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1. Introduction	
 
“Burnable poisons” are very important in the neutronic balance and the safety 
features of Light Water Reactors (such as PWRs, BWRs, or VVERs) of 2nd and 3rd 
Generation, because they play a crucial role for their very high thermal neutron-
capture cross sections, higher than the thermal neutron-fission cross section of 235U. 

Gadolinium isotopes are important because they allow to increase the fissile 
material percentage in fuel rods without any impact on the reactor safety. In fact, as 
soon as the fuel in the FAs is burnt during the operation of a given reactor, both 235U 
and burnable poisons are depleted so that the compensating effect of the poisons is 
neutralized at a point in the cycle of the fuel at which the remaining amount of fissile 
material can be controlled easily and safely by other available means. 

Gd odd isotopes are also used to better estimate the s.c. “residual reactivity 
penalty” which is foundamental for evaluating the time a given FA can be used at full 
power. Accurate predictions of the burning rate of odd-Gd isotopes are important in 
the forecast of the appearance of the FA reactivity peak and its intensity. In turn, 
these two parameters are of utmost importance in the assessment of the criticality 
safety margins for the storage of partially burnt fuel inside Spent Fuel Pools (SFPs) 
of reactors, especially during postulated loss-of-coolant or loss-of-cooling accidents 
at these storage facilities [1]. 
 

Moreover for CANDU reactors Gd-odd isotopes are used to reduce or 
eliminate risks due to criticality in the form of nitrate mixed in the heavy water 
moderator [1]. 
The necessity of a complete review of the Gadolinium-155 and -157 isotope cross 
sections was fully illustrated in previous works of the same working group [1], [2]. 
 
Against this background, ENEA decided to propose new precise and accurate 
measurements of Gadolinium neutron-capture cross sections in the framework of the 
CERN n_TOF Collaboration, in which ENEA participates as official member. 
 
In 2015, a formal Proposal was submitted by ENEA and INFN to the CERN ISOLDE 
and n_TOF Committee with the aim of performing neutron-capture cross section 
measurements of 155Gd and 157Gd isotopes between thermal energy and 1 
MeV.The proposal was accepted, and it was allocated a dedicated beam time at the 
CERN n_TOF facility, for the experiment to be perfomed in the Summer 2016.  
 
Several rteseacrh institutions express interest in this activity: UniBO, CEA, JRC-Geel 
and PSI [3], while statements of interest arrived also from IRSN, ORNL and 
Brookhaven National Lab (S. Mughabgab) . 
 

After the approval of the CERN Scientific Commettee, 4 high-purity Gd 
samples in metallic form with a cross contamination of the two isotopes of less than 
1% were acquired by Oak Ridge National Laboratories early in 2016. All samples had 
the same dimension, and were prepared as discs of 1 cm of radius. The 
measurements were performed between June and July 2016 in the first experimental 
area (EAR1) of the CERN n_TOF facility, using the Time-of-Flight (TOF) technique 
and were carried out with an array of four fast hydrogen-free liquid scintillator 
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detectors especifically designed for the detection of gamma rays produced by the de-
excitation of the compound nucleus formed just after the capture event. 
 

Preliminary studies, carried out before the submission of the proposal, showed 
that the cross section for both isotopes drops by several orders of magnitude going 
above 0.1 eV. As a consequence, a unique sample for each odd isotope could not be 
used to perform the measurement in the whole energy range of interest. In particular 
to avoid problems related to sample self-shielding, very thin samples needed to be 
used in order to measure the cross sections near thermal energies, while above 1 eV 
thicker samples had to be used in order to obtain a good signal-to-background ratio, 
and to collect the necessary statistics in a reasonable time [3].  
 

In addition to the four Gadolinium samples, ancillary measurements had to be 
performed for different purposes: normalization to absolute cross section values and 
background estimation. Therefore during the experimental campaign, a Gold sample 
(197Au) was used for normalization purposes, while a Graphite and a Lead samples 
were used to study the different type of background in EAR1. Moreover, black 
resonance filters (Ag, Co, W, Cd) positioned along the flight path were used to 
determine the energy dependence of the background; they were chosen thick 
enough that the neutron beam was completely absorbed at the energies of the 
largest resonances.   

The details of the experimental campaign and the preliminary results of Gd-
odd isotopes are presented in the next sections of the present document. 

