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Abstract We present a characterization of a series of barite-enriched concrete samples at the
atomic scale using neutron-based techniques. In particular, neutron transmission measure-
ments provide the macroscopic cross section (also known as neutron removal cross section)
as a function of the incident neutron energy in the range 1 meV–1 keV. In this range, where
fewer experimental investigations are available in the literature, the cross section is dominated
by the scattering events from hydrogen, as opposed to the fast-neutron region (MeV-energy
neutrons) where capture events by Ba are more important. Moreover, below 1 eV, the cross
section depends on the molecular or crystal structure of the components. For each sample,
the amounts of barium and hydrogen are provided by neutron resonance capture analysis
and deep inelastic neutron scattering, respectively. We find that the amounts of barium and
hydrogen are correlated, with a lower amount of hydrogen in the samples with more barium,
likely because of the absence of some calcium-silicon-hydrate structures, whose formation
is inhibited by the presence of barite. Moreover, we quantify the non-negligible contribution
to the neutron macroscopic cross section arising from water molecules loosely bound in
concrete. This contribution makes the shielding performance of concrete dependent upon the
humidity and temperature conditions affecting the installation. Our results provide additional
guidelines for radioprotection workers to determine the optimal concentration of barite in
mixed gamma/neutron radiation environments.

1 Introduction

Heavy-weight concrete is widely used to protect against γ -rays and neutrons in medical hos-
pitals, particle accelerators, and nuclear power plants [1–4]. Neutrons have a high penetration
power with respect to other radiations, and their scattering and capture cross sections vary
dramatically amongst the elements of the periodic table, as well as with the neutron energy.
Optimal neutron shielding is provided by elements that can absorb neutrons, yet such events
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are generally accompanied by the generation of a cascade of secondary γ -rays, whose energy
spectrum and intensity vary from one isotope to another [5,6]. As the attenuation of γ -rays
scales with the atomic number, materials containing heavy-weight elements, such as barites
or magnetite, are often used as aggregates in the preparation of heavy-weight concrete for
shielding applications.

The concentration of barite (BaSO4) in heavy-weight concrete needs to be tuned so as to
determine the optimal shielding properties in a mixed γ -ray and neutron radiation environ-
ment. The neutron-attenuation properties for shielding materials are often measured in terms
of the removal, or macroscopic, total cross section, ΣR(E). This quantity takes into consid-
eration the probability for a neutron of a given energy, E , to be removed from an incident
beam, either as a consequence of a scattering or capture process. A high concentration of
barium provides a large contribution to the capture cross section, ΣC (E), corresponding to
the absorption of a neutron and the emission of secondary γ -rays. Moreover, barium provides
the means to attenuate both primary and secondary γ -ray radiation, owing to its high atomic
number. However, larger quantities of barite are found to affect the amount of hydrogen in
concrete [7]. Hydrogen, while displaying a lower capture cross section than barium, provides
the largest contribution to the scattering process. Moreover, scattering from light elements,
such as hydrogen, causes a substantial loss of kinetic energy of neutrons, as opposed to the
scattering from heavy-weight elements like barium, thus providing moderating capabilities
to concrete [7].

Figure 1 reports the calculated [8] capture (left) and total (right) macroscopic cross sections
of hydrogen, oxygen, and barium weighted by their typical concentrations in ordinary and
baritic concrete. One can readily notice how the capture cross section of barium becomes
predominant, for neutrons with energies higher than ca. 1 keV, compared to the ones from
hydrogen and oxygen. For this reason, a number of experimental investigations on concrete
have been performed using MeV neutrons, e.g. from AmBe radioactive sources [9,10]. On
the other hand, in the region of thermal (1 meV–1 eV) and epithermal neutrons (1 eV–1
keV), the capture contributions to the cross sections become negligible with respect to the
scattering ones. In this region, scattering from hydrogen provides the largest contribution to
the macroscopic cross section, despite its relatively little mass percentage with respect to the
other elements aforementioned. In fact, up to 54% of the scattering between 1 eV and 1 keV
comes from H.

2 Materials and methods

Ordinary and baritic concrete samples were prepared with a thickness of about 1 cm, so as
to allow optimal neutron measurements. A barite aggregate commercially available (Sabbia
SVA) was used, with an apparent density of 3950 kg/m3 and a maximum size of the aggregate
particles of 0.5 mm. Baritic concretes were obtained using 400 kg/m3 of cement, 188 l/m3

of water, and 2800 kg/m3 of Sabbia SVA. Ordinary concrete was obtained using aggregate
particles with dimension lower than 16 mm, and mixing 430 kg/m3 of cement, 160 l/m3

of water, 1200 kg/m3 of sand, 520 kg/m3 of gravel, 50 kg/m3 of fly ashes, and 4.7 l/m3 of
Glenium Sky. The measured values of the thickness, d , area, A, and mass, M , of the samples
are reported in Table 1.

