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ABSTRACT 
 
 
This work describes and discusses the developments which were 

performed to increase the potential uses of Egyptian SCAnning LAndmine 
Detectors, ESCALAD. The ESCALAD apply two nuclear techniques for 
allocation and identification of landmines buried in arid soil like landmine 
fields in Egypt. The first technique is based on measuring thermal neutrons 
backscattered from the soil and the second one is based on measuring 
gamma-rays emitted from elements of landmine interrogated by fast and 
thermal neutrons when the soil is irradiated by fast neutrons from Pu-α-Be 
sources. The developed systems with their associated detectors, neutron 
sources, measuring electronics and data analysis modules are mounted on 
an electrically driven trolley. 

 
The neutron backscattering NBS device detects landmines by the 

recognition of hydrogen density variation between explosive material, of a 
landmine and its surroundings, soil and other scattered objects. When a high 
energy neutron flux from Pu-α-Be sources penetrates the soil in which the 
landmine is buried, the neutrons undergo successive moderation processes 
until they come back with thermal energy.  An array of two dimensional 
position sensitive thermal neutron detectors of 3He was used to monitor the 
backscattered thermal neutrons and for each neutron the position of hit 
along the tube with respect to the position on the ground is recorded. 
 

The elemental analysis technique is regarded as a complementary 
sensor of ESCALAD in which the gamma rays produced from fast/thermal 
neutrons interactions with the buried objects (i.e., a landmine) are 
measured. The measured response for gamma-rays is given as gamma ray 
spectrum. A mine is recognized through measuring the difference in the 
elemental composition, especially H, C, N and O. 
 

To increase the working capabilities of ESCALAD, different design 
mechanisms were developed for mount the detectors tray to overcome the 
effect of soil surface roughness and standoff distance on scanning 
capability. Also a more stable and reliable digital input/output computer 
board with high capacity was used. Moreover, more modified arrangements 
were applied for effective use of gamma detection sensor to have more 
efficient and rapid detection of mine constituent elements by fast and 
thermal neutron interrogation. 

 
Measurements were performed to evaluate the capability and 

efficiency of the modified ESCALAD system. Accordingly, the obtained 
results were used to show the effect of reduction of number of 3He tube 
detectors, effect of fast neutron scatterer and effect of fast neutron reflector 



xiv 
 

on the detection performance. The results obtained by NBS device are 
given in the form of two dimensional images of the scanned areas. A 
position with more concentration of hydrogen is indicated by a hot spot 
with a more or less circular area. Measurements were carried out at 
different depths of buried landmines. In addition, the maximum scanning 
width to detect landmines buried along the tube axis is presented and 
discussed. Also, the upgraded ESCALAD was used to measure the 
minimum resolving distance at which it become possible to distinguish 
between signals emitted from different landmine buried close to each other. 
Further, the results of a blinded test performed to distinguish between 
objects of different materials, of different sizes and buried at different 
depths were performed. 
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CHAPTER ONE                                                  General Introduction 
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CHAPTER (1) 
 

General Introduction 
 

 
Historically, antitank landmines were first developed during 

World War I to protect opposing armies from attacks by armored tank 
(20, 62). Antipersonnel landmines were later developed to prevent the 
removal of antitank mines by rival combatants, as well as to protect the 
perimeter of an army from attacks by opposing soldiers (47, 62). During 
World War I, landmines were developed from modified hand grenades 
that were buried; however, they were relatively ineffective (1).   

   
The development of the explosive trinitrotoluene (TNT) 

brought about reliable, effective and efficient landmine deployment and 
detonation. Landmines were extensively used by both the German and 
Allied forces during World War II. UNCIF has also mentioned that 
about 20% (nearly 23 millions) of these abandoned landmines and UXO 
are exist in vast areas of lands in Egypt and cause serious 
environmental, social and economical impacts. In modern-day war, 
mines are now being deployed by nonconventional combatants such as 
guerrilla and terrorist organizations (43, 70). They are now used to deny 
large areas of territory to opposing combatants and to cause fear and 
terror in the opposition, as well as the local population. Landmines are 
commonly laid along roads, footpaths, bridges, river banks, rice paddies 
and around villages (62, 70).  
 

According to the International Committee of the Red Cross 
(ICRC) and the State Department of the U.S. federal government, 
approximately 90 to 120 million landmines are deployed in nearly 70 
countries worldwide (51, 58). The UNCIF has estimated that there are 
about 110 million (abandoned) landmines and unexploded ordnance, 
UXO still exist in the lands of these countries. Landmines or as they 
called the hidden killers are responsible of killing and maiming about 
26,000 people every year. Most of these people are children, women 
and farmers (66).  
 

Mass production has reduced the cost of modern landmines to 
about $3 to $30 (5, 68). The methods and techniques which are used 
during the removal of landmines from the contaminated lands are very 
slow and costly. It is estimated that the removal of one mine by the 
current nowadays methods costs between $ 200 and $ 1000 (42). 
Landmines cause a tremendous drain on the economy of a mined nation 
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due to the cost of treatment and rehabilitation of victims, the loss of 
productivity secondary to a large number of amputees, the cost of mine 
clearance, and the inability to cultivate and export cash crops (4).  

 
Landmines are usually embedded in metal, plastic or even 

wooden case and they can be formed in different shapes and sizes. 
These landmines can be placed just on the surface of earth or buried 
under ground at different depths. Also the climate and geographic 
condition of the fields on which landmines are placed could be very 
complicated. All these factors can limit the efficiency of the detection 
and are the challenges that have to be conquered (60).  
 

The real problem in demining is to locate the mines in the 
ground (26). Their very small size, especially of the anti-personnel mines, 
makes them difficult to detect. Humanitarian demining at present is 
almost entirely done using metal detectors and the so called prodders; 
where little sticks are used to prick the ground to ’feel’ a mine. These 
methods are very slow, dangerous and make the demining process very 
costly. Although some of the modern methods such as Electro Magnetic 
Induction (EMI), metal detector and Ground Penetrating Radar (GPR) 
are effective for locating metal like anomalies. However, they cannot be 
used to identify the anomalies and to confirm the presence of a 
landmine (40).  

 
The high probability of false alarms and imperfect probability 

of detection of conventional mine detectors make mine detection an 
occupationally of high-risk operation. Data on deminer injury rates are 
incomplete, but one report indicated that a deminer is killed or maimed 
for every 1,000 – 2,000 mines cleared (7). The amount of time spent for 
investigating false alarm signals can lead to deminer fatigue and 
carelessness in investigating the identified objects. The imperfect 
probability of detection means that detection crews may be exposed to 
missed mines. Hence, it becomes of highest priority and of prime 
importance to have a viable solutions for humanitarian demining with 
methods and techniques efficient in terms of detection, safety, reliable 
and speed. 
 

Results of studies and research activities performed to check the 
effectiveness and potential capabilities of nuclear based techniques for 
detection of landmines have proved that detection methods based on 
using neutrons are the most efficient and reliable (10). These methods are 
capable to detect landmines through recognition of mine explosive 
sensitive elements such as hydrogen, carbon, nitrogen and oxygen. 
Although these elements do exist in soil, they are present in different 
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ratios and concentrations. This makes it possible to identify mines from 
soil if all explosive constituents are detected and their ratios are 
analyzed (39). 

 
Nuclear technique based on using neutrons emitted from sealed 

tubes neutron generators apply (D, D) and (D, T) reactions and neutrons 
emitted from radioisotopic neutron sources are widely used for 
landmine detection via thermal neutron analysis, fast neutron analysis 
or through combination of thermal and fast neutron analysis (13). It is 
worth to mention that any of these techniques detects a mine through 
measurement of differences in the elemental composition, especially H, 
C, N and O between the mine and its surroundings. 
 

Other nuclear techniques which have studied to detect 
landmines are the ones apply thermal and fast neutron backscattering 
measurement. The results of these studies have proven that the one 
based on measuring thermal neutrons backscattered from buried 
landmine and its surrounding materials is the most reliable and for 
detection of landmines. The technique of neutron backscattering, NBS 
with subsequent detection of thermal neutrons was used to measure the 
hydrogen content of the object/objects and soil beneath the thermal 
neutron detector if fast neutrons from a radioisotope or neutron 
generator source are used to irradiate the soil (9, 11). 

 
Technique based on NBS measurement was applied by 

different workers for landmine detection. Their results have proven that 
NBS technique is characterized by high speed of operation when 
compared with other developed methods. They have also shown that, 
this technique is characterized by reliable detection accuracy for 
landmines buried in soil with low moisture content, (less than 10%). 
Few research teams have developed landmine detection technique based 
on NBS method, among them is the team of Egypt, where  NBS was 
being developed at the laboratories for Landmine and Illicit Materials 
Research, Nuclear Research Centre, Atomic Energy Authority. At these 
laboratories two nuclear techniques were studied, developed and used in 
combined systems for detection of landmines. These two techniques are 
NBS and elemental analysis by fast and thermal neutron analysis. The 
developed systems with their associated detectors, neutron sources, 
measuring electronics and data analysis modules are mounted on an 
electrically driven trolley and the whole device is called Egyptian 
SCAnning LAndmine Detectors, ESCALADs (60). 

 
It is worth to mention that ESCALAD is one of the main results 

of the IAEA technical project EGY/10/024 and the fruitful collaboration 
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between the research teams of Egypt and the research team of Delft 
University in Netherlands. The ESCALAD working capabilities and 
detection efficiency were initially checked through an international tests 
performed at the Nuclear Research Centre, Egypt, in Nov. 2007 and 
through different series of research works performed by others (10). The 
results of these tests have revealed some problems due to the effect of 
soil surface roughness, variation of standoff distance between soil 
surface and detectors as well as data collection and image construction 
by computer system. 

 
The present work deals with the developments which were 

performed to increase the potential uses of ESCALAD. These 
developments include different design mechanism to mount the detector 
tray to overcome the effect of soil roughness. Also a new and more 
stable digital I/O board with high capacity was used. Moreover, new 
arrangements were applied for effective use of elemental analysis 
sensor to have more rapid and accurate identification of mine and mine 
like object. 

 
A general review of some studies describing different 

techniques for detection of landmines are summarized and given below: 
 

Bruschini C. and Gros B. (15) have reported several promising 
(new) technologies for the detection of mines with indication of each 
with its strengths and weaknesses. They stress some of the provide 
sufficient technical references, general as well as specific, for the reader 
to form his own opinion, look for more material if interested and get in 
touch with the right persons. It is of primary importance that scientists 
in each discipline and deminers share their knowledge and the result of 
their experience and experiments in order to design and test viable 
solutions for humanitarian demining. 

 
Brooks F. D. et al. (14) have presented and discussed four 

methods for employing neutrons to detect abandoned small anti-
personnel landmines. The used techniques are based on measurements 
of effects due to the scattering of neutrons on the hydrogen content of 
the landmine. 

 
Brooks F. D. and Drosg M. (12) have developed the HYdrogen 

Density Anomaly Detection HYDAD-1 systems to detect small (200 g) 
(APM) antipersonnel landmines with plastic casing. The HYDAD-D 
detector is based on the earlier HYDAD designs HYDAD-H and 
HYDAD-VM. It consists of a neutron source and two identical slow 
neutron detectors. The difference between the responses of the two 
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detectors is monitored as a function of position in the minefield and 
APM detection is based on the analysis of the difference in responses of 
the two detectors. Laboratory tests and Monte Carlo simulations 
demonstrate that HYDAD-D is capable of detecting the IAEA standard 
dummy  DLM2 at burial depths up to 23 cm in dry sand and at burial 
depths up to 7 cm in damp sand containing 12% (by mass) water. 

 
Datema C. P. et al. (22) have assessed that, the neutron 

backscattering is a technique that has successfully been applied to the 
detection of non-metallic landmines. Most of the effort in this field has 
concentrated on single detectors that are scanned across the soil. Here, 
two new approaches are presented in which a two-dimensional image of 
the hydrogen distribution in the soil is made. The first method uses an 
array of position-sensitive 3He-tubes that is placed in close proximity of 
the soil. The second method is based on coded aperture imaging. Here, 
thermal neutrons from the soil are projected onto a detector which is 
typically placed one to several centimeters above the soil. Both methods 
use a pulsed D/D neutron source. The Monte Carlo simulation package 
GEANT 4 was used to investigate the performance of both imaging 
systems. 

 
Bom V. R. et al. (10) have shown that, the neutron back 

scattering technique can be used to search for landmines. Advantages of 
this technique are: the speed of detection, the ability to detect metal free 
mines, and the insensitivity to metals and pebbles. However, the method 
is sensitive to soil moisture, and therefore a desert environment is 
perfectly suited for application of the neutron backscattering technique. 
Tests were performed using various dummy mines and real defused 
mines in the Egyptian desert. 

 
Bom V. R. et al. (11) have indicated that, the neutron back-

scattering (NBS) technique is a well established method to find 
hydrogen in objects. It can be applied in landmine detection taking 
advantage of the fact that landmines are abundant in hydrogen. The 
NBS technique is suitable for landmine scanning e.g., seeking for 
landmines with a moving detector system, because of the high speed of 
operation. Scan speeds up to 800 mm/s are reported here depending on 
the intensity of the neutron source, the mine size and the depth at which 
the mine is buried. 
 

Stanley R. J. et al. (69) have investigated the strategies for fusion 
of electromagnetic induction (metal detector (MD)) and ground 
penetrating radar (GPR) sensors for landmine detection. Feature and 
decision level algorithms are devised and compared. Features are 
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extracted from the MD signals by correlating with weighted density 
distribution functions. A multi-frequency band linear prediction method 
generates features for the GPR. Feature level fusion combines MD and 
GPR features in a single neural network. Decision level fusion is 
performed by using the MD features as inputs to one neural network 
and the GPR features as inputs to the geometric mean and combining 
the output values. Experimental results are reported on a very large real 
data set containing 2315 mine encounters of different size, shape, 
explosive content and metal composition. Measurements were 
performed for different soil conditions at three distinct geographical 
locations. 

 
Obhodas J. et al. (59) have indicated that, the detection of 

landmines by using available technologies is a time consuming, 
expensive and extremely dangerous job, so that there is a need for a 
technological breakthrough in this field. Atomic and nuclear physics 
based sensors might offer new possibilities in de-mining. Among the 
available nuclear techniques, the neutron backscattering technique 
(NBT), based on the detection of the produced thermal neutrons, is 
thought to be the most promising for field applications. They have 
discussed here two limitations of NBT, being related to the soil 
moisture. First, the critical value of the soil moisture, reached when the 
density of the hydrogen atoms in the landmine is equal to that in the 
background soil, defines a condition for which the detection is not 
possible. Critical values are small for some of the landmine types, thus 
suggesting the application of the method to arid countries, where the 
soil moisture is lower than 10 %. Furthermore, small-scale variations of 
the soil moisture content, experimentally determined for different soil 
types, are found to be capable of generating false positive readings. To 
avoid this problem, the integration of the NBT with a second sensor, as 
the metal detector, is proposed. 

 
Kiraly B. (48) has carried out systematic measurements on the 

possible use of elastically backscattered Pu-Be fast neutrons combined 
with thermal neutron back reflected method. The identification of 
landmines and illicit drugs was performed via the detection of H, C, N, 
and O elements as their major constituents. The results show that these 
methods are capable of indicating the anomalies in bulky materials and 
observation of the major elements. They have indicated that the 
determination of the exact atom fractions needs further investigation. 
 

Kuznetsov A. V. et al. (50) have achieved significant reduction 
of time needed to identify hidden explosives and other hazardous 
materials by the ''neutron in, gamma out'' method by introduced timed 
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(nanosecond) neutron sources. This is called nanosecond neutron 
analysis technique .Prototype mobile device for explosives' detection 
based on a timed (nanosecond) isotopic 252Cf neutron source has been 
created. The prototype is capable of identifying 400 g of hidden 
explosives in 10 min. Tests have been also made with a prototype 
device using timed (nanosecond) neutron source based on a portable D-
T neutron generator with built-in segmented detector of accompanying 
α-particles. The presently achieved intensity of the neutron generator is 
5 x 107 n/s into 4π, with over 106 of these neutrons being correlated 
with α- particles detected by the built-in α-particle detector. Results of 
measurements with an anti-personnel landmine imitator are presented. 
 

Clifford E. T. H. et al. (18) have developed a teleoperated 
vehicle-mounted multi-sensor system to detect anti-tank landmines on 
roads and tracks in peacekeeping operations. A key part of the system is 
a thermal neutron activation (TNA) sensor which is placed above the 
suspect location to within a 30 cm radius. This sensor confirms the 
presence of explosives via detection of the 10.835 MeV gamma ray 
associated with thermal neutron capture on 14N. The TNA uses a 100 µg 
252Cf neutron source surrounded by four 7.62 cm x 7.62 cm NaI(Tl) 
detectors. The system, consisting of the TNA sensor head (including the 
source), detectors and shielding; the high-rate fast pulse processing 
electronics and the data processing methodology are described. Results 
of experiments to characterize detection performance are also described. 
The experiments have shown that anti-tank mines buried at depth = 
10 cm or less can be detected in roughly a minute or less, but deeper 
mines and mines significantly displaced horizontally take considerably 
longer time. Mines as deep as 30 cm can be detected for long count 
times (1000 s). Four TNA detectors are now in service with the 
Canadian Forces as part of the four multi-sensor systems, making it the 
first militarily fielded TNA sensor and the first militarily fielded 
confirmation sensor for landmines.  

 
El–Bakkoush F. A. (27) have given a description for the current 

research activity carried by the research team which is concerned with 
the application of nuclear techniques for landmine detection. The 
activities are technically and financially supported by the IAEA through 
a TC project LIB / 1 / 006. The IAEA has provided the project with two 
3He detectors and some electronic equipment to install a detection 
system based on measuring thermal neutrons backscattered from the 
buried object. Also a detection system based on measuring the gamma-
rays emitted from the hidden object through the interrogation of its 
elemental nuclei by fast and thermal neutrons was installed. Further, 
theoretical studies were performed to calculate the spectra of fast 
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neutrons and gamma rays emitted from the buried objects when 
neutrons of different energies are used. Calculations were performed 
using a Monte Carlo Code MCNP IV or GEANT. This code was also 
used to assess the thermal neutron flux backscattered from plain soil 
and soil embedded with landmines with different amount of explosive 
material and buried in the ground at different depths. The measured and 
calculated results are presented in the form of displayed spectra for 
gamma rays and thermal neutron fluxes for landmines buried at 
different depth in the ground. The analyses of the obtained data can be 
used to show the strength and weakness of the applied methods for 
landmine detection in different environmental conditions. 

 
Baysoy D. Y. and Subasi M. (6) have showed that detection of 

buried land mines by using neutron backscattering technique (NBS) is a 
well established method. It depends on detecting the hydrogen anomaly 
in dry soil. Since a landmine and its plastic casing contain much more 
hydrogen atoms than the dry soil, this anomaly can be detected by 
observing the increase in the number of neutrons moderated to thermal 
or epithermal energy. But, the presence of moisture in the soil limits the 
effectiveness of the measurements. They have also performed a series 
of Monte Carlo calculations to determine the limits of the system due to 
the moisture content of soil. In the simulations, an isotropic fast neutron 
source (252Cf, 100 μg) and a neutron detection system which consists of 
five 3He detectors were used in a practicable geometry. In order to see 
the effects of soil moisture on the efficiency of the detection system, 
soils with different water contents were tested. 

 
Osman A. M. et al. (61) showed that ESCALAD suffering from 

the small scanning width which was less than 30 cm when one neutron 
source was used. This puts a main restriction on the land vehicle on 
which the system is mounted, where the vehicle must move through a 
previously scanned area. They have used two neutron sources and fast 
neutron scatterers made of steel and of certain geometry. ESCALAD, 
the Egypt SCAnning LAndmine Detector is one of the main results of 
the IAEA technical project EGY/01/024 and the fruitful collaboration 
between Egypt and the Netherlands. The ESCALAD system is based on 
the neutron backscattering technique, where the landmine is recognized 
through the measure of difference in hydrogen density between the 
buried object and surrounding soil. This system is characterized by the 
reliable detection accuracy and scanning speed. However, Results of 
tests performed in like-real landmine field show that the use of two 
neutron sources with the fast neutron scatterers markedly increase the 
scanning width and therefore make it quite possible to mount the 
detector array on a land-vehicle. 
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CHAPTER (2) 
 

Basic Aspects of the Interaction of the Nuclear 
Radiation with Matter  

 
 
2.1.  Introduction: 
 

This chapter discusses the mechanisms by which nuclear radiation 
interacts and loses energy as it moves through matter. Here we will focus 
on gamma rays and neutrons which are useful for detection of landmines. 
Short description is given to the sources of neutrons which can be used for 
landmine detection. One of the important factors which plays a strong role 
in nuclear interactions is the reaction cross section which is described in 
this chapter. The description of cross section is divided into two terms, 
microscopic and macroscopic cross sections. The study of this subject is 
extremely important for radiation measurements because the detection of 
radiation is based on its interactions and the energy deposited in the 
material of which the detector is made. Accordingly the main radiation 
detectors which are used for gamma rays and neutrons are given and 
discussed. These include scintillation and gas-filled detectors. Finally, we 
will outline position sensitive and imaging detectors which are widely used 
for detecting landmines hidden in the soil. 
 
2.2.  Sources of Neutrons of Interest for Landmine Detection: 
 

Neutrons are very valuable particles because of their ability to 
penetrate deeper in matter as compared to charged particles. Production of 
neutrons is therefore of high research significance. In this section, 
description of the most important neutron sources, which can be used for 
detection of landmines is given. 
 
2.2.1.  Alpha-Beryllium Neutron ( α,n) Sources: 
 

Because energetic alpha particles are available from the direct 
decay of a number of convenient radionuclides, it is possible to fabricate a 
small self-contained neutron source by mixing an alpha-emitting isotope 
with a suitable target material which is characterized by low binding energy 
like 9Be. 
 

The maximum neutron yield is obtained when beryllium is chosen 
as the target, and neutrons are produced through the reaction 
 

 ……….… (2-1) 
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The 239Pu/Be source is probably the most widely used of the (α, n) 
isotopic neutron sources. However, because of about 16 g of material is 
required for 1 Ci (3.7 x 1010 Bq) of activity. Sources of a few centimeters in 
dimension are limited to 107 n/s. In order to increase the neutron yield 
without increasing the physical source size, alpha emitters with higher 
specific activities must be substituted. Therefore, sources incorporating 
241Am (half-life of 433 years) and 238Pu (half-life of 87.4 years) are also 
widely used if high yields are needed. Some of common choice for alpha 
emitters and properties of the resulting neutron sources are listed in table 
2.1. Several of these isotopes, notably 226Ra and 227Ac, lead to long chains 
of daughter products that, although adding to the alpha particle yield, also 
contribute a large gamma ray background (49). 

 
Table 2.1. Characteristics of Be (α, n) neutron sources. 

 

 
 

2.2.2.  Fusion Neutron Sources: 
 

Fusion is a reaction in which two light nuclei (hydrogen and its 
isotopes) are forcibly brought so close together that they form a new 
heavier nucleus in an excited state. This nucleus releases neutrons and 
photons to reach its ground state. The fusion reaction can therefore be used 
to produce neutrons. 
 

To initiate a fusion reaction, a fair amount of energy must be 
supplied through some external means because the nuclei are repelled by 
electromagnetic force between the protons. This energy can be provided by 
several means, such as through charged particle accelerators. The advantage 
of fusion sources over the spallation sources is that they need relatively 
lower beam energies to initiate the fusion process. These sources are also 
more efficient in terms of neutron yield. The fusion process producing 
neutrons can be written as 
 

………………………..   (2-2) 
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Where; D represents a deuterium atom used as a target (an isotope 
of hydrogen with one proton and one neutron) while d represents a 
deuterium ion used as a projectile. T is another isotope of hydrogen with 
one proton and 2 neutrons. The nomenclature of the above equations is such 
that the first term in the brackets represents the incoming particle and the 
second term represents the outgoing one. The above reactions can also be 
written as 

 
 

 …. (2-3) 
 

 
 
2.2.3. Spontaneous fission Neutron Sources: 
 

Perhaps the most extensively used source of neutrons is 
Californium-252. It has two decay modes: α-emission (96.9%) with energy 
at slightly above 6 MeV and spontaneous fission (3.1%). The latter 
produces around 4 neutrons per decay. 
 

………………………..  (2-4) 
 

A one mg of Californium-252 emits around 2.3 × 109 neutrons per 
second with an average neutron energy of 2.3 MeV. It also emits a large 
number of γ-ray photons of very small energy but the intensity is one order 
of magnitude lower than that of the neutrons. It therefore does not pose 
much problem for many applications requiring a moderately clean neutron 
beam (3).  
 
2.3.  Interaction of Neutrons with Matter: 
 

 Because it has no charge the neutron can penetrate relatively easily 
into a nucleus. Free unbound neutrons are unstable and disintegrate by beta 
emission with a half life of approximately 0.6 minutes. The resultant decay 
product is a proton which eventually combines with a free electron to 
become a hydrogen atom.  
 

Neutron interactions with the nucleus are very energy dependent. 
Accordingly neutron interactions are classified on the basis of their kinetic 
energies as follows (44, 63),  
 
I. Thermal neutrons are neutrons of very low energy which are in thermal 

equilibrium with the surrounding atoms or molecules of the medium in 
which they are present. The most probable energy of neutrons diffusing in 
a large medium at a temperature of 20 0C, is 0.0253 eV, corresponding to 
the most likely neutron velocity of about 2200 ms-1. 
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II. Epithermal neutrons are neutrons which have energies greater than 
thermal energies, i.e. neutrons with energy > 0.025 eV. 

 
III. Slow neutrons are neutrons which usually have energies less than 1 to 

10 eV, although neutrons with energies less than 1000 eV are also 
sometimes called slow neutrons. 

 
IV. Resonance neutrons have energies between 1 and 300 eV and this term 

usually refers to neutrons which are strongly captured in the resonances 
regions of some nuclides. Intermediate energy neutrons have energies 
between slow and fast neutrons from 1000 eV to 0.5 MeV. 

 
V. Fast neutrons have energies greater than about 0.5 MeV and extend to 

about 10 MeV.  
 

VI. Very fast neutrons are neutrons which have energies greater than about 
20 MeV. 

 
Depending on the energy of a neutron, the neutron can interact with 

the nuclei of the target by one of the following ways, 
 
 Inelastic scattering 
 Elastic scattering 
 Transmutation 
 Radiative capture 

 
A brief description of the different processes by which neutrons of 

different energies interact with nuclei is given below. 
 
2.3.1. Inelastic Scattering: 
 

The inelastic scattering leaves the target nucleus in an excited state. 
The reaction is written as  

 
……..…………. (2-6) 

 
2.3.2.  Elastic Scattering: 
 

Elastic scattering is the principal mode of interaction of neutrons 
with atomic nuclei. In this process the target nucleus remains in the same 
state after interaction such that the total kinetic energy of the neutron and 
nucleus is unchanged. The reaction is written as 
 

..….…………….. (2-5) 
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In such a process the incoming neutron is absorbed by the nucleus 
forming a compound nucleus. The compound nucleus is unstable and 
quickly emits a neutron of lower kinetic energy. Since it still has some 
excess energy it goes through one or more γ-decays to return to the ground 
state. 
 
