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Abstract 

 
The use of neutron resonance spectroscopy to investigate and study properties of materials and objects is the
basis of neutron resonance transmission analysis (NRTA) and neutron resonance capture analysis (NRCA). NRTA
and NRCA are non-destructive methods to determine the elemental and isotopic composition without the need of
any sample preparation and resulting in a negligible residual activity. The basic principles of NRTA and NRCA are
explained. The use of NRTA and NRCA to determine the elemental composition of archaeological objects and to
characterise nuclear materials is reviewed. Other applications of neutron resonance spectroscopy such as imaging,
detection of explosives and drugs and thermometry are briefly discussed. A combination of NRTA and NRCA,
referred to as Neutron Resonance Densitometry (NRD), is presented as a non-destructive method to quantify
nuclear material, in particular the amount of special nuclear material in particle-like debris of melted fuel that is
formed in severe nuclear accidents. Finally the importance of accurate nuclear resonance parameters for these
applications is discussed and the performance of NRTA for the characterisation of nuclear material in the presence
of matrix material is assessed. 
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Executive Summary
The use of neutron resonance spectroscopy to investigate and study properties of materials and objects
is the basis of neutron resonance transmission analysis (NRTA) and neutron resonance capture analysis
(NRCA). NRTA and NRCA are non-destructive methods to determine the elemental and isotopic com-
position without the need of any sample preparation and resulting in a negligible residual activity. The
basic principles of NRTA and NRCA are explained. The use of NRTA and NRCA to determine the el-
emental composition of archaeological objects and to characterize nuclear materials is reviewed. Other
applications of neutron resonance spectroscopy such as imaging, detection of explosives and drugs and
thermometry are briefly discussed. A combination of NRTA and NRCA, referred to as Neutron Res-
onance Densitometry (NRD), is presented as a non-destructive method to quantify nuclear material, in
particular the amount of special nuclear material in particle-like debris of melted fuel that is formed in
severe nuclear accidents. Finally the importance of accurate nuclear resonance parameters for these ap-
plications is discussed and the performance of NRTA for the characterisation of nuclear material in the
presence of matrix material is assessed.
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1 Introduction
The probability that neutrons interact with nuclei strongly depends on the energy of the incoming neu-
tron. This is illustrated in Fig. 1, which compares the total cross section for neutron induced reactions in
1H, 6Li, 10B, 59Co, 131Xe, 208Pb, 235U, 238U and 239Pu. The cross sections reveal the presence of res-
onances, which are related to excited states of the compound nucleus just above the neutron separation
energy. Resonance structured cross sections can be parameterized based on the R-matrix nuclear reac-
tion formalism [1, 2]. Resonances are characterized by a set of resonance parameters, i.e. the resonance
energy Eµ and partial widths ( e.g. neutron width Γn, capture width Γγ , fission width Γf , ...), the total
angular momentum J and the orbital angular momentum ` of the neutron-nuclear system. The partial
widths express the relative probability for a specific reaction to occur. The total width Γ, which is the
sum of the partial widths, is inversely proportional to the life time of the excited state. The smooth part
of the total cross section is due to scattering from the nuclear potential and its magnitude depends on the
scattering radius, which might depend on the orbital angular momentum `. At relatively low energies
the level density is low and the average distance D between resonances is large compared to the total
width Γ. With increasing energy the average level distance decreases while the total width increases.
Eventually, the level distance becomes smaller than the total width, such that resonance structures in the
cross sections disappear and they are observed as a continuum [3].

Since resonances appear at energies that are specific for each nuclide, they can be used to deter-
mine the elemental and in some cases even the isotopic composition of materials and objects [4, 5]. The
resonance structures in total and capture cross sections are the basis of Neutron Resonance Transmission
Analysis (NRTA) and Neutron Resonance Capture Analysis (NRCA), respectively [4, 5]. Resonance
structures can be revealed by applying the time-of-flight (TOF) technique [6]. In general the level den-
sity increases with the mass of the target nucleus, except for nuclei with a magic neutron and/or proton
number (2, 8, 20, 28, 50, 82, and 126). Hence, the upper limit of the resonance region, i.e. the region
where D > Γ, increases with mass. Fig. 1 also illustrates that for a light nucleus and nuclei with a
magic proton and/or neutron number the first resonances appear at higher energies. These features of the
cross sections as function of energy define the mass and energy region where NRCA and NRTA can be
applied. NRCA and NRTA are applicable to almost all medium-weight and heavy elements. Due to the
difference in experimental method, results obtained by NRTA will always be more accurate compared to
those resulting from NRCA. In addition, NRTA is more applicable in case of radioactive samples. Hence,
they provide complementary data. To improve the accuracy and detection limits, the two methods can
be combined. A combination of NRTA, NRCA and Prompt Gamma ray Analysis (PGA) [7], referred
to as Neutron Resonance Densitometry (NRD), is proposed as a non-destructive method to characterize
particle-like debris of melted fuel [8, 9].

This report is used as the introduction in the compilation of resonance parameters for neutron
induced reactions which is part of the Landolt-Bornstein series on Numerical Data and Functional Rela-
tionships in Science and Technology - Subvolume I/26A [].

2 Methodology
Both NRTA and NRCA are non-destructive methods which are based on well-established methodologies
that are applied for neutron induced cross section measurements in the resonance region. They rely on
the time-of-flight (TOF) technique, which is a standard technique for neutron resonance spectroscopy
[6, 10, 11]. The resonance profiles that are observed in a TOF-experiment will be different from those
in the nuclear cross sections shown in Fig. 1. They will be affected by experimental effects such as the
thermal motion of the target nuclei, the finite resolution of the time-of-flight spectrometer, the sample
characteristics, dead time effects and background contributions. To reduce bias effects and produce
accurate results these effects have to be understood and taken into account in the data reduction and
analysis procedures.
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Fig. 1: Total cross section for neutron induced reactions in 1H, 6Li, 10B, 59Co, 131Xe, 208Pb, 235U,
238U and 239Pu. It should be noted that the cross sections are based on calculations. In the region where
resonances cannot be resolved experimentally, resonance fluctuations are not included in the calculations.
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Fig. 2: Effective temperature Teff as a function of the sample temperature T for different Debye tem-
peratures θD using Eq. (7).

2.1 Doppler broadening
When a nuclear reaction takes place the atomic nuclei are not at rest. They have thermal motion in the
lattice of the sample material. This motion will cause a shift in the relative kinetic energy or velocity of
the neutron. Since the thermal motion is a statistical process, the relative energy will be distributed and
the observed resonance profile will be broadened, which is known as Doppler broadening. A Doppler
broadened cross section σ can be obtained from the convolution of the cross section σ for a target nucleus
at rest with an energy transfer function S(E,E′) that accounts for the movement of the target nuclei [12]:

σ(E) =

∫
dE′S(E,E′)σ(E′). (1)

For a mono-atomic free gas the thermal motion of the target nuclei can be described by a Maxwellian
distribution. Within the free gas model (FGM) and for energies much larger than the Doppler width
E � ∆D, a Doppler broadened cross section can be approximated by Gaussian broadening of the

reaction rate, that is, by a convolution of
√

E′

E σ(E′) with a Gaussian distribution [3, 13, 14]:

σ(E) ≈ 1

∆D
√
π

∫ ∞
−∞

dE′ e
−
(

E′−E
∆D

)2
√
E′

E
σ(E′), (2)

with the Doppler width ∆D defined as:

∆D =

√
4EkBT

M/m
. (3)

The rest mass of the target nucleus and neutron are denoted by M and m , respectively, and kB is the
Boltzmann constant. The Doppler width is related to the Full Width at Half Maximum (FWHM) of the
Gaussian distribution by:

FWHM = 2
√

ln 2∆D. (4)

It has been shown by Lamb [15] that the FGM approximation can also be applied for a crystalline
solid by replacing the target temperature in Eq. (3) by an effective temperature Teff . The latter is a
measure of the mean kinetic energy of the atom in a material. Based on a Debye model of a crystal, the
effective temperature Teff can be related to the sample temperature T and the Debye temperature θD
by [15]:

Teff = 3

(
T

θD

)3

T

∫ θD/T

0
dt t3

(
1

et − 1
+

1

2

)
. (5)
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Table 1: Debye temperature Θ and effective temperature Teff at 300 K of selected elements. The Debye
temperatures were taken from Ref. [17]. The effective temperatures were calculated using Eq. (7).

Element θD Teff Element θD Teff Element θD Teff Element θD Teff
K K K K K K K K

C 2230 842.6 Mn 410 325.8 Ag 225 307.9 W 400 324.6
Mg 400 324.6 Fe 470 333.7 Cd 209 306.8 Au 165 304.2
Al 428 328.1 Co 445 330.3 In 108 301.8 Pb 105 301.7
Si 645 362.4 Ni 450 331.0 Cs 38 300.2 Th 163 304.1
V 380 322.2 Cu 343 318.2 Hf 252 309.9 U 207 306.7
Cr 630 359.6 Nb 275 311.7 Ta 240 308.9

Fig. 3: Doppler broadened total cross sections
around the 6.67 eV and 66.03 eV resonances of
238U at 0 K, 300 K and 1000 K.
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Fig. 4: Reduction of the peak total cross sec-
tion for the 6.67 eV and 66.03 eV resonances
of 238U as a function of temperature.

Eq. (5) can be rewritten introducing the heat capacity Cv [16]:

Teff =
Cv (θD/T )

24
+

3θD/T

4
[
eθD/T − 1

] +
3θD/T

8
. (6)

Neglecting the first term in Eq. (6) the effective temperature can be approximated by:

Teff ≈
3

8
θD coth

(
3

8
θD/T

)
. (7)

For elemental solid samples with minor components dissolved in the lattice, it may be assumed that
the effective temperature of the lattice material can be used. Debye temperatures for some elements
together with the resulting effective temperatures for a sample at 300 K are listed in Table 1. In Fig. 2 the
effective temperature is plotted as a function of the sample temperature for different Debye temperatures.
It should be noted that owing to zero point motion the effective temperature for a zero sample temperature
is 3θD/8.

For many elements the Debye temperature is significantly lower than the room temperature. In
all these cases the effective temperature for the FGM is just slightly higher than the room temperature
and the FGM is a good approximation to account for the Doppler effect. This has been demonstrated by
results of transmission measurements for 241Am in Ref. [18]. For a strong lattice binding, low crystal
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Fig. 5: Photograph of the time-of-flight facility GELINA of the EC-JRC-IRMM in Geel, Belgium.

temperatures and poly-atomic crystalline lattices, however, the Doppler profile is more complex and a
more sophisticated theory or model is required (see e.g. Refs. [15, 19–23]).

The total cross section for a target at rest (0 K) and the Doppler broadened cross section at 300 K
and 1000 K for 238U are compared in Fig. 3. The cross sections are shown in the energy region around
the 6.67 eV and 66.03 eV resonance of 238U. This figure illustrates that due to the Doppler effect a
resonance profile is broadened and the peak cross section is lowered. In case of an isolated resonance
the capture cross section close to the resonance can be parameterized by the single level Breit-Wigner
formula and the Doppler broadened resonance profile within the FGM approximation can be represented
by a Voigt line shape [3]. For such a Voigt profile the reduction of the peak cross section becomes:

ψ(β) =

√
π

β
exp

(
1

β2

)
erfc

(
1

β

)
, (8)

where erfc is the complementary error function and β = 2∆D/Γ. The reduction factors as a function of
sample temperature for the 6.67 eV and 66.03 eV resonances in 238U are shown in Fig. 4. The reductions
based on Eq. (1) are compared with the ones based on the Voigt profile.

2.2 Neutron time-of-flight spectroscopy
Neutron TOF experiments can be carried out at a continuous neutron source using a chopper [24] or at
a neutron source driven by an accelerator that is operated in pulsed mode [11, 25]. Due to the limited
resolution, experiments using a chopper are only useful to study resonance structures in the low energy
region, which limits their applicability. Time-of-flight measurements at a pulsed white neutron source are
preferred when a wide range of elements or applications has to be covered. Pulsed neutron sources can be
produced at electron- and proton-based accelerators. In electron-based accelerators high-energy electrons
are stopped in a target that is usually made out of material with a high mass number. The resulting
Bremsstrahlung radiation generates neutrons via photonuclear reactions. High energy proton accelerators
produce neutrons by the spallation process in a metal target with a high mass number. Neutrons produced
by the spallation process and photonuclear reactions have energies in the MeV region. Such an energy
spectrum is not directly exploitable for neutron resonance spectroscopy. A moderator of hydrogen rich
material is mostly used to produce a broad neutron spectrum ranging from thermal up to the MeV region.
In Ref. [6,26,27] characteristics of some TOF-facilities are given. A photograph of the GELINA facility
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Fig. 6: Comparison of the neutron
flux spectrum at GELINA, ISIS and J-
PARC/MLF/ANNRI. The spectra are normal-
ized to a neutron flux of 104 s−1 cm−2 eV−1 at
1 eV. The spectrum for J-PARC/MLF/ANNRI
is based on calculations reported by Kino et
al. [31].

Fig. 7: Results of capture measurements of a
bronze sample carried out at a 12.5 m station
of GELINA and a 22.8 m station of ISIS. Data
taken from Ref. [34]

installed at the EC-JRC-IRMM is shown in Fig. 5. A detailed description of this facility can be found in
Ref. [28].

Fig. 6 compares the energy dependence of the neutron spectrum at GELINA with the one at the
INES diffractometer of ISIS [29] and J-PARC/MLF/ANNRI [30, 31]. These moderated neutron spectra
can be approximated by a Maxwellian distribution in the thermal region, an additional Maxwellian (or
even better Watt) function in the fast region and a 1/Eα dependence in the epi-thermal region, with α ∼
0.85 for GELINA and α ∼ 0.95 for ISIS/INES and J-PARC/MLF/ANNRI. The spectrum at GELINA
is given for a flight path viewing the two water-filled beryllium containers, which are placed above and
below the neutron producing uranium target. A Cu and Pb bar acts as a shielding against the direct beam
from the uranium target. The beam at the INES station is a decoupled moderated neutron beam. The
moderator is water that is poisoned with Gd. The beam at J-PARC/ANNRI is a coupled water moderated
neutron beam. The data in Fig. 6 have been normalized to a neutron flux of 104 cm−1s−1eV−1 at 1 eV.
This value corresponds to a nominal neutron output at GELINA for measurements at 10 m distance with
the accelerator operating at 800 Hz and an average current of 70 µA. For a similar distance and normal
operation conditions, i.e. 50 Hz operating frequency, the output at ISIS and J-PARC/MLF/ is larger by
about a factor 450.

Neutron spectroscopy applying the TOF technique relies on a measurement of the time t that a
neutron needs to travel a given distance L. The time t and distance L are related to the velocity v and
kinetic energy E of the neutron by:

v =
L

t
(9)

and
E = mc2(γ − 1), (10)

respectively, with γ the Lorentz factor:

γ =
1√

1− (v/c)2
, (11)
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Fig. 8: Schematic representation of the time-of-flight technique. The symbols are explained in the text.

and c the speed of light. Experimentally a time-of-flight tm is derived from the difference between a start
T0 and stop TS signal:

tm = (TS − T0) + t0, (12)

where t0 is a time-offset. This offset is mostly due to a difference in cable lengths. For scintillator detec-
tors the off-set can be deduced accurately from a measurement of the TOF of the γ-ray flash produced
in the target. For other detectors, e.g. solid state or gaseous neutron or charged particle detectors, the
time-offset derived from the γ-ray flash might be biased due to the difference between the energy-loss
process of a γ-ray and a charged particle and the time-offset is best derived from transmission dips or
resonance peaks of high energy resonances for which the resonance energies are accurately known.

The observed time-of-flight tm is related to the time t that a neutron, leaving the target-moderator
assembly with a velocity v, needs to travel the distance L (see Fig. 8) [6]:

tm = t+ tt + td, (13)

where tt is the time difference between the moment that the neutron is created and the time it leaves
the target-moderator assembly and td is the difference between the time of detection and the moment
the neutron enters the detector (transmission) or sample (capture). The conversion of the neutron energy
E into the observed time-of-flight tm defines the response function R(tm, E) of the TOF-spectrometer.
This response function, which expresses the probability that a neutron with energy E is observed with a
TOF tm, can be considered as a convolution of different independent contributions due to [6]:

– the finite duration of the start pulse (T0);
– the time resolution of the detector and electronics (Ts);
– the neutron transport in the neutron producing target (tt); and
– the neutron transport in the detector or sample (td).

The probability distribution of T0 strongly depends on the type of accelerator or on the charac-
teristics of the chopper for measurements at a continuous beam. At GELINA this component can be
represented by a normal distribution with a FWHM of about 1 ns [28]. At J-PARC/MLF this contribu-
tion depends on the time structure of the proton pulse produced by the 3 GeV synchrotron. It is a double
pulse structure that can be approximated by the sum of two normal distributions which are separated by
approximately 0.6 µs and with a FWHM of about 0.1 µs [32, 33]. A similar double pulse structure is
also present at the ISIS facility [34]. The impact of this structure is shown in Fig. 7, where the response
of a capture detection system for measurements with a bronze sample at a 12.5 m station of GELINA
and at the 22.8 m INES station of ISIS is compared. The random time jitter of the detector and electron-
ics, determining the broadening of TS , is mostly described by a normal distribution with a width that is
independent of time. The contributions of T0 and TS are often lumped together into one distribution.

