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Abstract 

 

Pulsed Fast Neutron Transmission Spectroscopy (PFNTS) is a radiography technique that 

exploits characteristic cross-section energy-variations for the purpose of element-specific 

imaging. In this method, a broad energy-spectrum fast-neutron beam (0.8-10 MeV) 

transmitted through an inspected object is modified according to cross-section fluctuations 

("resonances") for light elements, such as C, N and O, present in it. Using the time-of-flight 

(TOF) technique, the spectrum of the transmitted neutrons is measured by a position-

sensitive neutron detector and the attenuation at pre-selected time-intervals (neutron 

energies) is determined. 
 

Consequently, PFNTS holds promise for detecting a broad range of conventional and 

improvised explosives. 
 

Hitherto, the PFNTS detectors built by the University of Oregon and Tensor Technology 

operated in event-counting mode and defined a pixel size no better than ~10 cm2. These 

limitations ruled out operation at high flux intensities and did not permit reliable detection 

of objects that are smaller than the pixel size.  
 

The presently-described TRION system (Time Resolved Integrative Optical (readout for) 

Neutrons) is an efficient, large-area fast-neutron detector that incorporates the combined 

capabilities of sub-mm spatial imaging and Time-of-Flight spectrometry. It is also designed 

for loss-free operation in mixed, high-intensity neutron-gamma fields. Thus, it can be 

considered as a next-generation PFNTS detector, since it provides superior performance 

capabilities than previous detectors in all the important figures-of-merit. 
 

The present work describes several rounds of  development, construction and testing of the 

detector using accelerator-produced fast-neutron pulses (employing, among others, the 
9Be(d,n) reaction using a deuteron beam, pulsed in ~1 ns bursts at 1-2 MHz repetition rate).  
 

The central topic of this work dealt with the determination of the factors that govern the 

spatial and timing resolution of TRION. Specifically, these are: screen type, response of the 

optical system and the various sources of noise that the system is susceptible to. Within this 

context, particular attention was focused on the following investigations: 
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a. A comparison between a fiber scintillating screen and plain scintillating slabs of 

different thicknesses was made, with respect to light output and Contrast-Transfer 

Function (CTF). In addition, TRION's spatial resolution dependence on neutron 

energy was simulated and measured. 

b. The purely optical performance of TRION, excluding neutron influence, was 

measured and compared to its overall performance. The influence of the image 

intensifier (I-I) on TRION's CTF was isolated and systematically studied, as was the 

resulting behaviour of the variance/pixel, which was modeled and compared to 

measured values. 

c. The temporal resolution (which defines the neutron energy resolution) directly 

affects the contrast ratio between "on-resonance" neutrons and "off-resonance" 

ones. As part of the experimental evaluation of TRION's TOF spectrometry, it was 

shown that the temporal resolution is limited by the minimal achievable I-I gate 

width and scintillation decay time. Despite the spatial resolution being somewhat 

degraded by the I-I and dominant noise sources such as photon shot noise and I-I 

thermal noise, excellent (sub-mm) spatial resolution was nevertheless obtained. 

d. As a culminating experiment, element-specific radiography of several graphite rods 

was performed, resulting in a projected image of the carbon areal-density map, the 

quality of which was unprecedented with this technique.            
 

In conclusion, the improvements that TRION has already demonstrated in spatial-

resolution, element-specificity and count-rate capability (compared to the Oregon & Tensor 

PFNTS detectors), holds out the promise that this detector will eventually meet the 

appropriate performance characteristics required for security screening scenarios. 
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Chapter 1 
 

 
1.1 Fast neutron radiography 

Fast neutron radiography (FNR) is a powerful method for non-destructive testing (NDT) 

due to the excellent matter-penetration characteristics of fast neutrons. A schematic 

drawing of a typical neutron radiography setup is shown in fig.1.1. A (point) neutron 

source can be either isotopic or accelerator-based. In several applications a parallel fast 

neutron beam from a reactor has been used. The neutrons are collimated toward the 

inspected object and the transmitted neutrons are detected by a position-sensitive neutron 

detector. 

FNR is especially suitable for the inspection of items too thick or dense to be inspected by 

conventional thermal neutron or X-ray radiography. The main advantage of fast neutron 

radiography is that, except for hydrogen, it is not strongly dependent on the atomic number 

of the inspected material. Thus it is possible to observe details in hydrogenous materials 

beyond large thickness of heavier materials. In FNR the spectrum of the source neutrons 

can be either mono-energetic or a broad continuum. Inspection applications include: 

explosive devices [1], turbine blades, nuclear materials, electronic devices, aircraft 

components, composite armor laminates [2], fluid flow and other dynamic investigations 

[3, 4]. 

 

 

 

 

 

 

 

 

 

A particular case for fast neutron radiography is resonant neutron radiography. Here the 

characteristic resonant structure of the fast-neutron cross-section energy-curves is exploited 

and has led to the development of an element-specific, fast neutron radiography and 

tomography method [5] - Pulsed Fast-Neutron Transmission Spectroscopy (PFNTS). 

         Fig. 1.1:   Simplified radiography setup 
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Proposed and first studied by Oregon University in 1985 [6-9] and subsequently refined by 

Tensor-Technology Inc. [10-12], PFNTS holds promise for detecting a broad range of 

conventional and improvised explosives, by determining the identity and density 

distribution of light elements such as C, N, and O within the inspected object. In this 

method a broad fast-neutron energy spectrum (0.8-10 MeV) transmitted through an object 

is modified according to the resonant features present in the cross-section of this element. 

Using the time-of-flight (TOF) technique, the spectrum of the transmitted neutrons is 

measured by a position-sensitive neutron detector and the attenuation at particular neutron 

energies that correspond to the resonances of C, N, and O is measured [13-15]. 

 

In the above-mentioned systems a large two-dimensional matrix of individual plastic 

scintillation detectors, 4×4 cm2 in dimensions have been used [16] for contraband 

detection. The spatial resolution and count rate capability achievable there could neither 

ensure reliable detection of sheet explosives nor short inspection times. 

 

The aim of this work was to overcome these shortcomings and to develop and characterize 

a novel, large-area imaging detector for sub-mm spatial imaging and few-ns-timing of fast 

neutrons, capable of loss-free operation at very high neutron flux. 
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1.2 Neutron interaction with matter 

When neutrons collide with atomic nuclei, a variety of energy-dependent nuclear reactions 

can occur. Generally, a distinction is made between scattering processes, in which a 

neutron makes an elastic or inelastic collision with a nucleus, and absorption processes, in 

which the neutron is assimilated into the nucleus, causing the emission of various 

secondary radiations. The interaction cross section is used for the quantitative 

characterization of neutron interactions.  

Neutrons are usually divided into three groups according to their kinetic energy: 

- Slow or thermal neutrons (E < 0.04 eV)  

- epithermal neutrons (0.05 eV<E<10 eV) 

- Fast neutrons (E > 1 keV) 

 

The following reactions may occur [17]: 

 

1.2.1 Indirect reactions or compound-nucleus reactions 

The incident neutron merges with the target nucleus, forming a relatively long-lived (≥10-

17s) compound nucleus whose excitation energy equals the sum of the center-of-mass 

kinetic energy and the binding energy of the captured neutron. 

The compound nucleus can decay in various ways: 

• A neutron with the same energy as that of the same originally-captured neutron can 

be emitted. This process is called compound elastic∗ scattering. When the scattering 

occurs in the region where the cross-section exhibits a resonance behavior, this 

process is called resonance scattering.  

• The excitation energy can be dissipated by emission of one or more γ-rays, thus the 

phenomenon is termed radiative capture or (n,γ) process. The resulting nucleus 

often decays via emission of a β particle. The probability for this reaction is high at 

thermal and low energies. 

• When the excitation energy is sufficiently high, charged particles or two neutrons 

can be emitted as: (n,α), (n,p), (n,np), (n,2n). 

• A neutron with kinetic energy smaller than that of the incident neutron can also be 

emitted. In this case, the nucleus remains in an excited state which subsequently 

decays by γ-emission (inelastic scattering). 

                                                 
∗  In the neutron-nucleus center-of-mass system the energy of the neutron does not change, therefore this is an 
elastic collision 
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• Fission can also occur in the heaviest nuclei  

 

1.2.2 Direct reactions 

Theses are reactions that proceed directly, without the formation of a compound nucleus.  

Direct elastic scattering – Elastic scattering without the formation of a compound nucleus. 

Direct elastic scattering is frequently identified with potential scattering, the deflection of 

the incident neutron by the nuclear potential, which represents the average of all 

interactions with other nucleons. 

The Q-value of elastic scattering is zero because the total kinetic energy after the reaction is 

the same as it was before. 

For all practical purposes the target nuclei are at rest, therefore the sum of the kinetic 

energies of the reaction products (recoil nucleus and scattered neutron) must be equal to the 

energy carried by the incident neutron. Fig. 1.2 shows the neutron interaction diagram in 

the center of mass and lab coordinate systems. 

 

 

 

    

 

 

 

Conservation of momentum and energy in the center-of-mass coordinate system for 

incoming neutrons with non-relativistic kinetic energy (En) in the lab system 

(En<<931MeV), gives the following relationship for the energy of the recoil nucleus (ER) 

in the lab system [17]: 
 

  
( )

( ) n2R Ecos1
A1
A2E Θ−

+
=     [1-1]   

 

Where A is the mass of the target nucleus/neutron mass, Θ is the scattering angle of the 

neutron in the center-of-mass coordinate system and θ is the scattering angle of the recoil 

nucleus in the lab coordinate system. 

Fig. 1.2:   Neutron elastic scattering diagrams for the    a) center-of-mass and    b) laboratory 
coordinate system 
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The following transformation is used in order to convert to the more convenient lab 

coordinate system in which the target nucleus is at rest: 
 

  
2
cos1cos Θθ −

=      [1-2] 

 

When combining eq.1-1 with eq.1-2, the following relationship for the recoil energy of the 

nucleus in terms of its own angle of recoil is obtained: 
 

  ( ) n
2

2R Ecos
)A1(

A4E θ
+

=     [1-3] 

 

From eq. 1-3 we can see that the energy imparted to the recoil nucleus is uniquely 

determined by the scattering angle. For a grazing angle encounter in which the neutron is 

deflected only slightly, the recoil nucleus is emitted almost perpendicular to the incoming 

neutron direction (θ≅90o), and eq. 1-3 predicts that the recoil energy will be close to zero. 

On the other hand, a head-on collision of the incoming neutron will lead to recoil in the 

same direction (θ≅0o), resulting in the maximum possible recoil energy: 
   

  n2R E
)A1(

A4(max)E
+

=     [1-4] 

 

While direct elastic scattering can always occur, compound nucleus formation is a 

resonance reaction, i.e., a compound nucleus can only be formed if the sum of the binding 

and kinetic energies of the incident neutron corresponds to an excited state of the 

compound nucleus. 

The cross-section of the atomic nuclei is therefore composed of a cross-section for direct 

elastic scattering and a cross-section for compound nucleus reactions. Fig 1.3 shows the 

total cross section of carbon-12 which illustrates the above mentioned interactions.  
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1.3   Fast Neutron Detectors 

 

1.3.1 Neutron detection 

Neutrons are detected by their conversion to a charged particle, either in elastic collision or 

by a nuclear reaction. A common method of fast neutron detection is based on elastic 

scattering of neutrons by light nuclei [17]. As can be seen from eqs.1-1 to 1-4, the smaller 

the target mass A, the larger the energy that can be transferred to it by the incident neutron.  

For single scattering in hydrogen, the fraction of the incoming neutron energy transferred 

to the recoil proton can range anywhere between zero and the full neutron energy, so that 

the recoil proton has an average energy about half that of the original neutron. Hydrogen is 

therefore the most commonly-used target nucleus in detectors, while deuterium and helium 

can be used as well. 

 

The detection efficiency of a device based on recoil protons or other recoil nuclei can be 

calculated from the scattering cross-section. If nuclei of only a single species (for example 

hydrogen gas) are present in the detector, the intrinsic efficiency is given simply by: 
 

  dN se1 σε −−=       [1-5] 
 

Where N is the number density of target nuclei, σs is the scattering cross-section for that 

nuclei and d is the thickness of the detector. 

Fig. 1.3:   Carbon 12 total cross-section [11] 
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In most neutron detectors, carbon appears in combination with hydrogen and thus, 

competing effects due to carbon scattering must be taken into account. The counting 

efficiency, neglecting multiple scattering, is then given by: 
  

( )( )[ ]dNNexp1
NN

N
CCHH

CCHH

HH σσ
σσ

σε +−−
+

=  [1-6] 

 

Where the subscripts H and C refer to hydrogen and carbon relevant values. 

 

Most neutron detectors employ either plastic or liquid scintillators that contain relatively 

large proportions of hydrogen. Fast neutrons incident on the scintillator give rise to recoil 

protons whose energy distribution ranges from zero to the full neutron energy. Due to the 

fact that the range of the recoil protons is usually small compared with the dimensions of 

the scintillator, their full energy is deposited in the scintillator. 

For scintillators that are not small a possibility exists, that an incident neutron will be 

scattered more than once by hydrogen nuclei before escaping from the scintillator. 

All organic scintillators contain carbon as well as hydrogen. The incident neutron can lose 

up to 29% of its initial energy in one carbon scattering. 

 

Depending on the experimental requirements, a neutron detector may be used for 

determination of neutron energy (neutron spectroscopy), timing and spatial distribution 

(neutron imaging). The neutron detector for the PFNTS method (see chapter 2) requires all 

these features. 

 

1.3.2 Neutron timing and spectroscopy by the time-of flight method 

The most precise method for detection of neutron energy is the time-of-flight (TOF) 

method. This method [4] relies on the neutrons being generated in a short burst. After their 

emission, some of the neutrons will travel towards the detector with a velocity vn, 

depending on their energy En: 
 

2

n

2
n

n E
cm1cv ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=      [1-7] 

 

Where c equals the speed of light and mn the neutron rest mass. For non-relativistic 

energies eq.1-7 can be written as: 
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   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

n

n
n m

E2v      [1-8] 

The time-of-flight is the time needed by the neutrons to cross the flight path x between 

source and detector: 

n

n

n E2
m

x
v
xTOF ==      [1-9] 

The arrival time of these neutrons at the detector depends on their energy. Thus, by 

recording the neutron arrival time at the detector and knowledge of its creation time (time 

of accelerator burst) permits the determination of the neutron energy.  

The energy resolution of this method depends on burst duration (1-2 ns, typically in 

cyclotrons), detector thickness, the distance between the source and detector and the 

resolving time of the electronics. Typical energy resolution obtainable with this method is 

1-2% for few-MeV neutrons and a detector-source distance of 6-10 meters. 

The TOF method permits good separation between γ-ray and neutrons emitted from the 

source. The γ-ray TOF is considerably shorter than that of the fastest neutrons considered 

in this energy range. In this manner, γ-ray background can be rejected, leading to pure 

neutron measurement. 

 

In a typical event-counting TOF measurement, the measurement sequence is started by a 

pulse generated by the beam burst from an accelerator, which provides a “start” trigger to a 

Time-to-Amplitude Converter (TAC). The detection of a neutron by a detector provides a 

“stop” signal, which stops the measurement of time and the TAC generates a signal with an 

amplitude proportional to the time interval between “start” and “stop” pulses. Any 

additional “stop” pulse that will arrive for the same “start” pulse will be ignored. Thus in 

this mode of operation only one event can be counted for each burst. Actually, the “start” 

pulses are periodic and have much higher repetition rate than the “stop” detector pulses; 

hence, it is common to reverse the sources of the “start” and “stop” pulses. The neutron 

detector pulse is used to start the TAC, while the accelerator burst pulse is delayed and 

becomes a “stop” pulse. With this arrangement every useful “start” pulse is accompanied 

by a “stop” pulse and the TAC operates at much lower rate set by detected neutrons, with a 

consequence of negligible TAC dead time. The reversed start/stop scheme causes the 

reversal of the time spectrum, i.e., smaller TAC pulses will correspond to longer TOF’s. 
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If the probability of detecting more than one neutron event per beam burst is high, the TAC 

will give preference to faster neutrons, which arrive earlier and will tend to exclude 

neutrons which arrive later. Such bias toward faster neutrons will distort the energy 

spectrum. The distortion of the spectrum can be made negligible by lowering the neutron 

detection rate, such that the probability of detecting a single neutron is less than 0.01 per 

burst. This condition prevents the use of event counting TOF at high neutron counting 

rates. 

 

The energy resolution of this method depends on burst duration (1-2 ns), detector thickness, 

the distance between the source and detector and the resolving time of the electronics. 

Typical energy resolution obtainable with this method is 1-2% for few MeV neutrons and 

detector-source distance of 6-10 meters. 

The TOF method permits a good separation between γ-rays and neutrons emitted from the 

source. The γ-rays TOF is considerably shorter than the fastest neutrons considered in this 

energy range. In this manner, γ-rays background can be rejected leading to pure neutron 

measurement. 

 

The main disadvantage of this method is that it requires an accelerator based neutron 

source capable of generating intense bursts of neutrons of short duration. Another 

disadvantage of this method is operation at relatively low neutron counting rate to assure 

detection of less than one neutron per burst. 