2.3.3.  Transmutation: 
 

It is a reaction in which an element changes into another one. 
Neutrons of all energies are capable of producing transmutations. For 
example, when a Boron-10 nucleus captures a slow neutron it transforms 
into Lithium-7 and emits an α-particle, 
 

..….........……. (2-7)  
 
2.3.4. Radiative Capture: 
 

Radiative capture is a very common reaction involving neutrons. In 
such a reaction, a nucleus absorbs the neutron and goes into an excited 
state. To return to stable state, the nucleus emits γ-rays. In this case no 
transmutation occurs, however the isotopic form of the element changes due 
to increase in the number of neutrons. The reaction is represented by 
 

………….. (2-8) 
 

Radiative capture is generally used to produce radioisotopes, such 
as Cobalt-60 
 

..…..………. (2-9) 
 

2.3.5.  Fission: 
  

This is one of the most important reactions a neutron can do. The 
neutron initiates fission with emission of other neutrons. In this process a 
slow neutron is captured by a heavy nucleus, such as Uranium-235, taking 
it into an excited state. The nucleus then splits up in fragments after a brief 
delay. Two or three neutrons and γ-ray photons are also emitted during this 
process. Fission of uranium-235 can be written as 
 

…………. (2-10) 
 

The fission process is the source of thermal energy produced in 
nuclear reactors. The large number of fission fragments thus produced 
quickly loose their energy in the material due to their heavy masses. This 
energy is released in the form of heat, which is the main source of thermal 
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energy in a nuclear reactor. The thermal energy is then converted into 
electrical energy through other processes (3). 
 
2.4.  The Concept of Reaction Cross Sections: 
 

The probability of a nuclear reaction taking place can be expressed 
in terms of a quantity σ which expresses the probable reaction rate for n 
neutrons traveling with speed v a distance dx in a material with N nuclides 
per unit volume: 
 

………………… (2-11) 
 
 
σ has the units of area, which gives rise to the concept of σ as a cross-
sectional area presented to the neutron by the nucleus, for a particular 
reaction process, and to the designation of σ as a microscopic cross section. 
Cross section is usually on the order of 10-24 cm2, and this unit is referred to 
as a barn, for historical reasons. 
 

The cross sections associated with the various interactions of 
neutrons with matter described above can be designated by the following 
notation, 

 
σt = total cross section (σs + σa) 
σs = total scattering cross section (σel + σi) 
σel or σ n,n= elastic scattering cross section 
σi or σ n,ń = inelastic scattering cross section 
σa or σc= absorption or capture cross section 
σn,γ = radiative capture cross section 
 
2.4.1.  Energy Dependence of Cross Sections: 
  

All of the cross sections described above vary with neutron energy 
and with the target nucleus. Figures 2.1 and 2.2 illustrate the low-energy 
total cross-section behavior of boron and cadmium. The unusually high 
absorption cross sections of these two materials make them used as thermal-
neutron absorber. 
 

At higher energies the cross section may have large peaks 
superimposed on the 1/v trend. These peaks are called resonances and occur 
at neutron energies where reactions with nuclei are enhanced. For example, 
a resonance will occur if the target nucleus and the captured neutron form a 
“compound” nucleus, and the energy contributed by the neutron is close to 
that of an excited state of the compound nucleus. 
 



CHAPTER TWO    Basic Aspects of the Interaction of the Nuclear Radiation with Matter 

 

15 
 

In heavy nuclei, large and narrow resonances appear for neutron 
energies in the eV range. For energies in the keV region the resonances can 
be too close together to resolve. In the MeV region the resonances are 
sparser and very broad, and the cross sections become smooth and rolling.  

 

          
 

Figure 2.1. Low-energy total neutron cross section of boron. 
 

 
 

Figure 2.2. Low-energy total neutron cross section of cadmium. 
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For light nuclei, resonances appear only in the MeV region and are 

broad and relatively small. For nuclei with intermediate weights (such as 
cadmium, nickel, iron), resonances can be found below 1 keV. These 
resonances have heights and widths between those of light and heavy nuclei 
(30). 

 
2.4.2.  Macroscopic Cross Section: 
 

Although study of the interactions of a neutron with a single 
nucleus on the microscopic scale provides a basis for understanding the 
interaction process, measurements are actually performed with thick 
samples that often contain a mixture of elements. These additional features 
are described by using the macroscopic cross sections appropriate for bulk 
materials. 
  

The definition of the macroscopic cross section arises from the 
transmission of a parallel beam of neutrons through a thick sample. The 
thick sample can be considered to be a series of atomic layers. For each 
layer we can apply the results found with the microscopic cross-section 
concept. By integrating through enough atomic layers to reach a depth x in 
the sample, the intensity I(x) of the uncollided neutron beam is 
 

………………….. (2-12) 
 

An expression similar to Equation (2-12) is used for gamma-ray 
attenuation. In that case, low energy gamma rays are very likely to be 
absorbed and thus removed not only from the parallel beam but from the 
material entirely. With neutrons at low energies, elastic scattering is the 
most likely event. Although Equation (2-12) gives the intensity of the 
neutrons that have no interaction up to a depth x, the actual number of 
neutrons present that can be detected may be much larger because of 
multiple scattering. 
  
The total macroscopic cross section is 

 
Σt=Nσt    ………..………………….. (2-13) 

 
Where; Σt has dimensions of cm-l and is analogous to the linear attenuation 
coefficient for gamma rays. If only a particular type of interaction is of 
interest, a macroscopic cross section for it alone can be defined using its 
microscopic cross section in place of the total cross section. 
 

If the sample is a compound instead of a simple element, the total 
macroscopic cross section is the sum of the macroscopic cross sections of 
the individual elements: 
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……………….. (2-14) 
 

The cross-section values for some elements are taken from Table 
2.2 which is a compilation of microscopic and macroscopic cross sections 
at two neutron energies, 0.025 eV (thermal) and 1 MeV (71). 

 
Table 2.2. Neutron cross sections of common materials 

 

 
 
2.4.3.  Neutron Slowing Down and Thermalization: 
 

After a number of collisions with nuclei, the speed of the neutron is 
reduced to such an extent that it has approximately the same average kinetic 
energy as the atoms (or molecules) of the medium in which the neutron is 
undergoing elastic scattering. This energy of 0.025 eV, which is only a 
small fraction of an electron volt at normal temperatures (at 20°C), is 
frequently referred to as the thermal energy, since it depends upon the 
temperature of the surrounding medium. The process of reducing the energy 
of a neutron to the thermal region by elastic scattering is referred to as 
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thermalization, slowing down, or moderation. The material used for the 
purpose of thermalizing neutrons is called a moderator. A good moderator 
reduces the speed of neutrons in a small number of collisions, but does not 
absorb them to any great extent.  
 

The ideal moderating material (moderator) should have nuclear 
properties of large scattering cross section, small absorption cross section 
and large energy loss per collision. 
 

A convenient measure of energy loss per collision is the 
logarithmic energy decrement. The average logarithmic energy decrement ξ 
is the average decrease per collision in the logarithm of the neutron energy 
and is given by,  
 
 

..………………………….. (2-15) 
 
 
 
Where; Ei is the average initial neutron energy and Ef is the average final 
neutron energy 
 

When elastic collision is the main process in an element of 
molecular weight A dominate the scattering process, the average energy 
decrement is given by 
 

…….……… (2-16) 
 
 

The total number of collisions necessary for a neutron to lose a 
given amount of energy may be determined by dividing ξ into the 
difference of the natural logarithms of the energy range in question. The 
number of collisions (N) to travel from any energy, Ehigh, to any lower 
energy, Elow, can be calculated by using the following relation 
 
 
 

………………………. (2-17) 
 

 
The parameter ξ, which is a measure of the moderating ability, 

decreases with increasing the nuclide mass.  This means that the number of 
collisions that are needed to moderate a fast neutron increases with 
increasing the nuclide mass. 
 
 



CHAPTER TWO    Basic Aspects of the Interaction of the Nuclear Radiation with Matter 

 

19 
 

Moderating Ratio: 
 

Macroscopic slowing down power indicates how rapidly a neutron 
will slow down in the material in question, but it still does not fully explain 
the effectiveness of the material as a moderator. An element such as boron 
has a high logarithmic energy decrement and a good slowing down power, 
but it is a poor moderator because of its high probability of absorbing 
neutrons.  
 

The most complete measure of the effectiveness of a moderator is 
the moderating ratio. The moderating ratio is the ratio of the macroscopic 
slowing down power to the macroscopic cross section for absorption. The 
higher the moderating ratio, the more effectively the material performs as a 
moderator. Equation (2-18) shows how to calculate the moderating ratio of 
a material. 
 

……………………. (2-18) 
 
 
The moderating properties of different materials are given in Table 2.3 (74). 
 

Table 2.3. Moderating properties of materials. 
 

 
 
2.5. Neutrons Methods Used for Landmine Detection: 
 

Neutrons are uncharged particles and cannot be detected directly in 
any instrument (gas filled detector) whose action depends on the ionization 
caused by the particle which enters it. The detection of neutrons depends on 
secondary effects which result from their interactions with nuclei. 
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2.5.1. Gas Filled Detectors: 
 

Gas-filled detectors operate by utilizing the ionization produced by 
radiation as it passes through a gas. Typically, such a counter consists of 
two electrodes to which a certain electrical potential is applied. The space 
between the electrodes is filled with a gas (figure 2.3). Ionizing radiation, 
passing through the space between the electrodes, dissipates part or all of its 
energy by generating electron-ion pairs. Both electrons and ions are charge 
carriers that move under the influence of the electrical field.  

 
Their motion induces a current on the electrodes, which may be 

measured (figure 2.3a). Or, through appropriate electronics, the charge 
produced by the radiation may be transformed into a pulse, in which case 
particles are counted individually (figure 2.3b). The first type of counter 
(figure 2.3a) is called current or integrating chamber; the second type 
(figure 2.3b) is called pulse chamber (72). 
 

              
Figure 2.3. A typical gas-filled detector: (a) the direct current produced in 

the circuit is measured; (b) individual pulses are detected. 
 
2.5.2. Proportional Counters: 
 

When the electric field strength inside a gas counter exceeds a 
certain value, the electrons that move in such a field acquire, between 
collisions, sufficient energy to produce new ions. Thus, more electrons will 
be liberated, which in turn will produce more ions. The net effect of this 
process is multiplication of the primary ionization. The phenomenon is 
called gas amplification. Achieve the high field intensity needed for gas 
multiplication without excessive applied voltage; chambers operating in this 
mode are usually cylindrical with a very thin wire stretched axially at the 
center of the counter (figure 2.4). The wall of the counter is normally 
grounded and a positive voltage is applied to the central wire. In such 
geometry, the electrostatic field inside the chamber is in radial direction and 
its intensity is given by, 
 

………………………. (2-19) 
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Figure 2.4. (a) Schematic of a cylindrical proportional counter. (b) Cross-
sectional view of a cylindrical proportional counter. The 
thin central wire acts as the anode while the outer wall acts 
the cathode.  

 
The field intensity increases rapidly as the wire is approached. 

Since the radius a of the wire is a few mills of an inch and thousands of 
times smaller than the radius b of the counter, an extremely strong electric 
field is produced in a fraction of the chamber's volume. This volume is so 
small that the probability that the incident radiation will produce an electron 
ion pair in it is negligible. In addition to the secondary electrons produced 
by collisions, electrons are also produced by two other processes: 

 
             1. Photoelectric interactions 
             2. Bombardment of the cathode surface by positive ions 
 

The photoelectric interactions are caused by photons that are 
produced in the counter as a result of the ionization and excitation of the 
atoms and molecules of the gas. If the chamber is filled with a monatomic 
gas, these photons produce photoelectrons only when they strike the 
cathode (wall of cylinder) because they do not have enough energy to 
ionize the atoms of the gas. If the counter is filled with a gas mixture, 
however, photons emitted by molecules of one gas may ionize molecules of 
another.  
 

Electrons are also emitted when the positive ions, which are 
produced in the chamber, reach the end of their journey and strike the 
cathode. The significance of this effect depends on the type of material 
covering the surface of the cathode and, more important, on the type of the 
gas filling the chamber. 
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The production of electrons by these processes results in the 
generation of successive avalanches of ionization because all the electrons, 
no matter how they are produced, migrate in the direction of the intense 
electric field and initiate additional ionization.  
 

Proportional counters may be used for the detection of any charged 
particle. Identification of the type of particle is possible with both ionization 
and proportional counters. An alpha particle and an electron having the 
same energy and entering either of the counters, will give a different signal. 
The alpha particle signal will be bigger than the electron signal. The voltage 
applied to proportional counters ranges between 800 and 2000 V (72). 
 
2.5.3. Thermal Neutron Detectors:  

 
Since neutrons do not directly ionize atoms, they are detected 

"indirectly” upon producing a charged particle or a photon, which is then 
recorded with the help of an appropriate detector. The charged particle or 
the photon is the result of a neutron interaction with a nucleus. If the 
mechanism of the interaction is known, information about the neutron can 
be extracted by studying the products of the reaction. 

 
 Many types of interactions are used, divided into absorptive and 

scattering reactions. Absorptive reactions are (n, α), (n, p), (n, γ), or (n, 
fission). In the case of an (n, γ) reaction, the neutron may be detected 
through the interactions of the gamma emitted at the time of the capture, or 
it may be detected through the radiation emitted by the radioisotope 
produced after the neutron is captured. The radioisotope may emit β- or β+ 
or γ or a combination of them. By counting the activity of the isotope, 
information is obtained about the neutron flux that produced it. This is 
called the activation method. If the reaction is fission, two fission fragments 
are emitted; being heavy charged particles, these are detected easily. 
 

The main scattering reaction used is neutron-proton collision, called 
the proton-recoil method. The knocked-out proton is the particle recorded. 
With the exception of the proton-recoil method, which functions for fast 
neutrons only (En > 1.0 keV), all the other interactions can be used with 
neutrons of any energy. However, at every neutron energy, one method may 
be better than another. The best method will be selected based on the 
neutron energy, the purpose of the experiment (is it number or energy of 
neutrons measured, or both?), and the physical constraints of the 
measurement (e.g., inside a reactor core or outside). 
 

There are many nuclear reactions of the type (n, charged particle) 
used for neutron detection. In general, endothermic reactions are used for 
fast neutrons, and exothermic ones for thermal neutrons. The most useful 
exothermic reactions are listed in table 2.4, along with their Q values and 
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the value of the cross section for thermal neutrons. The charged particles 
from any one of the reactions of table 2.4 share an amount of kinetic energy 
equal to Q + En, where En is the neutron kinetic energy. The large Q values 
make detection of the products very easy, regardless of the value of En, but 
at the same time make measurement of the energy of slow neutrons 
practically impossible.  
 

The neutron energy would be measured from the pulse height, 
which is proportional to Q + En. However, if the pulse corresponds to 
energy of the order of MeV (because of the Q value), a small change in En 
will produce a variation in the pulse that is undetectable. For example, the 
fractional change of a 1-MeV pulse due to 1-keV change in neutron kinetic 
energy is (1.001 - 1.000)/1.000 = 0.1 percent, which is less than the best 
energy resolution of alpha-particle detectors. Therefore, the measurement of 
neutron energy is possible only when En amounts to a considerable fraction 
of the Q value (72). 
 

Table 2.4. Exothermic reactions used for neutron detection 
 

 

I.   The BF3 Counter: 
 

The (n, α) reaction with 10B is probably the most useful reaction for 
the detection of thermal neutrons because 
         1. The reaction cross section is large (σ = 3840 b). 
         2. The energy dependence of the cross section is of the l / v type. 
         3.10B is a constituent of the compound BF3 which may be used as the  

gas of a proportional gas counter. 
 

The BF3 counter is a proportional counter filled with BF3 gas, 
usually enriched to more than 90 percent in 10B (about 20 percent of natural 
boron is 10B; the rest is 11B). The BF3counter detects the alpha and the 
lithium particles produced by the reaction 

 
 

….…………… (2-20) 
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with thermal neutrons, the 7Li nucleus is left in an excited state about 96 
percent of the time. In that case, the Q value of the reaction is 2.30 MeV 
and the 7Li nucleus goes to the ground state by emitting a gamma with 
energy equal to 2.78 - 2.30 = 0.480 MeV. This photon may also be used for 
the detection of the neutron; Operating voltages are in the range +1400 to 
2800 V. 
 
II.  3He Counters: 
 
Neutron detection by 3He is based on the reaction 
 

……… (2-21) 
 

The cross section for this reaction is quite high for thermal neutrons 
(5400 b at 0.025 eV) and varies as l / v from 0.001 eV to 0.04 eV. One type 
of helium neutron spectrometer consists of two surface-barrier silicon 
detectors facing each other, with the space between them filled with helium 
at a pressure of a few atmospheres. 
 

The pressure of the gas and the operating voltage are higher in 3He 
than in BF3 counters. The pressure of the 3He is usually between 404 and 
1010 kPa (4-10 atm), and the operating voltage is in the range of +1200 to 
1800V. 
 
2.5.4. The complete spectrum: 
 
  Since the size of a BF3 tube is not infinite, If either particle (alpha 
or lithium) strikes the chamber wall a smaller pulse is produced.  Due to the 
incoming neutron carrying no appreciable momentum, the two reaction 
products must be oppositely directed. Therefore if the alpha hits the wall the 
7Li recoil is likely to deposit its full energy within the gas, and vice versa. 
 

A very important consideration in many applications of BF3 tubes is 
their ability to discriminate against gamma rays, which often are found 
together with the neutron flux to be measured. Gamma-rays interact 
primarily in the wall of the counter and create secondary electrons that may 
produce ionization in gas. 
 

Because the stopping power for electrons in gases is quite low, a 
typical electron will deposit only a small fraction of its initial energy within 
the gas before reaching the opposite wall of the counter (24). Thus, we 
should expect that most gamma-ray interactions will result in low amplitude 
pulses that will lie in the tail to the left of point (A) in figure 2.5. Simple 
amplitude discrimination can then easily eliminate these gamma-rays 
without sacrificing neutron detection efficiency. If the gamma-ray flux is 
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sufficiently high, however, several complications can reduce the 
effectiveness of this amplitudes discrimination.  

 
At high gamma-rays rates, pulse pile-up can result in apparent peak 

amplitudes for gamma-rays which are considerably larger than any 
individual pulse. Short time constants are desirable to reduce the gamma-
ray pile-up but may lead to reduction in the neutron induced pulse 
amplitude due to incomplete charge integration. At very high gamma rates, 
there is evidence that chemical changes occur in the BF3 gas due to 
molecular disassociation, leading to degraded pulse height spectra from 
neutron induced events. If this degradation is sufficiently severe, it may no 
longer be possible to get spectra of gamma and neutron induced events. 
 

There are two ways to overcome the wall effect. One is to use a 
large-diameter counter, in which case the fraction of reactions occurring 
near the wall is smaller. The other is to increase the stopping power of the 
gas. Increase in stopping power is achieved either by increasing the 
pressure of the gas or by adding a small fraction of another gas, such as 
krypton, with a higher stopping power. Increase in stopping power is 
accompanied, however, by an increase in gamma sensitivity and a decrease 
in pulse rise time. Fast rise time is important for time-of-flight 
measurements. 

 
The pulse height of a 3He detector (54) is illustrated as in figure 2.6. 

The energy spectrum exhibits a well-defined peak, which corresponds to the 
energy liberated in reaction by the protons and tritons. There are also peaks 
corresponding to the proton energy (573 keV) and that of the triton (191 
keV). 

 
Since 10B has a Q- value of the neutron reaction much larger than 

³He, it is easier to discriminate gamma pulses with BF3 detector than for ³He 
one. 
 
2.5.5.  Position Sensitive Detection and Imaging: 

 
The spatial variation in energy and intensity of radiation has been found to 
be a very useful tool in many disciplines. For example medical X-ray 
diagnostics utilize the change in radiation intensity due to relative 
attenuation coefficients of different organs and bones inside the body to 
create a two-dimensional image. In fact, with the advent of electronic 
detectors, a lot of progress has been made in building two and three-
dimensional imaging systems for medical diagnostic purposes. 

 
 However, the development has not been limited to medical 

applications. Other fields, such as particle physics research, environmental 
radiation monitoring, and non-destructive testing of materials have equally 
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Figure 2.5. Expected pulse height spectra from BF3 tube. (a) spectrum from 

a large tube in which all reaction products are fully absorbed. 
(b) Additional continuum due to the wall effect. 

 

 
Figure 2.6. Expected pulse height spectrum from a ³He tube counter. 
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benefited from these developments. Latest advancements, such as charged 
coupled devices, multistrip silicon detectors, and microstrip gas chambers 
have taken this field of research and development to a higher level of 
sophistication and utility. 
 

Position sensitive detection and imaging are two fields that have 
some overlapping areas in terms of technology. For example the detector 
technologies used in both systems are very similar but the processing of 
data for imaging systems is much more involved than for position sensitive 
detectors. By position sensitive detector we mean a system with which one 
could find the position of an interacting particle up to a certain resolution. 
In such a system the radiation is allowed to interact directly with the 
detector. An imaging system, on the other hand, is concerned about creating 
the image of an object by exposing it to radiation and then detecting the 
reflected or transmitted radiation (3). 
 
2.6. Interaction of Gamma Rays with Matter: 
 

Since photons are not subject to Coulomb or nuclear forces, their 
interactions are localized at short distances. This means that although the 
intensity of a photon beam decreases as it passes through a material and 
photons are removed from the beam but the energy of individual photons 
that do not take part in any interaction is not affected. 
 

Photons can primarily interact with material in three different ways: 
photoelectric effect, Compton scattering, and pair production. These 
interaction mechanisms have different energy thresholds and regions of 
high cross-sections for different materials. Whenever a beam of photons of 
sufficient energy passes through a material, not all of the photons in the 
beam go through the same types of interaction. With regard to radiation 
detection, the key then is to look statistically at the process. For example, if 
we want to know how most of the photons in the beam will interact with the 
material, we can look at the cross section of all the interactions and find the 
one that has the highest value at that particular photon energy. Figure 2.7 
shows different photon cross sections as a function of energy for carbon and 
lead. Another excellent use of these cross sections is the estimation of the 
attenuation of a photon beam as it passes through a material (3). 

 
2.6.1. Photoelectric Effect: 
 

During this process, a photon is completely absorbed by an atom 
making it unstable. To return to the stable state, the atom emits an electron 
from one of its bound atomic shells. The process requires that the incident 
photon has energy greater than or equal to the binding energy of the most 
loosely bound electron in the atom. The energy carried away by the emitted 
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Figure 2.7. Photon cross sections as a function of energy for carbon and 

lead. 
 
electron can be found by subtracting the binding energy from the incident 
photon energy, that is 
 

...………………….  (2-22) 
 
Where; Eb is the binding energy of the atom. The atomic photoelectric 
effect is graphically depicted in figure 2.8. 
 

Since the photon completely disappears during the process, the 
photoelectric effect can be viewed as the conversion of a single photon into 
a single electron. It should however be noted that this is just a convenient 
way of visualizing the process and does not in any way represents an actual 
photon to electron conversion. This reaction can be written as; 

 
..………………… (2-23) 

 
The cross section for this reaction has a strong Z dependence, that 

the probability of photoelectric effect increases rapidly with atomic number 
of the target atom. In addition, it also has a strong inverse relationship with 
energy of the incident photon. Specifically, these dependences can be 
expressed as; 
 

…………………...  (2-24) 
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where n lies between 4 and 5. This relation suggests that the probability of 
photoelectric effect would decrease sharply for higher incident photon 
energies.  
 

 
 

 
Figure 2.8. Photoelectric effect in a free atom. 

 
2.6.2. Compton Scattering: 
 

Compton scattering refers to the inelastic scattering of photons 
from free or loosely bound electrons which are at rest. Since the electron is 
almost free, it may also get scattered as a result of the collision. 
 

Figure 2.9 shows this process for a bound electron. The binding 
energies of low Z elements are on the order of a few hundred eV, while the 
γ-ray sources used in laboratories have energies in the range of hundreds of 
KeV. Therefore the bound electron can be considered almost free and at rest 
with respect to the incident photons. In general, for orbital electrons, the 
Compton effect is more probable than photoelectric effect if the energy of 
the incident photon is higher than the binding energy of the innermost 
electron in the target atom. 
 

Simple energy and linear momentum conservation laws can be used 
to derive the relation between wavelengths of incident and scattered 
photons, 
 

………………….. (2-25) 
 
 
Where; λ0 and λ represent the wavelengths of incident and scattered photons 
respectively. m0 is the rest mass energy of electron and θ is the angle 
between incident and scattered photons.  
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Figure 2.9. Compton scattering of a photon having energy Eγ0 = hc/λ0 from 

a bound electron.  
 
2.6.3. Pair Production: 
 

Pair production is the process that results in the conversion of a 
photon into an electron-positron pair. Since the photon has no rest mass, 
while both the electron and the positron do, therefore we can say that this 
process converts energy into mass according to Einstein’s mass energy 
relation  

E = mc2……………………………….. (2-26) 
 
 To be more specific, for the pair production to take place, there 

must be another particle in the vicinity of the photon to ensure momentum 
conservation. The process in the vicinity of a heavy nucleus can be 
represented as 

 
…………..……. (2-27) 

 
Where; X and X* represent the ground and excited states of a heavy 

nucleus. 
 

In this reaction the energy is being converted into two particles that 
have discrete masses. Therefore enough energy should be available for this 
process to take place. That is, the photon must have the energy equivalent 
of at least the rest masses of the electron and positron which have equal 
masses. 
 

………………………….. (2-28) 
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where; me is the mass of the electron or the positron. Hence, a photon 
carrying energy below 1.022 MeV cannot be converted into an electron-
positron pair. 
 

The probability of occurrence of this process in any material is 
dependent on the atomic number of the target. The pair production cross 
section for high energy photons E >> 20 MeV has a roughly Z2 dependence, 
Z being the atomic number of the material. 
 

…………………… (2-29) 
 

This means that for heavy elements the pair production cross 
section is significantly higher than for lighter elements (3). 
 
2.7. Detection of Gamma rays: 
 

Scintillation detectors are the most widely used for γ-rays detection. 
When the incident radiation interacts with atoms of these so called 
scintillation materials, they transfer some of their energy to the atoms. As a 
result these excited atoms go into short lived excited states. When they 
return to ground state they emit photons, mostly in visible and ultraviolet 
regions of the spectrum. This provides an alternate to the ionization 
mechanism to detect and measure radiation. 

 
2.7.1. Scintillation Detectors: 
 
The basic steps involved in scintillation detection of γ radiation are: 
 
 Interaction of radiation with scintillation material. 
 Transfer of energy to the bound states of the material. 
 Relaxation of the excited states to the ground state resulting in the 

emission of light photons. 
 Collection of photons by a photomultiplier tube. 
 Detection of the photomultiplier signal by associated electronics. 

 
The basic working principle of a photomultiplier tube or PMT 

involves conversion of the scintillation photon into an electron and then 
multiplication of this electron into a very large number of electrons. The 
photon-electron conversion, which is basically the photoelectric effect, 
takes place in a thin material called photocathode (3). 
 

The electrons produced in the photocathode are accelerated towards 
a metallic structure called dynode which releases a large number of 
electrons by to the impact. These secondary electrons are then accelerated 
towards another dynode, which also multiplies their number. The process is 
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repeated several times by letting the electrons pass through a series of 
dynodes. The end result of this process is an output pulse with an amplitude 
large enough to be easily measured by the associated electronics. 

 
The gain of a PMT can be higher than 105, which makes it very 

attractive for sensitive measurements. The downside is the low quantum 
efficiency of the photon-electron conversion process, which for a typical 
photoelectrode is around 20%.  
 
2.7.1.1.  Inorganic Scintillators: 
 

Most of the inorganic scintillators are crystals of the alkali metals, 
in particular alkali iodides, that contain a small concentration of an 
impurity. Examples are NaI(Tl), CsI(Tl), CaI(Na), LiI(Eu) and CaF,(Eu). 
The element in parentheses is the impurity or activator. Although the 
activator has a relatively small concentration- e.g., thallium in NaI(T1) is 
10-3 on a per mole basis-it is the agent that is responsible for the 
luminescence of the crystal. 

 
The light emitted by a scintillator is primarily the result of 

transitions of the activator atoms, and not of the crystal. Since most of the 
incident energy goes to the lattice of the crystal-eventually becoming heat-
the appearance of luminescence produced by the activator atoms means that 
energy is transferred from the host crystal to the impurity. For NaI(T1) 
scintillators, about 12 percent of the incident energy appears as thallium 
luminescence. 
 