10
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For a moderated neutron beam the response function is predominantly determined by the neutron
transport in the target-moderator assembly, i.e. by the probability distribution of tt. Therefore, this
contribution strongly depends on the neutron physics properties and geometry of the assembly. Response
functions due to the neutron transport are mostly represented by introducing an equivalent distance Lt
[35, 36]. The equivalent distance is defined as Lt = vtt, where v is the velocity of the neutron at the
moment it escapes from the target-moderator assembly. Such a transformation of variables results in
probability distributions of Lt which are less dependent on the neutron energy [6]. They can be obtained
from stochastic calculations or approximated by analytical expressions. Monte Carlo (MC) simulations
to determine the probability distribution of the time the neutron spends in the target-moderator assembly
have been carried out for e.g. GELINA [37, 38], J-PARC/MLF/ANNRI [32], J-PARC/MLF/NOBORU
[33], n_TOF [39], ORELA [40] and RPI [41]. Examples of response functions as a function of the time
tt and the equivalent distance Lt for GELINA are shown in Fig. 9 and 10, respectively. The distributions
result from MC simulations for a moderated neutron beam at GELINA and a flight path that forms an
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Fig. 13: Energy resolution broadening due to neutron transport in the target-moderator assembly (∆Lt)
and due to the finite duration of the start pulse (∆T0) as function of neutron energy for a flight path
distance of 10 m.

angle of 0◦ with the normal to the exit face of the moderator viewing the flight path. The distributions
expressed as a function of the time tt strongly depend on the neutron energy. This dependence is much
weaker when they are expressed as a function of the equivalent distance. This can also be concluded
from the average and most probable time tt and distance Lt as a function of neutron energy and from
the corresponding FWHM as a function of neutron energy. The increase in average distance and FWHM
for energies below 1 eV is due to fully thermalized neutrons, also referred to as neutron storage in the
moderator. Fig. 12 reveals that for energies above 1 eV the FWHM at GELINA is about 2.5 cm and
almost independent of neutron energy. The figure also shows that due to the tail in the distribution the
variance is considerable greater than that for a Guassian distribution with same FWHM.

Several analytical expressions have been proposed to describe the response due to the target/moderator
assembly [32, 33, 42, 43]. Most of them are based on an exponential tail due to the primary neutron
production and a χ2-distribution to describe the moderation process, as suggested by Groenewold and
Groendijk [35]. For neutron energies below 1 eV an additional storage term has to be taken into account
as demonstrated by Ikeda and Carpenter [44]. This approach has been applied for e.g. GELINA [42],
ORELA [43] and J-PARC/MLF/ANNRI [32]. The function proposed by Cole and Windsor [45], was
used in Ref. [33] to describe the response for the NOBORU beam line at J-PARC/MLF. Using this func-
tion the results obtained by Monte Carlo simulations were slightly better reproduced compared to a func-
tion based on a χ2-distribution combined with the storage term of Ref. [44]. On the other hand Kino et
al. [32] observed a good agreement between response functions of the ANNRI beamline of J-PARC/MLF
obtained with Monte Carlo simulations and those resulting from the χ2-distribution combined with the
storage term of Ref. [44].

All the components (TS ,T0,tt,td) contribute to the final energy or velocity resolution of the spec-
trometer. The energy resolution ∆E is related to the velocity resolution ∆v by:

∆E

E
= (γ + 1)γ

∆v

v
. (14)

At low velocities (γ ≈ 1) the relative energy resolution is twice the relative velocity resolution. Suppos-
ing that the different contributions follow a Gaussian distribution, the velocity resolution is:

∆v

v
=

1

L

√
(v∆TS)2 + (v∆T0)

2 + ∆L2
t + ∆L2

d. (15)
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Fig. 14: Response function for TOF measure-
ments of a 35 keV neutron at a 23 m station
GELINA, ISIS and J-PARC. The distributions
were normalized to have the same area and
scaled to align the time tm with the highest
probability.

Fig. 15: Response function for TOF measure-
ments of a 35 keV neutron at a 40 m station of
GELINA and a 180 m station of n_TOF. The
distributions were normalized to have the same
area and scaled to align the time tm with the
highest probability.

where the broadening due to the neutron transport in the target-moderator assembly and the detector (or
sample) are expressed by an equivalent distance Lt = vtt and Ld = vtd , respectively. The components
(∆TS , ∆T0, ∆Lt, ∆Ld) in Eq. (15) are in first approximation independent of the neutron energy. Hence,
for a fixed velocity or energy the resolution improves with increasing distance. The impact of the different
components to the total resolution is shown in Fig. 13, where the resolution for a flight path of 10 m is
plotted as a function of energy for different values of ∆Lt and ∆T0. The results in Fig. 13 reveal that at
low energies the component ∆Lt dominates and the width of the charged particle pulse is less important.
At higher energies, however, the component ∆T0 determines the broadening of the observed profile.

Differences in resolution due to the neutron production are illustrated in Figs. 14 and 15. In these
figures the responses for TOF measurements of a 35 keV neutron only due to the neutron transport in
the target/moderator assembly are shown. Fig. 14 compares the response for measurements at a 23 m
station of GELINA, ISIS and J-PARC/MLF/ANNRI. The response for measurements at a 40 m station of
GELINA and a 180 m station of n_TOF are compared in Fig. 15. These figures clearly demonstrate the
superior resolution of a white neutron source resulting from photonuclear reactions, such as GELINA,
compared to the resolution of a spallation source. The differences in resolution can be expressed by the
FWHM of the equivalent distance distribution which are ∼ 2.5 cm for GELINA, ∼ 5 cm for ISIS/INES
and ∼ 13 cm for J-PARC/MLF/ANNRI and n_TOF. Besides the substantial increase in FWHM, the
response at J-PARC/MLF/ANNRI and n_TOF are affected by a pronounced contribution of a tail on the
low energy side.

The impact of both the Doppler effect and the response function on resonance profiles is illus-
trated in Fig. 17 and 16. Theoretical profiles for 238U resonances in two different energy regions are
shown. The calculations were carried out with REFIT [42] based on response functions of GELINA
for a time-of-flight distance of L = 5, 10 and 30 m. These figures illustrate that for low energy reso-
nances the broadening is primarily due to the Doppler effect. At higher energies, the resolution of the
TOF-spectrometer starts to dominate and the width of the observed profile will strongly depend on the
distance. Since the neutron flux at TOF-facilities is in first approximation inversely proportional to the
square of the distance, a compromise between resolution and intensity has to be made when choosing
the flight path distance.
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Fig. 16: Theoretical capture yield of a 238U
sample with an areal density of 1.0×10−3 at/b
at Teff = 0 K with a flight path distance of 5 m,
10 m, and 30 m.
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Fig. 17: Theoretical capture yield of a 238U
sample with an areal density of 1.0×10−3 at/b
at Teff = 300 K with a flight path distance of
5 m, 10 m, and 30 m.

All count rate spectra obtained from a TOF experiment require a correction due to the dead time
of the detection system consisting of the detector, electronics, digitizers and data acquisition system. In
case of a fixed (non-extendable) dead time, the correction is well understood. In Ref. [46] models to
correct for the dead time are given. Assuming a stable beam the corrected counts Nc(i) in channel i are
given by:

Nc(i) = N0(i)/

1−
i−1∑
j=i0

N0(j)/Nb −N0(i)/2Nb

 , (16)

where Nb is the total number of bursts. In case of a varying beam intensity the corrected counts Nc(i)
can be determined by:

Nc(i) = Nb

− ln

1− N0(i)/Nb[
1−

i−1∑
j=i0

N0(j)/Nb

]

/1− σ tanh

σ i−1∑
j=i0

Nc(j)/Nb


 , (17)

where σ2 is the relative variance of the beam intensity. It has been demonstrated in Refs. [6, 47] that in
case of a fixed dead time bias effects due to the dead time correction can be reduced to ≤ 0.3% when the
corrections are smaller than a factor 1.3.

2.3 Neutron resonance transmission analysis
NRTA is based on the analysis of characteristic dips in a transmission spectrum resulting from a mea-
surement of the attenuation of a neutron beam by the sample under investigation [4, 5]. These dips are
observed at TOF values that correspond to resonance energies.

The quantity of interest in a transmission experiment is the fraction of the neutron beam traversing
the sample without any interaction. For a parallel neutron beam which is perpendicular to a slab of
material, this fraction or transmission T is given by:

T = e
−
∑
k
nkσtot,k

, (18)
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where σtot,k is the Doppler broadened total cross section and nk is the number of atoms per unit area
of nuclide k. The transmission is directly related to the total cross section and the areal density of
the nuclides present in the sample. Assuming that the total cross sections of the materials present in
the sample are known, a measurement of the attenuation of an incident neutron beam can be used for
elemental and isotopic analysis.

The experimental transmission Texp is derived from the ratio of the counts of a sample-in mea-
surement Cin and a sample-out measurement Cout, both corrected for their background contributions
Bin and Bout, respectively:

Texp = NT
Cin − kTBin
Cout − kTBout

. (19)

The experimental TOF-spectra (Cin, Bin, Cout, Bout) in Eq. (19) are corrected for losses due to the dead
time in the detector and electronics chain and all spectra are normalized to the same neutron intensity and
TOF-bin width. Such a normalization is mostly based on measurements with additional beam monitors.
The uncertainty due to this normalization can be reduced to less than 0.25% by alternating sequences of
sample-in and sample-out measurements, such that systematic effects due to slow variations in time of
both the beam intensity and detector efficiency are avoided. To account for this uncertainty the normal-
ization factor NT = 1.0000 ± 0.0025 can be introduced in Eq. (19) [6, 48]. The factor kT in Eq. (19)
introduces a correlated uncertainty component accounting for systematic effects due to the background
model.

Eq. (19) reveals that the experimental transmission is deduced from a ratio of counting spectra.
Therefore, it is independent of the detector efficiency and incoming neutron flux. Hence, no absolute
measurement of the neutron flux or additional calibration measurements to determine the detection effi-
ciency are needed. In addition, the experimental transmission Texp is a direct measure of the theoretical
transmission (Eq. (18)) if the measurements are performed in a good transmission geometry, that is,
when [6]:

– the sample is perpendicular with respect to a parallel incoming neutron beam;
– all neutrons that are detected have passed through the sample; and
– neutrons scattered by the sample and collimators are not detected.

The conditions of an ideal or good transmission geometry can be achieved by a proper collimation of the
neutron beam at both the sample and detector position. A schematic view of a transmission set-up in good
geometry is shown in Fig. 18. It shows the experimental geometry of a 50 m station at GELINA [48].
An ideal transmission geometry also requires a constant homogeneous spatial distribution of the sample
material. Problems in case of heterogeneous samples will be discussed in detail in Sec. 5.3.

For neutron energies below 1 MeV, Li-glass scintillators enriched in 6Li are mostly used [48–50].
The time resolution of such detectors depends predominantly on the neutron transport within the detector.
The contribution to the final response function is also best expressed by an equivalent distance Ld. The
probability distribution of the time td (or of the equivalent distance Ld) will depend on the size, material
density and cross sections of the main components with which the neutron interacts in the detector.
Examples of a response for a 6.35-mm thick and 152.4-mm diameter Li-scintillator, enriched to 95% in
6Li, that is used at a 50 m transmission station of GELINA are shown in Figs. 19 and 20 for neutrons
with an energy of 10 and 100 eV, respectively. Response functions obtained by Monte Carlo simulations
are compared with the results of analytical expressions which are implemented in the resonance shape
analysis code REFIT [42].

The background in a TOF transmission measurement can be considered as a sum of various con-
tributions due to the detection of γ-rays and neutrons that have lost the correlation in time. Their origin
and relative contribution strongly depends on the accelerator characteristics, neutron source and detector
properties [6]. The background is mostly expressed as an analytical expression and determined by the
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Fig. 18: Schematic representation of a transmission measurement set-up at GELINA [48].
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Fig. 19: Response function of a 6.35-mm
thick and 152.4-mm diameter Li-scintillator,
enriched to 95% in 6Li, for neutron with an en-
ergy of 10 eV.
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Fig. 20: Response function of a 6.35-mm
thick and 152.4-mm diameter Li-scintillator,
enriched to 95% in 6Li, for neutron with an en-
ergy of 100 eV.

black resonance technique. For this technique, samples of elements with strong absorption resonances,
which are referred to as black resonance filters, are inserted into the beam. The free parameters in the
analytical expression are determined by a least squares fit to saturated resonance dips observed in the
TOF-spectra due to the presence of the filters. An example of a sample-in and sample-out spectrum
together with their background contributions is shown in 21 and 22. The spectra were taken to determine
the transmission through a sample of tungsten. The measurements were performed at a 25 m station of
GELINA with a 12.7-mm thick and 101.6-mm diameter Li-glass scintillator enriched to 95% in 6Li and
the accelerator operating at 800 Hz [51]. The background as a function of TOF was parameterized by an
analytical expression consisting of a constant and three exponentials:

B(t) = b0 + b1e
−λ1t + b2e

−λ2t + b3e
−λ3(t+t0) . (20)

The parameter b0 is the time independent contribution. The first exponential is due to the detection
of 2.2 MeV γ-rays resulting from neutron capture in hydrogen present in the moderator. The time
dependence of this background component was verified by Monte Carlo simulations and confirmed by
measurements with polyethylene filters in the beam. As mentioned in Ref. [6, 48], the polyethylene
filter is used to scatter neutrons out of the beam and enhance the ratio of the γ-ray to neutron intensity.
The second exponential originates predominantly from neutrons scattered inside the detector station.
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Fig. 21: TOF-spectra taken with a Li-glass
detector resulting from transmission measure-
ments of a natW sample at a 25 m station
of GELINA [51]. The sample-in spectrum is
shown together with the total background and
its components.

Fig. 22: TOF-spectra taken with a Li-glass
detector resulting from transmission measure-
ments of a natW sample at a 25 m station of
GELINA [51]. The sample-out spectrum is
shown together with the total background and
its components.

The last time dependent component accounts for the contribution due to slow neutrons from previous
accelerator cycles. This contribution was estimated by an extrapolation of the TOF spectrum at the end
of the cycle. It was approximated by an exponential, with t0 related to the operating frequency of the
accelerator (t0 = 1.25 ms for 800 Hz). The time dependence of the background was derived from
dedicated measurements with S, Na, Co, W and Ag black resonance filters in the beam. During the
regular sample-in and sample-out runs, the S and Na black resonance filters were kept in the beam to
continuously monitor the background at 2.85 keV and 102 keV and to account for the dependence of the
background level on the presence of the sample. Applying such a procedure the uncertainty due to the
background model can be reduced to less than 3% [6]. This uncertainty component can be included in
the data reduction process by introducing the factor kT = 1.00 ± 0.03 in Eq. (19).

2.4 Neutron resonance capture analysis
NRCA relies on the analysis of resonance peaks in TOF spectra resulting from the detection of prompt
γ-rays, which are emitted after a neutron capture reaction in the sample under investigation [4,5,52]. The
observable of interest is the capture yield, which is the fraction of the incident neutron beam undergoing
a capture reaction in the sample. The theoretical capture yield Yγ can be expressed as a sum of primary
Y0,k and multiple interaction events Ym,k for each nuclide present in the sample:

Yγ =
∑
k

Yγ,k =
∑
k

(Y0,k + Ym,k). (21)

Multiple interaction events result from a (n, γ) reaction after at least one neutron scattering in the sample.
The primary yield Y0,k for a parallel uniform neutron beam and a homogeneous slab of material that is
placed perpendicular to the neutron beam is :

Y0,k = nkσγ,kF, (22)
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Fig. 23: Self-shielding F due to the peak cross
section of the 6.67 eV and 80.75 eV resonance
of 238U as function of areal density.

Fig. 24: Simulated capture yield Y for a 14-
mm thick Cu sample in the region of the 230
eV resonance of 65Cu is plotted as a function
of neutron energy. The contributions of the pri-
mary yield Y0 and the yield due to multiple in-
teraction events Ym are shown as well.

where σγ,k is the Doppler broadened capture cross section and F is the self-shielding caused by the
attenuation of the neutron beam in the sample. The latter is defined by :

F =

(
1− e

−
∑
j
njσtot,j

)
∑
j
njσtot,j

. (23)

This expression contains the sum over all nuclides contributing to the self-shielding. The self-shielding
approaches unity and the capture yield is directly proportional to the product of the areal density and
capture cross section, only for very thin samples and/or small cross sections, such that

∑
j njσtot,j � 1.

Fig. 23 shows the self-shielding for the peak cross section of the 6.67 eV and 80.75 eV resonances of
238U as a function of the areal density. Evidently, the self-shielding strongly depends on the resonance
strength.

For relative thick samples multiple interaction events have a substantial contribution to the total
yield. This is illustrated in Fig. 24, where the capture yield for a 14-mm thick Cu sample in the region of
the 230 eV resonance of 65Cu is plotted as a function of neutron energy. The results have been obtained
by Monte Carlo simulations.The contribution of the primary yield Y0 and the yield due to multiple
interaction events Ym are shown. For a correct calculation of this yield the capture and scattering cross
section is required. Therefore, the relation between the observable in a capture experiment and the areal
densities nk is more complex as compared to the relationship for a transmission experiment.

