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Motivation

• fundamental research in nuclear physics

• astrophysical implications

• modeling the stellar nucleosynthesis
(s-process)

• technological concerns

• 58Ni as a constituent material in
nuclear technologies
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n TOF facility: neutron production

Eur. Phys. J. A (2013) 49: 27 Page 3 of 15

The n TOF facility became operational at CERN
(Geneva, Switzerland) in 2001 and has since then become
a major facility in the field of neutron cross section mea-
surements. In addition, measurements aimed at the study
of nuclear structure and the mechanism of fission reactions
are part of the experimental program. The facility ran be-
tween 2001 and 2004 (n TOF-Phase1) and, after a four-
year halt and a complete upgrade of the neutron produc-
tion target, it resumed operation at the end of 2008 (start
of n TOF-Phase2). Since then, many measurements have
been performed [20], starting with a series for the commis-
sioning and characterization of the neutron beam, which
are discussed in this paper. Everything in this manuscript
refers to the n TOF facility after the 2008 upgrade, ex-
cept when is explicitly specified that something refers to
the previous configuration n TOF-Phase1 (2001–2004).

The knowledge of every parameter describing the neu-
tron beam is essential for the accurate analysis of experi-
mental data. To this aim, an extensive measurement cam-
paign was undertaken in order to determine these parame-
ters. A significant part of the work presented herein deals
with the estimation of the uncertainties of each of the
beam parameters and their effect when propagated to the
different types of measurements. A brief description of the
facility is given in sect. 2, which is followed by a discus-
sion of the Monte Carlo simulations of its performance
in sect. 3. The characteristics of the beam discussed in
this paper are the flux and its neutron energy dependence
(sect. 4), the distribution of the neutron beam in space
(sect. 5) and time (sect. 6), and the in-beam background
components (sect. 7).

2 Description of the CERN n TOF facility

A detailed technical description of the n TOF facility will
be given in a dedicated paper (ref. [14]), thus only a brief
summary is given in this paper.

The n TOF facility is part of the fixed target experi-
mental program at the CERN accelerator complex [21],
as sketched in fig. 1. At n TOF, a high-intensity neu-
tron pulse is produced every 1.2 seconds (or multiples
of this interval) from spallation reactions induced by a
pulse of 7 × 1012 protons of 20GeV/c momentum im-
pinging on a 1.3 tonne cylindrical lead target 40 cm in
length and 60 cm in diameter, which is illustrated in fig. 2.
A 1 cm water layer cools the target and, together with
a subsequent layer of 4 cm of water or borated water
(H2O + 1.28%H3BO3, fraction in mass), moderates the
initially fast neutrons into the desired energy spectrum,
which ranges down to thermal energies. This separation
of the cooling/moderation circuit in two regions is one of
the main differences and advantages (see sect. 7.1) with
respect to the previous configuration (2001–2004) where
a sole water layer of 5.7 cm was used both as coolant and
neutron moderator.

The experimental area begins at 182.3m from the spal-
lation target and has a length of 7.9m. Along the evac-
uated beam line, sketched in fig. 3, a sweeping magnet
(200 cm long, 44 cm gap and 3.6Tm field) deflects the

Fig. 1. Layout of the n TOF facility within the CERN accel-
erator complex [21]. The LINAC feeds the PS-Booster, which
provides the PS with protons of 1.4 GeV/c for acceleration up
to 20 GeV/c. This beam is extracted and sent to the n TOF
lead spallation target in bunches of 7×1012 protons. The exper-
imental hall is located near the end of the 200 m long neutron
beam line.

Fig. 2. Cross section of the n TOF lead spallation target. The
separation of the cooling (water) and moderator (water or bo-
rated water) layers is realized by a thin alumunium window.

charged particles in the beam and two collimators shape
the neutron beam. The diameter of the second collimator,
placed at 178m from the spallation target, can be chosen
between 18mm (capture mode with 235 cm of steel plus
50 cm of borated polyethylene) and 80mm (fission mode
with 50 cm of borated polyethylene plus 125 cm of steel
plus 75 cm of borated polyethylene) to accommodate the
needs of each measurement.

Several detection systems are available to study dif-
ferent types of reactions. Liquid (C6D6 [22]) and solid
(BaF2 [23]) scintillators are used to measure the γ-rays
following (n,γ) reactions, while gas (MicroMegas [24,25])
and solid-state (silicon [26] and diamond [27]) detectors
are employed for (n,charged-particle) reaction measure-
ments. Lastly, fission reactions are measured with gas de-
tectors (MicroMegas [24,25] and PPAC [28]). The combi-
nation of these detection systems with a fully digital Data

Spallation target:

• Pb block (1.3 t)

Proton source:

• PS (Proton Synchrotron) accelerator

• proton energy: 20 GeV

• pulse mode: ∆t = n · (1.2 s)

• 7 · 1012 protons per pulse

• every proton → 300 neutrons

Moderation:

• Pb block + layer of (borated) water

• En = 10 meV – 10 GeV

C. Guerrero et al., Eur. Phys. J. A 49, 27 (2013)
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C6D6 detectors

R. Plag et al., Nucl. Instrum. Methods A 496, 425 (2003)
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Time of flight technique
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Goals and challenges

Goals: • to calculate the capture yield
• to extract the cross section

Challenges: • detection efficiency
• scattered neutrons
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Detection efficiency
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Efficiency for detecting a cascade C by a
detector of low detection efficiency:

εC ≈
∑
i

ε
(C)
i

If ε
(C)
i ∝ E(C)

i then:

εC ∝
∑
i

E
(C)
i = Etot

where:

Etot = Sn + E∗ 6= f(C)
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Pulse height weighting technique

W (E) ⇒ ε
(K)
i = αE

(K)
i
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Weighted counts
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GEANT4 simulation of the neutron background
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GEANT4 simulation of the neutron background
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γ-ray cascades (example: 28Si)
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P. Žugec et al., Nucl. Instrum. Methods A 760, 57 (2014)
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γ-ray cascades (197Au case)
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Amplitudes - Empty - Beamoff
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(b)

Counts - Empty - Beamoff (scaled)
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P. Žugec et al., Nucl. Instrum. Methods A 760, 57 (2014)
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Experiment vs. simulation
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P. Žugec et al., Nucl. Instrum. Methods A 760, 57 (2014)
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58Ni capture yield
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Resolved resonance region (<122 keV; SAMMY)
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Unresolved resonance region (>122 keV; SESH)
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Maxwellian averaged cross sections (MACS)

〈σ〉kT =
2
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π
·

1

(kT )2

∫ ∞
0

σ(En)Ene
−En/kTdEn
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Maxwellian averaged cross sections (MACS)
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P. Žugec et al., Phys. Rev. C 89, 014605 (2014)

12% lower MACS at 30 keV

60% more 58Ni in 25M� stars
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Maxwellian averaged cross sections (MACS)
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P. Žugec et al., Phys. Rev. C 89, 014605 (2014)
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Thank you for listening!
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