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NUMEN proposes an innovative technique to access the nuclear matrix elements entering
the expression of the lifetime of the double beta decay by cross-section measurements of
heavy-ion induced Double Charge Exchange (DCE) reactions. Despite the fact that the
two processes, namely neutrinoless double beta decay and DCE reactions, are triggered
by the weak and strong interaction respectively, important analogies are suggested. The
basic point is the coincidence of the initial and final state many-body wave functions
in the two types of processes and the formal similarity of the transition operators. The
main experimental tools for this project are the K800 Superconducting Cyclotron and
MAGNEX spectrometer at the INFN-LNS laboratory. However, the tiny values of DCE
cross-sections and the resolution requirements demand beam intensities much higher
than those manageable with the present facility. The on-going upgrade of the INFN-LNS
facilities promoted by the POTLNS® project in this perspective is intimately connected
to the NUMEN project. This paper describes the solutions proposed as a result of
the R&D activity performed during the recent years. The goal is to develop suitable
technologies allowing for the measurements of DCE cross-section under extremely high
beam intensities.

Keywords: Nuclear matrix elements for neutrinoless double beta decay; NUMEN project;
nuclear reactions; heavy ions; high luminosity.
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1. Introduction

The neutrinoless double beta decay (Ovf3f3) is nowadays the most promising re-
source to establish the Majorana nature of neutrinos and potentially to shed light
on the absolute neutrino mass and hierarchy. A critical aspect is that the associated
Nuclear Matrix Elements (NMEs) must be known with good accuracy, even if the
intrinsic many-body nature of the involved states of the parent and daughter nuclei
makes this task particularly challenging. An updated comparison of the results of
NME calculations, obtained within various nuclear structure frameworks,*? indi-
cates that significant differences are indeed found, which makes the present situation
not satisfactory. In addition, some assumption common to different competing cal-
culations, like the unavoidable truncation of the nuclear many-body wave function,
could cause overall systematic uncertainties.

NUMEN®® proposes to use Heavy-Ion Double Charge Exchange (HI-DCE)
reactions as a tool to access quantitative information, relevant for Ovg3 decay
NME. These reactions are characterized by the transfer of two charge units, leaving
the mass number unchanged, and can proceed by a sequential nucleon transfer
mechanism or by exchange of two isovector mesons, in an uncorrelated or correlated
fashion. Despite Ov33 decays and HI-DCE being mediated by different interactions,
they present a number of similarities (see Subsec. 2.1). The key aspects are that
initial and final nuclear states are the same and the transition operators in both
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cases present a superposition of short-range isospin, spin—isospin and rank-2 tensor
components with a relevant available momentum (100 MeV/c or so). In addition,
NUMEN aims at the exploration of all the relevant reaction channels promoted
by the projectile/target interaction. They include elastic and inelastic scattering,
single and double nucleon transfer reactions and single charge exchange (SCE)
reactions.

NUMEN is conceived in a long-range time perspective, in the view of a com-
prehensive study of many candidate systems for Ov3S decay. Moreover, the project
promotes and is strictly connected with a renewal of the INFN-LNS research in-
frastructure and with a specific R&D activity on detectors, materials and instru-
mentation. In the last years the project developed along the following three main
directions: measuring DCE cross-sections for a few cases of interest; making a deep
R&D investigation for the new detection technologies to be used for the future high
luminosity beams; developing a fully microscopic and quantum theory for DCE
reactions, specifically conceived to extract nuclear structure information from mea-
sured cross-sections.

The experimental campaigns have been conducted so far at INFN-LNS, using
the K800 Superconducting Cyclotron to accelerate beams and the MAGNEX large
acceptance magnetic spectrometer for the detection of the ejectiles.” MAGNEX is
a large acceptance magnetic device made up of a large aperture vertically focus-
ing quadrupole and a horizontally bending dipole magnet. It allows the identifi-
cation of heavy ions with very good resolution in mass (AA/A ~ 1/160), angle
(A6 ~ 0.2°) and energy (AE/E ~ 1/1000), within a large solid angle (£2 ~ 50 msr)
and momentum range (—14% < Ap/p < +10%). High-resolution measurements
for quasi-elastic processes, characterized by differential cross-sections falling down
to tens of nb/sr, were already performed by this setup.16 A crucial feature
was the implementation of a technique of trajectory reconstruction, based on
differential algebraic techniques, which allows solving the equation of motion of
each detected particle to 10th order.!” The experimental activity with accelerated
beams proposed and presently in progress in NUMEN consists of two main classes
of experiments, corresponding to the exploration of the two directions of isospin
lowering 7~ 7~ and rising 7771, characteristic of 373~ and 87T decays, respec-
tively.1%18 First experimental results obtained at the INFN-LNS laboratory for the
40Ca (180, '¥Ne)*0Ar reaction at 270 MeV gave an encouraging indication on the
capability of the proposed technique to access relevant quantitative information!?
(see also Subsec. 2.4). Further measurements of the (2°Ne, 2°0) reaction on 1*Cd
confirmed the experimental feasibility of accurate cross-section measurements in
the region of interest.1?

The results obtained by NUMEN so far indicate that suitable information from
DCE reactions can be extracted.!® However, the tiny values of such cross-sections
(few nb) and the resolution requirements demand beam intensities much higher
than those manageable with the present facility keeping the background of the
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order of 1 nb. For a systematic exploration of all the cases of interest for Ov33 a
much larger dataset of DCE data is necessary, including statistically significant data
at different bombarding energies and with several isotopic targets. These considera-
tions suggest that the DCE experiments should be performed with much higher
beam energy and current, such as foreseen in the POTLNS project. Moreover,
for a systematic study of the many hot cases of 58 decays, an upgraded MAG-
NEX setup, able to work with a two or three orders of magnitude higher current
than the present, is necessary. As a consequence, the present limits of beam power
(100 W) for the CS accelerator and acceptable rate for the MAGNEX focal plane
detector (FPD) (few kHz) must be sensibly revised. This goal can be achieved
by a substantial change in the technologies implemented in the beam extraction,
in the detection of the ejectiles and in the target cooling. For the accelerator the
change of the beam extraction technology from electrostatic deflector to a stripper
foil is an adequate choice.2® For the spectrometer the main foreseen upgrades are
as follows:

e The construction of an FPD tracker based on micro-patterned gas detector.
The requested characteristics of the tracker which will guarantee tracking per-
formances compatible with the ray reconstruction technique implemented in
MAGNEX are: horizontal position resolution 0.7 mm (FWHM), horizontal angle
resolution 0.5° (FWHM), vertical position resolution 0.7 mm (FWHM), vertical
angle resolution 0.7° (FWHM).2!

e The construction of a wall of telescopes of SiC—Csl detectors for ion identification
with radiation hardness of the order of 10! ions/(cm? - yr) assuming 120 days of
full power irradiation per year; particle identification (PID) capability for iden-
tification of Z ~ 10 and A ~ 20 and time resolution better than 2-3 ns.?2:23

e The introduction of an array of scintillators for measuring in coincidence the emit-
ted y-rays with energy resolution < 3-25% (FWHM) depending on the nucleus;
time resolution <5 ns (FWHM); observational limit (opce/or) < 1078 and
radiation tolerance > 10 n/cm”.

e The development of suitable front-end and read-out electronics, for a fast read-out
of the detector signals, a high signal-to-noise ratio (SNR) and adequate hardness
to radiation. The NUMEN data acquisition system (DAQ) must be tailored in
order to fulfill the specific requirements of each subsystem, which are: a medium
energy resolution, 1 ns time resolution and very high speed for the TRACKER;
high-energy resolution, 1 ns time resolution and high speed for the PID; high-
energy resolution, 1 ns time resolution and very high speed for the calorimeter.
Moreover, other features that have been considered in the choice of the electronics
are: uniform front-end and read-out hardware architecture; programmable signal
handling algorithm, tailorable to each detector type; very good energy resolution,
16 bit conversion; very good timing, resolution better than 1 ns; pile-up detection
and tagging; high data throughput.

2130018-6
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e The implementation of a suitable architecture for data acquisition, storage and
data handling. For that, the required performances are: handling and writing on
disk of a TPC/IP formatted data stream, having rate between 10 and 100 MB/s;
performing automatic data backup; implementing modular software for the online
analysis, with a cross-platform support; one commercial 32-core server, dedicated
to the first-level data processing in real-time (or quasi-real-time); developing
simulation of the detector performance.

e The development of accurate detector response simulations.

e The enhancement of the maximum accepted magnetic rigidity, with minimal
distortion of the measured magnetic field for the optical elements with a power
supply upgrade to obtain 2.1-2.2 Tm, i.e. 70 MeV /u ¥Ne'%* and ~ 42 MeV /u
20098+ 24,25

e The design and installation of a beam dump to stop the high-power beams. The
beam dump has to handle a power up to 10 kW and must have enough shielding
to reduce significantly the background in the MAGNEX focal plane detector due
to the neutron and gamma radiation produced by the interaction of the beam
with the cooled target of the beam dump.

In addition, we are developing the technology for suitable nuclear targets to be used
in the experiments. Here the challenge is to produce and cool isotopically enriched
thin films able to resist to the high power dissipated by the interaction of the intense
beams with the target.26

NUMEN is fostering the development of a specific theory program to allow
an accurate extraction of nuclear structure information from the measured cross-
sections. The heavy-ion induced SCE have been analyzed in detail in Refs. 27-29
in view of the connection to single beta decay NME. It was shown that the sur-
face localization of the SCE, due the strong absorption of the target-projectile
nucleus—nucleus potential, allows for a strong simplification of the reaction descrip-
tion, making the isovector meson exchange mechanism relevant at forward detec-
tion angles. The development of a second-order perturbation theory for DCE is
being accomplished relying on the use of the Distorted Wave Born Approximation
(DWBA) is focused on the development of microscopic models for DCE reactions,
employing several approaches (QRPA, shell model, IBM) for inputs connected to
nuclear structure quantities (see Ref. 5 and references therein). We are also investi-
gating the best way to link the theoretical description of the Ov3/ decay and DCE
reactions. 293!

Some of the recently achieved scientific results from NUMEN have been summa-
rized in Refs. 6 and 29. Instead, in this paper the focus is on the results from R&D,
with a detailed description of the solutions proposed for the upgrade. The paper is
organized as follows. In Sec. 2, an overview of the NUMEN project is given. Then,
the extended description of the proposed solution for each item is presented from
Secs. 3 to Sec. 11.

2130018-7
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2. Overview of the NUMEN Project

2.1. Heavy-ion induced double charge exchange reactions and
0v33 decays

A DCE reaction is a process induced by a projectile a on a target A, in which
two neutrons (protons) of the target are converted in two protons (neutrons),
AZy = 2, ANy = F2, being the mass number unchanged, with opposite tran-
sition simultaneously occurring in the projectile, AZ, = F2, AN, = £2. In
the isospin representation, DCE reactions probe the double isovector excitations
generated, at four-body level, by T;tTaiTjTj combination of the isospin rising and
lowering operators acting on two nucleons in the projectile a and the target A,
respectively. Similarly to single charge exchange reactions, DCE probe nuclear
response to the isospin degree of freedom. An important feature of DCE reac-
tions induced by nuclear collisions is that no light projectiles can be practically
used. The lightest projectiles allowed are tritons or 3He, and even in these cases the
(t,3p) or the (3He, 3n) reactions are very challenging from the experimental point of
view and, to our knowledge, never explored. Also moving to heavier projectiles, the
experiments become rather demanding. First pioneering explorations of the heavy-
ion induced DCE reactions are the (120, 18Ne), (180, '#C) and (1*C, *O) reactions,
which were performed at Berkeley, NSCL-MSU, IPN-Orsay, ANU-Pelletron, Los

Alamos laboratories.3234

The main purpose was to determine the mass of neutron
rich isotopes by reaction @)-value measurements. However, these experiments were
not conclusive for deeper spectroscopic investigations, mainly due to the poor statis-
tical significance of the few DCE observed events; hence, no other experiment was
proposed. Also the theory, which was initiated to study the DCE reaction mecha-
nism3%3% soon followed the trend and the field was abandoned for a long time.

In recent years, major interest has raised for DCE studies, especially because
of their possible connection to Ov33 decay. New reactions have been considered,
such as the (8He,®Be),3” the (1'B,!Li) or the (12C,!2Be), explored at RIKEN
and RCNP. The (®He, ®Be) was used to search for the tetra-neutron system by the
‘He(®He, ®Be)4n.3" The (1'B, 'Li) and (}2C, 12Be) were investigated with the main
goal to find the Double Gamow—Teller (DGT) resonance and provide quantitative
information about the DGT sum-rule.?® Another new DCE reaction, the (?°Ne, 2°0)
have been introduced at INFN-LNS Catania, with the aim to probe 5~ 3~ -like
nuclear response. In addition to that, important results have been recently achieved
by the renewed use of the (1¥0,®Ne) reaction in upgraded experimental condi-
tions.1039 Tn Ref. 10 the 4°Ca(*80,8Ne)?YAr was studied at 15 MeV/u at the
MAGNEX facility of INFN-LNS,? showing that high mass, angular and energy
resolution, energy spectra and accurate absolute cross-sections are at reach, even at
very forward angles, where the spectroscopic information is more directly accessible.
The completely new and unique capability achieved in the Catania measurements
to isolate the ground-state to ground-state transition in a DCE process has opened
the perspective of studying the connection of DCE with Ovf33 decay, raising the
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question whether DCE can be used toward the experimental access to Ov35 decay
NMEs.

Although the DCE and 0vf3 decay processes are mediated by different inter-
actions, there are several important similarities among them:

— Parent/daughter states of the OvS8 decay are the same as those of the tar-
get/residual nuclei in the DCE.

— Short-range Fermi, Gamow—Teller and rank-2 tensor components are present in
both the transition operators, with relative weight depending on incident energy
in DCE. Performing the DCE experiments at different bombarding energies is
essential to gain sensitivity to the individual contribution of each component.

— A large linear momentum (/100 MeV/c) is available in the virtual intermediate
channel in both processes. This is a distinctive similarity since other processes
such as single 8 decay, 2v33 decay, light-ion induced SCE cannot probe this fea-
ture. An interesting development is the recently proposed p-capture experiments
at RCNP.40

— The two processes are nonlocal and are characterized by two vertices localized in
a pair of valence nucleons.

— Both processes take place in the same nuclear medium. In-medium effects are
expected to be present in both cases, so DCE data could give a valuable constraint
on the theoretical determination of quenching phenomena on Ov3/.

— An off-shell propagation through virtual intermediate channels is present in the
two cases.

A relevant feature of DCE, not present in Ov33 decay, is the contribution com-
ing from multi-nucleon transfer reactions, representing a competitive route with
respect to the direct exchange, leading to the same final states. The effects of
multi-nucleon transfer start from the fourth order in the nucleon—nucleon potential
since two protons (neutrons) should be stripped from the projectile and two neu-
trons (protons) picked-up from the target. In Ref. 10 it is shown that, under the
experimental conditions set for the experiment at INFN-LNS, the contribution of
multi-nucleon transfer is negligible (less than 1%). Similar results are being found
in the preliminary analysis of the other explored cases. Consequently, the leading
DCE reaction mechanism is connected to nucleon—nucleon isovector interaction,
which acts between two neutrons in the projectile and two protons in the target
for the (180, 18Ne) and between two protons in the projectiles and two neutrons in
the target for the (2°Ne, 2°0) reaction. A useful way to consider the DCE process
is by means of the exchange of two charged 7 or p mesons between the involved
nucleons. An interesting question is whether the two mesons are exchanged inde-
pendently of each other in analogy to 2v83-decays or in a correlated way, as in
the OvB5-decays. This last question is quite interesting for the connection of DCE
reactions to OvB38-decays.2? This aspect is also important from the point of view of
nuclear reaction theory, since it could indicate a new way to access nucleon—nucleon
short-range correlations, see Sec. 11.
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2.2. The NUMEN goals

The NUMEN project proposes to access the nuclear matrix elements entering the
expression of the life time of the Ov33 decay by measuring cross-sections of DCE
reactions at different incident energies using the K800 Superconducting Cyclotron
for the acceleration of the heavy-ion beams and of the MAGNEX large acceptance
magnetic spectrometer for the detection of the ejectiles. The project, born in 2014,
stems out as a natural evolution of the successful pioneering investigation of the
10Ca(180, ¥Ne)*9Ar DCE reaction performed at INFN-LNS.10

In order to determine the Ovf33 decay NMEs we need to define how the DCE
measured cross-sections and, in turn, DCE matrix elements are connected to Ov35
decay NMEs. This implies an accurate description of the reaction mechanism, fac-
torized in a reaction part and a nuclear structure part, the latter separated in a
projectile and target matrix elements. The development of a consistent microscopic
description of the DCE reaction and the nuclear structure part is essential to explore
this opportunity. The use of the quantum approach for the DWBA or Coupled Reac-
tion Channel (CRC) cross-sections with form factors including transition densities
from state-of-the-art nuclear structure approaches is a suitable framework in which
this theory is developing. Experimentally, it is required to build up a systematic set
of appropriate data, facing the relative experimental challenges connected with the
low cross-sections, the high sensitivity needed to distinguish the DCE signal from
the background and the requirement of high resolutions.

The measurement of the DCE absolute cross-sections that NUMEN wishes to
provide will also have a major impact for tuning the nuclear structure theories of
OvBpB decay NMEs. The NMEs for DCE and 0vS3 decay probe the same initial
and final wave functions by operators with similar structure. Consequently, the
measured DCE absolute cross-sections allow to test the validity of the assumptions
done for the unavoidable truncation of the many-body wave functions. The reac-
tion part needs to be precisely controlled to this purpose, a result that NUMEN
aims to pursue within a fully quantum scattering framework. Once the nuclear
wave functions have been tested by DCE cross-sections, the same can be used for
OvBpB decay NMEs. Promoting the development of these kinds of DCE constrained
theories for the NME of the Ov33 decay is thus an important goal that NUMEN
can achieve even with a reduced experimental dataset and without assuming cross-
section factorization.

Finally, on the long term, NUMEN will provide relative NME information on
the different candidate isotopes of interest for the Ov3S5 decay. The ratio of the
measured cross-sections can give a model independent way to compare the sensi-
tivity of different half-life experiments to the average neutrino mass. This result can
be achieved even in presence of sizeable systematic errors in the measured cross-
sections and in the extraction of DCE matrix elements, as they are largely reduced
in the ratio. Performing these comparative analyses could have strong impact in the
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future developments of the field, especially in a scenario were fundamental choices
for the best isotope candidates for Ov (3 decay need to be made.

2.3. The phases of the NUMEN project

The NUMEN project is conceived in a long-range time perspective, planning to
perform a comprehensive study of many candidate systems for Ov3/3 decay. More-
over, this project promotes and is strictly connected with a renewal of the INFN-
LNS (POTLNS project) research infrastructure and with a specific R&D activity
on detectors, materials and instrumentation, as described in the following sections.
Consequently, other research activities are likely to also benefit from such upgrades.
NUMEN represents the main physics case of the on-going POTLNS project, sup-
ported by EU, and it is strongly synergic with the NURE project of ERC. The
NUMEN project is divided into the following four phases.

Phase 1: “The pilot experiment.” In 2013, the “°Ca(*®0, 8 Ne)*°Ar DCE
reaction was measured at the INFN-LNS laboratory together with the competing
processes: single charge exchange, two-proton transfer and two-neutron transfer.1?
This work showed for the first time high resolution and statistically significant
experimental data on DCE reactions in a wide range of transferred momenta. The
measured cross-section angular distribution is characterized by a clear oscillating
pattern, described by an L = 0 Bessel function, indicating that a simple mechanism
seems dominant in the DCE reaction. This is confirmed by the observed suppression
of the multi-nucleon transfer routes. DCE matrix elements were extracted under the
hypothesis of a two-step charge exchange process. Despite the approximations used
in our model, which determine an uncertainty of & 50%, the obtained results are
compatible with the values known from the literature. This makes the (*¥0, 18Ne)
reaction very interesting to investigate the DCE response of the nuclei involved in
OvBp research.

Phase 2: From the pilot experiment toward the “hot” cases. The results of
Phase 1 indicate that suitable information from DCE reactions can be extracted.
However, with the present experimental setup, it is difficult to suitably extend the
achievements of the pilot experiment to the “hot” cases, i.e. the nuclei candidate
for Ov3S because:

— In the reaction studied in the pilot experiment, the Q-value was particularly
favorable (Q = —2.9 MeV), while in the DCE reactions involving candidate
isotopes of interest for Qv 38 the @Q-values are more negative. A sensible reduction
of the cross-section is thus expected in these cases, especially at very forward
angles.

— The isotopes of interest are heavier than “°Ca, consequently the nucleus—nucleus
potential in the initial and final state are expected to be more absorptive with
consequent further reduction of the cross-section for direct reactions as DCE.
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— The DCE cross-section is expected to decrease at higher bombarding energies (at
least in the energy range explored by NUMEN, i.e. 10 to 70 MeV /u) since both
7 and o7 components of the nucleon—nucleon effective potential show this trend.

— The (180, ¥Ne) reaction, investigated in the pilot experiment, could be parti-
cularly advantageous, due to the presence of super-allowed transitions. However,
this reaction is of 873" kind, while most of the research on 0vS3 decay is on
the 7B~ side. None of the reactions of 5~ 3~ kind look like as favorable as
the (180, ¥Ne). NUMEN proposes the (?°Ne,2°0) reaction, which has smaller
B(GT), so a reduction of the yield could be foreseen in these cases.

— In some cases, e.g. 13%Xe or 13%Xe, gas or implanted target will be necessary,
which are normally much thinner than solid state films obtained by evaporation
or rolling technique, with a consequent reduction of the yield.

— The achieved energy resolution (typically about half MeV) is not always enough
to separate the ground from the excited states in the final nucleus. In these cases
the coincident detection of gamma rays from the de-excitation of the populated
states is necessary, but at the price of reducing the yield.

All these considerations suggest that the beam current for the DCE experiments
must be increased. In particular, for a systematic study of the many “hot” cases of
B8 decays, an upgraded setup, able to work with two or three orders of magnitude
higher current than the present, is necessary. This goal can be achieved by a sub-
stantial change in the technologies used in the beam extraction and transport, in
the target and in the detection of the ejectiles. These requirements have triggered
the POTLNS project of upgrade of the INFN-LNS infrastructure for the production
of high intensity ion beams.

During the NUMEN Phase 2, the R&D activity necessary for the above-
mentioned upgrades has been carried out still preserving the access to the present
facility. In the meanwhile, experiments for a selected set of systems have been per-
formed. These runs require several weeks of data taking for each reaction, since
thin targets (a few 10'® atoms/cm?) are mandatory in order to achieve enough
energy and angular resolution in the measured energy spectra and angular dis-
tributions. The attention is presently focused on a few favorable candidate cases
for B8 decay, as discussed below, with the goal to achieve conclusive results for
them. More details on the experimental activity with accelerated beams performed
during NUMEN Phase 2 are given in Subsec. 2.4. In addition, during Phase 2 a
deeper understanding of the main features which limit the experimental sensitivity,
resolution and systematic errors is being pursued.

During this phase, the data reduction strategy is optimized and the link
with the theoretical physics strengthened, especially in view of the construction
of a “universal” framework, where (3-decay and DCE reactions are coherently
analyzed.

The experimental activity of NUMEN Phase 2 and the analysis of the results is

t41

the main aspect of the NURE project** awarded in 2016 by the European Research

2130018-12



Int. J. Mod. Phys. A 2021.36. Downloaded from www.worldscientific.com
by UNIVERSIDADE DE SAO PAULO on 01/12/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

The NUMEN Technical Design Report

Council. The synergy between the two projects is an added value which significantly
enhance the discovery potential already achieved in NUMEN Phase 2.

Phase 3: The facility upgrade. Once all the building blocks for the upgrade
of the whole facility will be ready at the INFN-LNS, the NUMEN Phase 3, will
proceed with the disassembling of the old setup and reassembling of the new will
start. A duration of 24-30 months is estimated. During this period, the data anal-
ysis of the NUMEN Phase 2 experiments will continue. In addition, tests of the
new detectors and selected experiments will be performed in other laboratories in
order to provide still missing information in the explored reactions network. As an
example, a research program to transfer the present MAGNEX focal plane detector
to iThemba LABS (South Africa) has been proposed and approved. The goal is
to perform their DCE studies in line with NUMEN Phase 2. The experiments are
expected to be performed during NUMEN Phase 3.

Phase 4: The experimental campaign with upgraded facility. The NUMEN
Phase 4 will consist of a series of experimental campaigns at high beam intensities
(some pupA) and integrated charge of hundreds of mC up to C, for the experi-
ments in which ~-coincidence measurements are required, spanning all the variety
of OvBB decay candidate isotopes of interest, like: 48Ca, "6Ge, "6Se, 82Se, 97,
100)\fo, 106Cq, 110p(, 116Cq, 110Sy, 124Gy, 128, 130T, 136X e 130Xe, 1M8Nd, 150N,
154Gy 1603, 198y,

Based on the know-how gained during the experimental activity of Phases 2 and
3, the Phase 4 will be devoted to determine the absolute DCE cross-sections and
their uncertainties. The use of upgraded theoretical analyses will give access to the
challenging NMEs OvS33 decay, that is the ambitious goal of NUMEN.

The experiments will be performed at different incident energies in order to
study the reaction mechanism and in particular to explore the dependence on energy
of the different spin—isospin components of the nucleon—nucleon interaction and
unfold the Fermi, GT and tensor components in the nuclear matrix elements.

A schematic description of the strategy for the experimental activity with accele-
rated beams in NUMEN Phase 4 is given in Subsec. 2.5.

2.4. The experimental activity with beams in NUMEN Phase 2

The experimental activity with accelerated beams proposed and presently in
progress within NUMEN Phase 2 consists of two main classes of experiments, per-
formed at INFN-LNS using the superconducting cyclotron and the MAGNEX mag-
netic spectrometer. A figure showing the MAGNEX spectrometer is shown in Fig. 1.

The two classes of experiments correspond to the exploration of the two direc-
tions of isospin lowering 7~ 7~ and rising 777", characteristic of 578~ and 8137
decays, respectively. Since NMEs are time invariant quantities, they are common
to a DCE and to its inverse, so the contextual measurements of 3~ 8~ and 3t3+
reactions represent a useful test bench of the procedure to extract NME from the
measured DCE cross-section.
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Fig. 1. The MAGNEX spectrometer.

In particular, the 87371 direction in the target is investigated using an 203+
beam and measuring the (*¥0, 18Ne) DCE transitions, together with other reaction
channels involving same beam and target. Similarly, the 5~ 3~ direction is explored
via the (*°Ne,2°0) reaction, using a 2°Ne'®t beam and detecting the reaction
products of the DCE channel and of the other open channels characterized by same
projectile and target. Exploratory investigations of the two classes of experiments
have been already performed on selected targets, highlighting the strengths and
the challenging aspects of the adopted technique and establishing the best working
conditions.!018:42:43 The choice of the target isotopes is the result of a compromise
between the interest of the scientific community to specific isotopes and related
technical issues. In particular, the possibility to separate g.s. to g.s. transition in
the DCE measured energy spectra and the availability of thin uniform target of
isotopically enriched material was considered. Important experimental issues must
be addressed to measure heavy-ion induced DCE reactions of both classes of experi-
ments. The main challenges are related to the request to detect heavy ions with
good isotopic separation and energy resolution in a wide angular range, including
zero-degree, in order to distinguish transitions to individual states and explore a
wide momentum transfer range. In addition, the rather tiny DCE cross-sections
(down to few nb) demand for a remarkably high experimental sensitivity, which
strongly depends on the rejection capability against unwanted events. These later
may be generated by competing reaction processes, which are rather likely to occur
in view of the small DCE cross-sections. For this reason, high-resolution particle
identification is a prerequisite for the experiment. Spurious data associated to a
wrong determination of detection parameters could casually be misinterpreted as
good DCE data. Such background sources can be subtle and require stringent con-
ditions for the experimental setup together with a very careful characterization of
the detection response in order to get rid of and gain the necessary sensitivity for
performing meaningful DCE investigations.!?
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Experiments with 80 beam (81371 direction). For the experiments of this
class, the reaction channels of our interest are listed as follows:

— Elastic and inelastic scattering (20, 180),
— DCE reaction (180, 18Ne),

— Charge exchange reaction (130, 18F),

— Two-proton pickup reaction (30, 2°Ne),

— One-proton pickup reaction (**0,19F),

— Two-neutron stripping reaction (120, €0),
— One-neutron stripping reaction (180, 170).

One of the main challenges of such experiments is the measurement at very
forward angles, including zero-degree. This is performed by placing the spectrometer
with its optical axis at +3° with respect to the beam axis. Thanks to its large
angular acceptance, a range —2° < O, < +9° is thus covered. The MAGNEX
quadrupole and dipole magnetic fields are set in order that the incident beam,
after passing through the magnets, reaches a region besides the FPD. For this class
of experiments, in fact, the incident beam (*¥*O8*) has higher magnetic rigidity
(Bp) than the ones of the ejectiles of interest (namely *Ne, ¥F, 29Ne, 19F, 160,
170 with maximum charge state). In the setup of NUMEN Phase 2 the beam
stops in a specifically designed Faraday cup, which measures the incident charge
in each run, placed in the high-Bp region besides the FPD. A drawing of the
MAGNEX spectrometer and an example of the typical '*0 beam trajectory inside
the spectrometer is shown in Fig. 2.

In NUMEN Phase 4, instead, due to radioprotection issues, the beam must get
out from MAGNEX and be transported to a specially designed beam dump, as
discussed in Sec. 3

Trajectory for
Ne beam

\
Trajectory for g
150 beam

QUADRUPOLE

Fig. 2. Drawing of the MAGNEX spectrometer showing two typical trajectories of the 180 and
20Ne beams in the experimental conditions used for the DCE measurements.
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(%0.%0)

(20Ne,20Ne) (20Ne,20Ne)

(150,150) (*0.'%0)

(2"Ne,20Ne)

Fig. 3. Scheme of the reaction channels already studied within the NURE and NUMEN
experiments.

168n, 76Se and *8Ti are the targets already explored via (**0,18Ne) reaction
at 15 AMeV in order to study the ''%Sn — 116Cd, "Se — "5Ge and *¥Ti —
48(Ca transitions, respectively, and the competing channels as shown in Fig. 3. The
reduction and analysis of the collected data are presently in progress.

