201 4-7 52 55 403-003-0041-FL9 SensL-A1 SSP101 4-7 4 7 |

002-0020-IU31 SensL-A1 SSP301 8-11 104 107 002-0035-IU13 SensL-A1 SSP201 8-11 56 59 403-002-0001-IU15 SensL-A1 SSP101 8-11 8 11 | 504 604 404

ARAPUCA-1 Hamamatsu

SSP304 0-3 132 135

002-0006-FL14 SensL-A1 SSP202 0-3 60 63 403-003-0054-FLP12 SensL-A1 SSP102 0-3 12 15

| 503 603 403

SSP304 4-7 136 139 | 502 602 402

SSP304 8-11 140 143 | 501 601 401

002-0042-IU52 SensL-A1 SSP302 0-3 108 111 001-0044-IU18 SensL-A1 SSP202 4-7 64 67 403-001-0006-IU49 SensL-A1 SSP102 4-7 16 19 |

002-0056-FL30 SensL-A1 SSP302 4-7 112 115 002-0012-FL19 SensL-A1 SSP202 8-11 68 71 403-003-0064-FLP13 SensL-A1 SSP102 8-11 20 23 | USRaS MSRaS DSRaS

002-0047-IU17 SensL-A1 SSP302 8-11 116 119 002-0027-IU12 SensL-A1 SSP203 0-3 72 75 403-001-0061-IU04 SensL-A1 SSP103 0-3 24 27 | 304 204 104

002-0054-FL38 SensL-A1 SSP303 0-3 120 123 002-0015-FL21 SensL-A1 SSP203 4-7 76 79 403-001-0042-FLP4 SensL-A1 SSP103 4-7 28 31 | 303 203 103

001-0039-IU51 SensL-A1 SSP303 4-7 124 127 001-0052-IU14 SensL-A1 SSP203 8-11 80 83 403-001-0025-IU21 SensL-A1 SSP103 8-11 32 35 | 302 202 102

Bottom of Cryo 003-0015-FL04 SensL-C1 SSP303 8-11 128 131 003-0025-FL06 SensL-A1 SSP204 0-3 84 87 403-003-0020-FL5 SensL-A1 SSP104 0-3 36 39 | 301 201 101

=   Readout end

x

APA- Face A

APA- Face B

APA3 APA2 APA1

APA5 APA6 APA4
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Signal parameters

To distinguish neutrons a few signal shape parameters are used:

• Rising time (from 10% to 90% of maximum amplitude);

• Full width at half maximum;

• Prompt fractions;
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Beam instrumentation
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momentum of 80 GeV/2. This secondary beam is then transported to impinge on a secondary target,
producing a tertiary, very low energy (VLE) beam in the 0.3–7 GeV/2 momentum range. The H4-
VLE beam line then accepts, momentum-selects and transports these particles to the ProtoDUNE-SP
detector. The secondary target material can be changed between copper and tungsten. The latter is
chosen for momenta below 4 GeV/2 in order to increase the hadron content of the beam. However,
the copper target was unintentionally used for the 2 GeV/2 run instead of the tungsten target.

3.1 Beam line instrumentation components

The H4-VLE beam line is instrumented with three types of detectors that provide particle identifi-
cation and a trigger for the TPC. There are eight profile monitors (“XBPF”), three trigger counters
(“XBTF”) and two threshold Cherenkov counters (“XCET”). There are also three bending magnets
that direct the beam toward the ProtoDUNE-SP detector. The second of these magnets is also used
as part of a momentum spectrometer. The relative positions of each of these features can be seen in
figure 9. A description of the beam line design has been reported elsewhere [26], while an in-depth
discussion of the instrumentation can be found in [27].

ProtoDUNE
-SP

Time of Flight

Momentum Spectrometer Beam line Trigger

28.575 m
XBTF XBPF

XCET
XBPF XBTF

XBTF XBPF

Figure 9. A schematic diagram showing the relative positions of the trigger counters (XBTFs), bending
magnets (triangles), profile montiors (XBPFs) and Cherenkov detectors (XCETs) in the H4-VLE beam
line. Combining data from di�erent pieces of instrumentation can be used for triggering, reconstructing
momentum and measuring time of flight.