The experimental capture yield Yexp is derived from the response of the capture detection system
divided by the neutron flux ϕ and corrected for various quantities related to the detection of the prompt
γ-rays:

Yexp =
Cγ −Bγ
εcΩPAϕ

, (24)

where Cγ and Bγ are the observed dead time corrected sample and background spectra, respectively.
The effective area of the sample seen by the neutron beam is denoted by A, P is the probability that the
prompt γ-rays escape from the sample, Ω is the solid angle between sample and detector and εc is the
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probability to detect at least one γ-ray out of the γ-ray cascade following the neutron capture reaction.
In most cases the parameters (A, P , Ω, εc) related to the detection of the prompt γ-rays and the absolute
value of the neutron flux at a given energy are lumped together into one normalization factor Nγ and the
experimental yield becomes:

Yexp = Nγ
Cγ −Bγ

ϕ′
. (25)

The normalization factor Nγ can be determined at an energy where the theoretical yield is known and
only the shape of the neutron flux, i.e. its relative energy dependence denoted by ϕ′, needs to be deter-
mined. Ideally, the data is normalized to a saturated resonance with Γn << Γγ , such that the normaliza-
tion is independent of the sample thickness and of the resonance parameters [6, 53].

Eq. (25) can only be applied when the parameters (A, P , Ω, εc) are energy and nuclide inde-
pendent. Mostly only the solid angle and effective area are independent of the energy of the incident
neutron and special analysis procedures are required to account for the energy dependence of the other
quantities [6]. For example, when the neutron beam shows an energy dependent spatial profile, the beam
interception area A is energy dependent and corrections are required [54].

The detection efficiency εc to detect at least one γ-ray strongly depends on the method and the
detection system. Ideally, a detection system is used with a very good time resolution, a low sensitiv-
ity to scattered neutrons and an efficiency εc that is independent of the γ-ray cascade, i.e. independent
of multiplicity and energy spectrum [6]. The sensitivity has to be low for direct neutron detection and
for indirect events due to neutrons which are scattered by the sample and subsequently captured in the
detector or its environment. A detection efficiency independent of the γ-ray cascade can be realized
by a total absorption detector with an almost 100% efficiency [55–59] or by applying the total energy
detection principle [6, 60, 61], so that the detection efficiency becomes proportional to the total γ-ray
energy produced in the capture event. The total energy detection principle requires a γ-ray detector with
a relatively low detection efficiency that is proportional to the γ-ray energy [60, 61]. In principle, it is
applicable for any conventional γ-ray detector when the pulse height weighting technique (PHWT) is
applied. The PHWT relies on a mathematical manipulation of the response function of the detection
system to achieve the proportionality between the detection efficiency and the γ-ray energy. This tech-
nique is based on a suggestion by Maier-Leibnitz and first applied by Macklin and Gibson [62]. Mostly
C6D6 liquid scintillators are used. They are considered as one of the best detection systems for neutron
capture cross section studies of non-fissile material in a broad energy region [6]. For these detectors
accurate weighting functions can be obtained from Monte Carlo simulations, provided that the geometry
description reflects the experimental conditions including the details of both detection system and the
sample [6, 61]. More details about the different methods and principles can be found in Ref. [6].

The performance of BGO, BaF2, YAP and YSO scintillation detectors for NRCA applications has
been compared in Ref. [34], considering the response of a C6D6 liquid scintillator as a reference. The
measurements were carried out at the GELINA facility. Figs. 25, 26, 27, 28, show the results from mea-
surements with a 0.4-mm thick Cu sample containing Sn as an impurity. The results in Ref. [34] revealed
that the time resolution of the above mentioned scintillators is sufficient for NRCA measurements in the
epithermal region below 5 keV. However, BGO and BaF2 detectors suffer in the energy region below 500
eV from neutron sensitivity, as shown in Figs. 25 and 27. The performance of YAP and YSO crystals
in the energy region below 1 keV is comparable to the one of C6D6. Above 1 keV, the response of YAP
and YSO detectors suffer from the high probability of neutrons interacting with yttrium.

The background for capture measurements is more complex compared to the one for transmission
measurements. It consists of: (1) a time independent component due to ambient radiation and possi-
ble radioactivity in the sample; (2) a time dependent component independent of the sample and (3) a
time dependent component depending on the sample characteristics. The relative contribution of these
components strongly depends on the neutron facility and detection system that is used [6]. The first com-
ponent can be estimated from measurements just after the accelerator is switched off, or in a TOF region
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Fig. 25: Count rate spectra from capture mea-
surements with a 0.4-mm Cu sample contain-
ing Sn using BGO and C6D6 scintillation de-
tectors. Data taken from Ref. [34].

Fig. 26: Count rate spectra from capture mea-
surements with a 0.4-mm Cu sample contain-
ing Sn using YAP and C6D6 scintillation de-
tectors. Data taken from Ref. [34].

Fig. 27: Count rate spectra from capture mea-
surements with a 0.4-mm Cu sample contain-
ing Sn using BaF2 and C6D6 scintillation de-
tectors. Data taken from Ref. [34].

Fig. 28: Count rate spectra from capture mea-
surements with a 0.4-mm Cu sample contain-
ing Sn using YSO and C6D6 scintillation de-
tectors. Data taken from Ref. [34].

where the neutron flux is negligible. The time dependent component independent of sample properties
results mainly from neutrons that are scattered inside the measurement station and at other flight paths
in case of a multi-user facility. This contribution can be deduced from measurements without a sample
in the beam. The last component is the most difficult one to quantify. It depends on the neutron and
γ-ray scattering properties of the sample, on the neutron sensitivity of the detection system and the char-
acteristics of the measurement station. The neutron sensitivity in this discussion is the detector response
due to neutrons which are scattered from the sample and create a capture reaction in the sample-detector
environment. One has to differentiate between a direct and a delayed component. The direct component
originates from scattered neutrons which cause an immediate capture reaction in the detector assembly.
This contribution follows the resonance structure of the cross section and is hard to distinguish from the
response due to a (n,γ) reaction in the sample. The delayed component is due to neutrons that scatter
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Fig. 29: Capture measurement set-up at a 12.5 m station of GELINA. The set-up consists of two C6D6

detectors and an ionisation chamber loaded with thin 10B layers [18, 53].

from the sample, enter the measurement station or detector and slow down in the construction material
of the measurement station or detector before creating a signal in the detector. The time and sample
dependent component may be influenced by overlap neutrons. As with transmission measurements, the
relative contribution of the different components strongly depends on the facility and detection system.
The impact of overlap neutrons depends on the operating frequency and overlap filter that is used. The
best way to determine this contribution is by measurements at a lower frequency as in e.g. Ref. [63, 64].
One way to assess the background due to scattered neutrons is by additional measurements with material
for which the contribution due to the (n,γ) reaction can be neglected, e.g. 208Pb or carbon. To separate
the direct from the delayed component several measurements using various black resonance filters are
required. When in beam γ-rays scattered by the sample also contribute to the background, the problem
becomes even more complicated. The contribution due to in-beam γ-rays strongly depends on the type
of neutron producing facility and will contribute in the low TOF (high energy) region. For example, the
2.2 MeV γ-ray can be an important background component for capture measurements, as in e.g. the
capture experiments at the n_TOF facility presented in Ref. [54]. Its contribution stongly depends on the
size of the moderator and can be reduced by adding a neutron poison to the moderator. This background
contribution can be reduced by using borated water as a moderator [65].

A capture detection system consisting of two C6D6 detectors, installed at a 12.5m measurement
station of GELINA, is shown in Fig. 29 [18, 53]. The background conditions for this system are given
in Fig. 30. The response for a 1 mm-tick 197Au sample is compared with the total background and
its components. The measurements were performed with a fixed Na and S black resonance filter in the
beam. These filters are used to control the background level and reduce bias effects due to the background
correction. Due to the presence of a S black resonance filter the contribution of in-beam γ-rays scattered
by the sample was strongly reduced. The total background Bγ can be estimated by [6, 53]:

Bγ = a0 + k1C0 + k2Rn(CPb − C0) (26)

where a0 is the total time independent contribution, and C0 and CPb are the TOF-spectra from mea-
surements with no sample and with an almost purely scattering 208Pb sample, respectively. The spectra
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Fig. 30: The response of a C6D6 detector system as a function of TOF for a 1.0 mm 197Au sample
obtained at GELINA is compared with the contribution of the different background components. Data
taken from Ref. [6]

are all normalized to the same total neutron intensity. The correction factor Rn accounts for the differ-
ence in scattering yield of the gold and lead samples.The background is clearly dominated by the time
dependent and sample independent background component C0. The contribution of the sample depen-
dent component is over the whole energy range less than 1%. The factors k1 and k2 can be introduced
to account for uncertainties due to systematic effects in the background model. It has been shown that
uncertainties of 3% and 5% can be reached when fixed background filters are used, i.e. k1 = 1.00 ± 0.03
and k2 = 1.00 ± 0.05.

The energy dependence of the neutron flux can be determined by a measurement of a neutron
induced reaction for which the energy dependence of the reaction cross section is well known [66].
To avoid artificial structures in the experimental yield Yexp, reactions with a smooth cross section as
function of neutron energy are preferred [6]. In the region below a few hundred keV flux measurements
are predominantly based on the 6Li(n,t)α, 10B(n,α)7Li and 10B(n,αγ)7Li reactions. At energies above
0.5 MeV the 235U(n,f) reaction is mostly used [67].

At GELINA double Frisch-gridded ionization chambers, with a common cathode, are mostly used
to determine the neutron flux for neutron energies below 150 keV [18, 53, 67]. Thin layers of 10B, with
an areal density of about 40 µg/cm2, are evaporated back-to-back on a 30-µm thick aluminum backing,
which acts as the cathode. The chamber is almost transparent for the neutron beam. A back-to-back
configuration, rules out a systematic bias effect related to the forward-to-backward emission ratio [68].
The background for flux measurements with such a chamber is determined by an analytical expression
applying the black-resonance technique, similar as the background correction for transmission. The main
difference with the Li-glass scintillator is that the contribution of the 2.2 MeV γ-ray can be neglected.
Based on measurements using different combinations of black resonance filters, the uncertainty due to
the background model was evaluated. Under the constraint of using at least one fixed background filter,
this uncertainty is ≤ 3% [6].

2.5 Data reduction
The output in TOF-experiments are count rate spectra with a significant number of channels. The data
reduction of these spectra is challenging, in particular when the full covariance of each step in the data
reduction process is propagated. In addition, significant memory is required to store the covariance
information of the final experimental observable as a covarinance matrix.

To process data from TOF-experiments the AGS concept and code package has been developed at
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the EC-JRC-IRMM [69,70]. The concept is based on a compact formalism to propagate all uncertainties
starting from uncorrelated uncertainties due to counting statistics. It stores the full covariance informa-
tion after each operation in a concise, vectorized way and ensures that the resulting covariance matrix is
always positive definite. The AGS code includes all arithmetic operations of spectra. In addition, more
advanced operations as dead time correction, least squares background fitting, reading of data files in
ENDF format, projection of spectra on different time axes and bin averaging can be executed. The AGS
concept results in a substantial reduction of data storage volume and provides a convenient structure to
verify the various sources of uncertainties through each step of the data reduction process. The use of
the AGS concept has been recommended in a consultants’ meeting organized by the IAEA [71] to report
TOF cross section data in the EXFOR data library [72, 73].

Assuming that a spectrum denoted by the vector ~z of n channels is deduced using a parameter
vector ~pwith dimension m, which introduces m correlated uncertainty components, the covariance matrix
V ~z of ~z can always be expressed as:

V ~z = U~z + S~zS
T
~z (27)

where U~z is a diagonal matrix with the uncorrelated variances as elements. The S-matrix S~z is given
by S~z(~p) = Df (~p)L~p, where Df is the sensitivity matrix of the functional data reduction step f with
respect to the parameter vector ~p and L~p is the Cholesky decomposition of the covariance matrix of the
parameter vector. The S-matrix S~z has the dimension (n × m). Each additional channel-to-channel
operation introducing correlated uncertainties, increases the number of columns of the S-matrix by the
number of parameter uncertainties, however, maintaining the structure given in Eq. (27). Also combining
two spectra, each with a covariance in the form of Eq. (27), maintains the separation of uncorrelated
uncertainty and the S-matrix.

When the number of channels is larger than the total number of parameters, the structure in
Eq. (27) is much more efficient compared to the use of the full covarianc matrix of dimension (n×n). It
requires the storage of the uncorrelated component U~z as a vector with n entries and the matrix S~z with
dimension (n×m). In addition, the separation of the covariance matrix into the uncorrelated component
and the S-matrix is very practical for further use of this matrix. For example in NRTA and NRCA the
experimental observables (Yexp and Texp) are used to fit areal densities by a least squares adjustment
of a model to the experimental data. The determination of the fitted areal densities together with their
covariance matrix is mostly based on arithmetic expressions, which involve the inverse of the full data
covariance matrix of the experimental observables. In case the experimental observable used in the fit-
ting procedure consists of a significant number of channels, the inversion of the data covariance matrix
is numerically challenging. Using the structure of Eq. (27) the inversion can be significantly simplified.
By using the Woodbury matrix identity [74], the inverse of V ~z:

V −1~z =
(
U~z + S~zS

T
~z

)−1
, (28)

becomes:
V −1~z = U−1~z −U−1~z S~z

(
I + ST~z U

−1
~z S~z

)−1
ST~ZU

−1
~z , (29)

with I being the identity matrix. In Eq. (29) only the uncorrelated part of the covariance matrix and
the term

(
I + ST~z U

−1
~z S~z

)
need to be inverted. The latter is a (m ×m) matrix with m being the total

number of correlated uncertainty components. The inversion of these two terms is by far more efficient
than inverting V ~z . A similar procedure called implicit data covariance method has also been applied in
Ref. [75].

3 Data analysis
Two different approaches to analyze NRTA and NRCA data can be distinguished. The first is based on
a full methodological approach, in which the areal densities are derived from a resonance shape analysis
based on a least squares adjustment to experimental data. The second, more empirical approach, relies
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on the use of calibration samples of known compositions and the experimental signatures are the areas
in the resonance dips and peaks present in the data for NRTA and NRCA, respectively.

3.1 Resonance shape analysis
The areal density of the nuclides present in the sample can be derived by a least squares adjustment, that
is by minimizing the expression:

χ2(~θ) =
(
~zexp − ~zM (~θ)

)T
V −1~zexp

(
~zexp − ~zM (~θ)

)
, (30)

where ~zM (~θ) is the model describing the experimental data ~zexp, with covariance matrix V ~zexp , and ~θ are
the model parameters. The minimum condition of Eq. (30) is equivalent to a maximum likelihood when
the probability distribution of the observable is a normal distribution [3, 76]. Without any additional
information on the probability distribution of ~z this can always be supposed based on the principle of
maximum entropy [3,76]. The fitted parameters, describing in the best way the experimental data, can be
found in an iterative way by searching for the steepest decent. For a linear model the minimum condition
is also found for:

~θ =
(
GT
~θ
V −1~z G~θ

)−1 (
GT
~θ
V −1~z ~zexp

)
. (31)

The sensitivity matrix G~θ
has as elements the partial derivatives of ~zexp with respect to ~θ. In case

the observables follow a normal distribution the quality of the fit can be verified by comparing the χ2

per degree of freedom with its expectation value. For an adequate description of the data this value
approaches unity for a large number of degrees of freedom. The quality of the fit can also be verified by
the residual for each data point. The residual ~r is given by:

~r =
~zexp − ~zM (~θ)

~U~z
. (32)

The covariance of the estimated parameters based on conventional uncertainty propagation (CUP)
is given by:

V ~θ
=
(
GT
~θ
V −1~z G~θ

)−1
. (33)

In case the covariance of the experimental data is given in the AGS format the covariance matrix of the
adjusted parameters can be expressed as:

V ~θ
= V U

~θ
+ V U

~θ
K
(
I + ST~z U

−1
~z S~z −KTV U

~θ
K
)−1

KTV U
~θ
, (34)

with the matrix K defined as:
K = DT

z(~θ)U−1~z S~z. (35)

The first term V U
~θ

is due to the contribution of the uncorrelated uncertainty components:

V U
~θ

=
(
DT

z(~θ)U−1~z Dz(~θ)
)−1

. (36)

The second term in Eq. (34) results from the contribution due to the correlated uncertainty components.
Eqs.(34,35,36) show that the inversion of the full covariance matrix can be avoided when the experi-
mental covariance is given in the AGS format and the calculation of the covariance matrix of optimized
parameters is based on CUP. Becker et al. [70] have shown that the AGS format also provides a conve-
nient format to determine the covariance matrix of the fitted parameters by Monte Carlo simulations [77]
or marginalization [78].
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Fig. 31: Comparison of experimental cap-
ture yield for a 3-mm thick Mn target with
the theoretical yield obtained from full Monte
Carlo simulations. The contributions of pri-
mary events Y0, capture after one scattering Y1
and capture after at least two neutron scattering
interactions Y2+ are shown.

Fig. 32: Comparison of experimental capture
yield for a 3-mm thick Mn target with the the-
oretical yield obtained from analytical approx-
imations. The contributions of primary events
Y0, capture after one scattering Y1 and capture
after at least two neutron scattering interactions
Y2+ are shown.

The model parameters ~θ = (~η, ~κ) include reaction model parameters and experimental parame-
ters which are represented by the vectors ~η and ~κ, respectively. The theoretical estimate ~zM (t, ~θ,~κ) in
Eq. (30) is the result of a folding to account for the response function of the TOF-spectrometer:

~zM (t, ~η,~κ) =

∫
R(t, E,~κ)~z′(E, ~η,~κ)dE∫

R(t, E,~κ)dE
, (37)

where R(t, E,~κ) is the response function of the TOF-spectrometer. The latter depends on experimental
conditions such as the accelerator pulse width, the target-moderator characteristics, flight path length
and detector characteristics. The quantity ~z′(E, ~η,~κ) represents the theoretical estimate of the observ-
able, i.e. the transmission T (E, ~η,~κ) or reaction yield Y (E, ~η,~κ). Its calculation requires a theoretical
model including a nuclear reaction formalism (i.e. R-matrix formalism [2]) and models to account for
experimental effects. Hence, the theoretical model depends on both resonance parameters, determin-
ing the cross sections, and experimental parameters. The latter describe the response function, detector
characteristics and sample properties, including the areal density of the nuclides present in the sample.