 

1.3.3 Imaging fast neutron detectors 

Neutron detectors used for fast neutron radiography are mostly based on the following 

configurations: 

• Scintillating screens viewed by CCD 

• Plastic scintillator slab viewed by CCD 

• Scintillating fiber screens viewed by CCD 

• Hydrogenous or metallic converter foils coupled to charged-particle detector 

 

1.3.3.1 Scintillating screens  

These screens are based on hydrogen-rich materials such as polypropylene loaded with 

ZnS(Ag) scintillator. 
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Neutron induced knock-on protons deposit their energy within the scintillator causing the 

emission of light, detected by a CCD camera via an appropriate optical configuration [18]. 

The minimum detectable neutron flux is determined by the optical geometry and the 

combined noises of the CCD and the image intensifier. Generally, a cooled CCD camera is 

used, but it is equally important to cool the image intensifier as well. 

 

1.3.3.2 Plastic scintillator slab viewed by CCD  

A plastic scintillator slab coupled to a CCD camera [4,16,19-20] is a different version of 

the detector based on a scintillating screen. A 4cm thick slab provides relatively high 

efficiency at the expense of spatial resolution. In addition, such a slab is sensitive to γ-rays.   

 

1.3.3.3 Scintillating fiber screen 

A screen made of individual scintillating fibers bundled as one unit, is coupled to a CCD 

readout. Position resolution depends on fiber diameter and length. As the fiber diameter 

decreases, the spatial resolution increases; however, cross-talk increases as well and light 

transmission is reduced.     

Fiber length determines neutron detection efficiency and penumbra effects. The minimal 

detectable neutron flux is determined by the optical geometry and CCD noise. 

 

1.3.3.4 Converter foil 

Neutrons interact with converter foils [21] via scattering reactions, causing the emission of 

charged particles which are detected by a charged-particle-detector. 

 

• Hydrogenous converter foil detector:  

Neutrons cause the emission of knock-on protons via elastic (n,p) scattering with the 

hydrogenous foil. The foil is coupled to a position-sensitive charged-particle detector (solid 

state or gas), used to detect the knock-on protons. 

The spatial resolution of the detector is determined by the length of proton trajectories in 

the gas and by the resolution of the position – sensitive readout. 

 

• Metallic converter foil detector: 

A metallic foil is used for the conversion of neutrons to protons via the (n,p) reaction. The 

resulting protons are registered in a position sensitive detector. 
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The selection of a metallic foil having a certain energy threshold for the (n,p) reaction 

enables the rejection of scattered neutrons of energy below this threshold. 

Detection efficiencies are low due to the fact that the foils are required to be thin enough 

for protons to emerge with significant energy and the (n,p) cross-sections for metallic foils 

are generally below 500 mb requiring the foils to be thin enough for protons to emerge with 

significant energy. 
 

Table 1-1 compares characteristics of FNR detectors developed over the past decade. 
 

Table 1-1:   characteristics of contemporary FNR detectors 

 

The data summarized in table 1-1 leads to the conclusion that most contemporary fast-

neutron imaging detectors suffer from low detection efficiency and lack of timing 

capability. 

The plastic slab scintillator has relatively high detection efficiency but this advantage 

comes at the expense of spatial resolution, due to depth-of-field dependence. This loss of 

spatial resolution is avoided by the use of scintillating fibers, for which the spatial 

resolution is dependent only on the fiber dimensions and the knock-on proton range within 

the scintillating fiber matrix. 

Additional factor to be considered when discussing scintillator-based detectors is the 

sensitivity to gamma rays. The metallic converter detector operates in a single-event 

counting mode and is therefore capable of providing information on neutron energy by 

measuring its time-of-flight. Although insensitive to gamma-rays, its detection efficiency is 

extremely low. 

 

Recently, Ambrosi et. al. [22-24] proposed a direct fast neutron detection method using a 

microchannel plate (MCP) with large area a-Si pixel array readout. In this manner, the light 

conversion step, characteristic of most scintillator-based fast neutron imaging methods, is 

eliminated. 

The MCP acts as both a converter and an intensifier, where the silicon in the plate is used 

to convert fast neutrons to protons, α -particles or deuterons via the 28Si(n,p)28Al and 28Si 

Property Spatial Resolution 
FWHM [µm] 

Efficiency per incident 
fast-n 

Gamma 
sensitive 

Timing 
(ns) 

Detector area 
realized [cm2] 

Scint. Screen/CCD 250-2000 1% (2mm thick) Yes No 30x30 (limited by 
optics) 

Plastic Slab Scint./CCD 2000-3000 20% (40mm thick) Yes No 30×30 

Scint. Fibers/CCD 500 (depending on 
fiber dimensions) 4-6% (100 mm long) Yes No 20×20 

Metallic Converter/Gas 
Detector 

400 (depending on 
readout) 

0.2-0.6% (0.2-2mm 
thick) No 10 12×12 
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(n,α)25Mg neutron capture reactions. The MCP is placed under a potential, thus ionizing 

particles (produced by the nuclear reactions described above) generate electrons at the 

channel-wall. These electrons are multiplied by an avalanche process which is read out by 

the a-Si pixel array underneath (see Fig. 1.4a). The direct and lightless conversion method 

removes the effect of light spreading in conventional converters and the 5MeV threshold in 

the conversion reactions (see Fig. 1.4b) reduces scattered neutrons affect on image contrast 

and resolution.  

Fig. 1.5 shows neutron detection efficiency for Si based converters containing various 

concentrations of Si compared to Hydrogen rich converters [23]. According to fig. 1.5, the 

detection efficiency of a 10mm thick MCP is about 2%. This efficiency calculation does 

not take into account the open fraction of the detector, in other words the channels. 

Image resolution is expected to be of the order of the channel diameter. 

 

 

 

 

 

 

 

 

 

Amorphous silicon (a-Si) large area detector offers an attractive alternative to CCDs [22]. 

Higher photon detection efficiency results from direct one to-one coupling of the converter 

screen to the sensitive detector area without the need for additional optics; however the 

readout noise (~800 to ~4000 electron rms) of a-Si panels limit the detectability of small 

objects [22]. 

 

The detector design shown in fig. 1.6a and b [23] facilitates the production of a multi-layer 

detector, where each segment consist of a 40% Si MCP, 10mm thick and an area of 

150mm2. 

Fig. 1.4:   Schematic description of neutrons interacting with the Si in the MCP. These neutrons undergo 
capture reactions, producing ionizing particles. These particles can generate electrons in the channel wall, 
which are consequently multiplied by an avalanche process in the MCP. The a-Si pixels detect the electrons 
to produce an image [23] 

 a) b) 
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Summary of the MCP a-Si approach: 

a. Enhanced image resolution resulting from the energy discrimination properties of 

the detector and the lightless conversion process. Resolution values of the order of 

> 200µm are potentially achievable 

b. Relatively high detection efficiency when arranged in a multi-layer structure. 

Detection efficiency of 9% is expected for a 5 layer structure. 

c. More radiation tolerant than CCD based systems 

Fig. 1.5:   Neutron detection efficiency for Si based 
converters containing various concentrations of Si compared 
to Hydrogen rich converters [23]  

Fig. 1.6:   a) A sectional top view of through the multi-layer detector architecture b) Side view of the 
layered detector [23] 

 a) b) 
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1.4 Accelerator based fast neutron sources  

Fast neutron sources can be obtained by using accelerator driven systems utilizing (p,n), 

(α,n) or (d,n) reactions [4]. In such reactions, excited compound nuclei are formed. The 

excitation level equals the sum of binding energy and the kinetic energy of the projectiles. 

If the excitation energy is larger than the binding energy of a neutron in the compound 

nucleus, then a neutron is likely to be emitted, since there is no Coulomb barrier to be 

overcome.   

Examples of common neutron producing reactions (with their Q values) are shown below: 

 

1) D(d, n)3He+3.28 MeV 

2) T(d, n)4He+17.6 MeV 

3) 9Be(d, n)10B+4.4 MeV 

4) 7Li(p, n)7Be-1.65 MeV 

5) 9Be(p, n)9B-1.85 MeV 

 

Because of the small binding energy of the deuteron (a very highly excited compound 

nucleus is formed by its capture), consequently, nearly all (d,n) reactions are exothermic 

(positive Q value). Relatively high monoenergetic neutron yield can be obtained with 

deuteron energies as low as 100 to 200 keV in these reactions.  

The neutron yield is a function of the cross-section for the reaction, density of target atoms 

and target thickness. For a thin target in which the incident particle does not change its 

initial energy significantly, the neutron yield per incident particle current is: 
 

dxNQ thin σ=      [1-10] 

 

Where N is the density of target nuclei, σ is the cross-section for the neutron producing 

nuclear reaction, and dx is the target thickness. In a thick target the energy of the incident 

particle is rapidly degraded by coulomb interaction with electrons in the target substance. 

Consequently the cross-section for neutron production varies rapidly across the thickness of 

the target. The slowing down of charged particles in matter is characterized by energy 

dependent slowing down power-dE/dx. This function has been determined for most 

particles and target nuclei vs. particle energy. The yield for a thick target can be calculated 

as following: 
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dE
dx/dE
)E(NQ

0E

0
thick ∫=

σ      [1-11] 

 

Where E0 is the incident particle energy. 

The d-Be reaction may yield ~1010 n/(s·sr·µA) at deuteron energy of 13.54 [25]. The (p,n) 

reactions on stable nuclei are endothermic, thus there is an energy threshold for its 

production. The 4th reaction is very common for production of neutrons but it is 

disadvantageous due to the fact that a radioactive isotope of beryllium, 7Be is produced 

(7Be decays under electron capture to 7Li with half life of 53.23 days).  

The 9Be(d, n)10B reaction is of particular interest to this work, since it yields an intense, 

broad-energy neutron spectrum required for the PFNTS method. The spectrum of neutrons 

following bombardment of a thick Be target with deuterons is shown on Fig. 1.7 [26].  

 

 

 

 

 

 

 

 

 

 

 

Currently, available neutron sources suitable for PFNTS are linear-accelerators (linacs) or 

cyclotrons.  

A novel neutron source [27-28], described schematically in fig. 1.9, is being developed by 

Tensor Technology and Lawrence Berkley laboratory. This is a pulsed neutron source 

based on the T+T reaction and presents a true technological breakthrough which should 

enable replacing the 25 ton particle accelerator subsystems. 

The requirements from the source are high flux, small point-source, pulsed operation with 

short pulses and broad energy spectrum. 

The broad energy spectrum is achieved by utilizing the T+T fusion reaction. 

Fig. 1.7:   Neutron yield [33] in the forward direction of 13 MeV deuterons 
incident on a thick Be target 
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The overall cross-section is comparable to a D-D reaction except that the T-T reaction 

produces two neutrons per fusion.  A typical energy distribution [27], shown in fig. 1.8, 

ranges from 0 to 9 MeV, which is suitable for the PFNTS screening method. 

 

 

 

 

 

 

 

 

 

 

The short beam pulses are generated by sweeping the beam across a collimated aperture 

with parallel plate beam sweeper. Beam pulses that are 15ns wide have been generated in a 

very compact device. The requirement for the point source is to have pulse duration of 5ns 

at 0.25% duty cycle. The point neutron generator is designed to generate the plasma in a 

shaped plasma chamber and the beam is extracted toward the center of the generator, where 

it strikes a small-diameter Ti target rod. A hollow Ti rod is used, to permit water cooling. 

The plasma is produced by RF induction discharge which can provide high current density 

with atomic ion concentrations greater than 90%.  

The point neutron generator uses 20 pulsed narrow beams (beamlets) to produce a current 

of 1A. This generates 1012 n/s time average yield during the pulse. 

The ion source will be floating at +20 to +30kV potential, while the collimator/beam dump 

will be at ground potential to facilitate straightforward water-cooling arrangements. The 

target will be biased to -100kV. The discharge will be operated in pulsed mode with a 3 

kW, 13.5 MHz RF generator.  The RF antenna is a copper or aluminum coil wrapped 

around the plasma chamber as shown in the fig. 1.9 [27]. Since the antenna is located 

outside the plasma chamber, there is no limitation on its lifetime. 

 

 

 

 

Fig. 1.8:   Neutron spectra created by D-D, D-T and T-T reactions [31] 
 



 17

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ions of each beamlet (small beam) are accelerated to 100 kV and are focused down to a 

beam spot size of ~2-mm-diameter eventually uniformly irradiating the Ti target. The 

Tritium is implanted in the Ti target surface. When the incoming ions impinge on these 

atoms, neutrons will be generated via the T-T fusion process. The neutron yield builds up 

to a maximum after several minutes of bombardment.  

The neutrons produced will appear to come from a small “point source” with diameter no 

larger than 2 mm.  

The power density deposited by the focused ion beams on the target surface can be 

maintained at ~500 W/cm2. This moderate heat load can be easily removed by using an 

oscillating water-cooled target stage. The entire neutron generator is about 20-cm diameter 

by 20-cm high. 

Fig. 1.9:   a) Top view of point neutron source, and     (b) Side view of point neutron source [31] 

 

 

a) 

b) 
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Chapter 2 

 

2.1 Review of fast neutron interrogation methods 

Neutron and X-ray radiography reveal different aspects of the examined object. The low 

and medium-energy (hundreds of keV) x-ray attenuation coefficient [29] increases rapidly 

with elemental atomic number Z, whereas fast neutron attenuation exhibits only a relatively 

weak dependence on the atomic number Z. The result is that fast neutrons are highly 

penetrating and can be used for interrogation of relatively large objects such as medium- 

sized cargo containers. However, light materials such as hydrogen and deuterium have 

relatively high macroscopic attenuation cross-sections. Thus, penetration in objects 

containing hydrogenous materials will be rather limited.  

 

The interrogation of an object with fast neutrons can be performed in a radiography mode, 

in which the fast neutron flux transmitted through the object is detected by an imaging 

detector. If the total cross-section for an element of interest has resonances, this feature can 

be used for its identification. Specifically, the well known resonances in the fast-neutron 

cross sections of C, O and N in the 1 - 8 MeV range can be used for detecting their 

presence and relative abundance.  

 

Alternatively the incident fast neutrons can induce a nuclear reaction (neutron capture, 

inelastic scattering, fission) in the object leading to the emission of characteristic (prompt 

or delayed) gamma-rays which, in turn, are detected by gamma-ray detectors.  

 

Neutron-based techniques for the non-destructive elemental characterization of materials in 

bulk have been commercially operational since the late 1970’s, especially in the context of 

on-line analysis and control and in the minerals industry [30]. 

 

In the last twenty years there has been notable interest in the investigation of these 

techniques for non-destructive detection of explosives and illicit drugs. The following 

section reviews several fast neutron interrogation techniques for detection of explosives 

and illicit drugs concealed in small mail items, airline baggage and large cargo containers. 
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2.2 Thermal Neutron Activation analysis (TNA) 

 Thermal Neutron Activation analysis was one of the first techniques for detection of 

explosives in passenger bags that employed neutrons [31,32]. Fast neutrons emitted by a 

radioisotopic source such as 252Cf or a sealed tube neutron generator (STNG), are 

moderated to low energies (< 0.025eV) within the investigated object. A fraction of these 

neutrons react with nuclei in the objects, producing prompt capture γ-rays, which are 

detected by the detector. The detection of explosives using TNA is primarily based on the 

identification of hydrogen and nitrogen via the detection of the 2.22 and 10.83 MeV 

capture γ-rays from hydrogen and nitrogen respectively. Figs. 2.1a and b show 

schematically the irradiation chamber and the neutron-capture gamma-ray spectrum 

obtained in a TNA system. The system detects the presence of nitrogen (a constituent of 

most standard explosives) and estimates its quantity. The estimation of these parameters by 

themselves led to a high false alarm rate, since nitrogen can be present in many innocuous 

materials in large quantities. 

 

 

 

 

 
 

 
 

The TNA method is used today for inspection of small parcels such as briefcases and 

portable computers. The system, manufactured by Ancore, USA, is shown in fig.2.2.  

 

 

 

 

 

 

 

 

 

Fig. 2.1:   a) Schematic representation of a TNA chamber and b) typical gamma-ray spectrum 

Fig. 2.2:   TNA explosives detection 
system for small parcels 

252Cf

γ -Ray Detector

252Cf

γ -Ray Detector
b) a) 
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The bag is inserted into the container in front of the instrument and the presence of nitrogen 

above a certain quantity is indicated. The inspection time is about 30s and the explosives 

threshold quantity is below 1 kg (200g for C4). The radiation dose is about 5 µSv and the 

total weight of the system is 1180 kg. 

 

2.3 Fast Neutron Activation analysis (FNA) 

This technique was conceived in 1986 by Gozani et al [33] as a possible improvement of 

the TNA (thermal neutron analysis) technique for explosive detection [34]. A collimated 

beam of fast neutrons (typically 14 MeV) is used to bombard the investigated object. Fast 

neutron inelastic scattering events activate the inspected-object nuclei, which subsequently 

release characteristic de-excitation γ-rays, detected by an array of detectors surrounding the 

object and shielded from direct exposure to the source neutrons [30,34]. The identification 

of the specific elements found in each volume element or “voxel” is carried out by the 

deconvolution of the γ-ray spectra measured by each detector. Main signatures used are 

derived from the detection of the 4.43 MeV γ-ray from 12C, the 1.64, 2.31 & 5.11 MeV γ-

rays from 14N and the 6.13 MeV γ-ray from 16O. 

 

FNA suffers from high inherent background that stems from interactions of scattered fast- 

neutrons with the γ-ray detector material. The detector shielding (which reduces the signal 

from scattered neutrons), also reduces γ-ray detection efficiency.  