Experiments with 2°Ne beam (3-8~ direction). In the class of experiments
with 20Ne!%F beams, the reaction channels we are interested are the following:

— Elastic and inelastic scattering (2°Ne, 2°Ne),
— DCE reaction (*°Ne, 2°0),

— Charge exchange reaction (**Ne, 20F),

— Two-proton stripping reaction (**Ne, 180),
— One-proton stripping reaction (*°Ne, °F),
— Two-neutron pickup reaction (*°Ne, ?2Ne),
— One-neutron pickup reaction (*°Ne,2!Ne).
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For these experiments, the incident beam (2°Ne!®t) has a lower magnetic
rigidity with respect to the reaction ejectiles of interest. Thus, for a fixed mag-
netic field setting, the beam will be more bent than the ejectiles of interest. The
spectrometer optical axis is typically placed at —3°, thus the covered angular range
is —8° < O, < +3°. The quadrupole and dipole magnetic fields of MAGNEX are
set in order that the 2°Ne'®" beam reaches the low-Bp region besides the FPD.
Even in this case a major difference between the Phase 2 and Phase 4 is the position
of the Faraday cup, which in Phase 4 will require the use of an external beam dump
due to the foreseen intensities of the beams.

A peculiarity of these experiments concerns the treatment of the different charge
states of the beam emerging out of the target. The beam components characterized
by charge states lower than 10+, mainly 2°Ne’" and 20Ne®", produced by the
interaction of the beam with the electrons of the target material, have a magnetic
rigidity which is similar to the ions of interest. Therefore, they enter in the FPD
acceptance, causing a limitation in the rate tolerable by the detector. In order to
stop these unwanted 2°Ne particles, two aluminum shields are mounted upstream
the sensitive region of the focal plane detector. The shields act on a limited phase
space region which stops the 94 and 8+ beams and elastic scattering at very forward
angles, but not the other reaction channels generated by these beams. It is known
that the charge state distribution of a heavy-ion beam after crossing a material
depends on the bombarding energy and on the chemical composition of the target.
The targets relevant for NUMEN generate an unwanted charge distribution that
can be conveniently changed, minimizing the amount of 2°Ne?T and 20Ne®*, by
adding an appropriate second foil (post-stripper) downstream of the isotopic target.
Recently a specific study of different materials to be used as post-stripper has been
performed.?4 The main result is that carbon-based materials are very efficient to
this purpose. In Phase 4, the use of pyrolytic graphite (HOPG) as a substrate for
the evaporation of the isotopes will work not only for thermal dissipation, thanks
to its high thermal conductivity as described in Sec. 9, but also as a post-stripper
material.

The systems already experimentally explored using the (?°Ne, 2°0) reaction at
15 AMeV are the 6Cd target (to study the 16Cd — 116Sn transition), the *0Te
(for the 139Te — 139Xe) and the ®Ge (for the "°Ge — 76Se). The data reduction
and analysis is in progress. A scheme of the transitions already studied in the
experimental runs is shown in Fig. 3.

2.5. Strategy for experiments in NUMEN Phase 4

Here we will give a schematic description of the strategy for the experimental
activity with accelerated beams in NUMEN Phase 4. It will be shown that a careful
strategy is mandatory in order to avoid a fast and unsustainable saturation of the
throughput and data storage volume.
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(1) DCE g.s. to g.s. studies in condition where MAGNEX separates the
g.s. transition. The maximum beam current at the target foreseen after the CS up-
grade maintaining the beam performances in terms of emittance is about 103 pps,
depending on the bombarding energy and beam species. A first experimental mode
for NUMEN runs in Phase 4 will be dedicated to the study of the Double Charge
Exchange (DCE) ground state-to-ground state (g.s. to g.s.) transitions in condition
where the ground state peak is well isolated by MAGNEX inclusive measurements.
Most of these cases have been already explored at 15 MeV/u incident energy in
Phase 2 even if with low statistics. The beam current for this mode will be the
maximum one (~ 10 pps). The MAGNEX FPD acceptance will be reduced to
10% exploring only the ground state region. No gamma array detector (G-NUMEN)
will be used. The expected data throughput will be about 60 MB/sec, corresponding
to ~5 TB/day.

If we consider that in Phase 2 we measured something like 30 events for the DCE
g.s. transition in the case of 1Cd(*'Ne,2°0)'16Sn, ; experiment at 15 AMeV
in about 20 days acquisition time (~1.5 DCE g.s. counts/day), we can expect
10* DCE g.s. events collected in 2 days in Phase 4, meaning that we can also build
a statistically robust angular distribution.

(2) Other than DCE g.s. to g.s. (common to all experimental campaigns).
During a NUMEN runs, other than measuring the DCE g.s. transition we also mea-
sure several other reaction channels (single charge exchange, multi-nucleon transfer,
elastic and inelastic) and we get an extended energy spectrum of DCE up to large
excitation energy. All of these “other than DCE g.s.” data are important and are
characterized by much larger cross-sections, so they do not need a full power beam.
In NUMEN Phase 4 such “other than DCE g.s.” data can be collected at ~ 10! pps.
The MAGNEX FPD will work in full (100%) momentum acceptance. Coincidence
with gamma array is typically not needed for these studies. The expected data
throughput will be about 6 MB/sec, corresponding to ~ 0.5 TB/day.

In NUMEN Phase 2 we have collected data for these channels for a few days
for each campaign at beam currents of about 6-10° pps for the 180 and 3 - 10° pps
for the 2°Ne induced ejectiles. In NUMEN Phase 4 at 10'' pps we will gain more
than one order of magnitude in 2—-3 days of data collection. In case we want to use
G-NUMEN, we have to add about 5 TB/day, which is still affordable with standard
solutions.

(3) DCE g.s. to g.s. studies when MAGNEX does not separate the g.s.
transition. In many experimental conditions, the DCE g.s. to g.s. transition is
not well isolated by using MAGNEX standalone and measurements of the v decay
of the first excited states with the G-NUMEN array are needed. In these cases,
the beam current should be limited to ~ 10'2 pps in order to limit the average
reactions occurring at the target per beam bunch to about 1, thus keeping the
best observational limit for DCE g.s. The v spectra will be gated in the energy
region of interest. The MAGNEX FPD momentum acceptance will be reduced to
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10% measuring only at the g.s. region. Under these conditions the data throughput
would be ~ 60 MB/s, corresponding to ~5 TB/day.

The typical experiment duration will be of the order of 30 days, producing a
data storage of ~150 TB, which is affordable. About 102> DCE g.s. coincidence
events are expected after the proper analysis.

3. The Particle Accelerator for NUMEN: The Upgrade of the
LNS Superconducting Cyclotron and the New Beam Lines

The LNS, CS, is a three-sector compact accelerator. Figure 3 (top left panel) shows
a layout of the accelerator structure. Two pairs of superconducting coils generate a
magnetic field at center variable between 2.2 and 4.8 T. Twenty trim coils, wound
on each of the six sectors (120 in total), allow to achieve the isochronous magnetic
field requested for the acceleration of all the ions, from molecular Hydrogen (HJ ) up
to Uranium, in a wide range of energies, between 10 and 80 AMeV.#5 Due to the CS
compactness, the orbit separation at the outer turns is small about few mm. This
limits the extraction efficiency, which is of 50-60%. Most of the accelerated beam is
stopped by the septum of the first electrostatic deflector (ED), and, although it is
water-cooled, serious thermal issues occur when the extracted power exceeds 100 W.
The NUMEN experiment plans to use mainly beams of Carbon, Oxygen and Neon
with intensity beyond 10! pps. The required energies are in the range 15-70 AMeV,
and the beam power in the range 1-10 kW, see Table 1. As a consequence, the
extraction of 1-10 kW beams is not feasible using the EDs. Moreover, the existing
extraction channel has small transversal size and no thermal shields to dissipate the
beam power coming from beam halos. For these reasons, the CS will be upgraded
with a new extraction channel designed just for extraction by stripping.2%46-4® This
technique requires that ions are accelerated with a charge state (Z—5) < g < (Z—2)
and after crossing a stripper foil, they become fully stripped (¢ = z). The use of
a stripper foil, placed on the hill 2 of CS in the radius range from 865 mm to

Table 1. List of the ions to be extracted by stripping and expected power extracted.

Ion Energy [AMGV} Isource [e,UA] Taccelerated [e,uA] Textracted [pps} Pextracted [Watt]

12c4+ 45 400 60(4+) 9.4 x 1013 8100
1204+ 60 400 60(4+) 9.4 x 1013 10800
1806+ 19 400 60(6+) 6.2 x 1013 3420
1806+ 29 400 60(6+) 6.2 x 1013 5220
1806+ 45 400 60(6+) 6.2 x 1013 8100
1806+ 60 400 60(6+) 6.2 x 1013 10800
1806+ 66 360 54(6+) 5.6 x 1013 10700
20Ne™+ 28 400 60(7+) 5.3 x 1013 4800
20Ne”+ 60 400 60(74) 5.3 x 1013 10280
4013+ 60 370 56(134+) 2.7 x 1013 10338
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895 mm and in the angular range of 24°, allows the beam trajectories to escape
from the region of the cyclotron pole. In particular, all the ions of interest, with
mass < 40 amu and energy > 15 AMeV, are fully stripped with efficiency higher
than 99%.4? Beam losses inside the cyclotron should stay below 100-200 W, which
is a reasonable value as far as activation concerns. Table 1 summarizes the expected
results for the beam power delivered at the exit of the cyclotron for some of the
studied cases. Conservative values of the beam currents delivered by the ion source
and accelerated by the cyclotron are also shown.

A careful study of beam dynamics is crucial for the extraction by stripping
since the axial and radial envelopes have to be maintained as small as possible
along the whole extraction path from the stripper to the exit of cyclotron, although
the trajectories cross the hill boundaries with nonregular angles. It is important to
minimize the number of correction elements to be used along the new extraction
channel to reduced as much as possible the unwanted losses, in particular only to
new magnetic channel will be installed along the new extraction channel, MCS1
and MCS2. The design of the extraction channel has been performed considering
that each ion extraction trajectory is different from the others. After a detailed
beam dynamics study?%4748 and with an appropriate positioning of the stripper
foil system,® it is possible to transport all the beams listed in Table 1 cross the
same exit point, as shown in Fig. 4(b).

The extraction by stripping is a multiturn extraction, i.e. ions with a different
number of acceleration loops (and consequently energy) can be subjected to the
stripping by the foil. It is thus mandatory to consider in the simulations the proper
multiturn induced energy spread after the crossing of the stripping foil to evaluate
correctly the radial beam size. According to Ref. 51 and as confirmed by our simula-
tions, this energy spread is within +0.3% for all the investigated ions and energies.
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Fig. 4. Part (a) shows the new beam line to be used for extraction by stripping. Part (b) shows
some trajectories studied along the extraction channel for different ions and energies.
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Figure 4(a) shows the new extraction channel and its main elements, joining to
the existing transport line at the magnet EXDPO1. This line is designed to handle
beams extracted by stripping with an energy spread up to +£0.3% and to compen-
sate the chromaticity of the extraction path to produce an achromatic beam waist
at the position shown in Fig. 4(a).52

The new beam transport line (setup) of the LNS is shown in Fig. 5. In particular,
the high intensity has to be handled by the FRAgment Ion SEparator (FRAISE)
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Fig. 5. New layout of the LNS. From the CS the beams reach MAGNEX area through the
FRAISE line. The experimental MAGNEX area has to be modified to host a large beam dump.
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Fig. 6. Layout of the FRAISE beam line, that will be used to select the energy spread and the
beam emittance size to match the NUMEN experiment request.

line®® before the MAGNEX experimental hall, see Fig. 6. FRAISE is designed
for the production and separation of radioactive ion beams. The beam strikes the
production target where about 10-15% of power is dissipated while most of the
beam is stopped in the vacuum chamber of the dipole FSDP01. The FRAISE hall is
designed to dissipate primary beam power up to 3 kW. For this reason, the FRAISE
hall is the proper place where to tailor the beam characteristics to match the request
of NUMEN. To perform the NUMEN experiments, it is mandatory to have a beam
spot on the target with radial size of 1 mm, radial divergence of 4 mrad and energy
spread of 0.1% (all these values are referred to FWHM). These characteristics are
quite far to be satisfied by the beam extracted from the cyclotron. For this reason
we have to reshape the beam emittance, cutting far extending tails (haloes) in
radial and axial planes, then, reducing the beam emittances. Also the beam energy
beam can be reduced by an appropriate tuning of FRAISE. The radial size can be
significantly reduced at the FRAISE target position dedicated to the production of
radioactive beams. There, the beam can be strongly focused and the tails exceeding
the size of 1 mm in horizontal and 1.6 mm in vertical can be intercepted by an
appropriate cooled collimator. Further collimators will be installed just before the
quadrupole FSQP03 and FSQP04 to define the horizontal and vertical divergence,
respectively. To mitigate the heating of these collimators, their thickness is chosen to
reduce the energy of the particles crossing them of only 10-20%. Indeed, the energy
lost through the collimators allows the first dipole FSDPO1 of the FRAISE line to
bend these particles on the inner side of its vacuum chamber, which is designed to
substain beam power dissipation up to 4 kW, see Fig. 5.

To reduce the intrinsic energy spread of the beams extracted by stripping from
the expected value of 0.4% FWHM down to 0.1% FWHM, two options are under
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investigation. The first option is to adopt a basic approach and is based on the
use of the high dispersive properties of the FRAISE line at the symmetry plane
(25 mm of radial dispersion for an energy spread of 1%) and to select the energy
spread using collimators slits. Despite this solution being very efficient, it is limited
from the total beam power we could stop inside the FRAISE room. According to
the shielding properties of the FRAISE hall, the maximum beam power we could
stop at the symmetry plane stay below 2 kW. This means that if the tail of the
energy distribution of the beam extracted from the cyclotron exceed the 60% of
the required value, we could deliver to the NUMEN experiment a maximum beam
power of 1.5 kW.

The improvement of the overall efficiency from beam injection up to extraction,
is crucial for the CS. The study of a new central region of the CS is ongoing at
LNS aimed at maximizing the injection efficiency.?* The use of phase slits installed
inside the accelerator, just outside the central region, will be investigated to reduce
the energy spread at the extraction. However, our simulations have demonstrated
that the energy gain per turn contributes only partially to the beam energy spread
at the extraction and the main contribution is due to the large emittance injected
in the central region of the cyclotron.

More elegant solution is to use a well-shaped wedged degrader that, according
our preliminary simulations, could reduce the energy spread below the request value
of 0.1%. This second option is very appealing and we are evaluating and simulating
the effect of the increase on the final size and divergence in the horizontal plane. We
are also investigating where it could be convenient to intercept the trajectories that
exceed the radial size and divergence taking into account that the second half of the
FRAISE line is not so well shielded as the first half. Indeed, the best position where
the NUMEN beam could be tailored is at the exit point of the FRAISE line, even
if unfortunately at this position the beam power losses have to be limited to less
than 100 W. The final adopted solution to minimize the beam losses and to respect
the limits of beam power loss along the different areas of the beam transport line,
will likely consist in a good combination of all these methods.

3.1. Forseen modification in the CS

The extraction by stripping of beams with power up to 10 kW needs an acceleration
chamber with a larger vertical gap inside the cyclotron to minimize the beam losses
and to provide a better vacuum conductance. In our project, the vertical gap in the
pole region will be increased from 24 mm, the actual value, to 30 mm. This will
be achieved by the replacement of the exiting liners with new ones with a smaller
thickness. The results of the beam dynamics study show that it is mandatory to
have a new extraction channel into the cryostat of the cyclotron with a different
direction and larger clearance both in radial and vertical directions, with respect
to the existing extraction channel. Then, the present cryostat has to be replaced
with a new one.?® The call for tenders for the construction and installation of
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the new cryostat and the new superconductives coils was closed on the January
2019 and after the signature of the agreement of Programma Operativo Nazionale
between the Italian Ministero dell’Istruzione, dell’Universitd e della Ricerca and the
Istituto Nazionale di Fisica Nucleare, the order was signed (July 2019). Compared
to the design of about 35 years ago, new technologies will be used to build the
new superconducting coils guaranteeing the same performance using smaller coils
with higher current density. This simplifies the design of the cryostat and reduces
the consumption of cryogenic liquids like liquid Helium and liquid Nitrogen. The
smaller size of the new coils also allows to increase the vertical gap in the extraction
channels up to 60.5 mm versus the present value of 30.5 mm. The wider clearance
makes it easier the insertion of the magnetic channels, which are additional iron
elements, placed outside the pole radius, use to change locally the magnetic field
and help the radial focusing and slightly steer the beam when necessary. According
to our simulations, two magnetic channels are enough for all the foreseen ions to
be extracted by stripping, even if position displacements are needed according to
the specific ion and energy to be extracted. Moreover, two compensating iron bars
have considered to be placed inside the cryostat to minimize field perturbations
introduced by the magnetic channels. Also the position of the compensating bars
changes according to the extracted beam, see Refs. 20 and 48.

Since the extraction by deflector will be maintained for the other ions of the
CS operating diagram, the new penetrations and subsystems have been designed to
avoid mechanical interferences with the existing ones. Figure 7 shows the present
and the final shape of the so-called central ring of the CS yoke. The central ring
of yoke has a height of + 125 mm above and below the median plane and its inner
and outer radii are 1340 and 1903 mm, respectively. The beam leaves the cyclotron
through the extraction holes. In Fig. 7 (right side) the optimized central ring profile
is shown. The iron in the central ring has been redistributed considering the new

_:\ -;{;Ij/ ;‘I‘

compensate C1

e ¢
Sraetiot ) o
5

Fig. 7. Views of the changes in the central iron ring of the CS. The first one, on the left side,
is a top view of the state-of-the-art of the CS. The existing extraction channel is labeled. On the
right side, the results of the optimization’s process are shown. The areas indicated by the solid
lines show where the iron has been removed to eliminate unwanted field harmonic component C1.
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penetrations necessary for the extraction by stripping and filling the unused holes.
The straight lines indicate the extra iron removed from the central ring to correct
the field perturbations introduced by the new nonsymmetrical penetrations. With
this iron configuration, the first and second harmonics of the magnetic field as func-
tions of the radius are under control along the whole acceleration path. In particular,
the first harmonic stays below 5 Gauss and the second harmonic is even smaller.

3.2. The new beam dump

The beam dump has to handle a power up to 10 kW and must have enough shielding
to reduce significantly the background in the MAGNEX focal plane detector due
to the neutron and gamma radiation produced by the interaction of the beam with
the cooled target of the beam dump. The beam dump is shielded by a concrete
box with both lateral sides of 4.5 m and height of 4 m. The installation of this
beam dump in the MAGNEX experimental room is a challenging task and many
solutions were investigated before to choose the final one presented in Fig. 8. One
of the main issues to select the position of the beam dump inside the MAGNEX
area is related to the request of NUMEN experiment to detect particles that have
magnetic rigidity lower or higher of the incident beam.

To match this requirement, the incident beam has to leave the MAGNEX spec-
trometer through two possible exit ways, one stay at the left side of the focal plane
detector (MAGNEX rotated of +3° with respect to the incident beam) and another
on the right side (MAGNEX rotated of —3° with respect to the incident beam), see
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Fig. 8. Layout of the new MAGNEX experimental area. The wall on the left side will be moved
of about 4.5 m to allow the installation of the large beam dump. The MAGNEX spectrometer
will be rotated of 70° respect to its 0° position to allow the transport of the beam coming out
from the spectrometer to be transported inside the beam dump. A new line is necessary to send
the beam to the MAGNEX new position.
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Fig. 9. Layout of the exit beam line on the right side of MAGNEX spectrometer.

Figs. 8 and 9. The left or the right exit is used when the ions to be detected have
magnetic rigidity lower or higher of the incident beam, respectively.

To host this large beam dump, the MAGNEX hall needs to be enlarged of about
4 m on the west side and the spectrometer needs to be rotated of 70° with respect
its original position. As a consequence, the installation of a new beam line at the
entrance of the spectrometer is also needed, see Fig. 8.

3.3. The new beam line

A layout of the new beam line transporting the beam to the MAGNEX spectrometer
is shown in Fig. 8. It consists of the existing quadrupole triplet also called TeBe
line and of two new dipoles and three new quadrupoles to be installed. The two
dipoles MADPO1 and MADPO02 are equal and have bending angle of 47.5°. The
characteristics of the last two quadrupoles have been optimized to keep a distance
of at least 700 mm between the end of the last quadrupole and the target, while
the quadrupole between the two dipoles MADPO1 and MADPO02 is an existing one
of the LNS.

The beam envelope along the beam transport line from the FRAISE exit to
the NUMEN target is shown in Fig. 10. The top view of new beam line inside the
MAGNEX experimental area is shown in Fig. 11. According to the request of the
experiment, the beam spot on the target has the following size x = 1 mm and
y = 2.5 mm QFWHM. Also the divergences stay below the values of 8.5 mrad
and 15 mrad @QFWHM in the horizontal and vertical directions, respectively. As
discussed before to achieve this goal, the geometrical emittances of the beam needs
to be properly shaped and the energy spread needs to be reduced to the request
value of 0.1% QFWHM.
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Fig. 10. Beam envelope (mm) as a function of the transport beam line length (m) from the end
of the FRAISE line to the NUMEN target.
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Fig. 11. Beam envelope (mm) as a function of the transport beam line length (m) inside the
MAGNEX area.

Table 2. Characteristics of the magnetic quadrupoles of the new beam line.

Quadrupole Effective length Diameter Maximum field Gradient
MAQPO1 200 mm 70 mm 0.7T 20.0 T/m
MAQPO02 300 mm 80 mm 0.57 T 14.3 T/m
MAQPO03 350 mm 70 mm 0.67 T 19.2 T/m

The mechanical and magnetic characteristics of the quadrupoles and dipoles
of the new beam line are presented in Tables 2 and 3. The vacuum chamber of
the quadrupoles and of the dipoles is up to 43% larger than the maximum size
of the beam envelope. In the new beam line, the diameter of the vacuum chamber of
the three quadrupoles of the new beam line is at least 90% larger than the maximum
beam envelope, and also the vertical gap of the three dipoles is at least 84% larger
than the maximum beam sizes across each element. Indeed, the quadrupole magnets
have a pole diameter of at 70 mm, except the MAQPO1 that has a pole diameter
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Table 3. Characteristics of the magnetic dipoles for the new beam line in MAGNEX area.

Inner gap of Uniformity
Bending vacuum Maximum In/out AB/B
Dipole angle Radius [m] chamber field face angle 3x 1074
MADPO1, 47.5° 1.6 66 mm 1.7T 23.8°/23.8° in 25 mm

MADPO02

of 80 mm. Similarly, the vacuum gap of the two dipoles is 66 mm. This constraint
was imposed in order to minimize the risk of beam losses through these elements
and consequently minimize the background in MAGNEX focal plane detector.

3.4. The two beam transport lines from MAGNEX to
the beam dump

A key point for the NUMEN experiment is to transport the beam up to the beam
dump after the beam strikes the target and passes through the MAGNEX spectro-
meter. Moreover, MAGNEX will be rotated of +3° or —3° versus the direction
of the incident beam so as to allow the detection of the reaction products with
magnetic rigidity lower or higher of the incident beam, see Figs. 8 and 9. To mini-
mize the cost of the two beam lines from MAGNEX to the beam dump, the first
part of these two lines was designed to have the same magnetic elements with the
same characteristics. Moreover, in order to leave enough room around the detector
of MAGNEX, we decided to plug the first part of the exit line to the left or to the
right exit side (+3° or —3°), according to the experiment request. This means that
it will be necessary to move this beam line section from the left side to the right
side of the new MAGNEX exit using a dedicated automatic system. The beam line
is about 3 m long, consisting of two steerer magnets and of two big quadrupoles and
it will be installed on a single support, that allow to move the whole line. All the
other devices of the two exit beam lines do not need to be moved (see Subsec. 8.3.1).

The first part of the two exit lines consists of two equal steerer magnets BDST1
and BDST2, with an effective length of 142 mm, able to deflect the beam at maxi-
mum magnetic rigidity at 2.55 T - m by about £5°. These two steerer magnets
could be the same as the steerer ESSTO01 of the new extraction line. The distance
between the BDST1 and BDST2 is about 300 mm and this configuration com-
pensates a misalignment of about 38 mm when these steerers deflect the beam of
+5° and —5°. This chicane is necessary because the beams coming out from the
MAGNEX spectrometer could change their position and direction of about £9 mm,
and +8 mrad, respectively. These results were achieved by the simulations of the
four beams shown in Table 4 and assuming the MAGNEX spectrometer is rotate
of +3° or —3° with respect to the direction of the incident beam.

In Table 5, the positions of the four reference beams at the exit of MAGNEX are
listed. The coordinates and the divergences are evaluated in the reference system
centered in the middle plane of the exit valve of the MAGNEX dipole. In Table 6
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Table 4. Characteristic of the four simulated beams for the
transport line design.

MAGNEX position Ton Br[T - m]
—3° 20Ne, 15 AMeV, g = 10+ 1.1
—3° 20Ne, 34 AMeV, g = 10+ 1.7
+3° 180, 15 AMeV, g = 8+ 1.3
+3° 180, 60 AMeV, ¢ = 8+ 2.6

Table 5. Characteristics of the four simulated beams centroid at the MAGNEX
exit points related to MAGNEX reference beam frame.

Ton X [mm)] X' [mrad] Y [mm] Y’ [mrad]
20Ne, 15 AMeV, g = 10+ —240.4 —328.4 0.2 0.1
20Ne, 34 AMeV, g = 10+ —256.5 —335.9 0.0 0.0
180, 15 AMeV, g = 8+ 72.8 227.0 0.0 0.0
180, 60 AMeV, g = 8+ 89.5 235.6 0.1 0.0
Table 6. Optical and geometrical features of the four simulated beam at the MAGNEX exit

points. X is the dispersive direction.

Energy Size Divergence

Direction Ion AMEV  Emittance o B8 [mm)] [mrad] Correlation

X 20Ne 15 86.4 0.8 0.2 4.2 26.7 -0.7

X 20Ne 34 69.3 0.3 0.2 3.6 20.4 -0.3

X 180 15 36.0 11.2 223 28.3 14.3 -1.0

X 180 60 29.1 7.4  15.1 21.0 10.3 -1.0

Y 20Ne 15 26.5 —6.7 182  22.0 8.1 0.1

Y 20Ne 34 22.2 —6.9 19.8 20.9 7.4 0.1

Y 180 15 25.5 —54 157  20.0 7.1 0.1

Y 180 60 21.4 —5.2 144 176 6.5 0.1
the horizontal (dispersive) and vertical emittances and the geometrical properties of

the beam at the exit of the MAGNEX spectrometer are given. The beam envelope

along these two lines and for the four ions simulated are shown in Figs. 12-15.
The characteristics of the magnetic quadrupoles and dipoles are presented in
Tables 7 and 8.
Table 7. Characteristics of the magnetic quadrupoles of the two exit lines of MAGNEX.
Quadrupole Effective length Diameter Maximum field Gradient
BDQPO0O1, BDQP04 300 mm 150 mm 0.66 T 8.82 T/m
BDQP02, BDQP03 500 mm 200 mm 0.66 T 6.61 T/m
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Table 8. Characteristics of the magnetic dipoles of the two exit lines of MAGNEX.

Bending Radius Inner gap of In/out Magnetic field

Dipole angle [m] vacuum chamber face angle min/max [T]
BDDPO1 97° 1.075 60 mm 26.5°/26.5° 1.04/1.58
BDDP02 60° 2.350 60 mm 0°/0° 0.48/0.73
BDDPO02 117° 1.650 60 mm 0°/0° 0.76/1.55

a1
Position (m)

Fig. 12. Beam envelope for the ion 20Ne at 15 AMeV exit from the right side (—3°) of MAGNEX.
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Fig. 13. Beam envelope for the ion 2°Ne at 34 AMeV exit from the right side (—3°) of MAGNEX.
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Fig. 14. Beam envelope for the ion 80 at 15 AMeV exit from the left side (+3°) of MAGNEX.
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Fig. 15. Beam envelope for the ion 80 at 60 AMeV exit from the left side (+3°) of MAGNEX.

4. The FPD Gas Tracker
4.1. Introduction

A new 3D gas tracker for the MAGNEX focal plane detector, designed to work with
the upgraded facility is under development within the NUMEN Phase 2 project. It
is expected to be installed during the Phase 3 and will be operative during Phase 4.
The present FPD gas tracker,? based on six drift chambers and on the use of long
multiplication wires, is intrinsically limited to a few kHz rate, mainly due to the
slow drift of positive ions from the multiplication wires to the Frisch grid.
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The new FPD tracker must satisfy two main demands. First it must provide a
high resolution of the phase space parameters at the focal plane (Xtoe, Yioc, Bfocs
®foc). This requirement is fundamental for the precise and accurate particle ray
reconstruction, needed for the determination of the momentum vector at the target
position.!” Since the particle identification technique adopted for the MAGNEX
data and described in detail in Ref. 56 requires also the use of the horizontal position
measured at the focal plane X, or the use of the reconstructed momentum, also
the identification quality is affected by the resolution of the mentioned parameters.

The second request is that it must be very fast since it should be able to bear
a rate of the order of 40 kHz/cm expected after the accelerator upgrade.

The structure of the new tracker consists of three main stages:

e a drift region, that is the active volume of the detector, crossed by the ejectiles
of interest;

e an electron multiplication stage, based on Micro-Pattern Gas Detectors
(MPGDs);

e a segmented read-out electrode.

The operation principles of the gas tracker are the following: the incident charged
particles exiting the MAGNEX dipole cross a thin Mylar window (thicknesses be-
tween 1.5 and 6 pm, depending on the specific case) and leave a track of ionized
atoms and primary electrons in the low-pressure gas (typically from 10 to 100 mbar)
between the cathode and the electron multiplication element. Under a uniform elec-
tric field, whose actual value depends on the voltage and gas pressure, the electrons
drift with constant velocity. Thus, the drift time of electrons and consequently
the vertical position and angles are measured. Reaching the multiplication element,
electrons are accelerated in the strong electric field in correspondence of the MPGD
multiplication elements. The resulting electron jets are then directed towards the
segmented read-out electrode, where the horizontal position and angles are mea-
sured. From these information the full track of the ion can be reconstructed (i.e.
impact point and angle of incidence at the focal plane).