The least squares adjustment can be performed by a resonance shape analysis (RSA) code, such
as REFIT [42]. This code, which has been developed to parameterize cross section data in terms of
resonance parameters, is based on the Reich-Moore approximation [79] of the R-Matrix formalism [2].
It accounts for various experimental effects such as sample inhomogeneities, Doppler broadening, and
the response of the TOF spectrometer and detectors. For the analysis of capture data special modules
have been included to account for self-shielding and multiple interaction events, to correct for γ-ray
attenuation in the sample and for the neutron sensitivity of capture detection systems [6, 80].

The calculation of the theoretical capture yield, in particular the contribution of multiple inter-
action events, is rather complex. For a parallel neutron beam and samples with simple geometries and
composition, analytical expressions have been implemented in REFIT [42]. In case of one scattering
followed by a reaction event and a simple geometry, exact expressions can be derived based on asymp-
totic free gas scattering. For more than one scattering (m ≥ 2), an additional assumption is made that
neutrons are uniformly distributed within the sample. In case of complex geometries, relatively thick
samples and/or strong scattering resonances, Monte Carlo simulations are required to correctly describe
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Fig. 33: Results from an analysis of the pro-
file around the 230-eV Cu-resonance resulting
from an NRCA measurement of a 14-mm-thick
prehistoric axe. Data taken from Ref. [4].

Fig. 34: Ratio of counting rates of two Cu-
resonances (230 and 578 eV) as function of
the areal density of Cu measured using cop-
per plates with known thickness (symbols).
The theoretical ratio was calculated using
Eq. (39). The experimental data were taken
from Ref. [81].

the capture yield [80]. This is illustrated in Figs. 31 and 32, which compare the experimental capture
yield for a 3-mm thick Mn sample, the yield obtained with full Monte Carlo simulations and the yield
based on an analytical approximation. The contribution of the different types of interactions, i.e. primary
events Y0, capture after one scattering Y1 and capture after at least two neutron scattering interactions
Y2+, are given. This comparison demonstrates that the discrepancies between experimental yield and the
one obtained from analytical approximations are primarily due to the contributions of the Y2+ events.

3.2 Calibration approach
A full methodological approach in case of NRCA is not always evident. Besides accurate resonance
parameters it also requires a detailed information about the neutron beam characteristics, detection sys-
tem and even sample properties. Therefore, a more empirical approach relying on the use of calibration
samples of known composition, is often applied [4,52]. The experimental signature for such an approach
is the net area of the peak of a resonance. The ratio of the areal density of nuclides X and Y present in
the sample is derived from a ratio of net peak areas:

nX
nY

= Kµ,λ
Fλ
Fµ

Cµ
Cλ

, (38)

with nX and nY being the areal densities of nuclide X and Y, respectively. The net peak areas for the
resonances µ and λ of nuclides X and Y, respectively, are denoted by Cµ and Cλ. The corresponding
corrections for self-shielding are Fµ and Fλ. The calibration factor Kµ,λ is determined from measure-
ments under identical experimental conditions using representative samples with a known composition
and thickness. This factor accounts for the nuclear data and sample independent experimental parameters
such as the the effective neutron flux and the detection efficiency and geometry.

The simplest approach to determine the area of a resonance peak is by summing up all counts under
the resonance peak and subtracting the background contribution. In case of overlapping resonances and
a substantial contribution from multiple interaction events, a fitting procedure based on Voigt profiles
and a parametric description of the multiple interaction events can be applied. The width of the Voigt

26



profile accounts for both the resolution of the spectrometer and the Doppler broadening. An example
of such a parameterization is shown in Fig. 33. In this figure the response in the region of the 230 eV
resonance of Cu resulting from measurements of a 14-mm thick prehistoric axe [4] is given. There is
a fairly good agreement with the profile obtained by Monte Carlo simulations shown in Fig. 24. Such
a parameterization of the resonance profile is possible for resonances where the average neutron energy
loss in a collision is larger than the width of the resonance. This is mostly the case at high energies
and for light nuclei. For low energy resonances, however, a large fraction of multiple interaction events
produces counts close to the resonance peak and a parametric fitting can not be applied. In that case, a
resonance shape analysis has to be applied.

To determine the relative areal densities from Eq. (38) a correction for self-shielding is needed.
The effective self-shielding correction Fµ is an average over the resonance µ of the self-shielding in
Eq. (23):

Fµ =

∫
σγ(E)F (E)dE∫
σγ(E)dE

. (39)

Applying Eq. (39) it is assumed that the flux is constant over the resonance. For inhomogeneous objects
the self-shielding correction must be averaged over the areal density distribution. To account for the
variation in areal density, the correction can be calculated based on the analytical expressions Eq. (23)
and Eq. (39) using an effective areal density. The different behavior of the self-shielding as a function
of the areal density in Fig. 23 suggests that the ratio of areas from resonances with different strengths
for a given element can be used to determine the effective areal density [81]. This is illustrated in Fig.
34, where the ratio of the areas of the Cu resonances at 230 eV and 578 eV is plotted as a function of
the areal density of Cu. The experimental data in Fig. 34 result from measurements with Cu samples
of known thicknesses. The full line is based on the theoretical esimates using Eq. (23) and Eq. (39). In
Ref. [81] the effective areal density derived from such a ratio together with the area of the object was used
to determine the weight of an object. The resulting weight (13.0 ± 0.5 g) was in very good agreement
with the actual weight 13.25 g of the object. On the other hand, the data in Fig.34 demonstrate that for
relatively thick samples this procedure does not allow an uambiguous determination of the effective areal
density. An alternative more accurate procedure, which has been proposed in Refs. [82, 83], is based on
a least squares analysis of ratios of resonance areas with the relative abundances and an effective areal
density as free parameters. To avoid large corrections for self-shielding and multiple interaction events,
the analysis of weak resonances is mostly preferred.

Nevertheless, the occurence of resonances of different strenghts is a powerful feature of NRCA.
Strong resonances are very suitable for detecting minor and trace elements, often in the ppm range.
The weaker resonances are preferred to quantify the major elemental components of the object and the
combination of resonances with different strengths can be used to correct for self-shielding. In case of
stong overlapping resonances and a substantial contribution of multiple interaction events, the calibration
approach is not applicable and a resonance shape analysis is required.

4 Applications
Neutron resonance spectroscopy can be applied for a variety of applications in diverse fields, such as
archeological studies, determination of the fissile content of nuclear material for nuclear safeguards and
security, characterisation of reference materials for cross section measurements and of organic samples
in the biomedical field, combatting illicit traffick by detection of drugs and explosives, temperature
measurements, and the study of fundamental properties of materials.

4.1 Archaeology
In the course of several years NRCA has been applied at GELINA to study objects of cultural heritage
interest [4]. The majority of the data results from measurements at the 12.5 m capture measurement
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Fig. 35: Time-of-flight spectrum resulting from
NRCA measurements on a fragment of a ves-
sel or cauldron dated to the 7th century BC.
The results of these measurements have been
reported in Ref. [81].

Fig. 36: Capture spectrum of a marble sample
using C6D6 detection set-ups at a 14 m and a
30 m station of GELINA. The results of these
measurements have been reported in Ref. [87].

station shown in Fig. 29. More details about this measurement station can be found in Refs. [18, 53].
Results from NRCA and Neutron Diffraction (ND), two complementary non-destructive neutron interro-
gation techniques, are often combined to study alloys in terms of both elemental and phase compositions
and to provide information about the origin and usage of the objects, the fabrication methods and trade
relations. Most of the archaeological applications so far are related to copper-alloy artefacts. Apart from
Cu, they contain Sn or Zn as other major elements, and As, Ag, Sb, Co, Fe, In and Pb as minor or trace
elements.

Fig. 35 shows a TOF-spectrum resulting from NRCA measurements by Postma et al. [81] on a
fragment of a vessel (or cauldron) that was excavated at 60 km south of Rome (IT). The object dated
from the 7th century BC. The elemental composition deduced from this spectrum is given in Table 2.
This example illustrates the potential of NRCA for elemental analysis and reveals that elements with
resonances in the eV region can be detected in the parts per million range. Also in Ref. [84] the amount
of In has been observed in a set of bronze artifacts down to a few parts per million. Fig. 35 evidences
the advantage of NRCA compared to other active neutron interrogation techniques such as PGA [7].
Performing NRCA one can always select an optimum region in the TOF spectrum where the elements
with a small contribution, e.g. In in Fig. 35, are not hampered by resonances of other elements with
a large yield. In this region of the TOF-spectrum the response in the detector is fully dominated by
the minor element. In a PGA experiment, which is also based on the detection of prompt γ-rays, the
observed γ-ray spectrum will be dominated by the presence of the element with the largest cross section
and this in almost the whole energy region. A detailed comparison between NRCA and PGA can be
found in Ref. [52].

Postma et al. [85] verified the authenticity of a series of bronze statuettes from the National Mu-
seum of Antiquities in Leiden (NL). The statuettes were part of a collection of Etruscan objects. With the
smelting technique used in the Etruscan period only minor amounts of zinc, with a relative abundance of
less than 1 wt% are expected. Based on the elemental composition derived by NRCA, in particular the
relative amount of zinc, it was possible to distinguish the fake from genuine statuettes.

The elemental composition and structure of a precious and very well preserved ceremonial sword
of the Bronze-Age period was studied by Postma et al. [83] based on results of NRCA and ND ex-
periments at GELINA and ISIS, respectively. This sword was on loan from the National Museum of
Antiquities in Leiden (NL). The tin-bronze ratio and the relative amounts of some minor elements (Sb,
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Table 2: Elemental composition of a fragment of a vessel (or cauldron) from the 7th century BC deduced
using NRCA. Data taken from Ref. [81]. Uncertainties are only due to counting statistics and background
contributions.

Element Isotope Resonance Fraction
eV wt.%

Cu 77.76± 0.11
63Cu 579.0
65Cu 230.0

Sn 20.85± 0.10
112Sn 94.8
116Sn 111.2
117Sn 38.8
118Sn 45.7
119Sn 222.6
120Sn 427.5
122Sn 1756.0
124Sn 62.0

As 0.34± 0.01
75As 47.0

Sb 0.196± 0.021
121Sb 6.24
123Sb 21.4

Ag 0.090± 0.21
107Ag 16.3
109Ag 5.2

Fe 0.770± 0.09
56Fe 1147.4

In 0.0061± 0.0003
115In 1.46

As, Ag, In) were determined. The presence of cobalt supported the assumption that the sword originated
from the North Alps-Danuba region. They also studied the construction of the hilt-blade connection.
From the elemental composition along the length of the sword and a radiograph, they concluded that the
blade and the hilt were cast separately and that it was manufactured as a potentially functional weapon.
The elemental composition of the blade and the hilt are compared in Table 3.

In Ref. [84] the bulk elemental composition of twelve socketed axes from the Late Bronze Age
were determined by NRCA. In addition, information about the crystalline structure, the occurrence of
sulfides and oxides and intermetallic compounds was obtained from ND. The relative amounts of Sb, As,
Ag and Ni were deduced by NRCA. The Ni content was derived from capture measurements at a 30 m
station of GELINA equipped with two C6D6 detectors. The results of the 30 m measurements were also
used to derive upper limits for the amount of Fe and Pb.

Schut et al. [82] used results form NRCA and ND to study technological and metallurgical aspects
of a series of Roman bronze water taps, which have been excavated in the Netherlands. Bulk elemental
analysis by NRCA and phase analyses by ND were carried out to determine differences among the taps
and to learn more about the fabrication process. An example of an elemental composition is reported in
Table 4. This table illustrates that they were able to determine the relative amounts of Fe and Pb, which
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Table 3: Elemental composition of a ceremo-
nial sword of the Bronze-Age period deduced
by NRCA. Data taken from Ref. [83]. Uncer-
tainties are only due to counting statistics and
background contributions.

Element Composition
blade

Composition
hilt

wt.% wt.%

Cu 88.44± 0.15 86.40± 0.15
Sn 11.06± 0.14 13.05± 0.15
Sb 0.172± 0.009 0.203± 0.017
As 0.080± 0.009 0.106± 0.017
Ag 0.056± 0.004 0.046± 0.007
In 0.011± 0.001 0.010± 0.002
Co 0.012± 0.003 0.004± 0.001
Zn 0.177± 0.053 0.181± 0.026

Table 4: Elemental composition of a Roman
water tap determined by NRCA. Data taken
from Ref. [82]. Uncertainties are only due to
counting statistics and background contribu-
tions.

Element Composition
wt.%

Cu 69.92± 1.67
Sn 6.07± 0.22
Sb 0.117± 0.003
As 0.069± 0.003
Ag 0.067± 0.021
Zn 0.252± 0.022
Fe 0.084± 0.021
Pb 23.4± 1.8

Table 5: Ca/P ratio in a sample of hydroxyapatite powder and a cow rib and Cl/Ca ratio in marble based
on results of NRCA compared with the results of a chemical analysis and neutron activation analysis.
Data taken from Ref. [87]. Uncertainties are only due to counting statistics and background contributions.

Sample Elemental Composition (g/g)
Ratio NRCA Other Method

Hydroxyapatite Ca/P 2.0± 0.1 2.05± 0.02 Chemical Analysis
Cow Rib Ca/P 2.2± 0.2 2.13± 0.32 NAA
Marble-Cl Cl/Ca 0.0018± 0.0002 0.00171± 0.00006 NAA

were derived from measurements at the 30 m capture station. The determination of Pb by other active
neutron interrogation techniques is not evident. NAA in a thermal neutron beam is almost excluded
since a radioactive product can only be produced by a threshold reaction such as 204Pb(n,2n)203Pb [86].
The advantage of using a 30 m station to analyze high energy resonances was also demonstrated by
Perego et al. [87]. They exploited the resolution of the 30 m capture station of GELINA to determine the
Cl/Ca ratio in a piece of marble and the Ca/P in a sample of hydroxyapatite powder and a cow rib. The
Cl/Ca and Ca/P ratios from NRCA are in good agreement with the values obtained by NAA and mass
spectrometry as shown in Table 5. The difference in resolution resulting from measurements at the 12.5
m and 30 m station is illustrated in Fig. 36 for a measurement with the same marble sample and similar
detection systems consisting of two C6D6 detectors.

The potential of NRTA to study bronze artefacts by a full methodological approach, i.e. applying
a resonance shape analysis of the experimental transmission without any calibration requirements, has
been demonstrated in Ref. [5]. A set of copper alloy reference objects, which have been certified for the
amount of Cu and relative amounts of As, Pb, Sn and Zn, were measured at a 25 m transmission station of
GELINA. The transmission as a function of neutron energy together with the result of a resonance shape
analysis for two reference standards are shown in Figs. 37 and 38. The certified elemental compositions
and the ones resulting from a resonance shape analysis are compared in Table 6. The data in Table 6
reveal a good agreement between the NRTA results and the certified values. For the analysis the reso-
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Table 6: Elemental composition of two reference samples measured with NRTA and the certified values.
Data taken from Ref. [5]. Uncertainties are only due to counting statistics and background contributions.

Element Elemental composition (atomic fraction)
Standard A Standard B

NRTA Certified NRTA Certified

Cu 0.8553± 0.0043 0.8675± 0.0001 0.8360± 0.0042 0.8360± 0.0001
Sn 0.0391± 0.0004 0.0398± 0.0012 0.0092± 0.0005 0.0105± 0.0004
Zn 0.0718± 0.0010 0.0671± 0.0025 0.1480± 0.0007 0.1515± 0.0050
As 0.0019± 0.0001 0.0018± 0.0001 0.0013± 0.0001 0.0008± 0.0001
Pb 0.0259± 0.0026 0.0236± 0.0009 0.0012± 0.0001 0.0011± 0.0001
Sb 0.0032± 0.0012 0.0000± 0.0000
Mn 0.0027± 0.0010 0.0048± 0.0005

Fig. 37: Transmission as a function of neutron
energy together with the result of a RSA using
REFIT for reference sample A. Data based on
Ref. [5].

Fig. 38: Transmission as a function of neutron
energy together with the result of a RSA using
REFIT for reference sample B. Data based on
Ref. [5].

nance parameters recommended in the JEFF-3.1.1 library were taken. However, to get a good agreement
between the measured and fitted transmission most of the resonance energies had to be adjusted and for
63Cu and 65Cu the resonance parameters determined by Weigmann and Winter [88] were adopted. This
suggests that an even better agreement can be obtained by improving the resonance parameters for these
elements.

4.2 Characterisation of reference materials
NRCA and NRTA are very suitable to characterize reference materials which are used for cross section
measurements [89]. NRCA is preferred for elements with resonances below 5 keV, while for light ele-
ments or elements with strong s-wave resonances NRTA is mostly used. NRCA is extremely practical
for the identification and quantification of impurities which have a high capture cross section in the ther-
mal and epi-thermal resonance region, in particular when cross section data are requested with a high
accuracy and low uncertainty [89]. In case of reference materials, the experimental conditions includ-
ing the shape of the samples are mostly such that the methodological approach can be applied and the
composition can be determined without special calibration requirements. Impurities with a high capture
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cross section can be verified to a ppm level, as shown in Refs. [89, 90]. The relative amount of Ta (∼
100 ppm) and W (∼ 0.05%) impurities in a Hf sample were derived by Moxon et al. [90] by a resonance
analysis of capture data. Because of the extremely large capture cross section of natHf, such impurities
are very difficult to be determined by PGA.

