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Abstract: The ENUBET project aims to reduce the flux-related systematics to 1% on a narrow band
neutrino beam through monitoring the associated charged leptons in an instrumented decay tunnel.
A key element of the project is the design of a meson transfer line with conventional magnets that
maximize the yield of K and 71" while minimizing the total length to reduce meson decay outside
the instrumented region. In order to limit particle rates in the tunnel instrumentation, a high level of
beam collimation is needed, thus allowing non-decayed mesons to reach the end of the tunnel. At the
same time, fine-tuning of the shielding and the collimators is required to minimize any beam-induced
background in the decay region. The magnetic lattice is optimized with TRANSPORT. The focusing
of mesons from the target is performed with a static (quadrupole-based) system that, coupled with a
slow proton extraction scheme, allows for a significant pile-up reduction at the tunnel instrumentation
while retaining a particle yield large enough for high-precision neutrino cross-section measurements
on a 3 year time scale. Charge and momentum selection in an 8.5 GeV £ 10% momentum bite is
performed by a double dipole system. Shielding elements are optimized with full simulation of
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the facility in Geant4. In particular, a powerful genetic algorithm is used to scan the parameter
space of the collimators automatically in order to find a configuration that minimizes the halo
background in the decay tunnel while preserving a large meson yield. This contribution will report
the results of the optimization studies and the final design of the ENUBET beamline, together with
dose estimation through a FLUKA simulation. The design of an alternative secondary beamline with
a broad momentum range (4, 6, and 8.5 GeV/c) that could enhance the physics reach of the facility is
additionally discussed.

Keywords: accelerator physics; neutrino physics; beam physics

1. The ENUBET Project

The CERN-NPO06 project [1] and the ERC-funded ENUBET aim to design and build a
novel facility that will provide the first monitored neutrino beam of v, and v;,. v, originate
from the decay of positively charged kaons, more specifically from semi-leptonic decay
Kt — n%et v, (K,3), while vy, are produced by both kaons (K, and K3 channels) and pions
(7t,,v channel). The products of kaon decay have been monitored using a fully instrumented
decay tunnel about 40m long, while a range meter placed downstream of the tunnel
monitors the pion decay. An extensive overview dedicated to the diagnostics of accelerator-
driven neutrino beams can be found in [2]. ENUBET aims to increase the precision of
neutrino cross-section measurements to the order of the 1% level in the GeV scale [3]. The
source of the secondary mesons is obtained through a primary proton beam impinging on a
fixed target. We present in this R&D work the key parameters and challenges of designing
ENUBET’s secondary beam. The following sections will describe the optimization of the
production stage and both optics designs pursued to maximize the number of neutrinos
reaching the neutrino detector. Given the physics scope, the beamline has very stringent
requirements in terms of maximum length and acceptance. Currently, ENUBET has two
main beamline configurations in parallel: the baseline beamline configuration and the
“multi-momentum” beamline layout. Both designs are presented in this work.

2. Proton Extraction

The optimal operation of ENUBET is based on a slow extraction scheme, which
allows the facility to monitor the decay products of kaons while preserving the local rate
at the level of ~1 MHz/cm? inside the instrumented decay tunnel. In order to enable
event-by-event reconstruction at the detector level, the entire intensity of the extracted
proton beam should be slowly and uniformly extracted from the target over a duration of
several seconds. In contrast to horn focusing magnets that require burst mode extraction of
protons, front-end focusing employing quadrupoles would allow the extraction of protons
(and subsequently the production of kaons) for up to several seconds, while reducing the
instantaneous rate of particles reaching the decay tunnel by nearly two orders of magnitude.
Corresponding proton extraction methods have been devised and tested at the CERN Super
Proton Synchrotron (SPS), and ENUBET is exploring both static (with quadrupoles) and
horn focusing solutions [4].

