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Measurements of neutron cross sections
TOF technique/spectrometer at CERN

•In a wide energy range
•At high energy resolution
•With high accuracy (∼ 3 to 5 % rel. unc.)

Fission and neutron capture
For nuclear astrophysics and nuclear technology

neutron Time-Of-Flight
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I. INTRODUCTION

Neutron-capture nucleosynthesis during stellar He burning
contributes about half of the elemental abundances between
Fe and Bi. Substantial progress in the quantitative description
of this slow neutron-capture (s) process has been achieved
by an interdisciplinary approach involving improved nuclear
physics input, advanced stellar model codes, and a wealth of
data from astronomical observations and from the analysis of
circumstellar dust grains. These three topics and their mutual
connections are briefly described, before each topic is ad-
dressed in detail in Secs. II, III, and IV. In the final section the
synergies between the main topics are outlined with particular
emphasis on the open quests and future prospects of this field.

The phenomenological picture of the classical s process
was formulated about 50 years ago in the seminal papers of
Burbidge et al. (1957) (hereafter referred to as B2FH) and
of Cameron (1957), where the entire s-process panorama was
already sketched in its essential parts. These ideas were
worked out in the following decades by Clayton et al.
(1961), Seeger et al. (1965), Clayton and Rassbach (1967),
and Clayton and Ward (1974). The distinction of a slow and a
rapid (s and r) neutron-capture process follows from the
isotopic pattern in the chart of nuclides (Fig. 1), which shows
that the s process follows the stability valley because the
neutron-capture time scale is slower than that for ! decay.
The neutron-rich isotopes outside the s path are ascribed to
the r process, which occurs under explosive conditions,
presumably in supernovae. The decay of the reaction products
from the r-process path on the far neutron-rich side of the
stability valley forms the r-only isotopes. It also contributes
to most of the other isotopes, except for those which are
shielded by stable isobars. The corresponding ensembles of
s- and r-only isotopes are important for the separation of the
respective abundance distributions. The subset of stable iso-
topes on the proton-rich side are ascribed to the p process,
which is likely to occur also in supernova explosions
(Arnould and Goriely, 2003). With a few exceptions, the p
abundances are much smaller than the s and r components.

The decisive role of nuclear physics for a quantitative
model of the s process was clearly expressed already by
B2FH. In spite of the fact that neither the neutron source
reactions nor the neutron-capture cross sections in the astro-
physically relevant energy range were known apart from
some scattered and uncertain information, all essential fea-
tures had been inferred from this meager information: The
product of the stellar (n;") cross sections and of the resulting
s abundances h#iNs, which represents the reaction flow, was
found to be a smooth function of mass number A. From the
composite slope of this function, the two different s processes
had already been postulated. The steep decline between
A ! 63 and 100 was interpreted as the result of an
s-process site with not enough neutrons available per 56Fe
seed to build the nuclei to their saturation abundances. In the
mass region beyond A ! 100, the much smaller slope sug-
gested that steady flow was achieved and that all of these
nuclei reached their saturation abundances. It was concluded
that ‘‘two different processes might have occurred in two
different red-giant stars (B2FH).’’

In the 1990s, however, improvements in the accuracy of
the nuclear input data revealed that the classical s process
suffered from inconsistencies in the description of the abun-
dance signatures in s-process branchings. Because such
patterns are particularly sensitive to neutron density and
temperature, this implied that these parameters were not
constant in time as assumed in the formulation of the classical
model (Käppeler, 1999).

A few years before, stellar models of the He-burning stages
of stellar evolution started to provide an increasingly realistic
picture of s-process nucleosynthesis. The prospects of this
approach were clearly superior to that of the classical model
because it could be directly linked to astronomical
observations.

A first generation of models (Gallino et al., 1988;
Hollowell and Iben, 1988) was soon replaced by scenarios
related to core He (Heger, 2006; Chieffi and Limongi, 2006)
and shell C burning (Raiteri et al., 1991, 1993; Limongi
et al., 2000) in massive stars for the weak s process, on the
one hand, and to thermally pulsing low-mass asymptotic giant
branch (AGB) stars (Straniero et al., 1995; Gallino et al.,
1998; Arlandini et al., 1999) for the main s process, on the
other hand. The current status of AGB evolution includes
phenomena such as hot bottom burning, the ab initio treat-
ment of third dredge up, and related mixing processes as well
as the effect of metallicity and initial stellar mass (Herwig,
2005). The latter aspects are particularly important for the
discussion of the s-process component in galactic chemical
evolution (Travaglio et al., 2004).

The success of the stellar models could be impressively
verified by comparison with the solar s component and with a
large body of data obtained from analyses of presolar material
in the form of refractive dust grains of circumstellar origin
(Zinner, 1998).

With respect to the origin of the heavy elements, observa-
tions of s-process abundances in AGB stars began in 1952
with the discovery of Tc lines in red-giant stars of spectral
type S by Merrill (1952). Ever since, spectral observations
of peculiar red giants turned out to be a prolific source of
s-process information for the He-burning stage of stellar

FIG. 1. Illustration of the neutron-capture processes responsible
for the formation of the nuclei between iron and the actinides. The
observed abundance distribution in the inset shows characteristic
twin peaks. These result from the nuclear properties where the
s- and r-reaction paths encounter magic neutron numbers. Note that
a p process has to be invoked for producing the proton-rich nuclei
that are not reached by neutron-capture reactions. For details see
discussion in text.
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•Synthesis of elements heavier than Fe: 
mostly by neutron-capture reactions

•Main features are well known
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Stellar Nucleosynthesis

Double peaks at neutron magic numbers
Two separate processes: s (slow) and r (rapid)

•Ɣ-ray spectroscopy data (e.g. Hubble)

Abundances
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S-process
•Red giants
•Neutron density ∼ 108 n/cm3

•Capture times small compared 
with β-decay lifetimes
•Valley of β-stability: stable nuclei

R-process
•Supernovae
•Neutron density: 1020 to 1030 n/cm3

•Rapid process: neutron-rich nuclei
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Slow and Rapid Processes
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209Bi, some (n; p) and (n;!) reactions (from 33Se to 59Ni),
and also (n;") and (n; f) reactions for long-lived actinides.
Also in this version MACS were given at a single thermal
energy of kT ¼ 30 keV, sufficient for studies with the ca-
nonical s process formulated by Seeger et al. (1965) for a
constant temperature and neutron density scenario. A major
achievement, however, was the significant improvement of
the accuracy, which was reaching the 1% –2% level for a
number of important s-process isotopes.

Meanwhile, the canonical or ‘‘classical’’ approach had
been challenged by refined stellar models, which indicated
different sites for the s process, from He shell burning in
thermally pulsing low-mass AGB stars (Gallino, Busso et al.,
1988; Hollowell and Iben, 1988) to shell C burning in mas-
sive stars (Raiteri et al., 1991a, 1991b), where (!; n) reac-
tions on 13C and 22Ne were identified as the dominant neutron
sources, respectively. The fact that the temperatures at the
various sites require MACS data for thermal energies be-
tween 8 and 90 keV was taken into account in the compilation
of Beer, Voß, and Winters (1992), which listed values in the
range 5 " kT " 100 keV.

The following compilation of Bao et al. (2000) was
extended to cover a network of 364 (n;") reactions, including
relevant partial cross sections. This work presents detailed
information on previous MACS results, which were eventu-
ally condensed into recommended values. Again, data are
given for thermal energies from 5 to 100 keV. For isotopes
without experimental cross-section information, recom-
mended values were derived from calculations with the
Hauser-Feshbach statistical model code NON-SMOKER

(Rauscher Thielemann, 2000), which were empirically cor-
rected for known systematic deficiencies in the nuclear input
of the calculation. For the first time, SEFs, which take the
effect of thermally excited nuclear states into account, were
included as well.

For easy access, the compilation of Bao et al. (2000) was
published in electronic form via the KADONIS project2

(Dillmann et al., 2005). The current version KADONIS V0.3

(Dillmann et al., 2009) is already the third update and
includes [compared to the Bao et al. compilation (Bao
et al., 2000)] recommended values for 38 improved and
14 new cross sections. In total, data sets are available for
356 isotopes, including 77 radioactive nuclei on or close to
the s-process path. For 13 of these radioactive nuclei, experi-
mental data are available, i.e., for 14C, 60Fe, 93Zr, 99Tc, 107Pd,
129I, 135Cs, 147Pm, 151Sm, 155Eu, 163Ho, 182Hf, and 185W. The
remaining 64 radioactive nuclei are not (yet) measured in the
stellar energy range and are represented only by empirically
corrected Hauser-Feshbach rates with typical uncertainties of
25% to 30%. Almost all of the (n;") cross sections of the 277
stable isotopes have been measured. The few exceptions are
17O, 36;38Ar, 40K, 50V, 70Zn, 72;73Ge, 77;82Se, 98;99Ru, 131Xe,
138La, 158Dy, and 195Pt, which lie mostly outside the s-process
path in the proton-rich p-process domain. These cross sec-
tions are difficult to determine because they are often not
accessible by activation measurements or not available
in sufficient amounts and/or enrichment for time-of-flight
measurements.