The new tracker will cover a total volume of 1158 x 206 x 183 mm? and it will
have an active volume of 1122 x 185 x 108 mm?>. A design of the full tracker is shown
in Fig. 16. Moreover it is designed to be modular. In other words, it will be made of
eight separate modules joined together. One of these modules has been used as pro-
totype for testing purposes and will be described in detail in the following section.

4.2. The prototype

In order to develop and test the most performing and reliable solutions, a prototype
consisting in a single module of reduced size of 100 x 185 x 108 mm?® has been built.
This prototype has the same structure as the final FPD but is smaller just in the
dispersive direction. The compact size of the prototype makes possible to perform
tests in a smaller chamber.
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Fig. 16. Rendering of the full tracker that will be installed in FPD chamber.

The applied voltages, the gas pressure, the gas flowing system, the multiplication
technology, the read-out and front-end electronics are among the main features
tested with the small size prototype.

Even if the use of a gas quencher like pure isobutane is an excellent choice for
operations with heavy ions at low pressure, the use of different gas mixture could
be aim of further investigation.

4.2.1. The drift region

The drift region extend for 18 cm, it is delimited by the cathode and the multiplica-
tion stage, is designed to set a uniform electric field of about 50 V/cm. Electrostatic
simulations based on the Poisson Superfish code®” have been performed in order to
model and design the prototype field cage in the drift region. The code calculates
the static electric field in the detector geometry by generating a triangular mesh
and solving the field equations by a procedure of successive over relaxations for
each mesh point. An example of an output plot is shown in Fig. 17. The cathode
is modeled as a conductive element at —2000 V. Two series of shaping wires made
of conductive material at increasing voltages from —2000 V to —1000 V are intro-
duced to eliminate edge effect and make the field fairly uniform also at the border
of the drift region, as displayed by the almost parallel equipotential lines.
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Fig. 17. Electric field calculation performed by mean of Poisson superfish code.

A much stronger electric field is simulated in the electron multiplication region
(MPGD + anode) with the aim of exclusively study the field uniformity within the
field cage. The presence of the PID-wall elements at high voltage and very close
to the drift region could influence the field in the drift region. This effect has been
taken into account introducing a conductive element with a voltage of —2000 V.
Based on the results of the simulations, the field cage delimiting the drift region for
the prototype has been built. The uniformity of the electric field in the drift region
is obtained by using a field cage made of a printed circuit in the lateral walls and
a double raw of gold-plated tungsten wires 50 pm thick, arranged at step of 5 mm,
connecting the two lateral walls. This geometry reduces the interference of external
potentials as those generated by the high-voltage-supplied PID detectors or by the
Mylar entrance window at ground or at a floating potential.

Thanks to the use of 35 wires connected between them with 2.5 M resistors
the field cage provides a smooth distribution of the voltage and a safe value of the
current (about 20 pA) flowing in the voltage divider. Figure 18 shows a 3D design
prototype field cage and a picture.

The drift region is filled with gas at low pressure (10-100 mbar) that can be
easily changed for different experimental conditions. The gas filling the drift region
should have a high drift velocity in order to guarantee a fast collection of the
charge, and should manifest a saturation of the drift velocity with the electrical
field applied. For the operational value of E/p of the drift region the lateral spread
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Fig. 18. The prototype field cage.

of the avalanche is about 130 yum/cm that correspond, for central trajectories, to a
spread of 1.3 mm on the THGEM plane.

4.2.2. The electron multiplication region

In the present FPD, the multiplication stage is based on wires. This choice is not
appropriate for the new FPD, since this should be designed to work with very
high rate. The present wire technology is intrinsically slow and generates a high
ion backflow (IBF) that can alter locally and temporarily the uniformity of the
field in the multiplication and drift region. For these reasons a Micro Pattern Gas
Detector (MPGD) have been chosen for the multiplication stage.®® Among the
MPGD, the most suitable are the THGEM foils.??:%% They are characterized by
a narrow amplification gap ranging between 970 and 1370 pm, depending on the
specific kind of THGEM, that should be compared to several millimeters for wire-
based structures. The short drift path for ions overcomes the space charge effects
present in wire chambers, where the slowly drifting ions may remain in the gas
volume for milliseconds affecting the electric field.

The THGEM can guarantee an intrinsic rate capability higher than 106 Hz/mm?
(much higher than the expected rate for NUMEN), a very high spatial resolution
(submillimeter accuracy) and timing in the 10 ns range (see Ref. 61 and refer-
ences therein). The THGEM have already been used at low gas pressure to detect
not minimum ionizing particles?!:2:63 thus making their use very appealing for
NUMEN. In particular, a multiple THGEM (M-THGEM) technology has been
tested for the tracker prototype. The M-THGEM consists of a densely perforated
assembly of multiple insulating substrate sheets (e.g. FR-4, Rogers, ceramic), sand-
wiched between thin metallic-electrode layers, see Fig. 19.
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Fig. 19. Schematic drawing of (a) a 2-layer and (b) a 3-layer M-THGEM detector from Ref. 21.

Table 9. Geometrical characteristic of the tested THGEM.

Substrate Finish board Hole Hole

Type material No. layers thickness diameter RIM size spacing
A Rogers 4350 2 0.7+ 0.1 mm 0.300 £ 0.05 mm 0.1 mm 0.75
B Rogers 4350 3 097+ 0.1 mm 0.300£0.05 mm 0.1 mm 0.75
C Ceramic SD103K 2 093+0.1mm 0.300£0.05mm 0.1 mm 0.75
D Ceramic SD103K 3 1.37+0.1 mm 0.300+0.05 mm 0.1 mm 0.75
E PCB 3 1.28 mm 0.280 mm 0.2 mm 0.75

The electron avalance processes occur along the successive multiplication stages
within the M-THGEM holes, under the action of strong electric fields resulting from
the application of suitable potential differences between the electrodes. The intrin-
sically robust confinement of the avalanche volume within the M-THGEM holes
provides an efficient reduction of the photon-induced secondary effects, resulting in
a high-gain capabilities over a broad pressure range, including low-pressure opera-
tion. The operational principle and main properties under different irradiation con-
ditions have been presented in Ref. 21. Five different geometries of M-THGEM foils
have been produced for the tests of the prototype. Four of them have been designed
at CERN and produced by Shenzhen HeLeeX Analytical Instrument Co. Ltd., us-
ing two different technologies for the insulating substrate: Rogers 4350 and ceramic
SD103K, and a different number of layers (2-layer THGEM and 3-layer THGEM).
Another type of 3-layer THGEM has been produced by Zener SRL, following the
drawings developed at INFN-Catania by the NUMEN collaboration. In the latter
model, the holes are arranged in five equidistant rows designed to be aligned to
the trenches of the segmented read-out board. The geometrical characteristics of
each series of M-THGEM are listed in Table 9, all the THGEMSs have an area of
108 x 108 mm?2. Some of the above-mentioned M-THGEM foils are shown in Fig. 20.
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Fig. 20. Pictures of the different M-THGEM foils tested with the FPD prototype.

4.2.3. The segmented read-out board

The read-out system is based on preamplifier and digitizers provided by CAEN, in
Subsec. 7.1 it is described in detail. The signal from each strip is sent to a standard
preamplifier, placed out of the chamber that houses the detector, and then it is sent
to a digitizer. This gives as an output a time stamp with a resolution lower than
ns and a value proportional to the electrons collected by the strip. Therefore the
z-positions can be calculated applying a center of gravity calculation of the charge
distribution. The y-positions instead will be obtained from the measurements of
the arrival time of the charges into the strips.

4.3. The test bench station

A test bench station (TeBe) for the R&D activity of the gas tracker and of the other
detectors for NUMEN has been developed in the MAGNEX hall. Two pictures and
a schematic drawing of TeBe are shown in Fig. 21.

Both Tandem and Superconducting Cyclotron ion beams can be delivered in
the TeBe station. The beam hits a target placed in the scattering chamber where
there is room enough to place also small ancillary detectors. A Faraday cup is also
present and is used to measure the beam intensity. The ions scattered by the target
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Fig. 21. Pictures of the TeBe line.

enter the gas chamber through a thin removable Mylar window (whose thickness
can vary from 1.5 to 6 um depending on the specific requirement) that separates the
high-vacuum region from the gas-filled region where the tracker is placed. Between
the Mylar window and the gas detector there is a gas dead layer whose thickness
can range from 2 cm up to 10 cm.

Even if the TeBe beam line was specifically designed to test the tracker proto-
type, thanks to its flexibility, it is a multipurpose station that can be used to test
several other detectors.

It is useful to underline that the gas flowing system and the slow control system
(SCS) developed, tested and debugged in the TeBe station for the tracker prototype
will be used for the final FPD in the NUMEN Phase 4. Only the mechanical support
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Fig. 22. Schematic diagram of the vacuum system for TeBe.

of the Mylar window and some vacuum tools to adapt the existing TeBe mechanics
to the MAGNEX FPD one is required in Phase 4.

4.3.1. The gas flowing system and the slow control system

The gas continuously flows into the chamber in order to remove impurities or avoid
contamination from air leakages. A schematic diagram of the TeBe vacuum/gas
system is shown in Fig. 22, it is made of several elements that are listed as follows:

e a bistable bypass valve (Vbypass),

an MKS flow control valve (V248),

two rotative pumps (Rotl, ROTGAS),
a turbo pump (TMP1),

a mass flow controller (MF1),

two full range (Pirani-Penning) pressure gauges (PCA, PC2),
a piezoelectric pressure gauges (PZCA),
a Baratron pressure gauge (Baratron),
an MKS Type 250E controller,

an MKS Type 647 controller,

nine electrovalves.

An additional electrovalve (Vline) separates the TeBe experimental station by the
beam line connected to the accelerator.

If not supplied by voltage (e.g. in case of black-out) all the valves close except
the bypass valve, which must stay in the same state (O/C) as it is, to avoid to
break the window.

The MF1 is a compact general purpose mass flow controller (MFC) with an
all-metal sensor.
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The MKS Type 248 Control Valve is a modified solenoid valve that, when sup-
plied with a controlling current, is able to modulate the gas flow. When used with
an MKS controller and appropriate flow sensor, the V248 valve modulates gas flow
such that pressure or flow is maintained accurately and with precision to the set
value.

The MKS Type 647 is a multichannel controller which provides both pressure
and flow control. Multipurpose controller supplies power, provides gas flow read-
outs and simultaneously displays all channels with pressure.

The MKS Type 250E Pressure/Flow Controller controls any one of a variety
of flow valves to accurately maintain a set pressure or flow. The 250 controller
can provide a +15 VDC output and accepts inputs from a variety of pressure
transducers and mass flow meters.

The SCS for the TeBe line is used to setup, control and monitor the vacuum/gas
system which is not time-critical, and can be run at a low priority. The heart of
the SCS is an embedded CompactRIO controller (NI ¢cRIO-9038 manufactured by
National Instruments) that has been chosen for its modularity and reliability. It is
based on a FPGA (Xilinx Kintex-7), and a 1.33 GHz Intel Atom dual-core processor,
on which runs a Linux Real-Time OS. The controller can host up to eight modules
for the control and monitoring of the devices and sensors.

The modules presently installed in the CompactRIO are: NI 9425 used to read
the valves status and some pressure probe; NI 9476 used to open and close electro-
valves and rotative pumps; NI 9205 and NI 9269 used to control and read the
status of the beam collimators; NI 9870 and NI 9871 used to control and monitor
the devices supporting RS232 or RS422/RS485 connection, i.e. the turbo-molecular
pump, the MKS647 controller and the TPG256.

The SCS works in two modes: a full-manual mode and an automatic mode. In
the first the user has the full control of all the electrically controlled elements and
it is free to command them except for the line valve that can be opened only if on
both side of the line valve there is an high vacuum (better than 107°) or if there
is atmospheric pressure (defined as a pressure higher than 980 mbar). The second
mode is an automatic mode.

Three possible states are defined for the system: atmospheric pressure, high
vacuum, flowing gas. The user can decide to move the system from one state to one
of the others. All the main operations are automatically performed by the system
(opening or closing of valves, turning on pumps etc.) while for those operations that
cannot be controlled by the system (mechanical operation like opening of the gas
cylinder) the user is guided by panel messages. Several cross checks are performed by
the system to avoid misoperations of the user. The diagram in Fig. 23 schematically
shows the possible transitions among the three different states defined in the SCS.
At any moment the system can be switched to manual mode to permit the user to
perform operations not allowed in the automatic mode. Figure 24 shows the visual
interface of the slow control system of TeBe.
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Fig. 23. Schematic diagram of the allowed transition between the three state of TeBe defined in
the SCS.
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Fig. 24. Visual interface of the slow control system implemented in TeBe.

4.4. Tests

All the tests described in the following, have been performed at Laboratori Nazionali
del Sud. Those involving the use of radioactive a-sources or ion beams have been
performed on the TeBe station placed in the MAGNEX experimental hall.

4.4.1. THGEM quality test

Tests of the different M-THGEM have been performed at INFN-LNS and INFN-
Catania with the aim to check their manufacturing quality. A first visual inspec-
tion was performed by using a digital microscope with magnification ranging from
10 times to 200 times. A general uniformity of the external metalized surfaces has
been observed. In few cases, some defects in the manufacturing or some specks of
dust are visible. Some examples are shown in Fig. 25.

For a deeper investigation, a Keithley electrometer model 6517A has been used
as a voltage source at +1000 V. The voltage source is configured to be internally
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Fig. 25. Example of some defect on the THGEM.
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Fig. 26. Connection scheme of the test with the Keithley electrometer.
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connected to the ammeter to measure current using the connection scheme shown
in Fig. 26. With this setup it is possible to measure small currents below 1 nA.
For such precision measurements low noise cables, proper shielding and guarding
techniques have been used. Among all the M-THGEM foils tested with this setup,
those with a measured current larger than 1 nA have been discarded and excluded
by the subsequent characterization and tests.

4.4.2. Experimental setup in the TeBe station

The FPD prototype has been tested in the detector chamber of the TeBe station
built at UNAM. The bias schemes used for the detector tests are illustrated in
Figs. 27 and 28. In all the tests of measurement of currents, the bias scheme of
Fig. 27, where the anode is biased with a small voltage (15 V) in order to be able to
read the current, has been used. In the tests with electronics, the used bias scheme
is shown in Fig. 28, where the anode is connected to electronics and therefore to
the ground.

A 16-channel high-voltage power supply (CAEN SY5527 mainframe with A1515
board%) specifically designed for powering multiple GEM detectors has been used.
The main features that make this power supply system a reliable solution for our
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Fig. 27. Bias scheme of the tracker prototype for the anodic current measurements.
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Fig. 28. Bias scheme of the tracker prototype for the measurements with electronics.

purposes are the following: (i) the channels have floating return, independent one
from another, insulated up to 5 kV; (ii) the maximum output range for each channel
is 1 kV and it is possible to monitor the current with 100 pA sensitivity in the 0—
100 pA range and with 1 nA sensitivity for larger values; (iii) the board is provided
with a current protection that can turn off all the channels if overcurrent occurs
and (iv) the voltage ramp time can be modified for each channel down to 1 V/s.

During all the tests the detector chamber was filled with 99.95%-pure isobutane
(C4Hy) at pressures ranging from 10 to 100 mbar. The gas was continuously flowing
at a rate of 145 scem (standard cubic centimeter per minute).

4.4.3. Discharge tolerance

A preliminary test has been performed on the drift chamber to ensure the capability
to keep high voltage necessary to the operation of the drift chamber. The whole
system has been tested in each constituent part from the flange connectors to the
cage. Every channel has been tested at the most critical situation from the discharge
point of view, i.e. up to 1500 V and at a pressure of isobutane of 20 mbar. All the
components and the whole assembly are compliant with high-voltage application.
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4.4.4. Measurements of the current

A measurement of the currents flowing in all the electrical segments of the prototype
has been performed. These measurements allow to estimate the ion backflow and
the gain of the THGEM as well as the charge diffusion losses (the electrons and
positive ions that flows in elements other than anode and cathode).

The tests have been performed on triple THGEM types B and D of Table 9,
because these types of THGEM guarantee an electron/ion current high enough to
be measured by the power supply. The tests have been repeated on more than one
THGEM per type giving similar results.

The software controlling the power supply CAEN SY5527LC (GECO 2020)
generates log files of the currents of the different channels recording the changes in
the current values with a time clock of 1 sec. Once the system is biased the current
measurements is carried out after about half an hour, in order to make the system
stable.

An 2*'Am a-source with an activity of 55 kBq is placed inside the gas chamber
and a shutter is located just in front the active area of the prototype allows to “turn
on and off” the a-source. In this way it is possible to compare the current flowing
into different channels when the a-source is turned on and when is turned off . From
the differences of the two conditions it is possible to extract the effective current
induced by the charged particle crossing the detector and subtracting the dark
current. Figure 29 shows an example of the measured current for each channel. The
effect on the current read when the shutter is open and closed is well visible.
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Fig. 29. Example of a log current file. The effects on the read current when the shutter in front of
the a-source is open (around second 120) and closed (around second 240) are clear. See Fig. 30 for
a description of the different measured currents. Channels ch2 and ch3 refer to the intermediate
electrode of the THGEM, for them currents different from zero have never been measured.
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Fig. 30. Scheme of the currents (and relative channel of the power supply) measured in the tests.
The channels ch2 and ch3 are not shown for the sake of clarity they correspond to the intermediate
electrodes of the THGEM.

Knowing the number of a-particle entering the active region of the detector per
second and their energy losses in the gas, it is possible to estimate the THGEM
multiplication factor. In the same way it is possible to measure the ion backflow and
the diffusion losses in the top and in the bottom of the THGEM. A schematic draw-
ing of all the mentioned currents is illustrated in Fig. 30. The electrons generated
by the a-particle in the drift region migrate through the multiple THGEM where
multiplication occurs. The electrons produced in this region drift partially through
the anode (generating a current I) and partially through the top of the multiple
THGEM stack (I1), while the positive ions produced in the multiplication region
moves on the opposite side and can reach either the bottom of the multiple THGEM
stack (I4) or the cathode (I5). In all the measurements performed we were able to
measure 14, while the current I; was below the measurements sensitivity. Therefore
we conclude that all the positive charge produced in the multiplication region was
collected by the bottom of the THGEM stack to a level better than 5%.

All the mentioned currents have been measured varying four parameters: gas
pressure, voltage applied to the induction region (Ving), voltage applied to the drift
region (Vayif), voltage applied to the multiple THGEM (Vrpgem) (each THGEM
was biased with the same voltage).

Anodic current versus induction voltage. A first study investigated the beha-
vior of the anodic current (I) as a function of the induction voltage (Ving). The mea-
surements of the anodic currents require that the anode is not connected directly to
ground in order to read the electron current flowing in. The used scheme is shown
in Fig. 28.

Figure 31 shows the ratio between the anodic current (Iy) and the positive
current flowing in the lower surface of the first THGEM (I4). At high value of the
voltage in the induction region, this ratio saturates, reaching 100%. This means
that, when the electric field is intense enough, the electron current on the anode
(Ip) is equal to the current I that is the total positive current produced. Therefore
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Fig. 31. Ratio between the anodic current (Ip) and the current on the top of the last THGEM
(I4) as a function of the induction voltage (Vinq) for different pressures of the isobutane filling the
drift chamber.
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Fig. 32. Anodic current (Ip) versus induction voltage (Vinq) for different pressures of the iso-
butane filling the drift chamber. For each pressure a different value of the THGEM voltage has
been used.

all the electrons produced in the multiplication region are collected by the anode
and a not measurable amount of electrons are collected by the upper surface of the
last THGEM (I3).

In Fig. 32 the current read in the anode (Ip) is shown as a function of the
voltage of the induction region (Ving) for different values of the gas pressure. For
each pressure the voltage applied to the THGEM was different, that is the reduced
electric field E/p was different for each pressure. Anyway, even if the curve refers to
different values of E/p. It is important to underline that the curves do not saturate.
This means that even if all the electrons are collected by the anode, the total number
of electrons collected, after a small plateau in the region around 100 V, continues to
increase. This is a clear evidence of the fact that after a given value of the electric
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Fig. 33. Sum of the current in channels 0 and 1 of the high voltage CAEN power supply versus
voltage in the induction region.

field in the induction region the multiplication region starts to expand out of the
THGEM holes producing more and more electrons.

This phenomenon is confirmed looking at Fig. 33 where the sum of the currents
in channels 0 and 1 are shown versus the voltage applied to the induction region.
The sum of current in channels 0 and 1 (anode + induction region) corresponds to
the total amount of electrons produced in the multiplication region. The fact that
there is a region where the sum is constant and a region where the current increases
is a clue that above a voltage value some additional multiplication occurs.

A long run has been performed in order to test the stability of the system and
the stability of the THGEM gain. In more than 13 hours just two short sparks
occurred and there is no evidence of variation trend in the current measured in the
different elements (see Fig. 34).
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Fig. 34. Stability test.
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Fig. 35. Anodic current as a function of the voltage applied to the drift region.

The effect of the voltage applied to the drift region (Vgyig) on the current mea-
sured in the anode has also been studied. As it is shown in Fig. 35, no significative
effect has been observed in the investigated voltage range. This means that the elec-
tric field in the drift region is already enough to drive the electron in the THGEM
without a significant attenuation.

Anodic current versus THGEM voltage. In order to calculate the multipli-
cation factor we have to consider the energy loss of a-particles in the detector
active area, the average energy required to create an electron-ion pair and the rate
of charged particles entering the detector. Once all these are correctly taken into
account we can calculate the multiplication factor of the THGEM measuring the
anodic current. Figure 36 shows that the anodic current clearly increases with the
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Fig. 36. Anodic current versus voltage applied to THGEM (VrugeMm) at different pressures of
the isobutane.
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Fig. 37. Multiplication factor versus (VrugeMm) at different pressures of the isobutane.

voltage applied to the THGEM, this trend is maintained for different gas pressures,
the extracted multiplication factor is shown in Fig. 37 where gains up to 6-10% can
be reached.

One should notice that since the precision of the current measured by the power
supply is quite low (~ 2 nA) large THGEM multiplication factors (gain) are required
in order to make the current observable by the instrument.

In order to better characterize the gain factor of the detector tests with a higher
precision picoammeter can be performed.

Ton backflow. The ion backflow (IBF) is defined as the ratio between the current,
generated by positive charge, read on the cathode and the sum of the current
generated by the electrons produced in the multiplication region. Having Fig. 30 as
a reference, the IBF could be described by the following formula:

chb
ch0 + chl’
The IBF has been studied as a function of the Vragem and Vygg for different value
of isobutane pressure. In Fig. 38 the IBF as a function of the voltage applied to
the THGEM is shown. The main features of the curves are that the lower value of
the IBF is obtained for higher value of Vrygem. In Fig. 39 the IBF as a function
of the voltage applied to the drift region is shown. In this case, the IBF shows an

IBF =

increasing monotonic behavior with the Vg,if.

4.4.5. Test with electronics

A test has been performed using the electronics described in Subsec. 7.1. The elec-
tronics used for the test is made of an A1429 a 64-channel preamplifier and a V2740,
a 64-channel, 125 MS/s, 16-bit Waveform Digitizer. For the test a single digitizer
module and a single preamplifier was used, therefore just 64 strips over a total of
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Fig. 39. The ion backflow versus the voltage applied to the drift region for different pressure of
the isobutane.

192 were connected to the electronics. The scheme of the electronics is very simple:
the signal from the segmented anode are sent to the A1429 preamplifier through
an passive adapter, the output of the preamplifier is directly sent to the V2740
digitizer.

The hardware of the V2740 requires a Digital Pulse Processing (DPP) firmware
typically Pulse Height Analysis (PHA), i.e. a trapezoidal filter for the determina-
tion of the pulse height and a corresponding software. Anyway, since the firmware
is under development the present test has been performed reading the signals in
“scope” mode, that is acquiring the full shape of each of the 64 channels by mean
of a common trigger (the OR of all the channels). Therefore all the 64 channels
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are acquired at the same time and on each channel a trapezoidal filter is applied to
obtain the pulse height, by using a read-out software. It is important to underline
the filter applied with the software is exactly the same filter that the firmware under
development will apply.

The tracker prototype has been biased as in the previous test by using the power
supply CAEN SY5527. The values of the voltages used in this test was Viq = 50 V,
Vragem = 190 V, Vigg = 600 V. An 2 Am alpha source has been placed in front
of the active volume of the tracker, and a remotely controlled shutter was placed
in such a way that if closed it stops the « entering the active area of the detector.

The quality of the signal that the alpha particles generates in the single strip
is very good. The algorithm that generates the triangle (timing and trigger) and
the trapezoid is working properly and the signal is shaped in the correct way as
shown in Fig. 40. In the top panel the full shape of the digitized signal coming
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Fig. 40. Example of a signal in a strip induced by an alpha source. From top to bottom: the full
shape of the digitized signal coming out from the preamplifier, the triangle filter and the trapezoid
filter (see text for more details).
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out from the preamplifier is shown. In the middle panel the triangle filter used
for timing and trigger is shown. In the bottom panel the trapezoid filter used to
generate the amplitude of the signal is shown. Once it was demonstrated that the
PHA algorithm is working properly with the signals of the segmented anode of
the tracker, we proceed with the determination of the tracks generated by the a-
particles coming from the source.

Before describing the tracking capability of the prototype, it is worth to shortly
remind the basic working principles of the tracker. When a charged particle crosses
the tracker it ionizes the gas, the electrons drift under the effect of the electric
field present in the drift region and reaches the THGEM. The THGEM has five
rows of holes 18 mm spaced, each raw defines a z coordinate. Just the electrons
produced in correspondence of this rows are multiplied by the THGEM and can
generate a signal in the segmented anode. An ideal track with an angle 6 on the
plane x—z generates signals on five strips, that is the strips that correspond to the
crossing of the five THGEM rows with the ion track. The x coordinate is defined
by the corresponding hit strip. In the real case not just a single strip is hit but,
due to the broadening of the electron clouds a group of adjacent strips is hit. The
electrons generated by the incident charged ion have a different arrival time on the
anode due to the vertical position where they are produced. Therefore from the
time measurement of the strip signals, it is possible to determine the y coordinate.
In this way we are able to have a full 3D track.

In Figs. 41-43 a typical track generated by an a-particle of 5.486 MeV is shown.
Due to the fact that just a portion of the anode was connected to the electronics,
the tracker prototype was able to reconstruct just tracks with a small angle 6
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Fig. 41. (Color online) On the left are shown the strip hit in the event. On the right the corre-
sponding values of time (black squares) and energy in arbitrary units (violet triangles) for each
hit strip. The timescale offset is arbitrary.
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(maximum angle 24°). In Fig. 41 the hit map of the anode, for this event all the
strip from 75 to 128 where hit (yellow region of the anode). In Fig. 42 (top) the
difference in the measured time AT with respect to the first strip is shown for
each strip, the different colors corresponds to a different row (i.e. to a well-defined
z; position). Whilst at the bottom panel of the same figure the charge induced
in each strip is plotted. Each group has a well-defined bell shape. For each group
of strip corresponding to a row the average time (directly correlated with y;), the
centroid of the energy distribution (i.e. x;) and the corresponding z; value are
obtained.

In order to determine the y; coordinate, the AT has been converted in mm,
knowing the drift velocity of electrons in the gas or alternatively using a geometrical
calibration procedure.

Once the z;, y; and z; coordinates for the five points have been extracted, it
is possible to extract the angles 6 and ¢ by fitting x; versus z; and y; versus z;,
respectively. Finally in Fig. 43 the fit of # and ¢ with their corresponding errors
is shown. The values and errors obtained with the above described procedure for
this track are: 8 = 28.7 £ 0.3° and ¢ = 18.2 + 0.2°. The reconstruction accuracy
in both horizontal and vertical directions is quite good and satisfies the NUMEN
requests.

Tests with beam have also been performed but using a different electronics
based on VMMS3 chip. The use of VMM-based electronics was motivated by the
fact that the CAEN electronics was still not ready at the time the on beam test
were performed. The test was successful and the prototype was able to reconstruct
the beam ion trajectory.

Concluding, the test with CAEN electronics was very successful. The signals
extracted from segmented anode are well formed by the PHA algorithm, therefore
it is possible to determine the time of each strip and the amplitude of the signal.
The track generated from a-particles is easily extracted as shown above.

5. The Particle Identification System
5.1. Introduction

The technology chosen for the new gas tracker of the MAGNEX spectrometer is
not conceived to provide accurate information on ion energy loss, reducing the
overall particle identification capabilities of the setup. Consequently, PID must be
demanded to a dedicated wall of telescope detectors downstream the tracker. The
most relevant aspects to be considered in the design of a suitable detection system
for NUMEN, matching the fundamental requirement to identify ions unambiguously
in the region of O, F and Ne atomic species are related to

(1) The radiation hardness, since the expected overall heavy-ion fluency will be of
the order of 10! ions/(cm?-yr) assuming 120 days of full power irradiation per
year.
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(2) The energy resolution AE/E, which must be better than ~ 2%, in order to
maintain the present performances in terms of atomic number and mass iden-
tification (AZ/Z ~ 1/48 and AA/A ~ 1/160)% or at least to allow an unam-
biguous identification of the ejectiles of interest for NUMEN, characterized
by an atomic number Z ~ 10 and mass number A ~ 20. The energy reso-
lution should also be good enough to guarantee the same sensitivity in the
cross-section measurements, which is limited by the spurious events inside the
identification graphical cuts.

(3) The time resolution, such to guarantee an accurate time-of-flight (TOF) mea-
surement of the ejectiles from the target to the focal plane and the drift time
of primary electrons in the gas tracker. The TOF measurement with resolution
better than 2-3 ns'? is necessary to effectively suppress the background in the
coincident events between MAGNEX and the «-ray calorimeter (see Sec. 6).
The drift time is also used to reconstruct the vertical track of the ejectiles, for
which a time resolution better than 5 ns would be acceptable.56

(4) The degree of segmentation; in order to keep the double-hit event probability
below 3% in the whole FPD, modules of 1.5 x 1.5 cm? area are proposed.

(5) The geometrical efficiency, which should be high enough to obtain accurate
measurement of the absolute cross-section and to reduce the background com-
ing from events with partial charge collections, which could reduce the overall
sensitivity of NUMEN to rare DCE events.