Neutron experiments were performed at the VESUVIO spectrometer [13] at the ISIS
Pulsed Neutron and Muon Source, UK. VESUVIO allows the atomic-scale characterization
of a given sample using several techniques at the same time, owing to the wide energy range
available at the sample position [11], as evidenced in Fig. 2 (left). Figure 2 (right) provides
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Fig. 1 Capture (left) and total (right) macroscopic neutron cross sections from the ENDF/B-VIII nuclear
library [8] in the case of H (0.8 wt%), O (52 wt%), and Ba (49 wt%). The concentrations of H and O are those
expected in ordinary concrete (2.4 g/cm3), while the concentration of barium is that typical of highly enriched
baritic concrete [7]

Table 1 Values of the mass M , thickness, d, area, A, and areal density, ρs , for all the samples investigated

Sample Q [μAh] M [g] d [cm] A [cm2] ρs [g/cm2]

A 540 58.91 1.05 25.00 2.36

V 1980 60.26 1.02 24.75 2.43

C 360 64.63 1.15 25.00 2.59

F 1620 67.90 1.15 25.00 2.72

T 177 70.08 1.10 24.88 2.82

S 180 71.56 1.10 25.00 2.86

D 540 70.45 1.10 24.50 2.88

R 360 72.55 1.15 24.63 2.95

U 360 73.95 1.15 24.84 2.98

B 540 74.80 1.20 25.00 2.99

The experimental uncertainties on M , d, A, and ρs are constant for all samples and correspond to 0.01 g, 0.05
cm, 0.0025 cm2, and 0.001 g/cm2, respectively. For each sample, the integrated proton current in the ISIS
synchrotron, Q, is also reported as a measure of the statistics of the neutron data. The uncertainty on the value
of Q is on the last digit reported

a schematic representation of the instrument (available at [12]), and different detectors or
banks of detectors will be referred to with letters a–d, following the key of the figure. A
detailed description of the techniques concurrently employed in the present investigation is
provided in the following subsections and, more in general, in Ref. [14].

Prior to the neutron experiments, the samples were wrapped in a 20-μm-thick Al sachet and
attached to an Al circular frame, so that the interaction of neutrons with sample holders could
be completely neglected. Samples were measured with the thickness d parallel to the incident
neutron beam, at room temperature in vacuum at 10−5 mbar within the instrument tank, so
as to avoid attenuation of the incident neutron beam by air, and to reduce all environmental
backgrounds. A slight loss of surface water because of the vacuum conditions has been
monitored and is discussed later. For each sample, associated with a capital letter during the
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Fig. 2 Neutron flux at the sample position (left, data from ref. [11]), and schematic representation of the
VESUVIO spectrometer (right, available at [12])

neutron measurement, the value of the integrated current flown within the ISIS synchrotron
during each data acquisition, Q, is also reported in Table 1 as an indication of the statistics
associated with that measurement.

2.1 Neutron transmission

Neutron transmission measurements on VESUVIO [15,16] were performed as a function of
the incident neutron energy in the energy range 1 meV–1 keV. Spectra were acquired using
the time-of-flight (t.o.f.) technique, available at a pulsed neutron source like ISIS, by using the
incident and transmitted 6Li-doped scintillator monitors available on the instrument. The data
reduction and the conversion from t.o.f. to incident neutron energy, E , were handled within
the MANTID environment [17,18]. The distances of the incident (La) and transmitted (Lb)
monitors from the room-temperature water moderator facing the VESUVIO spectrometer
were calibrated using the dedicated incident foil changer, as discussed in ref. [16]. The
conversion from ToF to incident neutron energy is then obtained from the equation (see, for
example, ref. [19])

E = mN

2

L2
a,b

(t.o. f.)2 , (1)

where mN is the mass of the neutron. Provided that L is expressed in metres, E in eV, and
t.o. f. in μs, one has that mN = 1.04541 × 104 eV μs2/m2.