The actual status of the (n;") cross sections for s-process
nucleosynthesis calculations is summarized in Fig. 6, which
shows the respective uncertainties as a function of mass
number. Though the necessary accuracy of 1% to 5% has
been locally achieved, further improvements are clearly re-
quired, predominantly in the mass region below A ¼ 120 and
above A ¼ 180.

Further efforts in this field are necessary as Fig. 6 reflects
only the situation for a thermal energy of 30 keV. In most
cases, however, extrapolation to lower and higher tempera-
tures implies still larger uncertainties.

The lack of accurate data is particularly crucial for the
weak s process in massive stars, which is responsible for most
of the s abundances between Cu and Sr. Since the neutron
exposure of the weak s process is not sufficient for achieving
flow equilibrium, cross-section uncertainties may affect the
abundances of a sequence of heavier isotopes (see Sec. III B).

The present version of KADONIS consists of two parts: the
s-process library and a collection of available experimental
p-process reactions. The s-process library will be comple-
mented in the near future by some (n; p) and (n;!) cross
sections measured at kT ¼ 30 keV, as was already included
by Bao and Käppeler (1987). The p-process database will be
a collection of all available charged-particle reactions mea-
sured within or close to the Gamow window of the p process
(T9 ¼ 2–3 GK).

In a further extension of KADONIS it is planned to include
more radioactive isotopes, which are relevant for s-process
nucleosynthesis at higher neutron densities (up to 1011 cm#3)
(Cristallo et al., 2006). Since these isotopes are more than
one atomic mass unit away from the ‘‘regular’’ s-process path
on the neutron-rich side of stability, their stellar (n;") values
have to be extrapolated from known cross sections by means
of the statistical Hauser-Feshbach model. The present list
covers 73 new isotopes and is available on the KADONIS

home page.

2. Measurements on rare and unstable samples

The continuous development and optimization of tech-
niques and facilities remains a most vital aspect of the field,
especially with respect to unstable isotopes. This concerns the
production of higher fluxes, i.e., by means of shorter flight
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FIG. 6. Uncertainties of the stellar (n;") cross sections for
s-process nucleosynthesis. These values refer to a thermal energy
of kT ¼ 30 keV, but may be considerably larger at lower and higher
temperatures.

2http://www.kadonis.org.
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•Capture cross sections

•Astrophysics models: thermodynamic 
conditions (temperature, neutron density, 
pressure)

LIP, April 11th 2013

Data for nuclear astrophysics

capture(rate:((( λn = Nn<σ(n,γ)·v>kT!

•Details of s-process: discrepancies for A<90 (“weak” s-process)

•Neutron data targetted accuracy (up to hundreds keV): 3 to 5 %
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Capture cross sections required for:

•S-process seeds (Fe, Ni)

•Bottleneck isotopes (low cross 
sections, 90Zr)

•Branching-point isotopes 
(radioactive)

LIP, April 11th 2013

Data for nuclear astrophysics
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➡      Recent R&D motivated by world energy outlook (IEA)
➡      Climate changes, fossil fuels long-term availability
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Nuclear energy

Nuclear energy considered: low carbon emissions, peak-
load power, market availability

World
energy
demand
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ISSUE OF RADIOACTIVE WASTE

Others:
•Safety aspects
•Proliferation resistance

➡   Geological disposals - the 
present solution

LIP, April 11th 2013

Radioactive waste

TRANSMUTATION
of radiotoxic materials

•Fast neutrons (MeV): fission of actinides
•Moderated spectra (meV to keV): capture 
on structural materials and LLFP
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NEW CONCEPTS

•Generation-IV reactors (fuel recycling)
•Accelerator-Driven Systems (ADS)

•External source: surplus of neutrons
•Switch-off by accelerator
•Fast/moderated spectrum

•MYRRHA facility (Belgium)
•Construction/commissioning: 2015-2023

LIP, April 11th 2013

ADS and Gen-IV reactors
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Fission and capture cross sections for:

•Fuel elements (U/Pu, Th/U cycles)

•TRU actinides (Np, Pu, Am, Cm)

•Long-lived fission products (Tc, Cs, Sm)

•Structural materials (Zr, Fe, Ni)

LIP, April 11th 2013

Data for nuclear technology
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Astrophysics+Nuclear(Astrophysics(
(stellar+nucleosynthesis)+

Nuclear(energy(
(fission+products+&+
Structural+material)+

Advanced(nuclear(reactors(
(ac$nides)+

LIP, April 11th 2013

Chart of nuclides
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RRR URR

Only statistical estimates of the number/widths of 
resonances

Strong need for 
measurements!

•General cross-section expressions given 
by R-matrix theory

LIP, April 11th 2013

Neutron Cross Sections

•Wide range of neutron kinetic energies

•Resonant structure:
- Resolved Resonance Region (RRR)
- Unresolved Resonance Region (URR)



n_TOF 185 m 
flight path 

Proton Beam 
20GeV/c 
7x1012 ppp 

Pb Spallation 
Target 

Neutron Beam 
10o prod. angle 

n_TOF Collaboration
130 researchers/30 institutions

Spallation-target facility
First commissioning 2001

R. SarmentoMeasurements at n_TOF LIP, April 11th 2013

The n_TOF facility
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Fig. 3. Layout of the n TOF neutron beam line from the spallation target to the beam dump (distances are given in meters).

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 subse-
quent 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 re-
spect to n TOF-Phase1 (2001-2004) where a sole water
layer of 5.7 cm was used both as coolant and neutron
moderator.

The experimental area begins at 182.3 m from the spal-
lation target and has a length of 7.9 m. Along the evac-
uated beam line, sketched in fig. 3, a sweeping magnet
(200 cm long, 44 cm gap and 3.6 Tm field) deflects the
charged particles in the beam and two collimators shape
the neutron beam. The diameter of the second collimator,
placed at 178 m from the spallation target, can be chosen

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 ex-
perimental hall is located near the end of the 200 meters long
neutron beam line.

4�cm�moderator

(water�/�borated�water)

Neutrons

(meV-GeV)
Protons

(20�GeV/c)

1�cm�cooling

(water)

Fig. 2. Cross section of the n TOF-Phase2 lead spallation tar-
get. The separation of the cooling (water) and moderator (wa-
ter or borated water) layers is realized by a thin aluminium
window.

between 18 mm (capture mode with 235 cm of steel plus
50 cm of borated polyethylene) and 80 mm (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 differ-
ent types of reactions. Liquid (C6D6 [22]) and solid (BaF2

[23]) scintillators are used to measure the γ-rays follow-
ing (n,γ) reactions, while gas (MicroMegas [24,25]) and
solid-state (silicon [26] and diamond [27]) detectors are
employed for (n,charged-particle) reaction measurements.
Lastly, fission reactions are measured with gas detectors
(MicroMegas [24,25] and PPAC [28]). The combination of
these detection systems with a fully digital Data Acqui-
sition System [29] has enabled the accurate measurement
of a large number of cross sections (the complete list of
published results can be found on the n TOF web site
www.cern.ch/nTOF ) and several key technical contribu-
tions [22,30–32] to this field of research in the last decade.
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3 Monte Carlo simulation of the facility

Monte Carlo simulations are used for determining the char-
acteristics of the neutron beam. In particular, once they
are validated with experimental data, simulations give ac-
cess to information that can not be measured with the re-
quired accuracy (experiments always have limitations in
terms of statistics and sizeable backgrounds are sometimes
unavoidable) or is simply not accessible through experi-
ments (see for instance the discussion on the resolution
function in sect. 6).

This section deals with the technical details of the sim-
ulations, while the results and their comparison with ex-
perimental data are discussed throughout the correspond-
ing sections later in this paper.

3.1 FLUKA and MCNP simulations

Since the start-up of the n TOF facility in 2001, the geom-
etry of the facility has been implemented in FLUKA [33,
34] in considerable detail. However, for neutronics calcu-
lations only the region around the spallation target illus-
trated in fig. 4 is important, since the surrounding struc-
tures are only important for estimating the activation of
materials, residual dose, etc. The changes made during the
upgrade period (2004-2008), particularly the new spalla-
tion target assembly, are included in the simulated geome-
try, which was also exported to MCNP [35] using the built-
in feature in FLAIR [36], the FLUKA Graphical User In-
terface.