The magnitude of light output and the wavelength of the emitted 
light are two of the most important properties of any scintillator. The light 
output affects the number of photoelectrons generated at the input of the 
photomultiplier, which in turn affects the pulse height produced at the 
output of the counting system. Information about the wavelength is 
necessary in order to match the scintillator with the proper photomultiplier  
tube. Table 2.5 gives the most important properties of some inorganic 
scintillators (72). 
 
a.  NaI(T1) Detector: 
 

It is worth to mention that, NaI(Tl) is the most commonly used 
scintillator for gamma rays. It has been produced in single crystals of up to 
0.75 m (~ 30 in) in diameter and of considerable thickness (0.25 m ~10 in). 
Its relatively high density (3.67 X 103 kg/m3) and high atomic number 
combined with the large volume make it a γ-ray detector with very high 
efficiency.  
 



CHAPTER TWO    Basic Aspects of the Interaction of the Nuclear Radiation with Matter 

 

33 
 

Although semiconductor detectors have better energy resolution, 
they cannot replace the NaI(T1) in experiments where large detector 
volumes are needed. The emission spectrum of NaI(T1) peaks at 410 nm, 
and the light-conversion efficiency is the highest of all the inorganic 
scintillators. As a material, NaI(T1) has many undesirable properties. It is 
brittle and sensitive to temperature gradients and thermal shocks. It is also 
so hygroscopic that it should be kept encapsulated at all times. NaI always 
contains a small amount of potassium, which creates a certain background 
because of the radioactive 40K. 

  
Table 2.5. Properties of certain inorganic scintillators 

 

b.  CsI(T1) Detector:  
 

CsI(T1) has a higher density (4.51 x 103kg/ m3) and higher atomic 
number than NaI; therefore its efficiency for gamma detection is higher. 
The light-conversion efficiency of CsI(TI) is about 45 percent of that for 
NaI(Tl) at room temperature. At liquid nitrogen temperatures (77K), pure 
CsI has a light output equal to that of NaI(Tl) at room temperature and a 
decay constant equal to lo-8 s. The emission spectrum of CsI(TI) extends 
from 420 to about 600 nm. CsI is not hygroscopic. Being softer and more 
plastic than NaI, it can withstand severe shocks, acceleration, and vibration, 
as well as large temperature gradients and sudden temperature changes. 
These properties make it suitable for space experiments. Finally, CsI does 
not contain potassium. 
 
c.   Bismuth Germinate (BGO) Detector: 
 

A major advantage of BGO (Bi4Ge3O12) is its high density (73 
g/cm3) and large atomic number (83) of the bismuth component. These 
properties result in the largest probability per unit volume of any commonly 
available scintillation material for the photoelectric absorption of gamma-
rays. Its mechanical and chemical properties make it easy to handle and use, 
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and detectors using BGO can be made more ragged than those employing 
the more fragile and hygroscopic sodium iodide.  
 

Unfortunately, the light yield from BGO is relatively low, being 
variously reported at 10-20% of that of NaI(Tl). In BGO there are almost 
none of the long decay components that lead to after low in sodium iodide 
and some other scintillators. BGO has therefore found widespread 
application in X-ray computerized tomography scanners where scintillators 
operated in current mode must accurately follow changes in X-ray intensity. 
BGO is example of a “pure” inorganic scintillator that does not promote the 
scintillation process: instead, the luminescence is associated with an optical 
transition of the Bi+3 ion that is a major constituent of the crystal (43, 56). 
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CHAPTER (3) 
 

Conventional and Innovative Landmine Detection 
Technologies 

 
 
3.1.  Introduction: 

 
This chapter presents and discusses the different methods and 

techniques which are used for landmine detection. In this chapter a brief 
discussion of historical and scientific aspects of landmine and the different 
explosive materials which are used, are given and discussed as well. The 
detection methods and techniques include the early used ones based on 
using prodders and probes, the more developed metal detectors, Electro 
Magnetic Induction, EMI and Ground Penetrating Radar, GPR. The more 
recent ones based on nuclear techniques are described and discussed. The 
most important features i.e. limitation and strength of each of these methods 
and techniques are indicated as well. 

 
3.2.  History of Landmines:  
 

Landmines are basically explosive devices that are designed to 
explode when triggered by pressure or a tripwire. These devices are 
typically found on or just below the surface of the ground. Landmines are 
cheap and easy-to-make, but they are effective weapons that can be 
deployed easily over large areas. Mines are typically placed in the ground 
by hand, but there are also mechanical minelayers that can plow the earth 
and drop and bury mines at specific intervals. The purpose of mines when 
used by armed forces is to disable any person or vehicle that comes into 
contact with it by an explosion or fragments released at high speeds.  
 

Landmines are produced in different shapes and with different 
amount of explosives to meet different purposes. More than 350 types of 
mines exist; they can be mainly classified into two main categories: Anti 
Tank Mine, ATM and Anti Personnel Mine, APM. Also they come in all 
shapes and sizes, and can be encased in metal, plastic, wood or nothing at 
all. Their fusing mechanisms vary from simple pressure triggers to trip 
wires, tilt rods, acoustic and seismic fuses, or even light or magnetic 
influenced fuses. They can be embedded in a field cluttered with various 
materials and objects. They are buried under ground at various depths, 
scattered on the surface, planted within buildings, or covered by plant 
overgrowth. Anti-personnel (AP) landmines and booby traps are typically 
shaped in the form of a disc or a cylinder with diameters varies from 20 to 
125 mm, and lengths vary from 50 to 100 mm as shown in figure 3.1. They 
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can contain as little as 30 g of explosive for small APM to more than 10 kg 
of explosive for ATM. TNT, Tetryl, and Comp-B are the most common 
types of explosives materials that are used for landmines. These mines 
detonated under pressure vary from 9 kg to 16 kg (35). 
 

 AP landmines are usually placed near the surface to a maximum 
depth of about 50 mm; as they do reduced damage if buried further deeper. 
AP mines pose the greater danger to civilians, as they are often used in civil 
and guerrilla wars and are placed in areas accessible to the public. In 
contrast, Anti-tank or Anti-vehicular (AT) landmines often have the shape 
of truncated cylinders or squares with round corners, with a largest 
dimension as shown in figure 3.2. They are produced with dimensions vary 
from 150 to 300 mm, and with thickness vary from 50 to 90 mm. The most 
used explosive materials are TNT, Comp B, or RDX. AT mines are buried 
at various depths from near-surface down to 150 mm. AT landmines can be 
detonated under pressure vary from 348.33 pounds (158 kg) to 745.16 
pounds (338 kg). These mines are usually associated with warfare and 
contained to battlefields, which can be corridor, thus minimizing the risk to 
the general public.  

 
The basic function of both AP and AT landmines is the same, but 

there are a couple of key differences between them. AT mines are typically 
larger and contain several times more amount of explosive material than for 
anti-personnel mines. There is enough explosive in an anti-tank mine to 
destroy a tank or truck, as well as to kill people in or around the vehicle. 
Additionally, more pressure is usually required for an anti-tank mine to 
detonate (45). 

 

             
 

                        Figure 3.1. Section diagram of a PMN mine.  
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Figure 3.2. Section of an anti-tank mine showing the main 
charge wrapped around a red booster charge, 
and the secondary fuse well on the side of the 
mine.  

 
3.3.  Explosive Materials: 

 
An explosive is defined in the simplest terms as a substance, which 

detonate by friction, impact, shock, spark, flame, heating, or any simple 
application of energy. On detonating a rapid chemical reaction occurs with 
the evolving of a large amount of heat and so exerting a high pressure on its 
surroundings. The vast majority of explosives release gaseous products on 
explosion but this is not an essential requirement as in the case of some 
metal acetyl ides. 

 
All explosives can be classified as either low or high explosives. 

Low explosives are also known as propellants. They contain the oxygen 
needed for their combustion; the most combustible materials undergo 
deflagration by a mechanism of surface burning. Low explosives can still 
explode under confinement but this is a consequence of the increase in 
pressure caused by the release of gaseous products. Some low explosives 
can also detonate under confinement if initiated by the shock of another 
explosive. Low explosives include substances like gunpowder, smokeless 
powder and gun propellants. High explosives, on the other hand, need no 
confinement for explosion. Their chemical reactions are more rapid and 
undergo the physical phenomenon of detonation. In these materials the 
chemical reaction follows a high-pressure shock wave which propagates the 
reaction as it moves through the explosive substance. High explosives 
typically detonate at a rate between 5500–9500 m/s the velocity of 
detonation (VOD) is used to compare the performance of different 
explosives. They include compounds like TNT, NG, RDX and HMX. 

 
Another way to classify an explosive is based on how sensitive it is 

to mechanical or thermal stimuli. The sensitivity of explosives to stimuli is 
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a broad spectrum, but those explosives that readily explode from light to 
modest mechanical stimuli are designated as primary explosives. Those 
explosives that need a shock of an explosion or a high energy impulse are 
known as secondary or simply high explosives. Primary explosives usually 
explode on the application of heat, whereas some secondary explosives will 
simply burn in small enough quantities. A number of sensitivity tests have 
been designed to determine the sensitivity of a given explosive to thermal 
and mechanical stimuli. Some materials are very near the crossover 
between a primary and secondary explosive. Primary explosives, also is 
known as initiators, and are classified according to their effectiveness in 
causing the detonation of another explosive. Some primary explosives are 
poor initiators while others are powerful initiators and have found use in 
detonators. Brisance is another term used in the science of explosives and 
refers to the “shattering” power of an explosive. This has a direct relation to 
the detonation pressure or detonation velocity (2). 

 
3.3.1.  Types of Explosives:  
 

There are many materials that can be manufactured to detonate, but 
the most common explosive materials are organic-based compounds. These 
compounds are divided into aromatic and aliphatic structures, of which 
most can be considered as high explosives or explosives that react fast and 
produce a vast amount of energy, 400-1200 cal/g (19).  Examples are 2,4,6-
trinitrotoluene (TNT), RDX (also known as cyclonite), 1,3,5,7-tetranitro-
1,3,5,7-tetrazacyclooctane (HMX), and nitroglycerine (NG). TNT is the 
most widely used military explosive because it is exceptionally stable, 
nonhygroscopic, and relatively insensitive to impact. Figure 3.3 gives the 
molecular structure of these explosive materials. Another military explosive 
is RDX, which has similar properties as TNT, except the explosive power is 
greater. Nitroglycerine is used mainly in mining or demolition and HMX 
has been used as a component in solid-fuel rocket propellants.  

 
Most explosives are organic-based materials containing nitro 

groups. Inorganic explosives do exist; however, they are not normally used 
due to the need of adding extra fuel to detonate and create a more effective 
explosion. Ammonium nitrate is certainly the most familiar inorganic 
explosive since its pure state is safely utilized as fertilizer. The homemade 
bomb (approximately 4800 pounds of NH4NO3) used to destroy the federal 
office building in Oklahoma was ammonium nitrate mixed with fuel oil (41). 
 

There are several pure or single-compound inorganic explosives: 
silver fulminate (AgONC), sodium azide (NaN3), lead styphate 
(C6HN3O8Pb•H2O), and silver acetylide (C2Ag2). Interestingly, NaN3 is the 
main constituent in gas generators for air bags in vehicles. Some azides and 
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Figure 3.3. Over-view of some common explosive structures. 

 
other substances can be classified as low explosives, explosives that have a 
rapid combustion through the material at a velocity less than the speed of 
sound. Propellants and pyrotechnics are categorized as low explosives and 
mainly serve the purpose of burning to produce useful gas, light, or sound.   

 
Explosive materials vary widely in their chemical composition, and 

in some sense, one could argue that the common characteristic of these 
materials is that they explode. Although it is certainly true that many 
commercial and military explosives have high concentrations of nitrogen, 
recent experience has revealed a new set of non-nitrogenous explosives that 
are often fabricated by terrorists from readily available and fairly ordinary 
materials that may be purchased without arousing suspicion. It is essential 
that the designer of detection equipment recognize the vast variety of 
potential threats and thus understand clearly what the limitations of a 
particular technique may be. It should be emphasized here that the 
implications of the widespread use of these improvised explosives imply 
that the detection of nitrogen alone will often be inadequate, and indeed, the 
use of assumed elemental ratios for explosive composition may lead to 
difficulties in detection (78). 

 
Most of the hidden threat or contraband materials, like explosives, 

narcotics and chemical weapons, consist mainly of carbon, oxygen, and 
nitrogen as the majority of organic material. The possibility of 
discriminating among different materials relies on the capability of 
establishing accurately the relative ratio of C/O, H/N, C/N and O/N as listed 
in table 3.1. 
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Table 3.1. Elemental composition of some common explosives materials. 
 

Name Mo. Wt. C H N O Density, 
g/cm3 

TNT, C7H5N3O6 227.13 7 5 3 6 1.65 
RDX, C3H6N6O6 222.26 3 6 6 6 1.83 
HMX, C4H8N8O8 296.16 4 8 8 8 1.96 
Tetryl, C7H9N5O8 287.15 7 5 5 8 1.73 
PETN, O12N4C5H8 316.2 5 8 4 12 1.78 

NG, C3H5N3O9 227.09 3 5 3 9 1.59 
EGDN, C2H4N2O6 152.1 2 4 2 6 1.49 

AN, NH4NO3 80.05 - 4 2 3 1.59 
TATP, C9H18O6 222.23 9 18 - 6 1.2 
DNB, C6H4N2O4 168.11 6 4 2 4 1.58 

Picric acid, C6H6N3O7 229.12 6 3 3 7 1.76 
 
3.4.  Conventional Detection Techniques: 
 

Usually the detection of buried landmines is traditionally performed 
through exhaustive searching by humans using some combination of basic 
tools. Generally, potential mines are located using a metal detector to locate 
metal fragments such as the metal casing of the firing pin of the landmine 
and by feeling for mounds or depressions which are caused by the laying of 
the mines or by subsequent settling of the ground. These potential mines are 
then investigated further through manual probing. In practice many de-
miners actually probe the entire ground area regardless of whether they 
have found a potential mine or not. Some of the currently used technologies 
for landmine detection are discussed below. 

 
3.4.1.  Prodders and Probes: 

 
The most basic approach to mine detection is prodding using rigid 

sticks of metal about 25 cm long. The de-miner scans the soil at a shallow 
angle of typically 30° as shown in figure 3.4. Each time he detects an 
unusual object, he assesses the contour, which indicates whether the object 
is a mine or not. The probe operator learns through experience to feel or 
hear the difference between a mine casing and other buried objects. 

 
Probing is an established step in manual demining. Improved 

probes could decrease the risks to deminers by providing feedback about 
the nature of the object being investigated. In addition, theoretically, a 
probe could deliver any of a number of different detection methods 
(acoustic, electromagnetic, thermal, chemical, etc.), and the proximity of 
the probe to the landmine could improve performance. But probing is  
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Figure 3.4. Fully man point stick method for detection of 

landmines. 
 
dangerous. The deminer might encounter mines that have been moved or 
have been placed so that they are triggered by prodding (35). 
 
3.4.2. Metal Detectors(MDs): 
 

Electromagnetic induction (EMI) is the basis for the familiar 
handheld metal/mine detectors. The metal parts present in a landmine are 
detected by sensing the secondary magnetic field produced by eddy currents 
induced in the metal by a time-varying primary magnetic field. The 
frequency range employed is usually limited to a few tens of kHz. The 
primary field is produced by an electrical current flowing in a coil of wire 
(transmit coil), and the secondary field is usually detected by sensing the 
voltage induced in the same or another coil of wire (receive coil). Present 
research is investigating replacement of the receive coil with 
magnetoresistive devices. EMI detectors are often classified into two broad 
categories: "continuous wave" and "pulse induction" (52). 
 

Electromagnetic induction (EMI)–based detection techniques find 
application in a variety of areas, including nondestructive testing (e.g., 
locating cracks in turbine blades), ore body location, as well as the 
detection and identification of landmines and unexploded ordnance (UXO). 
The common metal detector is probably the most ubiquitous EMI device in 
use today. 
 

Typical components of a metal detector include a transmitter and 
receiver coil. As depicted in figure 3.5, electric currents that flow in the 
transmitter coil radiate a primary magnetic field that penetrates the 
surrounding medium and any nearby metallic object. A time changing 
primary magnetic field will induce so-called eddy currents in the buried 
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object, and these currents in turn radiate a secondary magnetic field that is 
sensed (picked up) by the receiver coil. An audio tone is produced 
whenever the metallic object causes the induced receiver coil voltage to 
exceed some threshold. Atypical metal detector can be shown in figure 3.6. 
Modern metal detectors are quite sensitive and can detect buried low 
metallic (LM)–content landmines that contain only a few grams of metal 
(65). 

 

 

Figure 3.5. Typical Electromagnetic Induction System. 
  

 

Figure 3.6. Typical hand-held metal detector. 

 
Limitation of Conventional Techniques: 
 

The most obvious and serious limitation of metal detectors used to 
detect landmines is the fact that they are metal detectors. A modern metal 
detector is very sensitive and can detect tiny metal fragments as small as a 
couple of millimeters in length and less than a gram in weight. An area to 
be demined is usually littered with a large number of such metal fragments 
and other metallic debris of various sizes. This results in a high rate of 
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“nuisance” alarms since a metal detector cannot currently distinguish 
between the metal in a landmine and that in a harmless fragment. The more 
sensitive a detector is, the higher the number of nuisance alarms it is likely 
to produce in a given location. Operating a detector at a lower sensitivity to 
reduce the number of such nuisance alarms may render it useless for 
detecting the very targets it was designed to detect, that is, the minimum 
metal- content landmines buried up to a few centimeters.  

 
Electromagnetic properties of certain soils can limit the 

performance of metal detectors. Only a few detectors in the market are 
designed to and can cope with magnetic soils without serious loss of 
sensitivity. But not all of these detectors can cope with magnetic soils to the 
same extent. Because magnetic soils are found in most parts of the world 
that have landmine problems, the inability to operate satisfactorily in such 
soils is a significant limitation of some metal/mine detectors. Further, 
performance of some detectors could be severely limited by certain other 
environmental factors, such as accumulation of moisture on the detector 
head. However, this is not a limitation of the basic EMI technology (52). 
 
3.5.  Innovative Detection Techniques: 
 

Researcher groups in different science fields are studying and 
developing methods that could reduce the false alarm rate and maintain or 
increase the probability of detection for mine clearance. New detection 
concepts involve searching for characteristics other than mine metal 
content. A variety of techniques that exploit properties of the 
electromagnetic spectrum are being explored. Biological and chemical 
methods for detecting explosive vapors also are being explored. 

 
3.5.1.  SQUID Magnetic Sensors: 

 
Unlike metal detectors, which use two oscillating coils to detect 

metal, Magnetic sensors measure a magnetic field. Sending a current 
through a wire wrapped around a metal rod or loop produces a magnetic 
field that penetrates the ground. The ground significantly disrupts the 
magnetic field, which is measured by the magnetometer. There are four 
types of magnetometers.  

Fluxgate magnetometers, measure the magnitude and direction of a 
magnetic field. The field in ground alone will have a different magnitude 
and direction than the field in ground with mine. These magnetometers 
don’t cost much, can do with stand the demands of demining and do not 
consume much energy. Unfortunately, they don’t discriminate well between 
scrap metal near the surface of the ground and mines deeper in the ground. 
They also usually produce an analog output that is difficult to process 
digitally. 
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Proton precession magnetometers measure the movement of 
protons in a liquid such as water, kerosene or hydrocarbon. When these 
protons are polarized and subjected to an ambient magnetic field, the 
frequency of precession will deviate from their natural frequency in 
proportion to the strength of the ambient field. The deviation can be used to 
determine whether a mine is present or not. This method is more sensitive 
than a fluxgate magnetometer, but is susceptible to noise and is slower. 

 
Optically Pumped Atomic Magnetometers use the same process as 

Proton Precession Magnetometers, except they use an atom of a specific gas 
vapor. Atomic Magnetometers are more sensitive and faster than Proton 
Precession Magnetometers, however, they are more expensive (31). 

 
A special type of magnetometer is the Meandering Winding 

Magnetometer (MWM). The MWM generates a varying magnetic field that 
creates currents in metallic objects that align primarily in one direction and 
can be read by a detector. The magnetometer can therefore detect the size, 
shape and other characteristics that can be read by an operator as either a 
mine or harmless object. This method is very similar to the metal detectors, 
but it can be lower in the false alarm rate by a factor of 5 to 10 times. It 
would also cost the same as a metal detector, but would be 10 to 20 times 
faster (55).   

    
SQUIDs, or Superconducting Quantum Interference Devices, are 

the most sensitive instruments for measurements of weak magnetic fields 
and macroscopic magnetic properties of matter. The basic scheme of most 
SQUID magnetometers is shown in figure 3.7.  

 
The detection coil, the coil in proximity to the SQUID, and the 

connections between them make a continuous superconducting circuit 
called a flux transformer, which couples the magnetic flux of the sample to 
the SQUID. The self-inductances of those three components of the flux 
transformer are denoted Lp, Ls, and LIead, respectively. M is the mutual 
inductance between the input coil in the SQUID and the SQUID. 

 
 Applying the external field may induce large persistent currents 

which can be set to zero by heating any part of the flux transformer above 
the superconducting critical temperature. SQUID magnetometers require 
cooling with liquid helium (4.2 K) or liquid nitrogen (77 K) to operate, 
hence the packaging requirements to use them are rather stringent both from 
a thermal-mechanical as well as magnetic standpoint. 
 

In practice, the SQUID magnetometer’s sensitivity is limited by the 
noise due to external disturbing fields, the thermal noise of the SQUID 
circuit surroundings, the noise of the superconducting magnet, and the 
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overall mechanical and electrical stability (77). Also, the SQUID is 
insensitive for low metal landmines such as plastic landmines.  
 
 

 
 

 Figure 3.7. Basic schemes of the SQUID magnetometer electronics: (a) 
a flux transformer with “flux-nulling” feedback; (b) a flux 
transformer with “current-nulling” feedback. 

 
3.5.2.  Ground Penetrating Radar (GPR): 

 
GPR works by emitting an electromagnetic wave into the ground, 

rather than into the air as in many radar applications, using an antenna 
which does not need direct ground contact. GPR systems usually operate in 
the microwave region, from several hundred MHz to several GHz. Buried 
objects, as well as the air-ground interface, cause reflections of the emitted 
energy, which are detected by a receiver antenna and associated circuitry. 
GPR can produce a fuzzy depth “image” by scanning the suspected area, 
using an antenna array. The antenna is one of the most crucial parts of a 
GPR system (in particular its dielectric constant) and those of the 
background. The GPR works as a target-soil dielectrical contrast sensor.  

 
The amount of energy reflected, upon which reliable detection is 

based, also depends on the object’s size and form. The Spatial resolution 
depends on the frequency used, and the resolution needed to cope. For 
scanning of smaller anti-personnel landmines requires the use of high 
frequency bands up to a few GHz. These higher frequencies have, however, 
particularly limited penetration depth. 
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GPR systems can be subdivided into four categories, depending on 
their operating principle. The first type is an impulse time domain GPR, 
where the emitted pulse has a carrier frequency, modulated by a nominally 
rectangular envelope. This type of device operates in a limited frequency 
range, and has in most cases a mono-cycle pulse. The second type of time 
domain GPR is the so-called Chirp Radar, which transmits a pulsetrain 
waveform where the carrier frequency of each pulse is rapidly changed 
across the pulse width. 

 
 Frequency domain GPR transmits a signal with a changing carrier 

frequency over a chosen frequency range. This carrier frequency is 
changed, either continuously, for example in a linear sweep (Frequency 
Modulated Continuous Wave Radar, FMCW), or with a fixed step (stepped 
frequency radar).  

 
The term Ultra Wide Band (UWB) GPR is generally used for 

systems operating over a very wide frequency range (in relation to their 
central operating frequency). GPR systems for landmine detection are either 
designed to provide detection warnings when a mine-like object is located 
(e.g. an audio signal as is used in metal detectors), or to produce image data 
(21, 23).  
 

In case of landmine detection, they possess the following strengths 
and limitations. 
 
Strengths: 
 

 Capable of detecting entirely non-metallic objects (e.g. 
minimum-metal mines). 

 Well established for a number of applications, 
 Can provide target depth information, 
 Could be very useful in stand-alone mode for selected 

applications (e.g. deep minimum-metal anti-tank mines). 
 Rather insensitive to small metallic debris. This means that they 

possess good potential to reduce false alarm rate (FAR) by 
discriminating clutter from mine-like objects, and 

 Most mine detection GPR systems use very low power and do 
not present any radiation hazard. 
 

Limitations: 
 

 Microwaves are strongly attenuated by certain types of 
conductive soils such as clay, and attenuation increases  with 
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frequency and the water content of the medium. Wet clay in 
particular provides an extremely challenging environment where 
penetration is very poor, 

 Soil inhomogeneities (roots, rocks, water pockets), very uneven 
ground surfaces, soil moisture profile fluctuations, 

 Very dry soils have a reduced electrical contrast when looking 
for plastic objects and therefore plastic objects may not be 
detected, 

 Small antipersonnel mines present a considerable challenge, and 
 Need to balance resolution, better at higher frequencies with 

limited depth penetration. 
 
A diagram of a typical GPR system is shown in figure 3.8. The 

radar system is composed of a transmitter, a receiver, antennas connected to 
them, a controlling unit and a signal display with a recording system (29). 

 

 
 

Figure 3.8. Diagram of GPR System. 
 

3.5.3.  Trace Explosive Detection: 
 

Trace explosive detection consists of the chemical identification of 
microscopic residues of explosive compound, either in vapour or in 
particulate form (or both), 

 
 Vapour refers to the gas-phase molecules emitted from the 

explosive’s surface (solid or liquid) because of its finite vapour 
pressure, and 

 Particulate refers to microscopic particles of solid material 
(typically down to sub-picogram size — 1 picogram of TNT 
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contains about 2.6 billion molecules) that adhere to and 
contaminate surfaces that have, directly or indirectly, come into 
contact with an explosive material. 

 
Trace and vapour explosive detection is increasingly seen as a 

method for area reduction and not for locating individual mines. The use of 
a consistent negative result to declare a defined area free from 
contamination (area reduction) offers such significant benefits that it is 
already used by some operators under certain circumstances. Currently, the 
most common method is to use dogs to scan the area as shown in figure 3.9. 
 

 

Figure 3.9. Demining dogs. 
 

Nomadics develops landmine detectors based on the principle of 
trace/vapour detection. The Nomadics landmine detector includes an 
extremely sensitive and highly selective chemo-sensor that uses novel 
amplifying fluorescent polymers (AFPs). 
 

In the absence of explosive compounds, the polymer fluoresces 
when exposed to light of the correct wavelength. When vapours of nitro-
aromatic compounds such as TNT bind to thin films of the polymers, the 
fluorescence of the films decreases. A single molecular binding event 
quenches the fluorescence of many polymer repeat units, resulting in an 
amplification of the quenching. The drop in fluorescence intensity is then 
detected by a sensitive photodetector and processed by the instrument. 
Analyte binding to the films is reversible and, immediately after analysing a 
sample, a new sample can be introduced without replacement of the sensing 
element. Figure 3.10 shows one of the nomadics used in humintarian 
demining (32). 
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Figure 3.10. High-volume sampling in a test minefield using a 
Nomadics battery-powered pump. 

 
Strengths: 
 

 Can potentially detect picogram (1:1012 grams) level samples of 
explosive material at the detector, or ppt (parts per trillion, 
1:1012) concentrations. At least in one case (Nomadics) even 
greater sensitivities have been achieved in the field for TNT, 
possibly comparable to those of dogs. 

 Comparisons are often carried out with dogs (e.g. Nomadics) — 
but there does not yet seem to be general agreement on how 
dogs manage to find mines and what they are actually sniffing. 

 Filtering to increase concentration is possible. 
 Trace detection is in routine use in other applications (e.g. 

aviation security, drug detection). 
 