 

2.4 Pulsed Fast Neutron Activation analysis (PFNA) 

The PFNA method was developed originally by the SAIC Company, USA [34,35] and the 

system  is now manufactured by Ancore [36-37]. PFNA utilizes a pulsed neutron “pencil 

beam” which scans the object in a periodic vertical motion. The object moves through the 

system at a constant horizontal speed, so that a full raster rectilinear scan is obtained 

(fig.2.3). Collimated mono-energetic neutrons of about 8.5 MeV are produced in 1 ns 

bunches by an accelerator via the 2H(d,n) reaction with 6 MeV deuterons. γ-rays produced 

by inelastic scattering are detected by arrays of Na(Tl) crystals. 

 

Two limitations that affect FNA, namely, high background and relatively poor imaging 

capabilities for large objects, can be overcome by pulsing the incident neutrons and making 

use of the time-of-flight (TOF) method. 

The TOF method enables to determine where the mono-energetic neutron interacts [34]. 
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Additionally, the neutrons must be bunched in narrow pulses so that the induced γ-rays 

arrive at the detector before the front of the next neutron pulse. The flight time required for 

8 MeV neutrons to traverse a suitcase or a truck is 20 and 60 ns respectively [34].  

Thus the identification of C, O, N, Fe, Cl and other elements is possible using γ-ray 

spectroscopy, performed for each voxel (volume cell). The 3D location of the interacting 

nuclide may be determined by the knowledge of the position of the “pencil beam” 

relatively to the object (at any moment in time) and the depth of interaction is determined 

by measuring the time span between the emission of the mono-energetic neutron pulse 

from the target and the detection of the de-excitation γ-ray (fig. 2.3).  

Spectral quality is usually high, due to good separation between the signal and major 

sources of background. The spatial resolution of this method is determined by the 

dimensions of the “pencil beam” and the timing resolution of the time of flight method. A 

typical voxel size in this method is about 5×5×5 cm3 [34]. The reported throughput of the 

system is 5-20 containers per hour depending on type of cargo. 

 

 

 

 

 

 

 

 

 

 

 

A prototype utilizing this method has been built and is currently being applied for 

inspection of marine containers and trucks at the El Paso, Texas, point of entry from 

Mexico into the United States, as seen in fig. 2.4. 

 

 

 

  

Fig. 2.3:   a) Schematic drawing of the PFNA system and    b) a display depicting detection of various 
materials 

 
a) b) 



 22

 

 

 

 

 

 

 

 

 

 

 

The main disadvantage of the PFNA system is its large voxel size. The poor spatial 

resolution prevents detection of small quantities of explosives and thin sheet explosives. 

Furthermore, multiple scattering of high energy neutrons adds uncertainty to the location of 

the nuclear interaction, thus leading to a (false) reduction in the effective measured density. 

 

2.5 Pulsed Fast & Thermal Neutron Activation analysis (PFTNA) 

The PFTNA technique generally utilizes a µs-pulsed sealed-tube neutron generator (STNG) 

producing bunches of 14.1 MeV neutrons that are several µs-wide via the 3H(d,n)4He 

reaction. The γ-rays from these reactions are detected by a suitable set of detectors (usually 

bismuth germanate (BGO) scintillators).    

PFTNA usually involves two types of neutron induced reactions [38-40]:  

During pulse emission time (10-8-10-7 s) - Fast neutron reactions (inelastic scattering (n, n' 

γ)) with elements such as C and O. The de-excitation γ-rays are detected and stored 

Between two consecutive pulses – Some of the fast neutrons lose their energy by collisions 

with light elements within the inspected object. When these neutrons are thermalized (10-6-

10-5), neutron capture reactions may occur (n,γ) with elements such as H, N and Fe. The 

prompt capture γ-rays are detected within the same detectors and stored separately from the 

inelastic scattering spectra. 

 

This sequence is repeated at a frequency of about 10 kHz. Every few hundred pulses the 

neutron beam is turned off for a longer time interval, such as 3ms, and a different analog-

to-digital converter (ADC) collects the events originating from the delayed γ-ray emission 

from the activated elements such as O, Si, F and P.  

Fig. 2.4:   Ancore PFNA inspection site at Ysleta Port of 
Entry in El-Paso Texas 
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This technique combines fast neutron inelastic scattering, thermal neutron capture and 

delayed activation analysis. Fig. 2.5 shows the time sequence of the nuclear reactions 

taking place [39]. 

 

 

 

 

 

 

 

 

 

 

A PFTNA-based device called PELAN (Pulsed Elemental Analysis with Neutrons) was 

built by Vourvopoulos and Womble [40-41] for the characterization of explosives.  PELAN 

(seen in fig. 2.6) is a small man-portable device that comprises a suitcase containing the 

necessary power supplies for the neutron generator and the data acquisition system, and a 

probe which is placed next to the object under interrogation. The probe contains the 

neutron generator tube (upper horizontal tube in fig. 2.6), the BGO γ-ray detector (lower 

horizontal tube), and the necessary material to shield the detector from the neutrons 

(vertical tube).  The total mass of the probe and suitcase is less than 45 kg. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5:   Pulsed neutron generator time sequence 

Fig. 2.6:   The PELAN system [101] 
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2.6 Fast Neutron Scattering Analysis (FNSA) 

The FNSA technique [42-43] involves bombarding the investigated material with mono-

energetic fast neutrons produced by the 2H(d,n)3He reaction and the detection of neutrons 

scattered elastically and inelastically from the interrogated object. 

 

The nuclear characteristics on which the elemental scattering signatures used in FNSA are 

based are:  

a. The elastic and inelastic differential scattering cross sections of the nuclides of 

different elements, which determine the relative intensities of the elemental signature 

components at different incident neutron energies and scattering angles 

b. The dependence of backscattered neutron energy on target mass number A (fig. 2.7), 

analogous to that underlying the well-known charged particle technique of Rutherford 

backscattering analysis (RBS) 

 

The determination of various properties regarding the scattering nuclides (type, quantity 

and position) is accomplished by measuring the angle and energy of the scattered neutrons. 

The incident neutron energy may be alternated between two pre-selected neutron energies.  

Neutron time-of-flight can be used to resolve small energy differences, such as separation 

between elastically and inelastically scattered neutrons.  

 

Measurements of pure elemental samples such as carbon (graphite), liquid nitrogen and 

liquid oxygen provide scattering signatures that characterize the scattering nuclide rather 

well. Readings from two NE-213 liquid scintillation detectors positioned at 450 and 1500 

(fig. 2.8), at two different incident neutron energies, are combined to form a sample 

scattering signature.  

 

 

 

 

 

 

 

Fig. 2.8:   Schematic illustration of the FNSA 
detection setup [85] 

Fig. 2.7:   Neutron scattering angle for various 
elements 
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The measured signature for a sample of an unknown material is unfolded into components 

corresponding to the scattering signatures, in order to determine atomic fractions of each 

element in the sample. Atomic fractions are used to identify the scattering material.  

 

Fig. 2.9 shows a FNSA system, proposed by Buffler et. al [44] for the detection of illicit 

drugs in incoming airline luggage. 

 

 

 

 

 

 

 

 

 

 

 

 

FNSA can measure atomic fractions of the elements in a small sample (0.2-0.8 kg) of a 

material containing H, C, N and O to an accuracy of few percent [30]. 

Nevertheless, the FNSA method possesses no imaging capability and does not provide any 

spatial information regarding the location of the suspicious material in the inspected object.   

 

2.7 Fast Neutron Resonance Radiography (FNRR) 

Fast Neutron Resonance Radiography is based on the fact that the absorption of a beam of 

neutrons varies with neutron energy for a given element. Typically, the total cross-section 

of each element displays a series of narrow peaks (resonances) and valleys as function of 

neutron energy. Fast Neutron Resonance radiography can be performed using continuous 

or pulsed neutron beams. The former is referred to as FNRR while the latter is referred to 

as PFNTS. Using a mono-energetic neutron source, one can "map" individual elements one 

at a time. This is usually done by selecting an energy region in which the cross-section 

exhibits a resonance or a valley for a specific element, but is relatively flat for other 

elements. For example, we might choose the resonance peak at 7.75 MeV for carbon, as 

Fig. 2.9:   Proposed FNSA system for the detection of illicit drugs in incoming 
airline luggage [102] 
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seen in fig. 2.10. A radiographic image is taken on-resonance and another taken off-

resonance (at 6.8 MeV for Carbon, for example). The ratio of the two images will provide 

an enhanced 2-dimensional (2-D) map of the corresponding element [45-46].  

Thus, with appropriate choice of neutron energies, an image of a particular element within 

an object may be obtained.          

 

 

 

 

 

 

 

 

 

 

 

 

A radiographic image is a 2-D map of projected attenuation, which is sum of the areal 

densities of all existing elements present, weighted by their attenuation coefficients. For 

each pixel in the image, there exists a linear equation that reflects the fact that the total 

attenuation equals the weighted sum of projected elemental areal densities.  

When another radiographic image with a different energy spectrum is taken, the resulting 

linear equations have different attenuation coefficients (weighting factors or attenuation 

coefficients) and total attenuation, but represent the same projected areal densities, if the 

orientation of the object to the neutron beam is the same. In principle, when there are more 

equations than the number of existing elements, the set of linear equations can be solved as 

a definite least-squares solution for the projected elemental areal densities [45].  

 

Fast neutrons for resonance radiography are commonly generated in the 3-12 MeV energy 

range, by bombarding a deuteron target with energetic deuterons accelerated by a fixed 

energy RF quadrupole (RFQ) accelerator [45-46].  The neutron energy from a D-d source 

has a strong angular dependence (fig. 2.11), which can be exploited to obtain the desired 

neutron energies by introducing a simple rotational geometry (fig. 2.12). The object-

detector assembly is rotated around the D-d neutron source. 

Fig. 2.10:   Total neutron cross-section for Carbon [88] 



 27

 

 

 

 

 

 

 

 

 

 

 

Resonance peaks are generally very narrow; accordingly, neutron beams with energies 

exactly matching these peaks are difficult to obtain, even when using a variable-energy 

charged-particle accelerator and a thin target to generate mono-energetic neutrons. 

Moreover, the use of thin targets limits beam currents due to target heating.     

 

R. C. Lanza and G. Chen have built and tested a fast-neutron resonance radiography system 

[45-46], shown in fig. 2.13. Neutrons passing the object are measured by a detector, which 

includes a scintillator and a charge coupled device (CCD). In the scintillator, fast neutrons 

are scattered by hydrogen nuclei (a proton) which recoils, then ionizes and excites the 

molecule or crystal of the scintillator, causing the emission of light.  

 

Scintillation light from the neutron detector is reflected by a mirror and then collected with 

a lens onto a charge coupled device (CCD), which converts individual photons into 

electrons. A CCD is an analog integrated circuit that converts an optical image into an 

electronic one. This arrangement enables the CCD (and other electronics) to be shielded 

from the direct neutron beam. 

 

 

 

 

 

Fig. 2.12:   Rotational geometry [88] Fig. 2.11:   D-d Neutron energy as function of 
emission angle [88]  
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Electrons, induced by photons are accumulated in each pixel during the exposure time and 

subsequently transferred to readout electronics. After the desired exposure time, the 

number of electrons in each pixel is converted to a digital level that is communicated to a 

computer that generates the final digital image.  

 

Lanza et al. performed a radiography simulation, using the "COG" radiation transport code, 

of a bag [45-46] consisting of a thin aluminum shell (~40×30×10 cm3) with a wooden 

handle, thick cloth covering and steel fittings. The bag contained: a newspaper, a bag of 

sugar (~100gr), cocaine-HCl (~100gr), a travel umbrella, a 4" switchblade knife, a 

paperback book, a 300 gr block of plastic explosive (50/50 wt % mix of RDX and PETN), 

a pen and pencil set, a small camera, an automatic pistol with extra ammunition clip, a flat 

paper notebook and a selection of cotton, wool and nylon clothing items. The bag is heavily 

loaded to an average density of ~0.5 gr/cm3. Fig. 2.14a and b show the neutron image at 00 

and 140 keV x-ray image respectively. 

 

 

 

 

 

 

 

 

Fig. 2.13:   Fast neutron radiography system [89] 

Fig. 2.14:   Fast neutron radiography simulation at  a) 00 and    b) X-ray 
radiograph 

 

 a) b) 
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Neither method can distinguish the book from the plastic explosive, or the sugar bag from 

the drug bag. The plastic explosive can be identified by its high nitrogen and oxygen 

content and low Hydrogen and Carbon content. The cocaine has about equal amount of 

hydrogen and carbon, but very little amounts of oxygen. 

Fig. 2.15a and b show calculated elemental images for nitrogen and oxygen respectively. 

 

 

 

 

 

 

 

 

 

The principal problems encountered when using this method are: a) sensitivity to γ-rays 

which degrades image contrast b) a requirement for small viewing angle (<100) so that the 

neutron energy falloff across the image is significantly smaller than the difference between 

on and off resonance energy, thus the on-resonance condition is maintained over the entire 

image. 

 

Another element-sensitive, fast-neutron resonance radiography system has been built and 

tested by the De-Beers company [47] in collaboration [48] with the Department of Nuclear 

Engineering at MIT, the South African Atomic Corporation and Brookhaven National 

Laboratory, for the purpose of detecting the presence of a specific substance in a host body, 

such as a diamond inclusion in a piece of kimberlite (a dense rock formation in South 

Africa containing peridotite- coarse-grained rocks, in which it is well known that diamonds 

may be found). 

 

In this variant, individual kimberlite particles are irradiated with a beam of fast mono-

energetic neutrons. The image created by the transmitted neutrons carries information 

regarding the existence of the substance of interest in the host particle. The mono-energetic 

neutron beam is energetically well defined, such that the neutrons have energies around the 

Fig. 2.15:   Calculated elemental images for a) Nitrogen and b) Oxygen 

 
a) b) 
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resonance for the substance in question. In the case of detection diamond in kimberlite, the 

neutrons may have energy of about 8 MeV which is at a resonance peak in the total cross-

section of Carbon (fig. 2.10) and at which there is good contrast between diamond and 

kimberlite absorption [47]. 

By modifying the accelerator acceleration voltage, the samples can also be irradiated with a 

fast neutron beam at two distinct energy levels, producing on-resonance and off-resonance 

images (as explained in the previous section). 

The neutron detection apparatus built by De-Beers [47] (fig. 2.16) is based on a fiber 

scintillator screen, comprised of bundles of side-by-side parallel fibers, each containing the 

scintillating material. 

 

Neutrons transmitted by the kimberlite enter the fibers and generate scintillation via knock-

on protons. The light travels within the fibers to the extremities of the fibers. An 

amorphous silicon detector plate is placed at the farthest end of the fibers to collect the 

emitted light, which is processed and analyzed in the electronic processor.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.16:   Fast neutron detection apparatus built by De-Beers [47] 
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2.8 Pulsed fast neutron transmission spectroscopy (PFNTS) 

The PFNTS technique [5] is a variant of Fast-Neutron Resonance Radiography that 

requires an intense “white” spectrum of ns wide neutron bunches. These are usually 

produced via 9Be(d,n) (see fig. 2.18) or 3H(t,n)He reactions. In this method, a broad 

energy-spectrum fast-neutron beam (0.8-10 MeV) transmitted through an object (see fig. 

2.17a) is modified according to the resonant features present in the cross-section of this 

element. (see fig. 2.17b). Using the time-of-flight (TOF) technique, the spectrum of the 

transmitted neutrons is measured by a position-sensitive neutron detector and the 

attenuation at particular neutron energies, that corresponds to specific cross-section 

structures ("resonances") of light elements, such as C, N and O, is measured [13-15]. 

 

 

 

 

 

 

 
 

The knowledge of the total cross-section allows the measured transmission spectra to be 

unfolded, and the areal densities of elements present in the interrogated object to be 

determined. The method reveals the presence of C, O, N, and other elements in the 

interrogated object. 
 

Since the PFNTS method provides the operational basis of the imaging system presented in 

this work, it will be described here in detail.  

 

 

 

 

 

 

 

Fig. 2.17:   a) Schematic description of the PFNTS method (not to scale) and b) the total cross sections of C, 
N, O and H [35] 

Fig. 2.18:   Neutron yield spectrum at different deuteron energies for the 
Be(d,n) reaction [86] 
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2.8.1 The University of Oregon PFNTS system 

Overley [5-7] was the first to demonstrate that knowledge of the total cross sections for H, 

C, N, O, and other elements of interest allows the measured transmission spectra to be 

unfolded, thus providing information on areal densities of elements present in the 

interrogated object. The combined effective contribution from other elements (which are of 

no interest in the present context) was taken together as fictitious element X and assigned 

an energy-independent cross-section of 3 barns [9].  

For every pixel in the target, the energy-dependent transmitted neutrons are measured and 

used to determine relative amounts of the above mentioned elements.  

 

The University of Oregon (Overley et al) developed a TOF spectrometer composed of a 16-

detector linear horizontal array with 3×3 cm2 pixels [9]. The neutron spectrometer consisted 

of a 10 cm-diameter, 2.5 cm-thick liquid scintillator coupled to a fast photomultiplier [5]. 

Timing signals derived from the deuteron beam pulse and from the photomultiplier were 

routed to a time-to-amplitude converter (TAC). Resulting pulses were digitized by an 

analog-to-digital converter (ADC) and stored by an online computer as 1024-channel 

neutron flight-time spectra. Proton recoil events of energies less than 0.3 MeV were 

rejected at the ADC. Overall time resolution was about 2 ns [9].  

 

TAC dead time was reduced by gating the TAC off during 96% of the beam cycles for a 

0.1 µs interval centered about the potential arrival time of the prompt γ-ray timing signal at 

the TAC. The γ-ray peak was reduced by a factor of 25 without altering the rest of the 

spectrum. 

