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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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scientific proposal, and also justified in detail in the DUNE
technical design report [6], the hadrons produced by
neutrino interactions with matter are expected to be in
the range between 0.5 and 10 GeV=c. In order to satisfy
these requirements, a new tertiary branch of the existing H4
beam line was designed during 2017 with the installation
and commissioning to take place in 2018. The layout
and optics design principles of these new beam lines have
been reported elsewhere [7]. The conceptual design of the
beam line involves a medium-energy, medium-intensity
(106 particles per 4.8 seconds spill) secondary beam of
80 GeV=c produced in the T2 “primary” target and trans-
ported to impinge on a “secondary” target. The new H4-
VLE beam line accepts, momentum-selects and transports
the third generation (“tertiary”) low-energy particles to the
NP-04 experiment. A layout of the EHN1 facility showing
the existing and the new beam lines can be seen in Fig. 1.
In this paper, we present in detail the methodology for

the optimization of this low energy beam line in terms of
beam optics, target material choices as well as radiation
shielding. The transverse dynamics studies were performed
with various beam optics and tracking codes, while the
particles’ interactions with matter were studied using well
established Monte-Carlo codes. Furthermore, we discuss
the instrumentation and particle identification systems
chosen. We finally report on measurements of the particle
production rates and relative abundance in the momentum
regime of interest of 1–7 GeV=c, along with a comparison
to Monte-Carlo simulations.

II. OPTIMIZATION SIMULATIONS

A. Optics and target optimization

As discussed in Ref. [7], low energy particles are
produced via a secondary beam with a momentum of
80 GeV=c, which is generated in the existing T2 target and
transported for∼600 m through the H4 beam line towards a
secondary target. The design of the tertiary beam line after
this target had to satisfy the following stringent require-
ments: (a) relatively short length (to limit the amount of
pion and kaon decays upstream of the experiment) (b) large
bending angles (to avoid the high-energy background
reaching the experiment), and (c) large angular acceptance
(at least in the order of 50 mmmrad), in order to assure

sufficient rate for the experiment. The initial optics con-
figuration (“v0”) discussed in the reference above, was
chosen as a first estimate, using the first-order optics
calculation code TRANSPORT [8]. Despite the broad use
of this code in the experimental areas of CERN and
elsewhere since the 1970s, it presents a few intrinsic
limitations: (a) It is not possible to restrict the minimum
and maximum value of any fit parameter (b) The fitting
algorithm is not optimal, thus leading to an important
dependence of the possible solution on the initial value
used for the fit. This fact allows only families of optics
solutions to be found without offering the ability to easily
explore large parameter phase-space domains. (c) Since the
spatial and momentum coordinates of the produced par-
ticles are highly correlated, tracking through the magnetic
elements with a realistic phase space as input was deemed
necessary. This option is not offered by TRANSPORT or its
associated tracking tool, DECAY TURTLE [9]. Additionally,
there is no possibility of communication of variables
between the optics and the tracking programs. (d) The
results processing, in terms of the output file format in
conjunction with the various intrinsic limitations of
FORTRAN (for example, in character manipulation), can
become inconvenient especially in the cases that a large
parameter variation is necessary.
In order to overcome these challenges and at the same

time explore the possibilities that modern optics and
Monte-Carlo programs offer for matter-dominated beam
lines, the following strategy was employed:
(a) The preexisting H4 beam line and the H4-VLE part

were modeled in the GEANT-4 based Monte-Carlo program
G4beamline [10]. The model included a detailed description
of the magnetic elements’ geometrical features and materi-
als, while for the crucial H4-VLE part, their magnetic fields
(inside the magnets’ gap, the iron yokes as well as the
fringe fields), were modeled via explicitly calculated field
maps. All the collimators and most of the detectors of the
upstream, high-energy beam line were also modeled, along
with all the relevant part of the shielding. All the detectors,
vacuum windows, and material present in the particles’
trajectories were modeled precisely in the H4-VLE low-
energy part.
(b) The expected secondary beam composition at