The choice of using both FLUKA (version 2011) and
MCNP (MCNPX version 2.6) was made in order to take
advantage of each code’s strong points in a study where
a variety of particle interactions, spanning at least 12
orders of magnitude in energy, are followed. In particu-
lar, FLUKA boasts very accurate and well-benchmarked
high-energy hadron interaction models, appropriate for
simulating the proton beam interaction with the spalla-
tion target. Nevertheless, the transport of neutrons below
20 MeV (and down to the lowest threshold of 0.01 meV) is
performed by a multi-group algorithm and an associated
grouped cross section library containing over 250 mate-
rials. The above mentioned energy range is subdivided
into 260 groups of approximately equal logarithmic width
where inelastic reactions are not simulated explicitly, but
treated as transfer probabilities between energy groups,
forming a so-called downscattering matrix. While this ap-
proach is generally reliable and very CPU-efficient, it can
lead to unphysical artifacts when studying thin and/or
low density objects or when the resonance structure of the
studied material is relevant to the problem (e.g. in shield-
ing applications). This implies a limitation, for instance, in
extracting accurate information on the resonance absorp-
tion dips present in the n TOF neutron energy spectrum.
It is in this context that MCNP becomes useful, since it
employs point-wise neutron cross sections down to ther-
mal energies.

3.2 Neutron production: geometry and scoring

The geometry was carefully built based on technical doc-
umentation of the n TOF facility (spallation target, vac-
uum windows, ...) and civil engineering layouts of the envi-
ronment (tunnels, target area, ...). Furthermore, the com-
position of the materials and especially of the aluminium
alloys which constitute the various windows and beam-line
components were defined in the best possible detail taking
into account the available specifications and their chemical
and isotopic composition. The goal of the simulations was

Lead
Vacuum

Protons

Cooling

Moderator

Fig. 4. Geometry of the target assembly implemented in the
FLUKA and MCNP simulations (partial view).

to follow the proton beam interaction with the lead spal-
lation target, and to track all particles produced, up to a
scoring plane corresponding to the entrance of the neutron
beam line vacuum tube. In particular, the neutron or γ-
ray position, direction, energy, weight and time of arrival
(defined as the time between the primary proton hitting
the target and the secondary particles reaching the scor-
ing plane) were recorded for their subsequent transport
through the beam line. Particles entering the vacuum tube
at an angle greater than 10◦ relative to the beam-line axis
were immediately discarded as they can never reach the
experimental area. All this information was later used to
perform the neutron propagation towards the experimen-
tal area, as described in sect. 3.3.

3.3 Neutron transport along the beam line

A full simulation of the neutrons travelling along the beam-
line up to the experimental area would be impractical
since the solid angle subtended by the second collimator
is less than 10−8 sr. Such calculations would therefore re-
quire an unaffordable long CPU time.

To address this issue, an independent external code
was developed which uses the information obtained from

•40 cm long, 60 cm 
diameter
•Pb target

•Neutron yield ∼ 300 n/p
•Water cooling and 
moderation (isolethargic 
flux)
•Concrete shields

R. SarmentoMeasurements at n_TOF LIP, April 11th 2013

Spallation target

m

Neutrons
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Fig. 3. Layout of the n TOF neutron beam line from the spallation target to the beam dump (distances are given in meters).
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The experimental area begins at 182.3 m from the spal-
lation target and has a length of 7.9 m. Along the evac-
uated beam line, sketched in fig. 3, a sweeping magnet
(200 cm long, 44 cm gap and 3.6 Tm field) deflects the
charged particles in the beam and two collimators shape
the neutron beam. The diameter of the second collimator,
placed at 178 m from the spallation target, can be chosen

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 ex-
perimental hall is located near the end of the 200 meters long
neutron beam line.
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Fig. 2. Cross section of the n TOF-Phase2 lead spallation tar-
get. The separation of the cooling (water) and moderator (wa-
ter or borated water) layers is realized by a thin aluminium
window.

between 18 mm (capture mode with 235 cm of steel plus
50 cm of borated polyethylene) and 80 mm (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 differ-
ent types of reactions. Liquid (C6D6 [22]) and solid (BaF2

[23]) scintillators are used to measure the γ-rays follow-
ing (n,γ) reactions, while gas (MicroMegas [24,25]) and
solid-state (silicon [26] and diamond [27]) detectors are
employed for (n,charged-particle) reaction measurements.
Lastly, fission reactions are measured with gas detectors
(MicroMegas [24,25] and PPAC [28]). The combination of
these detection systems with a fully digital Data Acqui-
sition System [29] has enabled the accurate measurement
of a large number of cross sections (the complete list of
published results can be found on the n TOF web site
www.cern.ch/nTOF ) and several key technical contribu-
tions [22,30–32] to this field of research in the last decade.

•Beam line at 10 deg. 
horiz.

•Iron/concrete shields 
(scattered n, Ɣ,μ)

•Sweeping magnet
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Fig. 3. Layout of the n TOF neutron beam line from the spallation target to the beam dump (distances are given in meters).

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 subse-
quent 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 re-
spect to n TOF-Phase1 (2001-2004) where a sole water
layer of 5.7 cm was used both as coolant and neutron
moderator.

The experimental area begins at 182.3 m from the spal-
lation target and has a length of 7.9 m. Along the evac-
uated beam line, sketched in fig. 3, a sweeping magnet
(200 cm long, 44 cm gap and 3.6 Tm field) deflects the
charged particles in the beam and two collimators shape
the neutron beam. The diameter of the second collimator,
placed at 178 m from the spallation target, can be chosen

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 ex-
perimental hall is located near the end of the 200 meters long
neutron beam line.
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Fig. 2. Cross section of the n TOF-Phase2 lead spallation tar-
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ter or borated water) layers is realized by a thin aluminium
window.

between 18 mm (capture mode with 235 cm of steel plus
50 cm of borated polyethylene) and 80 mm (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 differ-
ent types of reactions. Liquid (C6D6 [22]) and solid (BaF2

[23]) scintillators are used to measure the γ-rays follow-
ing (n,γ) reactions, while gas (MicroMegas [24,25]) and
solid-state (silicon [26] and diamond [27]) detectors are
employed for (n,charged-particle) reaction measurements.
Lastly, fission reactions are measured with gas detectors
(MicroMegas [24,25] and PPAC [28]). The combination of
these detection systems with a fully digital Data Acqui-
sition System [29] has enabled the accurate measurement
of a large number of cross sections (the complete list of
published results can be found on the n TOF web site
www.cern.ch/nTOF ) and several key technical contribu-
tions [22,30–32] to this field of research in the last decade.
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statistical error and the uncertainties due the
detector and the number of protons. The total
number of counts per proton bunch is calculated
for each orientation (x; y or 30!). The variation of
this number gave an error estimated to 5%
containing both the uncertainties due to the
detector and on the number of protons. The code
MINUIT [19] was finally used to adjust the free
parameters of the function in order to minimise
the w2: The results of the fit are shown in Fig. 10
together with experimental data.

The values of the parameters adjusted to the
experimental projected profiles at 186 m are
reported in Table 2 with an upper energy limit of
20 MeV:

Table 3 shows the results of the fit for the
simulated data. The main discrepancy between
Tables 2 and 3 occurs in the 10 keV to 1 MeV
energy range, and is mainly due to the poor
statistics in this energy range caused by a lower
reaction rate. This is also the reason why the errors
on sx and sy are bigger in this energy range. The
simulation agrees on the observed shift of the
center on the X -axis, presumably due to the 10!

angle of the proton beam on the target. However,
the experimentally observed shift on experimental
data of the center along the Y -axis was not
foreseen, which implies a small but possible
misalignment of the collimators or of the proton
beam on the lead target. However, the general
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Fig. 10. Horizontal (a), vertical (b), 30! (c) experimental and analytic projected profiles between 100 keV and 1 MeV at 186 m and
corresponding beam profile (d) for one bunch of 7" 1012 protons.

J. Pancin et al. / Nuclear Instruments and Methods in Physics Research A 524 (2004) 102–114112

Beam profile at ≈  200 m

2 cm

Beam profile
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 Radioactive samples: small mass
(few mg to 2 g)

• Radiation safety
• Maximize signal-to-noise ratio •Fission collimation: 8 cm



Neutron fluence
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Evaluated neutron fluence

•Wide energy range
•Thermal peak (25 meV)
•Isolethargic flux (eV, keV)
•Absorption dips
•Evaporation peak (1 MeV)
•Knockout neutrons (100 MeV)
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In-beam background
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6.2 Effect of the resolution function in the resonance
shapes

The high resolution of the n TOF neutron beam makes
it possible to observe resonances up to tens and hundreds
of keV. An example is displayed in fig. 12, which shows a
resonance from 56Fe measured near 80 keV. The calculated
Doppler broadened resonance shape is shown as reference
to illustrate the effect of the resolution broadening. This is
indeed sizable, but still allows to accurately determine the
strength of the measured resonances from their integrals,
which remain unchanged by the broadening.