 

Figure 2.19 shows the TOF spectrometer logic diagram [8]. The 16 spectrometers are 

individually calibrated by enabling the time-mark generator for 5 seconds, and reading and 

analyzing the time-mark data. Live charge for each spectrometer must be recorded in each 

neutron spectrum, since losses depend upon counting rates that, in turn depend upon the 

contents of the inspected object. The circuitry shown allows beam-current integrator pulses 

to be stored at a selected place in every TOF spectrum. 
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2.8.1.1 University of Oregon tests 

In 1996, a series of blind tests was conducted by the Federal Aviation Administration 

(FAA) at the University of Oregon [9,11], in order to evaluate the effectiveness of the 

PFNTS technique for explosive detection in real luggage. The tests involved 134 different 

luggage items and 8 different nitrogen-based explosives, which were interrogated using 

neutron time-of-flight (TOF) spectrometer configured as described above. 

As a result of these tests, Overley et al. reported [9,11] detection probability of 93.3% (for 

all explosive types, after algorithm adjustments), 4% false alarm probability (for all 

explosive types after algorithm adjustments). The undetected explosives weighed 450 

grams or less and were less than 1.2-cm in thickness [9]. 

 

Figure 2.20 shows two gray-scale maps obtained from a suitcase in one of the Oregon blind 

test experiments [8]. The first (a) shows explosive likelihood (b-values), where black is 

innocuous and white is explosive. Partly filled pixels are marked with circles and should be 

ignored. A sheet of explosive is indicated in the lower left corner. The second grey-scale 

map (b) contains Z values. The large white rectangular area has Z values up to 40. It was 

identified as lead (Pb) by including the lead cross-section in the deconvolution. The pixels 

marked with circles indicate poorer than usual fits (higher values of chi-squared) to the 

measured attenuation. When the data was reprocessed including the lead cross-section, the 

fits dramatically improved. The b-values were originally innocuous but after reprocessing 

with lead added, the positive explosive indication shown in fig. 2.20 appeared. 

 

Fig. 2.19:   Logic diagram of the TOF spectrometer built by the University of 
Oregon [38] 
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Figure 2.21 is a drawing of an accelerator system that National Electrostatics Corp. (NEC) 

of Middleton, Wisconsin has proposed for this use [8]. It uses a Torvis high current 

negative ion source with harmonic chopping and bunching to deliver a 20 µA average 

current of bunched 4.2 MeV deuterons. It has a quoted spark rate of 2 or less per day, and a 

quoted up-time of 95% including scheduled maintenance. The deuteron beam can be 

quickly intercepted in a Faraday cup before acceleration and the voltage of the terminal 

will remain at 2.1 MV. The beam can be transported and focused to a diameter of 5 mm or 

less on a Be target.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.20:   Gray-scale maps obtained from one suitcase from Oregon's blind tests [38].   a) 
Shows explosive likelihood (b-values) and      b) contains Z values 
  

Fig. 2.21:   Drawing of an accelerator system proposed by the National Electrostatics 
Corp. of Middleton, Wisconsin for use with the TOF spectrometer built by the 
university of Oregon [38] 

 
a) b) 
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Additionally, the transport system incorporates a 90 degree magnet and a pair of 

quadrupole triplet lenses to produce a vertically-directed neutron beam. The target and 

collimator are 1 m below floor level. The luggage conveyor is 1 m above the floor, and the 

neutron detectors are 2 m above that. This geometry allows the accelerator to be 

conveniently located in a ground level vault. Luggage is handled at concourse level, and 

the neutron detectors are well off the floor in otherwise unused space. A labyrinth needed 

around the scanning location to shield people from scattered radiation was not designed at 

that stage. 

 

After several years, the University of Oregon discontinued its work on PFNTS. 

 

2.8.2 The Tensor Technology Inc. system  

During the 1990's, Tensor Technology also developed a TOF fast neutron spectrometer, 

assembled for identification of contraband in sealed containers.  

 

The system was based on a two dimensional 99-element array [11] with pixel size 

4×4×3cm3 [96], as seen in fig. 2.22. At that time, it 

was stated that reduction of pixel size would entail 

an increase in the quantity of electronics to an 

unmanageable level [10]. 

 

TOF measurements were performed using a Time-

to-Digital Converter (TDC) [10] which digitized the 

TOF measurements without recourse to any analog 

circuitry. The TDC method directly counts the 

number of clock cycles between the start and the 

stop signals with a fast clock, and then 

determines the position of the stop pulse, within 

the clock pulse, using an interpolator. This 

method resulted in faster conversion times (compared to the usage of a time-to-analog 

converter (TAC) and an analog-to-digital converter (ADC)) and significantly reduced the 

electronics complexity. Fig. 2.23 describes a schematic description of a TDC based data 

acquisition system. The Constant Fraction Discriminator (CFD) is used to generate the start 

timing signals which are fed into the TDC. 

Fig. 2.22:   Two dimensional matrix of 99 
individual scintillation detectors, each coupled 
to a light guide, photomultiplier and electronics. 
Pixel size 4×4×3cm3 [11-12,49] 
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2.8.2.1 Tensor Technology Tests 

In 1997, 150 suitcases were scanned at Tensor Technology as a part of an FAA blind test 

[11], aimed at evaluating explosives detection using the TOF spectrometer described 

above. The setup built by Tensor Technology [10] is comprised of a matrix of individual 

scintillation detectors positioned as a 2-dim array, as shown in fig. 2.22.  
 

Detection probability reported in these tests [11] was 88% (all explosive sizes and 

thicknesses) and a false alarm probability of 24% (all explosive sizes and thicknesses). 

Detection probability for thin explosives (1.2 cm or less thick and weighing 450 gr or less 

[based on data from ref. 9]), was 40% [11]. Fig. 2.24 illustrates neural net values obtained 

during Tensor's blind testing for a slurry sample in a suitcase.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.23:   Schematic layout of TDC based data acquisition system [34] 

Fig. 2.24:   Neural net values obtained during Tensor 
blind testing [11] 
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Tensor had proposed an innovative approach to the PFNTS neutron source, using a 

cyclotron rather than a linear accelerator in order to reduce footprint of the explosives-

detection device [35] (fig. 2.25a and b). The Ebco Technologies (British Columbia, 

Canada) cyclotron TR9D, proposed for use by Tensor, had reported current stability of 

<1% and weight of 20 tons. Total weight of the system with shielding amounts to 701 tons 

and size of 8×13m.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Several concerns were raised regarding the above described system configuration proposed 

by Tensor [11]. One of these was that weight and space requirements of the cyclotron-

based design may preclude integration into the passenger baggage inspection line at 

existing airports. In addition, deployment of such a system is possible only on the ground 

floor, due to weight considerations. These concerns have led Tensor to continue refining 

their detection algorithms, electronics data collection speeds and to pursue an alternative, 

more compact neutron source, as described in chapter 1 section 1.4. 

Fig. 2.25:   a) Artist's conception of the layout of the explosives-detection system proposed by 
Tensor,      b) Top view of possible baggage flow path [35]  

 

 

a) 

b) 
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2.9 Summary of Oregon & Tensor PFNTS tests 

It has been claimed by these groups that both series of blind tests provided good detection 

levels for bulk explosives (of thickness greater than 1.2 cm and weighing more than 450 gr 

[9]). Thus the PFNTS method appears to provide a very robust set of measurements for 

explosives detection, in the sense that they lead to unequivocal quantitative assignment of 

C, N & O areal densities. Table 2-1 provides a summary of detection performance levels 

obtained in these tests. 

 

 

However, the pixel size determined by these detectors (few centimeters) posed an intrinsic 

limitation on the position resolution, which did not permit reliable detection of objects that 

are smaller and thinner (<1cm thick).  

Thus, the National Academy of Science Panel (NAS) in 1999 [11], advised against building 

an operational airport prototype, since no compact, suitable neutron source was available at 

that time, nor was the detector spatial resolution adequate for reliable detection of sheet 

explosives (thinner than approx. 1.2 cm and weighing less than 450 gr [9]). Nevertheless, it 

recommended developing existing and new technologies in the field of neutron sources and 

neutron detectors.  

 

In order to respond to the above challenge, a next-generation PFNTS detector should be 

capable of providing a mm-size spatial resolution with good TOF spectroscopy per pixel 

and an ability to work at high neutron fluxes. The following chapter describes a detector 

that attempts to meet the above requirements.  

 

 

 

 

 

 

 

Group Explosive 
category 

Detection 
probability Pd 

False alarm 
probability Pf 

Oregon University All explosives 93.3% 4% 

Tensor Tech. All explosives 88% 24% 

Table 2-1:   Summary of detection performance level 
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Chapter 3  
 

3. Time Resolved Integrative Optical (readout for) Neutrons (TRION) 

3.1 Requirements of a PFNTS detector 

The present work seeks to provide an efficient, large-area fast-neutron detector for 

combined sub-mm spatial imaging and TOF spectrometry, capable of loss-free operation in 

mixed, high-intensity neutron-gamma fields. 

Table 3-1 summarizes the properties required from a PFNTS detector. 
 

       
 

Detector parameter PFNTS Requirement 

Detector area > 50×50 cm2 

Detection efficiency 10-15% 

Separation between neutrons and γ-rays Good discrimination 

Counting rate capability > 106 c/s·cm2 

Neutron spectroscopic capability Essential 

Energy resolution Better than 3% at 8MeV 

Position resolution Better than 1 mm 
 
 

3.2 The TRION concept   

TRION is a novel, fast-neutron imaging device based on time-gated optical readout. The 

concept was first proposed by Dangendorf et al. [26] of the PTB Institute, Germany and 

subsequently developed at Soreq NRC in close collaboration with the PTB group. 

Fig. 3.1 provides a schematic description of the TRION detector configuration. 

 

 

 

 

 

 

 

 

 

Fig. 3.1:   The TRION concept  

 

Neutrons 

Scintillator screen (blue) 
coupled to a mirror (orange) 

Bending 
mirror 

120mm lens 
F#=0.95 

Gated Image 
intensifier 

200mm 
lens F#=2.8  

50mm lens 
F#=1.2  

Cooled CCD 
camera Light 

Light tight 
enclosure 

Table 3-1:   PFNTS detector requirements 
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The detector is designed to detect fast-neutron pulses produced, for example, in the 
9Be(d,n) reaction using a pulsed (~1 ns bursts, 1-2 MHz repetition rate) deuteron beam. As 

illustrated in fig. 3.1, these fast-neutron pulses impinge on the scintillator screen causing 

the emission of light from the screen via knock-on protons. The light is reflected by a front-

coated bending mirror (98% reflectivity, positioned at an angle of 450 relative to the 

neutron beam direction) towards a large aperture 120 mm F#0.95 lens. The light is 

amplified by a ns-gated image intensifier and transmitted by an optical tandem assembly 

comprising a 200 mm lens (F#=2.8) and a 50 mm lens (F#=1.2) coupled to a cooled CCD 

camera.  

 
The gated image intensifier acts as a fast electronic shutter for the CCD camera. By 

selecting the gate time relative to the neutron beam pulse, it is possible to select a time 

window (gate width) that corresponds to a preselected neutron energy bin. In a typical 

pulsed fast-neutron beam, the burst rate is of the order of 2 MHz. Within a time period of 

500 ns, depending on neutron-source to detector distance, the system should integrate 

neutrons into an image in a well defined time window. Typical gate width is 10 ns. 

 
Thus, the detector is based on an integrative (as opposed to single-event counting) optical 

technique, which permits neutron energy-resolved imaging via time-gated optical readout. 

This mode of operation permits loss-free operation at very high neutron-flux intensities. 

The TRION neutron imaging system can be regarded as a stroboscopic photography of 

neutrons arriving at the detector on a few-ns time scale. 

 

Although stroboscopic time-resolved optical imaging techniques have previously been used 

to determine various physical properties, no time-resolved neutron imaging has yet been 

performed.  

 

3.3 Detailed description of TRION 

Fig. 3.2 shows the engineering drawing of TRION. Its neutron converter consists of a fast 

plastic (polystyrene) scintillating fiber screen, 200×200×30 mm3 in dimensions, positioned 

at the front end of the system. The reason for using scintillating optical fibers, rather than a 

plain plastic scintillator slab, is to maintain the position resolution, independent of screen 

thickness, as scintillation photons are emitted from one plane (the fiber screen surface), 

while in a plain slab they are emitted from different points along its thickness. The fiber 

diameter in the screen is 500 µm. A neutron that interacts in the fibers transfers part of its 
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energy to a proton, which gives rise to scintillations in the fiber. A fraction of this light 

travels along the fiber and is emitted at its extremities. The light is transported via a front-

coated 45o mirror and is viewed by a custom designed large-aperture lens (120 mm F#0.95) 

and a nanosecond-gated image-intensifier. A cooled CCD camera, positioned at the rear-

end of the system, captures the image from the image intensifier through a set of two 

lenses. The camera integrates the image over many cyclotron pulses, until sufficient 

counting statistics in the pixels of the CCD is obtained.  

 

 

 

 

 

 

 

 

 

 
 

The system components are mounted on linear guides that can move freely along the rail, 

or be kept static by the attached motion-limiters. All system components are mounted in a 

light-tight enclosure. The optical alignment procedure is provided in appendix 1. 

Table 3-2 provides a summary of distances between the system components. 
 

Table 3-2:   Summary of distances between system components 

 

 

 

 

Figs. 3.3 and 3.4 show two views of the TRION system. The 200 mm lens is mounted 

backwards, i.e. the bayonet end faces the image intensifier, while the front end faces the 50 

mm lens (attached to the CCD camera). 

In this manner, the back end of the 200 mm lens is focused on the image intensifier, thus 

emitting a parallel beam of light towards the 50 mm lens, as illustrated in fig. 3.1. 

Fig. 3.2:   An illustration of the TRION detection system 

From To Distance (mm) 

Scintillator screen Large lens F#=0.95 750 
Large lens F#=0.95 Image intensifier ~5 
Image intensifier 200 mm lens 71 

200 mm lens 50 mm lens (Coupled to CCD) ~30 mm 

 

Fiber scintillator screen 
coupled to a mirror 

Neutrons flight 
direction 

Bending 
mirror 

Large lens 
F#=0.95  

Image intensifier 

200mm lens 

Cooled CCD camera 
coupled to a 50mm lens 
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The following section will provide a more detailed description of each of TRION's 

components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.1 Scintillator screen  

A plastic scintillator screen is used in this work as neutron detector. As mentioned in 

chapter 1, section 1.3.3, the most common fast-neutron detection scheme is based on 

conversion of the neutron into a proton, via neutron elastic-scattering by hydrogen present 

in the detector medium.  

Fig. 3.3:   Top view of the imaging system 

Fig. 3.4:   Side view of the imaging system 
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Fast neutrons with energies E n  in the 0.1-10 MeV range can be detected by n-p recoil 

reactions in plastic scintillators. The kinetic energy of the recoil protons ER is given as 

function of their scattering angle θ [17]: 
 

E R =E n cos 2  (θ )       [3-1] 
 

When a charged particle transfers energy to matter, it will either produce heat, ionize the 

atoms or raise electrons into excited states. If the material is a scintillator, when these 

excited states decay to lower energy states some of the excess energy will be carried away 

by a photon.  

 

Photon production [50] in organic scintillators is a molecular process most easily described 

by using the potential energy diagram illustrated in fig. 3.5. The lower curve represents the 

potential energy when all of the electrons are in the ground state; the upper curve represents 

the potential energy of an excited state.  

 

 

 

 

 

 

 

 

 

The Frank-Condon principle states that the energy deposited by a charged particle not 

dissipated as heat causes a transition from A0 to A1 (Ee=EA1-EA0) in a time (~0.1 ps) that is 

short compared to the vibration time of the molecule. Some energy is lost through lattice 

vibrations moving the molecule to B1. After a time (~10ns), long compared to the vibration 

time, the excited state may decay to the ground state (B1 to B0) as the excess energy 

(Ep=EB1-EB0) is carried away by a photon.  

 

The fluorescent emission produces approximately one photon per every 100 eV of 

deposited energy. Due to the fact that the energy required to generate an excited state (Ee) 

Fig. 3.5:   Simplified energy diagram of organic scintillators 
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exceeds that carried away by photons (Ep), the probability for reabsorption of emitted 

photons is small, i.e., the scintillator is transparent to the light it generates. 

 

Secondary scintillators are frequently used to “shift” this emitted light to longer 

wavelengths. These secondary flours have high absorption cross-section at the wavelengths 

generated by the primary scintillations.  

 

When choosing a scintillator, the following properties have to be considered: 

• Neutron detection efficiency 

• Light output per detected neutron 

• Scintillation light decay time 

Intrinsic neutron detection efficiency of a scintillator is defined [50] as the efficiency of 

conversion of an impinging neutron into a light pulse. It is influenced by the isotopic 

composition of the scintillator and the interaction parameters of the neutron with these 

isotopes. On the assumption that each converted charged particle will produce scintillation, 

the detection efficiency of a device based on recoil protons or other recoil nuclei can be 

calculated from the scattering cross-section σs of the target nuclei.  

 

A typical plastic scintillator (polyvinyl-toluene, or polystyrene) contains H and C atoms 

with approximately similar atomic density N (atoms/cc), thus competing reaction due to 

carbon-neutron scattering must be taken into account when calculating the probability for 

creating a knock-on proton. Hence, the detection efficiency (neglecting protons resulting 

from C(n,p) reaction) is then given by: 

( )d)NN(

CCHH

HH CCHHexp1
NN

N σσ

σσ
σ

ε +−−
+

=   [3-2] 

Where the H and C subscripts refer to separate carbon and hydrogen values for the 

quantities defined above. 