3. Target Studies

The production of a secondary hadron beam is achieved with a high-energy proton
beam impinging on a solid target. We have assessed the effects of several target materials
(in terms of production yields) and the fluence of various “primary” proton momenta on
these yields. The optimization procedure allowed us to investigate a variety of materials,
including graphite (density: 2.2 g/ cm?), beryllium (1.81 g/ cm?), Inconel (8.2 g/ cm?), and
several high-Z materials including gold and tungsten. This study was performed using
FLUKA [5,6] and G4Beamline [7] simulation codes. Each target prototype was modeled
geometrically as a cylinder with lengths ranging from 5 to 140 cm and radii between 10 and
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30mm. A phenomenological model extrapolated by pre-existing measurements predicted
the production yields in a non-perturbative regime [8]; we then verified the model by
testing each target with different primary momenta with FLUKA simulations. Compared
to lower primary energies, the nominal energy of the CERN SPS (400 GeV/c) is confirmed
to be the optimal choice for the maximum kaon yield production on the GeV/c scale,
specifically a nominal momentum of 8.5 GeV/c. Next, graphite, beryllium, and Inconel-718
proved to be the optimal materials for both pion and kaon production. The particle yields
for the graphite target are shown in Figure 1. This plot encompasses the production yield
at all possible lengths and radii, from which an optimal length of around 70 cm is clear.
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Figure 1. Kaon yields as a function of the graphite target length. A primary beam with 400 GeV/c
momentum was used to evaluate the targets. The number of kaons of a given energy that enter and
are transported along the beamline with £20 mrad angular acceptance in both planes is the figure of
merit for this study. Monte Carlo systematics are generally in the order of ~10% and the simulated
statistical errors are small (1%); thus, the error bars are not plotted to ease interpretation of the plot.
Blue is 4 GeV/c, green is 6 GeV/c, and red is 8.5 GeV/c in terms of kaon momenta, whilst the marker
style indicates the target radius: a dot is 10 mm, a square is 15mm, a cross is 20 mm, and a star is

25 mm.

When discussing high-power targets, graphite is a well-known and well-tested mate-
rial [9]. However, the exact and final implementation in the case of ENUBET (in terms of
mechanical properties and cooling) needs to be carefully studied. Graphitic materials in
general, such as POCO graphite or even the enhanced form of CFC [10], have long been
an appealing option for beam-intercepting devices. Inconel is a material with promising
qualities now in use at CERN in various applications (such as the brand new CERN-PS
East Area Beam Stoppers). ENUBET’s current baseline choice is a graphite-based target
with dimensions of ~70 cm and ~30 mm. The design specifications of the target station
will be the subject of future studies.

4. Baseline Studies

Shown in Figure 2, the baseline design is a fully static beamline as required by the slow
extraction scheme. The line is optimized for 8.5 GeV/c secondaries using normal conduct-
ing quadrupoles and dipoles for a total bending angle of 14.8°. The optics were designed
through several TRANSPORT [11] iterations, following implementation on G4Beamline
and Geant4 for an extensive validation of the first-order calculations, allowing us to investi-
gate the effect of the presence of material between the magnetic elements. Final pre-tunnel
collimation and the employment of a 50 mm thick tungsten plate serving as a positron
filter accomplish additional background reduction. Assuming a 500 ton neutrino detector
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placed at around 50 m from the tagger exit and using the CERN-SPS accelerator as a driver,
delivering 4.5 x 10! PoT per year to the ENUBET target, we should be able to collect about
10*,CCin 3 years of data collection. Out of this number, 80% of the total neutrino flux is
produced by taggable neutrinos and hence produced by K,z decay.
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BB I =
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e
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triplet
Figure 2. Baseline layout of the G4Beamline showing the main stages of the line.

Optimization Algorithms

This line has been the subject of further optimization to improve the signal-to-noise
ratio in the instrumented decay tunnel. These studies require full tracking and interaction
of the particles through all elements and materials present in the beamline. The whole
framework is based on a genetic algorithm (GA) running on a computing cluster and based
on the employment of the Geant4 [12] Monte Carlo code. The figure of merit optimized
regards the last two collimators placed before the decay tunnel, as seen in Figure 3. The
optimization study iterated over five parameters, i.e. the collimators” apertures and the
number of hits inside the tunnel, to maximize the ratio of the number of K* reaching the
tunnel entrance and background particles hitting the tunnel walls. In this Figure of Merit
(FOM), the background is defined as the positrons and pions coming from the beamline
and not from the tunnel events (kaon decay). This process converges in about 2 weeks
and hence uses 100 beamlines per iteration. The preliminary results of this optimization
study improved the positron and pion background suppression by a factor of ~2, with an
improvement of 28% in the kaon yield, allowing an estimation of 2.4 years of data collection
to collect 10* v,cc at the neutrino detector.

Evolution of best optimization parameters

\ =2 4
"oz ,
3

'—(T dy
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lllllllll

Figure 3. Schematics of the last two collimators placed upstream of the tagger (on the left) and
convergence plot of the beamline iterations to maximize the FOM (on the right).

5. Multi-Momentum Line Studies

Similar to CERN’s other low-energy secondary beamlines [13], the multi-momentum
beamline is designed with tight requirements for global acceptance, collimation, and
background reduction. Previous particle production studies proved the positron dominance
in the production spectrum of the target, particularly at lower momenta (<6 GeV/c) [14].
A beamline configuration that is positioned at a certain angle to the target would be one
mitigation strategy for this specific background. For the case of the ENUBET “multi-
momentum” beamline, we optimized and placed the line at 0.5° with respect to the target.