 Neutron energy (keV)
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Fig. 12. Measured yield of a 56Fe(n,γ) resonance at 79 keV
compared to the Doppler broadened resonance shape. The low
energy asymmetric tail is associated to the resolution broad-
ening, which changes the resonance shape leaving its integral
unchanged.

To further illustrate the impact of the resolution func-
tion, a number of relative widths are displayed in fig. 13,
from ref. [48], as a function of neutron energy. They all
correspond to the relative width at one half maximum
(FWHM/E), except for the resonance spacing where D0/E
is displayed. The dashed lines correspond to the individ-
ual broadening effects: the analytical resolution function
of n TOF, the broadening due to the 7 ns RMS width
of the proton pulse, and the Doppler broadening at room
temperature for mass A = 232. The thick solid line corre-
sponds to the overall broadening calculated as the quadratic
sum of the previous ones. The three dashed curves, which
shall be compared to the intrinsic width of 232Th reso-
nances from the evaluated library JEFF-3.1.2, illustrate
how each type of broadening dominates in different energy
intervals. Last, the s-wave level spacing of 232Th (20 eV)
is shown to illustrate that resonances can be resolved until
the overall broadening becomes larger than the resonance
spacing, in this case up to 20 keV.

Neutron energy (eV)
1 10

210 10 410 10
6

10

R
e

la
ti

ve
 w

id
th

-5
10

-4
10

-3
10

-2
10

-1
10

1
Doppler (A=232)

232Th reson. spacing (D
0
=20 eV)

232Th resonance widths 

Overall Broad. (RF+Dop232+PW)

 

Modelled Resol. Function (RF)

 
 

Pulse Width (7 ns)

3 5

Fig. 13. The various components (dashed lines) contributing
to the observed (thick brown line) resonance widths of 232Th in
the energy interval from 1 eV to 1 MeV. The intrinsic width
(blue points) and level density (pink solid line) of 232Th are are
also displayed (fig. after [48]).

7 Background conditions

7.1 In-beam γ-ray background

The spallation process as well as the absorption of neu-
trons in the moderator are responsible for a sizable pro-
duction of γ-rays, a fraction of which reaches the experi-
mental hall. Knowing the energy distribution and time-of-
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Fig. 14. Time of arrival of photons and neutrons in the ex-
perimental hall for the capture collimation mode in the con-
figurations with water and borated water as moderator (labels
with the corresponding neutron energy values are displayed for
guidance). The large reduction of in-beam γ-rays in the keV
neutron energy region with borated water is obvious.
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1.3 Charged-Particle and Gamma-Ray Beam Contamination
A 20!GeV/c proton beam interacting with a lead target represents a source of many
charged and neutral particles [27]. As already mentioned, the fluence of charged
particles is strongly suppressed by the sweeping magnet located at 145!m from the
spallation module. The momentum distribution of the charged particles as resulting
from simulations is shown in Figure 1.3, together with that of neutrons.

Figure 1.3: Monte-Carlo simulation of the flux of the charged secondary particles and
neutrons produced by the spallation process as a function of their momentum.

During the spallation and moderation process of neutrons in the lead target, photons
are produced. These photons can be well separated into two groups: a “fast”
component resulting from the spallation process with times t!<!1!ms and a “slow”
component arriving at times t!≥!1!ms up to a few 100!ms, mainly due to thermal
neutron capture by the elements present in the moderator and the lead target. The
“fast” component, which is often called g-flash provides a mean of accurately
measuring the to of each pulse.

The g-flux of the “slow” component at the measuring station comes along with
neutrons having energies of a few keV, but is more than an order of magnitude
lower than the neutron flux (Figure 1.4a). From the energy spectrum of these photons
(Figure 1.4b), 40% of the contribution is due to the neutron capture on hydrogen
producing 2.2 MeV g-rays. Another 5% contribution comes from photons with
energies around 7 MeV resulting from the capture on lead, on the aluminum alloy
container and on the iron target support.

Charged particles - deflected Neutrals in experimental area
No wrap-around
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Figure 9: a) Monte Carlo distribution of the equivalent neutron path inside the moderator, evaluated at
the energy of observation; b) Simulation of the energy resolution at 185 m. The 7 ns resolution due to
the proton beam becomes dominant for neutron energies above a few MeV.

and leave the rest of the spectrum almost unchanged. The contribution of the rest of the spectrum due
to the self shielding effect was estimated by means of simulation, to be of the order of 2%. This effect
was applied as a systematic correction on the difference in the counts between the two foils.

Two separate activation measurements [16] were performed in Nov. 2001 and Apr. 2002. The two
measurements agree with each other within the error bars. The combined integrated neutron fluence at
the distance of 182.7 m and for 7⇥1012 incident protons is 17500 ± 1300 neutrons at the resonance
energy of 4.9 eV. This value is indicated in the fig. 8 for comparison with the fluence measurement done
with the fission chambers. The results on the fluence with the activation foils is slightly higher than the
one measured with the fission chambers by ⇡ 10%. This higher value might be due to the presence of a
directional neutron background [14] not considered in the evaluation.

6 The resolution function

Another goal of the commissioning phase of n TOF was to estimate the resolution function �E/E of
the facility. As indicated by the simulations [1], the energy resolution can be estimated using the relation

�E

E
=

2��

� + L
(2)

between the energy E and the effective neutron path � inside the lead followed by the 5 cm thick water
moderator, L being the length of the flight path. This effective neutron path can be evaluated as �= v⇥t,
where v is the neutron velocity when entering the neutron tube and t the time elapsed since its creation
(fig. 9). The effective neutron path in the lead target is a few centimeters for the lowest energies; the
variance �� has been evaluated taking either the r.m.s. of the � distribution or the standard deviation
from a Gaussian fit of the peaks.

The resolution� E/E can be estimated by comparing the measured cross section with the database
in correspondence of isolated, narrow resonances measured with high statistics.

In this spirit we have chosen to work on the 235U resonance at 7.1 eV. The first step was to convert
the fission data collected with the chamber into cross section. This implies the knowledge of the neutron
fluence and of the background. In addition, corrections for the absorbing elements (Pt, Ta) should be
applied as indicated in eq. (1). In fact, this operation is the inverse one of the fluence determination de-
scribed above. While the fluence determination was the result of a global operation (i.e. over the whole

10

Neutron energy resolution

between the energy E and the effective neutron
path l inside the lead followed by the 5 cm thick
water moderator, L being the length of the flight
path. This effective neutron path can be evaluated
as l ¼ v" t; where v is the neutron velocity when
entering the neutron tube and t the time elapsed

since its creation (Fig. 9). The effective neutron
path in the lead target is a few centimeters for the
lowest energies; the variance Dl has been eval-
uated taking either the r.m.s. of the l distribution
or the standard deviation from a Gaussian fit of
the peaks.
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Fig. 9. (a) Monte Carlo distribution of the equivalent neutron path inside the moderator, evaluated at the energy of observation; (b)
Simulation of the energy resolution at 185 m: The 7 ns resolution due to the proton beam becomes dominant for neutron energies
above a few MeV.

C. Borcea et al. / Nuclear Instruments and Methods in Physics Research A 513 (2003) 524–537534

R. SarmentoMeasurements at n_TOF LIP, April 11th 2013

High resolution (∼0.1% at 10 keV): cross-section resonances

•Long flight distance (200 m)
•Short PS pulse width (7 ns)

•Moderation lenght in the (old) target/moderator: resolution function



3.3 Data analysis

Figure 3.6: The cross section of a resonance in Au at 1.529 keV is calculated without broaden-

ing effects (red), with Doppler broadening (green) and with Doppler and Moderator broadening

by implementing the n TOF RF (blue). The calculation was done using the code SAMMY [53]

for a Au sample with a thickness of 5.838 × 10−4 atoms per barn.

known resonances and matching the flight path to obtain the correct resonance
energy ER. This allows to determine the flight path up to a precision of a few
cm which corresponds to a relative uncertainty of less than 0.1%. Contrary to the
effects listed above this uncertainty introduces only an offset in neutron energy
but has no broadening effect.

• the time response of the detectors, which can be neglected in the present case.

