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Abstract

An archaeological survey method based on neutron gamma-ray logging is described. The
method relies on the measurement of capture gamma radiation induced by neutron irradiation
from a pulsed generator. This technique provides elemental information on the irradiated zone
by spectroscopic analysis of the gamma-ray data. This approach has been studied with Geant4

Monte Carlo simulations. In particular, irradiation volume for a deuterium—deuterium and
deuterium—tritium (D-T) neutron generator and sampling volume for the D-T source were
estimated. In addition, a neutron log response, which illustrates the capability of the neutron

tool to localize artifacts lying beneath the surface, is shown.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Site survey is of paramount importance in archaeology [1].
Archaeological survey consists in the localization and study
of an archaeological site before the starting of the actual
excavation. It is commonly divided into aerial, surface and
subsurface surveys. Aerial surveys are used to locate sites
within large areas. Surface surveys are employed to study
surface features. Subsurface surveys are used to locate
features and artifacts lying beneath the surface. Neutron
gamma logging, a nuclear technique, has the potential to
be used as a subsurface testing method. Neutron gamma
logging is element-selective and can penetrate several tens
of centimeters in soil. Its most common application is in
the oil and gas industries [2, 3]. The technique consists in
the neutron irradiation of a zone of interest and consequent
measurement of gamma radiation emitted due to inelastic
neutron scattering, capture and radioactive decay. Capture
gamma-rays yield information on the elemental composition of
the irradiated volume and may be used to pinpoint extraneous
material. Previous publications by this group [4, 5] have
shown promising results on the application of neutron logging
to site survey. This paper will focus on the evaluation of
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the irradiation volume for a deuterium—tritium (D-T) and
a deuterium—deuterium (D-D) neutron generator and on
the sampling volume for the D-T generator. In addition, a
simulated neutron log response is shown to illustrate the
ability of the system to localize a buried sample. These studies
have been carried out with Geant4 [6, 7] based Monte Carlo
simulations.

2. Materials and methods

2.1. Neutron logging system

A neutron gamma logging system consists of a pulsed high-
energy neutron generator and a gamma-ray detector. During
a measurement, the source and detector are lowered into an
existing borehole or are mounted behind the drilling head
for taking measurements while the borehole is being drilled.
The signal is transmitted to the data acquisition system at
the surface through a signal cable. Figure 1 depicts a logging
system lowered in a borehole. Typical borehole diameters are
1240 cm. Fast neutrons emitted by the neutron generator are
scattered by nuclei in the soil and the borehole surrounding
the source. Gamma-rays are emitted in inelastic scattering.

© 2013 IOP Publishing Ltd  Printed in the UK & the USA


http://dx.doi.org/10.1088/0957-0233/24/12/125903
mailto:alice.miceli@uniroma2.it
http://stacks.iop.org/MST/24/125903

Meas. Sci. Technol. 24 (2013) 125903

A Miceli et al

HV & signal
cable

.

™

§, AN

>

Figure 1. Logging system. The neutron source, gamma-ray detector,
logging system casing and HV and signal cable are depicted inside a
borehole. A capture event resulting in the detection of a gamma-ray

is illustrated.

Following the fast neutron phase, the neutrons are rapidly
slowed down by elastic collisions with nuclei. Neutrons
continue to slow down till their mean kinetic energies are equal
to the vibration energies of the atoms in thermal equilibrium. A
cloud of thermal neutrons forms around the source. Collisions
between the nuclei and neutrons continue and there is a
spreading of the cloud outwards into the soil. During this
diffusion phase, occasionally a nucleus will absorb a neutron,
resulting in the formation of a compound nucleus [8]. The
decay of the compound nucleus takes place in 107!° s. The
nucleus reaches its ground state by emitting 2—4 gamma-rays
in a cascade (prompt gamma-rays) in 107°—-10~'2 s [9]. If the
ground state of the daughter nucleus is not stable, radioactive
decay will occur. The daughter nucleus mainly decays by
the emission of beta particles and gamma-rays [10]. The
gamma radiation emitted during inelastic scattering, capture
and radioactive decay is measured by the gamma-ray detector.
D-T generators are commonly employed as neutron sources.
D-T generators emit neutrons of 14 MeV with typical neutron
yields of 103-10° ns~! and frequency up to 20 Hz. Scintillation
crystals, mainly sodium-iodide crystals, are the most widely
used detectors for nuclear logging [11].