The XBPFs, described in detail in [28], are scintillating fiber detectors, each containing
192 square fibers, approximately 1 mm thick. The fibers are arranged in a planar configuration
and cover an area of approximately 20 ⇥ 20 cm2. Each device contains a single plane of fibers
and therefore measures one spatial coordinate. Pairs of these detectors, rotated by 90� with respect
to each other, are placed at several points along the beam line. This arrangement allows the
beam position to be tracked on a particle-by-particle basis. The XBPF data is also used in the
reconstruction of a particle’s momentum, discussed in section 3.3.1. Hits in the last two sets of
XBPF devices are used to measure the trajectories of the beam particles that are then extrapolated
to the face of the ProtoDUNE-SP TPC. The XBTFs are designed in a similar way. However, instead
of each fiber being read out separately, they are gathered into two bundles and therefore o�er no
position resolution. Instead, the signals from upstream and downstream planes, which are separated
by 28.575 m, are connected to a time-to-digital converter (FMC-TDC [29]). The TDC signals from
these two planes provide a particle’s time of flight (TOF). The resolution of this measurement has
been measured to be approximately 900 ps [27].
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experimental areas [24]. Both devices consist of a stainless
steel “head,” containing a curved mirror guiding the
photons created in the gas towards a photomultiplier, which
is located at the bottom of the device. A large tube (of 1.9 m
length) allows for sufficient path length in the radiator gas,

thus increasing the probability of the Cherenkov produced
photons reaching the photomultiplier. A drawing of the two
detectors mounted in the beam line, just before the NP-04
cryostat, is shown in Fig. 14.
The chosen radiator gas was CO2, for reasons of

simplicity and cost. In addition, given the unknown beam
composition, this gas has been preferred due to its well-
documented refractive index [25], allowing for faster
tuning of the detectors. Moreover, at the momentum
spectrum of interest, and as shown in Fig. 15, with a
pressure up to 15 bar, the low energy positrons and pions
can be tagged. For momenta above 5 GeV=c, and with
higher pressures kaons and protons can be tagged as well.
For momenta below 3 GeV=c, the time-of-flight technique
is used instead. In order to provide timing information
and allow for data analysis on an event-by-event basis,
the analog Cherenkov signal was also sent to the TDC
in Sec. III-B. A summary of the particle identification
techniques is shown in Table I. Using the low-pressure
Cherenkov (“CH1”) at 1 & 2 GeV=c the positrons are
tagged while muons and pions are flagged by setting the
high-pressure detector (“CH2”) below the proton threshold
and the low pressure one above the positron threshold; at
the higher momenta (6–7 GeV=c), kaons and protons
can be distinguished by adjusting the pressure below the
proton threshold. An example of the combined use of the
Cherenkovs for 3 GeV=c momentum is shown in Fig. 16.
The data points have been fitted with the formula 1 − e−Npe ,
convoluted with a Gaussian momentum spread of 6 % for
positrons and pions and 10% for muons. Npe is the average
number of photoelectrons, given by Eq. (1):

Npe ¼ 2A · Lrad · ðn − 1Þ · ðP − PthÞ ð1Þ

where it can be easily shown that the refractive index is
related with the threshold pressure:

Pth ¼
m2

2 · ðn − 1Þ · p2
ð2Þ

In Eq. (1), Lrad is the length of the radiation volume, n
the refractive index of the gas at 20 °C and 1 bar pressure.
The parameter A constitutes an empirical constant,

FIG. 14. The two Cherenkov detectors mounted in the H4-VLE
beam line. One is able to sustain a radiator gas up to 15 bar and
the other up to 5 bar. Inside the blue tank, a curved mirror deflects
the Cherenkov photons created in the gas towards the photo-
multiplier located in the bottom of the detector.

FIG. 15. Threshold pressures of CO2, for the two Cherenkov
detectors used in H4-VLE, for all the different particle species.
The two maximum pressures of the Cherenkovs, 5 and 15 bars,
are drawn as horizontal red dashed lines in the plot. As
summarized in Table I and discussed in the text, positrons are
always tagged via the first (low-pressure) Cherenkov, while in
the higher momenta, using the high-pressure Cherenkov protons
and kaons can be also identified.

TABLE I. A summary of the particle identification techniques used in H4-VLE, in order to assess the beam
composition in all momenta.

p ( GeV=c) e μ π K p

1 CH1 TOF TOF / TOF
2 CH1 TOF TOF / TOF
3 CH1 CH2 & !CH1 CH2 & !CH1 TOF TOF
4 CH1 CH2 & !CH1 CH2 & !CH1 TOF TOF
5 CH1 CH1 CH1 CH2 & !CH1 !CH1 & !CH2
6 CH1 CH1 CH1 CH2 & !CH1 !CH1 & !CH2
7 CH1 CH1 CH1 CH2 & !CH1 !CH1 & !CH2