Figure 3.5 shows the resolution as a function of energy for the n TOF facility. The
resolution at low energies is clearly dominated by Doppler broadening, here calculated
for a Au sample, whereas at higher energies moderation effects become more impor-
tant. From around 1 MeV also the pulse width of the proton beam makes a significant
contribution. The Doppler broadening was calculated according to Eq. 3.9, the values
for the moderator resolution were taken from Reference [37] (Appendix, p. 145). All
values are for a flight path of 187.5 m. The effect of thermal and moderation broadening
for the calculated resonance at ER = 1.529 keV in Au is plotted in Fig. 3.6.
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Neutron energy resolution
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•Doppler broadening dominant up to 1 
keV

Characterization of the New n TOF Neutron Beam: Fluence, Profile and Resolution – C. Guerrero et al. -1627-

Fig. 5. (Color online) Resolution Function, expressed as
moderation distance, of the new and old spallation target in
the region around 100 keV, where the resolution broadening
becomes dominant.

Fig. 6. (Color online) The measured 56Fe(n,�) resonance
near 81 keV and the expected shape with and without broad-
ening by the RF.

thicknesses: 20 nm to investigate low neutron energy
range, and 2 µm to study the profile for neutron energies
up to 1 MeV.

The beam profile for thermal neutrons is shown in
Fig. 4. The collimation system along the beam line pro-
vides a nearly Gaussian profile with a width of ⇠7 mm
changing slightly with neutron energy. Hence, the frac-
tion of the beam intercepted by sample of a given size
varies slightly with energy as shown in Table 2.

V. RESOLUTION FUNCTION

Due to the finite width of the proton pulse and due to
the neutron production and moderation processes, neu-
trons of the same energy leave the target at di↵erent

times. The function relating the time-of-flight with the
energy of the neutrons is referred to as Resolution Func-
tion (RF), and becomes the dominating broadening ef-
fect (over Doppler) at energies above some tens of keV.

The RF of the new target has been determined from
simulations and is described analytically by a modified
RPI function, see [8]. Above 100 keV (see Fig. 5), the
RF of the new target is essentially similar to that of the
previous target [7]. At lower energies, the tail of the
distributions is broadened due to the e↵ect of the air
gap between the exit of the target and the beginning of
the TOF tube.

The correctness of the analytical function is tested by
comparison of the expected with the measured shape
for narrow resonances which width are dominated by
the resolution broadening. This is illustrated in Fig. 6,
where the expected and measured shapes are in excellent
agreement. The magnitude of the RF broadening with
respect to Doppler is illustrated by the large di↵erence
in the width of the blue and red lines (with and without
including the RF broadening).
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and for giving the high voltages to the micromesh and drift electrodes, as

well as for reading out the signals, whose analysis provide time and energy

information. Pictures of the detector, totally assembled (left) and mounted

in the n TOF experimental area (right), are shown in Figure 4.12.

Figure 4.12: The Micromegas detector used for monitoring the n TOF

neutron beam. The detector chamber is made in aluminum

(left) and was mounted at the entrance of the n TOF ex-

perimental area (right).

It was placed at the entrance of the experimental area, right after the SILI

apparatus. In this setup, any variation of the neutron beam may be directly

assessed by the two monitoring detectors. However, it is important, when

using the Micromegas at n TOF, in front of other experimental apparatus,

to study the e↵ects of the detector in terms of neutron beam attenuation and

induced background.

4.3 Calculation of counting rates at n TOF

Calculations of the counting rates due to signals arising from the interactions

between the n TOF neutron beam and the monitoring Micromegas detector

have been performed, by using the ROOT data-analysis framework [125] and

neutron cross sections from the ENDF/B-VII.0 library as input.

100

20 cm

•“Transparent”: thin layers (∼μm)
•Standard cross-sections: 6Li(n, α), 10B(n, α) and 235U(n, f)
•Beam monitoring / Fluence evaluation
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Detectors for neutron capture

•Capture measurements: based on 
detection of Ɣ’s from nuclear de-excitation 
cascade

Main Backgrounds

•Ɣ’s from scattered neutrons 
captured in the setup (neutron 
sensitivity)
•Sample activity, competing 
reactions, environmental

C6D6 detectors

Sample holder 
and exchanger

•Low efficiency
•Low neutron sensitivity 
(carbon fiber, few material)

neutron beam
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Detectors for neutron capture

and justified the use of deuterium instead of conventional benzene.5 Cross-

section measurements with 3-5% total uncertainties have been obtained with

two types of C
6

D
6

, covered in aluminum and carbon fiber, respectively. De-

tailed analysis of data taken with these detectors is presented in Chapter

6.

Total Absorption Calorimeter (TAC) [106] - A 4⇡ solid-angle calorime-

ter composed by forty BaF
2

crystals, twelve pentagonal and twenty-eight

hexagonal in shape (see Figure 3.9).
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Figure 23: The total absorption calorimeter is composed of 42 BaF2 detector modules 
forming a spherical shell 20 cm in diameter and 15 cm in thickness. The neutron beam line is 
indicated with the mount of the sample in the center and with the lower half of the neutron 
absorber. The array itself is separated into two hemispheres, which can be moved apart for 
access of the sample. 
 
 

Given the BaF2 density of 4.88 g/cm
3, the detector exhibits an absolute γ-ray efficiency of 

better than 90% in the energy range up to 10 MeV. This means that γ-ray cascades following 

neutron capture can be detected with an efficiency of ≥ 95%. Other important features of this 

detector are a resolution in γ-ray energy ranging from 14% at 662 keV to 6% at 6.13 MeV and 
a time resolution of 500 ps. 
For a full computer simulation of the performance, the complex geometry of the detector was 
modeled in detail, including the light reflectors, the cladding materials of the BaF2 crystals, 
and the support structure. These simulations were carried out with the GEANT package [14] 
complemented by the GCALOR software [16] for following neutron energies down to very 
low energies. The simulations were verified by comparison with experimental data obtained 
with the Karlsruhe array, which could be perfectly reproduced. 
Figure 24 shows the response of the detector array to a gold sample. The open part of the 
spectra corresponds to true capture events in gold, while the hatched part illustrates the 
background due to neutrons scattered in the sample and captured in the scintillator. While of 
no concern in the eV range, this background becomes increasingly disturbing at higher 
energies. Therefore, the sample is surrounded by a 5 cm thick neutron absorber. The best 
material for the central absorber is 6LiH by the combined effect of the hydrogen (which acts 
as a moderator) and the 6Li (which absorbs neutrons via the 6Li(n,α)T reaction without 
producing any γ-rays).  

Figure 3.9: The TAC in closed (photo) and open (drawing) configura-

tions, with neutron absorber [87].

The total energy and multiplicity of the radiative cascades is measured by

the combined signals in all the crystals, which are at the same time suited

for discriminating competing background signals, such as those from ↵ and

� decay of radium impurities in the crystals or from ↵ decay of radioactive

samples. The energy calibration of the crystals is performed weekly by ac-

quiring data with standard �-ray sources and daily by analyzing the ↵-peak

arising from the radium contamination. Each capture event detected has a

5�-rays from recoil particles due to neutron elastic scattering in the scintillator are
generally not an issue because they deposit an amount of energy below 100 keV.

60

Total Absorption 
Calorimeter (TAC)

•40 BaF2 crystals

•High efficiency: total 
cascade energy
•Background discrimination: 
fission Ɣ’s, samples activity 
(Actinides)

•Neutron sensitivity:
neutron absorber around 
sample position

neutron beam
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Detectors for fission

Fast Ionization 
Chamber

Parallel Plates 
Ionization Chamber

•Fission measurements: energy deposition of Fission 
Fragments in detector gas

•Discrimination against α-
background from signal amplitude

•Multi-stack: simultaneous 
measurements
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n_TOF features

•Wide range of neutron energies (10 decades!)

•High neutron fluence (> 105 n/pulse/cm2)

•Excellent neutron-energy resolution (< 0.1% at 10 keV)

•Low background

•Low duty cycle (0.8 Hz, no neutron overlap)

•State-of-the-art detection and DAQ systems
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Table 2.4: Experiments and measurements performed by the n TOF

Collaboration in Phase-2 (2008 - present date). Isotopes

marked with an asterisk are still to be measured.