Moxon et al. [91] analyzed boron samples, consisting of powder boron metal cladded in aluminum,
for the 10B content by NRTA. The samples were used as neutron converters for absolute neutron flux
measurements at a beam line of a nuclear reactor. NRTA was preferred since the resulting amount of 10B
is almost independent of the degree of oxidation of the sample. A similar characterisation by NRTA of
a 10B sample, which was used for an absolute determination of the neutron flux, has been reported by
Blackmon et al. [92].

4.3 Nuclear materials
The use of NRTA for a quantitative non-destructive assay of spent and fresh nuclear fuel has been demon-
strated by Priesmeyer et al. [93]. Low and high enriched samples with different burnups were character-
ized by transmission measurements, which were carried out at a fast-chopper time-of-flight spectrometer
installed at a reactor. The areal densities of 131Xe, 133Cs, 152Sm, 235U, 238U and 239Pu were derived
from the transmission profile below 20 eV. NRTA was also investigated at the former National Bureau
of Standards [94–98], as a tool to determine the fissile content of fresh and spent fuel pins for safeguards
applications. They performed measurements at a 5-m flight path of a 100 MeV linear electron acceler-
ator and used 3He one dimensional position sensitive proportional counters [94] and a two dimensional
position sensitive micro-channel plate with a Li-glass as neutron converter [99]. The spatial resolution of
the two dimensional detector was 0.75 mm. Using a position sensitive detector Behrens et al. [95] were
able to produce quantitative two dimensional radiographs. The fresh fuel was characterized for the 235U
and 238U areal density. For the spent fuel the relative abundances of 11 actinides and 5 fission products
were derived. Schrack [96,97] applied NRTA to monitor the amount of 235U in simulated nuclear waste,
consisting of incinerator ash as matrix material and small concentrations of 235U (between 4.8 × 10−4

g/cm3 and 4.6 × 10−3 g/cm3). The technique was demonstrated on sample sizes ranging from 2 liter
bottles to 200 liter drums.

Noguere et al. [86] performed transmission measurements to determine the composition of a PbI2
sample that was produced from a solution of radioactive waste originating from the French reprocessing
facility at La Hague. NRTA was carried out at a 50 m transmission station of GELINA using a 6Li
glass scintillator. Prior to the analysis of the sample, capture and transmission measurements with a
well-characterized natI sample were carried out to determine accurate resonance parameters for 127I and
129I. The parameters for 206Pb were taken from the work of Borella et al. [67]. For the other nuclides
present in the sample the resonance parameters recommended in the JEFF-3.1.1 library were adopted.
In addition to NRTA, representative samples were also analyzed by NAA and mass spectrometry. The
results in Table 7 show that there is a very good agreement between the results obtained with the different
methods. Table 7 also illustrates that from the results of NRTA the isotopic composition of lead could be
derived. A part of the transmission that was sensitive to the presence of sulfur in the sample is shown in
Fig. 39 together with the transmission only due to the sulfur.

In Ref. [89] results of NRCA on a set of well-characterized mixtures of depleted U3O8 powder
and natural Gd2O3 powder are reported. The measurements were carried out at the 12.5 m capture
station of GELINA following the experimental procedures recommended in Ref. [6]. The composition
of each sample was derived from a resonance shape analysis with REFIT. For the analysis all parameters
were taken from the JEFF-3.1.1 library. Figs. 40 and 41 show the result of such an analysis for two
samples. The results from NRCA and the certified values are compared in Table 8. The certified values
were based on the weight and stoichiometry of the U3O8 and Gd2O3 powder, the isotopic composition
of natural Gd recommended in Ref. [100] and the isotopic composition of the depleted uranium. The
latter was determined by mass spectrometry. The NRCA results are in very good agreement with the
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Table 7: Elemental and isotopic composition of a PbI2 sample that was produced from a solution of
radioactive waste originating from the French reprocessing facility at La Hague deduced by NRCA,
ICP-MS and NAA . Data taken from Ref. [86].

Element Isotope NRCA ICP-MS NAA
wt.% wt.% wt.%

I 20.5 ±0.9 19.9 ±0.5
127I 3.4 3.4 ±0.1 3.4 ±0.1
129I 17.1 16.5

Pb 53.5 ±3.0 59.5 ±0.2 51.1 ±1.8
204Pb 0.8
206Pb 12.8 ±0.5
207Pb 12.1 ±0.3
208Pb 27.8 ±3.0

O 15.2 ±0.8 14.5 ±1.5
S 6.2 ±0.4

Fig. 39: Measured and calculated transmission spectra used to determine the composition of a PbI2
sample that was produced from a solution of radioactive waste originating from the French reprocessing
facility at La Hague [86].

certified values. For 155Gd/238U the largest deviation is 0.35%. The NRCA results for 157Gd/238U are
systematically higher. This bias can be due to a bias in the resonance parameters for 157Gd.

4.4 Fast neutron transmission
A comparison of the total cross sections for hydrogen, carbon, nitrogen and oxygen in Fig. 42 suggests
that NRTA can be a valuable technique to analyse materials containing light elements [101, 102]. For
such applications fast neutrons are required. Fast neutron beams can be produced at a charged particle
accelerator utilizing (p,n) or (d,n) reactions. Possible candidates are D(d,n)3He, T(d,n)4He, 7Li(p,n)7Be,
9Be(p,n)9B and 9Be(d,n)10B [103–105]. Energy dependent transmission profiles can be obtained at
mono-energetic neutron beams relying on the kinematics of the neutron production process or at a pulsed
charged particle beam combined with the TOF technique [101, 102]. Mostly two dimensional (2D)
images are produced using position sensitive neutron detectors. Therefore, these measurements are often
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Table 8: Results of a characterisation of U3O8 and Gd2O3 powder mixtures with NRCA. The results
obtained with NRCA are compared with the declared values. The latter are deduced from a combination
of the weight, stoichiometry and isotopic composition. Data taken from Ref. [89].

U Gd n(155Gd)/n(238U)) n(157Gd)/n(238U))
g g Declared NRCA Declared NRCA

20.988 0.0536 5.77× 10−4 (5.76±0.04)×10−4 6.10× 10−4 (6.59±0.07)×10−4

20.608 0.5206 5.71× 10−3 (5.73±0.01)×10−3 6.03× 10−3 (6.53±0.02)×10−3

18.656 2.6240 3.13× 10−2 (3.14±0.01)×10−2 3.36× 10−2 (3.51±0.03)×10−2

Fig. 40: Comparison of observed capture yield
Yexp for a U3O8 and Gd2O3 mixture with Gd/U
= 2.52 wt% with the result of a RSA with RE-
FIT. Data based on Ref. [89].

Fig. 41: Comparison of observed capture yield
Yexp for a U3O8 and Gd2O3 mixture with Gd/U
= 14.07 wt% with the result of a RSA with RE-
FIT. Data based on Ref. [89].

referred to as Fast Neutron Resonance Radiography [101, 102].

At the Massachusetts Institute of Technology the use of transmission profiles resulting from mea-
surements at quasi-monoenergetic neutron beams is being investigated, mainly for the detection of explo-
sives and contraband such as drugs [106, 107]. Neutrons are produced by the D(d,n)3He reaction using
a deuterium gas target [108]. The object and detector rotate together around the neutron source and are
positioned at a set of angles to match the energies of resonance peaks and valleys between resonances.
At each angle or energy, a 2D image is formed using a position sensitive neutron detector consisting
of a plastic scintillator viewed by a CCD camera. The neutron energy resolution comes mainly from
the energy loss of the charged particle in the target and is around 600 keV. The results of transmission
measurements taken at different neutron energies form a set of linear equations, which are solved to de-
rive the elemental composition. Watterson and Ambrosi [109] suggest to apply the method also for the
localization of diamonds in a kimberline rock environment.

For TOF spectroscopic measurements the 9Be(d,n)10B reaction with deuterons of several MeV
incident on a thick beryllium target [104, 110, 111] is preferred, due to its high yield and favourable
thermal conductivity [105]. Metallic beryllium used as a target can be easily machined and is capable of
tolerating beam currents in excess of 100 µA using conventional target designs and cooling. The reaction
is exothermic with a positive Q-value of 4.36 MeV, which results in neutron spectra extending to high
energies [105]. Pulsed fast neutron TOF spectroscopy, exploiting the characteristic energy dependence of
the total cross sections for H, C, N and O in the 1 – 10 MeV range, was first proposed by Overley [112].
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Fig. 42: Doppler broadened total cross section for neutron induced reactions in natH, natC, natN, natO
at 300 K.

Overley and co-workers of the University of Oregon have studied the potential of this technique, not
only for the detection of explosives and drugs but also to quantify the amount of H, C, N and O and their
spatial distribution in agricultural products and organic compounds e.g. fructose, urea and melamine
[112–116]. The areal density of H, C, N, and O are derived from a comparison with transmission data
of pure elements. Contributions of other elements are lumped together as resulting from a fictitious
element having an energy independent total cross-section. A similar TOF fast neutron spectrometer for
identification of contraband in sealed containers was developed by Tensor Technology [117–119].

The systems of both the Oregon University and Tensor Technology are based on large-area de-
tector arrays consisting of individual plastic scintillators with pixel sizes of a few centimeters. Hence,
they pose an intrinsic limitation on the position resolution. To improve the position resolution for TOF
spectroscopy at high intensity fast neutron beams, various detection systems have been developed and
studied at the accelerator facility for fast neutron research of the Physikalisch-Technische Bundesanstalt
(PTB), Braunschweig (Germany) [120]. Measurements have been carried out at the PTB using a broad-
energy neutron beam produced by a nanosecond pulsed deuterium beam on a 3 mm thick Be target
with a 1–2 MHz repetition rate. In addition, efforts are being made to improve the data analysis algo-
rithms starting from nuclear data. Most of the developments are part of a collaboration between PTB
and Soreq NRC (Israel). Detection systems for both time-resolved integrative and time-resolved event
counting are investigated [121–123]. Progress made in the use of the time-resolved integrative optical
neutron (TRION) detector has been reported in Refs. [121, 124–127]. Parameters affecting the image
quality and the temporal resolution of the TRION detector are discussed in detail by Mor et al. in
Ref. [126] and [127], respectively. For event-counting time-of-flight measurements, gaseous multi-step
wire chambers combined with a polyethylene converter [122, 128] and a time resolved event-counting
optical radiation detector [129] are studied.

4.5 Thermometry
As discussed in Sec. 2 and shown in Fig. 3 the observed resonance profile is influenced by the velocity
distribution of the target nuclei in the lattice of the sample material. This distribution depends on the
physical state of the sample (solid, liquid or gaseous) and its temperature. Therefore, the observed profile
will be sensitive to these parameters and information about them can be derived from a resonance shape
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analysis. The use of Doppler-broadened profiles for the remote determination of sample temperatures has
already been demonstrated by Fowler and Taylor [130]. Other examples of the use of neutron resonance
spectroscopy for thermometry are reported in Refs. [131–138].

As illustrated in Fig. 1, the cross sections for almost all nuclides show a resonance structure. How-
ever, only profiles which are dominated by the Doppler width, i.e. ∆D > Γ, can be used. This limits the
application to low energy resonances of heavier nuclei. This problem can be solved by doping the sample
of interest with an element with a suitable resonance [134]. On the other hand, since the resonance struc-
tures are due to nuclear processes, the lineshape is almost insensitive to changes in chemistry, provided
that the sample temperature is high enough to avoid crystal binding effects. In addition, the technique
is non-invasive, e.g. wiring of the sample, is not required [135]. Therefore, in case of high-temperature
and high-pressure measurements neutron resonance spectroscopy for temperature measurements offers a
number of advantages compared to the use of thermocouples [135]. Stone et al. [135] demonstrated that
for sample temperatures above the Debye temperature accuracies of 10 K can be achieved independent
of the sample pressure. Yuan et al. [138] applied neutron resonance spectroscopy to determine the tem-
perature in extreme conditions. They studied the internal temperature of a system undergoing dynamic
loading, i.e. the temperature behind an explosive shock. The sample was a layered disk of molybdenum
doped with tungsten enriched in 182W. The resonance dip of the 21.1 eV resonance of 182W, resulting
from transmission measurements with a 6Li detector in current mode [139], was used as the thermometer.

Doppler broadened resonance profiles are also analysed to study fundamental properties of mate-
rials like effective temperatures [140–142] and statistical properties of phonon spectra [22, 23]. Neutron
resonance spectroscopy has been applied in Refs. [140, 141] to determine the effective temperature in
YBa2Cu3O7 and YBa2Cu3O6.2. Transmission measurements have been performed at the 80-m and
18.5-m flight path station of the ORELA facility using a 6Li glass scintillator, on a YBa2Cu3O7 and a
YBa2Cu3O6.2 sample, respectively. The resonance profiles of the 230 eV resonance were studied. For
this resonance the Doppler width (∼ 1.5 eV) is much larger than the total width Γ (∼ 0.3 eV) and the
width due to the resolution (∼ 0.15 eV). From a resonance shape analysis they derived an effective tem-
perature for Cu in the superconducting compound YBa2Cu3O7 of Teff = 297 ± 28 K which is within
uncertainties consistent with the value Teff = 314± 28 K that was found for Cu metal [140]. The latter
is in agreement with the one in Table 1. Similar results were obtained for Cu in the non-superconducting
compound YBa2Cu3O6.2 [141]. Therefore, the authors in Refs. [140, 141] concluded that the mecha-
nism for high-temperature superconductivity in YBa2Cu3O7 are not due to anomalous copper vibrations
and must not rely on an unusual energy scale for Cu phonons. The effective temperature for Cu in
YBa2Cu3O7 derived by Mook et al. [140] deviates from the one Teff = 750 K measured by Ikeda et
al. [143]. The latter was derived from neutron scattering experiments which are far more complicated
than transmission experiments. Since the sample contained a substantial amount of oxygen, a bias due
to the impact of neutron scattering in oxygen on the observed resonance profile is not excluded, as noted
in Ref. [140].

4.6 Neutron resonance imaging
Neutron imaging methodologies and experimental capabilities are well-established for imaging at cold
and thermal neutron beams [144–150]. In most cases only contrast figures are obtained, except when
energy selective techniques are used to study Bragg-edge profiles, e.g. phase imaging using time-of-flight
neutron diffraction [147] or energy selective neutron radiography and tomography [146, 150]. However,
imaging applications resulting in a direct spatial dependent element distribution are rather scarce.

On the other hand, the development of position sensitive neutron detectors (PSND) for imag-
ing at cold and thermal neutron beams [151–153] triggered the interest in imaging combined with
neutron resonance spectroscopy with the objective to determine spatial dependent elemental compo-
sitions [154–157, 159]. As discussed in section 2 two approaches using the resonance structures in the
epi-thermal energy region can be applied. A signal can be extracted from the beam, i.e. transmission
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Fig. 43: Results of transmission measurements (symbols) for two disks of natural Cu with areal densities
(nCu = 4.22× 10−3 at/b and nCu = 1.47× 10−2 at/b) together with resonance shape analysis calculation
using REFIT (lines).

measurements, or from the radiation (γ-rays) induced by the neutron interaction in the sample. They rely
on completely different techniques for imaging or tomography applications. Neutron resonance capture
imaging (NRCI) requires time-consuming and cumbersome scanning of the sample at a collimated epi-
thermal neutron beam [34,160–162]. The spatial resolution will depend on the collimation of the neutron
beam. Neutron resonance transmission imaging (NRTI) is based on measurements with a 2-dimensional
position sensitive neutron detector. The whole area of the object is illuminated and a two-dimensional
map is produced in one measurement. Hence, NRTI is less time consuming. In addition, the data re-
duction and analysis procedures are less complicated. The disadvantage is that NRTI is less sensitive to
impurities and trace elements compared to NRCI.

Most of the effort in the development of resonance imaging concentrated on the development of
NRTI [154–159]. To exploit the resonance structures by transmission measurements a pixelated PSND
has been developed by Schooneveld et al. [151]. The PSND is a 10 × 10 pixelated detector formed
by 100 6Li-glass scintillators (2 × 2 × 9 mm3) mounted with a pitch of 2.5 mm. The performance
of the PSND for quantitative elemental analysis was assessed at the GELINA facility [5]. Results of
measurements for two metal disks of natural Cu with a different areal density are shown in Fig. 43. The
areal densities resulting from a resonance shape analysis with REFIT, nCu = (4.29±0.10)×10−3 at/b and
nCu = (1.49±0.02)×10−2 at/b, are in very good agreement with the declared values nCu = 4.22×10−3

at/b and nCu = 1.47 × 10−2 at/b, respectively. It should be noted that the good agreement was only
obtained by adopting the resonance parameters of 63Cu and 65Cu reported by Weigmann and Winter [88].
This detector was used to derive elemental sensitive contrast figures from transmission measurements at
the INES beam of ISIS. Examples of such contrast figures can be found in Refs. [5, 156]. A similar
PSND with comparable performance was used by Sato et al. [153, 154] to produce contrast figures for
In and Ag. They also derived the spatial distribution of the temperature from an analysis of resonance
profiles.