80 GeV=c, as predicted by the “Atherton formula”

FIG. 1. A schematic layout of EHN1, the largest experimental hall of SPS secondary beam facilities. As explained in the text, the
primary beam from SPS is slowly extracted on the primary (T2) target. Subsequently, the secondary 80 GeV=c beam is momentum-
selected and transported to the newly constructed secondary targets, in order to produce the low energy particles. The newly designed
H2-VLE and H4-VLE beam lines select and transport these low energy particles to NP-02 and NP-04 experiments.
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(described in Ref. [2]) was generated at the position of the
T2 target and transported over ∼600 m to the secondary
target. The secondary target material was optimized using
G4beamline simulations (with the FTFP_BERT physics list),
and the results are shown in Fig. 2. A tungsten target, 30 cm
in length and 50 cm in radius was chosen for the lower part
of the momentum spectrum (up to 3 GeV=c), while a
copper target with the same dimensions was chosen for the
higher part of the momentum range (above 3 GeV=c). This
choice was made to increase the beam hadron content in the
lower part of the momentum range, where the production is
dominated by electrons. The low energy particles produced
were scored just after the target, and their species along
with their angular and momentum coordinates were
recorded in a ROOT [11] file.
(c) This “emittance” of particles was used as input to

a custom-made, combined Mathematica® [12] (a powerful
technical computing framework), MAD-X [13] (a modern
optics code, developed at CERN and broadly used interna-
tionally), and PTC [14] (an independent library compatible
with MAD-X, offering tracking based on symplectic inte-
gration) interface. The developed technique is described in
detail in Ref. [15]. MAD-X offers a great degree of flexibility
in the fitting algorithms and the possible output formats.
In addition, PTC takes into account higher-order effects
(including kinematic coupling, high-order dispersion or
chromatic aberration effects, etc.) as well as the magnet
fringe field effects up to second order, as described in
[16,17]. Moreover, it allows a convenient exchange of
parameters between the different optics solutions and the
tracking module. An iterative optimization process was

performed using the “realistic” estimation of the particles’
phase-space generated at the target by G4beamline.
This procedure led to two new optical modes: A “high-

transmission” mode, maximizing the particle rate at the
experiment, and a “high-resolution” mode, which mini-
mizes the spot size at the same position. The results of the
study, demonstrating the differences of the new optical
modes in the beam waist with respect to the first version
(v0) are summarized in Fig. 3 for the bending plane and in
Fig. 4 for the nonbending plane.
Both high-transmission and high-resolution optics pro-

vide a significant spot size reduction at the entrance of
the cryostat in the bending plane compared to v0 optics.
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FIG. 2. Target optimization simulations, performed with
G4beamline. It is shown that 30 cm of tungsten provides better
absorption of the positrons, thus leading to an increased relative
amount of pions and protons for the low energy beams of 1, 2 and
3 GeV=c, as discussed in the text.

FIG. 3. Bending plane beam size in H4-VLE near the detector
entrance for a 7 GeV=c beam, as simulated via PTC. It is shown
that in the bending plane, the high-transmission optics results in a
much smaller spot-size at the NP-04 entrance, at the expense of a
bigger spot-size at the middle of the cryostat. The high resolution
optics gives even smaller spot size at the entrance and the center
of the cryostat, at the expense of the rate, as discussed in the text.

FIG. 4. Nonbending plane beam size in H4-VLE near the
detector entrance for a 7 GeV=c beam, as simulated via PTC. In
the nonbending plane, the high-transmission optics gives a better
rate with small difference in the spot size, whereas the high
resolution optics gives even smaller spot size at the entrance and
the center of the cryostat, compared to v0 optics.
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Specifically there is a ∼16 mm spot size reduction when
using the high-resolution optics (corresponding to 40%,
compared to v0 optics) and a ∼13 mm reduction in high-
transmission optics compared to the initial calculations,
preserving the large angular acceptance of the beamline,
equal to 10 mrad in both the bending and the nonbending
planes. The high-transmission optics achieves through a
better control of the nonbending plane, a ∼15% higher
transmission compared to v0 optics. Both new optical
modes offer a sufficient rate for the experiment as well as
the necessary flexibility for different focusing configura-
tions. The tracking results for the new optical modes as
calculated by PTC were compared with G4beamline (using
field maps for the bending magnets, calculated with
OPERA3D [18]) and a very satisfactory agreement was
found both in terms of overall transmission and transverse
profiles, as discussed in Ref. [15].