2. The	nTOF	facility	
 
The CERN time-of-flight facility [4,5,6] was proposed by Carlo Rubbia and 
collaborators and became operative in 2001. The n_TOF facility supplies a pulsed 
beam of neutrons which are produced by spallation of 20 GeV/c protons inpinging on 
a massive lead target. The intense proton beam, with  7x1012 protons per bunch on 
average delivered by the CERN Protosynchrotron, makes this facility most suited for 
the measurement of energy-dependent cross-sections, thanks to the high 
instantaneous neutron flux. The neutron-producing target is equipped with a 
moderating system so to generate a neutron spectrum ranging on eleven order of 
magnitudes: from thermal to about 1 GeV. In addition the 185-m flight path results in 
an excellent energy resolution (ΔE/E ≈10-4 at 1 keV). All these features are well-
suited to perform high-accuracy and high-precision measurements of neutron-
induced reaction cross sections and make n_TOF a unique tool for nuclear data 
measurements. 
 More in details, the spallation target is composed by 1.3 tons of lead in 
cylindrical form (40 cm in length, 60 cm in diameter), surrounded by 1 cm of water, 
and a subsequent layer of 4 cm of borated water, separated by a thin aluminium 
window. The neutron beam produced by protons impinging on the lead target is 
cooled by a water layer which surrounds the target itself, while the layer of borated 
water acts as a moderator, so to produce an "isoletargic" spectrum, i.e. with uniform 
distribution in lethargy units. Spallation is the most prolific neutron source: in fact, at 
the proton energy of 20 GeV/c about 300-400 neutrons per proton can be generated 
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by this mechanism. Neutrons emerging from the spallation target are horizontally 
canalized along a long flight-path in a vacuum tube for about 185 meters up to the 
first experimental hall (EAR1). 
Along the particle transport line a system of two collimators are used to narrow and 
shape the beam, a magnet bends charged particles in order to remove them from the 
beam, and a series of iron and concrete shields are used to reduce the background 
produced in the spallation process. In fig. 1 the layout the CERN accelerator complex 
together with a schematic view of the n_TOF facility are presented. 
 

 
 

 
 
Fig. 1 Layout of CERN complex and schematic map of the n_TOF facility at CERN [6]. 
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Another important feature of the n_TOF neutron beam derives from the low repetition 
rate of the primary proton beam coming from the CERN Protosynchrotron. The low 
duty cycle, of about 1 Hz, prevents the overlapping of low-energy neutrons from one 
bunch with the fastest neutrons from the following bunch. 
 
 

 
 
Fig.2 Sketch of the n_TOF neutron beam line for the EAR 1 from the spallation target to the beam 
dump. [5] 
 
The very-high intensity of the n_TOF neutron source of 2x1015 neutrons/pulse 
produced after the spallation target reduces to 1.5x107 neutrons/pulse at the sample 
position, where the neutron beam has a diameter of 2 cm (see fig.2). 
 Since 2001 EAR1 was the only experimental area at n_TOF. In 2014 a 
second shorter beam line (EAR2) came into operation. The distance of the new 
experimental area, which is located perpendicular to the flight path towards EAR1, is 
shorter by a factor of 10, compared to EAR1. Consequently, the flux in EAR2 is 
almost two orders of magnitude higher (a factor of between 30 and 100, depending 
on the energy) at the expense of a lower energy resolution. The high neutron flux in 
EAR2 allows to expand the experimental program, with measurements on 
radionuclides with half lives as short as few tens of days, never measured at other 
neutron time-of-flight facilities. In fact, the combination of the higher flux and the 
shorter time interval results in an increase of the signal-to-noise ratio of a factor of 
250 which is not only useful for cross section measurements of radioactive samples, 
but also of samples having very low cross sections, and available in small quantities. 
 

The excellent features of the n_TOF facility are coupled with an innovative 
data-acquisition system based on flash ADCs with 14 bit resolution and 1 GHz 
sampling rate and with cutting-edge detectors expecially designed for n_TOF. 
 
Gadolinium odd isotopes neutron capture cross section measurements take 
advantage of the first beam line (EAR1) and were carried out by an array of detectors 
fullfilling special requirements. The detectors and the mesurement technique are fully 
described in the next paragraphs. 

3. The	time‐of‐flight	method	
 
In order to resolve the resonant structure of the neutron cross-section which spans 
over a wide energy range (from thermal to MeV), high resolution measurements have 
to be performed. 
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For facilities like n_TOF, in which a pulsed neutron beam covers a well-known 
distance to reach the sample to be studied, the time-of-flight (TOF) technique is 
employed. This method relies on the measurement of the time needed for a neutron 
to reach the sample at the measuring station. This quantity is used to determine the 
kinetic energy of neutrons travelling along the beam line. 