CERN-PS Experiment Measurements

n
T

O
F
1
2

n TOF New target commissioning and

beam characterization [80]

Neutron fluence

Beam profile

Energy resolution

n
T

O
F
1
3 The role of Fe and Ni for s-process

nucleosynthesis in the early Universe and

for innovative nuclear technologies [9]

54,56,57,58*Fe(n, �)
58,60*,61*,62,64*Ni(n, �)

n
T

O
F
1
4

Angular distributions in the

neutron-induced fission of actinides [81, 82]

232Th(n, f)
237Np(n, f)
235,238U(n, f)

n
T

O
F
1
5

Neutron capture cross section measurements

of 238U, 241Am and 243Am at n TOF [83]

238U(n, �)
241Am(n, �)

n
T

O
F
1
6 Measurement of the fission cross-section of

240Pu and 242Pu at CERN’s n TOF Facility

[84]

240,242Pu(n, f)

n
T

O
F
1
7

The neutron capture cross section of the

s-process branch point isotope 63Ni [85]
63Ni(n, �)

39

n_TOF campaigns

•Phase-1 (2001-2004)

•Stoppage (2005-2007)

•Phase-2 (2008-2012)
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54Fe neutron-capture yield: new resonances
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factor ≈ 30% or 40%

(kT ! 30 keV, in [3,9]) and assume the same temperature
dependence of !V"62Ni# as in [9]. The mass region 60<
A< 90 exhibits the characteristic abundance peak due to
the weak s process in massive stars [2]. These s yields are
strongly influenced by the change in !V"62Ni#. The in-
crease in this cross section from 12.5 mb to the present
value of 28.4 mb has two effects: (i) the overproduction of
62Ni itself [3] is damped by the larger destruction proba-
bility, as indicated by the dip in Fig. 3; (ii) its effect of
bottleneck in the reaction flow between the major seed
nuclei 56Fe,58Ni and the whole mass region 63<A< 90
is reduced and the s-process yields are enhanced by $30%.
The latter trend, which even amplifies the overproduction
in this region compared to solar abundances, stresses that
in addition to the need for a better assessment of the rate of
the neutron-producing reaction 22Ne""; n#25Mg [21], the
cross section data for other potential bottleneck nuclides
(e.g., 58Fe, 60Ni) must be verified as well.

Our direct measurement of the Maxwellian-averaged
(kT ! 25 keV) cross section of 62Ni"n;##63Ni (28:4%
2:8 mb) combines neutron activation with accelerator
mass spectrometry, a technique which complements the
traditional experiments in cases where the decay of the
activation product cannot be measured. The sensitivity of
nucleosynthesis calculations to individual cross sections in
the nonequilibrium situation of the weak s process, which
significantly contributes to the chemical history of the
universe, calls for an update of the data set of (n;#)
astrophysical rates.
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FIG. 3 (color online). Nucleosynthesis yields as a function of
the mass number calculated for different values of the
62Ni"n;##63Ni cross section at kT ! 30 keV and normalized to
the yields at a cross section of 12.5 mb [3], for a 15M& (top) and
a 25M& (bottom) star. Solid dots represent the ratios between the
yields calculated using 26.1 mb (this work, extrapolated from
28.4 mb at kT ! 25 keV) to that using 12.5 mb [9]. Open dots
represent the ratios between yields for 35.5 mb [8,10] and
12.5 mb [9]. Solid (open) dots corresponding to isotopes of a
given element are connected by solid (dashed) lines.
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•Measurements of 62Ni(n,ɣ) 
cross section: abundance yields 
with big discrepancies

•S-process seeds

62,63Ni(n,Ɣ)
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•Branching-point isotope

•First measurement

•New isotopic s-process 
distributions

obtained by subtraction of the yield measured with the 62Ni
sample after it had been properly scaled for the 62Ni
content of the 63Ni sample. The background due to oxygen
is negligibly small because of its very small (n, !) cross
section.

The MACSs for thermal energies from kT ¼
5–100 keV are listed in Table II, together with the theo-
retical predictions in the KADoNiS compilation [17]. Our
results are approximately a factor of 2 higher than the
calculated cross section. The total systematic uncertainties
in our results of 20% are mainly due to subtraction of
the background and the effect of sample impurities—
particularly in the region between 2 and 8 keV, where the
spectrum is dominated by the 4.6 keV resonance in
62Niðn;!Þ. Comparably minor contributions to the system-
atic uncertainty are caused by the neutron flux (3%–5%),
the pulse height weighting technique (2%), the flux nor-
malization (1%), and the 63Ni=62Ni ratio (1.6%).

The impact of our new results was investigated for the
s process in a full stellar model for a 25M$ star with an
initial metal content Z ¼ 0:02. The complete nucleosyn-
thesis was followed with the postprocessing NuGrid code
MPPNP [28]. The stellar rates were obtained by combining
the measured 63gsNiðn;!Þ64Ni cross sections and theoreti-
cally predicted contributions to the stellar rate due to
63Ni%ðn;!Þ64Ni reactions as described in Ref. [29]. While
the contribution of 63gsNiðn;!Þ64Ni reactions to the stellar
rate is still around 90% at He core burning temperatures, it
drops to around 40% at the higher temperature in the C
shell burning phase. Because of the larger uncertainties of
the 63Ni%ðn;!Þ64Ni cross sections, the uncertainty of the
stellar rate increases with temperature. Apart from the
reaction cross sections, the final abundance pattern is
also affected by the temperature dependence of the
radioactive decay rates under stellar conditions. In the
investigated mass region the concerned rates for the "&

decay of 63Ni and the "þ="& decays of 64Cu have been
adopted from Ref. [9]. By variation within reasonable
limits [8], it was found that the decay rates of both isotopes
have a comparably small effect on the investigated abun-
dances, because the reaction flow in the 63Ni branching is
governed by the neutron density conditions, which lead
either to much lower or much higher (n, !) rates during
core He and C shell burning, respectively.
The calculated abundance distribution from Fe to Zr

shown in Fig. 3 represents the s abundances after core He
andC shell burning, i.e., prior to the supernova explosion, at
a point where the nucleosynthesis yields are well charac-
terized by the model [8]. The distribution is compared in
Fig. 3 to the one obtained with the neutron capture rates of
the KADoNiS evaluation [17]. The ratio of the two distri-
butions in the lower panel of Fig. 3 shows that the new 63Ni
cross section affects only a few isotopes betweenNi and Zn.
An enhancement of about 20% is found for 64Ni, while 63Cu
is depleted by about 15%. As the 65Cu yields remain essen-
tially unchanged, the isotopic ratio 63Cu=65Cu is corre-
spondingly reduced at the end of C shell burning. 64Zn is
depleted as well (by about 30%), because 63Cu and 64Zn are
populated by the nucleosynthesis channel following the
"& branch 62Niðn;!Þ63Nið"&Þ63Cuðn;!Þ64Cuð"&Þ64Zn.
However, the s-process contribution to 64Zn remains

TABLE II. Maxwellian averaged cross sections (in mb) of
63Niðn;!Þ compared to previously recommended values based
on theoretical predictions [17]. The respective contributions
from resonances below 10 keV (RC) are listed separately.
Uncertainties are 1#.

kT KADoNiS This work
(keV) RC Total

5 112 174( 6 224( 8stat ( 45syst
10 66 51( 2 129:5( 7:1( 25:9
15 50 24( 1 101:3( 6:9( 20:3
20 41 14( 1 85:5( 6:4( 17:1
25 35 9:3( 0:4 74:9( 5:9( 15:0
30 31( 6 6:6( 0:3 66:7( 5:4( 13:3
40 25 3:8( 0:2 54:5( 4:6( 10:9
50 20 2:4( 0:1 45:6( 3:9( 9:1
60 17 1:7( 0:1 38:8( 3:4( 7:8
80 13 0:97( 0:05 29:1( 2:7( 5:8
100 10 0:63( 0:03 22:5( 2:1( 4:5

FIG. 3 (color online). (a) Final isotopic s-process distributions
using the new measured 63NiMACS (red circles) and the MACS
quoted by KADoNiS (blue squares) [17]. The distribution is
normalized to solar system abundances. (b) Ratio of the two
distributions in (a), zoomed in the Ni-Cu-Zn mass region.
Isotopes of the same element are connected by solid lines.
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threshold of 250 keV were corrected using the pulse height
weighting technique [23,24]. By application of a pulse-
height dependent weight on the deposited ! energy, the
detection efficiency becomes a linear function of the excita-
tion energy of the compoundnucleus," ! k" Ec. Choosing
k ¼ 1 MeV$1, the capture yield can be obtained as

Y ¼ N
Cw

!Ec
; (1)

where Cw are the weighted, background-subtracted counts,
! denotes the relative neutron flux, andN is a normalization
factor for the absolute capture yield. The normalization
factor was determined via the saturated resonance technique
[25] in an additional runwith a Au sample of the same size as
the Ni sample. The Au sample was chosen such that the gold
resonance at 4.9 eV is saturated, which means that all neu-
trons of that energy are absorbed in the sample, thus provid-
ing a measure for the absolute neutron flux at 4.9 eV. The
energy dependence of the neutron fluxwasmeasured relative
to the standard cross sections 10Bðn;"Þ and 6Liðn;"Þ up to
150 keVand 235Uðn; fÞ at higher energies. Because the size
of the neutronbeamchanges slightlywith neutron energy, the
normalization factorN, related to the fraction of the neutron
beam intercepted by the sample, changes as well. This effect
was taken into account by simulations of the neutron beam
profile [19].