(6) The detectors thickness, which must be chosen in order to stop the ejectiles of
interest in a wide dynamical range of incident energies (15-60 MeV /u).

(7) The scalability, which should guarantee that a large number of detectors can
be easily built, assembled and managed at reasonable price, also in terms of
time required for the calibration procedures.

(8) The coupling with the FPD tracker, which requires that the PID wall should
work in a low-pressure gas environment (typically C4Ho at 10-50 mbar), where
the presence of high voltages is to be considered.

Several nuclear physics experiments®” % have adopted the telescope solution
to study and identify reaction products. This consists of at least two detectors
assembled such that the particles of interest cross the first and stop into the second.
The correlation between the energy loss signal in the thin detector (AE stage)
and the residual energy (F,) deposited in the stopping one is connected to the
atomic number Z of the detected ion through the Bethe-Bloch formula.”® Due to
the good energy resolution and linearity, thin Si detectors are typically used as
AFE stage, followed by a thick Si or scintillator detector (CsI, Nal, etc.) or even a
gas detector. This configuration easily provides a good Z identification, acceptable
energy resolution and a high stopping efficiency. Nevertheless, all these solutions
are limited by the radiation hardness of silicon. Telescopes based on thin Silicon
Carbide (SiC) detectors and inorganic scintillators (CsI) were chosen and tested as
the final solution for particle identification.
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Fig. 44. Sketch of the single telescope cell.

5.2. The particle identification detector

The PID, with a required capability of withstanding a counting rate of as high
as ten kHz/cm?, is an array of 720 tiny identical AE — E telescopes covering the
focal plane of the MAGNEX spectrometer. Each detector cell covers an active area
of 1.5 cm x 1.5 cm, with a 0.4 mm dead space between cells. The AFE layer is
constituted by a thin SiC detector, whereas the FE,. layer, where all the particles are
stopped, is a CsI(T1) inorganic scintillator coupled to a photodiode of 1 cm x 1 cm
(Fig. 44). The single detector cell must be capable to handle such a rate and to
withstand the corresponding radiation damage, also considering that the impinging
particles will be heavy ions (as a reference one can consider 0O between 20 and
70 MeV/amu). A simple estimate of the energy loss in the telescope, taking into
account the layers of materials in between, is listed in Table 10 and plotted in
Figs. 45 and 46 for the two reference cases.
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Fig. 45. Energy loss profile in the telescope for 160 at 70 MeV /amu.
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Fig. 46. Energy loss profile in the telescope for 160 at 20 MeV /amu.

Table 10. Energy loss and range in the telescope cell for two
reference cases.

160 70 MeV /amu 20 MeV /amu
Incident energy [MeV] 1120 320
Energy loss in SiC [MeV] 16.3 46.4
Energy loss in paint [MeV] 1.1 3.4
Energy loss in CsI [MeV] 1102.6 270.2
Range in CsI [mm] 4.1 0.4

Table 11. Maximum useful energy, corresponding to a range
slightly less than 5 mm in the CsI(TI1) crystal, for three typical
ion species.

Ton species Max energy [MeV /amu] Max energy [MeV]
12¢ 65 780
N 70 980
160 75 1200

The maximum useful energy for three typical ion species, corresponding to a
range in the crystal slightly below its 5 mm thickness, is listed in Table 11. The
minimum energy allowing to reach the CsI(T1) crystal after crossing the front layers
is > 10 MeV/amu.

In order to keep a reasonable modularity, and to comply with the modularity
of the electronics, it was decided to arrange the elementary cells into towers, each
one consisting of 20 telescopes (Fig. 47). The full width of the MAGNEX focal
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Fig. 48. Sketch of the arrangement of the towers covering the MAGNEX focal plane.

plane (/1000 mm) corresponds to a2 1260 mm projected on the PID wall and
will be covered by 36 towers rotated by about 35° with respect to the vertical axis
(Fig. 48). The expected counting rate profile along the vertical direction is such that
the majority of the particle flux will impinge around y = 0 cm, quickly decreasing
while going to ¥y = £11 cm. This means that a higher damage, if any, is to be
expected on the central telescopes of each tower.
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Table 12. 4H-SiC and Si main properties.

Properties 4H-SiC Si
Egap [eV] 3.23 1.12
Epreakdown [V/cm] 3-4 x 106 3 x 10°
te [cm2/V - 5] 800 1450
up [em2/V -5 115 450
Viaturation [cm/s] 2 x 107 0.8 x 108
Z 14/6 14
€r 9.7 11.9
E — h energy [eV] 7.6-8.4 3.6
Density [g/cm?] 3.22 2.33
Displacement E [eV] 30-40 13-15
Thermal conductivity [W/cm - K] 4.9 1.5

5.3. Stlicon carbide AFE detector

Among the “robust” radiation-hard materials, the SiC has recently received special
attentions also thanks to technological improvements within the SiCILIA project.22
SiC is a compound semiconductor with a wide bandgap. The 4H polytype is con-
sidered the most appropriate for particle detector applications, characterized by
an energy bandgap of 3.23 eV. It is thermally stable up to about 2000°C, even in
oxidizing and aggressive environments. Some of the main physical properties of SiC
are compared to those of Silicon (Si) at room temperature in Table 12.7%

The first requirement for the new PID wall is the radiation hardness, i.e. the
inertness of the detectors to high doses of particle irradiation. This is strictly related
to the damage of the lattice created by traversing particles. SiC, due to its wide gap
and strength of its chemical bonds, is a very valid alternative to Si for the production
of radiation hard detectors. The usual design of a solid-state detector includes a
diode structure operating under reverse bias, where a space charge region is formed.
Tonizing particles produce ionization in a semiconductor when they are slowed down
or absorbed. Thus, electron-hole pairs are formed and are then separated by the
electric field and collected at the electrodes, yielding a current pulse in the detection
circuit.

The current generated is directly correlated with the deposited energy. A detec-
tor should have a low concentration of impurities and defects, as they cause a
decrease in the current pulse amplitude due to recombination of electron-hole pairs
and scattering of charge carriers. Moreover, a low concentration of dopant impurities
extends the thickness of the space charge region, i.e. the detection active region.
The wide bandgap of SiC (3.28 eV) is useful, as it reduces significantly the rate of
thermal noise. On the other hand, it also represents a disadvantage: a particle with
a certain energy, ideally converting all its energy for the generation of electron-hole
pairs, generates about three times more charge carriers in Si (bandgap 1.12 V) than
in SiC. Detectors based on SiC, therefore, have lower pulse amplitudes. However,
the heavy ions to be detected in NUMEN generate a large number of primary
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charge carriers, whose statistical fluctuations are not an issue. Furthermore, SiC-
based detectors still have a high SNR at temperatures which are unattainable for
Si-based devices, which instead need external cooling to keep the intrinsic carrier
level sufficiently low.”2

Traversing particles not only ionize the lattice but also interact with the atomic
bodies via the electromagnetic and strong forces. The result is that atoms are dis-
placed and create interstitials, vacancies and more complex structures. In addition,
diffusing Si atoms or vacancies often form combinations with impurity atoms, like
oxygen, phosphorus or carbon. All these lattice displacements or defects disloca-
tion populate new levels changing the initial semiconductor properties. The result-
ing macroscopic changes are: (i) enhancement of the leakage current; (ii) change
of the depletion voltage, mainly due to the creation of additional acceptor levels;
(iii) decrease of the charge collection efficiency, due to new defects acting as traps
for the generated carriers.

Radiation hardness of SiC devices irradiated with heavy ions stopping in small
SiC detectors (2 x 2 mm?, 30 um thick) was investigated in Ref. 73. The results
proved that the detectors are able to accept fluencies as large as 10'* heavy
ions/cm?, thus matching with main requirements of NUMEN in terms of radia-
tion hardness.

For time resolution, SiC detectors can profit from the high saturation velocities
of the charge carriers (2-107 cm/s) in the semiconductor — two times higher than
in silicon — and to the possibility to effectively operate the devices at or close to
the carrier velocity saturation condition. This is because the breakdown field in
SiC is 3 MV/cm, ten times higher than in Si or GaAs: the junctions on SiC can
hence reach extremely high internal electric field in the depleted region. Electric
field as high as 10° V/cm has been reached without suffering junction breakdown
or significantly increasing the reverse current.” A timing resolution of hundreds of
ps has been measured for SiC pixel detector.”™

The thickness of SiC must be chosen in order to permit the detection of the
ejectiles in the wide dynamical range of incident energies, i.e. 10 to 35 MeV/u
for the (?°Ne,2°0) DCE reactions and 10 to 60 MeV /u for the (180, 8Ne) DCE
reactions. An appropriate thickness for the AF stage is &= 100 ym, which correspond
to an energy loss AE ~ 25 MeV for 2°0 at 40 MeV /u and AE ~ 180 MeV for '8Ne
at 10 MeV /u.

The detector is based on deposition of epitaxial layers. In the past few years steep
improvements in the density of defects of the substrates and of the epitaxial layers
have been achieved, with a consequent large reduction of micropipes and stacking
faults. As a consequence, a new opportunity of constructing bipolar devices (p/n
junctions, transistors,...), that greatly benefit by the reduction of this kind of
defects is open. It is now possible to build detectors characterized by lower leakage
current and a better SNR.

Prototypes have been constructed and tested in terms of resolution, timing and
radiation hardness and the results are discussed in the following subsections.
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Fig. 49. Reverse current-voltage characteristic of p—n junction detector before and after 60 MeV
proton irradiation at a dose of 2 kGy.

5.3.1. Radiation hardness

In order to study the radiation hardness performances of the SiC detectors, different
tests were done. In the first one, the device was irradiated by 60 MeV H* at
a maximum dose of 2 kGy and the reverse characteristics measured before and
after the irradiation are shown in Fig. 49. They do not change significantly after
irradiation and the leakage current measured up to —200 V remains low (1079
10710 A).76

The performances of the device against the implantation of an heavy-ion were
investigated by a second irradiation test, performed with a Tandem beam of 190
at 25 MeV. The response of a p — n junction 10 pum thick SiC detector and a
300 pm silicon detector were compared in terms of resolution and Charge Collection
Efficiency (CCE) for increasing values of the ion fluency. The results are shown in
Fig. 50 in which the CCE is reported. The silicon detector starts to be deteriorated
at 10° particles/cm? and it is permanently broken starting from 10 particles/cm?.
The CCE of the SiC device is reduced to ~20% at a fluency of 10'3 particles/cm?,
but it is restored up to ~45% after ~24 h at rest.

Regarding the resolution, a value of 0.3 MeV FWHM is obtained before the
irradiation, it deteriorates to ~0.7 MeV at 10'® particles/cm?, but after the rest
period it is completely restored.””

5.4. The cestum todide E detector
5.4.1. Performance tests

The E, detector is a 5 mm thick CsI(T1) scintillator with active area 1.5 cmx 1.5 cm.
When hit by radiation it produces scintillation light with a spectrum centered
around 540 nm and a decay time constant ~ 3 us. The scintillation light read-out is
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Fig. 50. (Color online) Charge collection efficiency as a function of the fluency of 160 ions at
25 MeV for 300 pm silicon detector (black line) and 10 pm SiC detector (red line). The range of
the silicon break (magenta line) and the response of the SiC device after ~24 h at rest (green
dot) are also indicated.
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Fig. 51. The S3590 PIN photodiode from Hamamatsu.

performed by means of a PIN photodiode of 1 ecm X 1 ¢cm active area (Hamamatsu
S3590-08, Fig. 51 (left)). The main characteristics of this photodetector are listed
in Fig. 52, its spectral response is shown in Fig. 51 (right); the quantum efficiency
at 540 nm, i.e. at the maximum of the CsI(T1) emission spectrum, is 90%.
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Fig. 52. Electrical and optical characteristics (Typ. T, = 25°C, unless otherwise noted).

A PIN photodiode was coupled with a single CsI(T1) crystal and exposed to
a 22Na A% radioactive source, which produces gamma rays (Ey = 511 keV) due
to positron annihilation. The S3590 photodiode, biased at 70 V, was connected to
an Ortec 142A preamplifier with a gain G = 45 mV/MeV. This value refers to
a silicon detector hit by charged particles, where 1 MeV corresponds to n./MeV
/2276243 electron-hole pairs. The nominal light yield of the scintillator for gamma
rays is LY a 50,000 photons/MeV, and assuming a realistic light collection efficiency
Eeoll & 80%, given the quantum efficiency QE ~ 90% of the photodiode, the output
signal S is

G 45
S=LY E, econ-QE- ——=50,000-0.511-0.8-0.9 -

2 ~3mv, (1
Mo MoV srooa3 = o mVe ()

that is exactly what was found, as shown in Fig. 53. It was not possible to detect
the signals corresponding to the second peak of the source at £, = 1275 keV, since

File  Vertical Tim Trigger Utiliies Help

18/04/2018 11.57.03

Fig. 53. Sample signal produced by a 511 keV gamma ray in the CsI(T1) crystal coupled to an
S3590 PIN photodiode and an Ortec 142A preamplifier.
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Fig. 54. Energy spectrum acquired with a three-peak Am-Pu-Cm alpha source using the
CsI(T1) + PIN photodiode detector assembly.

the detector is very thin and the full energy efficiency is very low, so the output
is not visible at the oscilloscope for that energy. A further test was done with an
Am-Pu-Cm alpha particle source. Since the entrance face of the tested crystal was
covered with a reflector, a small hole was made in it to allow for the alpha particles
to reach the scintillator. The detector was placed under vacuum in front of the
source. The preamplifier output signal amplitude was ~13 + 15 mV, in line with
the expectation (we remark that the light yield of CsI(T1) for alpha particles is
about 30,000 photons/MeV). It was connected to an Ortec 572 amplifier, whose
output was sent to a multichannel analyzer. The resulting spectrum, even though
the input signals were tiny, has a reasonably good quality, as can be seen in Fig. 54
where two of three expected peaks are clearly distinguished and the third, not
resolved, shows up as a bump at higher energy.

The suitability of such a scintillator for the particle identification task in
NUMEN requires an energy resolution around 2% for the ion species at the energies
of interest. A simple extrapolation, starting from the known features of the detection
elements and from the results of the performed tests, shows that such a resolution
(or even better) is feasible. Nonetheless, a test under realistic conditions was per-
formed with a beam of 0 at 15.5 MeV/amu on a Selenium target, in order to
prove that the proposed configuration could fulfill its duty. A small telescope was
assembled, with a 100 pm silicon detector placed in front of CsI(Tl) crystal, in-
stalled inside the MAGNEX scattering chamber and positioned at 15° with respect
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Fig. 55. AFE versus E plot obtained with a single element telescope (silicon + CsI(T1)) (see
the text).

to the beam and 20 c¢cm from the target. The resulting plot (Fig. 55) shows an
excellent atomic number resolution AZ/Z ~ 0.16 in between nine adjacent species
detected.

5.4.2. Radiation hardness

The radiation hardness of the CsI(T1) crystal was tested under realistic condi-
tions by means of direct irradiation with a heavy-ion beam. A crystal, shown in
Fig. 56 (left), was installed in the TeBe test chamber at 0° with respect to the
beam line. On the same assembly, just below the crystal, a scintillating alumina
with a small hole was installed that was remotely visible by means of a CCD camera
(Fig. 56 (right)). This way it was possible to check the alignment and the focusing
of the beam, that was later reduced to the desired intensity by means of suitable
slits and pepper-pots placed at the exit of the accelerator injector. A histogram of
the output amplitude spectrum was produced by reducing the beam intensity to
~10* particles per second (pps) before the irradiation. Then the crystal was irra-
diated with 7.5 x 10! ions (14N at 62.5 MeV /amu), and finally the same histogram
was produced after reducing the beam intensity to ~10* pps. No amplitude drift
nor resolution loss were observed, thus implying that the central part of the PID,
which is subject to the highest particle rate, should be operational at least for about
7 years experiments assuming 120 beam days per year.
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Fig. 56. Left: the CsI(Tl) crystal used for the radiation hardness test. Right: the mechanical
support hosting the crystal and an alumina beam monitor to check the beam alignment and
focusing.

5.5. Particle identification tests

A study of the response of some AE — E telescopes composed by SiC and CsI(T1)
detectors in various configurations to fragments produced in nuclear interactions is
presented in Ref. 78. Two identification methods were used and their performance
discussed: the AE — E technique and the Pulse Shape Analysis technique (for
identification of nuclear fragments stopped in a single SiC layer). Identification
capabilities similar to those obtained with the best available silicon detectors have
been found for the SiC detector prototypes. In particular, the test reported in
Ref. 78 was performed using beams of *°Ca and *¥Ca at 40 AMeV impinging on
a thin 2C target. Among the different telescope configurations, they tested a two-
stage SiC-CsI(T1) telescope in which the SiC is 100 pum thick with an active area
of 1 x 1 cm?, very similar to the one that will be used in NUMEN. The AE — E
correlation plots reported in Ref. 78 demonstrated the capability of the SiC—Csl
telescope to clearly identify the charge of the ions up to Z = 20. This result confirms
the suitability of such telescope for the NUMEN experiments, in which the ejectiles
of interest are typically in the region of atomic number 4 < Z < 12.

However, the identification capabilities in terms of mass have also to be tested
(mass range for NUMEN 10 < A < 25). To test the feasibility of the telescope, also
for the mass identification, a specific setup in which the telescope is coupled with
the magnetic field of the MAGNEX spectrometer is necessary. Indeed, the mass
identification technique used in MAGNEX exploits the properties of the Lorentz
force, as it was introduced in Ref. 65. When dealing with a large acceptance device as
MAGNEX, the best resolution in the identification technique is achieved performing
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a precise reconstruction of the ions kinetic energy, as demonstrated in Ref. 65.
However, when a high mass resolution is not necessary, as in the experimental
conditions of the NUMEN reactions, which involve oxygen, fluorine and neon ions,
the identification procedure is successfully performed using the correlation between
the horizontal position at the focal plane (Xf,.) and the residual energy measured by
a stop detector (Eyesiq). The relationship between the two measured quantities (Xtoc
and Fiesiq) is approximately quadratic with a factor depending on the ratio m/q

m
Xfoc X { V Ercsid . (2)

Therefore, in a X, versus E.qq plot the ions are distributed on different loci
according to the ratio \/TE_

A feasibility test was performed with a 2°Ne CS beam at 20 AMeV impinging
on a '2C thin target. The MAGNEX spectrometer was placed with the optical axis
at 10° with respect to the beam direction. A SiC-CsI(T1) telescope was placed at
the focal plane of MAGNEX, replacing one of the silicon detectors currently in
use (thickness 1000 pym, area 5 x 7 cm?). In order to compare the results of the
new detector with the actual one, some silicon detectors were mounted next to the
telescope.

The SiC-Csl telescope was composed by

e a SiC detector, 10 um epitaxy thickness +100 ym substrate, area 1 x 1 cm?
reverse mounted, biased at —50 V;

e a CsI(TI) crystal, 5 mm thickness, area 1 x 1 cm?, read-out by means of

e an Hamamatsu S3590-08 photodiode, area 1 x 1 cm?, biased at —70 V.

The signal of the MAGNEX silicon detectors was sent to standard preamplifiers
with 5 mV/MeV gain, placed inside the FPD chamber, then to charge amplifiers
with 500 ns shaping time and peak sensing VME ADCs. The signals from the SiC
and the photodiode were sent to the same kind of preamplifiers with 45 mV/MeV
gain placed outside the FPD chamber and then to the same kind of amplifiers and
ADCs. The trigger of the acquisition was done with a logical OR between the silicon
and the Csl signals.

Typical results obtained with the MAGNEX FPD in the actual conditions are
shown in Figs. 57 and 58. In particular, the AE — E correlation plot is obtained
from the energy loss (AFEi in Fig. 57 (upper panel) in the gas section of the
FPD, taken from the proportional wires, whereas the residual energy is measured
from a silicon detector (Eyesia in Fig. 57 (upper panel)). After a linearization of
the AE — E plot and a calibration in charge it is possible to obtain the histogram
shown in Fig. 57, from which a resolution of AZ/Z ~ 2.6% FWHM is obtained. The
correlation plot shown in Fig. 58 (upper panel) is obtained looking at the horizontal
position measurement Xg,. and the F,.5q measurement, after a graphical selection
of the oxygen ions in Fig. 57 (upper panel). These two quantities are related as
indicated from Eq. (2), thus it is possible to distinguish different oxygen isotopes
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Fig. 57. Upper panel: AFiot — Fresiq correlation for a single silicon detector measured in the
20Ne+12C reaction at 400 MeV. Lower panel: Nuclear charge histogram obtained after calibration
from a linearization of the AFE — E correlation of the upper panel in the region of interest.

in the plot of Fig. 58 (upper panel). From a linearization and a mass calibration we
obtain the histogram shown in Fig. 58 (lower panel), from which a mass resolution
AA/A ~ 0.9% is obtained.
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Fig. 58. Upper panel: X¢,c — Eyesiq correlation for the same silicon detector of Fig. 57 with
a selection on the oxygen region. Lower panel: Mass spectrum obtained after calibration and
linearization of the plot in the upper panel.

The same plots were obtained from the SiC—Csl telescope and the results are
shown in Figs. 59 and 60. In this case the AFE is taken from the SiC detector,
whereas the FE,esiq one from the Csl stop detector. Using a similar linearization
and calibration procedure we obtained the charge and mass spectra shown in
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reaction at 400 MeV. Lower panel: Nuclear charge histogram obtained after calibration from a
linearization of the AE — E correlation of the upper panel in the region of interest.

Figs. 59 (lower panel) and 60 (lower panel), from which the obtained resolutions are
AZ|Z ~ 4.1% and AAJ/A ~ 2.1%. The worse values obtained using the SiC-Csl
telescope with respect to the actual MAGNEX PID are not surprising, since it is
well known that the resolution of the Csl is worse than the one of silicon detectors,
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Fig. 60. Upper panel: Xi,. — E correlation from the SiC—Csl telescope with a selection on the
oxygen region in the plot of Fig. 59. Lower panel: Mass spectrum obtained after calibration and
linearization of the plot in the upper panel.

but it is important to note that the obtained values are good enough to clearly
identify the ions of interest both in charge and mass. Moreover it should be con-
sidered that the charge resolution could be improved using the 100 ym SiC detector
in which the energy loss will be sensibly higher.
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6. G-NUMEN, the Gamma Array
6.1. Introduction

In the last years, within the framework of NUMEN Phase 2, a feasibility study of
a calorimeter for gamma rays to be detected in coincidence with the DCE ejectiles
has also been performed. Differently from the other R&D activities described in
the other sections of this paper, this study has been based on analytical models,
simulations and experimental tests limited to at-home available equipment, without
a dedicated financial budget. The essential part of the project for a calorimeter for
NUMEN (G-NUMEN) is based on challenging experimental conditions dominated
by a very high rate of signals coming from the projectile target interactions over
which distinguish very few good DCE events in the region of interest. Radiation
damage issues are also relevant in these conditions. Thus a key aspect of this study is
based on accurate simulations of the foreseen harsh experimental conditions, which
severely limit the choice of available technologies. We will show in this section that
the use of an array of about 100 LaBrz(Ce) 1500 ¢cm? scintillators will make it
possible to disentangle within a tolerable accuracy the transition to ground from
that to excited states in DCE reaction channel. The implementation of G-NUMEN
will allow to significantly improve the overall NUMEN discovery potential.

6.2. Statement of the problem
6.2.1. Introduction

The nuclear transitions to be studied in the NUMEN project involve deformed
and nondeformed nuclei which will be populated by means of the DCE or com-
peting reactions. For nondeformed target nuclei and at low reaction energies, the
energy resolution of MAGNEX with beams provided by the CS (about 0.2%) is
sufficient to discriminate between the ground state (I T = O*) and first excited
states (I T = 2*) of both projectile-like and target-like species. However, for nuclei
of interest in moderately and strongly deformed mass regions, such as '19Pd, 1*°Nd
and '%°Gd, and in all cases at high reaction energies, the energy spectra at the focal
plane alone cannot resolve between states of the reaction products. In such cases a
gamma detector array has been considered as an ancillary device to the magnetic
spectrometer providing the necessary discrimination between nearby energy states.

Due to the high beam intensities to be used in the DCE experiments, the tar-
get region will become a very strong source of radiation, including gamma rays,
fast neutrons, electrons, light and heavy ions. The charged particles as well as the
low energy X-rays can be absorbed by a sufficient amount of solid material be-
tween the target and the array. Inorganic scintillators are normally quite tolerant
to gamma and fast neutron radiation and are chosen to be the best candidates for
the detector gamma-ray energy sensitive materials. Some inorganic scintillators,
such as LaBr3(Ce), CeBrs, LYSO(Ce) and GAGG(Ce) were considered as possible
candidates to be employed in the gamma array.
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6.2.2. Energy resolution and photopeak efficiency

Typical energy resolutions from 3-30%, depending on the gamma-ray energy and in-
organic scintillator material, are sufficient to discriminate between low-lying gamma
transitions of interest even in the worst cases of strongly deformed nuclei, such as
160Gd, with the first excited state at an energy of 75.3 keV and second excited state
at 248.5 keV above the ground state. A high photopeak efficiency is desirable, how-
ever, which can be achieved with the highest density and effective atomic number
materials.

6.2.3. High count rates versus low signal cross-section

The gamma emission rates expected for the typical NUMEN Phase 4 experiments
can reach the order of magnitude of GHz. In addition to that, a comparable amount
of neutron production is expected, which could also leave signals in the gamma
detectors. This means that the individual detector element solid angular coverage
has to be kept small in order to avoid count rate levels leading to significant pulse
pile-up probabilities. The DCE cross-sections, in contrast to that, are extremely
rare, and therefore, a large array efficiency is required, with a high granularity. It
is expected that photopeak efficiencies of about 20%, at least for the relatively low
energies, adequate granularity and reasonable cost can only be achieved with the
use of hundreds of scintillator crystals with widths in the 2—4 cm range.

6.2.4. Random coincidence background

At the expected high reaction rates (107-~10% Hz), possibly reaching or exceeding
1 nuclear reaction per cyclotron beam bunch, the main source of background will
come from random coincidences of signals from reactions other than the DCE of
interest. A timing resolution capable of clearly separating the events generated
in subsequent cyclotron beam bunches (20-50 ns, corresponding to 60-15 MeV /A
beam energies, respectively) is therefore mandatory. A gamma-particle coincidence
time resolution of a few ns is therefore sufficient for this purpose and should be
easily achieved with inorganic scintillators. With a typical beam bunch time width
of 1-2 ns, however, it is technically hopeless to accomplish the discrimination of
events generated by a pair of reactions occurring with beam particles from the same
bunch, due to MAGNEX time resolution limitations originated in the projectile-
like fragment (PLF) trajectory time variations. Based on Poisson statistics, it is
possible to evaluate the uncertainty of the cross-section measurement originated by
this type of background.

6.2.5. Statistical observational limits

Definition of observational limit. The “observational limit” is a concept that
evaluates the power of a gamma spectrometer. It is the lowest fraction of the signal
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cross-section, relative to the total reaction cross-section, which can be measured by
the spectrometer in a given experiment:

Observational limit:

o
i = 222 ©

By being measured, it is meant that the cross-section of the reaction of interest
(e.g. the DCE cross-section to the 0T g.s.) has been obtained in the experiment with
a minimum acceptable relative uncertainty, u.. For example, if an uncertainty of
urel = 10% is required and there is no background, the spectrometer should be able
to collect at least 100 signal counts in the course of the experiment. In this case, the
relevant parameter of the spectrometer is its signal counting efficiency. In practice,
however, there are background counts present together with the signal, and the
power of the spectrometer in reducing this background becomes also an important
concern in order to achieve the required precision of the measurement. The actual
observational limit depends not only on the characteristics of the spectrometer
itself, but also in the specific reaction to be measured, time duration and other
characteristics of the experiment to be performed.

In the following paragraphs we will develop the theory to determine the obser-
vational limit in two different analysis modes: the “clean” mode, in which the data
analysis is made with a condition in gamma sum energy and fold of the event, and
the “dirty” mode, in which these conditions are not imposed.

The “clean” mode. At not too high beam energies, a typical nuclear reaction
event has a moderate or high neutron and gamma multiplicity and total energy,
while the DCE produces no neutrons, has low gamma multiplicity, and low total
energy. Then, it should be possible to infer, from the coincidence data of a high
efficiency calorimeter with the DCE PLF, analyzed by MAGNEX, that, an “other
than DCE” reaction has occurred within the same beam bunch together with the
DCE (by gating on multiplicity and total energy). If these events are discarded
we will end up with only “clean” events, at the expense of rejecting some DCE
gamma decay events. If we assume that the array has a total efficiency e, (for the
decay from the excited state, e.g. the TLF 27 state, formed with minimum DCE
cross-section o3), the probability of detecting the “clean” DCE events is equal to
the probability of detection e, times the probability that no other reaction has
occurred, which, from Poisson statistics, is ek (where k= h% is the average
number of reactions per cyclotron beam bunch with frequency f., and total lumi-
nosity L). In general, the number of reactions of a given kind, during an experiment
with time duration T, is related to the cross-section by: N = LoT', where L is the
luminosity. Therefore, the observational limit for the first DCE excited state can
be written as: as = g—; = ]]\\;—; Neglecting background, the square of the required
relative uncertainty u? in a gamma peak is the inverse of the number of counts.
For the first excited state transition from DCE: u3 = A%, where Ay = Ngswe_’_C

is the peak area, e, is the gamma-ray detection probability (or efficiency for the
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Fig. 61. Reduced observational limits in the “clean” mode as a function of k (solid: g.s., dashed:
first excited state).

27 — 0T transition), in a clean event (no nuclear reaction other than DCE, which

occurs with probability e~*). From these relations one gets the observational limit:

Ny _ __eF
Nr — u2e,f.kT"
independent of the spectrometer characteristics), one can define a “reduced” obser-

Qg = Factoring out the u?f.T parameter combination (which is

%, which is related to spectrometer parameters.
The efficiency ¢, is, however, assumed to be sufficiently large to identify the occur-
rence of a non-DCE reaction by total energy and/or multiplicity with nearly 100%
probability (for small arrays this is not an appropriate assumption). Similarly, one
can define a reduced observational limit (ROL) for the ground state (minimum)
DCE cross-section og, which with some algebra, can be shown to be: By = g—; =
[ey + f(1—&)]Ba(k), where the new parameter f = 22 is the ratio of the two DCE
cross-sections. Figure 61 shows the reduced observational limits for the 2% (dotted
line) and 0" (g.s. — continuous line) states for f = 0.1, e, = 0.5 as a function of
k (note that for f =1 or e, = 1 both limits are identical).