The line is optimized so that 4, 6, and 8.5 GeV/c KT momenta can be transported
from the target toward the decay tunnel. The optics diagram is displayed in Figure 4,
and first-order calculations were performed using TRANSPORT. To assess the impact of
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different materials on the beam properties, comprehensive Monte Carlo simulations using
G4Beamline [7] were used to validate the results.

Decay Tunnel

L L
3 w “ - 7 ®

ENUBET’s Multi Momentum Beamline
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Figure 4. Horizontal (top) and vertical (bottom) planes of the beamline optics. The R-matrix parame-
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ters are represented graphically by each line; the blue line corresponds to dispersive rays, the red line
to angular rays, and the green line to cosine-like rays. The beam is set to have a smooth focus in both
planes toward the decay tunnel.

The conceptual design of this line proposal is displayed in Figure 5. A large-aperture
quadrupole triplet defines the accepted phase space of the charged particles downstream
of the target. Large aperture dipoles and an iron-based collimator with a slit of 90 mm
select (in the first order) the particle momenta that finally have a momentum bite (dp/p) of
£10%. The 400 GeV/c non-interacting primary beam that exits from the side aperture of
the C-shaped dipole is properly dumped without contaminating the decay tunnel thanks
to the overall 18.18° line deflection. This angle helps to clearly separate the kaon beam
from the primaries. A final quadrupole quadruplet at the end of the line shapes the beam
in the direction of the decay tunnel, creating a parallel beam that traverses the tunnel
longitudinally without touching the instrument walls. The magnets used in this design are
existing ones, have known properties, and are now placed and in use at CERN’s East and
North Areas [15].

\
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Figure 5. “Multi-momentum” beamline layout in the G4Beamline with the magnetic elements and
the appearing collimating structures.

6. Conclusions

We present here a summary of the performance of both beamline designs, listed in Ta-
ble 1. In conclusion, we have two stable designs both fully implemented in the G4Beamline.
The baseline configuration has achieved the goal of a 1% precision level for the flux. Future
studies will evaluate the performance of the multi-momentum alternative design and
validate the flux precision. Ongoing studies are evaluating possible beamline equipment
to monitor the secondary beam profile and intensity. Current possible candidates are
the “Giga-Trackers” [16] already in use within the NA62 collaboration [17]. Finally, the
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genetic optimization performed in the baseline configuration will test the multi-momentum
beamline for further optimization.

Table 1. Both beamline proposals’ particle rates at the tagger entrance for all momenta configurations.

Particles (10~3/PoT) 8.5 GeV/c 6 GeV/c 4 GeV/c
Baseline Beamline
K+ 0.34 / /
Tt 4.13 / /
Optimized Baseline
Beamline
K+ 0.43 / /
el 5.1 / /
Multi-Momentum
Beamline
K* 0.68 0.28 0.08
Tt 7.9 41 1.7

Author Contributions: The study presented in this paper is based on the end-to-end simulation and
prototypes developed by the ENUBET collaboration listed above. The manuscript was prepared by
E.G.P. and revised by the co-authors. All authors have read and agreed to the published version of
the manuscript.

Funding: The ENUBET project has received funding from the European Union’s Horizon 2020
Research and Innovation program under Grant Agreement No. 681647.

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1.  Berra, A.; Bonesini, M.; Brizzolari, C.; Calviani, M.; Catanesi, S.; Cindolo, E.; Collazuol, G.; Conti, E.; Dal Corso, E; De Rosa, G.; et
al. Enabling Precise Measurements of Flux in Accelerator Neutrino Beams: The ENUBET Project. (CERN,2016). Available online:
https:/ /cds.cern.ch/record /2221984 (accessed on 18 September 2023).

2. Charitonidis, N.; Longhin, A.; Pari, M.; Parozzi, E.G.; Terranova, F. Design and diagnostics of high-precision accelerator neutrino
beams. Appl. Sci. 2021, 11, 1644. [CrossRef]

3. Acerbi, F; Ballerini, G.; Bonesini, M.; Brizzolari, C.; Brunetti, G.; Calviani, M.; Carturan, S.; Catanesi, M.; Cecchini, S.; Cindolo, F,;
et al. The ENUBET Project. (CERN, 2018). Available online: https://cds.cern.ch/record /2645532 (accessed on 18 September

2023).