The kinetic energy En of neutron with speed v ൌ
୐

்ைி
 can be expressed as: 

 

௡ܧ ൌ ܧ െ݉ܿଶ ൌ ඥܿଶ݌ଶ ൅ ݉ଶܿସ െ ݉ܿଶ	 ൌ ݉ܿଶ	ሺߛ െ 1ሻ	
 

 

where ߛ ൌ ሺ1 െ  .is the speed of light	ଶ/ܿଶሻିଵ/ଶ is the Lorentz coefficient, and cݒ
The first term of the series expansion gives the classical expression for the neutron 
kinetic energy, which can be used below a few keV: 
 

௡ܧ ൌ
1
2
ଶݒ݉ ൌ ଶߙ

ଶܮ

ଶݐ
	

 

Where ߙ ൌ 72.29	ට
௘௏

௠
 when the flight path L is measured in meters, the kinetic ,ݏߤ	

energy in eV and the time in microseconds. 
 
The relative energy resolution of a TOF facility is: 
 

௡ܧ∆
௡ܧ

ൌ 2 ∙ ඨ൬
ݐ∆
ݐ
൰
ଶ

൅ ൬
ܮ∆
ܮ
൰
ଶ

	

 
Therefore, as already pointed out, the best energy resolution can be gained by using 
long flight paths and by producing neutrons within the shortest time interval [5]. It is 
worth noticing that the time spread of the primary proton bunch is only 7 ns long. 

4. Methology	and	measurements	
 
In capture measurements, cross sections are determined by the detection of the 
prompt gamma cascade, emitted in the de-excitation of the compound nucleus which 
is created during the capture process. 
The experimental observable is the capture yield (Y), which represents the fraction of 
the incident neutron which undergoes a capture reaction in the sample (and 
generating a signal in the detection system). 
 
The experimental yield ௫ܻ

௠௘௔௦ሺܧ௡ሻ	can be calculated from measurable quantities as: 
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௫ܻ
௠௘௔௦ሺܧ௡ሻ ൌ

௡ሻܧሺܥ െ ௡ሻܧሺܤ

௡ሻܧ௫ሺߝ ∙ ߮௡	ሺܧ௡ሻ
	

 
where ܥሺܧ௡ሻ and ܤሺܧ௡ሻ are the total and background counts per neutron pulse 
respectively, ε୶ is the detection efficiency for the reaction of interest, and the 
φ୬	ሺE୬ሻ is the flux impinging on the sample under investigation. This last quantity 
needs to be evaluated with the same accuracy as for the capture counts. 
 
However, since in most cases ε୶ ൌ ݂ሺܣ, Ω, Pሻ depends from: 
 

 A the effective sample area intercepted by the beam; 

 Ω which is the solid angle subtended by the detector; 

 P the interaction probability in the sample for a given energy; 

an evaluation of the Y୶୫ୣୟୱሺE୬ሻ can then be a very difficult task. 
 
For that reason, it is possible to define a normalization factor N which groupes 
together all these parameters which are independent of the neutron energy. In this 
case the normalization can be determined using the so-called saturated resonance 
method. 
Making that assumption, the previous formula becomes: 
 

௫ܻ
௠௘௔௦ሺܧ௡ሻ ൌ ܰ

௡ሻܧሺܥ െ ௡ሻܧሺܤ

߮௡	ሺܧ௡ሻ
	

 
 
The corresponding calculated quantity ௫ܻ

௧௛ሺܧ௡ሻ	can be related to the capture cross 
section as follows: 
 

௫ܻ
௧௛ሺܧ௡ሻ ൌ ൫1 െ ݁ି௡ఙ೟	ሺܧ௡ሻ൯

௡ሻܧ௫ሺߪ

௡ሻܧ௧ሺߪ
 

where n is the areal density of the sample in atom/barn and ߪ௧ and ߪ௫ are the total 
and reaction cross sections expressed in barn, respectively. If the capture cross 
section is high and the sample has adeguate thickness, the measured yield is equal 
to 1. In that way it is possible to determine N. 
 