As it can be seen, the absolute observational limit of the spectrometer occurs
at exactly k = 1 in both cases. There is no improvement going beyond this beam
intensity. This is because, although the population rate of each state increases
linearly with k, the probability of data contamination increases exponentially.

For reference, a reduced observational limit of 5 corresponds to aim ~ 10~ ! for

a one-week experiment (7' = 6 x 10°), with a 20% uncertainty (u = 0.2) requirement

vational limit function Bs(k) =
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in the measurement, and with cyclotron beam bunch frequency f. = 20 MHz. This,
in turn, for a typical total reaction cross-section of or = 3b, corresponds to a
sensitivity to cross-sections as low as 30 Pb.

In this simplified model the main assumptions which can be checked with simu-
lations are the following:

(1) There is 100% probability of identifying a non-DCE reaction contamination
within the same bunch (in practice this should be less, but not small) in the
PLF-gamma coincidence event. The simulations, that will be described in the
following sections, allow to evaluate this probability to be 95.7% for the 2°Ne +
H6Cd system at 15 AMeV by gating on gamma-fold less than 3 and total energy
less than 2 MeV. Nevertheless, the efficiency for the collection of the 463 keV
transition from the second 0T state populated by DCE gets reduced to 30% of
what it would be without conditions.

(2) The “internal” background of the DCE gamma spectrum, coming mostly from
Compton events, is negligible. This is corroborated by the simulation results
presented in Subsec. 6.4.5. Other sources of background (BG) are also negligible,
in the coincidence event, such as natural background and radioactivity build up
inside the experimental hall due to unshielded radioactive fragment decay, or
neutron-induced reactions in surrounding material, randomly detected within
the few ns coincidence time window.

(3) The energy resolution of the gamma spectrometer is sufficient to clearly sepa-
rate neighboring DCE excited states. As long as this can be accomplished, the
value of the energy resolution is irrelevant to the measurement. If the Compton
background is not negligible (assumption (2) not valid), though, some back-
ground will be present under the photopeak. The resolution of the detector in
this case becomes relevant as the amount of background will increase with the
peak width. However, as long as this background continues to be small, which
happens with high photopeak efficiency detectors, the contribution to the total
uncertainty continues to be dominated by the overall statistics, and the energy
resolution of the detectors are only mildly relevant.

The relaxation of any of these conditions, of course, worsens the sensitivity of the
measurement. The practical situation could be quite far from this ideal case, the
purpose of which is to illustrate the origin of the major limitations in this type of
experiment.

The “dirty” mode. In the “clean” mode, some DCE data is lost due to the
presence of a non-DCE reaction within the same coincidence time window. Part of
these events could be accepted, namely those which do not contribute with signals
within the interest gamma transition energy window. We can, then, discard only
these events which do not have such signals, increasing the DCE counting statistics.
This is the “dirty” mode, since the accepted events are not composed from DCE
reaction signals only.
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Fig. 62. Reduced observational limits in the “dirty” mode as a function of k for the g.s.
Solid: LYSO(Ce) typical energy resolution; dashed: LaBrg(Ce) typical energy resolution; dotted:
ratio between the two.

In order to determine the observational limit in this mode, one has to evaluate
the probability that a background signal within the energy window of the transi-
tion of interest is randomly generated. This could happen either because there are
other nuclear reactions that produce gamma rays around this energy window, or
that Compton scattering from higher energy gamma rays produces this signal. An
additional parameter ppg(E,) can be introduced in this more general model: the
probability density of a signal with energy E. (per unit energy interval), which,
together with the gamma energy resolution AE,, now play a relevant role. An
analytical expression can be found for the reduced observational limits in this new
model (with the additional assumption that ppg (E,)AE, is not close to 1), and the
results can be appreciated in Fig. 62. The results for By (the g.s. ROL) are shown
for two different detector energy resolutions (AE, = 24 keV — continuous line,
and AE, = 6 keV — dashed line). The following parameters: f = 0.1, ¢, = 0.5,
pec(Ey) = 0.015/keV have been assumed. The dotted line is the improvement ratio
between the different energy resolutions.

One can see that in this case the beam intensity can be increased beyond the
limit of & = 1 with improvement of observational limit. However, it remains of the
same order of magnitude, except for the best resolution case and at very high beam
currents, which become prohibitive due to other effects which have been neglected,
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Fig. 63. Matrix which relates the experimental data to actual production of DCE states.

such as pile-up of signal pulses. If one remains in the k& ~ 1 region, these effects
are still rather small. The improvement in observational limit, corresponding to the
factor of 4 in energy resolution, is only a factor of 2, indicating that comparatively
low resolution detectors remain competitive.

In the real cases more than one transition from excited DCE states from the
PLF and TLF could be present, and the energy resolution of the PLF are affected
by Doppler broadening. The relation of the experimentally extracted peak areas in
PLF-7 coincidence spectra (Ao, A1, Aa,...), were Ay is for anticoincidence with all
DCE gamma rays, and A; is for coincidence with a specific gamma transition of
state 7, can be expressed in a matrix form:

A=DMN, (4)

where the matrix M is related to the total photopeak efficiency ¢;, and P;, the
probability of one or more false counts in the gamma energy gate due to the back-
ground accidental coincidence with other than DCE reaction within the same beam
bunch. The actual number of DCE states populated in the reaction is given by IN.
A typical form of the M matrix is presented in Fig. 63. The tilde mark represents
the complement (£ = 1 — ¢ and P=1- P). In order to obtain the cross-sections
and respective statistical uncertainties this matrix formula is inverted. This rela-
tion is useful to obtain also the predicted relative uncertainties from the simulated
parameters of efficiency and background of a specific array and reaction.

6.3. General design choices
6.3.1. Choice of scintillator crystal

Characteristics of selected scintillator types. The choice of the inorganic
scintillator crystal material is of paramount importance for the performance of
the gamma array. Several possibilities have been considered among which the most
appropriate presently available in the market are LYSO(Ce), LaBr3(Ce) and CeBr;.
LYSO(Ce) has the advantage of not being hygroscopic, and having the highest
density (p = 7.1 g/cm?) and effective atomic number (Z ~ 65), which translates,
typically, in twice the photopeak efficiency (for the same crystal volume) around the
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1 MeV range in comparison to the other two: LaBrs(Ce) (p = 5.1 g/cm?, Z ~ 46),
CeBr3(p = 5.2 g/em?, Z ~ 47). However, the gamma-ray energy resolution of
LYSO(Ce) is a factor of 3-4 worse than the other two, (which are comparable
among themselves), LaBrs(Ce) being the best in this respect. LYSO(Ce) has also
the disadvantage of having an intense intrinsic radioactivity (280 Bq per cubic cm),
but which can be tolerated in time coincidence measurements. The scintillation
decay time of these materials is in the range from 15-50 ns, LaBrs(Ce) being near
the lowest extreme and LYSO(Ce) near the highest, all of which, however, very
satisfactory for the present application which requires timing resolutions below a
few ns.

High radiation tolerance to gamma rays and neutrons is also a requirement which
is met by these types of materials. Other types of scintillators such as GAGG(Ce),
which has interesting properties in some other respects, are too sensitive to neu-
trons due to its Gadolinium component. Semiconductors are, of course, ruled out
due to crystal lattice structure radiation damage among other effects. As we shall
see, energy resolution is important at the very high rates, where the random back-
ground, and not the production statistics, raises the observational limit of the spec-
trometer. For this and also foreseeing possible other types of applications rather
than measurement of DCE cross-sections, LaBrs(Ce) was chosen as the scintillator
crystal material for the array.

6.3.2. Array granularity

Detector size is a compromise between several factors: full energy absorption within
the crystal volume, which requires larger crystals, pile-up loss at high count rates
and Doppler broadening of projectile-like fragment gamma transitions, both of
which improve with smaller detector entrance solid angles, and, ultimately, cost
(which requires limited total crystal volume). Detailed response simulations of the
system will be reported in the following section which will allow for a well-founded
choice of the crystal dimensions. The practical compromise is the use of 38 mm
diameter LaBrs(Ce) crystals with 5 cm length.

6.3.3. Total solid angle coverage

DCE reactions states are populated with very low reaction cross-sections. Their
values are of course unknown, but a typical cross-section of a few nb can expected,
based on preliminary measurements and theoretical estimates, and even below this
value in some cases. The gamma-ray efficiency has, therefore, to be as large as
possible, requiring maximum possible solid angle coverage. The gamma array, how-
ever, has its available space limited by the scattering chamber requirements, and
only about 20% of the total solid angle is actually available for placement of the
scintillation detectors.
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6.4. GEANT/ simulations
6.4.1. Introduction

A special simulation procedure has been developed for the type of experiment fore-
seen in the advanced phase of the NUMEN project. First, the reaction, defined by
the entrance channel and its various most probable exit channels are simulated with
the GEANT4 Hadrontherapy model.” 8! An imaginary detector spherical surface
of ~ 10 cm diameter around the target is included, collecting all the information of
each particle which traverses it (the “PhaseSpace”). The information of particles
remaining in the target and backing are also preserved to allow for further evaluation
of the activation. The second step is the simulation of the gamma array response
to the PhaseSpace particles. In this step, the information of the interactions with
each detector is registered. The final step is the simulation of the response of the
array to the gamma transition decay from the excited states of the DCE reaction
(GEANT4 radioisotope option), from the TLF and the PLF. The PLF requires
the inclusion of the motion of the source, with its estimated flight velocity, which
causes the Doppler shift effect and Doppler broadening of the spectral lines due to
the finite opening of the detectors.

After these steps, the response of the gamma array from steps 2 and 3 is com-
bined with statistical weights based on the Poisson probability distribution of the
occurrence a number of other reactions in the same beam bunch, depending on
the beam intensity. The PhaseSpace step 1 can be reutilized for the simulation of
different detector and array geometries, as well as the scattering chamber thickness
and other intervening objects such as the target frame, which cause absorption and
scattering of gamma rays and neutrons, and also secondary radiation produced by
other particles. The imaginary detector surface can be arbitrarily shrunk according
to the needs of the subsequent simulation.

6.4.2. Detector response

Figure 64 presents the simulation of the energy spectrum of a LaBrs(Ce) scintillator
in response to gamma rays from a calibration source. The simulation includes the
intrinsic radiation of the detector, and shows good agreement with experiment.

Figure 65 presents the simulated intrinsic photopeak efficiency ;1 and peak-to-
total (Pr) values as a function of energy for a LaBrs(Ce) detector of 38 mm diam-
eter and 50 mm length. Figure 66 shows schematically the relative intrinsic energy
resolution used in the simulations for this type of detector. It is a parametrization
based on values of the literature.5?

6.4.3. Typical particle production and spectra

Figure 67 shows typical particle (v and n) production multiplicity spectra and
Fig. 68 the energy and time spectra of the 2°Ne+!16Cd reaction at 230 MeV, assum-
ing a 1.4 mg/cm? target thickness, both without and with a 1.0 micron carbon
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Fig. 64. GEANT4 simulation of total energy deposition in comparison to data from a 22Na cal-
ibration gamma source measured with a 38 mm diameter by 38 mm length LaBr3(Ce) crystal
with PMT read-out. The top panel shows the total and the separate components from the cali-
bration source and from the intrinsic detector radiation from the 138La isotope as obtained from
the simulation, and the bottom panel the comparison to the experimental data.
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Fig. 65. (Color online) Simulated intrinsic photopeak efficiency (black dots) and peak/total ratio
(red dots) for LaBr3(Ce) detector with a crystal size of 38 mm diameter and 50 mm length as a
function of the gamma ray energy in keV. A parametrized empirical formula is adjusted to the
data points.
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Fig. 66. Relative energy resolution FWHM (in %) as a function of the gamma ray energy (based
on Ref. 82) assumed for LaBr3(Ce) simulations.
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Fig. 67. (Color online) Simulated gamma (red) and neutron (black) emission multiplicity spectra
from the 20Ne+ 116Cd reaction at 230 MeV. Left: 116Cd target only, right: 116Cd target + carbon
backing, shaded: backing only. Number of primaries: 2 x 109.

backing foil, necessary for target cooling at high beam currents. These results were
obtained from the PhaseSpace step using 2 x 10° primaries. In the multiplicity spec-
tra it can be seen that the reaction with the Cd target produces high gamma multi-
plicity events, with a peak around M = 12, and neutron events with moderately
high multiplicity with a maximum probability at M = 6. When the C backing
is introduced, a clearly separate distribution with lower multiplicity (around 3 for
gammas and 2 for neutrons) is superposed to the original spectrum from the target.
In the planned experiments a lower thickness of C backing (by a factor of ~ 5) and
also lower thickness of target (by a factor of =~ 2-3) are envisaged. The thicker
values used in the simulation serve to speed up the computing time.
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Fig. 68. (Color online) Typical spectra of left: emitted gamma-ray energy, right: neutron and
gamma (blue) times from the 2°Ne+116Cd reaction. Black: 1'6Cd target only, red: 116Cd target +
carbon backing.
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Fig. 69. (Color online) Gamma (red) and neutron (black) multiplicities for the 2°Ne + 116Cd
reaction (target only) at 600 MeV.

Figure 69 presents the gamma and neutron multiplicities for the same reac-
tion but at 600 MeV beam energy. It can be seen that the gamma multiplicity
has a broader shape with a reduced average, but still presenting significant high
multiplicity events around 10 units. Neutron multiplicity is only slightly increased.

6.4.4. Array response

Simulation setup. Figure 70 (left) presents the geometry of the array used in
the simulations. It consists of a set of 139 LaBrs(Ce) detectors arranged in regular
rings over an aluminum dome of 10 mm thickness, and the target with its Copper
cooling frame with the dimensions of the actual design. For the relatively high-
energy gamma rays involved in the present simulations, the absorption on aluminum
has a relatively minor effect on the detection efficiency (see Fig. 71). In the actual
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Fig. 70. The gamma detector array configuration geometry used for the GEANT4 simulations.
Left: A set of 139 detector crystals wrapped in a thin Al casing, oriented to the center of the
target outside a 10 mm Al spherical dome corresponding to the upper part of the MAGNEX scat-
tering chamber (with 240 mm radius). The target frame is made of copper with the approximate
dimensions to be used for the cooling of the target. Right: The tracking of the particles generated
by 10 events of the 2°Ne + 116Cd reaction at 230 MeV (without carbon backing) is shown.
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Fig. 71. Simulated transparency factor (T =1- 5}%1) of a 10 mm aluminum thickness in front

of the scintillator crystal (data points) as a function of gamma-ray energy (keV). The solid line is
an empirical parametrized fit to the data. The gamma absorption in this thickness of aluminum
is approximately the same as that of 2 mm of stainless steel.

mechanical design, the thickness of Al in front of the detectors could be reduced.
The scattering in the Al dome, however, could be representative of other material
which will be present in the final mechanical mount of the array. Figure 70 (right)
shows the tracking of the particles emitted from 10 events.

General fold and energy spectra. Figure 72 presents the number of hits of
different detectors (fold) distribution according to the simulation. Again it can be
seen that the carbon backing introduces an additional distribution of lower fold
events.
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Fig. 72. (Color online) Simulated fold distributions (number of hit detectors) for the simulated
array (139 LaBr3(Ce) detectors total) with (red) and without (blue) the target backing for the
20Ne 4 116Cd reaction at 230 MeV (same number of primaries: 2 x 109).
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Fig. 73. (Color online) Spectra of the number of hits of the simulated array of detectors, dis-
criminated by particle type. Blue: neutrons; red: gammas. Target only, 2 x 10° primaries.

Figure 73 presents the fold distributions discriminated by particle type for the
target only simulation (no backing), while Fig. 74 shows the particle discriminated
energy spectra.

Figure 75 presents the energy spectra detected by the simulated array in the two
situations (with and without backing). Individual lines can be barely seen, except
for the 511 keV positron annihilation line. In this simulation the finite resolution
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Fig. 74. (Color online) Energy spectra (MeV) discriminated by particle type (expansion at low
energy). Blue: neutrons; red: gammas. Target only, 2 x 10° primaries.
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Fig. 75. (Color online) Simulated energy spectra (total projection, in MeV) of the array of 139
LaBr3(Ce) detectors with (red) and without (blue) the target backing for the 2°Ne+116Cd reaction
at 230 MeV (same number of primaries: 2 x 109).

of the detector was not introduced. It can be seen that the C backing contributes
significantly with gamma rays of higher energy (above 1.5 MeV) in comparison to
the target only spectrum.

Table 13 shows the expected approximate rates for a typical beam intensity of
1 x 10'2 beam particles/s, extracted from the 2°Ne + 16Cd reaction at 230 MeV,
which is representative of this type of experiment.
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Table 13. Expected rates for the 2°Ne + 116Cd
reaction at 230 MeV (only target).

Target thickness 1.4 mg/cm?
Reaction rate (2.6 b) Rpr = 18 MHz
Cyclotron frequency fe =20 MHz
Reactions/beam bunch k=0.92
Gamma emission Ry = 240 MHz
Neutron emission R,, = 140 MHz
Count-rate/detector Rget = 400 kHz

Efficiency loss due to pile-up effects. The probability of occurrence of a second
hit in the same detector from a high multiplicity event is not negligible. In general,
this second hit adds significant energy to the previous signal and the information of
the original gamma-ray energy is lost. The probability that no additional gamma ray
hits the detector if k reactions occur on average in the same bunch is approximately
given by

Paop(k) = (1 — eor) Motk | (5)

where Mg is an effective multiplicity which, in principle, should be close to the
average multiplicity of the reaction, and e is the total efficiency of the detector.
Figure 76 presents the result of simulations of this quantity, which acts as an
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Fig. 76. Efficiency reduction factor due to pile-up (within the time window of 1 bunch only) as
a function of k from a preliminary simulation of a different LaBrs(Ce) array with 126 detectors
(distributed more or less evenly over the surface of a sphere) of geometric efficiency egeo = % =
0.004 each, in response to radiation of the 2°Ne 4 116Cd reaction at 230 MeV with no C backing
(closed circles). The curve is adjusted to the data yielding an effective multiplicity parameter of

13.8 (continuous line).
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efficiency reduction factor of the detector photopeak efficiency. An adjusted effec-
tive multiplicity of M.g = 13.8 with Eq. (5) adequately describes the data up
to the highest value simulated & = 10 (using ey equal to the geometric effi-
ciency €geo). This Meg = 13.8 value is close to the peak or average value of the
gamma multiplicity M, presented in Fig. 67. The interpretation of the parameters of
Eq. (5) are not so important, as long as it reasonably describes the simulation data
point in the region of interest. Instead, the simulation is more reliable since it in-
cludes all effects, such as Compton scattering between detectors and neutron signal
events.

The simulations were repeated with the configuration of the array of Fig. 70,
which has smaller geometric efficiency per detector, yielding similar results in terms
of Mcg. When the C backing is included in the simulation, one would expect that
the efficiency reduction factor (the no-pile-up probability) would be given by

Pnopb(];;) - (1 — ftot)MkabtPnop(]%) - (1 — Etot)(MbrbtJrMEff)ff , (6)

where 7p; is a new parameter representing the relative probability of occurrence of a
reaction in the backing to that of the target (rbt = Mt ), and My is the C backing

ntot

reaction effective gamma multiplicity. Note that in this approach k continues to be
regarded as the average number of reactions per bunch with the target (therefore
directly related to the DCE production) not including reactions with the C backing,
which adds to the total average number of reactions per bunch: kot = k(1 + ry).
The simulated result, however, is better adjusted with M, = 6 (significantly higher
than the value around 3, expected from Fig. 67). This perhaps can be explained by
the much higher energy gamma transitions present in the backed target spectrum
(Fig. 68), which are likely to produce more scattering and pair creation events.
Again, the interpretation is not so important as long as the description of the
functional dependence is reasonable.

So far we have considered the pile-up probability of signals originated in the very
same beam bunch. Around the integration time of the detector pulse necessary for
adequate gamma energy resolution (typically 200 ns), various other beam bunches
can hit the target (with a typical period of 50 ns), producing additional reactions.
This multiplies the exponent of Eq. (6) by an effective number of bunches N,
corresponding to the integration time plus a couple of beam periods before the
bunch, whose possible pulse tails can significantly degrade the energy evaluation of
the gamma ray of interest. This effect is illustrated in Fig. 77 by the dot-dashed
curve. Figure 77 presents also the effective yield, given by the product of the no-
pile-up probability with k. This shows that pile-up can be a severe limitation of the
yield of the experiment at high beam currents, from around k = 2.

Figure 78 shows an expansion of the spectrum around the 1.294 keV peak. It is
possible to notice a small reduction in peak area as a result of the P, factor. The
increase of background under the peak is also apparent. This effect is explored in
the following subsection.
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Prgp or Y

Fig. 77. Efficiency reduction factor due to pile-up as a function of k (Pnop(k)) from simulation
of a LaBr3(Ce) array of Fig. 70 with 139 detectors with geometric efficiency egeo = % = 0.00154
each, in response to radiation of the 2°Ne + 116Cd reaction at 230 MeV with no C backing (closed
circles). The continuous line curve is calculated with an effective multiplicity parameter of 13.8
(same as in Fig. 76). The simulations with the inclusion of the 1 micron C backing are represented
with the open circles. The dashed curve is for an effective backing gamma multiplicity of M = 6.
The dot-dashed curve considers a number of bunches N = 6, related to the charge integration
time of the signal. The dotted curve represents the effective yield Y = kPpop (k).
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Fig. 78. (Color online) Expansion of the simulated LaBr3(Ce) spectra around the 1.294 MeV
line (from TLF 27 state) at two different values of k for the 20Ne + 116Cd reaction at 230 MeV
with no C backing (green: k = 0.1; red: k£ = 1.0).
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Fig. 79. (Color online) Simulated probability of background generation of at least one signal in
the gamma gate on the transitions associated with the DCE states (green: PLF 27, red: TLF 21,
blue: TLF 01(2)) for the proposed array. 29Ne 4 116Cd reaction at 230 MeV. Dashed curves/open
symbols: without target backing. Solid curves/closed symbols: with target backing. The curves
are from Eq. (7) with the fitted parameters listed in Table 14.

Background probability parameter estimates. As illustrated in Fig. 78, the
background grows with the beam intensity. Systematic simulations can show this
effect in graphical form (Fig. 79). Based on Poisson statistics, the probability of
background generation of at least one signal in the gamma gate on the transitions
associated with the DCE states Pr (the P; parameters appearing in the M matrix
of Eq. (4)) can be approximated by

Pr(k)=1—e", (7)
where b is a parameter depending on the energy of the transition of interest and
on the detector energy resolution, including, eventually, the Doppler broadening.
This parameter can be obtained from the fits to the simulation data. It can also be
experimentally obtained with good precision for each of the transition energies of
interest to the DCE measurement, as well as the efficiencies necessary to construct
the M matrix.

Table 14. Background parameter values of the proposed array for the 20Ne + 116Cd
reaction at 230 MeV.

E, (MeV) State Parameter Value (target) Value (target + backing)
1.294 TLF 2+ b1 0.0056 0.022
1.674 PLF 2+ ba 0.0057 0.031
0.463 TLF 01 (2) b3 0.028 0.063
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Table 14 presents the values obtained for the b parameters in the present simu-
lation evaluation.

6.4.5. Ezpected performance

Typical gamma-ray energy coincidence spectra. Figure 80 presents sample
spectra simulated for the 2°Ne 4 16Cd reaction at 300 MeV for an array consisting
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Fig. 80. (Color online) Simulated coincidence spectra (gated by PLF detection, but with no
discrimination in energy between g.s. and first excited states) for the 2°Ne 4 116Cd reaction at
300 MeV at k = 1.0. Red lines: without Doppler correction; blue lines: with Doppler correction
assuming the speed of the PLF (recoil energy of F = 295 MeV). The shaded spectra are simulated
in the absence of background from the other nuclear reactions (as if at k ~ 0 in a very long
experiment). Right: expansion around the first excited state transitions of TLF (1.29 MeV) and
PLF (1.69 MeV).
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Fig. 81. (Color online) Expansion of the region around the 1.694 keV line (PLF) with (blue)
and without (red) Doppler correction, at k = 1.0 for the 2°Ne 4 116Cd reaction at 230 MeV with
C backing (recoil energy of E ~ 225 MeV).

of the 0.004 geometric efficiency detectors mentioned in Fig. 76. It is assumed that
the spectra is in coincidence with the PLF (both the PLF and the gamma rays were
originating in the same beam bunch), but no discrimination between the DCE low-
lying states (g.s. xg.s., 27 PLF, 27 TLF and 0% (2) TLF, all simulated with the same
cross-section) was performed. The transitions are clearly separated in the spectrum,
the 0.463 MeV line indicating the presence of the 07(2) TLF, the 1.294 MeV line
that of the 2% TLF, and the 1.674 MeV one (after Doppler correction), the presence
of the 2 PLF. As shown in the expansion around the last two, the background
contributes with statistical fluctuations to the evaluation of the cross-section. This
is formally taken into account with the matrix equation of Eq. (3).

Figure 81 presents the result of the simulation of the array of Fig. 70 for the
1.674 MeV peak. A Gaussian fit to the Doppler corrected spectrum yields a FWHM
resolution of 3.73%, while the expected value of the LaBr3(Ce) detector for this
energy (Fig. 66), is 1.47%, illustrating the Doppler broadening effect, particularly
important at near 90° detection angles. This result is better than for the larger
width detectors of Fig. 80.

Typical FPD particle spectra in coincidence/anti-coincidence. Figure 82
presents a typical MAGNEX focal plane detector (FPD) spectrum of the PLF
(290 selected) of the DCE reaction in coincidence with the 1.294 MeV (2 TLF)
gamma-ray gate. Since the photopeak efficiency of the array is much less than
100%, the anti-coincidence spectrum contains a large amount of the 1.294 MeV
excitation energy peak. Conversely, since there are background counts under the
peak of 1.294 MeV in the gamma-ray gate, the g.s. x g.s. (both PLF and TLF in
the ground state) peak, as well as other excitation not physically correlated with
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Fig. 82. (Color online) FPD spectra in coincidence (green) and anti-coincidence (red) with the
TLF 2+ — 0% transition, assuming a 500 keV energy resolution (FWHM). The blue vertical strips
indicate the locations of the exact excitation energies of the DCE exit channel.

this gamma transition (other excitation from the PLF, TLF, and combinations of
both), appear in the coincidence spectrum. Nevertheless, the extracted areas in
coincidence with each gamma transition between the DCE reaction channel states
constitute the area column matrix A of Eq. (4) (the experimental input). Knowing
the efficiencies and background probabilities for each transition which constitute
the M matrix, the number of DCE events of each state can be evaluated together
with their relative statistical uncertainties (and therefore, the DCE cross-sections).
In the 500 keV resolution case, depicted in Fig. 82, a selection can be made in the
central peak, for example, restricting the number of dimensions of the matrix, and,
of course, improving the quality of the results. At high beam energies, however,
the FPD energy resolution may not be sufficient for a clear separation between the
peaks within this energy region. In such high beam energy cases, as well as when the
separation of the DCE g.s. and first excited states is small (deformed mass regions),
the selections in FPD energy spectra are ineffective to improve significantly the
quality of the results, except for the exclusion of much higher excitation energies
populated in the reaction, which is taken for granted up to now.

Achievable uncertainty in the DCE cross-section measurement. Figure 83
presents the final relative uncertainties of the DCE cross-section states after 1 month
of measurement of the 2°Ne+116Cd reaction at 230 MeV with a 1.4 mg/cm? target.
It is assumed that the FPD detectors have selected the energy region including from
the ground to the first three excited states (therefore not including the combined
excitation of the PLF and TLF shown in Fig. 82). For a measurement without
backing, all the states could be measured with a relative uncertainty below 10%,
with & around 1-2. When the HOPG (C) backing (10 microns) is introduced, which
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Fig. 83. Final relative uncertainties in the DCE cross-sections as a function of k with the proposed
spectrometer after 4 weeks of data collection (left: without backing, right: with backing), assuming
1 nb for each of the 4 states: u0: g.s. x g.s., ul: 2+ TLF, u2: 2+ PLF, u3: 07 (2) TLF.

is necessary particularly for the cooling of the lowest melting point target materials
such as Cd or Sn, the uncertainty of the g.s.xg.s. state reaches a minimum somewhat
above 10%, near k = 1. It is foreseen that the thickness of the Highly Oriented
Pyrolytic Graphite (HOPG) foil can be reduced to 2 microns. However, the typical
targets used are also significantly thinner than 1.4 mg/cm? (by 2-3 times, which
could be compensated by an increase of beam current to reach the same k), so, the
actual limit would be intermediate between the values of the two graphs of Fig. 83.
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Fig. 84. Same as Fig. 83 (left: without backing), but excluding the g.s. X g.s. FPD peak (gate
on middle peak of Fig. 82).
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At low beam energies (about 500 keV resolution) it is possible to separate the
g.s.xg.s. peak from the other 3, which can then be measured with help of the gamma
array with improved precision (Fig. 84). This is important because the cross-section
to the 2% states could help to disentangle the contributions from the Fermi, Gamow—
Teller and higher rank operators involved in the DCE reaction.

6.5. Simulation validations
6.5.1. EDEN data

During the experiment NUMENS, when the 20O + 76Se reaction at 275 MeV was
measured, a 30 min test was performed with use of the liquid scintillator detectors
of the EDEN array.®3 These detectors are also sensitive to gamma rays, which can
be selected by 2D gating on Fast:Slow components of the electronic pulse. The
results were published in Ref. 81. It was concluded that the simulations somewhat
overestimate (by about 25%), but correctly reproduce the order of magnitude of
the gamma-ray rates in correlation with the cyclotron beam RF reference, as well
as the shape of the energy spectrum (above the experimental energy thresholds of
the various detectors, around 0.2 MeV).

Another similar test was performed but with a LaBrs(Ce) detector and for the
20Ne beam at 15 AMeV on °Cd or ***C (HOPG) target reactions. Preliminary
results confirm that the simulations, done with various nuclear reaction models
available in GEANT4, reproduce the gamma spectrum shape and total area within
a factor of 2. The results, particularly good for the #*C case, should be sent for
publication shortly.