B. Misalignments study

The bending magnets of the H4-VLE beam line are tilted
by 56.75° clockwise, and the quadrupoles by 33.25°
counterclockwise (for reasons discussed in Ref. [7]). At
the same time, the short length of the beam line prohibits
the installation of any corrector magnet. It was therefore
deemed necessary to study in a detailed manner all the
possible misaligments of the magnetic elements and under-
stand their effect on the beam. The misalignment types
taken into account in this study were longitudinal, angular,
or transverse. In the latter case assuming a misplacement
of the magnet on its support, or the misplacement of the
entire support.
In order to reduce the statistical error and follow a

pragmatic approach, for every misalignment type studied,
500 different runs were performed, each introducing a
random misalignment, conservatively chosen, normally
distributed around the nominal position. The standard
deviations chosen were σ ¼ 0.5° for the angular misalign-
ment types and σ ¼ 0.5 mm for the spatial misalignment
types. Each magnetic element was then “randomly” placed,
and tracking was then performed with PTC. This sensitivity

analysis, presented in Fig. 5, affirms that the particle losses
are higher in case of transverse or angular quadrupole
misalignments, compared to all the other types of
misalignments.
Following the result of the first analysis, the study

subsequently focused on discriminating which quadrupoles
the beam characteristics are most sensitive to. The effects
of the misaligments for each quadrupole of H4-VLE,
keeping the rest in their nominal position, are shown in
Fig. 6. It can be seen that the particle rate is mostly sensitive

FIG. 5. Simulated mean losses of various misalignment types
for H4-VLE. The misalignments studied had a Gaussian dis-
tribution with a σ of 0.5 mm for spatial and 0.5° for angular
misalignments. The transverse and angular misalignments of the
quadrupoles affect the particle transmission the most.

FIG. 6. Transverse misalignment effect on beam losses for each
quadrupole of H4-VLE. It is seen that a possible Q18 misalign-
ment has an important effect on the beam losses.

FIG. 7. Transverse profile of the beam in the bending (top) and
nonbending (bottom) plane, assuming a misalignment of Q18 by
1 mm, as simulated for a 7 GeV=c beam in PTC, using the high-
transmission optics. Losses occur mainly in the collimator and
the quadrupole apertures for the bending plane, while, for the
nonbending plane, in the bending magnets’ apertures.
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to the second quadrupole of the acceptance triplet, as
expected from the high value of the β-function at this
quadrupole and the strength of the magnet.
The profile of the beam, assuming a transverse mis-

alignment of the second quadrupole magnet by 1 mm, is
illustrated in Fig. 7. Based on the above analysis, particular
attention was given to Q18 and Q19 during the installation
process, reassuring a placement precision of below 1 mm in
both the longitudinal and the transverse planes, in order to
keep the expected losses under control and avoid them
becoming a show-stopper for the experiment.

C. Shielding optimization

As already mentioned in the previous sections, NP-04
is a Liquid Argon TPC detector and as such, is limited by

slow read-out (normally in the regime of a few tens of Hz).
For this reason, the beam-induced background had to be
minimized. Detailed simulations using the FLUKA [19,20]
Monte-Carlo code were performed in order to eliminate the
main background sources, namely the medium-energy
muons originating from secondary pion and kaon decays
in the last straight-section of the existing H4 beam line, or
low energy hadrons and muons created by interactions in
the beam line elements and apertures. The final design of
the shielding is shown in Fig. 8. The simulated fluence
of all charged particles impinging on the front face of the
NP-04 detector, in the case that the low-energy beam line is
tuned to transport 7 GeV=c particles, is shown in Fig. 9.
This shielding optimization resulted in a drastic reduction
of the background to the order ∼600 Hz for charged
particles and to ∼1.2 kHz for neutrons, per 106 particles
impinging on the secondary target, for the case of
7 GeV=c.

III. BEAM INSTRUMENTATION AND PID

An overview of the beam line instrumentation is shown
in Fig. 10. The beam line is equipped with profile monitors
(“XBPF”), shown as green vertical lines, trigger counters
(“XBTF”), shown as red vertical lines and two threshold
Cherenkov counters (“XCET”), one able to sustain a high-
pressure radiator gas, up to 15 bar and a second one able to
sustain gases with lower pressures (up to 5 bar). The blue
triangles represent the beam line bending magnets, that
define the reference beam trajectory. A more detailed
description on the selected instrumentation and its perfor-
mance follows in the next paragraphs.