2.2. Simulation model

We simulated a conventional neutron gamma logging system
inside a borehole. The system consists of a 14 MeV point
source and a gamma-ray detector. The source emits fast
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Figure 2. Simulated time distribution on a log scale (base 10) of
gamma rays produced by inelastic scattering, neutron capture and
delayed activation [5].

neutrons into the borehole and surrounding soil in a 10° cone
along the z axis. The borehole had a diameter of 11 cm.
The soil chemical composition was taken from Hoover et al
[12]. The detector was located 20 cm above the source.
The detector size was 6.4 cm in diameter and 9 cm in
length. Neutrons interact in the surrounding material via
inelastic and elastic scattering and, once thermalized, undergo
radiative thermal neutron capture. Neutron inelastic/elastic
scattering and capture were modeled with the Geant4 High
Precision Neutron Model. Neutron capture gamma-rays were
modeled by randomly sampling gamma-ray energies from
the Evaluated Nuclear Structure Data File. Their direction
was randomly distributed. Gamma-rays were tracked using
the Geant4 Livermore model. Radioactive nuclei formed by
neutron irradiation were modeled with the Geant4 radioactive
process. To study the feasibility of the technique aside from
detector effects, we simulated an ideal gamma-ray detector
with unit efficiency.

2.3. Event selection

Measured gamma-ray spectra contain a large number of peaks
generated by neutron capture, scattering and radioactive decay.
This results in peaks overlapping and misidentification [13].
To lessen these issues we exploited the pulsed nature of
the neutron source [4, S5, 13]. Figure 2 shows the time
distribution on a log scale (base 10) of gamma-rays produced
by inelastic scattering, neutron capture and radioactive decay.
The processes are well separated in time. By selecting the
events in the time window [107%, 1072] s we can select neutron
capture gamma-rays [5]. Capture gamma-rays have energy
characteristics of the target nucleus and provide information
on the isotopic composition of the irradiated material. The
intensity of a gamma-ray peak depends on the abundance of
that element, thermal neutron capture cross section, source—
detector configuration and gamma-ray penetration in soil.
In order to have information from a larger volume under
investigation, we selected only deeply penetrating high-energy
gamma rays (>6.5 MeV).
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Figure 3. Simulated spatial distribution of neutron capture events for a D-D (top) and a D-T (bottom) neutron generator in a typical soil

composition. The borehole depth was 1.5 m.

Table 1. Gamma-ray energies from neutron capture in soil in the
energy range 6.5-8 MeV. Numbers in bold are the energies of the
strongest peaks.

Element Percentage in soil Peaks (MeV)

H 2.1 -

C 1.6 -

(0] 57.7 -

Al 5.0 6.620, 6.711, 7.693, 7.724
Si 27.1 7.199

K 1.3 6.999, 7.769

Ca 4.1 7.339

Fe 1.1 7.279, 7.631, 7.646

2.4. Neutron log response

A neutron log is the record of a quantity of interest, i.e.
density or hydrogen content, as a function of the borehole
depth. In archaeological site survey applications, the main
objective of the technique is locating artifacts lying beneath
the surface. To this aim, we simulated the gamma-ray spectra
at different depths and searched for peaks corresponding to
chemical elements extraneous to the soil. A list of major
gamma-rays produced by soil is shown in table 1. The peak
selection algorithm loops through the gamma ray spectrum and
stores peaks with intensities >0.5% of the strongest peak. The
selected peaks are run through a matching algorithm, which

compares the peak energy with the Molnar database [9] and,
when a match is found, assigns a chemical element to the peak.
The capability of the neutron tool to localize artifacts lying
beneath the surface was tested by simulating a Cu cylinder,
representing a hypothetical buried artifact, 9 cm from the
center of the borehole, 110 cm from the surface. The neutron
log response reported here is the number of counts under the
strongest copper peak (energy = 7.916 MeV) as a function of
depth.

