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1 Introduction

The neutron time-of-flight (n_TOF) facility is based on a proposal by Carlo Rubbia [23] of
establishing a high intensity neutron source at CERN, by taking advantage of the specific
characteristics of the on-site accelerator complex. The facility became operational in 2001.
The main motivation for the construction of this neutron time-of-flight facility was the
production of high accuracy nuclear data for innovation in energy applications [24] and
nuclear astrophysics studies [11].

One of the principal activities taking place at n_TOF is that of obtaining nuclear data rel-
evant for the development of innovative systems for energy production and nuclear waste
transmutation through accelerator-driven systems (ADS) and Generation IV fast reactors
[3]. High accuracy, high precision and high-resolution cross section data are needed, in a
wide energy range, for a variety of major and minor actinides [12], as well as for coolant,
spallation and structural materials [18]. A second major branch of the scientific activity
at n_TOF is oriented to the study of neutron induced reactions of astrophysical interest
[11], in particular those relevant for understanding the nucleosynthesis of heavy elements
in stellar environments. Finally, at n_TOF, several reaction studies of interest for medical
applications have been performed in the past (e.g. [22]) and many more are considered for
investigation in the near future.

Since its first year of operation and up to 2018, the n_TOF facility went through different
phases of operation and significant upgrades. During the 2nd long shutdown period of the
CERN accelerator complex (LS2), several actions to extend the capabilities of the facility
were accomplished.

A brief description of the n_TOF facility is given in the next section. In the following
two sections the recently performed upgrade activities will be described along with the
corresponding commissioning actions. Finally, in the last section, the improvements with
respect to the experimental conditions are discussed along with the perspectives of the
n_TOF facility.

2 The n_TOF facility

The n_TOF facility is located at the European Organization for Nuclear Research (CERN).
The neutron production is based on spallation reactions induced by 20 GeV proton pulses
delivered by the CERN Proton Synchrotron (PS) accelerator. The pulsed proton beam is
directed through the FTN beam line towards the n_TOF nitrogen-cooled lead target. Each
proton pulse has a nominal intensity of 8.5 x 102 protons. For each proton impinging
on the lead target, approximately 300 neutrons are produced through spallation reaction
mechanisms. The maximum repetition rate of the delivered proton pulses is 0.8 Hz while
the time width of each pulse is 7 ns (rms) allowing for excellent energy resolution of the
produced neutron beam, even for the GeV neutron energy region.

Figure 1 shows a layout of the facility with the two experimental areas devoted to TOF
measurements. The first experimental area (EAR1), located at the end of a horizontal 185
m long flight path, was commissioned in 2001 and is used for measurements requiring
very high neutron energy resolution. The vertical beam line leading to the second experi-
mental area (EAR2) has a much shorter flight path of 19 m. The commissioning of EAR2
took place in 2014. In this experimental area, thanks to its high neutron flux, measure-
ments on small and/or radioactive samples are feasible, even when the mass of the sample
is just a few mg. In both experimental areas, charged particles are removed from the beam
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Figure 1 The layout of the n_TOF facility at CERN related to EAR1 and EAR2. The direction of the proton
beam, the lead spallation target and the main components of the two TOF beam lines are presented

Table 1 Main characteristics of the experimental areas of the n_TOF facility

EAR1 EAR2
Energy range 10 meV-1 GeV 10 meV-100 MeV
Energy resolution 1074-1072 1073-1072
The two options of neutron beam collimator & (cm) 1.8/8.0 3.0/6.7
Neutrons/pulse for each neutron beam collimation option 55.10°/1.2-107 22.107/20-10°

by “sweeping magnets’, while the beam aperture is defined through collimators and addi-
tional shielding elements. The final diameter of the beams, in both experimental areas, is
defined by a shaping, downstream collimator, located just before the experimental area.
Two options of beam apertures are available for each area, while the beam optical ele-
ments allow for a well defined and sharp spatial profile of the neutron beams for optimal
low background conditions. The main characteristics of the two experimental areas of the
n_TOF facility are summarized in Table 1.

To take full advantage of the excellent time (i.e. energy resolution) characteristics of the
neutron pulsed beam, high rate digitisation of the detectors analog signals is performed.
The n_TOF data acquisition system (DAQ) is based on SP Devices (digitizers), which of-
fer high sampling rates in the 14—1800 MHz range, a resolution between 8 and 14 bits
and a total per-trigger-acquisition-time up to 100 ms. The trigger signal for the n_TOF
DAQ comes from the beam current transformer (BCT), from the PS accelerator and cor-
responds to the arrival of a proton pulse that is directed to the n_TOF spallation target.
Following the trigger signal, the digitizers record the full waveform of the recorded pulses
according to the adopted sampling rate. More details on the n_TOF DAQ system can be
found in the [1].