PARTICLE PRODUCTION, TRANSPORT, AND … PHYS. REV. ACCEL. BEAMS 22, 061003 (2019)
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Particle production, transport, and identification
in the regime of 1−7 GeV=c
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The recently constructed H4-VLE beam line, a tertiary extension branch of the existing H4 beam line in
the CERN North Area, was commissioned in October 2018. The beam line was designed with the purpose
of providing very low energy (VLE) hadrons and positrons to the NP-04 experiment, in the momentum
range of 1–7 GeV=c. The production of these low-energy particles is achieved with a mixed hadron (pions,
kaons, protons), 80 GeV=c secondary beam impinging on a thick target. The H4-VLE beam line has been
instrumented with prototype scintillating fiber detectors providing the beam profile, intensity, and time-of-
flight measurement of the beam particles, that, together with Cherenkov threshold counters, permit an
event-by-event particle identification over the entire momentum spectrum. In this paper, we present
detailed results of the beam line performance and the measured beam composition, as well as the
comparison of these measurements with simulations performed during the design phase using FLUKA and
GEANT-4-based Monte-Carlo codes.

DOI: 10.1103/PhysRevAccelBeams.22.061003

I. INTRODUCTION

The production of secondary hadron or lepton beams via
the interaction of a primary beam impinging on a target
material is the most common technique worldwide for
providing experiments or facilities with particle beams of
different intensities, compositions and momenta. A promi-
nent example of a facility that provides mixed particle
beams in the momentum range of 10 to 400 GeV=c is the
CERN North Area Secondary Beam facility (see for
example, Ref. [1]), where the primary beam from the
CERN Super Proton Synchroton (SPS) accelerator
impinges on a beryllium target and produces the secondary
particles. During the 1980s, in a landmark article,

H. Atherton et al. [2] measured the exact composition of
secondary particles emitted from the CERN North Area
beryllium targets, for different production angles, using the
H2 beam line. The lowest secondary momentum point
reported by Atherton et al. is 60 GeV=c, in both positive
and negative polarities. The work, described in Ref. [2],
was subsequently supplemented by the NA-56/SPYexperi-
ment [3], that performed measurements of secondary
particle production down to 7 GeV=c, starting this time
from 450 GeV=c primary protons and impinging on
beryllium targets of different lengths. However, data for
secondary particle production below 7 GeV=c starting
from medium-to-high momenta (in the multi-GeV/c range)
and for target materials different than beryllium are, to the
authors’ best knowledge, quite scarce and difficult to find in
the literature.
The recently commissioned NP-04 (Single-Phase

ProtoDUNE) experiment [4], located in an extension of
the CERN North Area EHN1 facility designated “CERN
Neutrino Platform Facility” [5], is a large-sized prototype
detector based on Liquid Argon Time Projection Chamber
(LAr–TPC) technology. As described in the experiment’s
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TOF system allows to ID beam particles below 3 GeV/c and Cherenkov detectors 
perform ID for momenta > 3 GeV/c
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Figure 12. The distribution of particles’ time of flight against reconstructed momentum from several runs at
various beam reference momenta. The red curves are predictions for 4, `, c,  , ? and deuterons (3) in order
of increasing time of flight.

Figure 13(a) shows an example event display consisting of waveforms on wires in the collection
plane of APA 3 shown side by side in a two-dimension color plot. Pedestal subtraction and charge
calibration have been applied. APA 3 instruments the upstream drift volume on the side of the
cathode on which the beam enters.

4.1.3 Sticky code identification

A few percent of ADC ASIC channels su�er from an issue known as “sticky code,” in which certain
ADC values would be preferentially produced by the ADC independent of the input voltage causing
the readout channel to appear to “stick” at a particular value. The flaw in this ADC design is a
failure of transistor matching at the transition from digitizing the six most significant bits to the six
least significant bits. The sticky codes therefore tend to prefer values of zero or 63 plus a multiple
of 64, though other sticky codes have been observed in the data as well. Sticky codes were observed
in test-bench measurements in advance of installation, where the dynamic range of the ADC was
tested with a calibrated source of charge.

The pedestal histograms and a few waveforms for all channels were scanned by eye to obtain an
initial list of sticky codes and this list is extended when other problematic channels are uncovered.
A total of 498 codes in 312 channels (of 15360) have been identified as sticky and are mitigated as
described in the following section.

Approximately 70 channels are flagged as bad due to very high fractions of sticky codes or
population of multiple widely-separated sticky values. Another 35 are flagged as noisy due to serious
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Neutron energy in DUNE
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Processed runs
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Sensor type

Beam energy

Particle ID

High Voltage

0.3, 0.5, 1, 2, 3, 4, 6, 7 [GeV/c]

130, 140, 150, 180 [kV]

SensL SiPM MicroFC- 60035-SMT (35 μm pixel size)


Hamamatsu MPPC S13360-6050 (50 μm pixel size) 
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