On the other hand, when the sample is extremely thin it is possible to simplify the 
expression as follows: 
 	

௫ܻ
௧௛ሺܧ௡ሻ ൎ  ௫ߪ݊
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If the measurement is performed on a neutron standard cross section such as 6Li or 
10B, whose (n,a) cross section is considered as a reference, the previous relations 
can be used to extract the neutron flux [5]: 
 

߮௡	ሺܧ௡ሻ ൌ
௡ሻܧሺܥ െ ௡ሻܧሺܤ

௫ߝ ∙ ሺܧ௡ሻ݊ ∙ ௫ߪ
 

 
In order to perform an evaluation of the flux with the required precision and accuracy, 
during the experimental campaign several detectors based on different conversion 
reactions were used. 
 
Combining their results in a consistent way, by several dedicated measurements 
during different experiments and campaigns, in different energy ranges, it was 
possible to determine the flux from thermal to 200 MeV with rather small systematic 
and statistical error. 
 
Once known both the normalization factor N and the flux ߮௡	ሺܧ௡ሻ, it is possible to 
determine the cross section of interest. 

5. In‐Beam	gamma	ray‐background	
 
The spallation mechanism and the different interactions of the produced neutrons 
with the structures of the facility, caused a sizable production of gamma-rays and 
charged particles, which can reach the experimental halls [5]. 
The gamma-ray background consists of a prompt component (TOF > 1 μs) and a 
delayed one (TOF > 1 μs) mostly due to capture events from the cooling and 
moderator system, as well as from structural material around the spallation target. 
 
The prompt component of the gamma-ray background is commonly named gamma-
flash, and is accompained by a huge amount of charged particles which are 
produced in the target and is typycally used to sincronize in time the detectors in the 
experimental area. 
 
These components affect the detectors used at n_TOF in different manners, 
depending on the detector type and its location inside the experimental halls. 
Generally, gamma-flashes blind the detectors for times of magnitude of 
microseconds, so preventing the detection of the neutrons with highest velocities 
which fly along the line. 
 
In order to minimize the effects of the so-called gamma flash on the detectors used 
for the capture measurements and its neutron sensitivity, a novel type detector 
(C6D6) with very special features was developed by the INFN Legnaro Group [8]. 
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6. Gamma	capture	measurement	with	C6D6	detectors	
 
The n_TOF Collaboration has developed over the years a series of highly-featured 
detectors suited for different type of measurements and fullfilling cogent 
requirements. Among them, in order to study the resonance structure of neutron 
induced capture cross-sections of different reactions, two different detection systems 
are currently being used: a first one based on H-free deuterated benzene liquid 
scintillators (C6D6), and a second one is a-4π detector based on BaF2 crystals (Total 
Absorption Calorimeter -TAC) [7]. Both systems are used in combination with 
different techniques which are suitable for measurements on samples characterized 
by different properties. 
 
H-free deuterated scintillators, developed for nTOF by the Legnaro - INFN Group, 
allows to reveal the gamma rays following neutron captures, with low sensitivity to 
sample-scattered neutrons. 
In fact, C6D6 detectors (see fig. 3) are detectors based on liquid scintillators 
encapsuled in a carbon fiber cell, coupled with a small photomultiplier tube (PMT) 
with a very thin window. This setup has the disadvantage of a worse light collection. 
In order to minimize this problem, the active cell has a cylindrical part with a 45° 
conical shape to improve light collection at the photocathode. This conical part works 
both as light guide and as active scintillation volume. [8] 
 

 
  

Fig. 3. Image and sketch of a C6D6 detector: in evidence, the main module, and the expansion 
system which prevents the formation of air bubbles inside the detector head and compensates thermal 
expansion [8]. 
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Such a system satisfies the following mandatory requirements: 
 

 The detection efficiency for a capture event is independent of the subsequent 
gamma-ray cascade, i.e. independent of the multiplicity of the gamma-ray 
spectrum and the gamma-ray distribution; 

 The sensitivity to scattered neutron is extremely low; 
 The detector has a very good timing response, with very fast recovering time 

from the so-called gamma flash created in the spallation process. 

Because C6D6 detectors are organic scintillators, they are very fast (only few 
nanoseconds for the light decay time) so showing a recovery time after the gamma-
flash, that is very small compared to other types of detectors, so allowing 
measurements on neutrons with higher energies. 
The disadvantage is linked to the low efficiency of these detectors, which requires 
special techniques of analysis (the so-called "Pulse Height Weighting Technique").  
 
The second system is instead a total absorption calorimeter (TAC), that is, a 4π 
apparatus that allows to fully record the entire de-excitation cascade of the 
compound nucleus. Its main drawback is the relatively high neutron sensitivity and for 
this reason was not used for the Gd cross section measurements. 