A. Profile monitors and trigger planes

The profile monitors (“XBPF”), described in Ref. [21],
consist of 192 square scintillating fibers, each with a
thickness of ∼1 mm, packed in a planar configuration
and covering a surface of about 20 × 20 cm2. On the
bottom part of the structure, a high-reflectivity aluminized
mylar mirror is glued. On the other end, an individual
Hammamatsu S13360-1350 silicon photomultiplier (SiPM)
is reading the signal from each fiber. The fiber structure is
located inside a vacuum tank, thus avoiding the particle

FIG. 8. Final design of the shielding of the H4-VLE beam line,
after optimization with FLUKA.
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FIG. 9. All charged particles fluence impinging on the front
face of the NP-04 detector. The the beam spot is shown around (0,
150), while the small hole next to it represents the entrance of the
beam in the TPC active volume. A halo produced by a tail of
high-energy particles, deflected in the higher-part of the cryostat
can be also seen.

FIG. 10. An overview of the H4-VLE instrumentation, as
discussed in the text.
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interactions with the air molecules. The signal is collected
through a front-end board, comprising 6 CITIROC appli-
cation-specific integrated circuits (ASIC), that process and
discriminate the SiPM signals. The discriminated digital
output is sent via a Xilinx field programmable gate array
(FPGA) to the back-end VME-FMC carrier (VFC) board, a
Versa Modula Europa (VME) digital acquisition electronics
system that communicates control data and decodes the
data stream arriving from the front-end board. The VFC
is fully compatible with the White Rabbit technology [22]
that has been chosen for the timing information of the
events with sub-ns accuracy, also for the NP-04 detector.

The trigger planes (“XBTF”) are of very similar conceptual
design, with the main difference being that the fibers are
grouped in two bundles, while the readout is done via two
“conventional” photomultipliers (PMTs) (Hammamatsu
H11934-200). The analog signals from the two down-
stream XBTFs are sent to a programmable delay module
that puts them in a two-fold coincidence. The trigger signal
is then sent to the experiment as well as to the backend
electronics of the XBPF modules. The two different
modules are shown in Figs. 11 and 12. Using the
XBPFs and the XBTFs, every trigger event is being
precisely timestamped using the White Rabbit common
clock, shared between the beam instrumentation and the
detector data acquisition (DAQ) system. In addition, the
integrated beam intensity for all the trigger particles is
measured and provided.

B. Time-Of-Flight (TOF)

A time-of-flight measurement system was implemented
by connecting the signals from the upstream and down-
stream XBTFs, as shown in Fig. 10, to a time-to-digital
converter (FMC-TDC [23]). The TDC was configured to
use the reference White Rabbit clock in order to define
timestamps on all the beam events, with a precision of
81 ps. The total resolution of the system has been measured
offline to be ∼900 ps. The distance between the two trigger
planes used for the time of flight is 28.575 m. An example
of the particle identification performance at 1 GeV=c is
shown in Figure 13.

C. Cherenkov detectors

The beam line was equipped with two kinds of threshold
Cherenkov detectors, frequently used in many of the CERN

FIG. 11. XBPF module, used as beam profile monitors. The
fibers are read out by 192 SiPMs coupled with CITIROC ASICs,
that transfer the signal to the back-endVFC as discussed in the text.

FIG. 12. XBTF module. The fibers are grouped in two clusters
which are read-out through conventional PMTs. The coincidence
signal of the three XBTFs is forming the beam trigger, which is
sent to the experiment as well as to the XBPF monitors.
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FIG. 13. Particle identification with the combined use of
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when the low pressure Cherenkov does not give signal, pions/
muons can be identified with a peak around 95 ns and protons
around 130 ns.

A. C. BOOTH et al. PHYS. REV. ACCEL. BEAMS 22, 061003 (2019)

061003-6



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
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depending on the wavelength of the emitted Cherenkov
light, the efficiency of the optical system, the photon
collection efficiency, the quantum efficiency of the photo-
cathode and the discrimination threshold.