Limitations: 
 

 Even greater sensitivities than those quoted above are certainly 
achievable, and perhaps necessary, but whether this can be done 
for field portable systems remains to be seen. 

 Sample acquisition — of the air, vegetation or soil — is crucial. 
 Trace quantities available for detection might very largely vary 

in quantity and quality (substance types) in similar situations, 
and can be very small. 

 Explosive fate and transport in soil: complex effects, strongly 
dependent on any water flow and other parameters. Large 
influence of environmental parameters, target history, etc., on 
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the variables of interest (explosive vapour and particle 
concentration). 

 Weather and soil conditions can lead to samples not being 
reproducible. Direct vapour detection seems to be more difficult 
in arid areas. 

 Cross-contamination and handling issues are of great importance 
— experimental conditions can be hard to control/reproduce. 

 Possible problems due to interfering chemicals, and explosive 
residues due to devices which have detonated. 

  

3.6. Nuclear Techniques for Landmine Detection: 
 
 

Nuclear based techniques look for the property present in 
explosives which is not present in natural soil or other nearly materials. 
Explosives have a much higher percentage of nitrogen (10 to 40%) than 
soils with ≈ 0.1 %. Also, the effective atomic number of explosives is 
between 5 and 7, which is similar to organic material, while for soil it varies 
from 11 to 12. The typical mass density of soil varies from 1.0 to 2.5 g/cm3 
while for explosives from 1.6 to 1.8 g/cm3. This method includes the 
following techniques which are applied to perform the detection of the 
whole material (60).  

 
I. Nuclear techniques based on density variation. 

II. Nuclear techniques based on nitrogen density variation.  
III. Nuclear techniques based on hydrogen density variation. 
IV. Nuclear techniques based on analysis of material whole 

elements. 
 

A brief descriptions and discussions for these techniques are giving below. 
 
3.6.1 Nuclear Techniques Based on Density Variation: 

 
 Density is one of the indicators that can be utilized to distinguish an 
explosive material from an innocuous anomaly. Compton scattering of 
photons can be used to provide such density indication. Although X-rays 
have been employed for this purpose, isotopic gamma-rays offer some 
advantage for use in a portable device, because of small size and self-
powered nature (60). 
 
3.6.1.1.  X-ray Imaging Technique: 

 
Traditional X-ray radiography produces an image of an object by 

propping photons through the object. X- rays have a very small wavelength 
with respect to mine sizes, so in principle they could produce high-quality 
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images of mines. Although pass-through X-ray imaging of the subsurface is 
physically impossible, the backscatter of X-rays may still be used to 
provide information about buried, irradiated objects. X-ray backscatter 
exploits the fact that mines and soils have slightly different mass densities 
and effective atomic numbers that differ by a factor of about two. 

 
There are two basic approaches to use backscattered X-rays to 

create images of buried mines. Methods that collimate the X-rays employ 
focused beams and collimated detectors to form an image. The collimation 
process increases size and weight and dramatically reduces the number of 
photons available for imaging. Thus, high-power X-ray generators must be 
used as sources. The large size, weight, and power requirements of such 
systems are not amenable to person-portable detectors. Alternatively, 
uncollimated methods illuminate a broad area with X-rays and then use a 
spatial filter to deconvolve the system response. They may be suitable for 
person-portable detection (52). 

 
Strengths: 
  

To readily distinguish mines from soils, it is necessary to use low-
energy incident photons (60–200 keV). In this energy range, cross sections 
are roughly 10 or more times larger than is possible with most other nuclear 
reactions that would be applicable to mine detection. In addition, because of 
the reduced shielding thickness needed to stop low-energy photons, 
uncollimated systems can be made small and relatively lightweight. Largely 
because of the medical imaging industry, compact x-ray generators are now 
obtainable. Low-energy isotopic sources have been readily available for a 
long time. Practical imaging detectors are becoming more widespread, 
although it may be necessary to custom build for mine detection purposes. 
The medical imaging industry is likely to drive further advances in x-ray 
imaging hardware. 
 
Limitations:  
 

In the required energy range, soil penetration of x-ray backscatter 
devices is poor. This limits detection to shallow mines (less than 10 cm 
deep). If source strengths are kept low enough to be safe for a person-
portable system, the time required to obtain an image may be impractically 
long. In addition, the technology is sensitive to source/detector standoff 
variations and ground-surface fluctuations. Further, to image antipersonnel 
mines, high spatial resolution (on the order of 1 cm) is required. This may 
be difficult to achieve in the field. Finally, the technology emits radiation 
and thus will meet resistance to use because of actual or perceived risks. 
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3.6.1.2.  Gamma-Ray Imaging Technique: 
 
Recently a novel backscatter imaging technique has been 

introduced, which uses the source of γ-rays effectively by avoiding any 
collimation. Therefore the required source activity can be several orders of 
magnitude below conventional systems. Figure 3.11 illustrates the principle 
of the new method. A point-like 22Na positron source emits pairs of 511 
KeV positron annihilation γ rays directed 180° to each other. One γ ray may 
be registered in a position γ detector. The active detection area of this 
detector defines the beam shape of the correlated 511 KeV γ rays meant to 
probe the object to be examined. Its spatial resolution determines the image 
resolution. The backscatter γ detector detects γ rays scattered off the object. 
The backscatter probability depends on the amount, density and element 
composition of the object. To distinguish between γ rays belonging to the 
probing beam and other γ rays emitted by the source or by other natural or 
artificial radiation sources, time coincidence of the signals of both detectors 
is demanded. 
 

The backscatter detector consists of 8 plastic detector elements read 
out by three PMTs each, forming a 5 cm thick disc with a 50 cm outer 
diameter and a rectangular center hole with 14 cm side length. The 511 keV 
γ rays emitted by the source illuminate the object of inspection through this 
center hole. If a 511 keV γ ray is detected at a certain position of the 
Position detector its 180° counterpart may be scattered off an object in front 
of the set-up. For a given range of scattering angles this scattered γ ray may 
be detected in the Backscatter detector and generates a coincidence trigger. 
An image of the matter distribution in the field of view –defined by  

 

 
 

Figure 3.11. Principle of γ-rays backscattered imaging method. 
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the active area of the Position detector and the source to matter distance– is 
obtained by incrementing an image data array in the data acquisition 
computer. 
 

The image contrast is given by the variation of the backscatter 
probability of a composite object. The backscatter probability depends on 
the density and element composition of the constituents (33). 
 
Strengths: 
 
  The presented imaging device may help to verify mines found e.g. 
by metal detectors and may considerably speed-up the clearing of mine 
fields by avoiding time consuming treatment on harmless metal objects. 
Moreover, for APM detection in shallow depths a handheld system may be 
realized since the efficient use of the gamma source with this new method 
allows for low activity and, hence, lightweight protective shielding. 
 
Limitations: 

 
  It is well known, that most conventional explosives (such as RDX, 

TNT, Comp B, Comp A5, Comp C4 and PETN) contain similar proportions 
of hydrogen (H), carbon (C), nitrogen (N) and oxygen (O), and that these 
proportions differ from those for inert HCNO materials. Also, the mass 
densities of conventional explosives are typically higher than those of the 
common inert HCNO substances (78). Most other materials, such as metals, 
contain elements of higher atomic number (Z) and have higher densities 
than either explosives or the light inert HCNO materials. If the casing of the 
landmines is not metal as in a lot of them, the sensitivity of gamma rays 
will be very weak and then , resulting in a loss of contrast between the mine 
and its surroundings. 

 
3.6.2.   Nuclear Techniques Based on Nitrogen Density Variation: 

 
  The chemical composition of any explosive materials which were 
used for designed all the known types of landmines like TNT (C7H5N3O6) is 
called enriched nitrogen materials. 14N has a natural abundance of 99.63%, 
so most of the nuclear methods rely on identifying 14N as an indication of 
the presence explosives. The most widely used nuclear techniques based on 
nitrogen density variation are given below (60). 
 
3.6.2.1.  Positron Emission Tomography (PET): 
 

PET stands for Positron Emission Tomography and is an imaging 
technique which uses small amounts of radio labeled biologically active 
compounds (tracers) to help in the diagnosis of disease. The tracers are 
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introduced into the body, by either injection or inhalation of a gas, and a 
PET scanner is used to produce an image showing the distribution of the 
tracer in the body.  
 

Positron Emission occurs when the Proton rich isotope (Unstable 
Parent Nucleus) decays and a Proton decays to a neutron, with emission of 
a positron and a Neutrino. After traveling a short distance (3-5mm), the 
emitted positron encounters an electron from the surrounding environment. 
The two particles combine and "annihilate" each other, resulting in the 
emission of two gamma rays in opposite directions each of 0.511 MeV. 

 
In this method, a γ-ray beam activates the 14N isotope in explosives 

to an excited state of a radioactive isotope of 13N. The reaction is given by 
14N (γ,n)13N, threshold 14 MeV (36). 
 
Strength:  

 
This method has the advantage of tracing the path of the 511-keV 

photons. This means excellent spatial resolution can be achieved. Because 
of its long half-life, irradiation and scanning area can be separated 
decreasing background problem.  
 
Limitations:  
 

It is expensive and uncommon. Its images have poor resolution 
which resulting in a loss of contrast between the mine and its surroundings. 
Also require care with radionuclide used.  

 
3.6.2.2. Thermal Neutron Activation Analysis (TNA): 

 
Fast neutrons from a 252Cf-source (107 neutrons/s) are slowed down in 

a moderator and sent to the inspected area where they are eventually 
captured by the elements characterizing the investigated volume. The 
characteristic gamma radiation originating from the neutron induced 
reactions in several elements is detected and analyzed. This technique is 
deployed to search for an anomalous concentration of for instance nitrogen. 
Thus, it is implemented in a system to detect landmines for humanitarian 
demining. In this system, the lead-shielded neutron source is inserted in a 
spherical polyethylene cylinder. The geometry of the moderator is selected 
so that the neutron flux at the typical depth (20 cm) where landmines are 
buried is optimal. The 15N then de-excites either straight to ground state 
emitting 10.83-MeV prompt -ray or to the ground state via a cascade of γ-
ray emission as listed in table 3.2 (60). Detection of any emitted 10.8 MeV 
gamma rays indicates that the material contains nitrogen (57). 
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Table 3.2. Gamma-ray emission and their relative 
intensities from 14N(nth,γ)15N reaction. 

 
Initial State 

MeV 
γ-ray Energy 

MeV 
Intensity 

(photons/100neutrons) 
 

10.833 10.828 15.0 
 8.309 4.22 
 7.299 8.36 
 6.321 16.65 
 5.560 9.05 
 5.532 17.79 
 5.297 18.58 
 5.267 25.41 
 4.508 15.81 
 3.675 15.52 
 3.531 9.58 

 
Strength: 
 

Thermal neutron analysis TNA for detection of nitrogen has the 
advantage that the 10.83 MeV γ-ray is relatively easy to resolve in an 
energy spectrum since it is higher than any thermal-neutron-capture γ-ray. 
This makes 14N (nth,γ)15N a suitable reaction for the identification of 
nitrogen (60). 
 
Limitations: 
  

This method has limited sensitivity and can be quite expensive. It 
also must be corrected for background created by thermal neutron 
interactions with the shield of detector, and its surrounding materials. It 
cannot be used to identify carbon or oxygen, and is slow compared to other 
neutron interrogation methods. The fact that there is no readily available 
source of thermal neutron leads a fast neutron source and moderating 
material (28, 67). 
 
3.6.2.3. Nuclear Quadruple Resonance (NQR): 

 
A derivative of nuclear magnetic resonance (NMR), is a bulk 

inspection technology which can be used to detect certain chemical 
elements which have an electric quadrupole moment. Among these is 
nitrogen-14 (14N) which is a constituent of explosives such as RDX and 
TNT used in landmines,. NQR has been described as “an electromagnetic 
resonance screening technique with the specificity of chemical 
spectroscopy”. Unlike NMR, where a powerful external magnetic field is 
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needed, quadrupole resonance takes advantage of the material’s natural 
electric field gradient, i.e. the electrical gradients available within the 
asymmetrical molecule itself. These gradients are due to the distribution of 
the electrical charge; they do therefore strongly depend on the chemical 
structure and will be different for RDX, TNT, etc. 
 

When a low-intensity radio frequency (RF) signal of the correct 
frequency is applied to the material, usually in the range 0.5 to 6 MHz (i.e. 
slightly higher than metal detectors), the alignment of the 14N nuclei can be 
altered. After the RF stimulation is removed, the nuclei can return to their 
original state, producing a characteristic radio signal as shown in figure 
3.12. The signal can be detected using a radio receiver and be measured for 
analysis of the compounds present. 

 
Detecting the presence of explosives becomes similar to tuning a 

radio to a particular station and detecting the signal, and the uniqueness of a 
molecule’s electric field allows NQR technology to be highly compound 
specific. This high selectivity is partly a disadvantage, as it is not 
straightforward to build a highly specific multichannel system necessary to 
cover a wide range of target substances, and the precise frequencies drift 
with temperature. Coils similar to those of metal detectors are used. 

 
In addition, the signal-to-noise ratio increases with the operating 

frequency f as f3/2, which implies that detection becomes much easier with 
increasing frequency and hence detection of (low-frequency) TNT is much 
harder than detection of RDX — for which NQR has already been 
confirmed as very promising (32). 
 

 
 
Figure 3.12. Schematic view of NQR detection. 14N spin inside a landmine 

explosive is excited by RF wave, and then emits NQR signal 
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Strengths: 
 

 NQR is a derivative of nuclear magnetic resonance, which is 
routinely used, for example, in medical diagnostics, without the 
need for an external magnetic field. 

 NQR technology can be highly compound specific (each explosive 
has a unique signature). 

 NQR has potentially a very low false alarm rate. 
 The presence of metallic objects (in particular those containing 

explosives) can be detected by the detuning effect on the NQR 
probe. 

 NQR is being investigated for other security related applications 
(e.g. aviation security). 

 No nuclear radiation is involved. 
 

Limitations: 
 

 Detection times are of a few seconds to tens of seconds, 
depending on type (in particular relaxation time), quantity and 
depth of the target substance. 

 Impossible to detect substances fully screened by metallic 
enclosures (also foils, depending on their thickness), e.g. within 
metal cased mines or UXO. Practical applicability is therefore 
likely to be an issue which requires extensive testing. 

 Detecting TNT is much harder than RDX (because of the 
frequency dependence of the SNR [signal to noise ratio] and 
possible presence of two crystalline polymorphs — monoclinic 
and orthorhombic — which affects the characteristic frequency 
response and leads to weaker TNT signals). 

 Weak signals: signal averaging, shielding and active cancellation 
of interference, including radio frequency interference, are 
necessary (the detector must work, in the case of TNT, within the 
medium wave (AM) radio broadcasting band). The received TNT 
signal is so weak that it is often masked by AM radio interference. 
It is important to know that the TNT response can be recognized 
even in the presence of high power AM signals. One can 
obviously not switch off neighboring AM radio transmitters. 

 
3.6.3. Nuclear Techniques Based on Hydrogen Density 

Variation: 
 

It is based upon the principle that explosives contain a higher 
concentration of hydrogen than inert materials. An object under question is 
interrogated by bombarding it with a beam of fast neutrons. Neutrons 
scattered and thermalized by the object are then detected with a thermal 



CHAPTER THREE                 Conventional and Innovative Landmine Detection Technologies 

 

58 
 

neutron detector. If hydrogen is present, the neutrons will undergo more 
moderation than in non-hydrogenous materials resulting in a higher thermal 
neutron flux (8). 

 
3.6.3.1.  Thermal Neutron Backscattering Technique:   

 
The neutron backscattering (NBS) technique takes advantage of the 

fact that landmines contain more hydrogen atoms than the dry sand in 
which they may be buried. The hydrogen in the mine is present in the 
explosive chemicals and in the plastic casing. The soil is irradiated with fast 
neutrons to find a landmine. The neutrons lose energy by scattering in the 
soil and become thermal. A thermal neutron detector monitors the slowed 
neutrons coming back from the soil. Hydrogen is a very effective 
moderator; therefore the thermal neutron flux will show an increase for a 
mine (32). 

 
The average energy lost in a collision is quantified by the average 

logarithmic energy decrement  
 

…………… (3-1) 
 
The moderating properties of various nuclei are shown in Table 3.3. 
 

Table 3.3. Moderating properties of various nuclei. 
 

 
Strengths: 

 
 Probably the simplest neutron-based technique; can use a weak 

radioactive source. 
 Can be integrated with a metal detector in hand-held equipment. 
 Imaging might be achievable, to reduce the false alarm rate. 
 Its high speed of operation. Where a mine may be found within a 

second when a strong neutron source is used. 
 Additional advantages of NBS-based devices over metal detectors 

or ground penetrating radar devices are their insensitivities to 
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rocks and stones, metal objects and underground holes such as 
burrows. 

 
Limitations: 
 

 Soil non-homogeneities and surface variations can cause false 
alarms. 

 Limited target burial depth. 
 Shielding is required if the source strength is increased. 
 Its sensitivity to soil moisture. The hydrogen content of a landmine 

is comparable to that of sand with 10 per cent moisture, resulting 
in a loss of contrast between the mine and its surroundings at these 
moisture levels. The NBS method can therefore be applied most 
advantageously in arid countries. 

 
3.6.3.2.  Fast Neutron Backscattering Technique:  

 
The sensitivity of the method stems from the fact that neutrons are 

not at all backscattered from 1H, the main important component of all 
explosives. So, when hydrogen is present in an object that is surrounded by 
backscattering material there will be a depression in the backscattered 
monoenergetic neutron flux. Thus a shadow image of the hydrogen 
containing object can be obtained. The displacement of soil by the mine 
results in a volume which does not contain the constituents of the soil but 
those of the mine.  
 

Elastic neutron backscattering from the volume of the mine is 
strongly different from that of a soil volume of the same size, both in 
neutron intensity and in energy. The constituents of explosives have low 
mass numbers resulting either in no neutron backscattering at all (hydrogen) 
or for carbon, nitrogen, oxygen in strongly energy degraded backscattered 
neutrons. Thus the number of backscattered higher energy neutrons is lower 
in the presence of an explosive, resulting in a “shadow” for the higher 
energy backscattered neutrons. As the shadow stems from the difference in 
scattering of two equal-sized volumes (determined by the source 
collimation and selected in the time domain), the size of the measured effect 
is independent of the depth of the mine, i.e., the thickness of the soil above 
this volume (25). 
 

Figure 3.13 is a schematic view of the envisioned portable mine 
detection device. It consists of a neutron generator, a detector array for 
associated charged particle detection, the neutron detector and the visual 
display of the shadow picture (including all logic and electronic circuits). 
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Figure 3.13. Schematic view of the mine detection 

arrangement using MNBRP. 
 
Strengths:   

 
The monoenergetic neutron backscattering with resonance 

penetration (MNBRP) system will offer many useful advantages for APM 
detection if the necessary requirements for bringing it into field operation 
becomes realistic. One of the main requirements will be to obtain a high 
intensity, monoenergetic neutron source of suitable energy, such as 2.38 
MeV. This requirement, together with the need for neutron collimation and 
an efficient neutron detector are expected to dictate that this system will 
have to be vehicle-mounted rather than a hand-held detector. The neutron 
source should ideally be a source with nanosecond timing capability in 
order to allow time slicing to be used. 

 
Limitations:   
 
The MNBRP have the same limitations as NBS.  
 
3.6.4. Nuclear Techniques Based on Analysis of Material Whole  

Elements: 
 
Neutron elemental analysis systems offer bulk detection methods, 

some of which are also capable of identifying a wide range of explosives 
and chemical weapons. In general terms, they are composed of a neutron 
source to produce neutrons that have to be directed into the ground and a 
detector to characterize the outgoing radiation, usually gamma rays, 
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resulting from the interaction of the neutrons with the soil and the target. 
The most important neutron elemental analysis systems are given below: 

 
3.6.4.1.  Fast Neutron Activation Analysis (FNA): 

 
Fast Neutron Analysis (FNA) identifies not only nitrogen, as in the 

TNA method, but also hydrogen, oxygen, and carbon. It uses high energy 
fast neutrons, usually from a neutron generator, to excite nuclei via inelastic 
scattering and the nuclei de-excite by releasing characteristic gamma rays. 
The gamma rays are detected by several detectors surrounding the object in 
question (37). The intensity of the gamma rays indicates the amount of the 
element within the irradiated object while the energy indicates the type of 
element. The measured intensity can be used to calculate the elemental 
ratios. 

 
Usually in FNA, the radiation detected is the prompt gamma rays, a 

direct result of the neutron irradiation and occurs immediately or very soon 
after irradiation. The main signatures used for explosive detection are 
derived from the detection of gamma line of 4.43 MeV from 12C, the 1.64, 
2.31 & 5.11 MeV from 14N and the 6.13 MeV from 16O (17, 38). 
 
3.6.4.2.  Fast Neutron Scattering Analysis (FNSA): 

 
A monoenergetic neutron beam alternating between two energies 

bombards an object in question. Neutrons scattered by the object are 
detected at forward and backward angles as shown in figure 3.14. The type, 
number, intensity, and scattering angle of the neutrons are a characteristic 
of the elements composing the irradiated object. An explosives signature is 
created by combining measurements from the two detectors (16, 17). 
 

   

                       Figure 3.14. FNSA Schematic 
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3.6.4.3. Pulsed F/T Neutron Activation Analysis (PFTNA): 
 

The PFTNA principle combines irradiation of an item with fast and 
slow neutrons to make detection of many different elements quite possible. 
This can be accomplished by the use of a pulsed neutron generator. 
 

The pulsed neutron generator utilizes the D,T reaction providing 14 
MeV neutrons which initiate several types of nuclear reactions on the object 
to be investigated. During the neutron pulse, the γ-ray spectrum consists 
mainly of the γ-rays from the reactions between fast neutrons and elements 
like C and O. Between pulses, some of the fast neutrons which are still in 
the target loose energy through collisions with light elements composing 
the object. When these neutrons of energy lower than 1 eV, are captured by 
some elements as H, S, Cl, Fe, and N they emit the captured γ rays. The 
spectral data of both sets of reactions are detected by the same detector but 
stored in different memories of the data acquisition system. This procedure 
is repeated with a frequency of around 10 kHz. After a predetermined 
number of pulses, a longer pause allows detecting γ-rays emitted from 
elements such as Si, Al, and P that have been activated (76). Therefore, by 
utilizing fast neutron reactions, and capture reactions, a large number of 
elements contained in the object are activared. Figure 3.15 shows the time 
sequence of the nuclear reactions taking place. 
 

This system usually employs a bismuth germanate (BGO) or 
gadolium ortho-silicate (GSO) detector. The data acquisition can be 
performed in as few as thirty seconds, but as with any system, the longer 
the data acquisition time, the more accurate is the measurement. 
 

 
 

Figure 3.15. DT Pulsed neutron generator and its time sequence. 
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3.6.4.4.  Associated Particle Technique:  
 

Associated Particle Imaging (API) uses the alpha particle from the 
3H(d,n)4He reaction in the production of 14-MeV neutrons to tag the 
neutrons. A 3.5 MeV alpha particle is emitted at the same at 180o emitted 
for the emitted neutrons. The tagging of the neutron allows for close 
monitoring of the neutron's direction, which allows for spatial mapping 
without using a pulsed neutron beam. As in FNA and PFNA, the 
characteristic gamma rays are used to determine the elemental composition 
of the object (17, 46). 

 
The key feature of the API method is the measurement of the time 

difference between detection of alpha particle and gamma quantum. It 
provides the possibility to determine the distance traveled by the neutron 
before it is inelastically scattered by the nuclei of the interrogated object. 
 

It is thus possible to determine a gamma-spectrum from the definite 
localized region in the object. It strongly suppresses the background. A 
large signal-to-background ratio provided by the API method significantly 
facilitates the identification of the hidden substances. Aschematic diagram 
of Associated Particle Technique is shown in figure 3.16. 
 
Strengths: 
 

 Fast neutrons can penetrate a few centimetres of steel (e.g. UXO). 
 FNA is sensitive to nearly all elements in explosives and 

potentially able to identify the type of substance under analysis. 
Has the potential to deliver better results than TNA. 

 TNA has high sensitivity to nitrogen concentration. 
 Pulsed systems allow the use of timing information which can be 

useful for reducing the influence of background radiation from 
neutron interactions with the soil. 

 
Limitations: 
 

 The high cost, power consumption, radiation hazard and weight of 
the dense shielding required, are against the use of AP technique.  

 Expensive detectors and high intensity neutron sources must often 
be used to assure adequate sensitivity. Depth of penetration has to 
be carefully assessed, as well as minimum amount of detectable 
explosive. 

 TNA is relatively slow (second or even minute response times). 
 FNA is usually far more complex and expensive than TNA. The 

resulting γ –ray spectra can be quite complex as numerous nuclear 
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levels are often excited. In the case of buried objects the complex 
spectral background due to soil also has to be considered. 

 Soil and other background signals can overwhelm the target 
signal. 

 Not specific to explosive molecule (unlike NQR). 
 Neutron activation methods can, at best, measure relative numbers 

of specific atoms but cannot determine what molecular structure is 
present (32). 

 

 
 

Figure 3.16. Schematic diagram of Associated Particle 
Technique using sealed tube neutron 
generator. 
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CHAPTER (4) 
 

Developed Systems and Measuring Procedures 
 
 

4.1. Introduction: 
 

A description is given to the two systems which were developed to detect 
buried landmines and to distinguish a landmine from other suspected buried objects. 
These two systems are based on measuring the backscattered thermal neutrons and 
prompt emitted gamma-rays when the scanned ground are propped by fast neutrons 
emitted from point isotropic source. 

 
The neutron backscattered system or as it was nominated ESCALAD 

(Egyptian Scanning Landmine Detector) was subjected to some major changes. 
These include; trolley mechanical parts, number of neutron detectors, detector tray, 
neutron source positions and neutron reflectors, data acquisition and image 
reconstruction. In case of elemental analysis system, some changes were performed 
on the arrangements of gamma detector position, detector shields and neutron 
reflectors to match with the new arrangements of NBS system.  

 
A detailed description of the new developed systems, experimental 

arrangements and measuring procedures are described and discussed in next 
sections. 

 
4.2. Upgrading of ESCALAD: 
 

The ESCALAD system was initially designed and constructed by the 
landmines detection team at the Department of Reactor and Neutron Physics, 
Nuclear Research Centre, Atomic Energy Authority of Egypt and the help of their 
counterpart at Delft University of the Netherlands with a financial support given by 
the IAEA. The system was consisting of a trolley moved by electric motor where 
the detectors for measuring the backscattered thermal neutrons were placed in an 
aluminum tray fixed at front of the trolley. With such arrangements the trolley was 
going to be moved on area initially scanned by the neutron detectors. Scanning of 
landmine field with the first version of ESCALAD was liable to a lot of measuring 
difficulties and uncertainty in detected object position. A detailed description of 
ESCALAD system was given elsewhere (10, 11). 

 
Accordingly, a decision was taken to upgrade the different mechanical parts 

of the trolley to enhance the working capability of ESCALAD. The modification 
includes the detector arrangement system, scanning procedure, data acquisition and 
analysis system. A brief description of the different modified parts is given below. 
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4.2.1. Reduction of Number of Neutron Detectors and Tray: 
 

This device detects landmines by the recognition of hydrogen density 
variation between explosive material, a landmine and its surroundings, soil and 
other scattered objects. The device operates by irradiating the soil with high energy 
(MeV) neutrons emitted from point isotopic source/sources and measures the 
backscattered thermal neutrons by gas detectors. The gas detectors or thermal 
neutron detectors monitors the low energy neutron flux coming back from the soil, 
as shown in figure 4.1.  

 

 
 

Figure 4.1. Schematic diagram for NBS detector array while scanning 
over a landmine. 

 
The facility was equipped with two dimensional position sensitive thermal 

neutron detectors, electronic modules for calculating the position  of the neutrons hit 
along the tube with respect to the position on the ground, neutron sources, fast 
neutron scatterers, reflectors, data acquisition and analysis, and electrical driven 
trolley to carry these facilities. A brief description of these components is given 
below. 
 