7. Total	Energy	Detection	Technique	
 
The Total Energy Detection Technique requires that the efficiency of the detection 
system is directly proportional to the to total radiative energy emitted by the decay of 
the compound nucleus formed during the capture process. 
In order to comply with this requirement, detectors must have efficiency low enough 
to achieve the proportionality between the gamma-ray detection efficiency to the 
gamma-ray energy [9], [10]. 
Such a proportionality can be achieved with the so-called Pulse-Height Weighting 
Technique (PHWT). The goal is achieved artificially modifying the detection efficiency 
so to make it independent of both the cascade path and the energy of a particular 
gamma-ray being detected. In other words, it is always possible to find a function 
W(E) of the pulse height such that its convolution with the pulse height distribution of 
the capture spectrum becomes proportional to the total energy released. 
 
Systems fullfilling these requirements are based on the use of detectors 
characterized by extremely low gamma-ray efficiency that is assumed to be 
proportional to the gamma-ray energy: 
 

ఊߝ ൌ ݇ ∙  ఊܧ
 
When the gamma-ray detection efficiency is very small (ߝఊ ≪ 1 ) so that essentially 
only one gamma-ray out of the capture cascade is registered at a time, the detection 
efficiency in capturing events can be approximated by: 
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௖ߝ ൌ 1 െෑሺ1 െ ఊ,௜ሻߝ ൎ ෍ߝఊ,௜
௜௜

	

 
Under these conditions the detector efficiency for a single event ߝ௖ is directly 
proportional to the total released energy ܧ∗ by the compound nucleus formed during 
each capture event, and independent of the cascade path: 
 

௖ߝ ൎ ݇෍ܧఊ,௜ ൎ ∗ܧ݇ ൌ ݇ሺܤ௡ ൅ ௡,௖௠ሻܧ
௜

	

where ܤ௡ and ܧ௡,௖௠ are the neutron binding energy and the neutron kinetic energy 
in the centre of mass system respectively. 
 
Therefore, the detection efficiency has been made independent of the cascade path 
and equal to the known excitation energy of the compound nucleus. 

8. Pulse	Height	Weighting	Technique	(PHWT)	
 
In order to comply with the requirements of the previous paragraph, some 
mathematical manipulation of the detector response is needed. 
The measured counts for each deposited energy must be weighed with an energy 
(pulse height) dependent weighting function (WF) which needs that the response 
distribution of the detector is very well known.   
A weighting function ܹሺܧௗሻ is defined such that it follows the relationship: 
 

න ܴௗ൫ܧௗ, ఊ൯ܧ
ஶ

଴
ܹሺܧௗሻ݀ܧௗ ൌ 	ఊܧ݇

where ܴௗ൫ܧௗ,  ఊ൯ is the detector response, i.e. the probability that a gamma ray withܧ

an energy ܧఊ results in a deposited energy ܧௗ. The overall effciency for detecting a 

gamma-ray of energy ܧఊ, corresponds to: 
 

න ܴௗ൫ܧௗ, ௗܧఊ൯݀ܧ ൌ ఊ൯ܧ൫ߝ
ஶ

଴
	

 
Using the weighting functions, a weighted spectrum can be obtained as follows: 
 

௪ሺܥ ௡ܶሻ ൌ නܥሺ ௡ܶ, ௗሻܧௗሻܹሺܧ 	ௗܧ݀

 
where ܥሺ ௡ܶ,  ௗ deposited by the gamma-rayܧ ௗሻ is the distribution of the energyܧ
detected at the time-of-flight ௡ܶ, related to the kinetic energy ௡ܶ of the incident 
neutron. 
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In order to calculate ܴௗ൫ܧௗ,  ఊ൯ Monte Carlo codes (GEANT and MCNP) areܧ
routinely used. 
The weighting function is obtained by expressing ܹሺܧௗሻ as a smooth function of the 
observed deposited energy	ܧௗ, whose parameters are obtained by minimizing for a 
number of gamma-ray responses, the following expression: 
 

߯ଶ ൌ෍ቆ݇ܧఊ,௝ െ න ܴா൫ܧௗ, ఊ,௝൯ܧ
ஶ

ாಽ

ܹሺܧௗሻ	݀ܧௗቇ
ଶ

௝

	