Within the scientific program of the n_TOF Collaboration, a great variety of neutron
reaction studies takes place. Depending on the physics case dedicated experimental se-
tups are available. Throughout the more than twenty years of operation, the accumulated
experience of the n_TOF research teams led to improvements and upgrades of existing ex-
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perimental setups as well as to the development of new advanced detection systems. An
overview of the latest advances on neutron capture measurements can be found in [15],
while an overview of the fission setups is provided by [12]. For neutron induced reactions
where one or more of the reaction products is a light charged particle, specific instrumen-
tation has been developed in the most recent years and has been successfully used (e.g.
[14]) or is still under development and characterization (e.g. [10, 13]).

3 Upgrade actions during LS2 and afterwards

During LS2, several upgrade activities were realized at the n_TOF facility, leading to a suc-
cessful transition into its 4th phase of operation. These upgrade activities can be catego-
rized into two different groups: (i) the infrastructure upgrades that were mostly realized
by CERN working groups, and (ii) major detector development projects, taken over by
n_TOF Collaboration teams.

The most important upgrade action has been the replacement of the lead spallation
target that served the facility for more than ten years. The new target, featuring sliced,
nitrogen-cooled lead blocks is shown in Fig. 2. This design is aiming to sustain the ex-
cellent beam characteristics for EAR1 achieved with the previous target, while improving
the neutron flux and energy resolution in EAR2. It has to be mentioned that the previous
(2nd) lead spallation target was designed and fabricated much before the establishment
of EAR2 in 2014. For this reason, the beam exit path towards to EAR2 was not optimized
(no beam window, no specific moderator) and during the previous phase of n_TOF opera-
tion, the neutron beam energy distribution in EAR2 was suffering from quite pronounced
oscillations caused by neutron absorption within the structural materials of the target.
For the same reasons, the Monte Carlo calculations of the moderation length (related to
the so called “resolution function”) for the neutrons transported towards EAR2 showed a
rather complicated structure. The extended dispersion of the moderation length imposed
difficulties in the resonance analysis as well as in the TOF-to-energy conversion. All these
previous issues were successfully addressed though the design of the 3rd generation spalla-
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Figure 2 Exploded model of the 3rd generation lead spallation target [16]
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tion target. Indeed, Monte Carlo simulations showed that the neutron flux in EAR2 would
be highly improved with respect to the previous one and at the same time the resolution
function would be significantly simplified and better defined with obvious benefits to the
quality of the experimental data. Preliminary commissioning experimental data fully con-
firm the Monte Carlo simulations. More details on the 3rd generation n_TOF spallation
target can be found in the reference [16].

The second major n_TOF infrastructure development during LS2 was the establishment
of a new experimental area located at about 3 m distance, on the side of the lead spallation
target. This new experimental area, named NEAR Station [17, 20] (Fig. 3), offers much
higher neutron flux than EAR1 and EAR?2 and will be devoted mostly to irradiation and
activation studies. The very high neutron flux is instrumental when limitations on the
sample mass are imposed, as for instance when radioactive samples are considered. In
the activation area of the NEAR Station, nuclear astrophysics measurements are foreseen
after appropriate moderation and filtering of the neutron beam towards quasi-Maxwellian
shaped energy distributions. The proof-of-principle of beam energy filtering using B,C
filters is one of the running experiments of the n_TOF 2022-2023 campaigns [25]. Besides
the NEAR Station activation area, an irradiation-specific area is also operational. In this
sub-area, material irradiation hardness studies are taking place already since 2022. The
samples are placed in specially designed air-tight containers which are then installed right
next to the spallation target. Due to harsh radiation conditions, the samples handling is
performed by a robot.

EAR2

n_TOF target
Shielding l_-
NEAR neu \
Station

' W

Figure 3 The newly built 3rd n_TOF experimental area: The NEAR station
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Apart from the aforementioned major upgrade actions, several additional significant
developments of the n_TOF facility took place during LS2. For instance, the collimator
system of EAR1 was replaced with a new one that allows for a much faster exchange be-
tween the available beam apertures. Furthermore, the EAR1 beam line sweeping electro-
magnet was replaced by a permanent magnet, enabling stable operation with zero energy
consumption.

In addition to these upgrades devoted to improving the neutron beam characteristics,
the n_TOF teams took advantage of the LS2 period to develop, characterize and deliver in-
novative detection setups that provide the ability to perform new series of measurements
and to investigate previously unexplored physics cases. One of those developments is the
i-TED setup [4]. i-TED is a y -ray detection system based on the Compton imaging tech-
nique. In this way, the emitted y -rays from capture events within the sample volume can
be identified and selected. Accordingly, the signal to background ratio can be significantly
enhanced allowing for measurement with minimal sample masses [5]. On the same di-
rection, of performing neutron capture reaction studies with low mass and/or radioactive
samples, the high instantaneous flux of EAR2 is instrumental. Even though the high in-
stantaneous flux of EAR2, is in principle beneficial for neutron capture measurements, at
the same time, causes high counting rates and strong pile-up events in the detection sys-
tems. These issues were solved through the implementation of small-volume segmented
total-energy detectors (sTED) [2] arranged in a compact configuration around the capture
sample [6]. The high segmentation of low volume detectors allowed for the shortening of
the sample to detector distance resulting in better signal to background ratio, keeping at
the same time the counting rates in well manageable levels.