3. Results

3.1. Irradiation volume

The volume irradiated by the neutron source depends on the
source energy and the soil composition. We simulated a D-T
and a D-D neutron source to show the different extent of the
thermal neutron cloud in a typical soil composition with two
different initial neutron energies. D-D generators emit neutrons
of 2.5 MeV and are less common in the well logging industry
due to the lower emission rate. Figure 3 shows the simulated
spatial distribution for the D-T and the D-D generators. Ten
million fast neutrons were emitted forward along the z axis in
a 10° cone. As expected, the density of neutron capture events
decreases with the distance from the source. The extent of the
thermal neutron cloud is 150 cm (120 cm) in the direction of
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Figure 4. Origin of neutron capture gamma-rays measured by the logging tool. The source energy was 14 MeV and the source—detector
spacing was 20 cm. Left: distribution in the xz plane. Right: distribution in the yz plane.
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Figure 5. Normalized spatial distribution of neutron capture events which result in detected gamma-rays for the 14 MeV source for 20, 30,
40, 50 and 90 cm source—detector spacing. Left: spatial distribution along the x axis. Center: spatial distribution along the y axis. Right:

spatial distribution along the z axis.

the emission of the neutrons, 100 cm (80 cm) in the opposite
direction and 110 cm (80 cm) along the x and y axes for the
D-T (D-D) neutron source.

3.2. Sampling volume

The sampling volume of a neutron logging tool is the
volume from which a measurable signal can be extracted.
Sampling volume depends on the volume irradiated by the
source, penetration of gamma-rays in soil and source—detector
configuration. In order to estimate the sampling volume, we
selected the neutron source with the larger irradiation volume,
the D-T neutron source, and simulated five different source—
detector spacings: 20, 30, 40, 50 and 90 cm. Coordinates of
neutron capture events resulting in gamma-ray detection were
stored. Figure 4 shows the 2D spatial distribution of neutron
capture events corresponding to detected gamma-rays for a

20 cm source—detector spacing. The gamma radiation detected
originates from material within 400 mm of the borehole wall.

Figure 5 displays the spatial distribution of capture
events which result in gamma radiation detection for 20,
30, 40, 50 and 90 cm source—detector spacing. The values
were normalized for the number of events. As expected,
the maximum signal is halfway between the source and the
detector, hence the measuring point of the logging system will
be halfway between the source and the detector. Figure 6 shows
the sampling volume and the integrated counts as a function
of source—detector spacing. Increasing the source—detector
spacing decreases the counts on the gamma-ray detector,
whereas it increases the sampling volume. Source—detector
spacing should be carefully chosen in order to select the best
tradeoff between the count rate and sampling volume for a
specific application. Five million histories were simulated for
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Figure 6. Sampling volume and integrated counts as a function of source—detector spacing for the 14 MeV neutron source.
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Figure 7. Gamma-ray spectra measured at several depths. A Cu sample is placed at a depth of 110 cm.

the spacings from 20 to 50 cm. Ten million histories were
simulated for the 90 cm spacing to increase the statistics.
3.3. Neutron log response

We examined the capabilities of the method with a Cu cylinder
5 cm in diameter and 20 cm in length. In this example, the

sample was located 9 cm from the center of the borehole at a
depth of 110 cm. Source—detector spacing was 20 cm. Gamma-
ray spectra from the simulation were generated at different
depths by lowering the neutron logging tool in steps of 10 cm
inside the borehole. The measuring point was the mid-point of
the source—detector distance. Figure 7 shows the gamma-ray
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Figure 8. Simulated neutron log response for a zone containing a
buried Cu sample.

spectra at different depths normalized for the number of
simulated events. The Cu peak intensity is maximum at 110 cm
in correspondence with the vertical location of the sample.
Figure 8 shows the simulated neutron response log, i.e. the
number of counts under the strongest Cu peak (7.916 MeV) as
a function of depth. The response log shows a net increase of
Cu counts at a depth of 110 cm.

4. Conclusion

A new archaeological subsurface survey method based
on neutron gamma-ray logging was described. Irradiation
volume, sampling volume and neutron response log were
simulated with the Geant4 Monte Carlo code. The irradiation
volume in soil was 3 m® (1.3 m®) for a D-T (D-D)
source. Results on sampling volume show that an increase
of the source—detector spacing corresponds to an increase
of the sampling volume and a decrease in the count rate.
The source—detector spacing should be carefully chosen so
as to optimize the volume of investigation and the acquisition
time. A simulated neutron response log displays the ability
of the neutron logging system to localize a copper cylinder.
This work indicates that neutron-gamma logging can be used
as a survey method, in particular in archaeological fields

with buried metallic artifacts. The technique is well suited
to complement existing surveying methods having different
probe volumes and precisions, such as aerial survey and
geophysical techniques. Further studies on detection limits
and position resolution are planned.
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