Transmission spectra are interpreted using the Beer–Lambert law, namely [16]

T (E) = α(E)
Sb(E)

Cb(E)
= exp

(
−d

∑
i

niσi (E)

)
= exp (−ΣR(E)d) (2)

where T (E) is the transmission spectrum as a function of the incident neutron energy, E ,
obtained from the ratio of the spectra collected using the transmitted monitor with and
without the sample, Sb(E) and Cb(E), respectively. In order to account for the different
duration of the data acquisitions with and without the sample, Eq. 2 is corrected by the
parameter α(E) = Ca(E)/Sa(E), where Sa(E) and Ca(E) are the spectra measured by
the incident monitor with and without the sample, respectively. As the incident spectra are
measured before the sample position, they do not depend on the presence of the sample and

123



Eur. Phys. J. Plus         (2021) 136:259 Page 5 of 12   259 

are, therefore, proportional to the incident neutron flux. We notice that α(E) is evaluated as a
function of the incident neutron energy, rather than being integrated over all neutron energies,
so as to correct for slight changes in the shape of the incident beam flux [20]. Moreover, ni and
σi (E) are the number density and total cross section of the crystal or molecular component
i within the sample (water, calcium-silicon-hydrate structures, barite, CaO, Ca(OH)2, etc.).
Finally, ΣR(E) is the macroscopic, or removal, cross section for a given composition of
concrete.

2.2 Neutron resonance capture analysis

Neutron resonance capture analysis [14] (NRCA) is based on the nuclear process involving
the resonant absorption of a neutron at a given energy, and the emission of a cascade of
prompt γ rays. VESUVIO is equipped with a set of γ -sensitive detectors, namely yttrium
aluminium perovskite (YAP) scintillators [21,22], that can detect such emitted γ rays. The
resonance energies are isotope-dependent; thus, NRCA allows the quantitative analysis of
some elements and isotopes in a given sample. In the present investigation, NRCA was
employed to monitor the amount of barium within the sample by analysing the intensity of
its lower-energy nuclear resonances at ca. 100 eV. In order to minimize the environmental
backgrounds, a lower-level discrimination threshold for the photon energies was set to 600
keV [23–27]. The relation between incident energy and t.o.f. is (see, for example, ref. [19])

E = mN

2

L2
0

(t.o. f.)2 (3)

where L0 is the distance between the sample position and the moderator. The count rate can
be expressed as [28]:

C(t.o. f.) = I (E)α(E)ΔΩ
∑
i

Niηiσ
D
γ,i (E) + B(E), (4)

where σγ,i is the capture cross section of isotope i , Ni is the number of units of such isotope
in the sample, and B(E) is an environmental background. Moreover, ηi is the efficiency of the
YAP detector, considered here to be isotope dependent because only photons with energies
higher than the low-level discrimination threshold are detected, and ΔΩ the solid angle seen
by the detector. Moreover, the attenuation function [28],

α(E) = 1 − exp(−ΣR(E)d)

ΣR(E)d
� α, (5)

is assumed to be constant over all the samples considered in the particular case of the present
investigation, as discussed later.

2.3 Deep inelastic neutron scattering

Deep inelastic neutron scattering [29,30] (DINS) is an experimental technique based on the
regime of the impulse approximation [31–33], whereby the scattering spectra are composed
of a series of mass-separated signals referred to as neutron Compton profiles [34]. This is an
inelastic scattering in the sense that the incident and final neutron energies are different. In
particular, DINS measurements on VESUVIO are performed by selecting the final neutron
energy using the resonant capture by 197Au foils placed in front of the forward-scattering
detectors (detectors “d” in Fig. 2). In this way, scattered neutrons with energy ER = 4.9
eV are converted in prompt γ radiation and detected by the same YAP detectors used in the
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NRCA measurements. The incident neutron energy is calculated using the t.o.f. technique,
namely [29]

t.o. f. =
√
mN

2

(
L0√
E

+ Ld√
ER

)
, (6)

where Ld is the distance between sample and a given forward-scattering detector. Dur-
ing a DINS measurement, the YAP scintillators also detect a substantial environmental γ -
background. For this reason, an additional gold foil (the component “e” in Fig. 2) is cycled
in and out of the trajectory between the sample and the detector, in the so-called foil cycling
technique [35]. In this framework, by taking the difference of foil-in and foil-out, the DINS
count rate can be expressed as [30]:

C(t) = E I (E)

Q
η(ER)

√
8ER

L2
0mN

ΔΩ
∑
i

Ni
σ 2
b,i

4π
Mi F(yi , Q), (7)

where I (E) is the incident flux at the sample position, Q is the neutron momentum transfer,
η(ER) is the detector efficiency at the final energy ER , ΔΩ is the solid angle as seen by the
detector, Mi is the nuclear mass of isotope i , σb,i its bound scattering cross section, Ni the
number of units of isotope i in the sample, F(yi , Q) is the experimental neutron Compton
profile, and yi is the associated West-scaling variable [29,33],

yi = Mi

h̄2Q

(
E − ER − h̄2Q2

2Mi

)
. (8)

In this experiment, DINS was used to probe the amount of hydrogen in the samples, a
capability previously employed, e.g. in refs. [36,37].