The first version of ESCALAD was checked for working capabilities and 
detection efficiency through a series of experimental work performed at the 
landmine test field at Nuclear Research Centre, Atomic Energy Authority. It was 
also tested through an international tests performed at the Nuclear Research Centre, 
Egypt, in Nov. 2007 and through different series of research works performed by 
others (10, 11). The results of these tests have revealed some problems due to the 
effect of soil surface roughness which are highly depend on detector tray area. It 
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was also found that the detection capability depends on the variation of stand-off 
distance between soil surface and detectors. 

 
Accordingly, in this work a reduction of the tube tray width was considered. 

This was become possible through the reduction of the number of tubes from 16 to 
8 and in turn the width of tray from 75 cm to 35 cm. This results in a more constant 
stand-off distance variation. The number of thermal neutron counts was reduced by 
using to 8 tubes, instead of 16 tubes (64). Also it was observed that the outermost 
tubes show a reduced count rate. 

 
The ESCALAD 8 tubes are mounted in an aluminum tray in a horizontal 

plane, next to each other with 2.4 mm space in between. The tubes lengths are 
perpendicular to the scanning direction, thus forming a 2D sensitive detector. There 
are two arrangements in which the 8 3He tubes are mounted in one or two banks. 
The two banks are fixed in an aluminum tray of 140 x 35 cm2. The bank separation 
is 7.5 cm between the adjacent tubes axes. This separation distance is used to fix the 
neutron sources, and the neutron scatterers. Figure 4.2. shows the spatial 
distribution of backscattered thermal neutron fluxes and reconstructed 2D-images 
with 16 tubes and 8 tubes. 

 
The new arrangement was tested for detection of landmines to compare the 

capability of detection of each one. The detector tray is fixed on the two arms of the 
trolley with its long axis perpendicular to the direction of motion. The 3He tubes are 
wrapped with Cd sheets (except from the bottom side) to prevent the detection of 
thermal neutrons coming from the top and side directions. 

 
It is worth to mention that performing the detection with 8 tubes instead of 

16 tubes largely reduces the effect of surface roughness and cause a reduction in 
detection cost.  

  
4.2.2. Modification of Trolley and Neutron Detector Tray: 

 
 An electric motor is used to drive trolley used to carry the detection 

systems. The trolley moves forward and backward with velocity varies from 5 mm/s 
to 300 mm/s. The trolley was also provided with two electric motors; one of them 
was used to shift the platform along the side direction by about 30 cm, to enhance 
the scanning width i.e. imaging of scattered object present at the tube edges.  The 
second motor was used to change the stand-off distance between the detectors and 
the ground by about 20 cm.  
 

At the front of trolley, a platform made of steel angles was fixed to carry 
the tray of 3He detectors, neutron sources, elemental analysis system and other 
associated parts. The two side arms of the platform can be extended by wooden 
arms to fix other wooden platform for holding a GPR or/and other metal sensors. In 
fact, the platform can be used as well to carry other nuclear device based on 
elemental analysis by neutrons, beside one or more devices based on conventional 
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techniques like, GPR, or metal detectors, as shown in figure 4.3. The use of multi-
sensors allows to quickly localizing and identifying the hidden objects within the 
scanning area. 
 

 

         
              

(a) 
 

          

(b) 
 

Figure 4.2. Spatial distribution of backscattered thermal neutron fluxes and 
reconstructed 2D-images using two sources placed at 60 cm 
apart distance measured (a) with 16 tubes, (b) with 8 tubes. 
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(a) 
 

 
 

 (b) 
 

Figure 4.3. Photographs of ESCALAD system arrangement 
(a) Side view (b) Front view. 

 
 Furthermore, the 3He tubes tray was dragged on the ground instead of being 

fixed on the side steel arms to eliminate the false signals results from the variations 
in stand-off distance. This means also that the new design does not need any more 
to use the electric motor which was used to change the height of the platform from 
the ground. Also it is worth to mention that dragging the detectors tray on the 
ground and by placing the neutron sources in the space between the two tube banks 
make the neutron sources at zero distance from the ground and in turn increase the 
number of fast neutron propping the ground. Figure 4.4 shows photographs of 
ESCALAD system, where the detector tray was fixed on the arms of platform, fixed 
on sledges and dragged directly on the ground.  

 
 The platform and its associated parts allow using more than one of the 

detection systems to enhance the capabilities of ESCALAD for detecting mines 
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with small amount of explosive ≈ 50 g and with little or no metal content buried at 
depths down to 15 cm. 

 
A more modified arrangements were also performed for effective use of 

gamma detection sensor to have more efficient and rapid detection of landmines 
through the recognition of their elemental content by fast and thermal neutron 
interrogation.  
 

 
 

(a)                                                            (b) 
 

 
 

(c) 
 

Figure 4.4. Photographs of ESCALAD system arrangement after some 
modifications (a) Detectors fixed on arms in one bank. (b) 
Detectors fixed on sledges as two banks.  (c) Detectors dragged 
on ground in two banks. 
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4.2.3. Use of an Effective Fast Neutron Scatterers and Reflector: 
 

To increase the scanning width irradiated by the incident neutrons and to 
equalize the number of fast neutrons propping the ground along the tubes axes, a 
specially designed steel neutron scatterers were fixed under the neutron sources. 
Two types of steel scatterers were checked, one of cylindrical shape and the other of 
nearly conical shape. The cylindrical shape one has nearly the same diameter of the 
neutron source and of 3 cm thick, while the conical shape one is made of steel 
sheets of lengths and widths decreases by 2 cm from the bottom to the direction of 
the neutron source. Figure 4.5 shows an over view of the used neutron scatterers. 
When on performing landmine detection by NBS arrangement two neutron sources 
each of strength = 5 x 106 n/s fixed at 50 cm apart distance were used. The overall 
count rate of backscattered neutrons was ~ 30000 c/s without using any reflector. 
 

 
 

Figure 4.5. An overview for the two different types of fast neutron scatterers. 
 

The old designed and constructed neutron reflector was used to enhance the 
number of neutrons incident to the ground. This neutron reflector was made of 
graphite block with central hole to surround the neutron source from the top and 
sides. The graphite thickness was 7 cm and is surrounded from the outer sides and 
top by 2 cm thick layer of boron carbide to enhance the absorption of slow neutrons 
penetrate through the graphite reflector. The use of graphite reflectors above the 
neutron sources tends to increase the number of incident neutrons towards the 
ground and the overall count rate of backscattered neutrons was 35000 c/s or 15% 
more than those measured without the graphite reflector arrangement. Figure 4.6 
shows an over view of the graphite neutron reflector. 
 

In this work, the graphite reflectors were replaced by a specially designed 
and constructed reflector made of steel plate of 1 cm thick, 15 cm height, and 100 
cm length. The reflector was fixed above the neutron sources to enhance the number 
of fast neutrons incident on the ground as shown in figure 4.7. With such a reflector 
the overall count rate of backscattered neutrons was increased to about 42000 c/s. 
this means that the steel reflector increases the backscattered slow neutrons by 40%. 
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Figure 4.6. Overview of neutron reflector. 
 
 

 
 

Figure 4.7. A photograph of the designed reflector for ESCALAD system. 
. 

Further, the reflector shape was also subjected to some modifications to 
reduce its weight without a reduction in the number of fast neutrons back reflected 
to the ground. The final shape and geometry of the neutron reflector is shown in 
Figure 4.8. With such a reflector the overall count rate of backscattered slow 
neutrons was found to be 54000 c/s, i.e., the new modified reflector increases the 
backscattered slow neutrons by 80%. 
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                   Figure 4.8. A photograph of the new designed reflector for 

ESCALAD system. 
 
4.2.4. New Arrangement for Elemental Analysis System: 
 

 In the first version of ESCALAD, the NaI(Tl) detector was fixed at the 
central part between the two Pu-α-Be neutron sources fixed in the separation 
distance  between the two banks of 3He tubes. With such arrangement, two shadow 
bare were used to prevent the effect of gamma rays and neutrons coming directly 
from the neutron sources. This was achieved by fixing a specially designed shadow 
bares made of steel and heavy borated polyethylene shield of nearly conical shape. 
Further, the NaI(Tl) detector was shielded with lead ring of 5 cm thick and 5 cm 
height (60). The arrangement of the above facilities is shown in figure 4.9.  
 
  The above mentioned arrangement for the detector of elemental analysis 
shows the following drawbacks that affects the capability of ESCALAD for 
landmine detection, 
 

 The spaces between the neutron sources and NaI(Tl) detection was not quite 
enough to have shadow bare of the proper thickness that prevent direct 
incident of fast neutrons and gamma rays emitted directly from the sources 
onto the scintillator. This enhances the gamma background and in turn 
limits the detection efficiency of gamma rays coming from the suspected 
object.  
 

 The presence of NBS tray with the 3He tubes between the NaI(Tl) detector 
and the soil leads to attenuate the emitted gamma rays coming from the 
suspected object. 
 

 Additional designed shadow bare made from a mixed paraffin, borated 
polyethylene, and lead oxide, with aluminum case was also used. It has the 
shape of semicircular as shown in Figure 4.10b. 
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Figure 4.9. Experimental arrangement for (n, γ) technique. 
 

 In case of scaning with first version of ESCALAD system, all the NBS 
detectors must pass over the suspected object to recognize and locate the 
hot spot exist. In addition to the distance the trolley takes to stop, makes the 
gamma detector becomes at the forward of the located object. This means 
that to perform real and accurate detection of gamma rays emitted from the 
object, the trolley must be moved backward to a distance where the NaI(Tl) 
is positioned on the object. This distance was considered during the new 
arrangement, so that the NaI(Tl) is positioned directly on the suspected 
object at the moment of stopping the scanning.  

 Moreover, the new modified arrangements made for the NaI(Tl) detector 
allows to move the detector to any distance along the side direction to 
locate the detector just above the suspected object if it is positioned at side 
distance. Therefore with these arrangements more effective measurements 
of gamma rays emitted from the suspected object could be obtained. Figure 
4.11 shows a photograph of the arrangements which was made for the γ-
detector. 

 
Further modifications are applied on the elemental analysis device by using 

a rectangular shape instead of the semicircular shadow bare and the conical shadow 
bare. The new shadow bare was made of 1 cm thick steel sheet casing a shield made 
of  mixed paraffin, borated polyethylene, and lead oxide inside it. Moreover a two 
steel sheets each of 1 × 10 × 40 cm3 is added to the rectangular shadow bare making 
a solid angle 45° as shown in figure 4.12. The shadow bare is permitted to move 
freely along the side axis by 20 cm for better reflection of fast neutrons from the 
ground. Figure 4.13 shows the modifications performed on elemental analysis 
device. The new shadow bare has the advantages of; 
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(a)                                                  (b) 
 
Figure 4.10. Photographs of (a) boron carbide sheet. (b) semicircular shadow bar. 
 
 

 
 
       Figure 4.11. A photograph of ESCALAD system after some modifications on 

elemental analysis device. 
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Figure 4.12. A photograph of the rectangular like shape shadow bar. 
 
 

 
 

Figure 4.13. A photograph of ESCALAD system with the modified 
bar used for elemental analysis. 
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 Increasing the steel shield, tends to attenuates the primary γ-rays emitted 
from Pu-α-Be neutron sources from entering the NaI(Tl) detector . 
 

 Enhance the number of fast neutrons propping the ground by scattering 
from the steel sheets. This also increases the detection capability of the 
ESCALAD system for landmines by NBS techniques. 

 
4.2.5. Neutron sources:  

 
Two identical Pu-α-Be neutron sources each of neutron emission ≈ 5 x 106 

n/s were used during the measurements to detect landmines by NBS technique and 
to identify of the suspected object by elemental analysis. This type of neutron 
sources was chosen because it emits neutrons of wide energy range extended from 
thermal up to ~ 12 MeV. The neutron energy distribution of Pu-α-Be source is 
shown in figure 4.14. The emitted neutrons have a mean energy ~ 4.5 MeV which is 
higher than the neutrons emitted from neutron generators with (D, D) reaction (~ 
2.5 MeV) or from neutrons of 252Cf source with mean energy ~ 2.35 MeV. 
Accordingly, neutrons emitted from Pu-α-Be source suite better the detection of 
landmines due to their higher penetration in the ground. This gives better chance to 
detect mines at deeper depths.   

 
Since ESCALAD system is trolley mounted system, safety of the mounted 

trolley operator is an important and of first consideration. The radiation dose for an 
operator at the driving set (at 3.5 m from the neutron sources) without applying 
shielding is on the order of 2 μSv/h, allowing 500 h of operation per year to reach 
the limit of 1 mSv/year for nonprofessionally exposed workers (60). 
 

 
 

Figure 4.14. Measured neutron spectrum from Pu-α-Be source. 
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4.3. Measuring Electronics: 
 

The position sensitive 3He-detectors are read out in two groups, each group 
is connected to a single MPSD-8 module (53). The MPSD-8 module consists of eight 
dual channel amplifiers with window discriminators. Their signals are digitized by a 
central control unit and transmitted on the event bus. The configuration data, i.e. 
thresholds, gains, pulser information are internally transmitted to the dual amplifier 
units. The detector charge signals are amplified by two low noise charge sensitive 
preamplifiers, which are matched in gain to 0.2 %. The preamplifier signals are 
adjusted in amplitude by a dual digital potentiometer. The signals from the gain 
adjust stage are filtered by Gaussian shapers. Then the sum and the difference of the 
two signals are calculated. The sum signal runs through a baseline restorer and then 
to the window discriminator. The digital output of the discriminator is used to 
actively restore the sum and difference signals. This is very important at high rates 
to reduce crosstalk of subsequent neutron signals. The digital and analog signals are 
transmitted by the internal bus to the control unit. 
 

The MPSD-8 is connected to fast serial bus to transmit the data to the 
central module MPSI (53). All the data from the neutron hit position like, tube 
number, and position along the tube are fed to the EVB100 unit (73). Also the data 
from the encoder which determine time and position of the trolley on the ground are 
fed into the EVB100. The EVB100 packs all this information (64-bit data-bus) and 
send it to the Power DAQ board (75) type PDL-DIO-64 fixed in the measuring PC as 
shown in figure 4.15. This 64-bit data-bus contains all information concerning this 
event, such as the interaction position of the neutron in the detector tube, the tube in 
which it has taken place, the time it occurred and the position of the complete 
detector system at that time. 
 

 
 

Figure 4.15. Block diagram of electronic units used to measure NBS signals. 
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4.3.1. Data Acquisition Board of High Capacity: 
 

Also a more stable and reliable PCI data acquisition board with high 
capacity was used. The new DIO board is of type Spectrum M2i.70xx. The 
maximum possible count rate with the current electronics is 109 c/s which 
corresponds to maximum source strength of about 6 x 107 n/s, while the old DIO 
board of type power DAQ has a maximum possible count rate of about 2 x105 c/s. 
The old DIO board showed repeated time-outs during the scanning. This results in 
bands in the measured images with reduced counts, which makes the recognition of 
landmines in the images nearly impossible. Figure 4.16. Shows a photo of the new 
DIO borad with a high capacity data acquisition board. The software for data 
collection, analysis and image construction was also modified with successful 
adaptation of the computer software.  

 
 

 
 

 
 

Figure 4.16. A schematic diagram shows the relation between count rate and 
scanning time using the small and large capacity DIO boards. 

 
4.4. Measuring Procedures during NBS Method: 
 

Measurements were performed to test ESCALAD capability for detection of 
landmines by NBS through the following steps; 
 

 Burying the mine into the soil, 
 Resetting the electronics for scan position on the trolley, 
 Measure the distance between the buried landmine and start point, 
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 Start the movement of the trolley, 
 Start the acquisition of measured NBS signals, 
 Stop the acquisition of data after all 3He tubes have passed on the 

buried landmine, and 
 Start data analysis and image construction. 

 
The ESCALAD capability for identification of the suspected object was 

checked by the previously the calibrated and gamma spectrometer through the 
following steps; 

 
 Start collecting the gamma spectrum emitted from the suspected object 

for a time ensures reasonable systematical error in the unfolded gamma 
spectrum, 

 Subtract the previously measured gamma background from the object 
measured spectrum, 

 Determine the energy of the measured gamma-lines of the object 
spectrum, and 

 Identify the element or elements to which the gamma lines belong. 
 
4.4.1.  Adjustment of Sources Positions: 
 

Mines are less well detected when they are located off the center of the scan 
lane when one  neutron source is used where the neutron flux decreases with 
increasing the side distance. This puts a maximum scanning width of 30 cm and in 
turn prevents to carry the NBS detector by any type of land vehicle. To overcome 
this main problem, the scan width must be increased to a value permit the land 
vehicle or the detectors tray and neutron sources at its front to pass in a lane 
previously scanned to be sure the absence of any exploded objects. This problem 
was solved by using two neutron sources instead of one. Accordingly two identical 
Pu-α-Be sources were placed at 60 cm apart in all of measurements to obtain wide 
scanned lane and of more homogeneous irradiation field on the ground and to 
enhance the detection at positions off center point (61).  

 
Also two steel scattrers with special geometrical shape of 6 cm thick were 

placed under the sources to flatten to some extent the distribution of fast neutron 
flux propping the ground. Also a specially designed and constructed steel reflector 
of 1 cm thick was used above the neutron sources to enhance the number of fast 
neutrons incident on the ground. The measured count rates using the two sources 
varied between 3 × 104 c/s and 6 ×104 c/s, depending on the reflector parameter and 
apart distance between the two sources. 
 
4.4.2. Optimum Shape and Height of Neutron Reflector: 

To enhance the effectiveness of the steel reflector for directing more fast 
neutrons to the ground, another one steel plates of 10 cm width and 50 cm long was 
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added to the steel reflector. The steel plate was fixed at 45° angle downward. With 
such arrangement, the overall count rate of the backscattered neutrons was 
increased to 54000 c/s. This means the NBS capability of detecting mines will be 
increased by about 80%. This increase the ESCALAD detection capability for 
buried landmines with lower amount of explosive material and those buried at 
deeper depths. 

4.4.3. Measurements at Zero Stand-off Distance: 

The working capability of ESCALAD is largely increased after the 
modification performed on the detector tray where the neutron sources are fixed in 
the space between the two banks for the tubes, as well as by using the new designed 
neutron scatterers and reflector. Moreover, performing measurements by dragging 
the detectors tray directly on the ground, largely increases the number of fast 
neutrons propping the ground and in turn increases the number of backscattered 
slow neutrons reach the 3He detectors. 
 

For sake of comparison, the overall count rate was about 26000 – 29000 c/s 
for stand-off distance = 10 cm, while it became about 30000 – 33000 c/s for stand-
off distance = 5 cm. The overall background count rate was increased to about 
35000 – 39000 c/s for stand-off distance = zero cm. This means that with the 
modified ESCALAD the detection capability will increase by about 34 %. This is 
highly required especially in case of detecting small APMs which are more difficult 
to be detected due to small amount of explosive.  

 
4.4.4.  Data Acquisition and Image Construction: 
 

The coordinate of a neutron hit in the direction of scanning with respect to 
the ground (related to reference frame) is determined from the position of the tube 
being hit in the encasing and the position of the encasing with respect to the ground. 
The coordinate along the tubes is determined by charge division performed by the 
electronics. The given counts are stored according to the measured positions in a 
two dimensional array of pixels. 
 

The statistical error in the number of counts in an image pixel is determined 
by the square root of the number of counts. A mine signal cannot be separated from 
the background if the statistical error in the background becomes of the same order 
as the mine signal itself. The pixel counts should therefore be large enough. This 
can be achieved with stronger sources or perform the scanning at lower speed the 
latter factors are not accepted from the point of landmine detection. 

 
Therefore to increase the number of counts, the pixel area was increased to 

6.2 x 6.2 cm2 instead of 3.1 x 3.1. However, increasing the pixel area to such an 
area was not enough to make recognition of small anti-personal mine quite possible 
in an image of 16 x 8 arrays of pixels. Figure 4.17 shows 2 images of different pixel 
size. 
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A pixel area of 6.2 x 6.2 cm2 was chosen which is sufficient for proper 
depict a landmine hot spot which has a diameter of several tens of cm. Each tube in 
turn spends a time of 6.2/v s above a row of pixels, with scan speed υ (cm/s). The 
total measuring time for all detector tubes to completely measure a row of pixels is 
therefore, 8*6.2/v = 49.6/v s. The time for the detector to pass over a pixel row i.e., 
the pass-over-time, is (8*6.2+8)/v = 57.6/v s. The detector must pass completely 
over a position to measure the neutron flux at this position. The real length over 
which the detector has to move is larger than the effective length of the scan by the 
detector size, 58 cm. The mine response cannot be seen easily in the raw data if; 

 The signal from the mine is weak, 
 Contribution caused by neutrons scattering from the soil is high, 

and 
 Contribution from fast neutrons, which hit the detector without 

having entered the soil is high. 
  

The latter two components constitute a background in the image which 
must be subtracted for proper mine detection. A row of image pixels perpendicular 
to the scan direction is simply called “a pixel row”, while a row of image pixels 
along the scan direction is called “a pixel line”. 

 

 
  
Figure 4.17. Schematic diagrams show the reconstructed 2D images with different 

pixel size. 
 

A. Subtraction of Background: 
 

The first step in the analysis of the images is the application of a fast 
neutron background correction. The fast neutron background is an intrinsic system 
property, and can be measured with the detectors above the soil and registering the 
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count rate distribution along each tube. The correction is done by summing the fast 
neutron measurement along the scan direction and subtracting the result from the 
pixel rows in the raw image after normalization to the measuring time. 

 
The next step in the image analysis is based on estimating the background 

at the mine position. The mine signal would be best obtained by subtracting the 
background without the mine from the measurement with the mine. 
 

The background at a certain pixel is estimated by extrapolating the pixel 
data from a ‘background’ window along the pixel line preceeding the pixel. The 
extrapolation is done by taking the average value of the pixel data within the 
window. The pixel content is corrected for background and stored in the 
background-corrected image. 
 

This was done for all pixels in a pixel row. The window is subsequently 
shifted in the direction of the scan to do the next pixel-row, etc. When the pixel data 
in a narrow ‘look-ahead’ window in front of the background window are 
significantly above the so determined background. it is concluded that the 
background window is moving into the area of a mine signal. The pixel data from 
such a mine signal area are not used for background estimation. 
 

The procedure described above works satisfactorily for small mine signals 
but has the disadvantage if the background is estimated too high in an area 
following a strong mine signal. A deep hollow in the corrected image at the position 
of the ‘far’ half of the mine signal is the result. Therefore we used a different 
background correction mechanism for strong mine responses. 
 

The background at a certain pixel around strong mine responses is 
estimated by the determination of the average of the lowest data along the pixel-line 
within a window around the pixel. When a pixel-row is finished the window is 
shifted in the scan direction and the process is repeated for the next pixel-row. The 
width of the window should be taken larger than the size of a mine image to ensure 
a proper background subtraction around hot-spots. 
 
B. Mine shape recognition: 
 

The third step of the analysis consists of recognizing and locating the hot 
spots and distinguishing them from background variations. The method of matched 
filtering was applied entail a convolution of the image with a template of the sought 
mine signal. The output of the convolution will be high when the image does 
contain such a signal. A mine is detected at some position when the matched filter 
output at that position is above the threshold value. All of these steps were 
performed in real time, ns scale. It can be shown that the MF technique is the 
optimal method for the detection of a signal of known shape in the presence of 
noise. 
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The template was obtained by isolating the mine signal from a measurement 
with high statistics of an antitank mine at small depth, after removal of the 
background. The template was lightly filtered with a Gaussian filter to diminish the 
counting noise and normalized to have a total content of 1.0. 
 
4.5. Adjustment and Calibration of Gamma Measuring System. 

 
The main drawback of the NBS device is the inability to distinguish the 

landmines from other scattered hydrogenous materials like wooden objects which 
may be found in the Egyptian landmine fields. In general the chemical composition 
of wood is CHO and is therefore a nitrogen free material. The chemical composition 
of any explosive materials which are used for all the well known landmines like 
TNT (C7H5N3O6) contains nitrogen.  

 
Thermal neutron analysis TNA for detection of nitrogen has the advantage 

that the 10.83 MeV γ-ray is relatively easy to resolve in an energy spectrum since it 
is higher than any thermal-neutron-capture γ-ray. This makes 14N (nth,γ)15N a 
suitable reaction for the identification of nitrogen. Hence, the nitrogen become the 
‘finger print’ of the presence of the explosives i.e. a landmine. Elemental analysis 
by fast and thermal neutrons produce γ-rays which characterize the elements 
present. By detecting these γ-rays, the chemical components of the buried 
explosives i.e. a landmine and other buried objects can be identified.  

 
A neutron gamma sensor was designed to work with the NBS device as a 

confirmation and complementary technique to measure the gamma ray lines 
produced from the interaction of fast and thermal neutrons with nitrogen and other 
elements of the explosive materials. The emitted gamma ray spectra are measured 
by a gamma ray spectrometer with NaI(Tl) detector. The detector is a standard 12.5 
x 12.5 cm NaI(Tl) crystal coupled directly to 10 stage photomultiplier tube base. 
The resolution measured at Eγ = 0.662 was 7.9 %.  The NaI(Tl) detector was 
connected to a MCA with 1024 channels. This MCA was calibrated using standard 
gamma ray sources of 137Cs and60Co. 
 

The NaI(Tl) detector and its surrounding shield were fixed at a position 
making 45° inclination angle to the soil surface. This arrangement was chosen to 
enhance the detection of gamma rays emitted from the suspected object. 
 

The instrumentation for measuring the produced gamma rays from nitrogen 
and other explosive nuclei is fairly simple, consisting of a gamma ray detector (in 
this work was a NaI(Tl)  scintillator), including high voltage power supply, coupled 
to a photomultiplier tube base PMT, linear amplifier, and multichannel analyzer 
MCA run by using MAESTRO-32 software package. The circuit diagram used in 
association with NaI(Tl) detector to measure the gamma ray spectra is shown in 
figure 4.18. 
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The MAESTRO-32 software package used designated key gamma energies 
associated with the gamma peaks in the multi-nuclide spectra to perform an 
algebraic fit to convert the channel number to energy. The energy calibration of the 
spectrometer was performed using two standard gamma sources: 137Cs (E = 662 
keV), 60Co (E = 1173 keV and E = 1332 keV). In addition, the spectrometer was 
calibrated high energy gamma by using the primary gamma lines of 3.9 and 4.438 
MeV emitted from Pu-α-Be neutron source. 
 

 
 

Figure 4.18. Overview of detection system: NaI(Tl) detector, pulse 
processing, and measuring PC. 

 
4.5.1.  Measuring Procedures During Elemental Analysis Method: 
 

The installed elemental analysis technique was examined by measuring 
gamma-rays produced from the interactions of fast and thermal neutrons with the 
nuclei of explosive material. Measurements were performed for gamma rays 
emitted for plain soil (without mine) then repeated for gamma rays emitted from 
soil with buried landmine. It is worth to mention that both measured spectra contain 
the portion of primary gamma-rays directly emitted from the sources, and those 
backscattered from soil and buried objects. The gamma-ray spectrum for plain soil 
was used as a background and is then subtracted from that for soil with buried 
landmine or for soil with other buried objects. The same measuring procedure was 
repeated the same for all examined landmines and for other objects. 
 
4.6. Examined Landmines: 

 
The workability of ESCALAD system was checked by detecting different 

types of real antipersonnel and antitank landmines, APM and ATM, supplied by 
Egyptian Ministry of Defense. These landmines have different amount of explosive 
and casing materials. The specifications and the calculated atom density, Na/cm3 for 
the tested landmines are listed in table 4.1.  
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Table 4.1. Properties of the examined landmines. 