D. Momentum Spectrometer

As shown in Ref. [26], the momentum spread of the new
beam line which is defined by its geometrical layout and
transverse optics, has a standard deviation of 7 %, when the
collimator is fully open. For a more precise determination
of each particle’s momentum, a momentum spectrometer
consisting of three profile monitors around a dipole magnet
was designed and implemented, using the XBPF detectors
described in Sec. III. A. The operation of such a spectrom-
eter has been tested in the past using wire chambers (see for
example Ref. [27]), demonstrating a satisfactory perfor-
mance. A schematic illustrating the principle is shown in
Fig. 17, where the particle deflection angle and therefore
its momentum can be determined using Eqs. (3) and (4).

cos θ ¼ M · ½ΔL · tan θ0 þ Δχ · cos θ0� þ L1 · ΔL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½M2 þ L2
1�½ðΔL · tan θ0 þ Δχ · cos θ0Þ2 þ ΔL2�

p

ð3Þ

p ¼ 299.7924
θ

×
Z

Lmag

0

ðB · dlÞ ð4Þ

In the above equations, α ¼ χ3·L2−χ2·L3

L3−L2
· cos θ0, ΔL≡

L3 − L2,Δχ ≡ χ2 − χ3,M ≡ αþ χ1, and θ is the deflection
angle of the spectrometer magnet, which is for the case of
H4-VLE equal to 120.003 mrad for the reference particle.

The energy loss due to synchrotron radiation effects,
primarily affecting the positrons, equal to approximately
0.22 MeV=c for 7 GeV=c positrons, is considered negli-
gible and has been neglected in this analysis. The resolution
of this spectrometer is limited by the spatial resolution of
the XBPFs. Given the fiber width of 1 mm, the resolution of
the spectrometer has been calculated with Monte Carlo
simulations to be equal to approximately 2.5 % [28].

IV. RESULTS

A. Momentum spread

The comparison between the measured and simulated
momentum spread of the beam is shown in Fig. 18. The
theoretical momentum bite (Δp=p) of the beam line, is
defined by the layout and the first-order optics and has been
calculated to have a σ of about ∼7%, being in a very good
agreement with both the simulations and the measurements.

FIG. 16. Pressure scan demonstrating the particle identification
using two Cherenkov counters, for the case of 3 GeV=c. The first
plateau around 4 bar corresponds to pions and muons. The second
plateau around 1 bar corresponds to positrons. Setting therefore
one Cherenkov to 4 bar and the second to 1.2 bar, pions/muons
and positrons are tagged.

FIG. 17. Schematic of the spectrometer principle, taken
from [26].
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FIG. 18. Measured and simulated momentum spread for
6 GeV=c. A very good agreement with G4beamline is demon-
strated. The Poissonian error bars have been multiplied by 10
for visualization reasons.
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B. Beam composition and trigger rates

Combining all the aforementioned instrumentation, an
analysis of all the beam particles was possible on an event-
by-event basis, determining for each triggered particle its
position at all profile monitors (XBPFs), its momentum via
the spectrometer and its species using the Cherenkov
detectors and the time-of-flight monitors. Data were col-
lected in the range between 1 and 7 GeV=c, in steps of
1 GeV=c. The results have been normalized to 106 particles
on the secondary target. The measured total trigger rates,
compared with the simulated ones using FLUKA and

G4beamline, are shown in Fig. 19. An agreement between
measurements and simulations is demonstrated, both for
the tungsten target (momenta ≤ 3 GeV=c) and the copper
one (momenta > 3 GeV=c). A 95% efficiency has been
assumed for each trigger plane, resulting in a 90 % overall
efficiency of the trigger. In Figure 20 the measured
efficiency, calculated as the number of trigger events with
at least one responding fiber hit divided by the number
of general triggers, is shown for all the XBPF profile
monitors.
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FIG. 19. Measured and simulated trigger rates, in all momenta.
TheW target has been used for the momenta ≤ 3 GeV=c and the
Cu target for the momenta above 3 GeV=c. A 90 % overall
trigger efficiency has been assumed, as discussed in the text.
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FIG. 20. Measured efficiencies of the fiber profile monitors,
calculated as the number of trigger events with at least one
channel hit, divided by the number of general triggers.
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FIG. 21. Measured and simulated relative beam content for
pions and muons for 1 and 3 GeV=c. The 6 GeV=c data point
was obtained using the copper target, and also includes the
positrons that cannot be distinguished from pions and muons for
momenta ≥ 4 GeV=c. Data and simulations are in satisfactory
agreement.
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FIG. 22. Measured and simulated beam content for positrons.
Data were only taken for 1 GeV=c and 3 GeV=c, using the W
target. A quite satisfactory agreement with the simulations is
demonstrated, with the differences in the beam composition not
exceeding 20 % between the data and the average of the two
Monte-Carlo programs.
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The beam composition has been also measured using
the PID scheme described in the previous sections. Due
to the fact that these measurements took place outside the
beam commissioning period, in parallel with the physics
program of the experiment, only data in certain momenta
were recorded, following the experimental requirements.
The results, for the pion and muon content at momenta
below 4 GeV=c and for the sum of pions, muons and
positrons in the range of 4–7 GeV=c are shown in Fig. 21,
where a satisfactory agreement within 20% between the
average of the counts given by both Monte-Carlo codes and
the data is demonstrated.