 

The detection efficiency per incident neutron was calculated using known cross-sections 

[51] for a polystyrene-based screen. Fig. 3.6 shows the calculated detection efficiency of 

polystyrene scintillator vs. neutron energy for scintillator thicknesses of 1, 5 and 10 cm. 
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As the detector thickness increases, the resonances in the carbon cross-section become 

more prominent. As can be observed, in order to obtain 10-20% detection efficiency for 

neutrons of several MeV energy, a 30-50 mm thick scintillator is required. 

 

The light output of a typical plastic scintillator, based on polyvinyl-toluene (BC-400 or EJ-

200) is about 10,000 photons per MeV, for a minimum ionizing particle [52]. A 

polystyrene (BCF-12) based scintillator emits about 70-80% of this value [53]. This 

compares unfavorably with inorganic scintillators such as NaI(Tl) or CsI(Tl), which emit 

38000-54000 photons per 1 MeV γ [53], but have much longer decay times.  
 

 

 

 

 

 

 

 

 

 

 

 

When performing TOF measurements the decay time-constant of the scintillation light 

(wavelength of approx. 420 nm) must be as short as possible, in order to provide accurate 

timing. The decay curve of a NE102 plastic scintillator (composition similar to 

polystyrene) is shown in fig. 3.7 [54-55]. It can be decomposed into 3 components with 

decay constants of approximately 2.5, 12 and 68 ns. The ratio of amplitudes of each 

component is 1:0.026:0.0023 respectively. This is considered to be a fast scintillator and 

has been chosen as the material used for our screen.  

 

As mentioned previously, the screen must be 30 to 50 mm thick in order to obtain adequate 

detection efficiency. The screen is viewed by a lens focused on a certain depth inside the 

screen. However, as scintillations may occur at any depth in the scintillator, only some of 

Fig. 3.6:   Detection efficiency of polystyrene scintillator vs. neutron energy for various 
scintillator thicknesses  
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them will be in focus as the CCD is focused on the middle of the scintillator. Thus, the 

thicker the screen, the poorer the overall spatial resolution. This effect, referred to as depth-

of-field, is particularly important for large aperture lenses, positioned at a short distance 

from the screen.  

 

 

 

 

 

 

 

 

 

 

 

Hence, in order to maintain the spatial resolution independent of screen thickness, a screen 

constructed of scintillating optical fibers was used. A neutron-induced recoil proton loses 

its energy inside the fiber and produces scintillation. A fraction of this light travels along 

the fiber and is emitted at its ends. In this manner, the focus of the lens is permanently set 

on the front end (closest to the lens) of the fiber-screen and the spatial resolution is 

maintained independent of screen thickness.  

 

The fiber screen is coupled to a highly reflective mirror (98% reflectivity made by 

Praezisions Glas & Optik GmbH), with the reflective side facing the fiber scintillator. This 

was done in order to collect also the scintillation photons emitted backwards, i.e. to the 

opposite direction from the lens. 

In order to determine the distribution of energy deposited in the fibers and the amount of 

light created by the neutrons, we have performed a GEANT [56] simulation of the energy 

deposited by protons in a 0.5×0.5 mm2 pixel of a fiber screen 200×200×20 mm3 in 

dimensions [15]. In this simulation, the fiber screen was irradiated uniformly by neutrons 

incident normal to its face. Fig. 3.8 shows the distribution of the energy deposited by the 

Fig. 3.7:   Decay time of a typical plastic scintillator (NE 102) [106,107] 
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protons in the fiber. The average proton energy is 0.78, 2.44 and 3.22 MeV for the 2, 7.5 

and 14 MeV neutrons, respectively. 
 

As can be observed the distribution approximates the flat shape only for the low energy 

neutrons, where the proton deposits most of its energy in the fiber. As the neutron energy 

increases the proton can escape the fiber and the energy is distributed in more than one 

fiber. Using the known entrance and exit energies of each proton in the fiber we have also 

calculated the number of light photons created in the fiber by the incident neutrons, using 

the non-linear proton-energy to-light conversion relation for a plastic scintillator (see fig. 

3.9) [17]. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The average amounts of visible light photons created in a single fiber were 2600, 10,600 

and 17,400 for 2, 7.5 and 14 MeV neutrons, respectively. 

 

Fig. 3.9:   Scintillation light yield for a common 
plastic scintillator (NE 102) when excited by 
electrons and protons [17] 

Fig. 3.8:   Spectra of energy deposited by protons in 
0.5×0.5-mm2 fibers for 2 (top),     7.5 (middle) and      14 
MeV (bottom) neutrons. The number of protons was 
normalized to the number of incident neutrons/pixel [14] 
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As opposed to a slab scintillator in which the scintillation light is emitted into 4π, the light 

emitted from an optical fiber is limited to a cone, whose apex angle θ (Numerical Aperture 

NA) is determined by the refractive indices n1 of the core and n2 of the cladding material 

respectively, according to [57]:  
 

2
2

2
1 nnsinNA −== θ      [3-3] 

  

In a typical single-clad plastic scintillating fiber the emission angle θfiber max is ~35o [58].  
 

Figs. 3.10-3.12 show 3 scintillation screens. On the left, a 200×200 mm2 scintillating fiber 

screen, manufactured by Saint-Gobain, USA. The screen is 30 mm thick and consists of 

400×400 square polystyrene scintillating fibers, 500 ×500 µm2 in dimensions. The middle 

image shows a 10 mm thick screen 120×120 mm2 in area with round scintillating fibers, 

250 µm in diameter. Scintillator slabs (Eljen, EJ-200 [52], polyvinyl toluene) of various 

thicknesses (seen on the right) were also used in order to compare image resolution to that 

obtained with the fiber screen. 

 

 

 

 

 

 

 
 
3.3.2 45o bending mirror 

In order to protect the system components (CCD and image-intensifier) from radiation 

damage, the components were moved out of the neutron-beam flight path. Thus, a bending 

mirror was positioned at 45o facing the scintillator to deflect the scintillation light toward 

the F#=0.95 lens and onward.    

The mirror (3.3 mm thick), manufactured by Praezisions Glas & Optik GmbH [59], is 

composed of a borosilicate substrate front-coated by a multi-layer dielectric thin-film. The 

mirror exhibits reflectance of >99% for single wavelengths (see fig. 3.13), high mechanical 

resistivity and high temperature stability. 

Fig.3.10:   A (20×20) cm2 
polystyrene fiber scintillator 
screen. Fiber diameter is 0.5 
mm and screen thickness is 30 
mm 

Fig.3.11:   A (12×12) cm2 
polystyrene fiber scintillator 
screen. Fiber diameter is 0.25 
mm and screen thickness is 10 
mm

Fig.3.12:   A (20×20) cm2 
polyvinyl toluene scintillator 
slab. Slab thickness is 20 mm  
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3.3.3 F#0.95 120 mm lens 

The amount of scintillation-light emanating from the screen is not large. It is thus important 

to collect this light on an image intensifier as efficiently as possible. This is done with the 

aid of a large-aperture lens. The following calculation determines the efficiency of light 

collection using such a lens. 
 

The plastic scintillating screen is not a typical thin Lambertian source that emits uniformly 

into 2π, but more like a transparent slab with a refractive index n1=1.58 [52]. The light 

created by the neutron inside the slab (see fig. 3.14) can be considered as a point source 

emitting isotropically into 4π. If there is no reflector on the irradiated side, the light will 

travel inside the plastic toward the optical system and be refracted on its exit to air as 

shown on fig 3.14. The refraction will reduce the solid angle of the emitted light seen by 

the lens. 

 

 

 

 

 

 

 

 

Fig. 3.13:   Reflection curve as function of wavelength 
[105] 

Fig. 3.14:   Side view of the F#=1 lens. Top: cross-section view of the lens 
and image-intensifier coupling. Bottom: outside view of the lens 
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The fraction of the light emitted into the solid angle subtended by Θmax out of the total into 

4π is given by: 
 

)(sin)]cos(1[g 2
2

max2
1 maxΘΘ =−=     [3-4] 

 

And for small angles (below 10o): 
 

max)(sing 2
4
1 Θ≅       [3-5] 

 

Θmax is related to αmax by Snell’s law: 
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Therefore, 
 

)(tan)(sing max
2

n4
1

max
2

n4
1

2
1

2
1

αα ≈≅    [3-7] 

By using the lens equation to calculate the focal length f, 
i0 S

1
S
1

f
1

+= and magnification 

factor m, 
o

i

S
S

m =  With F#=f/d and typical lens transmission T=0.85, we obtain: 

 

2m)(12F#

2m
16n

Tg 2
1 +

≅      [3-8] 

 

7.5 MeV neutrons will produce protons with an average energy of 3.75 MeV. According to 

St-Gobain [58], polystyrene emits ~8000 photons per 1 MeV electron (e-) (as compared to 

10,000 photons emitted by EJ-200). From fig. 3.9 [17] it can be deduced that a 3.75 MeV 

proton will yield the same number of scintillation photons as a ~1.325 MeV electron. Thus, 

for a 7.5 MeV detected neutron the average number of scintillation photons created (in 

polystyrene) is about 10,600. 
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In our system the screen size is 200 mm and the image intensifier diameter is 40 mm, hence 

m=0.2, the refractive index n1 of the polystyrene fiber scintillator is 1.6 [58] (1.58 for EJ-

200 [52]) and the distance between the screen and the lens was chosen to be 750 mm.  
 

In order to collect at least 20 photons/neutron, the collection efficiency should be: 
 

 00189.0
10600

20
ionscintillatfastpercreatedphotonsofNumber

photonsrequiredofNumberg ===  

 

For the geometry presented in this work, this efficiency leads to a lens with an F#=0.56, the 

focal length would be f=125 mm and the lens diameter would be 227 mm. Large diameter, 

low F# lenses are very expensive and require custom design. A reasonable compromise is 

to choose a lens with a focal length f=120 mm and diameter of 126 mm resulting in 

F#=0.95. 

The light from the fiber is emitted into a cone with an apex angle of 35.45o [58], as shown 

in fig. 3.15 below: 

 

 

 

 

 

 

 

 

The angle subtended by the lens positioned at a distance So from the end of the fiber is: 

)S2/d(arctg olensmax =θ      [3-9] 

The light emitted by the fiber is collected through the lens with the following efficiency: 
 

)cos1(
)cos1(

Tg
fibermax

lensmax

θ
θ

−

−
⋅=      [3-10] 

 

For a lens diameter of 126 mm and fiber-to-lens distance of 750 mm, θmax lens= 4.8o, θmax fiber 

is 35.45o and T=0.85, hence, g=0.016.  

 

Fig. 3.15:   Schematic description of light emission from a fiber scintillator   
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In a square scintillating fiber, only 4.4% of scintillation photons will travel to each end of 

the fiber via total internal reflection [58]. By coupling a good quality mirror to the opposite 

end of the fiber we can reflect back the photons which are traveling in the direction away 

from the lens and get a maximum 8.8% of the scintillation photons.  

Thus the maximal number of photons reaching the image intensifier per one neutron will 

be: 

Nphotons=10600 × 0.088 × 0.016 = 14.9 photons/neutron 
 

Due to the fact that such a lens was not commercially available, it had to be specially 

designed by a professional lens designer. A schematic view of the lens is shown in Fig. 

3.16. 

The lens consists of 5 elements, 3 positive and 2 negative. Its effective focal length is 120 

mm, F# is 0.95 and its entrance pupil diameter is 126 mm. 

 

 

 

 

 

 

 

 

 

The lens elements were specially manufactured by A. Optical Components Ltd., Azur, 

Israel and the lens was assembled in Soreq NRC. figs 3.17, 3.18 show the engineering 

illustrations of the assembled lens.  

 

 

 

 

 

 

 

 

Fig. 3.16:   Schematic drawing of the collecting F#=1 lens 
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3.3.4 Image intensifier (I-I) 

Energy selection via the time-of-flight technique is enabled by gating the image intensifier 

(I-I) on a ns scale. The image intensifier acts as a very fast optical shutter, synchronized 

with the accelerator pulses and triggered to open after certain delay time that corresponds 

to a specific pre-selected neutron energy. As can be seen in fig. 3.17, an image intensifier is 

a vacuum tube device comprised of a photo-cathode input, single or multiple Multi-

Channel Plates (MCP) and a phosphor screen. A detailed description of the principle of 

operation of the I-I and its components is given in appendix 2. 

 

When the photocathode is biased more positively than the MCP, electrons will not enter the 

MCP and the MCP is gated off. If the photocathode is negatively biased, electrons will be 

accelerated towards the MCP and the intensifier is gated on. 

As illustrated in fig. 3.19, a portion of the incident light photons striking the photocathode 

cause the release of electrons via the photoelectric effect∗. These electrons are then 

accelerated (by a voltage of about –150 V) towards the MCP, where they are multiplied 

and accelerated again (under voltage of +3900 V) toward the phosphor screen. 

 

 

                                                 
∗  The photoelectric effect represents the emission or ejection of an electron from the surface (the 
photocathode in this case) in response to an incident photon of sufficient energy to overcome the binding 
energy of the electron 

Fig. 3.18:   A general view of the F#=1 lens 

 
Fig. 3.17:   Side view of the F#=1 lens. Top: 
cross-section view of the lens and image-
intensifier coupling. Bottom: outside view of 
the lens 
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The electrons striking the phosphor screen cause the emission of fluorescence photons.  

Thus, for every photon releasing an electron from the photocathode, a larger number of 

photons (by several orders of magnitude) is emitted from the phosphor screen. 

The image-intensifier (MCP240) [60] employed here, seen in figs. 3.20a and b, was 

manufactured by PHOTEK Limited, UK, as a high-gain, proximity-focus device. The tube 

is about 25 mm in length and 40 mm in diameter with a rugged metal ceramic construction. 

Two micro-channel plates enable a gain of 106 W/W. The input window is made of fused 

silica and the output window is made of fiber optic and a P43 phosphor screen. The 

photocathode is a low noise S20 with maximum sensitivity at 450 nm. Its limiting 

resolution is 20 lp/mm.  

 

 

 

 

 

 

 

Fig. 3.19:   Schematic description of an image intensifier (not to scale). An incident light photon 
striking the photocathode causes the release of an electron via the photoelectric effect. This 
electron is accelerated towards the MCP, where it is multiplied and accelerated again toward the 
phosphor screen. These electrons strike the phosphor screen, causing the emission of 
fluorescence photons 

Fig. 3.20:   The MCP 240 image-intensifier     a) Rear view, the bright circle in the center is 
the phosphor screen,     b) Front view, the bright circle at the center is the photo-cathode 

Photocathode MCP Phosphor screen 

 Multiple e-e- Incident photon 

     
Photons 

     -150V      0V      +1600V      +5500V 

 

b) 

 

 
a) 
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The spectral response of the image-intensifier S-20 photocathode is displayed in fig. 3.21. 

The maximal sensitivity is 47.26 mA/W at 450 nm, which corresponds to quantum 

efficiency QE of about 13%. This is rather low compared to the 20-25% obtainable with 

vacuum photo-multipliers at this wavelength. 

 

The relatively low QE of the photocathode is due to the method of the cathode preparation 

aimed to reduce the irising [61] effect at nanosecond gating.  

Since the photocathode has a small electric conductivity, it will take the high voltage gating 

pulse a finite time to travel from the edge of the intensifier to the center. Therefore, there 

will be a delay for the center to switch on/off relative to when the edge switches on/off. 

This delay is referred to as irising. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Many of the photocathode materials used in image intensifiers are not highly conductive 

and therefore, in order to achieve faster gate speeds, a Ni mesh undercoating is laid down 

on the inside surface of the input window beneath the photocathode. This absorbs ~30% 

[61] of the incoming photons before they strike the photocathode. The minimal gate width 

that can be applied to the photocathode for full I-I opening was determined experimentally 

to be about 8 ns (see chapter 4).  

 

Using the figure of 13.4 photons/neutron reaching the I-I (see section 3.3.3) and QE of 

13%, the average number of photoelectrons produced by a 7.5 MeV neutron will be about 

1.7 photoelectrons/neutron. 

Fig. 3.21:   Spectral response of the LN S20 photocathode 
present in the TRION system 
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3.3.4.1 Timing and gating of the I-I 

In order to perform TOF measurements, the I-I photocathode has to be biased at a precise 

delay and width following the accelerator burst. For this purpose, a computer controlled 

Gate and Delay Generator (G&DG) and a fast HV pulser were custom developed. The 

G&DG was developed and built at PTB, Germany and the HV pulser was purchased from 

Roentdek. 

Fig.3.21 shows a block diagram of I-I pulsing (top) and the pulsing regime (bottom) [62]. 