Several other projects progressed and will be finalized within the coming months at
n_TOF. These detection setups concern the study of neutron induced reactions, where
one of the outgoing charged particles is a low mass charged particle: (1, cp) reactions
[10, 13]. These particle detection setups will enable the thorough experimental study of
many (n, cp) reactions that are either completely unexplored or the existing information
is scarce and discrepant. Of course, this is a long-term research plan covering more than
a decade of intense experimental and data analysis effort. Furthermore, the abilities of the
n_TOF facility in the open research field of (#, n’) reaction studies by using in-beam y ray
spectroscopy through specially designed HPGe detectors are being explored [7]. More-
over, improvements on the fission detector setups together with new developments (e.g.
[8, 9]) are expected to be accomplished within the 2023 n_TOF campaign.

4 Commissioning activities after LS2
Given the important developments that took place during LS2, the neutron beams of both
TOF experimental areas (EAR1 & EAR2) of the n_TOF facility have been commissioned
thoroughly. For this purpose, different detection setups were utilized. The adopted setups
were based on well characterized detector configurations and on well known reference
reactions. In particular, concerning the determination of the energy dependance of the
neutron flux, 2*U(n, f), 1°B(n, @) and °Li(#, o) where used as reference reactions by apply-
ing the setups that are listed in Table 2 and shown in Fig. 4 and Fig. 5. Besides the neutron
beam flux, the beam spatial profile was determined by means of the position sensitive
PPAC detectors and by 3 x 3 cm Timepix detectors.

For both TOF experimental areas (EAR1 and EAR?2), the energy resolution was deter-
mined using different neutron capture reactions and C¢Dg y -ray detectors. The detection
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Table 2 Adopted experimental setups and methods for the commissioning of the 4th phase of the

n_TOF facility

Detector/function EAR1 EAR2

Micromegas/flux 25U(n, f) 25U(n, f)
10B(n, ) 10B(n, &)

PPAC/flux & beam profile 25U(n, f) 25U(n,f)

Silicon monitor 5Li(n, or) 5Li(n, o)

PTB fission chamber/flux 25U(n, f)

C6D6/resolution function 197Au(n, y), "r(n, y) 97Au(n, y), "r(n, y), 22U, y)
natke(n, y), "Si(n, y) natke(n,y),”’ Seln, y)

Timepix PE for n, p conversion PE for n, p conversion

Figure 4 The EART flux measurement setup. The four detection setups can be seen

setups and the corresponding reference reactions that were used are summarized in Ta-
ble 2. On this point, it has to be underlined that the neutron flux characterisation in both
experimental areas is a demanding task considering that more than eleven orders of mag-
nitude of neutron energies have to be covered. For this reason, in order to establish the
best possible accuracy of the commissioning actions, the adoption of different experimen-
tal setups and reference reactions was instrumental.

The analysis of the commissioning data is on going (February 2022). Preliminary results
show that, the neutron flux in EAR1 is at the same level with respect to the previous phase,
while for EAR? a significant increase in the neutron flux is observed along with a much

smoother neutron energy distribution and improved resolution.
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Figure 5 The EAR2 flux measurement setup. The three detection setups can be seen

5 Conclusions and outlook

During the CERN Long Shutdown LS2 period, significant upgrade actions at the n_TOF
facility were successfully accomplished, with the most important ones being the replace-
ment of the lead spallation target and the establishment of a new experimental area, the
NEAR station. These significant changes define the starting point of the 4th Phase of op-
eration of the n_TOF facility.

During 2022, the Physics program of the n_TOF facility had a dynamic restart. The out-
come of the first year of data-taking after LS2 was particularly fruitful. The long beam-
on period, along with the establishment of a third experimental area, the NEAR Station,
resulted in a wealth of experimental data taken at the facility. In particular, more than 20
scientific actions were accomplished during the 2022 n_TOF campaign concerning mostly
neutron capture reaction studies for nuclear astrophysics purposes as well as for medical
and nuclear technology applications. Thanks to the development of innovative detection
setups during LS2, the experimental investigation of previously unexplored physics cases
became feasible (e.g. measurement of the "Se(n, y) reaction cross section) [19]. A signif-
icant part of the available beam time was devoted to further detector developments and
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tests that revealed the abilities of the n_TOF facility to launch new type of measurements
in the near future.

For the current and future experimental campaigns, a quite ambitious physics program
is already being followed, aiming mostly to nuclear astrophysics studies, fission reactions
studies (e.g. measurement of 2*3Am(n, f) reaction cross section [21]), detector develop-
ment and proof-of-principle studies (e.g. [25], [13]).
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