A PSND with a timing resolution of < 20 ns in the epi-thermal region and 0.5 µs in the thermal
region and a spatial resolution of < 100 µm, has been developed by Tremsin et al. [149, 152]. The
detector was used to measure spatial dependent transmission Bragg-edge and resonance profiles at the
LANSCE [157] and J-PARC facility [159]. The results obtained at J-PARC [159] reveal that for strong
absorption and for weak resonances with energies above 4 keV the profiles for Cu were not described.
This is probably due to the lack of any correction for background contributions. Correction for back-
ground when performing NRTI with a PSND is not evident since there is no collimation of the neutron
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Table 9: Composition of a 2.5 cm thick nuclear spent fuel sample (center cut) measured with NRTA by
Behrens et al. [95].

Nuclide Abundance Nuclide Abundance
10−5 at/b 10−5 at/b

234U 1.481± 0.060 99Tc 9.94± 0.27
235U 37.67± 0.85 131Xe 3.382± 0.063
236U 15.79± 0.42 133Cs 7.63± 0.29
238U 4765± 27 145Nd 3.096± 0.274

152Sm 0.694± 0.013
239Pu 3.74± 0.76
240Pu 26.26± 0.60
241Pu 10.64± 0.15
242Pu 4.94± 0.33

241Am 5.52± 0.22
243Am 0.705± 0.058

beam between the sample and the detector. Therefore, a special procedure to account for the sample
dependent background component, as discussed in Ref. [156], is required.

5 Characterisation of melted fuel by neutron resonance densitometry
Neutron Resonance Densitometry (NRD) is being developed as a method to quantify special nuclear
material (SNM) in particle-like debris of melted fuel formed in severe nuclear accidents [8, 9]. NRD is
based on NRTA and a combination of NRCA with PGA. The quantification of the fissile material will
be based on NRTA, while NRCA using a detector with a good γ-ray energy resolution will be applied
to determine the amount of impurities. A conceptual design of a NRD facility has been presented by
Harada et al. [8]. The facility consists of a transmission station with a flight path length between 5 m and
10 m combined with three beam lines for NRCA/PGA. The latter, with flight path lenghts smaller than
5m, are equipped with well-type LaBr3 scintillators [163], which are used to combine TOF and γ-ray
spectroscopic measurements.

The potential of NRTA for the characterisation of such samples has already been demonstrated
by Priesmeyer et al. [93] and Behrens et al. [94, 95], as discussed in the previous section. However,
the samples analysed in these references were all homogeneous samples. Also the feasibility study of
Sterbentz and Chichester [164], which is fully based on Monte Carlo simulations, considers NRTA only
for the characterisation of intact fresh and spent fuel assemblies. The analysis of particle like debris will
be more complex and challenging [9]. This is mainly due to the specific characteristics of the samples, in
particular, the radioactivity, sample temperature, presence of unknown matrix material including strong
neutron absorbers and the diversity in shape and size of the particle like debris samples.

Theoretical transmissions as a function of neutron energy through 2.5-cm thick spent fuel samples
were used to study systematic effects due to the sample characteristics. The REFIT codes was used for
the calculations. The elemental and isotopic composition of the sample, given in Table 9, was based on
the work of Behrens et al. [95]. The resonance parameters were taken from JENDL 4.0. The parame-
ters for 235,238U and 239Pu in JENDL 4.0 [165] were adopted from Refs. [166–168]. The transmissions
were calculated for an ideal transmission geometry with the sample at 400 K and the detector placed at
10 m from the neutron source. The response of the TOF-spectrometer was represented by a Gaussian
distribution of the equivalent distance with a FWHM of 2.5 cm independent of the neutron energy. The

38



Fig. 44: Simulated transmission through a spent fuel sample at Teff = 400 K resulting from measure-
ments at a 10 m flight path distance.

contribution of the different nuclides present in the sample is shown in Fig. 44 by plotting separately
the transmission due to the presence of only fission products (i.e. 99Tc, 131Xe,133Cs,145Nd,152Sm);
234,236,238U; 235U;240,242Pu; 239,241Pu; and 241,243Am. From a RSA of the transmission the areal den-
sities of all these nuclides can be derived. The best accuracy will be obtained when isolated resonances
are analysed (e.g. for 235U the resonances at 8.77 eV, 12.43 eV and 19.32 eV), such that the results are
not strongly affected by the quality of the parameters of overlapping resonances.

5.1 Temperature
As discussed in section 2 the transmission will be broadened due to the sample temperature. The tem-
perature can be derived from a profile of an isolated resonance with a width that is dominated by the
Doppler broadening. Possible candidates to act as a thermometer are the 2.67 eV, 5.16 eV and 5.45 eV
resonances of 242Pu, 234U and 236U, respectively. The sensitivity of the transmission to the temperature
for these resonances is shown in Fig. 45 by comparing the transmission at Teff = 0 K, 300 K and 400
K. In case the profile is dominated by the response of the TOF-spectrometer a saturated resonance can
also be used to assess the effective temperature. This is illustrated by the transmission around the 80.73
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Fig. 45: Simulated transmission through a spent fuel sample at Teff = 0 K, 300 K and 400 K resulting
from measurements at a 10 m flight path distance.

Fig. 46: Simulated transmission through a spent fuel sample at Teff = 0 K, 300 K and 400 K without
resolution effects.

eV saturated resonance of 238U at different temperatures in Fig. 45. The unexpected behavior of the
profile, i.e. decrease in transmission dip with increasing temperature, is due to the impact of the response
function of the TOF-spectrometer. Fig. 46 compares the transmission for different sample temperatures
without any additional broadening due to the response of the TOF spectrometer. Evidently, the accuracy
of the temperature derived from such a saturated resonance profile will depend on the quality of the
response function.

5.2 Matrix material
In contrast to fresh or spent fuel, information about the elemental and isotopic composition of melted
fuel formed after a severe nuclear accident is rather scarce and cannot be predicted. It is expected that
the melted fuel will contain water, boron, concrete and structural materials like Co, Fe, Cr and Ni.
The presence of these elements will complicate the analysis. Unfortunately, for these light elements no
resonances are present below 100 eV to detect and quantify them (see Table 10). The strong influence
of 10B on the transmission is shown in Fig. 47. The transmission spectrum has been calculated using
the areal densities given in Table 9 and different additional amounts of 10B with the sample at Teff =
400 K. The transmission spectrum has been slightly randomized assuming an uncertainty of 0.01 for a
transmission of one and a minimum uncertainty of 0.001. Two methods can be applied to account for the
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Table 10: Energies of prominent prompt γ-rays and 1st neutron resonances for light and medium ele-
ments.

Nucleus Reaction Energy of prominent Energy of 1st

prompt γ-ray neutron resonance
1H 1H (n,γ) 2H 2223 keV –
10B 10H (n,αγ) 7Li 478 keV 170 keV
27Al 27Al (n,γ) 28Al 3034 keV, 7724 keV 5.9 keV
28Si 28Si (n,γ) 29Si 3539 keV, 4934 keV 31.7 keV
53cr 53Cr (n,γ) 54Cr 835 keV, 8885 keV 4.2 keV
56Fe 56Fe (n,γ) 57Fe 7631 keV, 7646 keV 1.1 keV
59Co 59Co (n,γ) 60Co 230 keV, 6877 keV 0.132 keV
58Ni 58Ni (n,γ) 59Ni 465 keV, 8999 keV 6.9 keV

Fig. 47: Transmission as a function of neutron energy through a spent fuel sample with different relative
amounts of 10B. The data are compared with the results of a resonance shape analysis with REFIT. In
the calculations of the transmission a dummy element is included to account for the presence of matrix
materials.

contribution of these matrix materials to the observed transmission. The first is based on a direct analysis
of the transmission and the second on additional measurements with a LaBr3 detector.

The influence of matrix materials can be taken into account by lumping their contribution to the
transmission using a single total cross section σtot,X of a dummy element X . The energy dependence of
this cross section consists of a constant and a 1/v contribution, such that:

nXσtot,X = aX +
bX
v
. (40)

The parameters aX and bX are adjusted in a least squares fit to the experimental data. This procedure
has been tested on the transmissions of Fig. 47. REFIT was used to fit the areal densities, the sample
temperature and the parameters aX and bX . The areal densities of 235,238U and 239,241Pu derived from
the fit are compared in Table 11 with the values used to simulate the transmission data. Except for 241Pu
there is a very good agreement. This confirms that the use of a dummy element with a cross section
given by Eq. (40) is a valuable method to account for the presence of matrix elements. The problem to
detect and quantify 241Pu is general and is not related to the procedure to account for the presence of
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Table 11: Results of a least squares fit with REFIT to derive the areal densities of 235U, 238U, 239Pu
and 241Pu from the transmissions in Fig. 47. The ratio of the fitted areal density and the value used to
produce the transmission is reported.

Nucleus Reference Fit result / Reference
10−5 at/b no 10B 1 at% 10B 10 at% 10B

235U 37.67 0.998± 0.004 0.996± 0.004 0.998± 0.006
238U 4765 1.001± 0.001 1.000± 0.001 1.001± 0.001
239Pu 26.26 0.997± 0.002 0.997± 0.002 0.993± 0.005
241Pu 4.94 1.062± 0.011 1.048± 0.012 1.060± 0.021

10B. The strongest contribution to the transmission due to 241Pu, results from the resonance at 0.258 eV.
Unfortunately, in this region the transmission is strongly influenced by 239Pu.

A second method relies on NRCA combined with a spectroscopic measurement of prompt γ-rays.
Most of the matrix materials are light or medium heavy elements. They emit high energetic prompt γ-
rays with a significant intensity after a neutron capture reaction. In Table 10 the energies of prominent
prompt γ-rays emitted after neutron absorption are listed. Except for 10B all of the matrix elements
emit a γ-ray with an energy that is higher on than 2 MeV. Hence, these γ-rays do not suffer from a
Compton background due to the detection of the 661 keV γ-ray from the decay of 137Cs. On the other
hand, the detection of the 478 keV γ-ray following the 10B(n,α1γ) reaction will be hampered by the
presence of the Compton edge at 476 corresponding to a 661 keV γ-ray. To overcome this difficulty, a
LaBr3 γ-ray spectrometer with a favourable peak-to Compton ratio was designed by JAEA [163]. Since
a LaBr3 detector has a good time and energy resolution, it can be used for γ-ray spectroscopic TOF
measurements. It was shown that the spectrometer is able to determine the contribution of the 418 keV
γ-rays even under a high background caused by the presence of 137Cs [8].

5.3 Sample heterogeneity
One of the main difficulties for a correct interpretation of the result of a transmission measurement is to
account for any heterogeneity of the sample. The attenuation of a neutron flux in a heterogeneous sample
can differ significantly from the attenuation in a homogenized medium. This occurs predominantly if the
length of the microscopic structure of the heterogeneity is larger than the mean free path of the neutron.
In case of heterogeneous samples, the expected transmission can be calculated as a weighted average:

Thet =
∏
k

∞∫
0

dnk p(nk)e
−nkσtot,k , (41)

where the weights are the areal density distributions p(nk) of the different nuclides present in the sample.
Only when

∑
k nkσtot,k is very small, the transmission is a direct function of the average areal densities

nk:
Thet ≈ Thom ≈ 1−

∑
k

nkσtot,k , (42)

with nk =
∞∫
0

dnk p(nk)nk the average areal density, which can be derived from a measurement of

the mass, area and average elemental, isotopic and chemical composition. Under these conditions the
transmission can be considered as a homogeneous limit.

Bias effects will be introduced when the heterogeneity of the sample is not taken into account in
the analysis in case

∑
k nkσtot,k is not very small. The impact of a sample heterogeneity on results of
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transmission measurements has been demonstrated by Kopecky et al. [170]. They measured the neutron
transmission through a sample consisting of PuO2 powder mixed with carbon powder and canned in a
copper container. The measurements were carried out to deduce the resonance parameters of the 2.65 eV
resonance of 242Pu. The Pu in the PuO2 powder was enriched to 99.93 wt% in 242Pu. It was demonstrated
that the deduced resonance parameters were significantly biased when the heterogeneity of the powder
sample was not taken into account [5].

Since the calculation of the transmission of particles like neutrons through stochastic, heteroge-
neous media is important in different fields such as radiation protection [171, 172], nuclear engineer-
ing [173, 174], climatology [175–177] or astrophysics [178, 179], various models have been developed
over the years to account for the heterogeneity.

Kopecky et al. [170] developed a model directly based on Eq. (41). Since the model relies on a
macroscopic variation of the material and not on the microscopic structure of the heterogeneous sample,
it can be considered as a macroscopic approximation. The transmission TMD of neutrons through the
sample is given by:

TMD =

[∫
e
−
∑
k
n′kxσtot,k

p′(x)dx

]
(1− fh) + fh , (43)

where p′(x) is a probability distribution that is centered at one. The variable x reflects the variation of
the areal density due to the inhomogeneity of the sample. The hole fraction fh describes the probability
that the neutrons pass the sample without intersecting any material. The average effective areal density
n′k is related to the average areal density nk, by n′k = nk/(1− fh). For a normal distribution of the areal
density, the probability distribution p′(x) is given by:

p′(x) = pN (x) =
1√

2πs2N

exp

(
−(x− 1)2

2s2N

)
, (44)

with the average centered at one and width parameter s2N . It is assumed that all nuclides of interest form
one common phase such that s2N is independent of k. In case of large values for sN , the distribution is
truncated at x ≤ 0 and x ≥ 2 and renormalized, to prevent unphysical negative values while maintaining
one as an average. Assuming a log-normal distribution of x, the distribution p′(x) becomes:

p′(x) = pLN (x) =
1

x
√

2πs2
exp

(
−
(
ln(x) + s2/2

)2
2s2

)
, (45)

with as average value one and a width parameter s2 independent of k. In this case, there is no need for
truncation is case of large values for s2.

Doub [171] developed a model by introducing a so-called particle self-shielding factor f . The
transmission of a monoenergetic beam through a heterogeneous sample Thet is then [171]:

Thet = e
−f
∑
k
nkσtot,k

, (46)

where f acts as a correction factor of the cross section. When the number of sample particles passed
by the neutron can be described by a binomial distribution and when all particles are spherical with the
same radius r, the factor f is given by [171]:

f =
1

2
3y

p
g

ln

[
1

1− p
g − (1− t̄)

]
, (47)

with y = 2rΣ and Σ = 1
p

∑
k

nkσtot,k. The latter is the total Doppler broadened macroscopic cross

section of the material and p is the volume fraction that is occupied by the sample particles. For a closely
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Fig. 48: Particle self-shielding factor calculated using Doub’s model and the LP model as function of
the total macroscopic cross section Σ of the particle material. Results are given for a 1 cm thick sample
consisting of particles with diameters d = 0.01, 0.1 and 1 mm.

packed powder sample the parameter g can be approximated by 0.74. The average transmission through
a single particle t̄ is given by

t̄ =
2

y2
[
1− (1 + y)e−y

]
. (48)

Doub extended the model to polydisperse spheres using a volume averaged self-shielding factor f̄ that is
defined by

f̄ =
∑
j

pj
p
, (49)

where fj and pj are the self-shielding factor and volume fraction of a sphere with a radius rj . Doub
compared the model with the transmission of low energy neutrons through mixtures containing boron-
carbite spheres [171].

Levermore et al. [180] developed a model for the neutron transport through a stationary Markovian
statistical binary mixture. This model is often referred to as the LP-model. Within this model, the line
segments in a particular component along a trajectory of a particle have an exponentially decaying chord
length probability distribution. The transmission TLP of a monoenergetic neutron beam through a sample
of thickness t, consisting of a binary mixture, is given by [180]:

TLP =

[
r+ − Σ̃

r+ − r−
e−r+t +

Σ̃− r−
r+ − r−

e−r−t

]
. (50)

The decay constants r± are given by:

2r± =
[
〈Σ〉+ Σ̃

]
±
[
(〈Σ〉 − Σ̃)2 + 4β

]1/2
(51)

with

〈Σ〉 = pαΣα
t + pβΣβ

t (52)

Σ̃ = pβΣα
t + pαΣβ

t + λ−1α + λ−1β (53)

β = (Σα
t − Σβ

t )2pαpβ. (54)
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The two components of the binary mixture are denoted by α and β. The total, Doppler broadened,
macroscopic cross section and corresponding mean chord length of component i are denoted by Σi

t and
λi, respectively. The volume fraction pi is given by pi = λi/(λα + λβ). Using Eq. (46) and Eq. (50)
the particle self-shielding factor based on the LP-model can be simply calculated by:

fLP =
− ln(TLP )∑
k

nkσtot,k
. (55)

Fig. 48 shows the particle self-shielding factor based on the model of Doub (Eq. 47) and on the LP
model (Eq. 55) as function of the total macroscopic cross section of the material for a 1-cm thick sample
consisting of particles with diameters of 0.01, 0.1 and 1 mm. It was assumed that the cross section of
the matrix is negligible. Both models give the same trend for the particle self-shielding factor. For small
macroscopic cross sections the factor is one and the sample can be considered as being homogeneous.
The factor drops rapidly with increasing macroscopic cross section. The macroscopic cross section where
the particle self-shielding factor starts to drop depends strongly on the particle size.

Transmission through heteregoneous powder samples were calculated by Monte Carlo simulations
to study the performance of the analytical models for NRTA on particle like debris samples [181]. To val-
idate the models using the numerical benchmarks, they have been implemented in the REFIT code [181].
Since REFIT uses numerical derivatives for the least squares adjustment, it is rather straightforward to
include the model parameters as additional adjustable parameters.