 

The G&DG is a single NIM module (see fig. 3.22) computer-controlled via RS232 port. Its 

input is a TTL pulse from the accelerator, providing a TTL output which feeds into 50 Ω of 

the HV pulser. The gate and delay widths can be obtained in coarse time steps of 8 ns, 

derived from a 125 MHz clock. The fine tuning is realized by digital delay lines providing 

steps of 0.25 ns. To avoid a time jitter between the G&DG clock and the cyclotron pulse, 

the 125 MHz clock was phase-locked to the cyclotron frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Roentdek HV pulser is triggered by a TTL pulse from a G&DG [63]. The output 

switches the photocathode voltage between +50 V (I-I-off) and –150 V (I-I-on) with rise 

time of 2-5 ns (depending on the capacitive load). The high switching frequency (2 MHz) 

and the large capacitance of the Field-Effect-Transistor (FET) and FET pulser-driver cause 

significant heating due to high power deposition (about 30 W). This heat is removed by 

Fig. 3.22:   Block diagram of I-I pulsing (top), and pulsing regime (bottom). Delays: LD1, LD2, 
gate width: Lw= L'D2 -L1         
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200mm 
lens F#=2.8  

50mm lens 
F#=1.2  

Gated Image 
intensifier 

CCD 
camera 

coupling the pulser box to a water cooled copper block, refrigerated to 5-10 oC. An image 

of the pulser mounted in the system is shown in fig. 3.23. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.3.5 Tandem lenses 

A 200 mm F#=2.8 Canon lens is positioned behind the image-intensifier. This lens is used 

to relay the image created at the intensifier's phosphor to the CCD via the Nikon 50 mm 

lens. As can be seen in fig. 3.23, the 200 mm lens is mounted backwards, i.e. the bayonet 

end faces the image intensifier, while the front end faces the 50 mm lens (coupled to the 

CCD camera). In this manner, the rear end of the 200 mm lens is focused on the phosphor, 

thus transporting a parallel beam of light to the 50 mm lens. The 50 mm lens demagnifies 

the image to the CCD sensor dimensions, as illustrated in fig. 3.24.   

 

 

 
 
 

 

 

Fig. 3.23:   Images of the pulser (left) mounted next to the image intensifier and the gate and delay 
generator (right)  

Fig. 3.24:   Schematic diagram of relay lenses 
operation principal 
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This configuration was chosen due to the fact that it provides greater light transmission 

efficiency by more than a factor of 4 compared to a single lens configuration [64].  

 

However, it also introduces a vignetting effect. In an optical system, vignetting [65-66] 

produces a gradual reduction of image illuminance as the off-axis angle increases. This 

may arise from failure to capture some of the peripheral rays by the second lens. Fig. 3.25 

illustrates an example [67] of a similar tandem configuration (not to scale) where some of 

the peripheral rays are not captured by the second lens. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

3.3.6 Charge Coupled Device – CCD camera 

The CCD camera used in this work, Chroma C3 (see fig. 3.26), was manufactured by DTA 

Scientific Instruments, Pisa, Italy. The CCD sensor housed in the camera, KAF 1602E [68-

69] (manufactured by Kodak), is comprised of 1024 (H) × 1536 (V) photoactive pixels of 9 

µm×9 µm in dimensions. Each pixel has a Full-Well Capacity (FWC) of 100,000 e- and 

dark current level of ~0.623 e-/sec (with gain of 5.4 V at -5.2o C) [70]. The analog signal is 

digitized by an Analog-to-Digital converter (A/D) of 14 bits, providing a dynamic range of 

16384 gray levels. The overall photosensitive area of 13.8 mm (H) × 9.2 mm (V) can be 

cooled down to -40 oC (below ambient temperature) by a Peltier cooler. 

The camera can be controlled via the computer using the Vista management software 

(programmed by DTA) or by a specifically written program which utilizes the Vista 

Fig. 3.25:   An example [114] (not to scale) of vignetting effect introduced by a 
tandem configuration, similar to the one presented in this work   

 

Object 
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drivers. A detailed description of the principle of operation of the CCD is given in 

appendix 3. 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.26:   CHROMA C3 camera used to house the KAF1602E CCD sensor  
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Chapter 4  

 

4. Experimental configuration 
 
 
4.1 Experimental facility at PTB, Germany 

The performance of the TRION detector was tested with a ns-pulsed (beam-burst ~1.5ns 

wide, pre-selectable repetition rate in MHz range), variable-energy neutron beam produced 

by the PTB cyclotron. The PTB neutron irradiation facility (shown on fig. 4.1 [26]), houses 

a rotatable CV28 compact cyclotron manufactured by TCC (The Cyclotron Corp)., USA 

(seen in position 2). In addition, the PTB facility houses a 3.75 MeV Van-de-Graaff 

accelerator (position 1) for low energy ion and neutron beams, also capable of providing 1 

ns beam pulses.  

 

 

 

 

 

 

 

 

 

 

 

 

The cyclotron is equipped with a fast internal beam-pulsing system, that provides the 

capability to choose between a wide range of pulse repetition rates, 2 kHz to 6 MHz [25]. 

The actual rate had to be restricted to 2 MHz (500 ns separation between consecutive 

pulses) in order to prevent the most energetic neutrons produced in a particular beam burst 

from arriving at comparable times to the less-energetic neutrons produced in the preceding 

pulse. 

 

Fig. 4.1:   Layout of the cyclotron facility at PTB [33]. Position 1: 3.75 MeV Van-de-
Graaff accelerator,     position 2: CV28 compact cyclotron,     positions 3-7: bending 
magnets 
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The cyclotron is located on the lowest floor of the facility, along with a sophisticated low-

scattering collimation system defining 5 different neutron beam-lines, each consisting of a 

set of massive polyethylene, water and concrete collimators combined with steel (seen in 

figs. 4.2 & 4.3). Our setup was located at 0o or 25o to the incident deuteron beam.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The detector was positioned at a distance of 1194.5cm from the target.  

 

 

 

 

 

 

 

 

 

Fig. 4.2:   Cross-section schematic diagram of the PTB experimental setup (not to scale) for the 0o beam-line 

Fig. 4.3:   Schematic top-view layout of the PTB experimental geometry. C- 
Cyclotron, R- rails, Q- quadrupole magnet, T-Be target, S- scattering probe, 
P- polyethylene collimators, W- water tank [115]    
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Two types of neutron spectra were employed in this experiment: 

• A broad-energy neutron spectrum produced by 13 MeV deuterons 

impinging on a thick (2-3 mm) solid Be target 

• A mono-energetic neutron spectrum produced by 9.7 MeV deuterons impinging on 

a deuterium gas target  

 

As mentioned earlier, the neutrons were produced in 1.5 ns bursts with repetition frequency 

of 2 MHz. In several experiments the frequency was reduced to 1 MHz to reduce neutron 

frame overlap. The average deuteron beam current at 2 MHz was 1.5-2 µA. Figs. 4.4a & b 

display an image of an air-cooled Be target used at PTB and a schematic layout of the 

target arrangement [25], repectively. 

In front of the Be target a capacitive beam target pickup was installed, in order to derive the 

timing signal for the TOF measurements. 

 

 

 

 

 

 

 

The deuteron beam structure was determined with the help of a Cerenkov detector 

positioned at a large distance (approximately 30 meters from the target). This detector, 

which has low sensitivity to neutrons, measures the flash of gamma rays emitted during the 

deuteron interaction with the target. Fig. 4.5 shows the TOF spectrum measured with the 

Cerenkov detector. 

The spectrum was time-calibrated by adding a 20 ns delay-cable to the TAC stop signal. 

The 20 ns addition shifted the peak by 400 channels, so the calibration was 0.05  ns/ch. As 

can be observed, the gamma burst consists of a main peak (FWHM of 2.6 ns) followed by a 

satellite peak (~3 ns separation between peaks). Using the single-electron-response of a 

Fig. 4.4:   a) Air cooled Beryllium target, and    b) schematic layout of the target arrangement [74].   
A - Be disc,    B - rotatable target support,     C - defining apertures,     D - beam pickup unit,     E - 
rotating beam scanner,     F – quadrupole lenses,     G – aluminium grid,     H – Faraday cup   

b) 

 

a) 
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Photo-Multiplier (PM), the deuteron burst FWHM was estimated to be 1.7 ns. The 

temporal resolution will be addressed in more detail in chapter 5. 

 

 

 

 

 

 

 

 

 

 

 

To permit a measure of neutron spectra by event-counting time-of-flight spectroscopy,  

a thin NE102 plastic scintillator coupled to a PM (shown on fig. 4.6) was positioned on a 

motorized movable stand, at a distance of ~1000 cm from the target. The scintillator could 

be inserted into the neutron beam as desired.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Neutron spectra and flux 

Fig. 4.7 displays a TOF neutron spectrum as measured by the NE102 scintillator/PM. 

Fig. 4.5:   The spectrum obtained from a Cerenkov detector  

Fig. 4.6:   NE102 plastic scintillator attached to a movable 
stand, positioned inside the neutron beam path  
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The peak on the left hand side is the gamma-ray flash from the d-Be reaction. The fastest 

neutrons arrive ~150 ns after the gamma-rays. Obviously, this spectrum is affected by the 

detection-efficiency; hence, in order to determine the true neutron spectrum emitted from 

the target, it is necessary to take the detection efficiency into consideration.  
 

Figs. 4.8a and b show the true d-Be neutron energy spectrum (for three deuteron energies, 

9.43, 10.87 and 13.54 MeV) and angular dependence of the total neutron yield per unit 

beam charge, respectively, as measured by Brede et al. [25]. At an emission angle of 0o, the 

total reaction yield is 2.6×1010 n/(s·sr·µA). This produces a neutron flux of 1.8×104 n/s·cm2 

per µA on a detector positioned at a distance of 12 m from the target. 

 

 

 

 

 

 

 

 

 

Fig. 4.7:   TOF d-Be spectrum obtained with plastic NE102 scintillator 

Fig. 4.8:   a) Spectral neutron yield per unit beam charge YΩ,E(0o)/Q for a thick Be target bombarded 
with deuterons of various energies Ed.   Curve (a) corresponds to Ed=9.43 MeV,    curve (b) to Ed=10.87 
MeV and    curve (c) to Ed=13.54 MeV.        b) Angular dependence of the total neutron yield per unit 
beam charge YΩ (θ)/Q, of the d-Be reaction for deuteron energy of 13.54 MeV and two recoil proton 
energy thresholds Eth.    Curve (a) corresponds to Eth= 400 keV and       (b) to Eth= 2 MeV [74] 
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As mentioned previously, the d-D reaction was also employed as part of the TRION system 

evaluation at PTB. Fig. 4.9 shows a d-D spectrum obtained with 9.7 MeV deuterons, 

producing 12.16 MeV neutrons. 

 

 

 

 

 

 

 

 

 

 

In addition to the main 12.16 MeV peak there are some lower energy neutrons due to 

deuteron breakup. 

 

4.3 Simulation of beam transport 

The measured spectra, shown in fig. 4.9, may contain other events than fast neutrons 

emitted directly from the target. These are primarily neutrons scattered by the collimators, 

as well as gamma-rays produced in the collimation system by inelastic neutron scattering 

and neutron capture. In order to determine their contribution and time behavior, the 

experimental setup (shown in fig. 4.2) was simulated using the GEANT code [56]. 

 

All simulations used a cone-beam of 12.16 MeV mono-energetic neutrons emitted from a 

point source, air humidity of 55%, neutron energy cutoff of 12 keV and beam opening 

angle of 9o (as illustrated in fig. 4.10). 

 

 

 

 

 

 

 

Fig. 4.9:   TOF spectrum of d-D reaction 
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4.3.1 Influence of scattered neutrons  

Figs. 4.11 & 4.12 describe the simulated energy spectrum and TOF spectrum of the 

scattered neutrons entering the detector, respectively. The ratio of the scattered neutrons to 

the direct ones (all neutrons which enter the detector) is 2.5×10-3. This small ratio is clearly 

a result of the efficient PTB neutron low-scattering collimation system (see section 4.1), 

implying that neutrons scattered by the collimation system will not constitute a significant 

source of image degradation.   

 

 

 

 

 

 

 

 

 

The oscillations seen in the lower energy region of the spectrum (0-4 MeV) are not 

explained and require further investigation.  

 

Fig. 4.10:   A section of the collimation system with neutron beam 
opening angle of 9o 

Fig. 4.11:   Energy spectra of scattered neutrons entering the detector. Incident neutron energy – 
12.16 MeV 
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4.3.2 Gamma ray background 

The number of neutron induced gamma photons entering the detector was also simulated 

(fig. 4.13). The ratio of gamma photons to the number of direct neutrons (all entering the 

detector) is 4.7E-3. This rather low ratio, does not take into account gamma rays produced 

by neutrons of energies lower than 12 keV (due to the fact that GEANT 3.21 has a cutoff 

limit of 10 keV). 

 

 

 

 

 

 

 

 

 

 

 

From these calculations, it can be concluded that the number of neutrons and gamma-rays 

which contribute to the background is negligible. 

 

 

Fig. 4.12:   TOF spectra of scattered neutrons entering the detector 

Fig. 4.13:   Energy spectra of gamma rays entering the detector 
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Chapter 5 

This chapter deals with the determination of the basic parameters of the detection system 

such as position resolution, timing resolution screen properties and the various factors that 

influence image quality. 

 

5.1 General comments and definitions  

The in-beam experiments at PTB were conducted in two separate rounds, the first in 

November 2004 and the second in August 2005. After the first round, the following 

improvements were made on the TRION system: the scintillating fiber screen (12×12×1 

cm3) was replaced by a larger and thicker one (20×20×3 cm3), the I-I photocathode gating 

pulse was shortened from ~20 ns to ~10 ns and external cooling was applied to the CCD 

camera. Table 5-1 summarizes the principal performance differences between the two 

rounds of experiments. 
 

Table 5-1:   Principal performance differences in the two PTB runs   
 

 Fiber-scintillator 

dimensions 

(H×W×T) (mm) 

individual fiber 

diameter (µm) 

CCD cooling 

temp. (oC) 

I-I Gating pulse 

width (ns) 

1st round 120×120×10 250 -5 ~20 

2nd round 200×200×30 500 -17 ~10 

 

The following experiments were performed during the two rounds and will be described in 

detail in this chapter: 

• Dependence of image quality on screen type and thickness 

• Dependence of image quality on neutron energy 

• Timing properties of the detector 

In order to obtain a normalized net neutron image we have to collect four independent 

images: 

1. Gross image (Imgross[t]) 

This is an image taken with the neutron beam on. Its light signal per pixel consists of the 

sum of the net neutron signal, the dark current (originating from CCD and from image 

intensifier) and the read-out noise (RN). A detailed description of various sources of noise 

is given in appendix 4. To the best of our understanding, the neutron-induced signal in any 

pixel (x,y) is dependent on exposure time tim and the integrated deuteron beam charge (Qim) 

according to: 
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Imgross [tim](x,y) = Imnet × Qim + DC × tim + RN  [5-1] 
 

Where Imnet is the net neutron induced signal in CCD signal units (u) per unit beam charge 

(Qim), DC the dark current noise rate in u/s, tim the exposure time and RN the readout noise 

in CCD signal units (u). 

 

2. Readout noise image (RN) 

Readout noise is a combination of system noise components inherent to the process of 

converting CCD charge carriers into a voltage signal for quantification, subsequent 

processing and analog-to-digital (A/D) conversion. This noise, added uniformly to every 

image pixel and described by the number of electrons per pixel, is independent of exposure 

time (tim). The RN is acquired by triggering on the CCD camera for the shortest possible 

integration time (close to 0 sec), while the shutter is closed. 

 

3. Background image (Bmoffgross[toff]) 

Each pixel (x,y) in the background image, also referred to as beam-off image, contains a 

signal which is comprised of RN and dark current:  
 

Bmoffgross[toff] (x,y)  = RN + DC × toff    [5-2] 
 

Dark current contribution to the background increases linearly with acquisition time (toff). 

The image acquisition is performed with opened CCD shutter, with the neutron beam off 

and the image intensifier operated at the same regime as when the neutron beam is on.  For 

good quality images the Bmoffgross[toff] should be collected for a long time (toff), in order to 

obtain good statistics. Minimal integration time should be at least equal to the integration 

time of the radiography object image. 

  

4. Flat image (Fltgross[tflt]) 

The flat (full-transmission) image is acquired while neutron beam is on, but without any 

object placed between the neutron source and the detector: 
 

Fltgross[tflt] (x,y)  = Fltnet × Qflt + DC × tflt + RN  [5-3] 
 

All settings are kept similar to those used during the radiography of the object of interest. 

The Fltnet image is used for pixel-by-pixel normalization of Imnet. This operation (also 
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known as flat fielding) removes image non-uniformities that originate from differing pixel 

response to light and also corrects for neutron beam intensity variations across the detector 

area. This image should also be taken with good statistics, in order not to impair image 

quality.  

 

Each pixel (x,y) in the final net image is calculated as: 
 

imim

offgrossimgross
y)(x,net, /tQ

RN]/t[BmoffRN]/t[Im
Im

−−−
=  [5-4] 

 

An identical expression is obtained for the flat image: 

 

fltflt

offgrossfltgross
y)(x,net, /tQ

RN]/t[BmoffRN]/t[Flt
Flt

−−−
=  [5-5] 

 

Each pixel Pix(x,y) in the net normalized transmission image is represented as:  

 

Pix(x,y) = Imnet,(x,y)/Flatnet,(x,y)    [5-6]   

    

5.2 Factors affecting image quality 

Radiographic image quality can be quantitatively assessed by deriving the experimental 

values for spatial resolution and contrast. These figures-of-merit are governed by: 

• Irradiation system geometry and various backgrounds. These include geometrical 

un-sharpness, scattered neutrons and gamma background. 

• Intrinsic detector response 

In order to characterize TRION's response, it is important to clearly define the system-

response related factors and minimize their effect on image quality. 

 

5.2.1 Irradiation system geometry 

The divergent incident neutron beam and finite source dimensions introduce geometric un-

sharpness in the neutron radiography images. The L/D ratio, also known as the collimation 

ratio [21,71-72], defines the geometric un-sharpness originating from the finite dimension 

of the radiation source (D) and the distance between source and object (L).  
 