The experimental background was determined in dedi-
cated runs with an empty PEEK container, with a 62Ni
sample of the same diameter, and in runs without neutron
beam. Additionally, the neutron capture yield has been
measured with a set of neutron filters located about 50 m
upstream of the sample. These W, Mo, and Al filters are
thick enough to exhibit black resonances at certain ener-
gies, so that all neutrons in these windows are completely
removed from the beam and do not reach the sample.
Accordingly, the level in the corresponding dips in these
spectra is expected to represent the experimental back-
ground. When the run with filters was repeated using
only the empty container, the same background level was
observed in the filter dips, thus confirming the background
measured with the empty sample container. Figure 2 shows
a comparison of the capture yield of the 63Ni sample, the
empty PEEK container, and the 62Ni sample. The back-
ground from the radioactivity of the 63Ni sample and from
ambient radiation, which was obtained from a measure-
ment without neutron beam, is given as well. Between
100 eV and 2 keV four resonances are visible in the
spectrum of the 63Ni sample, which are obviously not
correlated with the 62Ni content. The first of these reso-
nances (marked by an arrow) can be attributed to a reso-
nance in the 59Niðn;!Þ reaction [26], expected at that
neutron energy and compatible with the measured 0.03%
impurity of 59Ni in our sample. The other three resonances
are clearly attributable to the 63Niðn;!Þ channel. This
holds also for several other resonances up to neutron
energies of 55 keV, for which the capture kernels

A! ¼ 1

2#2$2

Z þ1

$1
%ðEÞdE ¼ gs

"n"!

"n þ "!
; (2)

characterizing the strength of the resonance, could be
deduced by a resonance shape analysis with the R-matrix
code SAMMY [27] (Table I). The capture kernel is deter-
mined by the spin statistical factor gs, the neutron width
"n, and the radiative width "!. For two resonances the
orbital angular momentum ‘, derived from the shape of the
resonance, is also given. The neutron energy interval
between 2 and 8 keV is dominated by the strong resonance
in 62Niðn;!Þ at 4.6 keV; therefore, smaller resonances in
63Niðn;!Þ might be invisible due to this background. In
summary, 12 levels in 64Niwere observed for the first time.
As a consequence of the small sample mass, the signal-

to-background ratio starts to deteriorate already above
10 keV. Accordingly, it is increasingly difficult to identify
resonances with confidence at higher energies. Thus,
MACSs were calculated using resonance parameters only
below 10 keV, whereas averaged cross section data have
been determined from 10 keV to 200 keV. These data were
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FIG. 2 (color online). Capture yield of the 63Ni sample (black)
compared to the empty PEEK container and to the spectrum
obtained with a pure 62Ni sample. The background from the
activity of the sample and from ambient radiation is almost
negligible at keV energies. The capture yield of the 62Ni sample
was scaled for the 62Ni mass present in the 63Ni sample. The first
resonance at 203 eV (marked by an arrow) is assigned to a small
impurity of 59Ni in the sample.

TABLE I. Resonance energies Er (laboratory energy) and cap-
ture kernels A! for the 63Niðn;!Þ reaction. For resonances
marked with an asterisk the orbital angular momemtum ‘ ¼ 0
could be deduced from the resonance shape.

Er (eV) A! (meV) Er (eV) A! (meV)

397:96( 0:04 5:7( 0:4 9776( 3 100( 10
587:25( 0:09) 340( 20 13984( 3 131( 45
1366( 1) 810( 40 17127( 4 108( 59
8634( 2 45( 9 19561( 6 130( 20
8981( 3 50( 10 32330( 10 500( 200
9154( 4 43( 9 54750( 30 700( 200
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1.Width of the first resonance (thermal value)
2.Resonances number/widths: 10 eV up to 1 keV
3.Intermediate-energy resonances number/width: above 1 keV
4.Cross-section values below the fission threshold

Discrepancies in
data libraries:

Logarithmic scale!

1

2

3

4

•Neutron poison / 
radioactive waste
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•New resonance parameters and 
tabulated cross-sections
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Fig. 9. (Color online) Overall comparison of the results from this work and the ENDF/B-VII.0 evaluated cross-sections. a,b) Ex-
perimental (red and blue histograms) and evaluated (black lines) capture and fission cross-sections. c,d) Ratio of measured and
evaluated resonance integrals and α (= σγ/σf ) ratios. The shaded areas in c) and d) indicate the region of agreement within ±3%.

6 Conclusions

The measurement of capture cross-sections of fissile iso-
topes is of utmost importance in the field of nuclear tech-
nology but it poses a challenge from the experimental
point of view: the γ-ray background emitted in fission re-
actions complicates the measurement of weaker γ-signals
associated with (n,γ) reactions. We have built and tested
a new set-up at the CERN n TOF facility that allowed
us to measure simultaneously neutron-induced fission and
capture reactions by combining a 4π Total Absorption
Calorimeter (TAC) with several MicroMegas (MGAS) de-
tectors loaded with a total of 3mg of 235U.

A detailed analysis of the measured data including the
optimization of the coincidence algorithm and the deter-
mination of the several detection efficiencies involved in
the process has confirmed the successful and unambiguous
identification of capture and fission events. The analysis of
the extracted capture and fission cross-sections shows that
the results are in good agreement with the ENDF/B-VII.0
evaluation in the energy region under study (6–22 eV).

In view of the present results, a new experimental cam-
paign is envisaged at n TOF for measuring capture cross-
sections of fissile isotopes such as 233,235U, 239,241Pu and
245Cm, always considering the very limited availability of
suitable samples. The first measurement using ∼ 30mg of
235U is scheduled for 2012 [17].

Eur. Phys. J. A 48, 1 (2012)

•New technique to measure fission 
and capture cross-sections 
simultaneously

•Tagging fission Ɣ’s in TAC crystals 
from fission fragments signals in 
Micromegas

•Discriminate background for 
capture Ɣ’s
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Perspectives

•Phase-2 analysis ongoing: more results soon 
•Phase-3 of measurements after CERN 
accelerators stoppage

•Construction of a second experimental area: 
EAR-2
•Second, 20-m long vertical flight-path
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Fig. 19: Overview of n_TOF spallation target area. 

 
The walls and roof of the bunker will be made of concrete with a minimum thickness of 

50 cm. This design is optimized for n_TOF measurements, for which a collimator will also be 
put in place, and meets the requirements for radioprotection of the surrounding area during 
physics measurements. A shield made of prefabricated blocks will be placed on the roof 
surrounding the beam dump. 

 
Additional shielding for an upgrade of the facility for testing electronics components or 

material tests, which will be done without collimator, can be implemented in a second 
building stage by adding a base plate around the building and by positioning concrete 
shielding blocks as a wall around the facility as shown in Fig. 20. 
 

 
Fig. 20: n_TOF EAR-2 surface and underground installations. 
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EAR-2

The n_TOF Experimental Area2  n_TOF Collaboration 
  

Page 17 of 68 
09.01.2012 

5. FACILITY PERFORMANCE 
 

In order to quantitatively assess the performance of the facility and the improvement with 
respect to the fluence achievable in the existing n_TOF Experimental Area (EAR-1), a 
FLUKA Monte Carlo simulation was carried out. The geometry of the facility was set up 
according to the preliminary plans discussed with the Civil Engineering (GS Department).  

 
The implemented geometry of the proposed installation can be seen in Fig. 6.  
 
The neutron tube extends from the spallation target up to the beam dump. The dump is 

implemented with a Fe core that slows down fast neutrons, surrounded by borated 
polyethylene and a thin Cd layer at the entrance that captures slow neutrons and reduces 
backscattering towards the experimental area. 

 
The bunker housing the experimental area is implemented as a square room of 40.8 m2 in 

surface and 5.5 m high. According   to   the  GS  Department’s  plans,   the  position of the beam 
tube is off-centre. 

 
A realistic neutron collimation system is implemented. The implemented collimator has 

been positioned right before the EAR-2 (to allow it to be removed if needed), starting at a 
height of 15.4 m from the target’s centre and finishing at 18.4 m. It has a 2 m long Fe section 
of conical shape, followed by a 1 m long straight section of borated polyethylene, with an 
inner diameter of 8 cm up to the entrance to the experimental area, similar to the collimation 
used before EAR-1 during fission cross-section measurements. 

 

 

Fig. 7: Cut through the lid of the target housing (top 
view) and target area with the beam tube. The 
position of a possible additional moderator is drawn 
in blue at the bottom of the tube. 