 

Type 
of 

mine 

size 
cm 

Explosive 
content, g 

1Hexp. 
g 

Casing 
material 

1Hcas. 
g 

12Ccas. 
g 

Total 
weight 

Kg 

Operating 
pressure, 

Kg 

VS50 9 x 
4.5 

50 
RDX 1.35 Plastic 19.39 115.7 0.185 10 

PMN1 
11.2 

x 
5.6 

240 
TNT 3.30 Plastic 51.44 308.56 0.600 5.8 

T-80 
20.4 

x 
10.8 

2400 
comp.B 59.37 Plastic 128.58 771.41 3.300 150-

300 

T-71 
31.5 
X 
10 

6000 
TNT 132.1 Metal ---- --- 9.800 150-300 

 
 
4.7.Test Site: 

 
The ESCALAD system performance for landmine detection was carried out 

in sand soil area located near the laboratories of landmine detection at Nuclear 
Research Centre, Egyptian Atomic Energy Authority. In this area the soil is very 
dry to depths over 40 cm and was riddled with pebbles. A test area of 20 m length 
and 1 m width is marked on the ground, and is divided into a number of object test 
position. The mines are buried in ground at depths varies from 0 to 30 cm.  Figure 
4.19 shows the pictures for the test area (60).  
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        Figure 4.19. Impressions from our test area and the soil surface. 
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CHAPTER (5) 
 

Results and Discussion 
 
 
5.1.  Introduction: 
 

This chapter presents the results of measured slow neutrons backscattered 
from ground propped by fast neutrons during searching for buried landmines and 
UXO in the test areas. The displayed and discussed results include that measured by 
the initially designed and constructed ESCALAD system and those measured by the 
new designed and constructed upgraded one. 
 

Accordingly, the results obtained with old and upgraded ESCALADs are 
given to show the effect of reduction of number of 3He tube detector, effect of fast 
neutron scatterer and effect of fast neutron reflector. In addition, results obtained 
using the old data acquisition board and those obtained using a broad of higher 
capacity are given and discussed. Moreover, results of measured backscattered slow 
neutrons and their associated image were reconstructed using an image pixel area of 
6.2 x 6.2 cm2 instead of 3.1 x 3.1 cm2. 

 
Results of measurements performed with the upgraded ESCALAD to check 

its capability for detection of buried landmines at different depths are given and 
discussed. In addition, the maximum scanning width to detect landmines buried 
along the tube axis is presented and discussed. Also, the upgraded ESCALAD was 
used to measure the minimum resolving distance at which it becomes possible to 
distinguish between signals emitted from different landmine buried nearby. Further, 
the results of a blinded tests performed to distinguish between objects of different 
materials, of different sizes and buried at different depths are given and discussed.  

 
A detailed description of the above mentioned results are given and 

discussed in the following sections.   
 

5.2.  Results Obtained by Initially Constructed and Upgraded   
ESCALADs: 

 
The results of measured backscattered slow neutrons are given in the form 

of two dimensional images of the scanned areas. The two dimensional distributions 
of slow neutrons are given by a position with more concentration of hydrogen as a 
hot spot with more or less circular shape. The number of measured backscattered 
slow neutrons is processed during the movement of ESCALAD and is used to build 
the 2D-image of the slow neutrons backscattered from the ground. The coordinate 
of neutrons hit in the direction of scanning with respect to a ground related the 
reference frame is determined from the hit position in the tube and the position of 
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the encasing with respect to the ground. The coordinate along the tubes is 
determined by the charge division performed by the electronics modules. 

 
The measured slow neutrons are used to build a 2D image of the 

backscattered slow neutrons which were emerging from the ground. The software 
data collector class reads the pixel data from the store file which accumulated and 
decoded by the main software code given in appendix - 2. The file format conforms 
to a hippodraw file suitable for a 'mesh grid' display. This means; ASCII data in 
rows. Every row described one pixel, and for every pixel the X, Y, Z coordinate is 
given, followed by the width of the X and Y pixel. The Y coordinates are derived 
from the measurement i.e., position of the tube in the frame plus position of the 
frame on the ground. This latter position is measured via a step encoder on a shaft. 
The X position is not measured, and must be derived from the 3He tube length and 
the number of pixels along the tube. The X spacing and Y spacing are needed by 
hippodraw to draw a nice 'mesh grid' plot. They are the sizes of the pixels on the 
ground. The X-pixel size is fixed by tube length and pixel number. The X pixel-
number is of paramount importance i.e., it determines the format of all data 
structures. The Y-pixel size can in principle be chosen freely; we set it equal to the 
X-pixel size for reasons of conformal imaging. This Y-pixel size and the size used 
in the data acquisition software must be equal. 

 
The results are displayed in the form of three images. The first one is called 

the raw data and contains both the mine response and other different background 
responses. The second one is called the background and is caused by slow neutrons 
scattering from the soil, and the contribution from fast neutrons which hit the 
detector without having entered the soil. The third image is called the background 
corrected one and is obtained from the raw data after subtracting the background at 
the mine position due to soil and other surroundings. The fourth image is called 
matched filter output which obtained by recognizing and locating the hot spots and 
distinguishing them from background variations. 

 
It should be emphasized that the no-mine image and the raw image cannot 

be measured simultaneously or at the same location without seriously disturbing the 
soil. Likewise, in a real demining situation a no-mine image will only be available 
from positions other than the mine position. Therefore, the corrected image will 
contain effects of the soil differences between the two positions of the no-mine and 
raw image. This will ultimately limit the detection of weaker mine responses. 
  
5.2.1. Results Obtained with 16 and 8 3He Tube Detectors: 
 

One of the most modifications which were performed on ESCALAD was 
the reduction of the number of tubes from 16 to 8. This results in a smaller tray 
width and in turn in a more constant standoff distance variation. This tends to 
increase the capability of detecting a landmine. The number of slow neutrons 
backscattered was only slightly reduced as going to 8 tubes, and the outermost ones 
show a reduced count rate as shown in figure 5.1. To overcome the reduction  
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(a) 
 

          

(b) 
 

Figure 5.1. Spatial distribution of backscattered thermal neutron fluxes and 
reconstructed 2D-images using two sources placed at 60 cm apart 
distance measured (a) with 16 tubes, (b) with 8 tubes. 

 
 
 
 
 
 
 
 



CHAPTER (5)                                               Results and Discussion 
 

91 
 

in total number of backscattered slow neutron, specially designed two fast neutron 
scatterer and steel reflector were used. The two neutron scatterers which are fixed 
under the sources each of them have 3 cm thick, one of them of cylindrical shape 
and the other of pyramid like shape. The steel reflectors which were designed and 
constructed of special geometries are placed above the two sources. It is worth to 
mention that performing the detection with 8 tubes instead of 16 tubes largely 
reduces the effect of surface roughness and is capable of following the soil surface 
and still gives enough pixel counts, for a reasonable scanning speed. In addition, 
this provides a great reduction in the overall cost of ESCALAD. 
 
5.2.2. Results Obtained with Neutron Scatterers of Different Shapes: 
 

In NBS device, two different designed steel scatterers each of 3 cm thick 
are placed under the sources for the uniformity of the distribution of fast neutron 
flux impinging the ground. One of them was of cylindrical shape and the other was 
of pyramid like shape. The following measurements were carried out to determine 
the optimum working conditions of the ESCALAD system. 
 

For sake of accurate comparison between them, measurements were 
performed with the two neutron sources ixed at 50 cm apart distance. The obtained 
images are displayed in figures 5.2 a, b and c, for backscattered thermal neutron 
fluxes, with cylindrical, with pyramid like shape, and with both of them 
respectively. 

  
The overall background count rate gives 62000, 60000, and 54000 c/s 

respectively. Figure 5.2c shows that the use of both types of neutron scatterers 
together is the best arrangement to homogenize the flux intensity and extends the 
neutron distribution along the X and Y axis despite its lowest count rate. In 
addition, the displayed images show that the pyramid like-shape scatterer is more 
effective for homogenization of the flux distribution than the cylindrical one.  Using 
the two steel scatterers together achieves the optimum geometry because the mine 
fixed at the center of the detectors tray will be more probable to be recognized, 
especially in case of small APM with 150 g explosive. 
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   (a) 

       
   (b) 

 

       
   (c) 

 
Figure 5.2. Spatial distribution and reconstructed 2D-images of backscattered 

thermal neutrons, (a) with cylindrical scatterer, (b) with pyramidal 
scatterer, (c) with both scatterers.  
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5.2.3. Results Obtained without and with Reflectors of Different Shapes: 
 

Measurement were performed with the two neutron sources each of strength 
= 5 x 106 n/s are fixed at 50 cm apart distance and with scanning speed = 50 mm/s. 
The detectors tray were dragged directly on the ground i.e., the stand-off distance = 
zero. The two neutron scatterers are fixed under the sources. Figure 5.3 show the 
spatial distributions of backscattered slow netrons and reconstructed 2D images 
from the backscattered slow neutron flux without using the steel reflector. The 
overall background count rate was only ~ 30000 c/s.  

 
The effect of a reflector of different modifications was checked when the 

reflector of pyramid like shape was used above the neutron sources. The overall 
background count rate was about 42000 c/s. Figure 5.4 shows the spatial 
distributions and 2D images reconstructed from the measured backscattered slow 
neutrons. 

 
Figure 5.5 shows the spatial distributions and reconstructed 2D images 

measured with the old versionof ESCALAD. Comparing the new modified 
ESCALAD with the old one give a better distribution of the neutron flux incident 
onto the soil this in turn make the probability of detection of landmines more great. 
Despite the low count rate for the modified system, it still has the advantage of 
reducing the number of 3He tubes i.e., reducing the cost. 

 

     
Figure 5.3. Spatial distribution and reconstructed 2D-images of 

backscattered slow neutrons without reflector. 
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Figure 5.4. Spatial distribution and reconstructed 2D-images of 

backscattered slow neutrons using a pyramid-like steel 
reflector. 

 

      
 
Figure 5.5. Spatial distribution and reconstructed 2D-images of 

backscattered thermal neutron fluxes from sources placed at 
60 cm apart with pyramid-like shape scatterer. 
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Since the steel reflector enhances the number of fast neutron incident on the 
soil, it tends to enhance a better detection of an ATM. The image derived from 
thermal neutrons measured for ATM buried at zero depth is shown in Figure 5.6.  
 

              

      
     Figure 5.6. ATM with 2.5 kg explosive buried at zero depth using a   

pyramid-like shape reflector. 
 

Results of measurements were performed using a steel reflector with no 
side parts show nearly the same count rate, 39000 c/s for background. The use of no 
side parts reflector has the advantages of decreasing the weight of the reflector and 
the number of thermal neutron counts without noticeable reduction of them. If the 8 
3He tubes were grouped over two banks of four tubes and the Pu-α-Be neutron 
sources are placed in the gap between the two banks, an enhancement in the 
incident neutron flux will be achieved. The overall background count rate will rise 
to 47000 c/s. The spatial distributions and reconstructed 2D images from the 
backscattered slow neutron fluxes are shown in figure 5.7.  

 
Performing online scan on an ATM buried at zero depth and at 1.5 m from 

start point result in more better image as viewed in figure 5.8. 
 
 
 
 



CHAPTER (5)                                               Results and Discussion 
 

96 
 

 

 
Figure 5.7.  Spatial distribution and reconstructed 2D-images of backscattered 

thermal neutrons for a modified pyramid-like shape reflector. 

      
Figure 5.8.  ATM buried at zero depth using a modified pyramid-like 

shape reflector. 
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Measurements were performed using the open window pyramid like 
shape. The overall background count rate elevates to 54000 c/s and the 
spatial distributions and reconstructed 2D images from the backscattered 
slow neutron fluxes are shown in figure 5.9. This means that the ESCALAD 
capability for detecting mines will increase by about of 80 %.  

                           
Figure 5.9.  Spatial distribution and reconstructed 2D-images of backscattered 

thermal neutrons for open window pyramid-like steel reflector. 
 

The effect of the last modification performed on the reflector, was checked 
by performing two dimensional online scan of ATM buried at zero depth (figure 
5.10). 
 

Table 5.1 shows the dependence of total counts of backscattered slow 
neutrons on reflector material, thickness and shape. This table gives direct 
indications on the effect of performed modifications on fast neutron reflector and 
ESCALAD detection efficiency. 
 
5.3.  Results of Tests to Determine Maxm Buried Depths: 

 
Measurements were performed to determine the capability of upgraded 

ESCALAD for detecting landmines buried at different depths. An APM with 150 g 
explosive material and an ATM with plastic casing and explosive  
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Figure 5.10. ATM buried at zero depth using open window pyramid-like 

shape reflector. 
 
 

Table 5.1. NBS count rate for various reflector shapes. 
 

Reflector Design Overall Count Rate, c/s 

Non 30000 
Graphite  35000 
Pyramid-Like Long Steel  42000 

Modified Pyramid-Like Long Steel  47000 
Open Window Pyramid-Like Steel 54000 
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material weights 2.5 Kg were used. The scanning was performed at speed = 50 
mm/s. Two neutron sources fixed at 50 cm apart were used. The scanning was 
performed by dragging the detectors tray directly on the ground i.e., the stand-off 
distance = zero. 
 

The measured backscattered slow neutrons emitted from APM buried at 0, 
10 and 20 cm depths were used to construct the two dimensional images shown in 
figures 5.11, 5.12, and 5.13. The first one gives a strong mine response “hot spot” 
with high counts. When the mine is buried at deeper distance, the number of 
backscattered slow neutrons decreases as they are attenuated by elastic and 
absorption processes on moving towards the soil surface. In turn, this leads to a 
broader and weaker mine signal with respect to the background as shown in figures 
5.14 and 5.15.  

 
 

        

 

     Figure 5.11. APM with 150 g explosive buried at zero depth. 
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Figure 5.12. APM buried at 10 cm depth. 

                

 

Figure 5.13. APM buried at 12 cm depth. 
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In addition, measured slow neutrons fluxes distribution backscattered from 

ATM buried  at 0, 20, and 30 cm depths are used to construct the 2D-images shown 
in figures 5.11, 5.12, and 5.13. For ATM at zero depth, the image gives a very 
strong mine signal “hot spot” appears as circular rings. When the mine is buried at 
20 cm depth, the mine signal shows a weaker hot spot specially affected by the 
presence of surface roughness at 1 m from the mine position. In going to 30 cm 
depth, a more clear and broad hot spot of mine due to smooth movement of the 
trolley, which in turn decreases the presence of positive false signal of surface 
roughness.     
 

To compare images obtained using the new DIO board of the modified 
ESCALAD system with the old DIO board of the first ESCALAD, it is realized that 
the old DIO board showed repeated time-outs during scanning resulting in bands in 
the measured images with reduced counts. This in turn makes the recognition of 
landmines in the images nearly impossible. Some results for the old DIO for ATM 
and APM are shown in figures 5.17, 5.18. The images look very bad due to 
instability in old DIO. Comparing these images with those of the second ESCALAD 
system indicates that hot spot of ATM and APM is less localized and distinct. 
Images given in these figures show that the modified ESCALAD reaches a state 
where it can be reliably operated. AP mines have been found up to 15 cm and AT 
mines up to 30 cm.  

 
 

        

            
          Figure 5.14. ATM buried at zero depth. 
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Figure 5.15. ATM buried at 20 cm depth. 
 

        

              

Figure 5.16. ATM buried at 30 cm depth. 
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Figure 5.17. ATM buried at zero depth. 
 

               

Figure 5.18. APM buried at zero depth. 
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5.4. Results Indicating Maxm Scanning Width: 
 

Results of measurements which were performed to determine the capability 
of the system for detecting landmines buried at different side distances from the 
center are performed and discussed. Scanning were performed using an APM and 
ATM. with the two neutron sources fixed at 50 cm apart and with scanning speed = 
50 mm/s. The detectors tray was dragged directly on the ground. 

  
Results of measured backscattered slow neutrons emitted from APM with 

150 g explosive buried at 5 cm depth and at side distances 0, 20 and 40 cm were 
used to construct the 2D images shown in figures 5.19, 5.20 and 5.21. It can be 
noticed that the count rate per image pixel decreases as the side distance increases. 
However, these figures show that an APM with explosive material = 150 g can be 
easily detected at side distance = 40 cm. 

 
Images reconstructed from measured slow neutron backscattered from an 

ATM buried at 0, 20 and 40 cm side distances are given in figures 5.22, 5.23 and 
5.24. It is clear from these figures that the total count rate per image pixel is higher 
than its counterpart given for APM. 

 
 

           

   
 

Figure 5.19. APM buried at zero side distance. 
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Figure 5.20. APM buried at 20 cm side distance. 
 
 

     

      
 

Figure 5.21. APM buried at 40 cm side distance. 
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         Figure 5.22. ATM buried at zero side distance. 
 
 

   

                   

        Figure 5.23. ATM buried at 20 cm side distance. 
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          Figure 5.24. ATM buried at 40 cm side distance. 
 
5.5.  Results Indicating Minm Resolving Distance between Buried Mines: 
 

Landmine fields are usually protected from the removing ATMs and 
making their clearance by usual methods more complicated and dangerous through 
the burial of APMs at certain geometrical positions. During landmine detection, the 
antitank and antipersonnel landmines could appear like one object. This leads to 
another kind of false alarms by observing the two landmines as one. Resolving 
distance is the minimum horizontal distance between centers of the two adjacent 
landmines. The resolving distance between two landmines depends mainly on the 
burial depth of both buried landmines and the amount of explosive content in each 
of them.   

 
Measurements were performed for APM buried at 5 cm depth and ATM at 

5 cm depth with separation distance = 20 cm. Figure 5.25 shows the reconstructed 
image which indicates that the signal from APM and ATM become as one broad 
signal in the scan direction because the signals are overlapping. Consequently a 20 
cm distance between the two landmines is not sufficient to make the NBS technique 
able to distinguishe between the responses of the two mines.   
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Figure  5.25. Scan for APM and ATM buried at 5 cm depth and at 
20 cm apart distance. 

 
Figure 5.26 illustrates the result for a scan of APM and ATM buried at zero 

cm depth and at apart distance 40 cm. The obtained images clearly indicate that, the 
signal from APM is very weak compared to the one obtained from ATM and the 
images for each can be easily separated (not overlapped). This means that, in the 
real case we have stopped at each individual detectable signal as shown in the zoom 
part from this image.  By changing the depth of APM to 5 cm and 10 cm depths the 
signal disappears gradually as shown from Figs. 5.27 and 5.28 respectively.  
 
5.6.  Results of Blind Test: 

 
  The blind test was performed to determine the detection parameters of NBS 

device such as efficiency, number of undesirable error: false alarm and number of 
false signals. The lane is 15 m long (figure 5.29). Eight objects were buried at 
different depths and at different positions in the lane as shown in figure 5.30. These 
objects includes four real defused  landmine, and other four object similar to that 
found in the real  landmine fields as a result of military operations  such as metal 
scraps and plastic.  The lane includes wooden parts as well tree root. The properties 
and specifications for these objects are listed in table 5.2.  
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Figure 5.26. Scan for APM and ATM buried at zero cm depth 
and at 40 cm apart distance. 

 

                       

        
Figure 5.27. Scan for APM buried at 5 cm and ATM at zero 

cm depth and at 40 cm apart distance. 
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Figure 5.28. Scan for APM buried at 10 cm and ATM at zero 

cm depth and at 40 cm apart distance. 
 

The result of the field scanning with ESCALAD is display in figure 5.31. 
As expected, the tree root gives a very strong predominant hot spot as it contains 
more hydrogen content the other scattered objects. In addition, the image has the 
advantage of featuring the geometrical shape of a root.  The cubic wood remarks a 
well hot spot at 3.5 m from start point. The signals from the two wooden objects are 
then considered as positive false signals.  

 
The obtained images indicate that the four buried landmines are well 

detected. The size of the spot has a weak dependence on the mine size, but strongly 
dependent on the mine depth. Deeper mines will give hot spots of larger diameters 
because neutrons that have been slowed down in the landmine will diffuse through 
larger distances on going toward the surface and in turn suffer more scattering. 

 
The image also shows considerable signal at 12 m from the start point of 

the scanning due to surface roughness of the soil leading to a positive false signal. 
However, the second ESCALAD system successes to reduce the number of surface 
roughness false signals. A confirmation technique like elemental analysis gamma 
ray sensor can be used for more investigation of such false responses it was due to 
surface roughness or from other scattered hydrogenous objects. 

 
Moreover the scanned lane shows that the ESCALAD system marked a 

high capability to distinguish between metal and hydrocarbon objects. The NBS 
technique is insensitive to the steel disc buried at 9.5 m from the start point due to 
low count rate of backscattered thermal neutrons. 
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Figure 5.29. Photo for the test lane area. 
 

 

     Figure 5.30. Examined objects in lane with different depths. 
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Table 5.2. Description of objects. 
 

Object Description Size 
Cm 

Weight 
Gm 

Depth 
Cm 

1 VS- 50 AP 
mine 

9 cm × 4.5 
cm 

50 gm 
explosive 5 

2 Wood cube 3 cm × 6 cm 
× 10 cm 136.12 5 

3 APMR 11.2 cm × 
5.6 cm 

150 gm 
explosive 10 

4 Shoe Irregular 
shape 170 5 

5 ATMP 20.4 cm × 
10.8 cm 

2400 gm  
explosive 15 

6 Metal disc 235.5 cm3 1000 gm 5 

7 ATMM 31.5 cm × 
10 cm 

6000 gm 
explosive + 

3500 gm 
metal casing 

10 

8 Tree root Irregular 
shape 1620 5 
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                               Figure 5.31. Blind test imaged by ESCALAD. 
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5.7.  Results of Tests Performed by Fast/Thermal Neutron Analysis:  
 

Results of measurements which were performed to recognize the object 
located by NBS method are given and discussed in this section. Measurements of 
gamma ray spectra resulting from the interrogation of soil and other surrounding 
and existing objects with fast neutrons emitted from Pu-α-Be sources were 
performed with the upgraded systems discussed in chapter 4. The measured gamma 
rays are converted to gamma ray spectra using Maestro-32 software package 
(ORTEC). All measurements were performed for 600 s. The analyzed data are 
given as gamma ray spectra i.e. number of gamma photons/s against photon energy 
in keV within an energy range varies from 1 to 8000 keV.  

 
The displayed gamma ray spectrum for the hidden object was obtained by 

subtracting the gamma ray spectrum measured for plain soil i.e. without mine from 
the spectrum obtained for soil with buried object. The net gamma spectrum for 
APM of 150 g explosive buried at zero depth is shown in figure 5.32.  

 
Gamma rays lines emitted from fast and thermal neutron interactions with 

the elements of explosive material, i.e. 1H, 12C, 14N, and 16O are given in this 
section. Hydrogen can only be detected by measuring γ-energy of 2.23 MeV 
emitted from thermal neutron radiative capture. Nitrogen can be detected by
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            Figure 5.32. Net gamma ray spectrum for APM buried at zero depth. 



CHAPTER (5)                                               Results and Discussion 
 

115 
 

measuring several the more gamma lines emitted from fast and thermal neutron 
interactions. However, Oxygen and carbon can only be detected by fast neutron 
interactions threshold energy of 6.09 MeV and 4.42 MeV respectively. They have 
inelastic scattering reactions, (n, Pγ) and (n, ńγ) with cross sections of 145 mb and 
331 mb respectively. The spectrum also expected to show the 1,632 MeV gamma 
line which produced from the interaction of fast neutrons with 14N nuclei. This 
gamma line is a good indicator for the presence of explosive i.e. a landmine and is 
used to discriminate between a landmine and other scattered wooden objects. 
 

Unfortunately, the displayed gamma spectrum shows gamma peaks due to 
the interactions of fast and thermal neutron with the elements of explosive material 
so that the value of these peaks is not correct and therefore cannot be used as good 
indication of the ratios between 1H, 12C, 14N, and 16O.  

 
The false values of gamma line intensities can be attributed to the 

high intensities of gamma – rays emitted from the two used Pu-α-Be neutron 
sources specially gammas of 3.9 MeV and 4.438 MeV energy. In addition to the 
effect of high intensities of gamma lines emitted from the soil and other scattered 
objects. This means that the use of elemental analysis by fast and thermal neutrons 
is not a proper way to recognize the located buried object during landmine 
detection. 
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CHAPTER (6) 
 

General Conclusions and Recommendations 
 
 

The general studies of different landmine detection techniques are given 
and discussed in early chapters of this thesis. In addition the results obtained from 
measured backscattered slow neutrons emerging from ground with landmines 
buried at different depths are described and discussed in details in chapter 5. 
Accordingly, the following general conclusions and recommendations can be 
derived, 

 
1. More than 110 million landmines are buried in very vast areas of lands in the 

world. Each week it is estimated that ~ 500 people are killed and maimed by 
landmines. More than 100 million landmines are active in some of the poorest 
countries of the world. UNICEF estimates that there is 80 % to 90 % of landmine 
victims are civilians. 

 
2. Detection of landmines by conventional techniques causes large number of the 

false alarm signals. This makes humanitarian demining a slow, dangerous, and 
expensive process. Accordingly, the cost of cleaning a landmine costs ~ $200 to 
1000 however, the cost of making amine on average is about $3 to 30 

 
3. The use of prodding with too much force, or failure to confirm the presence of a 

mine during probing, can lead to serious injury or death of the deminers. The 
adjusting of a conventional detector to reduce the false alarm rate results in a 
simultaneous decrease in the probability of finding a mine. This means that more 
mines will be left behind when the demining operation is completed. 

 
4. Use of metal detectors, magnetometers and ground penetrating radar, etc., makes 

the procedure of removing these great numbers of landmines very slow, 
inefficient, dangerous and costly. Most of these detectors cannot distinguish a 
mine from metallic debris and therefore give high false alarm rate. 

 
5. Only one out of about one thousand alarms turned out to be a landmine. Use of 

these techniques is so laborious, that at the current rate of de-mining, it would 
take several decades to clear the the world mined areas. As a consequence, it is 
thought that there is a need for a technological breakthrough in this field to 
definitively solve the demining operation. 

 
6. Among the conventional techniques is GPR which has a number of advantages; 

firstly, it is complementary to conventional metal detectors, and rather than 
cueing exclusively off the presence of metal, it senses changes in the dielectric 
constant and therefore can find mines with a wide variety of casing (not just 
those with metal). In addition, the generation of an image of the mine or another 
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buried object based on dielectric constant variations is often possible because the 
required radar wavelength is generally smaller than most mines size at 
frequencies that still have reasonable penetration depth in the ground. Secondly, 
GPR is a mature technology, with a long performance history from other 
applications.  

 
7. The reliable and effective landmine detection system should have the capability 

to detect different types of landmines no matter is size, shape, burial depth, 
casing type and explosives signature they might have. The system should be able 
to distinguish the land mines from the background clutter and provide a highly 
precise detection result with very low false alarm rate, acceptable operational 
speed, imaging capability and of reasonable cost. 

 
8. Dogs and nuclear techniques are the only landmine detection methods that can 

recognize a landmine through a direct detection of its explosive materials. 
 

9. The most promising nuclear based techniques for landmine detection manly 
work through the moderation of fast neutrons by hydrogen content exists in 
explosive material. They also work through elemental analysis by fast and 
thermal neutrons which interact with explosive elements with emission of 
gamma rays which can be measured by suitable method. 

 
10. A detection technique based on measuring the backscattered slow neutrons was 

initially invented by people of South Africa and developed for field application 
through a fruitful cooperation between people Delft University, the Netherlands 
and the people of Nuclear Research Centre, Egypt. 

 
11. The neutron backscattered techniques was used for real field application as a 

hand held detector. Since the technique is based on using fast neutrons of 
relatively high intensity to prope the soil. Therefore, it was a main request to 
change the technique from a hand held to land vehicle technique. This was 
achieved by the people of Egypt. 

 
12. The Egyptian Scanning Landmine Detector, ESCALAD was initially designed 

and constructed by the people engaged for developing nuclear techniques for 
detection of landmine and illicit Material, NRC, Egypt. 