Image un-sharpness Ug due to the finite source dimension is expressed by: 
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)D/L(

'LU g =         [5-7] 

Where L' is the distance between the object and neutron detector.  

In our case the deuteron beam diameter on the target is about 5 mm, the distance between 

target and detector is 12 m, while the distance between object and detector varied between 

0.15 m (PTB 2004) and 0.5 m (PTB 2005). Thus the geometrical unsharpness is only 62.5 

µm for the former and 208 µm for the latter, smaller than the fiber dimension in both runs 

(250 and 500 µm, respectively).  

The impact of beam divergence can be minimized by keeping the target-detector distance 

large compared to detector dimensions. In our case the maximum divergence angle is 0.48o. 
 

5.2.2 Neutron and gamma ray background 

On their way to the detector, neutrons may be scattered by the collimation system and the 

interrogated object. Some of these neutrons reach the detector and affect image formation 

by producing unwanted scintillation events in the scintillator. A large number of such 

events will tend to degrade image resolution and contrast by adding to the image noise.  

Neutrons scattered inelastically by the collimation system and thermalized neutrons 

undergoing capture reactions may produce gamma rays. These gamma rays may reach the 

scintillator and cause spurious scintillation events that degrade image contrast and 

resolution. The GEANT simulation of the PTB beam transport system, described in chapter 

4, shows that the contribution of the scattered neutrons and gamma-rays to the direct 

neutron beam is below 0.5%.  
 

It is thus safe to conclude that the irradiation-system related factors do not significantly 

influence the determination of intrinsic detector response. 
 

5.2.3 Intrinsic detector response 

Each of TRION's components may influence the spatial resolution of the detector. The 

TRION detector is based on de-magnification of the 200×200 mm2 object-image by a 

factor of 20 on a CCD chip, divided into approximately 1536×1024 pixels. For such a 

configuration, the basic resolution unit in the object plane cannot be better than 

approximately 200×200 µm2.  

In the following sections, we will attempt to separate the different contributions to image 

quality, imported by the following components & characteristics: 
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1. The scintillating screen  

2. The inherent resolution of the optical system 

3. Overall resolution obtained with neutrons 

4. Image intensifier and CCD noises 
 

5.2.4 The Contrast Transfer Function (CTF)  

An objective method for the assessment of image quality [73-75] is provided by the 

calculation of Modulation Transfer Function (MTF) or the Contrast∗ Transfer Function 

(CTF) [76]. These are used to quantify the imaging system's ability to transfer contrast 

from an object to an image at various resolution levels or spatial frequencies.  
 

The CTF represents the response of an imaging system to a constant square-wave input in 

terms of spatial frequency, whereas the MTF represents the response to a sine wave input. 

As the spatial frequency increases, the observable image contrast decreases. It is this loss of 

contrast at higher spatial frequencies that characterizes the performance of the imaging 

device.  
 

In order to calculate the CTF, an image profile (see fig. 5.1) depicting TRION's response to 

a constant square-wave input mask (such as the one seen in fig. 5.2) is analyzed.   

The CTF at a certain spatial frequency ω is calculated using the maximum (Imax) and 

minimum (Imin) transmission values, also seen in fig. 5.1: 
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∗  Image contrast = (max. brightness – min. brightness) / (max. brightness + min. brightness)     [60] 

Fig. 5.1:   Image profile containing three different spatial frequencies 
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The convention employed is that each modulation (modulation(ω)) is normalized by the 

modulation of the lowest spatial frequency (modulation(ωo)) which represents the best 

achievable contrast. 

A common reference unit for spatial frequency is the number of line pairs per millimeter 

(lp/mm). For example, a continuous series of black and white line pairs (seen in fig. 5.2) 

measuring 0.5 mm per pair would repeat twice every millimeter, thus having a 

corresponding spatial frequency of 2 lp/mm. 

 

An ideal imaging system would have an MTF or CTF of unity at all spatial frequencies (a 

system with a delta function response). However, due to imperfect response of the system 

as a result of aberrations, assembly imperfections, alignment errors and other factors, a real 

image will be somewhat degraded in comparison to the original object. 
 

In order to characterize the resolving power of the TRION imaging system, a bar-patterned 

mask containing a series of slits with increasing spatial frequency and decreasing slit width, 

as illustrated in fig. 5.2 was imaged and analyzed. 
 

For determination of the resolution of the optical system the pattern on the left was 

transmission-illuminated using a flat lamp (described in section 5.3.2). For neutron 

transmission resolution studies an identical pattern mask made from steel (shown on the 

right side) was used. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.2:   Optical pattern mask (left) and steel mask (right) for CTF calculation     
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5.3 Influence of TRION's components on CTF 

 

5.3.1 Scintillating screen  

As mentioned previously, plain slab scintillators are affected by the depth-of-field effect 

(see section 3.3.1): the thinner the slab the better the spatial resolution, at the expense of 

detection efficiency. For this reason, fiber scintillator screens are favorable, providing 

independence of spatial resolution from scintillator thickness (which translates to detection 

efficiency). 

The spatial resolution of a scintillating fiber screen is affected by the fiber cross-sectional 

dimensions, range of the knock-on proton generated by the incident neutron, multiple 

scattering of neutrons within the screen and light cross-talk between fibers. 

Fiber diameter determines the inherent spatial resolution achievable employing the fiber 

screen. However, the recoil proton may cover a distance of several hundred microns (a 

~3.75 MeV proton will travel 203 µm [77]) before coming to rest within the scintillator. 

Thus, the best achievable spatial resolution is of the order of the maximal proton range 

within the scintillator for a given neutron energy. 

 

In order to determine the contribution of the fiber screen to the degradation of the spatial 

resolution, light generation due to neutron interactions within the polystyrene fiber screen 

was simulated by the GEANT 3.21 code [56]. The calculation simulated the experiment 

performed in November 2004 (first round) at PTB, in which the steel mask shown in fig. 

5.2 was radiographed. The screen pixel size was 250×250 µm2 and the distance between 

the Be target and the screen was 12 m. The deuteron beam diameter on the target was 5 mm 

and the steel mask was positioned at a distance of 15 cm from the screen. 

 

The GEANT simulation calculated the total amount of energy deposited in a fiber by 

protons created directly in the fiber and by protons entering the fiber from the surrounding 

area. In addition, the simulation calculated the number of light photons generated in a fiber 

by each proton, taking into account the non-linear behaviour of the light-energy relation for 

protons. 

 

Figs. 5.3 a - c show profiles calculated with GEANT, taken over the high frequency portion 

of the steel mask for three neutron energies: 2, 7.5 and 14 MeV. 
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The CTF was calculated for each of the above simulated profiles, as shown in fig. 5.4.    

Fig. 5.3a:   Profile taken over the high frequency portion of the steel mask, simulated by 
GEANT 3.21 for 2 MeV neutrons  

Fig. 5.3b:   Profile taken over the high frequency portion of the steel mask, simulated by 
GEANT 3.21 for 7.5 MeV neutrons  

Fig. 5.3c:    Profile taken over the high frequency portion of the steel mask, simulated by 
GEANT 3.21 for 14 MeV neutrons  
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As can be observed the CTF decreases with spatial frequency. There is a slight difference 

between the CTFs related to the 2 and 7.5 MeV neutrons. The range of 1 MeV and 3.75 

MeV protons (average proton energy) is 22 and 203 µm, respectively [77]. Thus it is 

smaller than the size of a 250 µm fiber. For 14 MeV neutrons, the range of a 7 MeV proton 

is 608 µm [77], causing a significant deterioration of CTF at frequencies higher than 0.5 

lp/mm.  

In order to obtain the CTF for 500 µm fibers, an average of two 250 µm fibers was taken. 

The result of this averaging, seen in fig. 5.5, clearly displays that the resolution of the 500 

µm fiber screen is inferior to that of its 250 µm counterpart. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4:    Intrinsic CTF of 10 mm thick scintillating fiber screen (250 µm fiber dimension), 
simulated for 2, 7.5 and 14 MeV neutrons 

 

Fig. 5.5:   Intrinsic CTF of 10 mm thick scintillating fiber screen (500 µm fiber dimension), 
simulated for 2, 7.5 and 14 MeV neutrons 
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5.3.2 Optical resolution         

In order to examine the purely optical performance of the TRION imaging system, 

excluding neutron influence, a spatial resolution mask (see fig. 5.2) was imaged in two 

fashions: 
 

• With image intensifier  

• Without image intensifier 
 

An electroluminescent (EL) sheet manufactured by Pacel electronics, coupled to a 

polyethylene light diffuser (seen in fig. 5.6), was used as a 

uniform light source to transmission-illuminate the pattern 

shown in fig. 5.2. 

Images were taken the with image intensifier present and 

with the image intensifier removed.  

The latter required repositioning the CCD camera and the 

200 mm lens, such that the 200 mm lens is focused on the 

image created by the 120 mm F#0.95 lens.  

 

Figs. 5.7a and 5.7b show images taken without and with image intensifier, respectively. In 

all experiments the amount of photons emitted from the lamp was such that the signal was 

much higher than the I-I and CCD noises. 

The CTF was calculated for each image using data extracted from image profiles. 

 

 

 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 5.6:   EL sheet used as uniform 
light source 

Fig. 5.7b:   Optical image taken with the I-I Fig. 5.7a:   Optical image taken without the I-I 
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23 mm thick 

11 mm thick 

Visual inspection of the images leads to the conclusion that the image taken without the 

image intensifier is superior. This conclusion is supported by the CTF plots, shown in fig. 

5.8. 

 

 

 
 
 
 
 
 
 
 
 

 

Clearly, the image intensifier significantly degrades 

the spatial resolution. The manufacturer of the I-I 

claims a limiting resolution of 20 lp/mm, which 

translates to 4 lp/mm at the object plane (with a de-

magnification factor of 5). At present this high 

degradation of CTF by the I-I is not yet explained.  

 

 

 

5.3.3 Overall response to neutrons 

The calculation of the overall spatial resolution of 

the TRION imaging system was accomplished by the analysis of radiography images, 

shown in fig. 5.9, of a 10×10 cm2 steel patterned test mask, portrayed in fig. 5.2. 

  

This radiograph was obtained by integrating the entire spectrum (see fig. 4.7) of neutrons 

(referred to as All-E images). 

 

Fig. 5.10 shows a comparison between the CTF of the radiography image (taken with a 10 

mm thick fiber scintillator screen) and the CTF of the optical images. It can be clearly seen 

that neutron-related effects further degrade image quality. 

 

Fig. 5.8:   CTF comparison between images taken with image intensifier and without 

 

Fig. 5.9:   Radiography image of the steel 
mask taken with a 10 mm thick fiber 
scintillator screen 
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5.3.4 Image intensifier and CCD-related noise 

The Signal to Noise Ratio (SNR) of TRION is predominantly affected by: neutron shot 

noise, photon shot noise, image intensifier thermal noise and CCD noise. The first two are 

related to the neutron signal and light conversion efficiency. The other two sources of noise 

introduce background that must be minimized or subtracted. Here we shall concern 

ourselves with the latter two sources. 
 

5.3.4.1 Image-intensifier related noise sources 

The main source of background in our I-I is Equivalent Background Illumination (EBI)    

[75,78]. EBI is an inherent background noise of an image intensifier which sets the lower 

detection limit. It is normally specified as the input illuminance required to produce a 

luminous emittance from the phosphor screen equal to that obtained when the input 

illuminance is zero. The noise is almost entirely due to thermal electrons emitted by the 

photocathode and is therefore highly dependent on photocathode material and temperature. 

EBI can be reduced by keeping the image-intensifier in darkness (for over an hour) and 

cooling the photocathode. At extremely low illumination levels the EBI adds some haze to 

the image. 
 

5.3.4.2 CCD-related noise sources 

The noise components accompanying the signal generated in a CCD system (see appendix 

4) are photon shot noise, photo-response non-uniformity, quantization noise, dark noise 

and readout noise. The photon shot and dark noises contributions can be reduced by 

averaging over longer collection times. The dark noise can be lowered significantly by 

Fig. 5.10:   Comparison of CTF received at different acquisition modes: pure optical without image 
intensifier, pure optical with image intensifier and neutron radiography image with 10 mm thick fiber 
screen  
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cooling the CCD chip. In general, high-performance CCD chips exhibit a one-half 

reduction in dark current for every 5 to 9 oC of cooling below room temperature [79], a 

characteristic referred to as the "doubling temperature". Typically, this rate of 

improvement continues down to a temperature of approximately 5 to 10 oC below zero, 

beyond which the reduction in dark current becomes less pronounced.  

Figs. 5.11 & 5.12 describe dark current as function of temperature measured with the 

Chroma C3 CCD. It was measured by taking an average and standard deviation (STD) of 

net (without readout noise) dark image values in a selected image area. As can be seen, the 

dark current and its STD decrease as CCD sensor temperature decreases. 
 

Under low illumination level conditions (assuming dark noise is essentially eliminated by 

CCD cooling), I-I noise and readout variance are greater than that of the photon shot noise 

[79], hence the image signal is limited by noise from other sources. The camera exposure 

time can be increased to collect more photons and increase SNR, until a point is reached at 

which photon noise variance exceeds that of both readout noise and dark noise. Above this 

exposure time, the image is said to be quantum-noise limited.  

Image exposure time is limited by CCD dynamic range which depends on full well 

capacity (FWC) and noise floor. Thus, in order to improve image statistics, several 

radiography images taken consecutively are averaged after background subtraction and 

normalization by flat image. 
 

In order to ascertain whether TRION images are quantum noise limited, a set of repeated 

24 images acquired at the PTB 2004 experiment was selected to be analyzed. The image 

was taken with a large time window of 80 ns at a time-delay corresponding to an average 

neutron energy of ~3.5 MeV, resulting in an energy window ranging between 2.9 - 4.2 

MeV. Exposure time per image was 200 s and accelerator current was 3 µA. The 10 mm 

thick fiber screen was employed.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 5.12:   Standard deviation of the dark 
current as function of CCD temperature 

Fig. 5.11:   Dark current as function of CCD 
temperature 
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Averaging of images was performed in increments, such that n=1 indicates no averaging, 

n=2 indicates averaging of 2 images, and so on. The analysis was performed on net 

normalized images as defined in section 5.1.  

For the purpose of image analysis, a window containing 8833 pixels was specified and 

mean and standard deviation (STD) of the grey levels were calculated. Analysis results 

(summarized in table 5-2) show that image statistics improves as the number of averaged 

images increases. This is to be expected since image averaging effectively prolongs image 

exposure duration, resulting in improved event statistics and correspondingly reduced 

variability.  

 

 
n 

images 
1/n  Mean STD Variance STD/mean 

1 1.000 1.037 0.151 0.0228 0.1456 

3 0.333 1.035 0.095 0.0090 0.0918 

5 0.200 1.033 0.08 0.0064 0.0774 

7 0.143 1.034 0.071 0.0050 0.0687 

9 0.111 1.035 0.067 0.0045 0.0647 

12 0.083 1.029 0.062 0.0038 0.0603 

14 0.071 1.02 0.061 0.0037 0.0598 

26 0.038 1.024 0.055 0.0030 0.0537 
 

Based on the results summarized in table 5-2, this work assumes that the TRION system 

obeys the following behaviour of variance/pixel: 
 

 nm Var
n

VarVar 1
int +=        [5-10] 

 

Where n is the number of averaged images, Varm is the measured variance, Varn is the 

variance due to quantum noise in a single image and Varint is an intrinsic variance due to 

the CCD and image-intensifier related sources of noise discussed in previous sections. 
 

The variance results (seen in table 5-2) were plotted as function of the inverse number of 

images (as shown in fig 5.13) and linearly fitted according to eq. 5-9: 
 

Table 5-2:   Analysis of averaged images. n indicates the number of 
images averaged  
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02062.0
n
100217.0Varm +=      [5-11] 

Eq. 5-10 leads to: 
 

0466.01436.0 int == σσ n  

 

 

 

 

 

 

 

 

 

Thus, the relative quantum noise is 14.3% while the relative intrinsic noise contributes only 

4.6% to the total relative error; hence, the image is predominantly quantum-noise-limited. 

 

It is interesting to compare this result with the expected neutron statistics. Taking the 

neutron flux at the detector to be 1.8×104 n/s·cm2 per µA (see chapter 4) and accelerator 

current of 3 µA. The fraction of neutrons arriving at the detector during the gating-window 

of 80 ns was 0.29, detection efficiency of the 10 mm fiber screen (250 micron pixel 

diameter) at 3.5 MeV is 9%, leading to the expected neutron count rate per pixel of 0.69 

counts/s. In 200 s we shall thus accumulate 138 counts/pixel. 

A relative standard deviation of this counting statistics is 8.5%, i.e., significantly better 

than the 14.3% estimated experimentally. This increase in error is due to the limited 

number of photoelectrons per incident neutron produced in the photocathode of the I-I. 

This effect increases the relative statistical error in neutron counting by a factor of 

(1+1/ne)1/2 [80], where ne is the average number of photoelectrons/neutron. Using the 

above expression and the 1.68 factor increase in quantum noise we estimate ne to be 0.54 

photoelectrons/neutron. This figure corresponds very well to an estimate of 0.53 

photoelectrons/neutron calculated by using the following ab-initio values: 2930 light 

photons/n created in a scintillator for a 3.6 MeV neutron, lens collection efficiency 

  Fig 5.13:   Variance vs. inverse number of images   
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g=0.016, fraction of light emitted from fiber (max 8.8% using a reflecting mirror) and I-I 

quantum efficiency of 13%. 