2.4 Neutron diffraction

Owing to the thermal flux available at the sample position, VESUVIO also allows concurrent
neutron diffraction measurements by looking at the elastic scattering of neutrons as measured
by the 6Li-doped backscattering detectors [11] (detectors “c” in Fig. 2). Here, elastic scatter-
ing is defined by the condition that the energies of incident and scattered neutrons are equal.
In this case, the t.o.f. can be related to the neutron energy as (see, for example, ref. [19])

E = mN

2

(L0 + Lc)
2

(t.o. f.)2 , (9)

where Lc is the distance between sample and backscattering detectors. In this experiment,
neutron diffraction was used to monitor the changes in the structure at the microscopic scale
as a function of the content of barite in the samples.

3 Results and discussion

Figure 3 (left) shows the experimental macroscopic cross section of three samples with dif-
ferent barite content. The presence of barium in samples C and D, is clearly manifested in the
isotope-specific nuclear resonances in the energy region above ca. 10 eV. One can notice how,
for higher concentrations of barium, the overall macroscopic cross section decreases over the
entire energy range investigated. This is clearly related to a lower amount of hydrogen (either
structural or from water) in the sample, as discussed later. The difference between spectra A
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Fig. 3 Left: macroscopic, or removal, total cross section, ΣR(E) of cements with different amount of barite
as a function of the incident neutron energy, E . The difference of spectra A and D is reported as a blue line.
Right: macroscopic cross section of sample F at the start (black squares) and at the end (red circles) of a
12-hour measurement under vacuum. Their difference is reported as orange triangles, and it is compared to
the model from Ref. [40]

and D is reported as a blue line and is the result of the combination of a decreasing contribu-
tion from the hydrogen content and an increasing contribution from other components of the
concrete, as barite. For this reason, the A-D difference has a markedly different shape than
the cross section of hydrogen in water [38,39] or other organic samples [40–43]. Considering
the energy dependence of the hydrogen cross section (Fig. 1), the results for sample A, with
no barite, are compatible with those reported in ref. [44], where the calculated values for the
hydrogen removal cross section for fast neutrons were ca. 1.5×10−2 cm−1.

Figure 3 (right) shows the change in the macroscopic cross section for sample F after a
period of 12 hours in vacuum. The reduction in ΣR(E) is clearly related to the loss of some
loosely bound water in the sample. The difference of the measured spectra at the start (black
squares) and at the end (red circles) of the 12-hour period is reported as orange triangles
in the same figure. This difference has the same energy dependence as other hydrogen total
cross sections in organic samples, as one can appreciate by the comparison with the model
presented in ref. [40], reported as black dashed line in the same figure, confirming that it is
related to the water loss. It is also important to note that in the region between hundreds of
meV and few eV, the shape of the total cross section, in the short time collision approximation
[43,45], mainly depends on the effective temperature of hydrogen in the system, thus on its
nuclear kinetic energy, that is generally much higher than the thermodynamic one still at
room temperature [46–50].

The amounts of barium and hydrogen in each sample were monitored, concurrently to
the neutron transmission experiment, using NRCA and DINS, respectively. The NRCA and
DINS spectra from samples A, C, and D are reported in the left and right panels of Fig. 4,
respectively.
In the case of NRCA spectra, reported in Fig. 4 (left), a series of sharp and intense peaks
in the t.o.f. spectra in the region 60–180 μs correspond to the resonant capture by 135Ba of
epithermal neutrons at energies of 82, 87, and 104 eV, resulting in a cascade of γ rays detected
by the YAP detectors. The figure shows how no barium is present in sample A (black squares),
while the amount of barium increases for the higher density samples C and D. As mentioned,
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Fig. 4 NRCA (left) and DINS (right) t.o.f. spectra of several samples. All intensities are reported in arbitrary
units. A qualitative comparison between the NRCA and DINS intensities is possible by multiplying the NRCA
spectra on the left by a factor ca. 103

these spectra were not corrected by self-attenuation, according to Eq. 4. The assumption
that the self-attenuation coefficient is not sample dependent can be explained, a posteriori,
by noticing that ΣR(E) (left panel in Fig. 3) is dominated by the constant scattering cross
section with respect to the capture one, making it safe to assume α(E) � α. Moreover,
the self-attenuation correction is not relevant for the determination of the amount of Ba as
different samples, around the values of the mentioned resonances, have similar removal cross
sections.