9. Neutron	flux	
 
In cross section measurements it is a key issue to know the total number of neutrons 
impinging on the target as a function of the neutron energy. In fact the precise and 
accurate knowledge of the flux over the entire energy range of interest for the 
measurement to be done (i.e.  the number of neutrons per incident proton pulse 
integrated over the full spatial beam profile) is crucial for the data reduction and 
analisys. In addition, the accuracy of the absolute value and the energy distribution 
with which the neutron flux is known has a deep impact on the accuracy achievable 
in the cross section mesurements.  
During the Gadolinium experimental campaign, the flux was determined combining 
the measurements of several detectors based on different conversion reactions: 
6Li(n,a)t, 10B(n,a)7Li, 235U(n,f). The cross sections of these reactions are 
considered as a neutron standard and therefore they can be considered as a 
reference in a well defined energy range. 
The results of these measurements are used for the determination of the so-called 
evaluated neutron flux [12], which in turn will be used for the determination for the 
Gd-odd isotopes neutron-capture cross section, as explained above. 
 
The following detectors were used for performing these measurements: 
 
i) a solid-state detector equipped with 6Li converter; 
 
ii) a MICRO-MEGAS detector equipped with 10B and 235U converters; 
 
iii) a calibration fission chamber equipped with 235U; 
 
iv) a set of Parallel Plate Avalanche Counter (PPAC) with 235U. 
 
The combination of the measurements performed with these detectors has allowed to 
cover a wide energy range up to 250 MeV. For a fine characterization of the dips due 
to neutron absorption in the Al layers present in the beam line, a dedicated MC 
simulation has been performed. It also permitted to extend the evaluation of the 
n_TOF flux up to the GeV region [11]. 
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10. Detector	calibration	and	stability	of	the	detection	system	
 
Energy calibration for the 4 C6D6 detectors was performed by stardard radiation 
sources: 137Cs, 88Y, and composite Americium-Berillium and Curium-Carbon gamma-
ray sources whose characteristics are showed in the following table: 
 
 

Isotope ࢽࡱ[KeV] ࡯࢞ࢇ࢓ࡱ  [KeV] 

137Cs 661.7 477.3 

88Y 

 
898 

 
1836 

 

 
699.1 

 
1611.8 

AmBe 4.4E+3 4.16E+3 

CmC 6130 5885 

 
Table 1. Main features of the calibration sources used during the Gd campaign. 
 
For each detector, these peaks were used to link the channel number from the fADC 
to the corresponding Compton edge. 
The use of calibration sources is also important to check the stability of the detector 
during the measurement campaing. In fact, comparign different spectra aquired 
regurarly every 3 days for the same calibration sources it is possible to have 
evidence of changes in the gains, which can be adjusted using different calibration 
curves. 
As there are three key interaction mechanisms of gamma radiation with matter: 
 

 Photoelectric effect; 
 Pair production 
 Compton scattering; 

for the energy of typycal gamma-ray sources, the Compton edge is the most 
probable one, also considering the reduced volume of the C6D6 detectors. 
From kinematic considerations, the maximum energy transferred by the gamma ray 
(Compton edge) is given by the following formula: 
 

௠௔௫஼ܧ ൌ
ଶܧ2

݉ாܿଶ ൅ ܧ2
 

 
Due to the gaussian energy resolution of the C6D6 detectors, Compton edge does 
not show a sharp slope, but it also shows a gaussian shape. 
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C6D6 calibration was perfomed usign a fit of the Compton edge and identifying the 
Full Width at Half maximun (FWHM). 
Each FWHM trend versus energy was then fitted with a linear function in order to 
obtain the calibration line. 

11. Samples	
 
Cross section measurements require samples as isotopically pure as possible in 
order to avoid any biases attributable to contamination (i.e. isotopes different from 
those of interest. 
The samples used in the experimental campaign for the new evaluation of neutron 
capture cross section of Gd-odd isotopes were acquired from Oak Ridge National 
Lab (ORNL). All the samples are circular in shape with a radius of 1 cm in order to 
cover the same fraction of the neutron beam with the aim of minimizing the effect of 
the so-called Beam Interception Factor (BIF1) on the mesurements. 
Samples were shipped in an airtight underpressurized cask (to avoid oxidation), so at 
the beginning of the experiment they were extracted from it with the maximum care in 
order to avoid damages because they are extremely fragile and need to be handled 
with maximum care.After weighing them, and in order to prevent oxidation, samples 
were sandwiched between two Mylar foils and centered in an annular frame that 
allows the correct positioning along the line during irradiation. The Mylar foils were 
stretched with a specific tool and then glued to the frames. At the center of each 
frame the samples were positioned using a very small drop of glue2. 
Samples were centered using a jig and a hollow metallic cylinder aligned with the 
annular frame. A cylinder made of Teflon was used to drive the samples in the hole, 
so ensuring the correct positioning at the center of the annular frame. 
Moreover, in order to verify that the drops do not interfere with the measurements to 
be done, evaluations of that impact were done performing measurements with 
frames in absence of Gd samples but using the same quantities of glue needed to 
arrange each sample in the center of each frame. These evaluations based on 
specific measurements performed in EAR1 demonstrate that the glue drops have no 
impact on the measurements to be done. 
The following figures show the operations just described. 