6.6. Mechanical design

The gamma array space is limited by the other equipment around the scattering
chamber, such as vacuum pumps, beam entrance sliding seal, quadrupole entrance,
robotic arm entrance for target replacement etc. and the target-cooling system.
Only about 20% of the total solid angle is actually available for placement of the
gamma-ray detectors.

The LaBrs(Ce) detectors with 38 mm diameter and 50 mm length are arranged
mainly in six conical rings as presented in (Fig. 110). Their axes will be directed
toward the target with polar angles between 45° and 65° relative to the beam axis.
This profits from the expected angular correlation of the gamma rays from DCE
reactions with the PLF detected near 0° in the MAGNEX PID wall, peaked at
45° and 180 — 45° as in a electric quadrupole L = 2, M = 0 antenna. The total
number of detectors in the array is 110, somewhat smaller than the number used
in the simulations (139). However, the angular correlation effect approximately
compensates for the reduced number of detectors resulting in the same effective
detection efficiency for the DCE cases. In the detailed development of the project,
this number of detectors might be slightly modified.
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6.7. Electronics design

In order to be consistent with the general architecture of the electronic system for
NUMEN, it was concluded that the best solution is to use LaBrs(Ce) scintillators
coupled to standard photomultiplier tubes (PMTs) read-out, which allows also for
the best energy and timing resolutions. The signal can then be directly sent to
digitizers, and processed in the same manner as the pre-amplified signals from
other detector arrays of the NUMEN system.

The gamma-ray data should be taken in coincidence with the FPD of the MAG-
NEX spectrometer. The time of each gamma-ray signal should be measured with
relation to the cyclotron RF signal to ensure best resolution.

The FPD signal, with timing also referred to the cyclotron RF signal, if present,
validates the gamma array signal processing enabling its conversion. If not present,
the gamma signal conversion is aborted to reduce storage space. In order to avoid
excessive rates in the data collection, the region of interest of the focal plane posi-
tion, where the ground and first excited states of the DCE reaction channels appear,
can be physically limited by introducing movable blockers. The precise positioning
of these blockers can be adjusted in a low beam intensity run at the beginning of
the experiment. After that, with the blockers in place, the beam intensity can be
raised to planned final rate for the subsequent experimental runs. Besides limiting
the dead time and the data acquisition rate load, this procedure is useful to reduce
the radiation damage to the other sensors of the FPD which are not directly in-
volved in the DCE reaction selection of the specific experiment. It is expected that,
with this approach, the data rate is kept below about 1 MHz, which is manageable
by the electronic system.

In order to measure the Pr background parameters of the various transitions of
interest, a sampling of the gamma data of nonphysically correlated beam bunches
(those before and after the coincidence bunch correlated with the FPD detection
time) will be collected.

7. Front-End and Data Acquisition
7.1. Introduction

The primary task of the NUMEN front-end and data acquisition system is to cope
with the huge analog data rate coming from the detector subsystems. Then data
have to be converted to digital and finally transferred to a storage system via large
bandwidth channels.

Due to the intrinsic nature of the MAGNEX magnetic spectrometer the track-
ing algorithm is quite complex and consequently slow. Indeed it requires to sample
the signals from many strips and to recognize those which belong to a track, per-
forming weighted averages of signals from neighboring wires and matching them
to signals from telescopes in the PID detector system. Processing and triggering
the 90k events/s/strip expected maximum rate in real time, would require a too
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challenging effort. Therefore only typical noise suppression by means of thresholds
on individual signals is realistically foreseen.

Concerning the particle identification wall, the maximum expected event rate is
just below 15k events/s/telescope in the median horizontal line of telescopes, being
the average rate 5k events/s/telescope. In this case one can think of performing a
noise reduction by means of thresholds and elementary AE — E coincidences.

The gamma CALORIMETER will face a huge incoming event rate whose han-
dling will presumably be possible only during dedicated runs with a reduced beam
current.

The basic DAQ requirements for the three subsystems can be summarized as
follows:

e TRACKER: medium energy resolution, 1 ns time resolution, very high speed.
e PID: high-energy resolution, 1 ns time resolution, high speed.
e CALORIMETER: high-energy resolution, 1 ns time resolution, very high speed.

The originally proposed solution based on the VMM3 ASIC was discarded in
favor of a better suited solution based on commercial products. This would be
quite beneficial from the point of view of the maintenance and repair, hardware/
firmware updates, backward compatibility in case of new developments and pro-
ducts. Obviously, the question was whether a feasible commercial solution existed,
and it sounded reasonable to try opting for a digitizer approach with underlying
FPGA firmware/hardware. Such an approach would be powerful and flexible, as it
is open to tuning and rearrangements that in case of more traditional electronics
would require hardware replacements. However, within a digitizer framework the
idea of recording the waveforms is not suitable at all, due to the large number
of channels and to the continuous mode of operation of the accelerator (in other
facilities, with 1-2 s long duty cycles and smaller number of detectors, there is time
between beam bursts to store the acquired waveforms).

Therefore several possible solutions were investigated, all making use of multi-
channel modules produced, or being finalized, by CAEN. The tests were done in
collaboration with CAEN, and at first the idea was to make use of different modules
for different kinds of detectors, in order to reduce the overall cost by choosing for
each subsystem a module family better tailored to its features. The front-end read-
out system (FERS) module (64 channels), currently being developed, was tested as
a candidate for the tracker along with digitizers operating at 62.5, 100, 500 MHz
sampling rates. The same digitizers were tested as candidates for the PID wall and
for the calorimeter, showing that a 100 MHz digitizer can satisfy the signal require-
ments of all the four detector types (i.e. tracker, SiC, Csl, LaBr), even though the
PID could in principle be served by a 62.5 MHz digitizer. However, mixing different
types of modules would require a considerable complication of the read-out archi-
tecture. Moreover, CAEN is currently finalizing a new high-performance 64-channel
digitizer with 125 MHz sampling rate (VX2740),%* which has also been chosen by
the Darkside experiment.®> Such a module, shown in Fig. 85 and whose operational
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Fig. 85.

The newly developed CAEN VX2740 digitizer module.
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Fig. 86.

Block scheme of the VX2740 digitizer operational features.

features block scheme is depicted in Fig. 86, would provide several advantages:

uniform front-end and read-out hardware architecture;
reduction and simplification of the spares;
programmable signal handling algorithm, tailorable to each detector type;
very good energy resolution, 16 bit conversion;

very good timing capabilities, in 8 ps steps;
pile-up detection and tagging;
high data throughput;
cost reduction due to purchasing only one model, with the additional benefit of
being the same as in another important INFN experiment.

The VX2740 digitizer development is still being finalized: the hardware is ready
whereas the firmware for the FPGA is still being tuned in order to accommodate also
some special requests from the Darkside experiment. The new generation FPGA has
quite a higher number of gates with respect to previous digitizers, thus allocating
more hardware-emulating algorithms and a quad-core processor hosting a real-time
Linux operating system.
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Fig. 87. Test signal from the A1442 preamplifier, corresponding to 1 MeV in silicon, sent to
the digitizer. Shown are the bipolar signals, obtained with a suitable numerical transform and the
corresponding (zero crossing) triggering time, the peaking time when the pulse height measurement
is done. The numerical analysis is done in real time by the on-board FPGA.

7.2. Tests of digitizers with TRACKER-like and PID-like signals

Unfortunately at the time of this test there was no VX2740 prototype available,
therefore the test was performed with another digitizer of an older generation,
the V178286 with slightly worse features: lower sampling rate (100 MS/s), smaller
number of input channels (8), lower performance FPGA. The PHA algorithm of
the VX2740 is the same as in the V1782, whereas the timing algorithm has been
improved in order to perform a high precision interpolation of the zero-crossing,
making possible a time resolution of the order of few tenths of ps. The test setup
included a signal generator, a CAEN A144287 preamplifier, a V1782 digitizer. The
signal sent to the test input of the preamplifier was tuned in order to correspond
to a 1 MeV equivalent in a silicon detector.

Figure 87 illustrates the operation of the Fast filter and Trigger parts of the
PHA algorithm (upper sections of Fig. 2). The output from the preamplifier, corre-
sponding to 1 MeV in silicon (=0.5 MeV in SiC and ~ 30 MeV for 160 ions in CsI)
is sent to the digitizer and is shown as acquired in waveform mode. A suitable recur-
sive numerical transform implementing a CR-RC2 filter produces a bipolar signal.
The corresponding zero-crossing time is highlighted and used as triggering time.
Figure 88 illustrates the operation of the Energy part of the PHA algorithm (lower
section of Fig. 86). Another suitable recursive numerical transform on the digitized
input signal produces a trapezoidal shape, whose flat-top height is proportional to
the input signal amplitude, i.e. the energy. The peaking time indicates where on the
flat top the pulse height measurement is done. All of the above numerical analysis
is done in real time by the on-board FPGA, not introducing additional dead time
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Fig. 88. The same test signal from Fig. 87, with the corresponding trapezoid obtained by means
of a suitable transform performed in real time by the on-board FPGA.
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Fig. 89. Energy resolution measured in the same configuration of Figs. 3 and 4 with 1 MeV
equivalent test signals from the A1442 preamplifier and the V1782 (100 MS/s) digitizer in Pulse

Height Analysis (PHA) mode.

and therefore resolving or tagging the signal pile-up depending on the relative delay

between two consecutive signals.

Figure 89 shows the amplitude spectrum obtained under these test conditions.
The 4 keV silicon equivalent FWHM resolution indicates the additional noise
contribution to be expected from this electronic setup in a measurement with a
real detector as input. The same test was done with a DT5730 digitizer (500 MS/s,
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Fig. 90. Test signal from the A1442 preamplifier, corresponding to 1 MeV in silicon sent to a
differentiating stage with time constant ~ 100 ns and then to the QDC digitizer.
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Fig. 91. Energy resolution measured with 1 MeV equivalent test signals from the A1442 pream-
plifier using the DT5730 digitizer (500 MS/s, 14 bit) in QDC mode. The integration gate was
optimized at 1 us.

14 bit®®) running the QDC charge integration algorithm. The preamplifier output
was sent to a differentiating stage with time constant ~ 100 ns in order to match
the digitizer input specifications, and the integration gate was optimized at 1 us
(Fig. 90). The resulting amplitude spectrum, shown in Fig. 91, has a worse 30 keV
silicon equivalent FWHM resolution, thus clearly indicating the better quality of
PHA with respect to QDC.
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Fig. 92. The FERS module board.

7.3. Test of FERS with TRACKER-like signals

A recently developed module named FERS®? (Fig. 92), based on two CITIROC-1A
chips, was tested in order to assess its possible use with the TRACKER. subsystem.
It features 64 fast analog input channels with amplifier and shaper, can sustain up
to 20 Mcps/channel and was originally thought for read-out of Silicon Photomulti-
plier (SiPM) arrays. As digitized output one can choose the integrated charge or the
time-over-threshold (ToT). Unfortunately the gain range available on the chip is
not high enough for the TRACKER requirements, and the signals needed an addi-
tional preamplification stage before entering the module. The output is nonlinear,
even though linearizable, but unfortunately the final dynamic range resulted too
narrow to be useful for NUMEN’s purposes. Therefore, also in light of the additional
complexity arising from the supplementary preamplifiers required, this solution was
discarded.

7.4. Test of a digitizer with CALORIMETER-like signals

In order to assess the feasibility of a digitizer solution for the gamma CALORI-
METER read-out two scintillators, coupled to photomultipliers, were placed face
to face with a 22Na 871 source in between producing two back-to-back gamma rays
of 511 keV energy and a single one of 1274 keV (Fig. 93). The scintillators were a
1.5” x 2" CeBr3 and a 2" x 2 LaBrs. Figures 94 and 95 show oscilloscope snap-
shots of the respective signals. As mentioned before the test was performed with the
V1782 digitizer which has worse performance than the planned VX2740. Nonethe-
less the test results were much better than expected, as will be shown in the follow-
ing. The signals from the photomultiplier tubes were directly fed into two digitizer
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Fig. 93. The setup employed for energy and time resolution of the gamma CALORIMETER by
using a V1782 digitizer (100 MS/s). Two scintillators, coupled to photomultipliers, were placed
face to face with a 22Na 8% source in between producing two back-to-back gamma rays of 511 keV
energy and a single one of 1274 keV. On the left a CeBr scintillator, on the right a LaBrs3 scintil-
lator.

Fig. 94. Snapshot of the signals from the LaBrg detector. The 511 and 1274 keV signals are well
defined. The overall duration of the signals is about 120 ns.

channels and the PHA analysis parameters were tuned accordingly but not strictly
optimized, in order to test the system behavior under realistic, not perfectly tuned,
conditions. Figure 96 shows the result of the PHA algorithm on a typical LaBr signal
with a nicely flat-top trapezoid, and Fig. 97 the corresponding amplitude spectrum.
The measured FWHM resolution at 511 keV was 4.5% (CeBrs) and 3.4% (LaBrs),
roughly scalable to 4% and 3% at the 662 keV of the '37Cs peak. At variance with
the VX2740 the V1782 digitizer cannot perform any on-board timing interpolation,
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Fig. 95. Snapshot of the signals from the CeBrs detector. The 511 keV signals are well defined,
even though with a very slightly worse resolution; the 1274 keV signals are not clearly evident.
The overall duration of the signals is about 130 ns.
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Fig. 96. A sample signal from the LaBrs detector, exactly as expected from the gamma
CALORIMETER, acquired and handled by a V1782 digitizer (100 MS/s). The corresponding
trapezoid obtained by means of a suitable transform performed in real time by the on-board
FPGA is shown along with the indication of the trigger time and the peaking time.
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Fig. 97. Amplitude spectrum obtained with the LaBr scintillator and a 22Na source, under the
conditions of Fig. 96.
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Fig. 98. Coincidence time spectrum between the CeBr and LaBr scintillators hit by back-to-back
511 keV gamma rays emitted by a 2?Na source. The FWHM resolution is well below 1 ns.

due to FPGA limitations, therefore a number of waveforms were acquired and the
interpolation between two points around the zero-crossing was performed offline.
The coincidence time spectrum between the two scintillators was built and plotted
in Fig. 98, showing an FWHM resolution of 0.87 ns. The same test was done by
replacing the V1782 digitizer with a high performance DT5730 (500 MS/s, 14 bit),
employing the PHA firmware and the on-board time interpolation, and obtaining
the same result.
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7.5. Radiation hardness

These new generation digitizers, as can be seen from bibliographical references,
are used by NASA for the space missions and are immune to Neutron Single-
Event Upset in case of thermal neutrons.?> 3 For LET Single-Event Latchup (SEL),
instead, there is a threshold of ~ 125 MeV-cm? /mg (i.e. 30 MeV in 1 um silicon)22:93
and they are also expected to be immune to SEL. This will be checked with some
tests and, just in case, attenuated with polyethylene screens (1 cm of polyethylene
is sufficient to take neutrons of 50-60 MeV below 10 MeV).

7.6. Summary and conclusions

In light of the results and of the consequent considerations a few alternative possible
strategies have been deemed technically feasible, with different complexity and per-
formance. In the end a strategy was chosen that optimizes the performance while at
the same time simplifying the general architecture. This means choosing the most
recent development, i.e. the VX2740 digitizer, for all the subdetector types. In a
small-scale system one could save money by tailoring the detector front-end with
the minimum performance that matches the requirements. In a case like NUMEN
it comes out that diversifying the DAQ electronics with respect to each detector
subsystem would result in a stronger effort in terms of complexity, money and
manpower, both for the development and for the operational phases. Moreover, the
chosen digitizer would allow to stay in the same production pipeline as the Darkside
experiment, thus further reducing cost and supply time. A summary of the detec-
tor requirements with the corresponding input data rate and possible front-end and
DAQ electronics is reported in Table 2. The most convenient candidates, both in
terms of performance, complexity, handling, spare parts, maintenance and overall
cost, are highlighted.

The use of a single module for all the subsystems simplifies enormously the
hardware global time synchronization, mandatory to have a unique time stamp for
the offline event reconstruction. Indeed the data volume is so large that there is no
possibility to make use of a single data stream, therefore several independent high
speed data read-out streams will flow separately. The output data structure of a hit
channel is listed in Table 15. A special event will be generated every 100 ms with
the function of global time synchronizer, to prevent possible misalignments of the
separate read-out data streams.

Table 15. The 9-byte data format for each hit channel in the digitizer module.

Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte 6 Byte 7 Byte 8 Byte 9

Module/Channel ID | Coarse time stamp (0-134 ms) | Fine time (8 ps step) Energy

16 bit 24 bit 10 bit 16 bit
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The overall data output rate depends on the NUMEN running mode. Two modes
are foreseen: inclusive and exclusive. The inclusive mode, for shorter periods at high
beam current (nominal 103 pps), does not consider coincident CALORIMETER
data whose rate would be prohibitive. The expected read-out data rate in such a
case is 2610 MB/s, i.e. =00 MB/s from the TRACKER, = 54 MB/s from PID-AFE
and 54 MB/s from PID-E.

The exclusive mode, in coincidence with the gamma CALORIMETER, is only
feasible with lower beam current (nominal ~ 102 pps), and in such a case the
expected read-out data rate is ~571 MB/s, i.e. 510 MB/s from the CALORI-
METER and ~61 MB/s from the other subsystems. The possible selection of
regions of interest by an appropriate gating of the signal amplitudes at the input
of the VX2740 can significantly filter out unwanted signals from G-NUMEN. In
a typical DCE experiment the gamma rays of interest have well-known energies,
thus allowing the definition of narrow regions of interest within the spectrum and
a consequent reduction of a factor of 10 and even more in the data collected by
the calorimeter. In addition, a careful masking of the FPD by the insertion of thick
metallic screens upstream the entrance window of the detector, can strongly sup-
press the count rate of the tracker, the PID-AE and PID-E when the focus is on
transition to DCE ground state in both inclusive and exclusive modes. As a conse-
quence the overall data throughput can be realistically maintained below 100 MB/s
even in the challenging exclusive mode.

The VX2740 module features a front panel 10 Gbit Ethernet interface, which
supports a very high data rate. By suitably choosing a dedicated Ethernet configu-
ration/interconnection the total data flow can be reasonably split into a few lower
bandwidth logically coherent streams.

8. Integration of Mechanical Devices

The new components for NUMEN have to be mechanically and electrically in-
tegrated with the old existing ones. At the same time, new components present
complexities that require specific integration studies for each of them, some have
already been described partially or completely in other sections as result of dedi-
cated R&D activities.

The present spectrometer MAGNEX includes a platform (Fig. 99) on which all
elements of the apparatus are placed.

The platform is a key component because it allows a continuous rotation, by
using a dedicated circular rail, in a range between —20° and +90° of the spectro-
meter around the object point located at the target axis. The rail features 40 mm in
height and 150 mm wide, the external radius being 5900 mm and the internal one
5750 mm. The scattering chamber, (with exclusion of the target holder system),
the quadrupole, dipole and FPD are bound to the platform and then they can
be positioned in-built with the structure at a specific angle as requested by the
benchmark channel under study.
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Fig. 99. Present MAGNEX spectrometer. The rail on which the platform can rotate is visible
foreground. The quadrupole and dipole on the platform are indicated.
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Fig. 100. Top view of the platform of MAGNEX. The measurements are listed on the drawing.

This rail and the platform will be reused for NUMEN, even if an in-depth
maintenance is mandatory for the movement system during the refurbishment phase
of the spectrometer. The overall dimensions of the platform are shown in the top
view of Fig. 100.
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The existing quadrupole and dipole are re-used even if they will be upgraded for
what concerns the power supply and the cooling system of the coils according to a
new cooling framework of the laboratory. A new scattering chamber and target, as
well as the detectors of the FPD have been designed to be compliant with the new
physics requirements. The installation of new detectors for ~-rays is planned close
to the target, too. In addition to the existing setup, a beam dump will be installed
in the MAGNEX hall. In the following subsections new parts that have not been
discussed in other sections will be presented offering the results of the integration
study and design:

e The scattering chamber,
o The vacuum chamber,
e The beam dump part.

8.1. The scattering chamber

The scattering chamber, designed for the NUMEN experiment, is a challenging part
to be studied? because it has to fulfill new constraints in addition to the typical
specifications already present in the old one.

The internal volume of the chamber has to be kept at a residual pressure ranging
in the interval of 107® = 10~% mbar using suitable pumping system.

The chamber has a sphere-like shape and it is appropriately placed on the
MAGNEX platform. It must rotate around its vertical axis which corresponds
to the axis, passing through the spectrometer object point and to the target
axis.

As it was already described, the target holder has been designed to contains a
target made of the isotope under study, a raw substrate, an empty frame and an
alumina target for the beam diagnostic and alignment.

Since the target with the isotope needs to be cooled, during the measurement,
a cooling system has to be integrated taking into account that a linear vertical
motion of the target is requested.

In order to set the MAGNEX accepted solid angle window, four independent
slits are requested equipped with two blades each able to move independently in
opposite directions to define the free opening to the passage of the ions.

Specifically for the ray reconstruction purposes, a pepper-pot able to select only
selected groups of ion tracks is requested downstream the target.

Due to radioprotection rules it is not possible to measure the beam current
at full power within the scattering chamber, this measurement being performed
inside the beam dump by a suitable Faraday cup (F1). Nevertheless a Faraday cup
(F2) for a power lower than 10 W is foreseen. Therefore a suitable mechanism to
place F2 in and out along the beam line and downstream the target has to be
studied too.

The high intensity of the ion beam together the foreseen range of the energy
per nucleon poses a not negligible problem of radiation dose inside the chamber.
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Fig. 101. View of the scattering chamber.

The activation of materials is not excluded and therefore it becomes important
to solve the problem of replacing the target following its breakage or deterioration
or in any other case it is needed.

An automated system capable of replacing the target must be designed and
prepared to act in place of an operator’s intervention.

The chamber is made of stainless steel, 3 mm thick towards the gamma detector,
in the remaining parts ribs aid the mechanical stability. Its radius is 230 mm.

A turbomolecular pump limits the residual pressure below 10~ mbar.

Figure 101 shows the chamber, further details and parts will be motivated and
illustrated in the following subsections.

8.1.1. Sliding window

The incident beam will be transported to the MAGNEX experimental hall using
two different lines, the High Intensity (HI) beam line and the Low Intensity (LI)
beam line. A 70° angle rotation of the platform around its axis allows to align the
optical axis of the apparatus along the two beam lines, respectively bringing it in
configuration HI or configuration LI. Since the scattering chamber is in-built with
the platform, each configuration requires its connection to the relative beam line.
The physics cases planned to be studied in the configuration HI ask for two
angular positions of the apparatus with respect its optical axis, +3° and —3°. In
the LI configuration, the requested rotation angle ranges between —6° and +25°
with respect to the optical axis of the apparatus. Figure 102 shows a schematic
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Fig. 102. Scheme of the two configuration of NUMEN: High Intensity (a) and Low Intensity (c).
The (b) scheme represents the intermediate situation where the target system is not yet rotate
for the LI mode. The dotted line represents the optical axis of the whole apparatus.

representation of the two possible configurations for the scattering chamber and
the rotation angle range.

Since the target system is integral with the hall floor, it cannot rotate, then
the target has to be independently rotated on the top of the cold finger, follow-
ing the rotation angle existing between the HI and LI configurations, to be again
perpendicular to the beam line.

The scattering chamber is connected to the HI beam line with a bellows. In
the case of the connection with the LI beam line, a system is built that allows the
sliding along the wall of the chamber while keeping the vacuum seal.

8.1.2. Target-cooling system

The target-cooling system includes the cryo-refrigerator and the target clamped by
a copper frame on the top of its cold finger.%*

In Fig. 103 a simplified section of target holder on the cryo-cooler is presented.

The vertical movement of the cryo-refrigerator is obtained by means of a vertical
movement actuator placed beneath and guided by a cylinder; a bellow guarantees
the requested stroke. The maximum axial load of the actuator is of 700 N and its
vertical stroke is of 100 mm with a repetition accuracy of £ 0.05 mm and a reversing
backlash less than 0.1 mm. The integration of end switches and mechanical stops
are foreseen. A series of flanges, fixed on the chamber base and integrally fixed to
the guide cylinder allow the relative motion between the chamber and the target.
These flanges house vacuum seals. In Fig. 104 a rendering of the target-cooling
system is presented.

The disassembly of the cryo-refrigerator is obtained by dismounting the upper
flange and by decoupling the cryo-refrigerator from the actuator and the helium
pipes. In fact, pipes connect the cryo-refrigerator (a single stage cryo-cooler can be
used with a suitable adapter towards the target support) to its compressor that has
to be placed some meters far from the target system together a chiller based on
water.
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Fig. 103. Simplified section of the target holder on the top of the cold head of the cryo-cooler.
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Fig. 104. Details of the parts around the cryo-refrigerator.

The choice of the type of seals and the material that has to be used is a challeng-
ing step in the design of the chamber because the expected radiation level at the
maximum power of the ion beam may have an impact on that. EPDM o-rings and
PEEK material show a acceptable tolerance (by Compilation of Radiation Damage
Test Data, CERN) to radiation for their use in NUMEN.
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Fig. 105. The setup of a reduced scale scattering chamber that implements the target-cooling
system: (a) internal view and (b) outside view.

8.1.3. Prototype of the target-cooling system

To study the target-cooling system, a first prototype of a reduced scale scattering
chamber has been built using a preexisting cryo-refrigerator, based on a cold head
COOLPOWER 5/100. It has to be noticed that its refrigerating capacity does not
cover the complete range requested by NUMEN (less than 20 W), nevertheless the
concept of the proposed cooling system can be validated.

The cold head was connected to a vacuum system composed of a six flange sphere
and on the top of its cold finger a prototype of the target support was screwed.
The heating source was a infrared diode-laser and its light was transmitted up
to the target using a suitable optical fiber. A Si-diode measures the temperature
below the upper plate of the cold finger. An infrared camera was arranged outside
a germanium window to take pictures of the target surface allowing the evolution
study of the system under irradiation and heating. Figure 105 shows the inside and
outside the reduced scale scattering chamber.

Using the infrared diode a Te target made of an 800 nm layer of tellurium
evaporated on a graphite substrate 10 pm thin was tested.

Two tests were performed at two different optical powers. Using the same experi-
mental setup described above, the fiber end was placed in front of the target about
1 cm away.

Two optical power values were tested inside the target, 16.5 W and 19.6 W.
Figure 106 shows the temperature trends measured on the cold finger and in the
center of the target during the two tests that had the purpose of verifying the refri-
geration capacity of the cryo-cooler and then a stable behavior of the two measured
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Fig. 106. (Color online) Temperatures of the cold finger (triangles) and of Te target (circles) at
two different optical powers provided by a infrared laser diode: 16.5 W (blue) and 19.6 W (orange).

temperatures. By observing the stable values of temperatures the produced heat-
ing inside the target is completely removed from the cooler, even if the measured
temperatures of the cold finger are lower than the expected ones, less than 10%,
with respect the calibration curve of the cryo-refrigerator. The explanation could
be found in a reflection on the surface of the target and/or also in the fact that the
temperature of the cold finger is measured a few cm away from the top of its upper
plate.

8.1.4. Slit system, pepper-pot and Faraday cup

To control the acceptance of the reaction products towards the FPD, a slit system
is requested.

The interaction products are expected to be emitted in a cone of about +7.5°
in the vertical direction and about +6.5° in the horizontal direction.

The slit system features four blades, each of them can be moved independently
by a dedicated motor on a individual level along the beam axis.

The most suitable material for blades is tantalum (less than 2 mm thick) which
limits neutron production from light-ion interaction and guarantees high tempera-
ture tolerance. Alternatively molybdenum could be used.

In Fig. 107 the drawing of the system is presented, blades with their rails.

It was estimated that the maximum power that has to be dissipated in each
blade is less than 1 W. Therefore a simple cooling can be obtained via a metallic
contact.
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Fig. 107. (Color online) Drawing of the slit system. The pepper-pot is in red color.

A pepper-pot is operated with a dedicated linear drive and on demand it can be
moved to intercept the ion beam for trajectory calibration purposes. It is positioned
upstream the lower blade of the slit system.

The Faraday cup inside the scattering chamber measures the DC current of the
beam. It will be inserted along the beam axis to provide information when the ion
beam power does not exceed a few tens of Watt.

8.1.5. Target handling system

The target handling system is composed by a pick and place structure?® completed
with a storage system. The moving structure is based on the use of a servo wrist
unit (WU-M by IAI) connected to a pneumatic gripper (Schunk KGG 60/20) that
grips the target holder from the top (Fig. 108). The wrist allows the target holder to
turn around his main axis and also a rotation of about 180° around an axis parallel
to the beam direction. When the unit is in gripping position and the gripper clamps
the target holder, the downwards movement of the cold finger allows the decoupling
of the two structures; the wrist now can rotate the holder by 90° around his main
axis then again 90° around the other axis in order to allow the outgoing movement.

The internal operations are allowed by the presence of a gate valve that can
seal the complete manipulator out of the scattering chamber. The outgoing as well
as the in-going movements are allowed by the presence of an external structure
which supports a pneumatic cylinder with length of 800 mm (SMC C96 series
double effect), the translation is also supported by two cylinders bearing linear
guide (Fig. 109).
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Fig. 108. Renderings of the inner part of the scattering chamber, the manipulator is in the
gripping position and the cryo-cooler is disconnected and lowered.

Fig. 109. (Color online) Renderings of the outer part of the scattering chamber with a detail of
the storage position. In blue the gate valve.

The target holders are positioned on a rack that can be moved with the help of
a linear servo-axis, in order to change the selected position. The lifting movement
used to couple the target with the rack is given by two membrane cylinders coupled
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Fig. 110. Sketch of the gamma detector with its LaBr3 cylinders.

by two limiters. This structure constitutes a simple storage system with up to six
houses.

The offered solution guarantees already great reliability to the process and posi-
tioning precision.

8.1.6. Gamma detector

The gamma-ray spectrometer composed of 110 LaBry(Ce) scintillator detectors,
each with its photomultiplier, will be installed around the scattering chamber, the
sensors face at about 240 mm from the target. Since the expected radiation level is
high, and this part of apparatus is very crowded with mechanical components and
instrumentation, it became very difficult to operate on the gamma-ray detectors.
To cope with this problem a solution is under study, is foresees a specific spherical
like shape support split in many parts. Automatic systems guide each part towards
and away from the chamber.
A sketch of the system is presented in Fig. 110.