 
13. The initially designed and constructed ESCALAD was based on a trolley derived 

by electric motor. At the front of the trolley a steel frame was fixed and can be 
moved to side and to vertical direction by electric motors as well. The steel 
frame was used to hold in the aluminum tray in which the 16 3He neutron 
detectors were fixed in two banks each with 8 tubes. 
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14. Many improvements and developments were performed on the initially designed 
ESCALAD to enhance the working capabilities, effectiveness and reliability for 
real application in landmine field. 
 

15. The ESCALAD was modified at several stages to reduce the detector tray width, 
so on dragging the tray directly on the ground surface the effect of surface 
roughness and variation in stand-off distance become less. This was achieved by 
using 8 3He tubes instead of 16 fixed in two banks each with 4 tubes.  
 

16. Reduction of number of 3He tubes has caused a remarkable reduction in the 
number of total backscattered neutrons. This in turn leads to a reduction in 
ESCALAD capability for detection of landmines especially those of small 
amount of explosive materials, and those buried at deeper depths. 

 
17. The reduction in total number of backscattered slow neutrons as a result of 

reduction in number of 3 He tubes was compensated through the use of fast 
neutron reflector made of steel of special shape and geometry. 

 
18. The use of the designed steel scatterers with certain geometry makes the 

intensity of fast neutron fluxes distribution over the area below the neutron 
detectors more or less the same. This enhances the ESCALAD capability to 
detect with the same efficiency landmines buried at side distances. 

 
19. The use of steel reflector of certain shape and geometries tends to increase the 

backscattered fast neutrons towards the ground by about 80%. This enhances the 
capability of ESCALAD for detection of objects buried at larger depths and of 
small amount of hydrogen content. 

 
20. The minimum apart distance (resolving distance) between two buried landmines 

at which it is possible to recognize both of the buried mines, depends on the 
amount of explosive material in each of them and the depth at which each of 
them is buried. 

 
21. Applying the elemental analysis by fast neutron interrogation does not achieve 

good results that can be used to distinguish between explosive and hydrocarbon 
materials. 

 
22. Further improvement should be performed to increase the detection capabilities 

of elemental analysis technique for distinguishing elements or to use other 
technique for identification of the suspected objects. 

 
23. Use of ESCALAD with multisensors i.e., NBS, MD, EMI and GPR with data 

fusion must be considered in future work. This will enhance the ESCALAD 
capabilities for recognition of different materials and makes the detection 
process more rapid. 



  الملخص العربى
  
  

كثیرا من دول العالم بصفة عامة لغام االرضیة من اكبر المشكالت التى تواجھ تعد مشكلة األ
فى كثیر من الخسائر  االلغام المنزرعة فى اراضى ھذه الدول تتسببحیث و مصر بصفة خاصة 

دولة  ٦٥اكثر من فحسب احصائیات ھیئة االمم المتحدة تعانى . ة و االجتماعیة و االقتصادیةالبشری
. شخص فى العالم سنویا ٢٦,٠٠٠صابة و قتل حوالى إرضیة وتتسبب فى لغام األفى العالم من األ

حیث تقدر احصائیات االمم الدول  ھذهبین من مصر تحتل المركز االول ن أ شارة الیھاإل تجدرمما و
فى جمیع دول العالم ملیون  ١١٠ القذائف الغیر منفجرة بحوالىااللغام االرضیة و  ن عددأالمتحدة 

ھیئة االمم المتحدة  قامتھذا و قد . لغاماأل ھذهمجموع من % ٢٠ما نسبتھ  یوجد فى مصر بینما
الى  ٢٠٠ لى وقتنا ھذا بمبلغ ما بینالتقلیدیة المتبعة إ زالة اللغم الواحد باستخدام الطرقإبرصد تكلفة 

دوالر  ٣٠الى  ٣ ما بین اعتھو زرتكلفة صناعة اللغم الواحد  تقدرمریكى بینما أدوالر  ١٠٠٠
  .القلقالى مر یدعو أمریكى و ھو أ

    
ستعراض و مناقشة الطرق الكشفیة التي إتم و فى بدایة الدراسة التى تضمنھا ھذه الرسالة 

، ة تستخدم في الوقت الحالي للكشف عن األلغام األرضیة و المواد الخطرة مثل الكواشف المعدنی
الكواشف الراداریة و كواشف اخرى مع مناقشة كیفیة استخدامھا في عملیات ، الكواشف المغناطیسیة

 كسإشعة آستخدام إتم عرض و مناقشة الطرق و التقنیات النوویة المختلفة المعتمدة علي  كما .الكشف
(X)  شعة جاما آو)γ ( و استخدامھا في و النیوترونات ذات الطاقات المختلفة التي یمكن تطویرھا

 .الكشف عن األلغام األرضیة
  

ستخدامھا فى الكشف تى یمكن إتم تقدیم عرض و مناقشة أھم المصادر النیوترونیة ال كما و
عن األلغام األرضیة بالطرق النوویة المختلفة و كذلك مناقشةألھم الكواشف النیوترونیة و الجامیة 

درجة كفاءة كما تم إستعراض و مناقشة مدى . ھذه الطرق بإستخداماستخدامھا فى الكشف التى یمكن 
في تحدید نوعیة المواد التي تشتمل علیھ و مدي مالئمتھا لألستخدام في  من ھذه الطرقو قدرة كل 

  .الظروف البیئیة و المناخیة المختلفة
  

التى تمت على المنظومة المصریة  كما تناولت الرسالة عرض لالجراءات و التعدیالت
لتحسین ادائھا و كفائتھا فى الكشف عن االلغام   ESCALAD ) ( االرضیة ف عن االلغامللكش

تحدید مكان  تختص االولى منھاعلى تقنیتین نوویتین  فى آدائھامنظومة الكشف و تعتمد . االرضیة
فى  ولىاألو تعتمد الطریقة . بینما تختص الثانیة التعرف على نوعیتھا فى التربة االجسام الموجودة

ستخدم النیوترونات إو الناتجة عن حراریة المرتدة من باطن التربة على قیاس النیوترونات الأدائھا 
ما الثانیة أ. (Pu – α – Be)  بریلیوم –ألفا  –بلوتونیوم مصادر  مثلالنظائر المشعة السریعة من 

لحظیا نتیجة للتفاعالت شعة جاما المنبعثة ألیل العناصري المعتمدة علي قیاس طریقة التحفتقوم على 
الحادثة بالنیوترونات السریعة و النیوترونات الحراریة مع نویات العناصرلألجسام المراد معرفة 

  .نوعیتھا



ق النوویة المستخدمة للكشف جریت سابقا على الطرأكدت الدراسات و البحوث التى أوقد 
كثر الكشف ھى األعملیة ونات فى ن الطرق التى تعتمد على استخدام النیوترأرضیة لغام األعن األ

صر المكونة للمادة المتفجرة حیث انھا تعتمد فى نظریة عملھا على التعرف على العنا كفاءة و فاعلیة
  .  (H,C,N,O)الھیدروجین و الكربون و النتروجین و االكسجین و ھى

  
و فى الفصل الرابع من ھذه الرسالة تم عرض و مناقشة اإلجراءات التى تم إاتخاذھا لرفع 

 التى تم تصمیمھا و بناؤھا بواسطة ESCALADكفاءة عمل منظومة الكشف المصریة المسماه ب 
األلغام األرضیة و ستخدام الطرق النوویة للكشف عن البحثى المصرى المعنى بتطویر و إ الفریق

و فى ھذا الفصل ایضا تم عرض و توضیح لالجراءات االخرى التى اتخذت للتغلب . لخطرةالمواد ا
على النقص فى شدة الفیض النیوترونى الحرارى المرتد الحادث نتیجة لخفض عدد كواشف الھیلیوم 

عواكس من الصلب ذات مواصفات خاصة  تصنیعتصمیم و و للتغلب على ذلك فقد تم . الى النصف
د ممكن من النیوترونات السریعة المنبعثة من المصادر النیوترونیة المستخدم فى لعكس أكبر عد
كما تضمنت ھذه التعدیالت إستخدام لوحة إلكترونیة ذات سعة أكبر . لى باطن األرضإعملیة الكشف 

دیالت على الطرق لى إدخال بعض التعھذا باالضافة إ. ى المنظومة األولیةف ةمن سابقتھا المستخدم
كما تم . فى عملیات بناء الصور من شدة الفیض النیوترونى الحرارى المنعكس ةدمالتحلیلیة المستخ

إعادة تصمیم حامل الكاشف الجامى و الدروع الواقیة التابعة لھ و تغییر مكان تثبیتھ لكى یكون أثناء 
كواشف عملیة القیاس فى موضع أقرب ما یكون من مكان الھدف الذى سبق تحدیده بواسطة ال

    .النیوترونیة الحراریة المرتدة
  

ختبار مدى فاعلیة و كفائة عمل منظومة وقد تم عرض النتائج المقاسة التى أجریت إل
بعاد تم بناؤھا من شدة الفیض النیوترونى األالمعدلة والمطورة على ھیئة صور ثنائیة  الكشف

الصور التى تدل على كفاءة و قدرة وقد تضمنت ھذه النتائج . الحرارى المقاس أثناء عملیة المسح
كما تضمنت . ماق مختلفة من سطح التربةعأتواجدة على مالمنظومة فى الكشف عن األلغام ال

النتائج الدالة على قدرة منظومة الكشف عن األلغام التى قد تكون متواجدة بالقرب الى ذلك باالضافة 
خیرا تم عمل مسح عشوائى لمسار یحتوى على ألغام و أجسام ذات أشكال و أو . من بعضھا البعض

أحجام من مواد مختلفة متواجدة على اعماق مختلفة من سطح التربة دون أن یكون ھناك سابق معرفة 
و قد أكدت النتائج المعطاه على مدى كفاءة منظومة الكشف و . (Blind Test)لمشغل المنظومة بھا 

بین اإلشارات المعطاه من األلغام األرضیة و األجسام المعدنیة التى قد تكون  قدرتھا فى الفصل
   .متواجدة معھا

  
مقاسة بمنظومة الكشف الجامى فلم یؤدى تحلیل الطیف الجامى أما بخصوص النتائج ال

واسطة منظومة الكشف لى إمكانیة معرفة نوعیة العناصر المكونة للھدف السابق تحدیده بالمقاس إ
و قد تم إرجاع السبب فى ذلك إلى كبر شدة الفیض الجامى المنبعث مباشرة من المصادر . ترونیةیوالن

الفیض الجامى المقاس من التربة و الوسط المحاط بالھدف و الذى یستخدم  كبر شدةالنیوترونیة و 
ستخدام وعلیھ قد تم التوصیة بإ. إلیجاد الطیف الجامى الخاص بالھدف المراد معرفة نوعیة عناصره



تقنیة أخرى یتم دمجھا مع منظومة الكشف النیوترونى للتفریق بین األلغام و األجسام الخشبیة التى قد 
   . تكون متواجدة فى حقول األلغام كما ھو الحال فى الحالة المصریة
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APPENDIX   
 

C++ Softwar Programs for NBS Device 
 

The software program for data acquisition was written in C++ languge. 
The main program consists of several steps, most of them performed through calls 
C++  subroutines.This appendix give a describes for the obtained files structure 
format, the main codes for data acquisition, and the C++ programs for data analysis 
and image processing.   
 
The obtained file formats: 
 

1. DIO 
Binary format, efficient in access time and space usage. 

2. ASCII 
Data encoded using normal ascii characters. These files can be read in by 
Hippodraw. 

3. HBOOK 
Binary format, once used by CERN. It allows storing many spectra in one 
single file. Thse files can be accessed by PAW and jas3 (and maybe by 
Hippodraw). 
 

Measurement modes: 
 

Mode e1 
 
Unlimited scan range. Pixel data is written to disk file during the 
measurement when they become available, using Hippodraw ASCII 
format. The file is named /tmp/DataCurrent. After the measurement is 
stopped this file is renamed to MineScan####. 
 

 
/************************************************************ 

e1.c Mode  
Service the ESCALAD setup, using the powerDAQ digital IO board. The detector 

is scanned over the surface.The results are written to data file on disk 
************************************************************/ 

/* 
* $Log: e1.c,v $ 
* Revision 1.12  2007/10/23 18:39:01  vb 
* *** empty log message *** 
* 
* Revision 1.10  2007/10/19 10:07:53  vb 
* *** empty log message *** 
* Revision 1.9  2007/10/19 09:37:57  vb 
* *** empty log message *** 
* Revision 1.8  2007/09/18 11:08:17  vb 
* *** empty log message *** 
* Revision 1.7  2007/09/18 10:53:41  vb 
* *** empty log message *** 
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* Revision 1.6  2007/09/17 14:58:32  vb 
* *** empty log message *** 
* Revision 1.5  2007/09/16 15:25:48  vb 
* *** empty log message *** 
* Revision 1.4  2007/09/16 15:23:38  vb 
* *** empty log message *** 
* Revision 1.3  2007/09/16 13:54:38  vb 
* *** empty log message *** 
* Revision 1.2  2007/09/16 12:58:49  vb 
* *** empty log message *** 
*/ 
 
/************************* 
 Tire-diameter = 57 cm. Tire circumference = 1 revolution = 1790.7 mm 
 1 encoder revolution = 1000 steps: 1000 steps due to 1 fold multiplication 
 1 step = 1.7907 mm 
*************************/ 
 
#define SCALEFAC 1.7907 // mm/increment 
#undef SHOWBITS 
//#define SHOWBITS 
#define _GNU_SOURCE 1 
#define  _SVID_SOURCE 1 
#define DATAFILENAME "/tmp/DataCurrent" 
#define BASEFILENAME "MineScan" 
#define MAX24BITS 16777215 // 2^24 -1  
#define PIXEL_ROW_SIZE 32 // VERY ESSENTIAL: number of 
pixels along the tube 
#define PIXEL_ROW_BITS 5 // associated number of bits 
#define PIXEL_LINE_SIZE 48 // number of pixel rows kept in 
memory 
 
/* System headers */ 
#include <errno.h> 
#include <features.h> 
#include <limits.h> 
#include <math.h> 
#include <pthread.h>  
#include <semaphore.h> 
#include <signal.h>  
#include <stdint.h> 
#include <stdio.h> 
#include <stdlib.h> 
#include <string.h> 
#include <sys/fcntl.h> 
#include <sys/types.h> 
#include <sys/wait.h> 
#include <time.h> 
#include <unistd.h> 
#include "win_sdk_types.h" 
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#include "powerdaq.h" 
#include "powerdaq32.h" 
/* Local headers */ 
#include "ACQtypes.h" 
#include "DB.h" 
#include "e1.h" 
#include "libMessages.h" 
#include "modeGEN.h" 
#include "PRINT.h" 
 
/* Local symbols */ 
extern void write_to_pipe( char *arg); 
void *e1Do(void * unused);  /* thread to do the data taking */ 
void Do_cleanup(void *); 
typedef enum _state { closed, unconfigured, configured, running } _stat_t; 
struct _bufferedDiData 
 { int board;   /* board number to be used 
for the AI operation */ 
      int handle;   /* board handle */ 
   unsigned short *rawBuffer; /* address of the buffer 
allocated by the driver to store */ 
                              /* the raw binary data */ 
   unsigned long channelList[64]; 
   int nbOfChannels;  /* number of channels */ 
   int nbOfFrames;   /* number of frames used in 
the asynchronous circular buffer */ 
   int nbOfSamplesPerChannel; /* number of samples per 
channel */ 
   double scanRate;  /* sampling frequency on each 
channel */ 
      _stat_t tState;   /* state of the acquisition 
session */ 
 }; 
 
int  PWRDAQ_BufferInit(struct _bufferedDiData *); 
int  PWRDAQ_BoardConfig(struct _bufferedDiData *, WORD *buffer); 
void  PWRDAQ_BufferRemove(struct _bufferedDiData *); 
 
#ifdef SHOWBITS 
char* bitconv(unsigned char byte, char * bits);  
#endif 
struct e1COMMON  e1Common; 
struct   _bufferedDiData G_DiData; 
struct   _bufferedDiData *pDiData=&G_DiData; 
DWORD  eventsToNotify=eFrameDone | eTimeout | eBufferError; 
pthread_t  e1DoId=0; 
FILE   *ntupl; 
sem_t *semId; 
struct timespec  timeout; 
int  idbCon,idbVar; 
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unsigned int TimPrev=0; /* Time of the first event of the previous buffer 
*/ 
float  DetPosPrev=0; /* Detector position associated with the 
previous buffer */ 
long  totalScans=0; 
int  RollOverTime=0; /* The number of times a timer overflow has 
occured */ 
int  RollOverPos=0; /* The number of times a position overflow has 
occured */ 
ACQBOOL  MsmRunning=FALSE; 
int e1ModeSetup(char *arg) 
{ 
char  msg[256]; 
 
/* Add setup specific parameters */  
 if (DBInit()!=OK) 
 { sprintf(msg,"e1ModeSetup: DBInint Error init DB\n" ); 
  write_to_pipe(msg); 
   return(ERROR); 
 } 
     
 if ( (DBgetID(&idbCon, *(int *)"Con")!=OK) || (DBgetID(&idbVar, *(int 
*)"Var")!=OK) ) 
 { sprintf(msg,"e1ModeSetup: Failed to address idbCon(%d) and/or 
idbVar(%d) \n",idbCon,idbVar); 
   write_to_pipe(msg); 
   return(ERROR); 
 } 
  
/* Access or create the semaphore set */ 
        semId=sem_open("/FAlk", O_CREAT, 0xFF, 1); 
 
 timeout.tv_sec=0; 
 timeout.tv_nsec=10000000;  /* set to 10 ms timeout time 
*/ 
 MsmRunning=FALSE; 
 return(OK); 
} 
 
int e1RunSetup(char *arg) 
{ 
 return(OK); 
} 
 
int e1MsmSetup(int Nmsm, int Tmeasm, unsigned long runCount) 
{ 
  STRING("e1MsmSetup"); 
 return(OK); 
} 
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int e1MsmStart(int *Nmsm, int *Tmsm) 
{ 
int  nFrames; 
long unsigned Irun; 
 
 STRING("e1MsmStart"); 
 
 RollOverTime=0;  /* The number of times a timer overflow has 
occured */ 
 RollOverPos=0;  /* The number of times a position overflow has 
occured */ 
 totalScans=0;    /* Reset the total scan count */ 
  
 ntupl=fopen(DATAFILENAME,"w"); 
 if (ntupl==0) 
 { write_to_pipe("e1MsmStart: Ntuple file creation failed"); 
  write_to_pipe(strerror(errno)); 
  STRING("e1MsmStart: Ntuple file creation failed"); 
  return(ERROR); 
 } 
 
 DBparmGetvalue(idbVar,"fileNumber",(void *)&Irun);              // Get the 
run number 
 fprintf(ntupl,"MineScan%4.4ld\n",Irun); 
 fprintf(ntupl,"X\tY\tZ\tDX\tDY\tDT\n"); 
 
 if (e1DoId==0) 
 { STRING("e1MsmStart: startup thread e1Do"); 
  nFrames=0; 
  pthread_create(&(e1DoId),NULL,e1Do,(void *)&nFrames); 
 
  if (e1DoId==0) 
  { putMsg("e1MsmStart: Create thread e1Do failed"); 
   STRING("e1MsmStart: Create thread e1Do failed"); 
   return(ERROR); 
  } 
 } 
  
 e1Common.nTimeout=0; 
 e1Common.nBufferError=0; 
 
 MsmRunning=TRUE; 
  return(OK); 
} 
 
int e1MsmStop(int Nmsm, int Tmsm) 
{ 
 MsmRunning=FALSE; 
 STRING("e1MsmStop : wait for thread e1DoId to finish"); 
 pthread_join(e1DoId,NULL); /* Wait for completion */ 
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 STRING("e1MsmStop : cancel thread e1DoId"); 
 pthread_cancel(e1DoId);  /* Kill the measurement thread */ 
 e1DoId=0; 
 fclose(ntupl);   /* Close the data output file */ 
 return(OK); 
} 
 
int e1MsmClose() 
{ 
long unsigned Irun; 
char  username[80],datasubdir[80],syscmd[256],dfname[128]; 
 
 STRING("e1MsmClose"); 
  
/* 
 Rename the output data file  
*/ 
 DBparmGetvalue(idbVar,"fileNumber",(void *)&Irun);              // Get the 
run number 
 DBparmGetvalueChar(idbCon,"SubDir",datasubdir,40);  // 
Get a subdirectory if any 
 DBparmGetvalueChar(idbVar,"startUser",username,40);             // Get the 
username of the starter person 
 
 if (strlen(datasubdir)!=0 && datasubdir[0]!=' ') 
 
 sprintf(dfname,"/home/STdata/%s/%s/%s%4.4ld",username,datasubdir,B
ASEFILENAME,Irun);  
 else 
 
 sprintf(dfname,"/home/STdata/%s/%s%4.4ld",username,BASEFILENAM
E,Irun); 
 STRING(dfname); 
 
 DBparmSetvalueChar(idbVar,"datafile",dfname,strlen(dfname)+1); // 
Report the filename  
  
 strcpy(syscmd,"cp "); 
 strcat(syscmd,DATAFILENAME); 
 strcat(syscmd," "); 
 strncat(syscmd,dfname,200); 
 system(syscmd); 
  
/* Get exclusive access */ 
 if ( sem_timedwait(semId, &timeout)!=OK ) 
 { perror("e1: sem_timedwait"); 
  putMsg("e1: error locking the semaphore\n"); 
  STRING("e1: error locking the semaphore"); 
  return(ERROR); 
        } 
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 system("rm -f /tmp/DataCurrent"); 
 sem_post(semId); 
 return(OK); 
} 
 
int e1RunClose() 
{ 
 STRING("e1RunClose"); 
 return(OK); 
} 
 
int e1Cleanup() 
{ 
 STRING("e1Cleanup"); 
 
 sem_post(semId); 
 sem_close(semId); 
 sem_unlink("/FAlk");  /* Destroy the semaphore set */ 
 semId=NULL; 
 return(OK); 
} 
 
void e1Status(char *arg) 
{ 
char msg[256]; 
 
 sprintf(msg,"Detector Position (mm): %f\n",e1Common.DetPos); 
 write_to_pipe(msg); 
 sprintf(msg,"Scan speed (mm/s): %f\n",1000*e1Common.Speed); 
 write_to_pipe(msg); 
 sprintf(msg,"nTimeouts: %d\n",e1Common.nTimeout); 
 write_to_pipe(msg); 
 sprintf(msg,"nBufferErrors: %d\n",e1Common.nBufferError); 
 write_to_pipe(msg); 
 sprintf(msg,"Scans in buffer: %d\n",e1Common.numScans); 
 write_to_pipe(msg); 
 sprintf(msg,"Total scans: %ld\n",e1Common.totalScans); 
 write_to_pipe(msg); 
 sprintf(msg,"Current count rate (c/s): %f\n",1000*e1Common.Rate); 
 write_to_pipe(msg); 
} 
 
#ifdef SHOWBITS 
char* bitconv(unsigned char byte, char * bits) 
{ 
unsigned char mask[]={0x80,0x40,0x20,0x10,0x08,0x04,0x02,0x01}; 
int i; 
  
 for (i=0; i<8; i++) 
 { if (byte&mask[i]) bits[i]='1'; 
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    else    bits[i]='0'; } 
   
 bits[8]='\0'; 
  
  return(bits); 
} 
#endif 
void Do_cleanup(void *pbuf) 
{ 
 STRING("Do_cleanup"); 
 PWRDAQ_BufferRemove(pDiData); /* Stop the data acquisition */ 
 PRINT((int)pbuf); 
 free(pbuf);   /* free the allocated memory */ 
 MsmRunning=FALSE; 
 return; 
} 
 
void *e1Do(void *arg) 
{ 
float  dt,dT; 
unsigned char *buffer,*pmsm; 
int     Xchan,Ychan; 
int     Pdata; 
unsigned int   TimCurr; 
float    Tnow=0,Tprev=0,Tdelta; 
float    Pnow=0,Pprev=0,Pdelta; 
float  DTSC; 
float  MVM; 
int     retVal,iscan,i,j; 
DWORD   event; 
DWORD   scanIndex, numScans; 
int  NSCS; 
#ifdef SHOWBITS 
char   a[9],b[9],c[9],d[9],e[9],f[9],g[9],h[9]; 
#endif 
/* double   tubepos[]={-313.5, -285.6, -257.8,- 229.9, -202.1, -174.2, -146.4, -
118.8, 
        118.8,  146.4,  174.2,  202.1,  229.9,  257.8,  285.6,  313.5}; */ 
double   tubepos[]={-287.2, -259.3, -231.5, -203.6, -175.8, -147.9, -120.1, -92.5, 
                92.5,  120.1,  147.9,  175.8,  203.6,  231.5,  259.3, 287.2 }; 
double  Fpos; 
unsigned int iframes; /* number of frames read from the powerDAQ device */ 
int  Xpxl,Ypxl; 
int  iX,iY; 
int     first=0; 
int    Accum[PIXEL_ROW_SIZE][PIXEL_LINE_SIZE]; /* Accumulation 
array to store counts during the scan */ 
float   Tstart[PIXEL_LINE_SIZE];    /* Hold the times of start-
accumulation for ground-pixel rows */ 
double Gpos;     /* ground position of the hit */ 
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float   Gposfr,Gposnr;   /* far_side and near_side tube position on the ground */ 
int    Ypxlfr;     /* ground pixel for the far_side tube */ 
int    Ypxlfr_prev;    /* far_side ground pixel for the previous event 
*/ 
int    Ypxlnr;     /* ground pixel for the near_side tube */ 
int    Ypxlnr_prev;    /* near_side ground pixel for the previous event 
*/ 
 STRING("e1Do starting"); 
 for (i=0; i<PIXEL_LINE_SIZE; i++) 
 { Tstart[i]=-1;     /* no accumulation 
has been started yet for these pixel rows */ 
  for (j=0; j<PIXEL_ROW_SIZE; j++) 
   Accum[j][i]=0;   /* no data yet */ 
 } 
 
/* initializes acquisition session parameters */ 
 G_DiData.board=0; 
 G_DiData.nbOfChannels=4; 
 G_DiData.handle=0; 
 G_DiData.nbOfFrames=4; 
 G_DiData.rawBuffer=NULL; 
 G_DiData.nbOfSamplesPerChannel=512; 
 G_DiData.scanRate=0; 
 G_DiData.tState=closed; 
 
/* Open the powerDAQ DIO device */ 
 if (PWRDAQ_BufferInit(pDiData)!=OK) 
 { putMsg("e1Do: error initializing DIO device\n"); 
  write_to_pipe("error initializing DIO device"); 
  return(NULL); } 
 else 
  putMsg("e1Do: DIO device initialized\n"); 
 
/* allocate memory for a frame buffer */ 
 buffer=(unsigned char *)malloc(G_DiData.nbOfChannels * 
G_DiData.nbOfSamplesPerChannel * sizeof(WORD) * 4 ); 
 PRINT((int)buffer); 
 if (buffer==NULL) 
 { putMsg("e1Do: could not allocate enough memory for the frame 
buffer\n"); 
  return(NULL); } 
 
/* install a cleanup handler */ 
 pthread_cleanup_push(Do_cleanup,(void *)buffer); 
 
/* Configure the powerDAQ DIO device */ 
 if (PWRDAQ_BoardConfig(pDiData,(WORD *)buffer)!=OK) 
 { putMsg("e1Do: error configuring DIO device\n"); 
  write_to_pipe("error configuring DIO device"); 
  return(NULL); } 
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 else 
  putMsg("e1Do: DIO device configured\n"); 
 
/* Set the events for which we want notification */ 
 retVal=_PdSetUserEvents(pDiData->handle, DigitalIn, eventsToNotify); 
 if (retVal<0) 
 { putMsg("e1Do: _PdSetUserEvents error %d\n", retVal); 
  return(NULL); } 
 
/* Start data acquisition */ 
 retVal=_PdDIAsyncStart(pDiData->handle); 
 if (retVal<0) 
 { putMsg("e1Do: _PdDIAsyncStart error %d\n", retVal); 
  return(NULL); } 
 
 pDiData->tState=running; 
 