 
Fig. 6: Implemented geometry. 
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The neutron tube, having an inner diameter of 32 cm from 1.2 m up to the beam dump, has 
a polygonal bottom section for the part entering in the target’s structural container as shown 
in Fig. 7. Its horizontal cross-section at this level follows the geometry of the opening present 
in the target-housing lid. At the level of the target, the tube follows the curvature of the Al 
target housing and is positioned at 1 mm distance to the housing. For additional moderation 
of the neutron spectrum, the bottom part of the tube could be filled with a layer of 
polyethylene or similar moderating material, if the radiation hardness could be proven in the 
long term. 
 
 
5.1 Neutron Fluence 

 
The results of the simulations for the neutron fluence per cm2 per PS pulse of 7 × 1012 

protons for the new proposed EAR-2 are shown in Fig. 8, in comparison with the existing 
EAR-1. 

 
The strong dips in the neutron fluence spectrum of EAR-2 are due to the additional 

handling and reinforcement structural material on top of the n_TOF spallation target, which is 
not optimized for a vertical flight path. 

 
It should be noted that the neutron spectrum at EAR-2 ranges from thermal to about 300 

MeV, while it extends up to several GeV at the current experimental area EAR-1, due to its 
forward location with respect to the incident beam on the spallation target. 

 

 
Fig. 8: Simulated neutron fluence per cm2 in the existing n_TOF experimental area (EAR-1, blue line) 
and in the proposed facility above the n_TOF target (EAR-2, black line). It is worth noting that, while 
the neutron spectrum extends up to several GeV for the EAR-1, there is a sharp cut at ~300 MeV in 
EAR-2. 
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Fig. 12: Photon energy spectrum of prompt (left) and delayed (right) photons in both facilities. 

 
The peak at 2.2 MeV, resulting from the neutron capture reaction of 1H in the water 

surrounding the target can be seen in both spectra. The smaller absolute value of the prompt 
photon fluence and the lack of very high energy photons to EAR-2 (Emax~300 MeV instead of 
~10 GeV in EAR-1) are expected due to the orthogonal location of the area with respect to 
the impinging proton beam on the spallation target. The higher absolute fluence of the 
delayed photons is understandable considering the significant amount of structural material at 
the spallation target in the direction of the vertical flight path and the closer position of the 
experimental area to the collimator and to the target. This will help reduce the γ-flash effects 
in the different detection system and shall therefore allow higher energies to be measured in 
EAR-2 than in EAR-1. 
 

The effect of an additional collimator closer to the spallation target (for example in the 
service gallery, located 10 m away from the spallation target) in reducing this photon 
distribution will be investigated. 

 
5.5 Higher Signal to background ratio and Equivalent Half-Life 
 

The neutron fluence, energy resolution and background are the basic parameters that 
describe the performances of each facility. Typically each facility makes a great effort to 
reduce the background by introducing appropriate shielding, collimation system, etc. 
However, when short-lived radioactive targets are to be measured (as are the majority of most 
of the recent n_TOF proposals) the background, due to the natural radioactivity, can be 
decreased by decreasing the sample mass, with, as a direct consequence, a proportional 
decrease on the reaction rate dNreaction/dt. The reaction rate is directly proportional to the 
neutron fluence which, in the case of EAR-2, is ~25 times greater than what is available in 
EAR-1 (see section 5.1). 
 

In the case of time-of-flight measurements on radioactive samples, the background 
induced by the radioactive decay of the sample is directly proportional to the time needed for 
the measurement. A range of neutron energy ∆E corresponds to a window in time-of-flight 
∆T, and the signal-to-noise ratio is therefore proportional to the ratio ∆E/∆T. From the 
classical relation between time-of-flight and neutron energy, it follows that ∆E/∆T is 
inversely proportional to the flight length L. Therefore the new short flight path will result in 

Reduction of prompt Ɣ-flash
Improve measurements at higher energies
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Outlook

Advantageous for samples of:
•Very low mass (< 1mg)
•Thin (n, charged particle) reactions
•Very high activity

Also:
•Irradiation purposes
•Dosimetric/radiation-damage studies

New window to dedicated proposals:
•Increased number of measurements/year
•Basic nuclear physics, e.g. Ɣ-ray transition prob. (PSF)
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actions become important for the heavier nuclei at neutron energies higher than
about 10 MeV where the De Broglie wavelength of the neutron becomes compa-
rable to the size of nucleons. But also at lower neutron energies, mainly for light
A or closed shell nuclei, direct reactions may contribute significantly to the total
reaction cross section. In general for neutrons with energies below 1 MeV the
here discussed compound nucleus reactions prevail.

In figure 1 a picture of the compound nucleus reaction is sketched. After the for-
mation of the highly excited state by an incident neutron, the compound nucleus
can decay by emission of gamma radiation, which is called radiative neutron
capture, or by by emission of a neutron, which is elastic scattering. If the kinetic
energy of the neutron is high enough, threshold reactions are possible, like in-
elastic scattering, leaving the target nucleus in an excited state. If the excitation
energy is higher than the fission threshold, fission is energetically allowed. Due
to the pairing effect, the neutron binding energy for even compound nuclei is
considerably lower than for odd compound nuclei, which for some of the heavy
nuclei results in a fissionable nucleus even if the incident neutron has nearly zero
kinetic energy. All these reactions show resonances at the same energies corre-

Figure 1: Schematic view of the formation and decay of a compound nu-
cleus with typical values of level spacing and neutron separation
energy. The resonances observed in the reaction cross section cor-
respond to the excitation of nuclear levels.

8

Figure 2: The Breit-Wigner shape of the energy profile (right) of a quantum
state with a finite life time τ (left).

sponding to the excitation of the nuclear levels in the compound nucleus. The
shapes of the resonances are different and related to the involved widths.

The possible neutron-nucleus reactions vary with incident neutron energy. The
nuclear reaction that is always present if a reaction is energetically allowed is
elastic scattering. This may be scattering from the nuclear potential, also called
shape elastic or sometimes hard sphere scattering, without forming a compound
nucleus. In addition resonant elastic scattering through a compound nucleus
may be present. The potential scattering is a smooth and nearly energy inde-
pendent cross section as a function of energy but interferes with the resonant
scattering cross section.

The widths of isolated resonances in reaction cross sections have in good approxi-
mation a familiar Breit-Wigner shape. The time dependence of the wave function
Ψ(t) of a non-stationary state at E0 with a life time τ = h̄/Γ, is observed as an
exponential decay in time. The squared absolute value of the Fourier transform
of Ψ(t) gives the energy distribution P(E) having the Breit-Wigner form

P(E) =
Γ/2π

(E − E0)2 + Γ2/4
(1)

which is the typical shape for any quantum-mechanical state with a finite life-
time. This equivalence in the time and energy domain is illustrated in figure 2.

In the limiting case of a single, isolated ! = 0 resonance at low energy E0 and
with capture, fission and elastic scattering as the only open channels, the total
cross section can be expressed in the single level Breit-Wigner form as

9

•Compound nucleus (CN) 
mechanism
•CN decay h/Γ = 10-15 s
•Cross-section resonance 
described by a Breit-Wigner 
with Γ = 1 eV

LIP, April 11th 2013

Neutron Cross Sections
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The n_TOF facility & Experimental setup 

Overview and Proton Beam Line 

The spallation mechanism is a remarkably powerful source of neutrons. At the proton energy 
of 20 GeV of the CERN PS accelerator, about 300 neutrons are produced per proton within 
the n_TOF target spallation module. The fact that pulses of up to 7x1012 protons are delivered 
to the n_TOF facility at a nominal repetition rate of 0.4 Hz and with a very short pulse width 
of 7 ns r.m.s. makes up for an extraordinarily prolific neutron source with a tremendous 
potential for accurate, high resolution time of flight (TOF) measurements covering a unique 
range in neutron energy from thermal to several GeV. 
The neutrons produced by spallation in a lead block surrounded by a water moderator are 
collimated through an evacuated flight path to an experimental area ~ 185 m downstream of 
the target, making use of the existing TT2-A tunnel (see Figure 1). 
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Figure 1: General layout of the experiment. The proton beam is extracted via the TT2 transfer 
line and hits the lead target. At the end of the TOF tunnel (TT2-A), neutrons are detected 
about 185 m from the primary target. 
 
 
The main characteristics of the proton beam are: 
• a momentum of 20 GeV/c, corresponding to the maximum attainable energy within a 
magnetic cycle of 1.2 s of the proton synchrotron (PS); 
• proton bunches of 7×1012 particles with a width of 7 ns r.m.s; 
• up to six bunches per supercycle of typically 16.8 s. Of these, up to five bunches per 
supercycle can be used due to limitations in the maximum power dissipation allowed in the 
spallation target and with respect to the radiation level in the target area. 
The beam is extracted from the PS and sent onto the spallation target by using a fast 
extraction system. In terms of peak intensity, the proton beam for n_TOF can be considered 

Backup