8.2. Vacuum chamber

The FPD vacuum chamber follows the dipole and it is a challenging element of
NUMEN.

It has some well-defined, mandatory characteristics and also a very precise func-
tionality. Some of these requests are listed as follows:

o It must resist mechanically to vacuum, at values of 1075 = 1075 mbar.
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Fig. 111. Simulations of 2°Ne and 180 beam size on X and Y planes at the gate valve immediately
after the dipole and at the vacuum chamber exit.

e It must accommodate the whole Focal Plane Detector (FPD) that works in low
gas pressure.

o It must be able to take out of the vacuum volume both the high intensity 2°Ne
and '®0 beams.

The development of the vacuum chamber is based on simulations whose results are
presented in Fig. 111.

In the —3° MAGNEX configuration, the 15 + 34 MeV 2°Ne beam size ranges
from 4 mm to 70 mm in X plane and from 45 mm to 64 mm in Y plane on a
distance of 1200 mm from the gate valve at the exit of the dipole. Similarly, in the
+3° MAGNEX configuration, the 15 < 60 MeV 80 beam size ranges from 54 mm
to 16 mm in X plane and from 39 mm to 66 mm in Y plane on a distance of
2000 mm. One can note that the 0 beam converges in the X plane instead the
20Ne diverges in the same direction. From these resulting beam spot a reserve of
15 + 20 mm was added to the beam envelope for safety considerations. The reason
to evaluate the 2°Ne beam over a distance of 1200 mm and the '¥0O beam over a
distance of 2000 mm is shown in Fig. 112. In addition, both the beam pipes are
sketched in the vacuum chamber (Fig. 112).

In the past the FPD was connected with the vacuum chamber and for the
fine tuning of its position, a bellows allowed the movement of the whole system
in a direction perpendicular to the gate valve, after the dipole. In the new setup
the bellows is not foreseen since the two beam lines leaving the vacuum chamber
are rigidly fixed to it, the fine focusing of the ejectiles is then obtained with the
upgraded dipole surface a-coil. A 3D model of the FPD is presented in Fig. 113.

Connections to the two lines for 2°Ne and '®0 beams are represented on the
right of the FPD chamber.
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Fig. 112. The beam pipes shapes and sizes through the vacuum chamber, top view.

Fig. 113. 3D drawing of the MAGNEX apparatus. The vacuum chamber is on the right of the
setup, in gray.

8.3. Beam dump assembly

The beam dump assembly includes the two beam lines that transport the ions
from MAGNEX to the beam dump to stop the beam in a safe mode. Each line
includes a bending magnet and a quadruplet composed of two quadrupoles and
two steerer magnets. Each line serves different physics cases that allow ion beams
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Fig. 114. Scheme of the MAGNEX room. Configuration A of the magnet quadruplet: the platform
shows its axis at —3° with the beam direction of the new line from cyclotron. Configuration B of
the magnet quadruplet: the platform shows its axis at +3° with the beam direction of the new
line from cyclotron.

leaving MAGNEX on the two sides of the FPD. The two configurations for the two
beam lines are shown in Fig. 114.

During the measurements, MAGNEX spectrometer can be placed in two dif-
ferent configurations. In configuration A the axis of the spectrometer will be at
—3° with respect to the High Intensity line; in configuration B at +3°. The beam
trajectory to the beam dump will be different in the two cases, thus two different
lines have been designed accordingly.

8.3.1. System to displace the magnet quadruplet

Instead to mount two different sets of magnet quadruplets for the two lines, to save
money, it has been proposed a solution of a unique quadruplet set serving both beam
dump lines. The total size of the quadruplet is about 100 cm in height, 100 cm in
width, 150 cm in length. FEach steerer magnet features about 800 kg weight, the
first quadrupole about 1000 kg weight and the second one about 3000 kg weight.

Different solutions were considered for the handling of the magnet quadruplet.
It is impossible to use a forklift for the limited available maneuvering space.

The use of a crane can be suitable considering not only the movement neces-
sity of the quadruplet of magnets, but also the possible request for assembly and
disassembly of the vacuum chamber containing the detectors, positioned after the
dipole. However, this solution requires a sufficient height to carry out the move-
ment maneuver that excludes the use of a bridge crane, complicated also by the
positioning of the feet of the bridge that would be found along the trajectory of the
MAGNEX apparatus going from HI to LI configuration.

Focusing on the movement of magnets quadruplets only, their support could
become a suitable cart. In that case a specifically designed rail system has to
be integrated in the project. However, the rotation of the magnet quadruplet is
mandatory to guarantee the alignment of the system along the beam pipe, even
if the positioning with respect the beam line demands for a leveling system that
guarantee precise adjustments.
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Fig. 115. View of the two steerers and of the two quadrupoles and their leveling system.

However, the route must bypass the MAGNEX rail (4 cm height).

Different solutions were analyzed for the rail system, rectilinear sections are the
simplest solution. A piece of rail will be disassembled for the passage of MAGNEX
in case this apparatus should connect at 0° with the existing beam line.

The cart includes height leveling mechanisms to align the magnet quadruplet
axis to the beam line (Fig. 115) and a slewing gears that guarantee the connection
of the magnet quadruplet to one out two ion lines alternatively

9. Development of Radiation Tolerant Targets
9.1. Aims and requirements

The goal of the target development activity is to design and build a number of very
thin targets of specific enriched isotopes, to be irradiated with intense ion beams
during the NUMEN experiments.

The main issues to deal with arise from the thickness of the target, which affects
the energy resolution of the reaction product detection, and the dissipation of the
heat produced in the target by the beam energy loss.

The proposed solution is that each target is made by deposition of few
100 pg/cm? film of the isotope of interest on a few microns thick support of HOPG,
whose tasks are to withstand the target, to fully strip the reaction products, and
to quickly transfer the heat to the target cooler.

After a number of trials and tests, the materials characterization procedures
have been defined and the deposition parameters have been optimized, in order
to minimize the effects of the thickness and rugosity on the energy resolution.
Moreover, the cooling technique is under control: for each target, the maximum
allowed values of the ion beam intensity can be evaluated, to avoid damages by
heat.
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The production of about 15 target-cooled systems per each isotope of typical
thickness ranging from 150 to 500 ug/cm? is planned for the NUMEN Phase 4
experiments. Such targets will be produced at INFN-LNS laboratory.

During the experimental campaigns of the NUMEN project at the LNS Catania
upgraded facility (NUMEN Phase 4), heavy-ion induced DCE reactions will be
measured on different target isotopes. A list of the main ones is given below: **Ca,
48Ti, 76Ge, 7686, 8286, QGZI.7 100M0, 1OGCd, 116Cd, 110Pd’ 1108I17 HGSH, 124S117 128Te,
130Te, ISOXG, 136Xe, 148Nd, 150Nd, 1548111, IGOGd, 198Pt.

The main constraints in the design of the NUMEN target system come from:

(1) the heat deposited by the beam in the target;
(2) the resolution on the energy measurement of the DCE reaction products;
(3) the required compactness of the whole target/cooling system.

The first issue is related to the very intense, relatively low-energy heavy-ion
beams which will be used in NUMEN Phase 4. It is planned to use '*O and ?°Ne
beams with an intensity up to 13 and 17 pA, respectively, with energies ranging from
15 MeV /u to 60 MeV /u. The beam spot will have a rectangular shape with standard
deviations along the horizontal and vertical directions equal to o, = 0.43 mm and
oy = 1.06 mm, respectively. The highest deposited power density in the target will
be higher than 10> W /cm? for the lowest beam energy (0.5 to 1.6 W deposited in
targets between 140-550 pg/cm? thick, depending on the material and the beam).
This amount of power would cause the melting of the target material. To prevent
such a damage, a cooling system has been designed. It will be described in the
following section.

Concerning the second point, the kinematics of the DCE reactions will be recon-
structed from the energy and scattering angle of the reaction products measured
with the MAGNEX spectrometer. In order to distinguish from the analysis of the
inclusive energy spectra transitions to the ground state and to the first excited
state of the residual nucleus, the energy resolution should be lower than the energy
difference between these two states, usually on the order of 500 keV. To achieve
such a resolution, the targets must be thin (few hundreds of nm) and uniform.

Finally, the system must be as compact as possible, in order to guarantee both
sufficient room for the gamma-ray calorimeter placed around the scattering chamber
(see Sec. 6) and a large solid angle aperture toward the detectors and instruments
inside the scattering chamber.

The first isotopes that have been considered for the design of the target pro-
duction process are the isotopes used in NUMEN Phase 2, i.e. 116Sn, 116Cd, "5Se,
6, 130Te,

The choice of these isotopes was the result of a compromise between scientific
interest and technical issues. Among the latter, emphasis was put on the possibility
to separate the ground-state to ground-state DCE transition with MAGNEX alone
(energy of the first excited state of the residual nucleus larger than 500 keV), and
the possibility to build thin targets of isotopically enriched material.
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Table 16. Power deposited by a 13 A 80 beam in Sn and Se targets, and by a 17 pA 29Ne
beam in Te, Ge, and Cd targets at different energies. The target surface densities for each target
are indicated.

Target Surface density Deposited power [W]
2

(Beam) [ng/cm”] 15 MeV/u 30 MeV/u 45 MeV /u 60 MeV /u
1163y (180) 219 0.46 0.27 0.20 0.16
763e (180) 144 0.29 0.17 0.13 0.10
76Ge (?°Ne) 213 0.67 0.39 0.29 0.23
116Cd (29Ne) 519 1.47 0.87 0.64 0.52
130Te (20Ne) 250 0.67 0.4 0.29 0.24

As the target manufacturing process needs to be adapted to the physical and
chemical properties of the isotopes, it can be designed and tested considering natural
elements rather than enriched materials.

9.2. Target heating

A major issue that the design of the targets must face is the large deposition of
heat during the passage of the intense swift heavy-ion beams through the target.

The power deposited inside the target depends, not exclusively, on the target
thickness. To limit the degradation of the energy resolution and improve the heat
dissipation (particularly in poorly conductive targets, such as Se and Te), each
target thickness is capped to a certain value. The power released by 20 and 2°Ne
beams at their full intensity (13 and 17 pA, respectively) at energies ranging from
15 to 60 MeV/u vary from 0.5 to 1.5 W, depending on the target material and
physical characteristics (cf. Table 16).

Without a properly designed cooling system, such powers would heat up the
targets beyond their melting points; thermal radiation alone would not suffice.
Analytical calculations show that even clamping the target in a cold frame cannot
guarantee the target integrity.26

The heat dissipation can be enhanced by adding a highly thermally conduc-
tive substrate, such as HOPG, which is an artificial graphite made by a stack of
graphene layers with an orientation parallel within 1°. This material, which can
be produced in thin foils down to 2 pm thick, at room temperature has an in-
plane thermal conductivity of 1950 W m~! K~!, while the transverse conductivity
is about 6 W m~! K~!. Thanks to the very high in-plane conductivity, heat can
quickly flow from the beam spot to a cold frame clamping the HOPG film leaving
the target material exposed.

9.3. Energy resolution

The resolution in the measured excitation energy spectra must be sufficiently small
to separate DCE transitions to the ground state and to the first excited state of
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Table 17. Total expected energy resolution for some target considering individual

contribution.

116Gy, 116 (g 76G0 76 Ge 130
Maximum thickness [pg/cm?] 219 865 145 213 249
Target energy spread [MeV] 0.24 0.56 0.13 0.15 0.15
HOPG energy spread [MeV] 0.22 0.11 0.22 0.15 0.16
MAGNEX resolution [MeV] 0.26 0.29 0.26 0.29 0.29
SC energy spread [MeV] 0.27 0.3 0.27 0.3 0.3
Total resolution [MeV] 0.49 0.71 0.45 0.47 0.47

the residual nucleus. For the reactions 116Sn (180, 18Ne)!16Cd, "6Se(180, 1¥Ne) 0 Ge,
"6Ge(?°Ne, 2°0)76Se, 130Te(?°Ne, 200)13%Xe, the energy gap between the two states
is about 500 keV, whereas it is 1.3 MeV for the 16Cd(*°Ne, 2°0)*!6Sn reaction.

Several factors contribute to the energy resolution: the energy definition
dEsc of the beam from the LNS Superconducting Cyclotron (§Esc/E =~ 0.1%
FWHM), the intrinsic energy resolution of the MAGNEX spectrometer § ExaaNEX
(0Evacnex/E =~ 0.1% FWHM) for a beam spot size o ~ mm, and the spread
of energy loss in the target-substrate assembly 0 FErage; (energy straggling in the
target and in the substrate, dispersion due to the random depth of the reaction
point in the target). Straggling and dispersion energy spreads are worsened by
thickness nonuniformity.

In principle, an additional contribution comes from the variation of the reaction
product energy with the scattering angle over the large acceptance of the MAGNEX
spectrometer (the so-called “kinematic effect”). For quasi-elastic reactions at for-
ward angles, including DCE, this contribution is very small and usually negligible.
The total energy resolution is thus

§E® ~ 0ESc + 0Ejiaanex + 5E’%arget+HOPG . (8)

As an example, Fig. 116 shows the total expected resolution §F as a function
of the target thickness for the 'Sn(*80,18Ne)!1®Cd reaction at 15 MeV /u. Here,
the thickness nonuniformity is supposed to follow a Gaussian distribution, with a
standard deviation equal to 28%. It can be observed that for an average target
thickness below ~ 220 ug/cm? with HOPG substrate 2 um thick, the total energy
resolution remains within the desired range.

The limit thickness (or equivalently areal density in pg/cm?) for the other tar-
gets have been evaluated similarly; results are listed in Table 17. The listed thick-
nesses allow to remain below the resolution limit, but they could be further adjusted
to meet cooling or other experimental requirements.

9.4. Numerical calculations of the temperature

To validate the use of an HOPG substrate clamped by a cold frame as a system to
cool down the target material, a numerical code was written. This code solves the
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Energy resolution for 116Sn(*80,'8Ne)16Cd reaction channel
(HOPG backing thickness 2 um)
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MAGNEX SC Total Resolution

Fig. 116. Total and detailed contributions to the energy resolution reported as functions of the
target thickness, for the 116Sn(180, 1¥Ne)116Cd DCE reaction.

time-dependent temperature equation inside the target + graphite system until the
steady state is reached. Calculations were performed assuming target thicknesses
suitable for matching the aforementioned resolution requirements listed in Table 16.
Like the beam spot, targets are rectangular shaped, measuring 1 c¢m in the hori-
zontal direction and 1.4 cm in the vertical one. The HOPG substrate thickness was
assumed to be 2 um. The temperature of the cold frame was set equal to 20 K.

Calculations were performed assuming a 20 uA beam at 15 MeV /u and a super-
Gaussian beam spot with standard deviations o, = 0.43 mm and o, = 1.06 mm.
The beam intensity was lowered to 13 pA for the Se target, since its low melting
point and thermal conductivity forbid the use of a more intense beam current.
According to the DCE reactions channels of interest, Sn and Se targets are supposed
to be irradiated by a 80, while Te, Ge and Cd by a 2°Ne beam. The temperature
in the graphite along the radial coordinate, i.e. along a direction transverse to the
beam, is different from the cold frame temperature only in a annular region of width
10 pm from the edge of the target. Therefore the exact diameter of the graphite
substrate does not influence the steady-state temperature distribution in the target,
as long as it is larger than the target diameter. Furthermore, the heat equation needs
to be solved explicitly only in the target and in the underlying graphite volume,
assuming that the temperature in the graphite at a radial coordinate larger than
the target radius is equal to the cold frame temperature.

The steady state is reached within 100 ms for all of the materials, as shown in
Fig. 117 and Table 18. In Fig. 117, the targets were assumed to be 400 nm thick
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Fig. 117. Evolution of the temperature as a function of time at the center of a 400 nm thick
target of various materials irradiated by a 20 pA beam with an energy of 15 MeV /u. Each target
remains safely below the melting point.

Table 18. Melting and steady-state temperatures for different targets backed by a
HOPG substrate under a beam with an intensity of 20 A (* lowered to 13 pA for Se)
and an energy of 15 MeV /u. The surface densities of the targets are also indicated.

Target isotope 116gn 765e* 6Ge 16cd 130
Surface density [ug/cm?] 219 144 213 519 250
Beam 180 180 20Ne 20Ne 20Ne
Melting T [K] 505 494 1211 594 722
Steady T [K] 213 432.4 249 251 381.8

to allow a direct comparison among them. The final temperatures differs from the
ones reported in Table 18 due to the different beam spot shape: circular in the
former and rectangular (and smaller in size) in the latter. However, in both cases
the maximum temperatures are lower than the melting point for all of the isotopes.

In practice, the heat can be dissipated from the graphite by a cold sample holder
made of copper, shown in Fig. 118, and maintained at low temperature by a cryo-
cooler. The detailed numerical calculations presented above are realistic but can
be applied only to a simple geometry with a limited size. Evaluating in such a
way the thermal behavior of a complete target system would require an unprac-
tical computational power and time. Therefore, the design of the sample holder
was performed using the multipurpose physics simulation package COMSOLT™M,
The accuracy of the latter for our application has been checked by comparison to
the detailed numerical calculations for the simpler system composed of the target
material and the underlying graphite volume. For this validation, the same physical
arrangement, with the same conditions, was considered. The time needed to reach
thermal equilibrium and final temperatures obtained with COMSOL are consistent
with the one obtained with the numerical calculations, within a 7% error.
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Fig. 118. (Color online) Output of a simulation performed using the software COMSOL; the
copper sample holder, kept at ~ 100 K, is blue-colored. A Sn film is here used as target.

The shape of the sample holder presented in Fig. 118 has been designed for a
circular beam spot. For the current beam shape, a slightly different, rectangular
shaped opening for the target will be used, to optimize the dissipation of the heat
produced by the rectangular beam. A prototype will be soon produced and tested.
However, the working principle remains unchanged and this version will be used in
oncoming tests. The shape of the object has been designed to facilitate the heat
flow toward the cold finger. In particular, the base is wide to ensure a large contact
surface area between the sample holder and the cold finger of the cryo-cooler. On
the contrary, the top part is thinner to guarantee a wide solid angle aperture for the
possible additional detectors surrounding the target (e.g. y-ray calorimeter). The
two smaller slots on top of the holder can host additional targets used for example
for beam alignment or for measuring the background from reactions on the target
graphite backing. The diameter of the copper disks is 5 cm, the HOPG substrate
one is 2.5 cm.

9.5. Target production and characterization

The target system will be composed by a HOPG substrate and a thin film of the
target isotope. The substrate diameter will be 2.5 cm, while the target dimensions
will be 1 x 1.4 cm?. The HOPG thickness will be of 2 um; the target will be from
150 to 500 ug/cm? thick, depending on the material.

9.5.1. HOPG substrate characterization

Since the substrate thickness is not expected to influence the target deposition, the
HOPG used for the first trials of deposition is a cheaper one, that is nominally
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Fig. 119. RBS spectrum of the Sample A8 (HOPG 2200 ug/cm?).

10 pm thick. Since the HOPG density is around 2.2 g/cm?, the thickness can be
expressed also as 2200 pg/cm?. This kind of HOPG is largely used for electronic
components, therefore it has an acrylic adhesive on one side. Several studies aimed
to remove the acrylic have been done, as oxygen plasma etching, thermal treatments
and ultrasonic baths. The best results have been obtained with ultrasound baths
in acetone. In order to verify the complete removal of the adhesive layer, some
samples have been analyzed with Rutherford Backscattering (RBS) at INFN-LNL.
RBS tests have been performed with a proton beam at 2174 keV, using a silicon
detector placed at 150° with respect to the beam line.

In Fig. 119 a typical RBS spectrum acquired with a 2200 pg/cm? thick HOPG
foil, treated with ultrasound bath to remove the acrylic adhesive, is shown. The
right limit of the plateau (at 1580 keV) corresponds to the energy of a proton
which has backscattered on a carbonium atom. There is no other peak that can be
referred to other elements contained in the acrylic (as oxygen). This observation
confirms that there is no more acrylic on the HOPG sample. The thickness of the
sample inferred from this RBS spectrum is consistent with the nominal thickness
(10.05 pim).

To study the topography and surface uniformity of this HOPG, Field Emission
Scanning Electron Microscopy (FESEM) analysis has been performed. Figure 120
shows that the surface of the 2200 ug/cm? thick HOPG is almost uniform and
flat, guaranteeing a good substrate for a uniform deposition. Thinner HOPG films,
provided in sheets 1100 ug/cm? and 440 pg/cm?, are flatter, as shown by Fig. 121:
on the left the FESEM picture presents the overall topography, while the right image
is obtained with Atomic Force Microscopy (AFM) and shows the thickness of the
surface structures. Both the images show that this HOPG is flat within tens of nm.

2130018-129



Int. J. Mod. Phys. A 2021.36. Downloaded from www.worldscientific.com
by UNIVERSIDADE DE SAO PAULO on 01/12/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

F. Cappuzzello et al.

Fig. 120. FESEM image of the Sample A1 (HOPG of 2200 ug/cm?).
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Fig. 121. FESEM (on the left) and AFM (on the right) images of the Sample B2 (HOPG of
1100 pg/cm?).

The best tool to measure the thickness of thin samples is the alpha particle
transmission, which can also give information concerning the thickness uniformity.
To measure with accuracy the target deposition thickness, the HOPG thickness
has to be measured before the deposition. Data here reported have been acquired
using a silicon detector, working in a vacuum chamber. The alpha particles are
supplied by an 24! Am source: this isotope emits alpha particles of 5486 keV, that
are collimated with an aluminum collimator (diameter of ~ 3 mm) before reaching
the sample under study. A '2Gd source has also been used to perform the energy
calibration.

Figure 122 shows the energy spectrum of 2! Am source a particles of 5486 keV
that have crossed a sample of 2200 ug/cm? of HOPG. The spectrum can be fitted
with a crystal ball function, which is typically used for spectra derived from energy
loss processes. The peak maximum is around 3580 keV, that corresponds to a
crossed thickness of about 2207 pg/cm? (10.4 pm). From the systematic study
by alpha transmission of different HOPG samples, the HOPG that is nominally
2200 pg/cm? thick has a thickness always varying in the range 2200-2245 ug/cm?;
RBS measurements confirm these values within 1%.
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Fig. 122. (Color online) Energy spectrum of alpha particles crossing the Sample A8 (HOPG of
2200 pg/cm?). The red curve is the result of a fit with crystal ball function.

The FWHM of the spectrum gives information about the thickness uniformity,
even if a small contribution is given also by straggling effects and electronics noise,
according to

2 _ 2 2 2
Otot = Unonuniformity + Onoise + Ustraggling :

The straggling effects in a HOPG sample 2200 pg/cm? thick contribute to the
peak o for around 20 keV. The electronic noise can be studied through by analyzing
the o of the alpha peak acquired without any sample between the source and the
detector: for the used setup it is 13 keV. The o of the spectrum of Fig. 122 is
55 keV. Thus, for the sample in figure, the o due to the nonuniformity of the
sample is around 50 keV, corresponding to 71 ug/cm? (that means a thickness
irregularity of 3%).

Figure 123 shows the energy spectrum of alpha particles that have crossed a
sample of 5 pm (nominally) HOPG (1100 ug/cm?). The peak maximum is at
4345 keV, that means a sample thickness of about 1393 ug/cm?, considerably larger
than the nominal thickness. An RBS measurement with a proton beam of 2200 keV
has confirmed this value, measuring a thickness of 1404 ug/cm? (agreement within
0.1%). Since the o of the alfa transmitted peak is 30 keV and the straggling effects
are responsible for ¢ of around 18 keV, the o due to thickness nonuniformity is
20 keV, that corresponds to 22 pg/cm?. This value means that the thickness irregu-
larity of this thinner HOPG is less than the 2% of the total thickness, lower than
the one related to the 2200 ug/cm? HOPG.
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Fig. 123. Energy spectrum of alpha particles crossing the Sample B2 (HOPG of 1100 ug/cm?)

9.5.2. The target deposition

The deposition of the target isotope can be done with different Physical Vapor
Deposition (PVD) techniques; since some isotopes material of the targets are rare
and costly, it is necessary to produce good quality films using small quantity of
material and to have a precise control of the deposition parameters. For these
reasons the electron beam evaporation and thermal evaporation techniques are con-
sidered the best solutions for our purpose, thanks to high control over the deposition
and flexibility. In particular, thermal evaporation has been widely used in target
production by the Target Production Laboratory of the LNS. A solid know-how of
the equipment and the technique itself has been gained along the years. However,
thermal evaporation is not well suited when high melting point materials must be
evaporated, like Ti or Mo; in such cases, electron beam deposition is preferred.

HOPG is the ideal material for dissipating heat, but its crystal structure makes
it a poor substrate for thin layers. The adhesion on its inert surface can be enhanced
by using a very thin buffer layer of some specific material. The idea was successfully
proved by using Cr and Bi as buffer. Such kind of materials stick easily on most
surfaces and are therefore widely used for such purposes. However, due to kinematic
reasons, they could interfere with the data of interest; other materials like Al or
Mg, more fit for the task, will be studied as alternative buffer.

The temperature of the substrate plays also a key role in obtaining a smooth
deposition for some cases. Indeed, for certain materials, providing heat to the
graphite substrate during the deposition can promote the formation of bigger grains
and facilitate coalescence among grains. Conversely, for other elements a better
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Fig. 124. FESEM image of Sample C7 (Sn deposition on 440 ug/cm? HOPG).

uniformity can be achieved by growing an amorphous film, with no heat and a
higher deposition rate.

First prototypes have been produced with Te and Sn; examples of FESEM
images of these targets deposition are shown here, to evaluate the target topography.

Concerning the Sn targets, different trials varying the HOPG temperatures from
393 K to 448 K have been performed, to investigate how the heat helps the film
uniformity. Also the effect of a very thin layer of around 10 nm of Chromium on
the substrate has been studied, to find out its role in facilitating the deposition
adhesion. The best results have been obtained heating the substrate at 403 K,
using a Chromium buffer. The FESEM images of a prototype of this type, named
C7, are reported in Fig. 124.

Figure 124 is the FESEM image of the target deposited on the 440 ug/cm? thick
HOPG. The deposition covers all the substrate, creating an almost uniform layer.
The deposition thickness seems to have some irregularities, but not considerably
high with respect to the average thickness.

Also for Te different trials of deposition have been done, at room temperature
and at 373 K, with and without the Chromium buffer.

From the systematic study of the deposition parameters, it seems that the pre-
sence of a Chromium buffer has no influence on this deposition. Regarding the
substrate temperature, the substrate heating has been resulted to be not necessary
to obtain smooth depositions. For these reasons, the tellurium final targets will be
deposited, without Chromium buffer, on HOPG maintained at room temperature
(300 K).

FESEM images of Fig. 125 show a typical prototype of Te targets. The depo-
sition of the prototype named C4 has been performed on the 440 ug/cm? thick
HOPG. The deposition is almost uniform, with small grains on a quite flat under-
lying layer of deposition.

9.5.3. Target thickness and uniformity measurements

To evaluate the target thickness and its uniformity, measurements of alpha particles
transmitted through the target have been performed.
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Fig. 125. FESEM image of Sample C4 (Te deposition on 440 ug/cm? HOPG).
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Fig. 126. (Color online) APT spectra acquired with the C7 substrate only (2 um HOPG) and
after the deposition with the whole target system (Tin deposition and HOPG substrate). Crystal
ball function fits of the two peaks are also shown in red.

Figure 126 shows the alpha energy spectra of the prototype of Tin target sys-
tem named C7, before and after the target deposition. From the spectrum acquired
before the target deposition, the HOPG thickness has been deduced as 580 jg/cm?
with a thickness nonunformity of 4%. Since the Chromium buffer is 40 nm thick
(thickness evaluated by RBS measurements, shown below), the comparison between
the spectrum acquired before (with a sample of HOPG only) and after the deposi-
tion allows the evaluation of the energy loss in the Tin layer; in this way the target
thickness can be deduced. For the sample shown, the Tin deposition is 98 pg/cm?.

The target uniformity can be deduced from the o of the alpha peak after the
deposition, as

2 _ 2 2 2
Oafter deposition — Opbefore deposition + Utarget straggling + Utarget nonuniformity *

2130018-134



Int. J. Mod. Phys. A 2021.36. Downloaded from www.worldscientific.com
by UNIVERSIDADE DE SAO PAULO on 01/12/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

The NUMEN Technical Design Report

C7: 2um HOPG+buffer+Sn
9000

Counts

8000

7000

6000

5000

4000

3000

2000

1000

1.3 1.4 1.5 1.6 1.7 1.8
Energy [keVI]

Fig. 127. RBS spectrum of the target system C7, measured with a 2 MeV alpha beam, detected
at 160°. The only contributions of target deposition and buffer can be observed, since the beam
energy is too low to detect also the HOPG substrate. An additional contribute appears at lower
energy, related to impurities in the deposition layer.

The 0240 deposition 1S the one measured before with the sample made only of
HOPG, and contains the detector resolution, the HOPG nonuniformity contribution
and the straggling effects in the HOPG. Evaluating the straggling in the target
deposition, the target nonuniformity ¢ can be deduced. For the sample C7, for
example, the target nonuniformity is around 61 pg/cm?, that means deposition
thickness irregularities around 62% of the overall deposition thickness.

Figure 127 shows the RBS energy spectrum: the measurements have been per-
formed with an alpha beam of 2 MeV, measuring at an angle of 160°. In the energy
spectrum, the contribution at higher energies is related to the Tin target deposition;
the peaks at lower energies, instead, are related to the thin Chromium buffer and to
some impurities of other elements caused by a bad cleaning of the vacuum chamber
of the evaporator. The thickness result obtained with APT for the C7 prototype
has been confirmed by RBS, from which the C7 target thickness has been estimated
as 92 pug/cm? (agreement with alpha measurement within 6%).

For the tellurium prototype C4, the same study has been performed. The depo-
sition of the substrate has been evaluated with APT as 283 ug/cm? with a thickness
nonuniformity of 10%. The RBS measurements, performed at 160° with an alpha
beam of 2 MeV, defined a thickness of 262 ug/cm?. The agreement between the
APT and the RBS thickness results is within 3%.