 Pnow=0; 
 
/* Do forever: 
  reading data frames from the DIO board, 
  decode the events they contain and store the results into the Accum array. 
  The pixel-row-data is stored to disc file when a ground pixel row is 
completely passed over 
*/  
 
  while (MsmRunning==TRUE) 
 { 
  iframes++;  
 
/* Wait for an event */ 
  event=_PdWaitForEvent(pDiData->handle, eventsToNotify, 
1000);  
 
/* Reset the events for which we want notification */ 
  retVal=_PdSetUserEvents(pDiData->handle, DigitalIn, 
eventsToNotify); 
  if (retVal<0) 
  { putMsg("e1Do: _PdSetUserEvents error %d\n", retVal); 
   return(NULL); } 
 
/* Check which kind of event it was */ 
  if (event & eBufferError)  
  { e1Common.nBufferError++; 
   putMsg("e1Do: buffer error eBufferError\n"); 
   PWRDAQ_BufferRemove(pDiData);  /* 
Stop the data acquisition */ 
   PWRDAQ_BufferInit(pDiData); 
   PWRDAQ_BoardConfig(pDiData,(WORD *)buffer); 
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   _PdSetUserEvents(pDiData->handle, DigitalIn, 
eventsToNotify); 
   _PdDIAsyncStart(pDiData->handle); 
   continue; 
  } 
 
  if (event & eTimeout) 
  { e1Common.nTimeout++; 
   putMsg("e1Do: timeout\n"); 
   PWRDAQ_BufferRemove(pDiData);  /* 
Stop the data acquisition */ 
   PWRDAQ_BufferInit(pDiData); 
   PWRDAQ_BoardConfig(pDiData,(WORD *)buffer); 
   _PdSetUserEvents(pDiData->handle, DigitalIn, 
eventsToNotify); 
   _PdDIAsyncStart(pDiData->handle); 
   continue; 
  } 
   
 /* Here when a frame is ready.  Get buffer info */ 
  retVal=_PdDIGetBufState(pDiData->handle, pDiData-
>nbOfSamplesPerChannel, 
                           AIN_SCANRETMODE_MMAP, &scanIndex, 
&numScans); 
  if (retVal<0 && (event&eTimeout)==0) 
  { putMsg("e1Do: buffer error PdDIGetBufState 
%d\n",retVal); 
   putMsg("scanIndex %d   numScans %d\n",scanIndex, 
numScans); 
   continue; 
  } 
 
  PRINT(numScans); 
  PRINT(scanIndex); 
 
  if ( numScans==0 && (event&eTimeout) )   /* 
No data in the event: a real timeout */ 
  { e1Common.numScans = 0; 
   continue; } 
 
 /* There is some data: get the buffer content */ 
  memcpy((void *)buffer, &pDiData-
>rawBuffer[scanIndex*pDiData->nbOfChannels], 
        numScans * 
pDiData->nbOfChannels * sizeof(WORD)); 
 
#ifdef DEBUG 
  syslog(LOG_LOCAL3|LOG_INFO,"\n numScans=%d  
scanIndex=%d iframes=%d\n", 
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 numScans,scanIndex,iframes); 
#endif 
 
#ifdef SHOWBITS 
  for (iscan=0; iscan<numScans; iscan++) 
  { pmsm = buffer+2*iscan*pDiData->nbOfChannels; 
   syslog(LOG_LOCAL3|LOG_INFO,"%4d ==> 
Time=%d ms, Pos=0x%x mm  chan-1: %s %s\n", 
       iscan,*(unsigned short 
*)(pmsm+4),*(unsigned short *)(pmsm+6), 
      
 bitconv(*pmsm,a),bitconv(*(pmsm+1),b)); 
  } 
#endif 
 
 /* get the local time for this data buffer = the time of the first event */ 
  pmsm=buffer; 
  TimCurr=(*(unsigned int *)(pmsm+3)) & 0xffffff; 
 
  dt=TimCurr-TimPrev;  /* calculate the current count 
rate */ 
  if (dt<0) dt=dt+16777215; /* correct roughly for timer overflows 
*/ 
  TimPrev=TimCurr; 
 
 /* calculate the rate */ 
  NSCS+=numScans; 
  if (dt>0) 
  { e1Common.Rate = NSCS/dt; 
   NSCS=0; } 
 /* get the current detector position = position of the last event */ 
  pmsm = buffer+2*(numScans-1)*pDiData->nbOfChannels; 
  e1Common.DetPos = (*(unsigned short 
*)(pmsm+6)*SCALEFAC); 
 
  DTSC+=dt; 
  MVM+=e1Common.DetPos-DetPosPrev; 
  DetPosPrev=e1Common.DetPos; 
   
  if (DTSC>1000) 
  { e1Common.Speed = MVM/DTSC; /* calculate the scan 
speed */ 
   MVM=0; 
   DTSC=0; 
  } 
   
  e1Common.numScans = numScans; 
  totalScans += numScans; 
  e1Common.totalScans = totalScans; 
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 /***************************************************** 
 A sample consists of 4 (=nbOfChannels) 16 bit words, obtained from ports 

0..3. 
 
 THE FIRST SCAN WORD reads the neutron hit position information 

from the 
 Mesytec position encoder from port 0. 
 
 The 10 lower bits hold the data (position along the tube or pulse height). 
 
 The position is denoted by X,Y, where X is the position along a tube, and 
 Y is the tube nuber. 
 
 THE SECOND SCAN WORD  
 The first byte contains the module and channel address: 
  
 bit 7--| 
   6  | 4 bit 
  5  | module address 
  4--| 
  3--| 
  2  | 3 bit channel address 
  1--| 
  0 
    
 The second byte contains the lowest order byte (8 bits) 
 of the time information.  
 
 THE THIRD SCAN WORD  
 contains the two high order bytes of the 24-bit time counter 
 at the time of the hit read in from port 2. 
 
 THE FOURTH SCAN WORD  
 contains the 16-bit position counter value (read in from port 3) at the time 

of the hit. 
 *****************************************************/ 
 /* In this loop the event are handled separately */ 
 for (iscan=0; iscan<numScans; iscan++) 
 { pmsm = buffer+2*iscan*pDiData->nbOfChannels; /* pointer to 
the event in the buffer */  
 #ifdef SHOWBITS 
  syslog(LOG_LOCAL3|LOG_INFO,"%4d ==> %s %s %s %s %s 
%s %s %s \n", 
 iscan,bitconv(*pmsm,a),bitconv(*(pmsm+1),b),bitconv(*(pmsm+2),c),bitc
onv(*(pmsm+3),d),  
 bitconv(*(pmsm+4),e),bitconv(*(pmsm+5),f),bitconv(*(pmsm+6),g),bitco
nv(*(pmsm+7),h));  
 #endif 
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 /***************************************************** 

handle the event time 
 *****************************************************/ 
  Tnow=(float)( ((*(unsigned int *)(pmsm+3)) & 0xffffff) + 
RollOverTime*16777215 ); /* Get the current event time */ 
 
  /* this is to initialize things. It's only done once  */ 
  if (first==0)  
  { first=1; 
   Tprev=Tnow; } 
  Tdelta=Tnow-Tprev;  /* Elapsed time since the 
previous event */ 
  if (Tdelta<-8000000)  /* This indicates a timer-
counter overflow */ 
  { RollOverTime++;    /* Keep track of the number 
of overflows */ 
   Tdelta+=16777215;   /* and addjust the elapsed 
time */ 
   Tnow+=16777215; 
  } 
  else if (Tdelta<0)     /* correct small ne1ative 
times caused by hardware errors */ 
  { Tdelta=0; 
   Tnow=Tprev; } 
 
 /***************************************************** 

Handle the detector position 
The position is always counted positive in the 

forward direction: thus the position is increasing 
if the trolley moves forward i.e. with the 

detector moving ahead of the trolley. 
This is determined by hardware: by the mounting 

and connection of the position encoder. 
 *****************************************************/ 
  Pnow=(float)(*(unsigned short 
*)(pmsm+6)+RollOverPos*65535);   /* Get the current detector position */ 
 
  /* this is to initialize things. It's only done once  */ 
  if (first==1)  
  { first=2; 
   Pprev=Pnow;  
 
   Gposfr=Pnow*SCALEFAC+tubepos[15];     /* the 
far_side tube position */   
   Ypxlfr_prev=(Gposfr-YZERO)/YPITCH; /* the 
far_side pixel */ 
   Gposnr=Pnow*SCALEFAC+tubepos[0];     /* the 
near_side tube position */   
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   Ypxlnr_prev=(Gposnr-YZERO)/YPITCH; /* the 
near_side pixel */ 
   Ypxlnr=Ypxlnr_prev; 
  } 
 
  Pdelta=Pnow-Pprev;  /* Distance step */ 
  if (Pdelta<-32000)     /* This indicates a position-
counter overflow */ 
  { RollOverPos++;    /* Keep track of the number 
of overflows */ 
   Pdelta+=65535;    /* and addjust the position step */ 
   Pnow+=65535; 
  } 
  else if (Pdelta<0)     /* correct small negative 
movements caused by jerky trolley motion */ 
  { Pdelta=0; 
   Pnow=Pprev; } 
  
 /***************************************************** 

handle the neutron hit position 
 *****************************************************/ 
 
  Pdata=(*(unsigned short *)pmsm & 0x3ff)>>1; /* Take 10 
bits for pulse height or position */ 
 
 /* X and Y channels on the array of detector tubes */ 
  Xchan=(Pdata>>(9-PIXEL_ROW_BITS));     /* 
Take 5 MSB for Xposition */ 
  Ychan=((*(pmsm+2)>>1) & 0x0f); 
 
 /* Conversion into position on the ground in mm */ 
  Fpos=Pnow*SCALEFAC;       /* trolley 
position in mm with respect to the ground */ 
  Gpos=Fpos+tubepos[Ychan];     /* Hit position on 
the ground in mm */ 
 
 /* Conversion into pixel number on the ground */ 
  Xpxl=Xchan;        /* Hit pixel Xindex */ 
  Ypxl=(int)((Gpos-YZERO)/YPITCH); /* Hit pixel Yindex 
*/ 
#ifdef DEBUG 
  putMsg("Fpos %f,Gpos %f, Ypxl %d Xpxl 
%d\n",Fpos,Gpos,Ypxl,Xpxl); 
#endif 
     
 /***************************************************** 

A pixel row is finished when the near_side tube has passed over it, 
  provided the far_side tube has passed over it before  
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This is checked here. 
  If a pixel row is finished its data is written to file 

and a new pixel row is started 
 *****************************************************/ 
 /* The positions of the far_side and near_side tubes with respect to the 
ground */ 
  Gposfr=Fpos+tubepos[15]; /* the far_side tube position 
*/   
  Gposnr=Fpos+tubepos[0];  /* the near_side tube position 
*/   
 
 /* The current far_side and near_side ground pixel rows */ 
  Ypxlfr=(Gposfr-YZERO)/YPITCH; /* the far_side pixel 
row */ 
  Ypxlnr=(Gposnr-YZERO)/YPITCH;   /* the near_side pixel row 
*/ 
 
#ifdef DEBUG 
  putMsg("Tprev=%f, Tnow=%f, Pprev=%f, Pnow=%f 
Ypxlnr=%d\n",Tprev,Tnow,Pprev,Pnow,Ypxlnr); 
#endif 
 
 /*****************************************************  

Scanning forwards 
 *****************************************************/ 
 
 /* A new far_side pixel row is reached  
    Add it to the Accum array */ 
  if (Ypxlfr>Ypxlfr_prev)       
  { for (iX=0; iX<PIXEL_ROW_SIZE; iX++)    
       { Accum[iX][Ypxlfr-Ypxlnr_prev]=0; } /* 
Clear the new pixel row */ 
       Tstart[Ypxlfr-Ypxlnr_prev]=Tnow;     /* 
record the time-of-entry above this pixel */ 
#ifdef DEBUG 
   putMsg("Ypxlfr=%d Ypxlfr_prev=%d Offset=%d 
Tnow=%f\n",Ypxlfr,Ypxlfr_prev,Ypxlfr-Ypxlnr_prev,Tnow); 
#endif 
       Ypxlfr_prev=Ypxlfr; 
     }  
 
 /* A new near_side pixel row is reached 
    This may mean that the old near_side pixel row is finished. 
    It can be written to the spectrum, and the accumulation array must be 
shifted. 
 */ 
  if (Ypxlnr>Ypxlnr_prev)       
     {  
#ifdef DEBUG 
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   putMsg("Ypxlnr=%d Ypxlnr_prev=%d 
Tstart[0]=%f\n",Ypxlnr,Ypxlnr_prev,Tstart[0]); 
#endif 
   PRINTF(Tstart[0]); 
   PRINT(Ypxlnr); 
 
       if (Tstart[0]!=-1.0)   /* It is a valid pixel line, 
meaning the far_side tube moved over it */ 
   { dT=(Tnow-Tstart[0])/1000;  /* 
time of measurement for this pixel-row in secs */ 
#ifdef DEBUG 
    putMsg("Fpos=%f Ypxlnr_prev=%d 
dT=%f\n",Fpos,Ypxlnr_prev,dT); 
#endif 
     
   /* Get exclusive access */ 
    if ( sem_timedwait(semId, &timeout)!=OK ) 
    { perror("e1: sem_timedwait"); 
     putMsg("e1: error locking the 
semaphore\n"); 
     STRING("e1: error locking the 
semaphore"); 
     return(NULL); 
           } 
 
    for (iX=0; iX<PIXEL_ROW_SIZE; iX++) 
 /* write the pixel line to file */ 
    { fprintf(ntupl,"%7.2f %7.2f %9.1f 
%5.1f %5.1f %12.3f\n", 
     
 (iX*XPITCH+XZERO)/10,(Ypxlnr_prev*YPITCH+YZERO)/10,Accum[
iX][0]/dT, 
      XPITCH/10, 
YPITCH/10,dT); 
    } 
    sem_post(semId); 
     
      } 
        
   for (iX=0; iX<PIXEL_ROW_SIZE; iX++) 
       { for (iY=0; iY<PIXEL_LINE_SIZE-1; iY++)  
     Accum[iX][iY]=Accum[iX][iY+1]; /* 
Shift Accum array */ 
         Accum[iX][PIXEL_LINE_SIZE-1]=0; 
   } 
       for (iY=0; iY<PIXEL_LINE_SIZE-1; iY++) 
         Tstart[iY]=Tstart[iY+1];        /* 
and the entry times */ 
        Tstart[PIXEL_LINE_SIZE-1]=-1;  
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   Ypxlnr_prev=Ypxlnr; 
  } 
   
 /* Increment the accumulation array */ 
  if (Ypxl-Ypxlnr<0 || Ypxl-Ypxlnr>PIXEL_LINE_SIZE)  
   putMsg("e1Do: illegal line pixel number %d\n",Ypxl-
Ypxlnr); 
  Accum[Xpxl][Ypxl-Ypxlnr]++;   
 
 /* Update the time and position settings */ 
  Tprev=Tnow; 
  Pprev=Pnow; 
 
 } /* end for loop which decodes the samples */ 
 
 } /* end measurement for loop */ 
 
 PWRDAQ_BufferRemove(pDiData);  /* Stop the data 
acquisition */ 
 
 /* remove the cleanup handler */ 
  pthread_cleanup_pop(1); 
 
  return(NULL); 
} 
 
int PWRDAQ_BufferInit(struct _bufferedDiData *pbuf) 
{ 
Adapter_Info adaptInfo; 
int  retVal=0; 
 
  STRING(" PWRDAQ_BufferInit"); 
 
/* get adapter type */ 
  STRING("get adapter type"); 
  retVal=__PdGetAdapterInfo(pbuf->board, &adaptInfo); 
  PRINT(retVal); 
  if (retVal<0) 
  { putMsg("PWRDAQ_BufferInit: __PdGetAdapterInfo error 
%d\n", retVal); 
    return(ERROR); } 
 
  if ( !(adaptInfo.atType&atPD2DIO) ) 
  { putMsg("No PD2-DIO board found\n"); 
    return(ERROR);} 
  STRING("PD2-DIO board found"); 
 
/* get board handle */ 
  STRING("get board handle"); 
  pbuf->handle=PdAcquireSubsystem(pbuf->board, DigitalIn, 1); 
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  if (pbuf->handle<0) 
  { putMsg("PWRDAQ_BufferInit: PdAcquireSubsystem failed\n"); 
    return(ERROR); } 
 
  pbuf->tState=unconfigured; 
 
 /* reset the board */ 
  STRING("reset the board"); 
  retVal=_PdDIOReset(pbuf->handle); 
  if (retVal<0) 
  { putMsg("PWRDAQ_BufferInit: PdDInReset error %d\n", 
retVal); 
    return(ERROR); } 
 
  return 0; 
} 
int PWRDAQ_BoardConfig(struct _bufferedDiData *pbuf, WORD *buffer) 
{ 
DWORD  bufferMode=BUF_BUFFERWRAPPED | BUF_FIXEDDMA; 
DWORD  diCfg; 
int retVal; 
/* Configure all ports for input */ 
  retVal=_PdDIOEnableOutput(pbuf->handle, 0); 
  if (retVal<0) 
  { putMsg("PWRDAQ_BoardConfig: _PdDioEnableOutput 
failed\n"); 
    return(ERROR); } 
/* Allocate and register memory for the data */ 
  retVal=_PdRegisterBuffer(pbuf->handle, &pbuf->rawBuffer, DigitalIn, 
                        pbuf->nbOfFrames, pbuf->nbOfSamplesPerChannel, 
                        pbuf->nbOfChannels, bufferMode); 
  if (retVal<0) 
  { putMsg("PWRDAQ_BoardConfig: PdRegisterBuffer error 
%d\n", retVal); 
    return(ERROR); } 
/* setup the board to use the external latch for bank 0 */ 
/*  retVal=_PdDIOExtLatchEnable(pbuf->handle,0,TRUE); 
  if (retVal<0) 
  { putMsg("PWRDAQ_BoardConfig: PdDIOExtLatchEnable error 
%d\n", retVal); 
    return(ERROR); } 
*/ 
/* setup the board to use the external clock */ 
  diCfg=DIB_CVSTART1; 
 
  retVal=_PdDIAsyncInit(pbuf->handle, diCfg,  
                   0, eventsToNotify,  
                   pbuf->nbOfChannels, 0); 
  if (retVal<0) 
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  { putMsg("PWRDAQ_BoardConfig: PdDIAsyncInit error %d\n", 
retVal); 
    putMsg("PWRDAQ_BoardConfig: diCfg %d\n",diCfg); 
   putMsg("PWRDAQ_BoardConfig: eventsToNotify 
%d\n",eventsToNotify); 
    putMsg("PWRDAQ_BoardConfig: nbOfChannels %d\n",pbuf-
>nbOfChannels); 
    putMsg("PWRDAQ_BoardConfig: error %s\n",strerror(retVal)); 
    return(ERROR); 
 } 
 
  pbuf->tState=configured; 
 
  return(OK); 
} 
 
void PWRDAQ_BufferRemove(struct _bufferedDiData *pbuf) 
{ 
int retVal; 
       
 STRING("PWRDAQ_BufferRemove"); 
  
/* Stop the data acquisition */ 
 if (pbuf->tState == running) 
 { retVal=_PdDIAsyncStop(pbuf->handle); 
  if (retVal<0) 
    putMsg("PWRDAQ_BufferRemove: _PdDIAsyncStop 
error %d\n", retVal); 
  pbuf->tState=configured; 
 } 
   
// sleep(1); /* delay for the current DAQ to finish */ 
 
/* Terminate data acquisition and remove the buffer */ 
 if (pbuf->tState == configured) 
 { retVal=_PdClearUserEvents(pbuf->handle, DigitalIn, 
eAllEvents); 
  if (retVal<0) 
    putMsg("PWRDAQ_BufferRemove: 
PdClearUserEvents error %d\n", retVal); 
 
  retVal=_PdDIAsyncTerm(pbuf->handle);   
  if (retVal<0) 
    putMsg("PWRDAQ_BufferRemove: _PdDIAsyncTerm 
error %d\n", retVal); 
 
  retVal=_PdUnregisterBuffer(pbuf->handle, pbuf->rawBuffer, 
DigitalIn); 
  if (retVal<0) 
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    putMsg("PWRDAQ_BufferRemove: 
PdUnregisterBuffer error %d\n", retVal); 
 
  pbuf->tState=unconfigured; 
 } 
 
/* Release the sub-system */ 
 if (pbuf->handle > 0 && pbuf->tState == unconfigured) 
 { retVal=PdAcquireSubsystem(pbuf->handle, DigitalIn, 0); 
  if (retVal<0) 
    putMsg("PWRDAQ_BufferRemove: 
PdReleaseSubsystem error %d\n", retVal); 
 } 
 
 pbuf->tState=closed; 
} 
 
 

************************************************************* 
DisplayActiveMsm 

************************************************************* 
#include <qapplication.h> 
#include "qt/CanvasView.h" 
#include "LaneImage.hh" 
#include "dataCollector.hh" 
#include "TupleHandler.hh" 
#include "libMine.h" 
const double  ShowedLength=300.0; // length of the displayed part 
of the lane in cm 
const unsigned int backgroundRange=50;  // range to extrapolate the 
background  in pixel-rows 
int main(int argc, char *argv[]) 
{ 
int rc; 
int Tx; 
int Ty; 
double Ymx; 
double Ymn; 
 QApplication a(argc,argv); 
  
/************************************************************ 

Get a data file 
************************************************************/ 
 dataCollector *MT = new dataCollector(); 
 int NXpixels = MT->getNXpixels(); 
 double DX = MT->getXSpacing(); 
 double DY = MT->getYSpacing(); 
 int nYmax=(int)(ShowedLength/DY);  // number of pixel-
rows to show 
/************************************************************ 
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Allocate space for some arrays 
************************************************************/ 
 double *X = (double *)malloc(NXpixels*sizeof(double)); 
 double *Z = (double *)malloc(NXpixels*sizeof(double)); 
 double Y; 
 int Tlane_pos; 
 int Scan_pos; 
 double Vmax; 
 double *Imdat = (double *)malloc(NXpixels*nYmax*sizeof(double)); 
 double *Acorr = (double *)malloc(NXpixels*nYmax*sizeof(double)); 
 double *BGspec= (double *)malloc(NXpixels*nYmax*sizeof(double)); 
 double *MF    = (double *)malloc(NXpixels*nYmax*sizeof(double)); 
/************************************************************ 

Get the mine template 
************************************************************/ 
 FILE 
*FP=GetCsvInfo("/home/vb/MineRecognition/data/Tnorm.csv",&Tx,&Ty); 
 if (FP==NULL) 
 { printf("Illegal FILE pointer from GetCsvInfo\n"); 
  return(-1); } 
 
 double *Template=(double *)malloc(Tx*Ty*sizeof(double)); // 
allocate space for the template data  
 GetCsvData(FP,Template,Tx,Ty); 
   
/************************************************************ 

Create a window or 'canvas' on the screen 
************************************************************/ 
        QCanvas *m_canvas = new QCanvas(); 
 CanvasView *m_canvasView = new CanvasView(m_canvas,0,"MINE 
DATA ANALYSIS",0); 
 m_canvasView->show(); 
 
/************************************************************ 
 Create three images of our scanned lane on a 'canvas' on the screen 
 Associated NTuples (hippodraw) are created, 
 since LaneImage inherites from TupleHandler 
 Plotters are created for each NTuple and attached to the canvas 
************************************************************/ 
 LaneImage *LPraw = new LaneImage(m_canvasView,"RAW",100); 
 LaneImage *LPcor = new LaneImage(m_canvasView,"BGcorr",220); 
 LaneImage *LPana = new LaneImage(m_canvasView,"Analysis",800); 
 LPraw->setSpacing(DX,DY); // set width of the pixels 
 LPcor->setSpacing(DX,DY); 
 LPana->setSpacing(DX,DY); 
/************************************************************ 

Wait for the data file to become available 
************************************************************/ 
next: 
 LPraw->reset();   // clear the NTuples 
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 LPcor->reset();  
 LPana->reset();  
  
 while ( (rc=MT->getFile("/tmp/DataCurrent"))!=0 ) sleep(1); 
/************************************************************ 
************************************************************/ 
 int nwait=0; 
 while (nwait<10) 
 { 
 unsigned int Nx_vals; 
 unsigned int Ny_vals; 
 double Y_vals[nYmax]; 
   
  while ( (rc=MT->getRow(X,&Y,Z))==0 )  // Read all 
available pixel-rows of data 
  { nwait=0; 
   LPraw->addRow(X,Y,Z); }   // 
and put them into the NTuple 
//  cout << "rc=" << rc << endl; 
  Ymx=Y;      // set the 
scale of our lane images 
  if (Ymx<ShowedLength) Ymx=ShowedLength; 
  Ymn=Ymx-ShowedLength; 
  LPraw->setScaleY(Ymn,Ymx); 
  LPcor->setScaleY(Ymn,Ymx); 
  LPana->setScaleY(Ymn,Ymx); 
 
 /***************************************************** 
   Subtract the background 
 
 *****************************************************/ 
  Ny_vals=nYmax; 
  LPraw->getArray(Imdat, &Nx_vals, &Ny_vals, X, Y_vals); 
//  cout << Ny_vals << endl; 
//  for (unsigned int i=0; i<Ny_vals; i++) cout << Y_vals[i] << " "; 
//  cout <<  endl; 
  if (Ny_vals>backgroundRange && nwait==0) 
  { BGsubtract(Imdat, Nx_vals, Ny_vals, Acorr); 
   LPcor->reset();    // clear the 
NTuple 
   LPcor->putArray(Acorr, Ny_vals, Y_vals);  
 
  
 /***************************************************** 

Do the matched filter mine recognition 
  
 *****************************************************/ 
   if (Ny_vals>10+backgroundRange) 
   { GetMinePos(Acorr, NXpixels, Ny_vals, 
Template, Tx, MF, &Tlane_pos, &Scan_pos, &Vmax); 
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/*    if (Vmax>80) 
    { cout << "Tlane_pos=" << Tlane_pos; 
     cout << "  Scan_pos=" << Scan_pos; 
     cout << "  Vmax=" << Vmax << endl; 
    } 
*/    LPana->reset();    // 
clear the NTuple 
    LPana->putArray(MF, Ny_vals, Y_vals); 
 
    int Mdiag; 
    double Plane; 
    double Pscan; 
    double Roundness; 
 
    Pscan=Scan_pos; 
    Plane=Tlane_pos; 
    Mdiag=GetMineRoundness(0,Acorr, Nx_vals, 
Ny_vals, &Plane, &Pscan, &Roundness); 
    if (Vmax>80) 
    { cout << Mdiag ; 
     if (Plane>=0 && Plane<nYmax) 
      cout << "  Plane=" << 
Y_vals[(int)Plane]+DY*(Plane-(int)Plane); 
     if (Pscan>=0 && Pscan<NXpixels) 
     cout << "  Pscan=" << 
X[(int)Pscan]+DX*(Pscan-(int)Pscan); 
     cout << "  Roundness=" << 
Roundness << endl; 
    } 
/*    if (Mdiag==1 && Vmax>80) 
    { cout << "Mine at " << Plane*DX << " 
and  " << Pscan*DY << endl; 
     cout << "Roundness=" << Roundness 
<< "    Vmax="<< Vmax << endl; } 
*/   } 
  } 
           
  m_canvas->update();    // Display it 
 
  if (rc==1 || rc==6)     // 
reached the EOF on input 
  { nwait++; 
   sleep(1); } 
  else 
  { cout << "Read error in /tmp/DataCurrent file. rc=" << rc 
<< endl; 
   break; } 
 } 
  
 MT->closeFile(); 
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 goto next;  
 delete MT; 
 free( (void *)X); 
 free( (void *)Z); 
 free( (void *)Imdat); 
 free( (void *)Acorr); 
 free( (void *)BGspec); 
 free( (void *)Template); 
} 
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