A heterogeneous sample was generated using the discrete element modeling code LAMMPS
Molecular Dynamics Simulator from Sandia National Laboratory [182] by simulating the filling pro-
cess of a sample. The full trajectory and interaction between different powder particles, i.e. normal and
tangential forces between particles, were simulated. The sample was assumed to be 1 cm thick and 4 cm
wide with cyclic lateral boundaries. Two different kinds of spherical particles were assumed: heavy
metal oxide (HMO) particles consisting of a mixture of 235U, 238U, 239Pu and 240Pu - oxide and ma-
trix material particles. The elemental composition and the isotopic vector of the actinides was based on
Table 9. A density of 10.4 g/cm3 was used. The diameter of the two kinds of particles was log-normal
distributed with an average diameter of d̄ = 1 mm and a variance of σ2 = 0.25 mm2. A total of 4332
HMO and 4282 matrix particles were dropped into the sample. Fig. 49 shows the obtained packing bed
which had a height of about 5 cm. A ray tracing method was applied to determine the cumulative thick-
ness distribution of HMO particles and to calculate the transmission of neutrons through the stochastic
mixture. Four million, parallel rays impinging on the wide side of the sample and transversing the par-
ticle mixture were simulated. Only the part of the packing bed which was settled and fully filled with
particles was used. The obtained volume fraction of the HMO particles within the packing bed was de-
duced to be 40%. This results into an average areal density of 7.34 × 10−2 at/b. The probability that a
ray does not intersects with any HMO particle was determined to be 2.6%. Finally, the result of a trans-
mission measurement was simulated for measurements at a 10 m station with TOF channel bin widths
of 512 and 1024 ns above and below 7.2 eV, respectively. All cross sections were Doppler broadened
to 300 K. Resolution effects were not considered. The spectrum was slightly randomized around the
average assuming an uncertainty due to counting statistics of about 0.5% for transmission equals one.
Fig. 50 shows the generated transmission in the energy region 0.1 to 40 eV containing strong resonance
of 238U (6.67 eV 20.84 eV, 36.68 eV), 239Pu (0.295 eV) and 240Pu (1.056 eV).

The areal densities of 235U, 238U, 239Pu and 240Pu, together with all model parameters and a
normalization constant, were adjusted in a fit to the benchmark transmission. The areal density of oxygen
was not fitted. Its constant cross section in the considered energy interval leads only to a constant decrease
of the transmission which was taken into account by adjusting the normalization. The same nuclear
model parameters as those for generating the benchmark case were used. Fig. 50 shows the result of a fit
using the LP-model and assuming a homogeneous sample. The residuals clearly indicate the significant
improvement in calculating the transmission through a stochastic sample when a dedicated model is
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Fig. 49: Stochastic mixture of heavy metal ox-
ide (dark gray) and matrix particles (light gray)
simulated using the discrete element modeling
code LAMMPS Molecular Dynamics Simula-
tor.

Fig. 50: Calculated benchmark transmission
together with the result of a least squares
adjustment with REFIT assuming a homoge-
neous mixture and a heterogeneous mixture
based on the LP model. The residuals of the
fits are shown in the lower part.

used to account for the heterogeneous character of the sample. While the homogeneous model strongly
underestimates the resonance dips, with a residual largely exceeding 30, application of a heterogeneous
models leads to flat residuals. Table 12 summarizes the result of the fit. The benchmark areal densities
are given together with the ratio of the fitted ones and the benchmark values. The ratios are given for
the densities resulting from a fit using the homogeneous assumption, the LP model and the model of
Kopecky et al. [170] supposing both a normal and log-normal distribution. Assuming a homogeneous
sample leads to a strong underestimation of the 238U, 239Pu and 240Pu content of up to 23% and to an
overestimation of the 235U content by more than 9%. The maximum bias in case of the the macroscopic
model (Eq. (43)) combined with a log-normal distribution (Eq. (45)) and a normal distribution (Eq. (44))
is 1.3% and 3.2%, respectively. In case of the LP model the maximum bias is 1.6%. Since the LP model
is based on a Markovian geometry, its performance increases with non-regular shapes instead of spheres.
The performance of the LP-model confirms the preliminary results obtained in Ref. [184].

6 Experimental validation of NRD for the characterisation of melted fuel
The discussion in the previous section suggests that heterogeneous samples, even in the presence of
strong absorbing matrix materials, can be characterized by NRTA. However, this conclusion is mainly
based on an analysis of simulated data. In this section the performance of NRTA for such samples is
verified based on results of experiments carried out at GELINA.
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Table 12: Ratio of the fitted areal density and the benchmark value. The fitted results were derived by
assuming a homogeneous sample and by using models accounting for the heterogeneity.

235U 238U 239Pu 240Pu

Reference areal density / (at/b) 7.677× 10−5 9.711× 10−3 5.351× 10−5 2.168× 10−5

Ratio of the fitted and benchmark areal density
Homogeneous sample 1.094± 0.009 0.802± 0.001 0.912± 0.001 0.763± 0.001
Log-normal thickness distribution 1.000± 0.008 1.013± 0.001 1.011± 0.001 1.010± 0.001
Normal thickness distribution 1.002± 0.008 0.985± 0.001 0.982± 0.001 0.968± 0.001
LP 0.993± 0.008 0.997± 0.002 0.989± 0.002 0.984± 0.002

6.1 Characterisation of heterogeneous samples
An experimental validation of the LP-model presented in Sec. 5 was reported by Becker et al. [51].
They analyzed a sample containing a mixture of sulfur and tungsten powder by neutron transmission
measurements at a 25 m station of GELINA. Neutrons were detected by a 12.7 mm thick and 101.6 mm
diameter NE912 Li-glass scintillator enriched to 95% in 6Li. The sample was made by mixing 14.36 ±
0.10 g tungsten powder,with nominal grain sizes of 50 – 250 µm, and 3.480±0.025 g sulfur powder, with
a grain size of 44 µm. The powder mixture was filled into an aluminum canning. The data were analyzed
in the energy region from 3 eV to 200 eV. Fig. 51 shows a comparison of the measured transmission
and the results of a fit assuming a homogeneous sample and applying the LP-model. The lower part
of Fig. 51 shows the residuals. The areal density of tungsten and the normalization factor were fitted
to the experimental transmission. In case of the LP-model, the model parameters λα = (54 ± 10) µm
andpα = 0.26±0.03 were also fitted. The limitations of the homogeneous assumption are clearly visible
due to the pronounced fluctuating residual in the vicinity of strong resonances. In case of the LP-model
a flat residual was obtained. The difference in χ2 per degree of freedom, i.e. 2.5 for the homogeneous
model and 1 for the LP-model, confirms the substantial, difference in the quality of the fit. The particle
self-shielding factor was estimated using directly the experimental transmission spectrum by calculating
fexp. = ln (Texp.)/ln (Thom), where Thom is the transmission through a homogeneous sample calculated
by REFIT. Fig. 52 shows the experimental particle self-shielding factor as a function of − ln (Thom)
based on all data points between 3 eV and 200 eV and as grouped values with 20 values per decade.
The particle self-shielding calculated based on the LP-model (Eq. (55)) is shown as well. The good
agreement between the experimental and calculated data confirm the good performance of this model.

Unfortunately, a void was formed at the top of the sample. Therefore, the areal density of
tungsten could not be accurately derived due to the inhomogeneous filling. An average areal density
nW = (1.036 ± 0.026) × 10−3 at/b was derived by fitting only weak resonances, for which the self-
shielding can be neglected and the homogeneous approximation is valid. This result was used for a
quantitative validation of values that were derived from a fit to data that included strong resonances with
large particle self-shielding factors. Since the values are derived from a fit with the same resonance pa-
rameters, the quality of the nuclear data does not affect such a comparison. Supposing a homogeneous
sample, the areal density nW = (0.939±0.001)×10−3 at/b derived from the fit of the strong resonances
is underestimated by almost 10%. On the other hand the value nW = (1.058±0.003)×10−3 at/b result-
ing from a fit with the LP-model is in very good agreement with the one derived from weak resonances.
This agreement does not provide a direct validation of the accuracy that can be reached. However, to-
gether with the improved quality of the fit shown in Fig. 51, it provides an experimental evidence that
the LP-model is well suited to account for the heterogeneous character of the powder sample.
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Fig. 51: Experimental transmission Texp. of a
tungsten powder sample as a function of neu-
tron energy. The experimental data are com-
pared with the fitted transmission based on a
homogeneous sample assumption (Thom) and
on the LP-model (TLP ). The areal density was
adjusted in a fit to the data in the energy region
between 3 eV and 200 eV.

Fig. 52: Experimental and calculated particle
self-shielding factor of a tungsten powder sam-
ple as a function of ln(Thom). The theoretical
particle self-shielding factor is based on the LP
model with the model parameters λα = 54 µm
and pα = 0.26 (see text).

6.2 Characterisation of a U3O8 reference material
A full quantitative validation of absolute NRTA results is obtained from measurements with a U3O8

reference sample, with reference CBNM 446 [183], which was enriched to 4.514 at% in 235U. The areal
density of 235U and 238U and the corresponding 235U/238U atomic ratio was determined by an analysis of
transmission data obtained at a 25-m transmission station of GELINA. The neutron beam was collimated
to a diameter of 3.5 cm at the sample position. The sample, which was originally produced as reference
material for γ-ray spectroscopy as part of the EU nuclear reference material 171 set [183], is definitely
not ideal for transmission measurements. The significant EPOXY content of the ultrasonic identifier,
which is placed in the plug of the sample container, led to a strong attenuation of the incident neutron
beam, i.e. to an extreme low transmission baseline of about 0.0075. On the other hand, it provides an
ideal basis for a validation of the procedure proposed in Sec. 5 to account for the presence of matrix
materials which cannot be identified and quantified by resonances.

The dead time corrected sample-in and sample-out TOF-spectra together with the background
contributions are shown in Fig. 53. The sample-out measurement was done using a dummy aluminum
canning without ultrasonic identifier. The experimental transmission and the result of a RSA with REFIT
are compared in Fig. 54. Both Fig. 53 and Fig. 54 illustrate the strong attenuation of the neutron beam due
to the EPOXY matrix. Nevertheless, transmission dips due to 235U and 238U could be clearly resolved
as indicated in Fig. 54. To account for the contribution of the matrix, a dummy element with a cross
section given by Eq. (40) was included. In addition to the areal densities of 235U and 238U, the model
parameters aX and bX of the dummy element as well as the effective temperature were adjusted in a fit to
the experimental data in the 2.5 eV – 40 eV energy region. The resonance parameters were taken from the
JENDL 4.0 library. The fitted parameters are reported in Table 13. The quoted uncertainties are only due
to a propagation of counting statistics uncertainties. The areal densities are compared with the reference
values which were deduced from the the sample area, the U3O8 mass, the relative amount of U and the
uranium isotopic composition reported in Ref. [183]. The results from a NRTA analysis are within the
quoted uncertainties, which only account for the uncorrelated uncertainties due to counting statistics, in
agreement with the reference values. The resulting isotopic ratio 235U/238U = 0.0475 ± 0.0008 is in

48



Table 13: Areal densities of 235U and 238U, model parameters aX and bX and effective temperature
Teff resulting from a fit to the experimental transmission through the reference sample CBNM 446 of
the EU nuclear reference material 171 [183]. The areal densities are compared to the reference values
which were deduced from the the sample area, the U3O8 mass, the relative amount of U and the uranium
isotopic composition reported in Ref. [183].

Parameter NRTA Reference

Areal densities
235U (5.063± 0.09)× 10−4 at/b (5.0326± 0.0080)× 10−4 at/b
238U (1.062± 0.01)× 10−2 at/b (1.0628± 0.0015)× 10−2 at/b

Additional fit parameters
aX 4.679± 0.004 eV1/2

bX (7.3± 1.3)× 10−2

Teff 337± 15 K

Fig. 53: TOF-spectra taken with a Li-glass
detector resulting from transmission measure-
ments at a 25 m station of GELINA of the
reference sample CBNM 446 (Cin) and of an
aluminum dummy sample (Cout). The TOF-
spectra are shown together with the corre-
sponding total backgrounds Bin and Bout.

Fig. 54: Experimental transmission through the
reference sample CBNM 446 together with the
result of a RSA with REFIT. The residual of
the fit is shown in the lower part of the figure.

very good agreement with the certified value 0.04729 ± 0.000003. This is also illustrated in Fig. 55.
In addition, the fitted effective temperature Teff = 337 ± 15 K is fully consistent with the Debye
temperatures for a uranium oxide powder reported by Sanati et al [185]. The Debye temperature of UO2

in Ref. [185] ranges from 390 K to 425 K, which corresponds to an effective temperature between 316
K and 321 K.

The areal densities of 235U and 238U were obtained with a counting statistics uncertainty of 1.6%
and 0.6%, respectively. These values resulted from a 30-h measurement at a 25 m station with an effec-
tive sample diameter of 3.5 cm using an electron beam with an average energy of 100 MeV and 40 µA.
A similar counting statistics uncertainty can be obtained in about 1800 s at a 10 m station using samples
with a 30-cm diameter and a 1kW electron beam. This confirms the results of preliminary calculations
presented by Harada et al. [8]. These authors performed calculations for a 1-cm thick and 30-mm diame-
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Fig. 55: Relative amount (235U)/238U) of the reference sample CBNM 446 measured with NRTA. The
result is compared with measurements by UF6 mass spectroscopy (UF6) and thermal ionization mass
spectroscopy (ThIMS) performed at the EC-JRC-IRMM (former Central Bureau for Nuclear Measure-
ments (CBNM)) and at NIST (former National Bureau of Standards (NBS)). These data were used for
the certification of the reference standard [183].

ter spent fuel sample with the composition defined in Table 9 with an additional amount of 2.5 wt% 10B
and 9 wt% Fe as matrix material. The calculations were done for a neutron source with an intensity of
1012 s−1. As shown in Ref. [169], such an intensity can be produced by a 1 kW electron beam with a
kinetic energy of ∼ 40 MeV, a current of ∼ 25 µA, an operating frequency of 250 Hz and a pulse width
of 400 ns .

7 Nuclear data
A full methodological approach of NRTA and NRCA based on a resonance shape analysis, requires a
good description of the measurement process and relies on accurate nuclear data. In this section bias
effects and uncertainties due to nuclear data are investigated. Unfortunately covariance information in
the recommended data libraries is rather scarce. Most of the covariance data for resonance parameters
can be found in ENDF/B-VII.1 and JENDL 4.0.

The quality of resonance parameters recommended in evaluated data libraries and compilations
was assessed by a transmission measurement on a tungsten sample. The sample consisted of a 1-
mm thick homogeneous metal disc made out of natural tungsten with an areal density of (6.389 ±
0.001) × 10−4 at/b. The areal density was derived from the weight (118.20 ± 0.001) g and the area
(6060.55± 0.001) mm2. The latter was determined by an optical surface inspection with a microscopic
based measurement system from Mitutoyo. The measurements were performed at a 50-m transmis-
sion station of GELINA using a NE905 Li-glass scintillator (152.4 mm diameter and 6.35 mm thick) as
neutron detector. The resonance shape analysis code REFIT was used to derive the areal density from
a fit to the experimental transmission in the region of the 46.26 eV and 47.80 eV resonance of 183W.
Fig. 56 compares the experimental transmission with the fitted transmission using the JEFF-3.2 param-
eters [186]. The fit was repeated using resonance parameters recommended in independent nuclear data
libraries and compilations. The results are summarized in Table 14, where the ratio of the fitted areal
density of 183W and the reference value is reported in the last column. In case covariance data of the res-
onance parameters are given a conventional uncertainty propagation (Eq. (33)) was carried out to derive
the corresponding uncertainty on the areal density. In case that covariance data are not given, the stated
uncertainty is only due to a propagation of the counting statistics uncertainty. Note that the resonance
parameters of ENDF/B-VII.1 and JENDl 4.0 are based on JENDL-3.3. In ENDF/B-VII.1 covariance
data have been added by Trkov et al. [188]. The results in Table 14 reveal large variations with a bias
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Table 14: Radiative width Γγ and neutron width Γn of the 46.26 eV resonance (1) and the 47.80 eV
resonance (2) of 183W of different libraries or publications and the ratio of the fitted areal densities and
the reference value (9.145× 10−4 at/b). The latter was obtained from the sample mass, the sample area
and the natural isotopic abundances.

Γ
(1)
n Γ

(1)
γ Γ

(2)
n Γ

(2)
γ Fitted areal densities

meV meV meV meV as ratio to reference ×100

JEFF-3.2 [186] 163.4 75.3 120.8 61.5 100.2± 0.5
ENDF/B-VI.8 [187] 154 69 115 78 109.7± 0.5
JENDL-3.3 [190] 154 46 119 81 111.3± 0.5
ENDF/B-VII.1 [191] 154 ±0.8 46 ±2.1 119 ± 1.2 81 ± 5.1 111.3± 1.1
Landolt-Börnstein
I/16C [192]

2004 157.2±0.5 71.5±0.2 115.8± 0.8 72.9± 0.5 106.8± 0.5

Landolt-Börnstein I/26A 2014 163.8±0.8 63.0±0.1 122.6± 1.1 59.8± 0.2 102.6± 0.8
Mughabghab and Gar-
ber [193]

1973 140 ±4 69 ±8 115 ±10 78 ±10 121.3± 2.2

Mughabghab [194] 1984 140 ±4 77 ±8 108 ±10 78 ±10 119.8± 3.4
Mughabghab [195] 2006 162 ±2 77 ±8 122 ± 2 78 ±10 99.2± 1.4
Lynn et al. [23] 2002 164 ±1 72 126 ± 2 72 98.3± 1.0

of up to 20%. However, from Table 14 one can also conclude that using the latest experimental data
and the parameters recommended in JEFF-3.2 there is a very good agreement between the areal density
derived by NRTA and the reference value. This indicates that the evaluated data libraries not always re-
flect the quality of existing experimental data. In addition, the bias in case the ENDF/B-VII.1 parameters
are used, is not covered by the uncertainty of the resonance parameters. This confirms the conclusions
in Ref. [6] that most of the covariance data for resonance parameters are underestimated in the recom-
mended data libraries. Unfortunately Trkov et al. [188] do not provide any information on the production
of the covariance of the parameters to validate the quality of their covariance data.