9.6. In-beam tests of the targets

In-beam tests were performed at Universidad Nacional Auténoma de México
(UNAM) and Instituto Nacional de Investigaciones Nucleares (ININ), Mexico City.
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Fig. 128. (Left) Copper sample holder with LNy flowing chambers open. (Right) Copper sample
holder with LN2 flowing chambers closed and soldered.

The tests had a twofold purpose. On one hand, the validation of the code described
in Subsec. 9.4; second, a first estimation of the effects of sputtering on thin targets.

A cooling system had been designed to be used in such tests. It is simpler,
although similar, to the one that will be installed in NUMEN Phase 4. The working
principle remains unchanged, that is clamping a large graphite disk with two cooled
copper disks; in this case, the cooling was provided by liquid nitrogen (LNs). The
copper disks are larger than the one shown in Fig. 118, since LNy must flow within
them (Fig. 128).

In both the facilities *2C ions were accelerated at 3 MeV (UNAM) and 15 MeV
(ININ), with intensities of 25 yA and 1 pA, respectively. The beam energies were
lower with respect to the ones which will be used in NUMEN Phase 4, but the
deposited energy was of the same order of magnitude (between 4 and 10 W). This
is not a concern for the heat-related part of the test, but it could affect the evaluation
of sputtering effects. For light ions such as '2C, 80 or ?°Ne the maximum sputter-
ing yield is obtained at energies below 100 keV; the yield steadily decreases with
increasing the ion energy. However, a significant percentage of the target material
could be removed even at much higher energies, especially at high beam intensities.

Fig. 129. Side view of the inside of the scattering chamber at UNAM, the detectors numbered
as follows: (1) Si detector for real-time RBS analysis, (2) X-ray detector and (3) out of sight, the
Faraday cup.
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9.6.1. Numerical code validation

The temperature on the target was monitored by thermal cameras from outside the
scattering chamber; while a thermocouple was used to measure the temperature of
the copper sample holder. Two sets of measurements were performed, the first
using a HOPG target (mainly for calibration purposes) while the second using a
Sn+ HOPG target. Targets were irradiated at different intensities, from 3 to 7 pA.
Collection of reliable data was hampered by the physical limits of the thermal
cameras (temperature was too low to be measured for beam currents smaller than
5 pA and the effect of sputtering. Even with beam currents of few pA, a Sn target
would get consumed in some tens of minutes. Nevertheless, the agreement with
measured data and calculated values is remarkable for both of the targets as shown
in Figs. 130 and 131.

Temperature increment in UNAM HOPG Test

40

Temperature variation [K]

Beam current [pA]
——Measured T ——MatLab Calculation

Fig. 130. (Color online) Temperature increase in an HOPG target obtained using a beam current
of 3 and 5 pA (in blue), compared with numerical results (in orange).

Temperature increment in UNAM Sn Test
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3 5 7
Beam current [nA]
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Fig. 131. (Color online) Temperature increase in an Sn target obtained using a beam current of
3,5 and 7 pA (in blue), compared with numerical results (in orange).
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9.6.2. Sputtering evaluation

As already mentioned, the energy used in this test and the one which will be used
in NUMEN differ by a factor of about 100. Unfortunately, there is a lack of data
and models (mostly empirical) in literature for energies higher than 1 MeV for the
projectile-target pairs studied in NUMEN. However, this test can give a first, even
if rough, estimation of the life expectancy of a target.

A 250 pg/cm? thick Te target was irradiated by a 4 pA beam of 2C3*. A
Si detector was placed upstream to the target, as shown in Fig. 129, to detect
backscattered C ions. After about 30 minutes of irradiation, no further events were
collected by the Si detector, signaling that the target had been removed.

Considering the differences between this test and NUMEN (O and Ne ion beam
species instead of C, ion energy of 270 MeV instead of 3 MeV, and a beam current
of 17 pA instead of 4 pA), it is possible to obtain a rough evaluation of the effects of
nuclear sputtering alone; serious damages on the target would occur at least after
9 days, which is enough to allow a safe conduction of an experimental run.

Specific tests are foreseen to systematically explore the characteristics of the
target involved in the NUMEN experimental runs. In particular radiation tolerance,
heat dissipation and life expectancy will be studied.

9.7. Target plus HOPG hardness under NUMEN beams

The HOPG main function is to dissipate the large amount of heat generated by
the ion beam, during nuclear reactions. Because of this, the most important HOPG
property to be analyzed is its thermal conductivity. This primarily reflects the
integrity of the material crystallographic structure, since the thermal conductivity
in allotropic forms of carbon strongly depends on the phonon vibration in the
crystal lattice.?® Although information relating thermal conductivity and defects
formation can be found in literature for some carbon compounds — Ref. 97 for
instance, suggests that only 0.25% concentration of defects in graphene results in
significant reduction of thermal conduction property by around 50% — no data for
HOPG was found, thus making it necessary to determine safe operation conditions
of HOPG backing under high-intensity heavy-ion irradiation. The result found in
Ref. 97 can be important since HOPG is a stack of graphene sheets with a slight
disorientation between each other. Due to its particular arrangement of atoms,
HOPG has excellent in-plane thermal conductivity (about 2000 W/m - K at room
temperature).?6

The purpose of this study is to estimate of how long time under intense beam
flux the HOPG material will maintain its thermal conductivity in order to preserve
the target integrity. This information will indicate how frequently the targets must
be replaced under the experimental run condition. The HOPG material will be
analyzed before and after exposure to particle beams, using techniques that provide
information on damage related to defect formation such as atom dislocations, vacan-
cies produced and broken chemical bonds. All this kind of defects decrease the
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Fig. 132. X-ray diffractogram (6 — 26 scan) showing only reflections of planes parallel to the
sample surface. This result indicates a high ordering of the atoms in the HOPG crystal lattice.

periodic and long order arrangement of atoms needed for crystalline structure, also
decreasing its thermal conductivity.?®

Preliminary experimental results for a nonirradiated HOPG foil using X-ray
diffraction technique at Centro Universitario FEI, Sao Paulo, Brazil, proves that
HOPG can be treated as a single crystal, indicating the high periodicity of the
carbon atoms (see Fig. 132).

Another technique that can be used to study defect formations is the Raman
spectroscopy. The Raman spectrum for HOPG is quite similar to one for graphene,
as can be seen in Fig. 1 of Ref. 98, where the difference in intensities is due to
the number of graphene sheets present in the HOPG structure. In that figure, the
Raman spectrum shows a G-band characterized by crystal lattice vibrations only
due to sp? type bonds. The sp? bonding results in efficient heat transfer by lattice
vibrations. It is expected that the irradiation process breaks these bonds, leading to
a change in the shape and position of the Raman peaks. In Ref. 96 the relationship
of HOPG thermal conductivity (K) with material purity, quality and crystallinity
is shown. The K value for pyrolytic graphite constitutes the bulk graphite limit of
~ 2000 W/mK at room temperature. At low temperature, K is proportional to 7"
where «y varies in a wide range depending on graphite quality. Computer simulations
were carried out, using the Transport of Tons in Matter (TRIM) program?? to verify
the energy transfer from the heavy-ion beam to the target and the number of vacan-
cies arising from it, under different conditions, foreseen in the NUMEN project. The
results of simulations obtained for different ion beams and target composition are
presented below. The first simulations shows that, for the beam energy range of
NUMEN interest, the vacancy density is constant throughout the target, allowing
the simulation of thinner targets for better efficiency. Simulations were performed
until the error on total number of vacancies was better than 5%. To compare the
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Fig. 133. Schematic of the cylinder with an area equal to the beam spot size of 0.03 cm? and
target plus substrate of the HOPG used in TRIM simulations, considering the system with and
without a buffer layer.

Table 19. Beam parameters used for simulations.

Ton beam Energy (MeV /nucleon) Total energy (MeV)

20Ne 15-30 300-600
180 16-60 288-1080
12¢ 15-30 180-360

Table 20. Beam fluxes and irradiation time
for experimental runs.

Beam flux (ions/s) Irradiation time (days)
10t 5
1012 30
1013 3

integrity of the target post-irradiation, the vacancy density provided by simulations
was used to determine the number of vacancies in the target volume under beam
interaction, consisting of a cylinder with an area equal to the beam spot size of
0.03 cm? and target thickness which is about 2.65 microns (see Fig. 133). The
vacancy halo and beam spread inside the target is negligible.

In Tables 19-21 some simulated conditions of interest to the NUMEN project
are given.

In Fig. 134 the density of displacements found in the TRIM simulation for 2°Ne
ions at 300 MeV is shown. In the thin target, the recoils play a major contribution to
target damage, but in the HOPG backing the cause of degradation can be assigned
almost completely to incoming ions.
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Table 21. Target systems simulated.

Layer Material Thickness (nm)
Target film Sn (Z = 50), Ge (Z = 32), Te (Z = 52) ~ 300-800
Buffer layer Cr, Bi, no buffer ~10-40

Substrate HOPG =/~ 2000-10,000

Target recoils
lons

g

S arget HOPG backing

— —
/L-/Vv\/\-ﬂ-'v--—f-'v--h'\r——'w‘»-‘
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Fig. 134. Density of displacements found for thin target and HOPG backing in the TRIM sim-
ulation for 2°Ne ions at 300 MeV.

Figure 135 shows in detail the formation of vacancies as a function of irradiation
time, for three different fluxes, considering a ?°Ne beam at 270 MeV incident on Sn
plus HOPG.

In Fig. 136, the results indicate that HOPG backing degradation should be
accounted for in the NUMEN experimental setup, considering how long the HOPG
can stand structure degradation without significant heat conductivity loss. The
dashed black line indicates when the material becomes fully amorphous, compro-
mising good thermal conductivity properties. For all ion beams simulated it was
used 0.4 pm Sn plus 2.635 um HOPG thickness. The vacancy number is compared
to the number of atoms in the same region, obtaining vacancy concentration C, as
C = vacancies/atoms. C' = 1 means that, in average, every atom in that region has
been displaced from its original position, thus turning HOPG in amorphous car-
bon in that microvolume, neglecting rare replacement collision events, with serious
impact on the material thermal properties. The vacancy number depends on the
accumulated beam fluence for any planned experiment, therefore upon particle flux
and beam time.

The results obtained through the simulations indicate that, for a flux of
10! ions/s, there is a degradation of 0.25% in 240 h, while for 10'3 ions/s, the
same percentage of vacancies may occur in about 2.4 h, for 2°Ne beam. Since HOPG
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Fig. 135. Left: Graph of the total vacancies as a function of the irradiation time, for three different
fluxes, considering a 2°Ne beam at 270 MeV incident on Sn plus HOPG. Right: The parameters
used in the simulations.
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Fig. 136. Displacement concentration C' as a function of the ion beam fluence for different heavy-
ion beams in 0.4 um Sn plus 2.635 pm HOPG thickness.

presents different thermal conductivity in two orthogonal planes, the degradation
may be smaller, in comparison with a graphene foil. In any case, the HOPG is found
to be robust enough to allow a realistic performance of the NUMEN experiments,
even in the most challenging cases. Experimental evaluation will be carried out at
the Sdao Paulo Pelletron accelerator using low-energy heavy ions, such as 3°Cl at
E =49 MeV in order to create a high number of atom displacements and emulate
the NUMEN target degradation conditions. The simulation results indicate that
under these conditions, with a flux of 10! ion/s, 0.25% of the HOPG has crystal
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defects within 24 h (see Fig. 136). It is important to emphasize that this study
may improve the efficiency of NUMEN experiments and the results should gener-
ate technological advances related to the development of targets to be used where
thermal conductivity is essential.

10. Computing Model
10.1. Data transmission and storage

The electronic modules of NUMEN are designed to provide a data stream which
is already formatted according to the standard TPC/IP protocol. Data are routed
through a standard Ethernet cable to a dedicated server, which is in charge for
the storage on disk. If the entire focal plane detector were read out with a full-
intensity beam of ~10'3 pps, the expected data rate would be about 600 MB/s,
largely driven by the tracker (see Subsec. 7.6). The throughput expected from the
y-calorimeter at the lower intensity of ~ 10'2 pps is also about 600 MB/s, but it
can be reduced by a factor of 10 (or more) by an appropriate energy gating (see
Subsec. 7.6).

A dual-phase strategy is proposed to moderate such a significant amount of
data, so to ease the data handling and to release the requirements on the storage
system:

(1) First, to perform an “exploratory” run, with a beam intensity of ~ 10! pps
(i.e. far from the maximum allowed by the new CS). Such a run is meant to
give a broad overview of the configuration and to select the interesting ground-
state to ground-state transition which is relevant for the DCE studies. Since
the reactions competing to the DCE typically have much higher cross-sections,
they can be studied within a limited beam time (1-2 days) at reduced intensity.
When running in the inclusive mode of Subsec. 7.6, namely acquiring only the
FPD without the ~-calorimeter, the anticipated data rate is below 10 MB/s,
due to the nonmaximal beam intensity. For the cases in which the ~v-calorimeter
is also of interest, the data rate is doubled to about 20 MB/s.

(2) Second, to carry out a run which is tailored to the ground-state to ground-state
DCE transitions only. This run would be with full beam intensity (10*® pps),
but acquiring only a fraction (< 10%) of the FPD channels, i.e. those that are
corresponding to the interesting events. For those target nuclei having low-lying
excited states, it is necessary to read out also the vy-calorimeter; the channels
of the ~y-calorimeter will be acquired only in coincidence with the FPD. How-
ever, the beam current must be limited to 102 pps in order to limit the pile-up
on the LaBrj scintillators and to allow for an unambiguous correlation between
events in the vy-calorimeter and delayed events in the FPD. By scaling according
to the beam intensity and to the FPD coverage, the anticipated data rates are
of the order of 60 MB/s (both for inclusive mode at ~ 103 pps intensity and
for the exclusive mode at ~ 1012 pps intensity), which is a manageable level.
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Such an optimized approach will reduce, in either of the two phases, the expected
rate of data to be handled and written on the storage system to a more comfortable
level. As discussed above, the expected data rate will range between 10 MB/s (in
the FPD only runs at 10! pps) and 100 MB/s, depending on the experimental
parameters (beam intensity, target) and on the chosen configuration for the trigger
logic.

Given the rate and the other operational conditions, offline data handling can be
performed entirely using commercially available components. In particular, the core
of the system is a one- or two-CPU 32-core main server, equipped with 10 Gbit/s
Ethernet cards. The main server receives the data flow, which is routed by means of
standard Ethernet cables and a 10 Gbit/s Ethernet switch. There is also the open
option to perform data compression in real time, e.g. using gzip or other lossless
compression algorithms, such to reduce the total weight of data written on disk
and to potentially reduce the costs for storage. The main server is monitored by
an additional smaller server (control server), which is in charge for run control
and for the slow control; this includes the storage of critical detector parameters
along the measurement, the start/stop of the data acquisition, the communication
with the detectors and the electronic modules, the setup and stability monitoring
of detector parameters, as HVs and gains. A backup server, which is ideally a clone
of the main server from the hardware and software point of view, is always kept
available, such to be a quick replacement in the case of a failure of the main server
during a measurement.

During the normal conditions, when the main server is operational, the backup
server will be used to perform the event building (i.e. the matching of the data
blocks coming from different modules and referring to the same event) and to run
reconstruction algorithms and other offline data analysis. It is expected that a
relatively quick first-level analysis, to be performed in quasi-real-time, can be very
effective in the rejection of noise and background, and for monitoring purposes.
The target outcome of the first-level analysis is a skimmed dataset, containing only
selected events. Such a dataset is targeted to be a factor of > 10 lighter than the full
raw data and will be used for the subsequent CPU-intensive levels of the analysis.
It is plausible that the bottleneck of the first-level analysis will be given by the disk
access and I/0, given the fact that each event has to be built from different DAQ
streams written on different files.

The interface to the storage component is a RAID6 Fiber Channel controller:
the writing capability is up to 2 GB/s, which is safely above the final data rate
expected in NUMEN.

The RAIDG6 storage system is dimensioned for a total capacity of 500 TB-1 PB,
which is readily available on the market. Since NUMEN will be intrinsically divided
into many different runs, the option to have a partitioned storage (for instance
blocks of 48 x 4 TB disks, totaling 160 TB each) looks more convenient and more
easily scalable with respect to a single monolithic solution. Additional backup copies
of the data taken in each in-beam experiment will be made on tape.
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After the end of each in-beam experiment, which will yield O(120 TB) of data, all
raw data are backuped on tape in multiple copies. After the backup and the double-
checks, raw data are removed from the main storage, leaving only the skimmed files
from the first-level analysis, O(10 TB). This strategy is meant to limit the usage
of the disk space, by allowing for the long-term storage of raw data on the much
cheaper tapes. The first-level analysis could be potentially performed online, thus
avoiding to write heavy raw data; however, since this procedure is intrinsically risky
for a loss, it will be considered only at later stages in NUMEN.

The computing infrastructure of the NUMEN experiment will be integrated in
synergy with the IT service of LNS-INFN.

10.2. Offline analysis software

The offline analysis, including calibration and event reconstruction, is performed
using the existing framework MXSOFT, written in C++. The framework contains a
re-engineered and optimized version of the algorithms that were already used and
validated in MAGNEX, including those for calibration, selection and ray-tracing.
The final high-level analysis output is stored in ROOT format. The main design
features of MXSOFT are: (1) modularity and flexibility, such to allow the easy
accommodation of extensions, improvements and alternative algorithms; (2) cross-
platform compatibility, by means of a dedicated and semi-automatic build proce-
dure based on configure scripts; (3) optimization in terms of CPU performance
and memory footprint and (4) scalability.

The software to be used for the event building and the first-level analysis, to
be performed in real or quasi-real-time, is being designed and will be benchmarked
with simulated data streams.

11. Theory

Within the NUMEN project, theoretical developments aim at reaching a full de-
scription of the DCE reaction cross-section, including also competing channels that
may lead to the same final outcome, and at investigating the possible analogies
with double beta decay. The main lines of investigation can be identified as follows:

(1) The description of DCE reactions as a two-step mechanism, i.e. a sequence of
two charge exchange processes (one-body DCE — 1bDCE). The recent progress
made on the modeling of single CE reactions?® is instrumental to tackle this
step. We also aim at working on the analogy between the DCE model and the
theory of 2v33 decay, which also consists of two uncorrelated steps, though,
in principle, a larger variety of intermediate states can be involved in DCE
reactions, owing to the non-negligible intermediate momentum transfer. The
two-step formalism has been successfully applied to the description of the DCE
cross-section in 20 + 4°Ca reactions at 270 MeV.1% A thorough comparison
with the large set of available experimental data is planned.
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(2) The elaboration of the theory of a new DCE mechanism, never considered so far,
which assumes a correlation between the two charge changing events, mediated
by the exchange of neutral mesons (two-body DCE — 2bDCE) between the pair
of nucleons involved in the projectile and/or in the target. The latter can be
considered as the closest to the Ov33 decay, where the two nucleons undergoing
B decay are correlated by the 7 — v pair of Majorana neutrinos.??

(3) The evaluation of the cross-section associated with competing processes leading

to the same exit channel of the CE reactions, namely multi-nucleon transfer.

An extended description of the points outlined above is presented below.

11.1. DCE reactions as a two-step process and analogies with
2v(36 decay

The most conventional description of the DCE mechanism would be to consider
it as a two-step process.%t The latter is given by two uncorrelated single charge
exchange events where after the first event the system propagates before a second
charge exchange occurs. Each of the single charge exchange processes is induced by
the action of one-body operators on the projectile and the target nucleus. Thus, this
process can be considered as a two-step one-body double charge exchange reaction.
The two-step DCE process is depicted diagrammatically in Fig. 137.

The reaction matrix element, connecting the incident channel o = a+ A and the
final channel g = b+ B, is written down easily, in Distorted Wave Born Approxi-
mation (DWBA), as a quantum mechanical second-order amplitude:

M (g, ka) = (x5 0B TG (@) T |adx (). ®)

Initial and final state interactions are taken into account by the distorted waves,
x(r), obeying incoming and outgoing spherical wave boundary conditions, respec-
tively. The intermediate nuclear propagator may be represented in terms of the

b ¢S

Fig. 137. Graphical representation of the one-body two-step heavy-ion double charge exchange
reaction by hadronic interactions. The reaction a(Na,Za) + A(Na,Z4a) = b(Na £2,Zq F2) +
B(N4 F 2,Z4 £ 2) proceeds by the sequential, but independent, action of two charge-changing
strong interaction events, i.e. the exchange of charged mesons. Each of the interaction events acts
like a one-body operator on the target and projectile, respectively.
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complete system of the nuclear eigenstates |y) = |cC XE,”) which are reached by a
SCE reaction

= Z \7>G7(w7,wa)<’y|, (10)

y=¢,C

where the reduced Green function G, = (w, — w~ + i)~ ' describes the propaga-
tion of the intermediate scattering states. Above, w, ~ is the total center-of-mass
energy as defined by the rest masses and the kinetic energy in the incident («) or
intermediate (y) channel, and k, g defines the relative momentum in the entrance
(a) or exit (8) channel. Either of the first and second reaction step is described by
the charge-changing part of the nucleon—nucleon T-matrix, which in nonrelativistic
notation is given by

TNN = (t01 =+ tno'a O A =+ tTlslg(O’a,O'A)) (Tj_a)TEA) +T£a)T_(i_A)) (11)

including spin-scalar (tp1) and spin-vector (t11) central interactions and rank-2
tensor interactions given by the usual rank-2 tensor operator Sio and with a form
factor t71. A suitable representation is obtained by expressing the two-step ampli-
tude in momentum space:

DeE)( d*k SCE) ~
M( kﬂv Z / ¥ M( (kﬂv )G’Y(W’Y’WG)M(VSCVCE) (ky. ka)
y=¢,C
(12)
showing that the DCE amplitude is obtained as a superposition of one-step SCE
reaction amplitudes.
The fully quantum mechanical DCE differential cross-section is then given by

do(DCE) _ Mamp ks 1
aB (27h2)2 ko (2J4 +1)(2J, + 1)
DCE 2
x 3 MO (ks k)| "dO2 (13)

Mo, Ma€a,My,,Mp€B

averaged over the initial nuclear spin states and summed over the final nuclear spin
states, respectively. Reduced masses in the incident and exit channel are denoted,
respectively, by mq g.

As it appears from Eq. (12), the description of DCE reactions in terms of the
convolution of two uncorrelated SCE processes exhibits close analogies with two
neutrino double beta decay.'?? However, owing to the large momentum that can be
transferred to the intermediate channel, we expect the virtual intermediate tran-
sitions explored in DCE reactions to be actually closer to the ones characterizing
0vBp.

We finally stress that, as discussed above, a suitable description of the 1bDCE
mechanism implies a thorough analysis of SCE processes involving heavy ions. The
latter has been the object of a recent dedicated study,?® where the conditions
required to factorize the corresponding cross-section into reaction and structure
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parts are discussed in detail. This separation allows one to isolate the nuclear matrix
elements relevant to B-decay processes.!?2 Taking advantage of this background, the
1bDCE mechanism is introduced and discussed in detail in Refs. 100 and 104.

Explicit calculations for SCE and DCE reactions, based on the codes HIDEX??
and FRESCO!%%), have been performed for the reaction *0 + 4°Ca at Ti., =
270 MeV.28:100,106 The investigation of other NUMEN systems (such as the reaction
20Ne+116Cd — 290 +1168n) is in progress. Among the most important conclusions
reached so far, we also emphasize the role played by the imaginary part of the optical
potential (i.e. by absorption effects) in determining the amplitude of the full SCE
and DCE reaction cross-section. Transition form factors are presently evaluated on
the basis of QRPA calculations. We plan to compute the spectroscopic amplitudes
and in perspective the radial transition densities also in the scheme of IBFFM2
(IBM for odd-odd nuclei).107:108 Tn fact, a code for IBFFM has been developed, in
order to have wave functions in the IBM like approach, opening the way to evaluate
the spectroscopic amplitudes and the radial transition densities also in that scheme.
This will open the possibility to give predictions with IBM models'97:199 in the field
of charge exchange reactions, where experimental feedback is available.

11.2. Analogy between DCE reactions and Ov(B8 decay

In this subsection, we enter into a deeper discussion of the analogies motivating the
investigation of heavy-ion DCE reactions as a tool to probe the nuclear structure
input to the matrix elements of nuclear double beta decay.

Collisional (or direct) charge exchange by isovector nucleon—nucleon interactions
is the most probable cause for transferring charge between colliding ions at energies
well above the Coulomb barrier, as discussed e.g. in Refs. 110-113. The SCE process
can, of course, occur in higher order. As discussed above, a second-order charge
exchange reaction may be given by two independent, sequential SCE reactions, i.e.
the ions need to interact twice by two-body interactions between a target and a
projectile nucleon. As far as the reaction mechanism is concerned those double-SCE
reactions resemble closely nuclear 2v345 decay (see Subsec. 11.1).

However, it is possible to envisage a nuclear double-charge changing (DCC) sce-
nario of a close structural similarity to Ov83 decay: in the presence of a second
nucleus, a correlated double charge exchange transition can be initiated by a par-
ticular type of hadronic two-body operator and proceed as a one-step reaction. A
correlated pair of nucleons (through the exchange of a neutral meson) changes its
total charge by two units under emission of a virtual pair of charged mesons cap-
tured by the second ion and there inducing a complementary DCC transition. In
an isolated nucleus the two emitted mesons would be reabsorbed immediately thus
restoring the nucleonic charge, and no net effect would be observed. The process
would be of no particular interest except for contributing to the nuclear short-range
correlations, causing nuclear momentum distributions to deviate by 10 to 15% from
those expected for independent quasiparticles.!!4117 If however, the intermediate
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Fig. 138. Generic diagram illustrating the hadronic surrogate process for 0v23 decay. A virtual
nn — ppmw~ 7 scattering process, causing the AZ = +2 target transition A — B, is accompanied
by nnp~!p~! double-CC excitation in the projectile. As indicated, other isovector mesons as, e.g.
the p-meson isotriplet will contribute too.

charged mesons are absorbed by a second nucleus, both ions will be found to have
changed their charge by two units in a complementary manner. Different from a
conventional two-step heavy-ion charge exchange reaction the whole reaction pro-
ceeds as one-step reaction with respect to counting the ion—ion interaction.

That physical process is depicted in Fig. 138 for an nn — pp transition. The
figure shows the involved nuclear configurations, that are realized by the coherent
action of charge-changing meson—nucleon interactions. Overall, the process scru-
tinized here corresponds on the target side to a nn — pp + 7~ 7~ reaction. In
free space, the corresponding charge-conjugated reaction pp — nn+n+aT reaction
and other double-pion production channels were in fact already investigated experi-
mentally at CELSIUS and COSY 18128 and later also at HADES.12? Thus these
correlations are expected to be present also in more involved nuclear reactions and
are the object of our present investigations.??

11.3. DCE in eikonal approximation and small momentum transfer

Using the eikonal approximation and small momentum transfer approximation a
simple model for differential cross-section (at very small angles) for double charge
exchange has been derived and under those hypotheses, a factorization of the
reaction part and the nuclear part holds.3? Moreover, the explicit form for a double
charge exchange effective potential has been derived in the closure approximation
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and also the explicit expression for the nuclear matrix elements that are of the
form of Double Gamow-Teller and Double Fermi.?® Those DCE-DGT and DCE-
DF have been calculated using microscopic IBM. Finally we have shown a linear
relation among DCE-DGT and OvDGT confirming!3? in shell model.

The DCE matrix elements calculated in microscopic IBM are also at disposal of
the HIDEX reaction model code, just as also we plan to complete the calculation
with an odd-odd IBFFM program of the single charge exchange matrix elements
for the two-step double charge exchange reaction code.!%?

11.4. Competing channels

To interpret the experimental cross-sections and properly isolate the DCE contri-
bution, the description of competing processes leading to the same exit channel is
mandatory. The latter are essentially multi-nucleon transfer reactions. An example
is shown in Fig. 139, for the NUMEN reaction 2°Ne + 116Cd — 290 + 1168n.

The theoretical description of these reactions is generally tackled still within
the DWBA approach, although coupled channel calculations (based on the code
FRESCO5) are also feasible. An important point to consider is the treatment of
the spectroscopic information contained in such a theoretical description.

Recently, the formalism for two nucleon transfer reactions'3! has been elabo-
rated also within the microscopic IBM-2.132-137 This development is particularly
appealing; indeed microscopic IBM allows one to calculate in a realistic way the
transition matrix elements for heavy, medium nuclei and it has been exploited for
the evaluation of neutrinoless double beta decay nuclear matrix elements.!3%139

Spectroscopic amplitudes of two-proton and two-neutron transfer reactions,
which are competing with the two charge exchange, have been computed for the
combinations represented in Fig. 139, both with microscopic IBM-2 and with
shell model calculations,!*® and inserted as input in the FRESCO code. The

Path-1

[ 180+1135n ]

[ 20N 4 1164 200 4 116gn ]

[ 22Ne+114cd ]

Path-2

Fig. 139. Schematic illustration of (2n — 2p) or (2p — 2n) transfer paths for the reaction 2°Ne +
116Cd — 200 + 1168n.
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resulting multi-nucleon transfer reaction cross-sections, obtained within the two
model schemes, differ by less than a factor of 2.

One observes that these competing processes are far from saturating the total
detected experimental cross-section, thus pointing to a dominant role of the dou-
ble charge exchange contribution. Indeed the calculated transfer cross-section is of
the order of 10™% — 1072 nb, to be compared with the experimental cross-section
of 12 £ 2 nb. On the other hand, the calculated two-proton transfer cross-section
20Ne +116Cd — 180, 5. + 11¥Sn, ., as obtained employing SM spectroscopic ampli-
tudes, is of the order of 10 nb,!4! which is close to the experimental value (9+5 nb).
The latter result can be considered as a further check of the good performances of
the full calculation.

In keeping with this analysis, we plan to investigate the role of nucleon transfer
with respect to direct charge exchange also for SCE reactions, such as ?°Ne +
16Cd — 20F4-1161n. In this case one has to evaluate the cross-section corresponding
to a sequential two nucleon transfer, to be compared with the one step process, i.e.
with DWBA calculations of the direct SCE process.

We plan to keep on our activity related to the upgrade of the FRESCO code.
We intend to insert systematically in the calculations all the channels leading to
the same final outcome, namely CE and transfer processes. The final goal would
be to treat the corresponding transition amplitudes coherently, so that possible
interference effects would be taken into account.
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