4. Pari, M.; Fraser, M.; Goddard, B.; Kain, V.; Stoel, L.; Velotti, . Model and measurements of cern-sps slow extraction spill
re-shaping—the burst mode slow extraction. In Proceedings of the 10th International Particle Accelerator Conference (IPAC’19),
Melbourne, Australia, 19-24 May 2019; JACOW Publishing: Geneva, Switzerland, 2019; pp. 2406-2409.

5. Ahdida, C.; Bozzato, D.; Calzolari, D.; Cerutti, F.; Charitonidis, N.; Cimmino, A.; Coronetti, A.; D’Alessandro, G.L.; Don-
adon Servelle, A.; Esposito, L.S.; et al. New Capabilities of the FLUKA Multi-Purpose Code. Front. Phys. 2022, 9, 788253.

[CrossRef]

6.  Bohlen, T.; Cerutti, F; Chin, M.; Fasso, A.; Ferrari, A.; Ortega, P.G.; Mairani, A.; Sala, P.R.; Smirnov, G.; Vlachoudis, V. The FLUKA
code: Developments and challenges for high energy and medical applications. Nucl. Data Sheets 2014, 120, 211-214. [CrossRef]

7. Roberts, T.]J.; Beard, K.; Ahmed, S.; Huang, D.; Kaplan, D.M. G4Beamline particle tracking in matter dominated beam lines. In
Proceedings of the EPAC’08, Italy, Genoa, 23-27 June 2008; pp. 2776-2779.

8. Beringer, J. Particle data group. Phys. Rev. D 2012, 86, 10001. [CrossRef]

9.  Hurh, P; Caretta, O.; Davenne, T.; Densham, C.; Loveridge, P.; Simos, N. High-power targets: Experience and R&D for 2 MW.
arXiv 2012, arXiv:1208.2681.

10. Simos, N.; Quaranta, E.; Charitonidis, N.; Sprouster, D.; Zhong, Z.; Ghose, S.; Kotsina, Z.; Assmann, R.; Redaelli, S.; Bertarelli, A.;
et al. Radiation damage of a two-dimensional carbon fiber composite (CFC). Carbon Trends 2021, 3, 100028. [CrossRef]


https://cds.cern.ch/record/2221984
http://doi.org/10.3390/app11041644
https://cds.cern.ch/record/2645532
http://dx.doi.org/10.3389/fphy.2021.788253
http://dx.doi.org/10.1016/j.nds.2014.07.049
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1016/j.cartre.2021.100028

Phys. Sci. Forum 2023, 8, 65 70f7

11.

12.
13.

14.

15.

16.

17.

Brown, K.L.; Carey, D.C.; Iselin, F.C.; Rothacker, F. TRANSPORT: A Computer Program for Designing Charged-Particle Beam-Transport
Systems; CERN Yellow Reports: Monographs; CERN: Geneva, Switzerland, 1980. [CrossRef]

Collaboration, G.; Agostinelli, S. GEANT4-a simulation toolkit. Nucl. Instrum. Meth. A 2003, 506, 250-303.

Charitonidis, N.; Efthymiopoulos, I. Low energy tertiary beam line design for the CERN neutrino platform project. Phys. Rev.
Accel. Beams 2017, 20, 111001. [CrossRef]

Parozzi, E.; Brunetti, G.; Charitonidis, N.; Longhin, A.; Pari, M.; Pupilli, F;; Terranova, F. The ENUBET Multi Momentum
Secondary Beamline Design. Jacow Ipac 2021, 2021, 3053-3056.

Lopez, R.; Anglada, ].R. The New Magnet System for the East Area at CERN. IEEE Trans. Appl. Supercond. 2020, 30, 4001605.
[CrossRef]

Rinella, G.A.; Feito, D.A.; Arcidiacono, R.; Biino, C.; Bonacini, S.; Ceccucci, A.; Chiozzi, S.; Gil, E.C.; Ramusino, A.C.; Danielsson,
H.; et al. The NA62 GigaTracKer: A low mass high intensity beam 4D tracker with 65 ps time resolution on tracks. J. Instrum.
2019, 14, 07010. [CrossRef]

NA62 Collaboration 2020 NA62 Status Report to the CERN SPSC. (CERN,2020). Available online: https://cds.cern.ch/record /27
13499 (accessed on 18 September 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.5170/CERN-1980-004
http://dx.doi.org/10.1103/PhysRevAccelBeams.20.111001
http://dx.doi.org/10.1109/TASC.2020.2972834
http://dx.doi.org/10.1088/1748-0221/14/07/P07010
https://cds.cern.ch/record/2713499
https://cds.cern.ch/record/2713499

	The ENUBET Project
	Proton Extraction
	Target Studies
	Baseline Studies
	Multi-Momentum Line Studies
	Conclusions
	References