The impact of the uncertainty of the resonance parameters to characterize a spent fuel sample
by NRTA was verified using the numerical study addressed in section 5. Based on a simulated trans-
mission the uncertainties of resonance parameters of 235U and 238U were propagated towards the fitted
areal densities. Three resonances of 235U at 8.76 eV, 12.39 eV and 19.30 eV and two resonances of
238U at 6.67 eV and 20.87 eV were considered. Table 15 summarizes the parameters of the considered
resonances together with their uncertainties. The data were taken from the JENDL-4.0 library [165].
The parameter covariances of 235U and 238U were based on Ref. [189]. Fig. 57 shows the generated
transmission together with the energy regions that were considered. The full covariance matrix of the
resonance parameters was propagated using Eq. (33). In addition, a 5% normalization uncertainty and a
10 K uncertainty on the effective temperature were propagated. The result of this study is summarized in
Table 16. The total uncertainty of the areal densities are given together with the contribution of different
components. The uncertainty of the resonance parameters of 235U directly lead to an increase of the
uncertainty of the 235U areal density. On the other hand, the impact due to the uncertainty of the reso-
nance parameters of 238U is rather low. The level to which the uncertainty on the resonance parameters
propagates, strongly depends on the uncorrelated uncertainty of the experimental transmission. They are
even lower compared to nominal uncertainties that can be achieved by applying destructive analytical
techniques. Only when the uncertainties of both the normalization and resonance parameters are prop-
agated the influence of the uncertainty on the resonance parameters of 238U is visible. This indicates
that the uncertainty of the resonance parameters, the normalization and temperature do not fully translate
into an uncertainty of the areal density when they are considered individually. A similar observation was
already made in Ref. [6] in a study of the impact of the normalization factor when analyzing capture
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Table 15: Parameters and uncertainties of selected resonances of 235U and 238U taken from the JENDL-
4.0 evaluated library [165].

Isotope E / eV Γγ / meV Γn / meV ΓFA / meV ΓFB / meV
235U 8.760 37.692± 0.553 0.966± 0.011 101.030± 3.432 −6.253± 2.731

12.390 40.985± 0.686 1.371± 0.025 17.300± 10.22 −16.389± 10.97
19.296 40.103± 0.964 2.588± 0.077 −32.277± 13.66 39.465± 13.02

238U 6.674 23.00± 0.403 1.476± 0.020 – –
20.872 22.86± 1.719 10.094± 0.497 – –

Fig. 56: Result of a transmission measurement
on a natural tungsten sample together with the
result of a RSA with REFIT using JEFF-3.2
resonance parameters. The residual of the fit of
the areal density of 183W is shown in the lower
part of the figure.

Fig. 57: Simulated transmission of an NRTA
measurement of a spent fuel sample. The four
energy region considered for the propagation of
the resonance parameter uncertainties of 235U
and 238U are indicated.

cross section data.

8 Summary and conclusions
Neutron resonance transmission analysis (NRTA) and neutron resonance capture analysis (NRCA) were
presented as non-destructive analysis tools for a variety of applications ranging from archaeology, com-
bating illicit trafficking of explosives and drugs, materials studies to the characterisation of nuclear mate-
rials including nuclear fuel and waste. They rely on well established methodologies of neutron resonance
spectroscopy.

A study of the basic principles reveals the complexity of NRCA compared to NRTA. In most cases,
additional flux and normalization measurements are required for NRCA, while NRTA can be considered
as an absolute measurement. Moreover, the relation between the capture yield and areal densities is much
more complex compared to the direct relation between experimental transmission and areal densities
in case of NRTA. In addition, for the analysis of NRTA data only total cross sections are required as
nuclear data. When NRCA data are analysed both capture and scattering cross sections are needed. The
uncertainties on total cross sections are mostly considerably smaller compared to uncertainties on capture
and scattering cross sections. NRTA can be considered as one of the most accurate non-destructive
methods for the characterisation of materials.
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Table 16: Relative uncertainty of the fitted areal densities (un/n) of 235U and 238U taking into account
different uncertainty components due to counting statistics (U~z), resonance parameters (V ~RP ), temper-
ature (V T ) and normalization (V N ).

Covariance components 100× un/n
U~z V T V N V ~RP

235U 238U

× 0.51 0.08
× × 0.55 0.10
× × 0.62 0.13
× × 1.30 0.25
× × × 1.30 0.26
× × × 1.30 1.15
× × × × 1.31 1.16

A combination of NRTA and NRCA, referred to as Neutron Resonance Densitometry (NRD), was
presented as a non-destructive method for the characterisation of melted fuel formed in severe nuclear
accidents. Problems due to the sample temperature, diversity in shape and size of the samples and the
presence of strong absorbing matrix materials were discussed. A model to estimate the transmission
through heterogeneous samples was implemented in the resonance shape analysis code REFIT. This
model together with a procedure to account for the presence of matrix materials was validated based
on results of both Monte Carlo simulations and experimental data obtained at the time-of-flight facility
GELINA. Finally, it was demonstrated that Neutron Resonance Densitometry can be applied to charac-
terize debris samples of melted fuel and that an accuracy of 2% on the areal density of 235U and 239Pu
can be reached.

Acknowledgments
The authors would like to thank M.C. Moxon for all his efforts related to resonance spectroscopy and
in particular for the development of the resonance shape analysis code REFIT, and to H. Postma for his
contribution to the implementation and applications of NRCA at GELINA. We are also very grateful to
W. Mondelaers and A. Plompen for their critical reading of the manuscript.

References
[1] E.P. Wigner and L. Eisenbud, “Higher angular momenta and long range interaction in resonance

reactions", Phys. Rev. 72, 29 – 41 (1947).
[2] A.M. Lane and R.G. Thomas,“R-matrix theory of nuclear reactions", Rev. Mod. Phys. 30, 257 –

353 (1958).
[3] F.H. Fröhner, “Evaluation and analysis of nuclear resonance data", JEFF Report 18, NEA/OECD

(2000).
[4] H. Postma and P. Schillebeeckx, “Neutron Resonance Capture and Transmission Analysis”, Ency-

clopedia of Analytical Chemistry (John Wiley & Sons Ltd), pp. 1-22 (2009).
[5] P. Schillebeeckx, A. Borella, F. Emiliani, G. Gorini, W. Kockelmann, S. Kopecky, C. Lampoudis,

M. Moxon, E. Perelli Cippo, H. Postma, N.J. Rhodes, E.M. Schooneveld and C. Van Beveren,
“Neutron resonance spectroscopy for the characterization of materials and objects”, J. Instrum. 7,
C03009 – 18 (2012).

[6] P. Schillebeeckx, B. Becker, Y. Danon, K. Guber, H. Harada, J. Heyse, A.R. Junghans, S. Kopecky,
C. Massimi, M. Moxon, N. Otuka, I. Sirakov and K. Volev, “Determination of Resonance Parame-

53



ters and their Covariances from Neutron Induced Reaction Cross Section Data", Nucl. Data Sheets
113, 3054 – 3100 (2012).

[7] G.L. Molnár, “Handbook of Prompt Gamma Activation Analysis with Neutron Beams", Kluwer
Academic Publishers, Dordrecht, The Netherlands, Ed. Gábor L. Molnár, 2004.

[8] H. Harada, F. Kitatani, M. Koizumi, H. Tsuchiya, J. Takamine, M. Kureta, H. Iimura, M. Seya, B.
Becker, S. Kopecky and P. Schillebeeckx, “Proposal of Neutron Resonance Densitometry for Par-
ticle Like Debris of Melted Fuel using NRTA and NRCA”, Proc. of the 35th ESARDA Symposium
on Safeguards and Nuclear Non-Proliferation, 28 – 30 May 2013, Brugge (Belgium).

[9] P. Schillebeeckx, S. Abousahl, B. Becker, A. Borella, H. Harada, K. Kauwenberghs, F. Kitatani,
M. Koizumi, S. Kopecky, A. Moens, G. Sibbens and H. Tsuchiya, “Development of Neutron Res-
onance Densitometry at the GELINA TOF Facility”, ESARDA Bulletin 50, 9 – 17 (2013).

[10] J.A. Harvey, “Experimental neutron resonance spectroscopy", Academic Press, New York and
London, Ed. J. A. Harvey, 1970.

[11] F.W.K. Firk, “Neutron time-of-flight spectrometers", Nucl. Instr. Meth. 162, 539 – 563 (1979).
[12] H. E. Jackson and J. E. Lynn, “Resonant absorption of neutrons by crystals", Phys. Rev. 127, 461

– 468 (1962).
[13] H.A. Bethe and G. Placzek, “Resonance Effects in Nuclear Processes", Phys. Rev. 51, 450 – 484

(1937).
[14] H.A. Bethe, “Nuclear Physics B. Nuclear Dynamics, Theoretical", Rev. Mod. Phys. 9, 69 – 244

(1937).
[15] W. E. Lamb, “Capture of neutrons by atoms in a crystal", Phys. Rev. 55, 190 – 197 (1939).
[16] J.E. Lynn and E.R. Rae, “The analysis of neutron spectrometer resonance data", J. Nuclear Energy

4, 418 – 444 (1957).
[17] N.W. Ashcroft and N.D. Mermin, “Solid State Physics”, Holt, Rinehart and Winston (New York),

1976.
[18] C. Lampoudis, S. Kopecky, O. Bouland, F. Gunsing, G. Noguere, A.J.M.Plompen, C. Sage, P.

Schillebeeckx and R. Wynants, “Neutron transmission and capture cross section measurements for
241Am at the GELINA facility", Eur. Phys. J. Plus 128, 86 –20 (2013).

[19] M. S. Nelkin, D. E. Parks, “Effects of chemical binding on nuclear recoil", Phys. Rev. 119, 1060
– 1068 (1960).

[20] G.M. Borgonovi, D.H. Houston, J.U. Koppel and E.L. Slaggie, “Crystal-binding effects on Doppler
broadening of neutron absorption resonances", Phys. Rev. C 1, 2054 – 2059 (1970).

[21] D. Naberejnev, C. Mounier and R. Sanchez, “The influence of crystalline binding on resonant
absorption", Nuc. Sci. Eng. 131, 222 – 229 (1999).

[22] J.E. Lynn and W.J. Trela, “Resonance neutron methods for determining statistical properties of
phonon spectra", Nucl. Instr. Meth. Phys. Res. B 108, 147 – 158 (1996).

[23] J.E. Lynn, W.J. Trela and K. Meggers, “Neutron Doppler broadening studies of tantalum and tung-
sten metal", Nucl. Instr. Meth. Phys. Res. B 192, 318 – 330 (2002).

[24] F. G. P. Seidl, D.J. Hughes, H. Palevsky, J. S. Levin, W. Y. Kato and N. G. Sjöstrand, “Fast chopper
time-of-flight measurement of neutron resonances", Phys. Rev. 95, 476 – 499 (1954).

[25] K.H. Böckhoff, A. D. Carlson, O. A. Wasson, J. A. Harvey and D. C. Larson, “Electron linear
accelerators for fast neutron data measurements in support of fusion energy applications", Nucl.
Sci. Eng. 106, 192 – 207 (1990).

[26] P.E. Koehler, ”Comparison of white neutron sources for nuclear astrophysics experiments using
very small samples", Nucl. Inst. Meth. A 460, 352 – 361 (2001).

[27] J. Klug, E. Altstadt, C. Beckert, R. Beyer, D. Freiesleben, V. Galindo, E. Grosse, A.R. Junghans, D.
Legrady, B. Naumann, K. Noack, G. Rusev, K.D. Schilling, R. Schlenk, R. Schneider, A. Wagner,

54



and F.-P. Weiss, “Development of a neutron time-of-flight source at the ELBE accelerator", Nucl.
Inst. Meth. A 577, 641 – 653 (2007).

[28] W. Mondelaers and P. Schillebeeckx, “GELINA, a neutron time-of-flight facility for high-
resolution neutron data measurements”, Notiziario Neutroni e Luce di Sincrotrone 11 no.2, 19
– 25 (2006).

[29] http://www.isis.stfc.ac.uk/ (16/03/2014)
[30] F. Maekawa, M. Harada, K. Oikawa, M. Teshigawara, T. Kai, S. Meigo, M. Ooi, S. Sakamoto, H.

Takada, M. Futakawa, T. Kato, Y. Ikeda, N. Watanabe, T. Kamiyama, S. Torii, R. Kajimoto, M.
Nakamura, “First neutron production utilizing J-PARC pulsed spallation neutron source JSNS and
neutronic performance demonstrated”, Nucl. Instr. Meth. Phys. Res. A 620, 159 – 165 (2011).

[31] K. Kino, M. Furusaka, F. Hiraga, T. Kamiyama, Y. Kiyanagi, K. Furutaka, S. Goko, H. Harada, M.
Harada, T. Kai, A. Kimura, T. Kin, F. Kitatani, M. Koizumi, F. Maekawa, S. Meigo, S. Nakamura,
M. Ooi, M. Ohta, M. Oshima, Y. Toh, M. Igashira, T. Katabuchi, and M. Mizumoto, “Measurement
of energy spectra and spatial distributions of neutron beams provided by the ANNRI beamline for
capture cross-section measurements at the J-PARC/MLF", Nucl. Instr. Meth. Phys. Res. A 626-
627, 58 – 66 (2011).

[32] K. Kino, M. Furusaka, F. Hiraga, T. Kamiyama, Y. Kiyanagi, K. Furutaka, S. Goko, K.Y. Hara, H.
Harada, K. Horose, T. Kai, A. Kimura, T. Kin, F. Kitatani, M. Koizumi, F. Maekawa, S. Meigo,
S. Nakamura, M. Ooi, M. Ohta, M. Oshima, Y. Toh, M. Igashira, T. Katabuchi, M. Mizumoto
and J. Hori, “Energy resolution of pulsed neutron beam provided by the ANNRI beamline at the
J-PARC/MLF", Nucl. Instr. Meth. Phys. Res. A 736, 66 – 74 (2014).

[33] H. Hasemi, M. Harada, T. Kai, T. Shinohara, M. Oi, K. Kino, M. Segawa, T. Kamiyama and Y.
Kiyanagi, “Development of a method for quantitative evaluation of nuclide density by neutron
resonance transmission at NOBORU instrument in J-PARC/MLF”, submitted to Nucl. Instr. Meth.
Phys. Res. A.

[34] E. Perelli Cippo, A. Borella, G. Gorini, W. Kockelmaan, A. Pietropaolo, H. Postma, N.J. Rhodes,
P. Schillebeeckx, E.M. Schooneveld, M. Tardocchi, R. Wynants and the ANCIENT CHARM col-
laboration, “A detector system for neutron resonance capture imaging”, Nucl. Instr. Meth. Phys.
Res. A 623, 693 – 698 (2010) .

[35] H. J. Groenewold and H. Groendijk, Physica XIII, 141 – 152 (1947).
[36] A. Michaudon, “The production of moderated neutron beams from pulsed accelerators", J. Nucl.

Energy 17 (part A/B), 165 –186 (1963).
[37] M. Flaska, A. Borella, D. Lathouwers, L.C. Mihailescu, W. Mondelaers, A.J.M. Plompen, H. van

Dam, T.H.J.J. van der Hagen, Nucl. Instr. Meth. Phys. Res. A 531, 392 – 406 (2004).
[38] D. Ene, C. Borcea, S. Kopecky, W. Mondelaers, A. Negret and A.J.M. Plompen, “Global character-

isation of the GELINA facility for high-resolution neutron time-of-flight measurements by Monte
Carlo simulations", Nucl. Instr. Meth. Phys. Res. A 618, 54 – 68 (2010).

[39] F. Gunsing et al. (n_TOF Collaboration), “Status and outlook of the neutron time-of-flight facility
n_TOF at CERN", Nucl. Inst. Meth. Phys. Res. B 261, 925 – 929 (2007).

[40] C. Coceva, R. Simonini and D. K. Olsen, “Calculation of the ORELA neutron moderator spectrum
and resolution function", Nucl. Instr. Meth. 211, 459 – 467 (1983).

[41] M.E. Overberg, B. E. Moretti, R.E. Slovacek and R.C. Block, “Photoneutron target development
for the RPI linear accelerator", Nucl. Instr. Meth. Phys. Res. A 438, 253 – 264 (1999).

[42] M.C. Moxon and J.B. Brisland, “GEEL REFIT, A least squares fitting program for resonance
analysis of neutron transmission and capture data computer code", AEA-InTec-0630, AEA Tech-
nology, October (1991).

[43] P.E. Koehler,“A determination of the energy resolution at LANSCE”, Nucl. Instr. Methd. A 350,
511 – 516 (1994).

55



[44] S. Ikeda and J. M. Carpenter,“Wide-energy-range, high-resolution measurements of neutron pulse
shapes of polyethylene moderators", Nucl. Instr. Meth. Phys. Res. A 239, 536 – 544 (1985).

[45] I. Cole and C.G. Windsor, “The lineshapes in pulsed neutron powder diffraction”, Nucl. Inst. Meth.
171, 107 – 113 (1980).

[46] M.S. Moore, “Rate dependence of counting losses in neutron time-of-flight measurementsâĂİ,
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