                                            
1 The so-called Beam Interception Factor (BIF) is the fraction of the neutron beam intercepted by the 
sample aligned along the flight path. The choice of using samples having the same geometry and 
dimensions complies with the need of avoiding further normalizations which are of particular 
importance when the area of the sample being measured is smaller than the neutron beam profile. 
2 Epossidic bi-component. 
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Fig. 4 Gadolinium-odd samples as shipped in an airtight underpressurized cask (upper left hand 
corner). On the bottom right one: the four Gd samples used for the experimental campaign. 
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Fig. 5: Preparation of the samples for their arrangement in annular frames to get the correct 
positioning on the flight path during the experimental campaign. 
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Fig. 6: Clockwise, from the upper picture on the left: operations for glueing the samples between two 
Mylar foils, in the annular frame to be used for the correct positioning along the beam line. As shown, 
foils are stretched with a specific tool when they are glued to the frames. 
 
After the completion of the experimental campaign and as soon as possible, a 
sample isotopic analysis will be performed in order to have additional guarantee that 
samples features actually comply with the claimed ones. 

12. The	experimental	campaign	
 
The experimental campaign for the measurements of the capture cross section of 
155Gd and 157Gd, by using C6D6 detectors took place between June and July 2016 
and lasted for 21 days. During this period, the proton current was monitored with a 
“pick up” detector operated by the CERN PS team, while neutron beam was 
monitored in the Experimental Area 1 (EAR1) by means of Silicon Detectors (SiMON) 
looking at a 6LIF foil placed in the beam. 
 
As a rule of thumb, measurements of the neutron capture cross section of a given 
isotope implies not only the measurement of the sample of interest (Gd odd isotopes 
in our case), but also a set of auxiliary measurements that are needed for different 
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purposes: energy calibration, evaluation of different backgrounds, validation of data 
analysis procedure. 
So, in addition to the runs with Gd samples positioned along the beam line and in a 
plane perpendicular to the beam flight path, further measurements were performed: 
 

 in order to correct for time-dependent background, induced by the neutron 
beam, measurements were carried out without any sample in the beam. In this 
case the beam was always on, and the counts are not related to the samples 
but to the different sources present in the experimental area (Sample out 
background); 
 

 beam-off, with the aim of characterizing the room background in order to 
estimate the natural activity and sample activation. This background is 
sensitive to the sample position, so it is important during the experimental 
campaign to guarantee for correct positioning and alignment of the samples 
along the beam line (Beam-off background); 

 
 197Au sample, to check with standard cross sections the data analysis 

procedure; 
 

 carbon sample, because C is an almost pure neutron scatterer, it can be used 
to evaluate the background due to neutrons scattered from the Gadolinium 
samples. This type of background can be further investigated through Monte 
Carlo simulations; 

 
 samples having black resonances at fixed energies (Ag, Co, W, Cd) positioned 

on the beam line to determine the energy dependence of the background; 
 

 Pb sample, which has a similar atomic number to gadolinium and negligible 
capture cross section. It was used to estimate the Compton scattering of in-
beam gamma rays by the sample. 

 
Details of time allocation for the experiment are summarized in the table below: 
 

No Filters With Filters 

Sample #Protons 
Running Time 

[days] 
#Protons

Running Time 
[days] 

155Gd thin 3.54E+17 4.00 - - 

155Gd thick 3.29E+17 4.00 4.17E+16 0.50 

157Gd thin 3.96E+17 5.00 - - 

157Gd thick 4.12E+17 5.00 - - 

Sample Out 1.71E+17 1.00 - - 

Beam Off - 0.25 - - 
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Calibrations - 0.87 - - 

natPb 5.75E+16 0.50 - - 

197Au 3.63E+16 0.25 - - 

natC 4.71E+16 0.20 - - 

Total 1.81E+18 21.07 4.17E+16 0.50 
 
Table 2. Details of time allocation for the experiment showing the measurements with odd Gd samples 
and the ancillary ones.  
 