A similar analysis was done for positrons. The results
are shown in Fig. 22. For momenta above 4 GeV=c a
distinction between positrons and pions was not possible
with the current PID schema. Instead, the kaons at 3 and
6 GeV=c could be identified (Fig. 23). Also here, a very
good agreement with the simulations is shown, with the
measured relative composition percentage of kaons not
exceeding a factor of two compared with the simulated one.
The same comparison for protons is shown in Fig. 24.

Once more, a satisfactory agreement is demonstrated
between data and the two Monte-Carlo simulation
programs.

V. SUMMARY AND DISCUSSION

The production, transport, and identification of particles
in the hadron momentum regime of interest for neutrino
physics of 1–7 GeV=c was presented and discussed. The
H4-VLE beam line optics were optimized towards the
maximization of angular acceptance and the treatment of
possible misalignments. We have demonstrated that MAD-X
and PTC are suitable tools for acceptance maximization and
misalignment studies in low energy beam lines, being
superior to older optics and tracking codes due to the extra
features offered, like the customization of output formats
and the convenient variable communication between optics
and tracking modules. The comparison of the tracking
results with G4beamline did not show any discrepancy
between the two codes, thus validating the approach. At
the same time, the background at the detector was reduced
with nonstandard shielding design (using the well estab-
lished, for similar studies, FLUKA code). Novel instrumen-
tation consisting of scintillating fiber detectors in two
different read-out configurations was developed and com-
missioned, the performance of which has been analyzed
and discussed in this paper. Different particle identification
techniques, including time-of-flight and threshold
Cherenkov detectors used in conjunction with timing
of each trigger event, allowed for full identification of
individual particles in the desired momentum range, on an
event-by-event basis.
The measured trigger rate and beam composition are in

good agreement (∼20%) with both FLUKA and G4beamline

(using the FTFP_BERT physics list). Given the differences
in the various particle species production (in terms of total
and relative rate as well as phase-space coordinates)
between the Monte-Carlo programs, we consider this
agreement very satisfactory. The total measured trigger
rates at all momenta are well above the detector DAQ
capabilities, and within the original design specifications of
the beam line. A momentummeasurement with a resolution
of ∼2.5% is provided through the XBPF-based spectrom-
eter. It has been moreover demonstrated that 106 particles
with a relatively good (≥ 50%) pion content, with an initial
energy of 80 GeV=c impinging on a thick target, given a
suitable, large acceptance, magnetic spectrometer beam
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FIG. 23. Measured and simulated beam content for kaons. Data
were only taken for 3 and 6 GeV=c, using the W target for
3 GeV=c and the Cu target for 6 GeV=c. A satisfactory agree-
ment is demonstrated, since the data seem to agree within a
maximum of factor of two with the simulations, at 3 GeV=c,
while an even better agreement is observed at 6 GeV=c.
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FIG. 24. Measured and simulated beam content for protons.
A very good agreement between measurements and simulations
is also present.
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line design, can provide a satisfactory rate of relatively low
energy hadrons and leptons, useful for current and future
neutrino detector R&D, as well as for other high-energy
physics and beam applications. The electron or positron
content can be suppressed using a higher-Z target material,
like tungsten. The minimization of material budget is
crucial for avoiding particle loss, extra momentum spread
and emittance growth. A moderate time-of-flight (sub ns)
system is sufficient for identifying the low momentum
particles, while a combination of two threshold Cherenkov
counters, using CO2 as radiator gas, allows tagging of the
different particle species. Operating one Cherenkov detec-
tor at low pressure (≤ 5 bar) and a second one at higher
pressures (up to 15 bar) allows for flexibility and provides
the possibility to further reduce the material budget, when
necessary, by emptying one of the two detectors to a sub-
bar pressure. The scintillating fiber detectors have also
proven to be ideal for profile measurements and to act
additionally as trigger counters, allowing for a large surface
coverage and very low material budget, combined with an
excellent efficiency of 95%.
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