DINS spectra of samples A, C, and D, are reported in Fig. 4 (right). The hydrogen neutron
Compton profile is the most intense of the peaks, in the t.o.f. region around 200–300 μs. The
peak at lower t.o.f. values, ca. 160 μs, is a residual background from a low-lying resonance
of barium, not completely cancelled out after the application of the foil cycling technique.
The third peak at ca. 350–400 μs, is the result of the superposition of the neutron Compton
profiles from all elements heavier than hydrogen, including oxygen, calcium, and barium.
One should note that a better mass resolution in a DINS experiment, e.g. to separate the
oxygen peak from the heavier elements, is available by using the backscattering detectors
(refer to refs. [51–53]).

The previous results clearly suggest that to higher concentrations of barite correspond
lower concentrations of hydrogen. This feature was already discussed in ref. [7], where the
hydrogen fraction by weight was reported to drop from 0.83% (for a sample with no barite)
to 0.44% (for a sample with maximum barite content of ca. 83 wt%), corresponding to a
decrease by a factor of ca. 0.53. Figure 5 (left) shows, for each sample reported in Table 1,
the relative amounts of barium and hydrogen as obtained by NRCA and DINS, respectively.
These points are divided in two groups, as further discussed in the next paragraph: those
with saturated amount of barium, with NBa/ρs � 1, reported as red triangles, and those with
lower values of NBa/ρs , reported as green circles. Only samples A, C, and D are explicitly
labelled, for the sake of clarity. All samples with higher density reported in Table 1 show a
saturated amount of barium, as well as a drop of the hydrogen signal by a factor 0.5 – 0.6,
well in agreement with ref. [7].

The results from the concurrent diffraction measurements, shown in Fig. 5 (right), clearly
show the presence of barite in the denser samples (red spectra), as one can appreciate by
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Fig. 5 Left: correlation of the hydrogen and barium amounts in each sample investigated, as obtained from
DINS and NRCA, respectively. Right: neutron diffraction spectra of all samples investigated. In both panels,
data from samples from Table 1 with lower and higher amount of barium are reported in green and red,
respectively. For the sake of clarity, only samples A, C, and D are explicitly labelled

comparing to the reflections from ref. [54] (red vertical dotted lines) at higher d-spacing
values. Moreover, as the amount of barite increases, some peaks are attenuated, and the
peaks at 1.798, 2.187, 2.665, and 2.875 Å completely disappear. It has been noted [55,56]
that as a consequence of the increasing amount of BaO in concrete, there is a depletion of
alite in the sample. The decrease in the peaks at ca. 3.83, 3.02, 2.19, and 1.80 Å is likely
related to the decrease in afwillite [57], possibly resulting from the hydration of alite in
concrete, consistently with the results in refs. [55,56]. Moreover, the peak at ca. 2.65 Å could
be related to the one in Ca(OH)2 (2.62 in ref. [58]). The decision to divide, in Fig. 5 (right),
the diffraction patterns in red and green curves follows the distinction made in the left panel
of the same figure. In fact, the denser samples in table 1 are those showing a saturated amount
of barium (red triangles in the left panel) as well as the clear presence of the Bragg peaks from
barite (red patterns in the right panel). The patterns from samples A, C, and D are explicitly
labelled.

It is important to note that in ref. [7], hydrogen was all associated with the water content
in the sample, and the decrease in hydrogen was considered tantamount to the decrease
in water. However, our results suggest that the hydrogen loss is also related to structural
hydrogen from calcium-silicon-hydrate structures formed during the setting of the concrete
samples. It is also important to note that the shape of the scattering cross section below 1 eV
markedly depends on the chemical environment affecting hydrogen, as previously discussed
in Fig 3. Therefore, associating the hydrogen loss solely with a water loss would correspond
to a miscalculation of the cross section for thermal neutrons.

4 Conclusions

We have presented new measurements of the macroscopic cross section of a series of barite-
enriched concrete samples in the neutron energy range 1 meV–1 keV. We found that the
cross section is dominated by the scattering contribution off hydrogen, and that the amount
of hydrogen decreased as the concentration of barite increased. We also related the decrease
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in the hydrogen level to the lack of some crystal structures, whose formation upon the setting
of the sample can be inhibited by the presence of barite or barium oxide.

Moreover, we showed that a non-negligible contribution to the macroscopic cross section
arises from water molecules loosely bound in concrete, providing differences of up to 10%
when the sample is pumped in vacuum. This results showed how the shielding properties
of concrete can be affected by the temperature and humidity conditions affecting a given
installation.
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