In the table below the main features of the Gd samples are listed. 
 

Isotope Form Geometry Radius
[cm] 

Isotopic 
Purity 

[%] 

Weight 
[mg] 

Areal 
Density 

[mg/cm2]
157Gd metallic disc 1 88.32 191.6 ±0.1 61.0 

157Gd metallic disc 1 88.32 4.7 ±0.1 1.5 

155Gd metallic disc 1 91.74 100.6 ±0.1 32 

155Gd metallic disc 1 91.74 10.0 ±0.1 3.2 

 
Table 3. Main features of the Gd samples used during the experiemental campaign. 
 
The total proton delivery upon the spallation target amounts to 1.81E18 protons.The 
isotopic enrichment of 155Gd samples amounts to 91.74%, while that of 157Gd to 
88.32%. 
Tables 4 and 5 show the elemental and isotopical compositions of the 157Gd and 
155Gd samples, respectively, as given by ORNL. 
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Table 4. Chemical and isotopical composition of 157Gd samples. 
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Table 5. Chemical and isotopical composition of 155Gd samples. 
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The distribution of protons among all samples irradiated during the experimental 
campaign is presented in Tab. 3. It is reconstructed from the data files and discarding 
any corrupted or errata files due to sytem failures during the data acquisition. 
 
For the capture measurements at n_TOF, 4 C6D6 scintillation detectors are used, in 
order to reveal signals produced by the prompt gamma rays following each capture 
event in the sample positioned along the beam line.  
 
C6D6 detectors were specially optimized in order to exhibit as low neutron 
sensistivity as possible, which is a specific requirement to the low background 
neutron capture measurements. The detectors used during the experimental 
campaign, are positioned in a plane perpendicular to the beam line, few centimeters 
downstream of the sample, thus reducing the effect of scattered in-beam gamma 
rays, while providing the reasonable geometric efficiency for detecting the gamma-
rays due the deexcitation of the compound nucleus. 
The experimental setup for the measurements consisted of an array of four C6D6 
scintillators opposite each other at 45 degree with respect to the beam. In fig. 7 
pictures of the experimental setup during the measurement campaign are shown. In 
the picture at the upper left hand corner it is possible to see the BaF2 crystals which 
the Total Absorption Calorimeter consists of. 
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Fig. 7. Experimental setup in EAR1 during the Gd campaign. 
 
The aim of the data analysis is to calculate the energy-dependent capture yield of 
155Gd (n, ϒ) and 157Gd (n, ϒ) reactions. 
From the capture yield the pointwise capture cross section and the resonance 
parameters can then be extracted. 
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13. Conclusions	
 
Based on the outcomes of previous works [1], [2] on the justification for new 
evaluations of the neutron capture cross sections of Gadolinium odd isotopes, new 
experimental measurements were carried out at the European Organization for 
Nuclear Research (CERN) in the framework of the n_TOF Collaboration. 
 
The experimental campaign was performed in the Experimental Area 1 (EAR1) of the 
n_TOF facility at CERN by means of H-free organic scintillators (C6D6).  
Measurements, performed with the attendance also of the ENEA researchers, took 
place between June and July 2016 and lasted for 21 days using Gd samples 
acquired from ORNL. 
 
Data analisys of the 157Gd and 155Gd neutron capture cross section measurements is 
currently underway with the ENEA contribution and is scheduled for completion 
before the end of 2017. 
 
In order to get a reference value in the thermal region, also thermal cross section 
measurements at the Budapest Research Reactor was performed in early October. 
 
Moreover, a request for beamtime at IRMM (Gelina) facility was submitted and 
accepted with the endorsement from JRC-Geel to compare new cross sections with  
trasmission measurements on the same samples. 
 
At the end of the analysis it will be possible to get new values for the Gd odd isotopes 
capture cross sections which could lead to new assessments about the impact on the 
neutron safety for the II and III generations of fission reactors. 
 
After the nTOF data analysis is completed, new evaluations for the cross sections of 
interest will be done, and the validation process will be performed making recourse to 
the relevant ICSBEP benchmarks. 
 
The related work will be fully detailed in later dedicated Reports. 
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