5.4 Dependence of image quality on screen type and thickness 

In these experiments we compared the uniformity, light output and CTF for fiber screen 

and plain scintillating slabs of different thickness. All radiographs were taken using the 

entire spectrum of neutrons (All-E images). The radiography of the steel patterned mask 

was repeated several times, employing the following different screens: 

a.   3 mm thick slab 

b. 10 mm thick slab 

c. 20 mm thick slab 

d. 10 mm thick fiber screen (0.25×0.25 mm2 fiber) 

e. 30 mm thick fiber screen (0.5×0.5 mm2 fiber) 
 

Fig. 5.14 shows a flat image (full transmission image) of the 30 mm thick fiber screen (left) 

and 3 mm thick slab screen (right). The fiber screen, made of polystyrene, is assembled of 

10×10 mm2 square bundles of 0.5×0.5 mm2 scintillating fibers. Each fiber is coated with 

white paint (Extra Mural Absorber-EMA) to prevent light cross-talk. The plain slab screens 

were manufactured by EL-JEN from polyvinyltoluene (EJ-200). 

 

 
 
 
 
 
 
 
 

 
 
 
 

The flat image obtained with the fiber screen is considerably non-uniform, indicating the 

necessity of image normalization via a high-quality flat image. 

 

The net light output for the 30 mm polystyrene fiber screen was 55.5±4.8 u/s (u represents 

CCD signal units). The 3 mm polyvinyltoluene (EJ-200) yielded 13.9±1.6 u/s. Thus the 

ratio of light output for these two screens is ~ 4.  

Taking into account the lower H/C stoichiometric ratio (0.99 in polystyrene vs. 1.11 in 

polyvinyltoluene) we calculate the detection efficiency of the 30 mm fiber screen to be 8 

Fig. 5.14:   Flat image of 30 mm thick fiber screen (left) and 3 mm 
thick plain slab (right) 
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times higher than that of the 3 mm slab. However, Polystyrene has 20% lower light output 

than polyvinyltoluene. So the expected calculated ratio is 6.4 or 60% higher. The EMA 

may reduce the light output by as much as by a factor of 2, but we did employ a reflecting 

mirror coupled to the fiber screen, which should compensate for it. In summary, the topic 

of light output dependence on screen type requires further systematic investigation. 

Fig. 5.15 show radiography images of the steel patterned mask using 10 mm fiber 

scintillator screen (left) and 10 mm plain slab scintillator (right). 

 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.16 shows the result of the CTF comparison. As can be seen, the CTF related to the 

fiber scintillator is superior to that obtained with the plain scintillator slab. This result is to 

be expected due to the fact that the fiber screen maintains spatial resolution independent of 

the depth-of-field effect. 

 

 
 
 
 
 
 
 
 
 
 

5.5 CTF as function of neutron energy 

For the purpose of determining TRION's spatial resolution dependence on neutron energy, 

several radiography images of the steel patterned mask were acquired at different neutron 

Fig. 5.15:   Radiography images of the steel patterned mask using a 10 mm fiber scintillator 
screen (left) and a 10 mm plain slab scintillator (right) 

Fig. 5.16:   CTF comparison between different scintillator screen types and thickness 
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energies, as can be seen in fig. 5.17. Minimal acquisition time per pulse was determined by 

the pulser narrowest gate width which was ~12 ns. Images were taken for the following 

neutron energies:  2, 7.5 and 14 MeV, employing the 30 mm thick fiber screen. 

 

 
 
 
 
 
 
 

 
As can be seen in fig. 5.15, image quality is relatively poor due to low neutron statistics. 

This is reflected also in the CTF comparison, seen in fig. 5.18, in the sense that it follows 

only partially the conclusions based on the GEANT simulations mentioned earlier (see fig. 

5.4).  

 

 

 
 
 
 
 
 
 
 

One of the useful mathematical properties of the CTF is that the overall CTF of imaging-

system components is equal to the product of the individual components CTF's [81]. Thus, 

the above experimental CTF results from the multiplication of the pure optical CTF by the 

pure neutron-induced CTF (as obtained by the GEANT simulations, section 5.3.1). 

Fig. 5.19 shows a comparison between the calculated CTF's, resulting from the 

multiplication of the pure optical CTF by the pure neutron-induced CTF, and the 

experimental CTF. As can be seen, there is a reasonable consistency, considering the 

appreciable noisiness of the experimental images and the uncertainty in the neutron energy 

due to the ~12 ns I-I gate width.   

 

Fig. 5.17:   Radiography images taken with different neutron energies: a) 2 MeV    b) 7.5 MeV 
and   c) 14 MeV 

Fig. 5.18:   CTF calculated for different neutron energies: 2, 7.5 and 14 MeV 
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5.6 Fast-neutron radiography images 

For the purpose of demonstrating the quality of spatial resolution provided by the TRION 

imaging system, different phantoms were imaged (see figs. 5.18 – 5.20). For each pulse, 

the I-I gating window was set to be opened for a time duration enough to capture neutrons 

of all energies. 

Fig. 5.19:   Comparison between calculated CTF and experimental CTF for 
neutrons of energies:   a) 2 MeV;   b) 7.5 MeV and     c) 14 MeV (right) 
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Fig. 5.20a & b show the fast-neutron radiograph of a phantom and the actual phantom, 

respectively. The phantom consists of: a plastic toy gun, trumpet mouthpiece, two vials 

containing water and acetone mixtures (numerical markings on the vials indicate water 

volume percentage), two regular AA batteries wrapped with an electrical wire. 

 

 

 

 

 

 

 

 

 

The dimensions of the vials were: 25 mm in diameter, 55 mm in length. 
 

The phantom seen in figs. 5.21a & b contains: three melamine samples (of different 

thicknesses), steel pliers, a shaped tungsten object, a vial containing acetone and a vial 

containing water.  

The dimensions of the vials were: 25 mm in diameter and 106 mm in length. The melamine 

samples shown in the radiography image are numbered from 1 to 3 in order to distinguish 

among them according to their dimensions. The samples are in compacted powder form 

(density ~1 gr/cm3) encased within 3 mm thick perspex sheets.  

The thicknesses of melamine samples 1, 2 and to 3 are: 50 mm, 50 mm and 5 mm, 

respectively.  
 

 

 

 

 

 

 

Fig. 5.20:   a) Radiography image of a phantom containing plastic toy gun, trombone 
mouthpiece, vials containing water and acetone mixture, batteries wrapped with an 
electrical wire b) An image of the actual phantom  

Fig. 5.21:   a) Radiography image of a phantom containing three melamine samples, 
steel pliers, tungsten hollow block, vial containing acetone and an additional vial 
containing water;    b) An image of the actual phantom  
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Figs. 5.22a – c display a phantom consisting of a plastic toy gun, hollow tungsten block, 

two vials containing water and acetone mixture (partial water volume in the vials is 50% 

and 10%), melamine powder and a BNC connector. To study image quality when the 

phantom is obscured by a dense material, this phantom was placed behind 1" thick lead 

bricks and radiographed. 

 

Vial dimensions were: 25 mm in diameter, 55 mm in length and melamine sample 

thickness was 50 mm. 

 

As can be seen, the spatial resolution appears to be unaffected by the presence of the lead 

bricks. 

 

 

 

 

 

 

 

 

 

These images show that TRION can provide high resolution fast-neutron radiography 

images that can provide the means for visual identification of suspicious items within 

inspected luggage.  

 

5.7 Temporal resolution 

As described in chapter 2, the PFNTS method employs a ns-pulsed broad energy spectrum 

neutron beam. As opposed to the conventional event-counting variant of the TOF method, 

in which the arrival time of an individual neutron is recorded, TRION captures a 

cumulative image at a fixed time tTOF relative to each beam burst, which corresponds to a 

selected energy window around En determined by ∆t (see fig. 5.23). 

 

Fig. 5.22:   a) Radiography image of a phantom containing plastic toy gun, tungsten hollow block, vials 
containing water and acetone mixture and a melamine sample;   b) An image of the actual phantom;    
c) An image of the lead bricks that obscure the phantom. The gap between them is seen in (a) as a white 
vertical line 
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Thus, in order to register scintillation light related exclusively to neutrons of a specific 

energy, TRION's image intensifier has to be time-gated. The temporal resolution directly 

affects the contrast ratio between "on-resonance" neutrons (neutrons of energy 

corresponding to a peak in the total cross-section for the element of interest) and "off-

resonance" ones. 

The temporal resolution of TRION is governed by the following factors: 

• The minimal achievable I-I gate width  

• Scintillation decay time.  

Long decay times will generate a memory-effect from light created by faster neutrons, 

which reach the detector earlier than the neutrons of interest. There are additional factors 

which affect the temporal resolution, such as accelerator beam burst duration and target-to-

detector distance, but they are not detector related and must be addressed on a separate 

footing. 
 

5.7.1 Scintillator decay time 

In contrast to the event counting variant of the TOF method (see above), the decay time 

constant of scintillation light does affect the timing resolution and resonant contrast in the 

integrative detector TOF measurements. As mentioned in chapter 3, when performing TOF 

measurements the decay time-constant of the scintillation light (wavelength of ~420 nm) 

must be as short as possible, in order to provide accurate timing.  

For the purpose of determining the effect of the scintillator light decay duration on image 

contrast, an event counting TOF spectrum obtained with the NE102 plastic 

scintillator/photo-multiplier  (see section 4.1) was convolved with its light decay curve (fig. 

3.7 in chapter 3). 
 

Fig. 5.23:   TRION image acquisition regime per beam burst: the image 
is acquired after time tTOF corresponding to neutron energy En 

tTOF (En )

∆t
Beam burst 
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Fig. 5.24 shows event-counting TOF spectrum following transmission through 10 cm thick 

graphite as obtained by the NE102 scintillator/photo-multiplier  (blue line), and the same 

spectrum after convolution (pink line) with the NE102 light decay curve of fig. 3.7. As can 

be observed, the finite decay of the light reduces the contrast, especially for narrow 

resonances. The contrast was defined as the difference between the peak and the dip, 

normalized to the sum of these values. The reduction in contrast due to the finite decay 

time of the scintillator was 11%, 57% and 41% for the time (energy) intervals indicated 

by a, b and c respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

5.7.2 Minimal achieved I-I gate width 

As stated previously, temporal resolution is principally determined by the image intensifier 

gate-width. The shorter the gating time, the better the TOF resolution. As the diameter of 

the I-I photocathode increases, its capacitance and inductance increase and it becomes 

increasingly more difficult to gate it for short time-intervals. During the 2004 experiments 

we used a 20 ns gating window for the TOF measurements. This is a long gating time 

which caused appreciable loss of contrast in elemental imaging. Nevertheless we were able 

to obtain good separation between different elements, as will be demonstrated in the 

following sections.During the 2005 experiments the PTB group succeeded in shortening 

the I-I gating window to about 10-12 ns. The effective gating window of the I-I was 

Fig. 5.24:   Event counting TOF (blue) and its convolution with the decay curve of NE102 (pink) for 
a 10 cm thick graphite absorber 
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determined by finding the minimal High Voltage (HV) gate width that allowed the I-I to be 

fully opened.  

As the direct HV gate signal at the I-I photocathode was not accessible for oscilloscope 

measurement, the gamma peak, which has a FWHM of 1.7 ns (as measured with a 

Cerenkov detector) was scanned in 1 ns steps with gates of different widths provided by the 

gate and delay generator (G&DG). This scan generates a curve that represents a 

convolution of the gamma-ray burst width with the actual opening time of the I-I. 

Fig. 5.25 shows the scans for different G&DG gate widths. By measuring the FWHM of 

the curves and taking into account the beam burst FWHM, it is possible to determine the 

effective opening time of the I-I. 

 

 

 

 

 

 

 

 

As can be observed from the scan, the I-I does not open completely at short gate widths. 

The I-I starts to open efficiently at a G&DG gate width of 18 ns. The minimal G&DG gate 

width in the 2005 run was set at 19 ns. 

Table 5-3 shows the effective opening time of the I-I vs. G&DG gate width. 

 
 

GDG gate width (ns) Scan FWHM (ns) I-I FWHM (ns) 

14 6 5.7 

15 7 6.8 

16 8 7.8 

17 10 9.9 

18 11 10.9 

20 13 13 

30 22 22 

 

Fig. 5.25:   Gamma peak scanned in 1 ns steps in order to determine the minimal HV gate width  
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Table 5-3:   Effective duration of the I-I opening time vs. GDG gate width 
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For the 19 ns GDG gate width the effective opening time of the I-I is ~ 12 ns. 

5.7.3 The effect of I-I gate width   

In order to evaluate the influence of the I-I gate width on contrast, the event-counting 

spectrum described in previous sections was averaged using a 10 ns and 20 ns time window 

(corresponding to the gate-width at which the TRION system was operated in the two 

runs). The result of this averaging, seen in fig. 5.26, shows that for the 10 ns window the 

contrast reduction was 3%, 58% and 25% for the above intervals. The 20 ns gate caused a 

much larger contrast reduction: 31%, 89% and 52% respectively. 

 

 

 

 

 

 

 

 

 

It would appear that scintillation decay time has a greater influence on contrast than the 10 

ns gate width, but it is the 20 ns gate width that causes the most serious loss in contrast. 

 

5.7.4 Experimental evaluation of TRION TOF spectrometry  

The signal obtained with TRION, for a given energy (or TOF) can be expressed as: 
 

S(TOF)TRION = N(TOF) × ε(TOF) × L(TOF)   [5-12] 
 

Where N(TOF) is the number of neutrons reaching the detector after a certain TOF, 

ε(TOF) is the detection efficiency for these neutrons and L(TOF) is the average number of 

light per neutron generated by neutrons with energy corresponding to this TOF. 

Fig. 5.27 shows experimental TOF spectra obtained with the TRION system in two 

scenarios: full transmission and transmission through a 10 cm thick graphite block. In this 

experiment our setup was positioned at 25o to the deuteron beam.   

 

 

Fig. 5.26:   Effect of I-I gate width on TOF spectrum. Measured event-counting spectrum 
averaged using a 10 ns and 20 ns time window  
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Since L(TOF) is a non-linear function of neutron energy, the shape of the measured TOF 

spectrum of TRION is expected to differ from that of an event-counting TOF system, 

where the signal is the number of counts, as follows:  
 

S(TOF) = N(TOF) × ε(TOF)     [5-13] 
 

For purposes of comparison between the two methods, the measured TOF spectra must be 

normalized by a full-transmission (flat) TOF spectrum. The result is pure attenuation, free 

of the influence of detector light output, efficiency and incident flux.  
 

Fig. 5.28 compares the transmission spectrum through 10 cm thick graphite obtained by 

TRION and by a NE102 plastic scintillator/PMT operating in event-counting mode. The 

spectra were corrected for the different distances of the two detectors. The G&DG gate 

width was 19 ns (I-I opening time window of 12 ns). 
 

 

 

 

 

 

 

 

Fig. 5.27:   TOF spectra of full transmission and transmission through 10 cm thick 
graphite block, obtained with TRION  

Fig. 5.28:   Comparison between TRION transmission spectrum to event counting 
spectrum  
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The measured reduction in contrast of the 3 regions previously described was 18%, 75% 

and 38%, respectively.  The combined effect of scintillation decay time and 12 ns gate 

width is larger than that of each of them separately for energy regions a & b. There was no 

effect of gate width on the contrast for energy region c. This is probably due to large 

statistical errors originating from the relatively low neutron flux in this energy region.  

 

5.7.5 Elemental imaging 

The purpose of the TRION system is to perform element sensitive imaging. The 

preliminary demonstration of carbon imaging is described in this section. 

 

A phantom consisting of a steel wrench, melamine block and 6 graphite rods of various 

dimensions (see fig. 5.29) was radiographed at different neutron energies (PTB 2004). The 

energies of interest were selected to coincide with a peak (7.7 MeV, see fig. 5.31a) or a dip 

(6.8 MeV, see fig. 5.31b) in the total interaction cross-section of carbon. 
 

Fig. 5.30 displays the TOF spectrum of d-Be fast neutrons transmitted through a block of 

graphite, obtained with the TRION imaging system. 

When dividing figs. 5.31a by 5.31b, all non-carbon features disappear (melamine contains 

approx. 20% carbon), as can be seen in fig. 5.31c. Thus, the ratio of the two images 

provides an enhanced projected image of the carbon areal-density map. 

As can be observed by the circled area in fig. 5.29, only part of the phantom was in the 

TRION field-of-view. This was due to the small size (12×12 cm2) of the fiber screen 

available at the time of the experiment (PTB, 2004). 

The dimensions of the radiographed graphite rods, in accordance to their index number, 

seen in fig. 5.29, are: 

Rod 1: 60 mm thick, 30 mm in diameter 

Rod 2: 40 mm thick, 30 mm in diameter 

Rod 3: 40 mm thick, 20 mm in diameter 

Rod 4: 20 mm thick, 30 mm in diameter 
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Fig. 5.29:   Phantom used for TOF elemental 
imaging. The phantom consists of carbon rods, 
a steel wrench and a melamine block 

Fig. 5.30:   TOF spectra of d-Be fast neutrons 
transmitted through a block of graphite, obtained 
with the TRION imaging system   Fig. 5.31:   TOF images of the phantom taken with:   

a) neutrons of about 7.7 MeV;       b) neutrons of 
~6.8 MeV and       c) the pixel-by-pixel ratio of image 
(a) to (b). As is clearly seen, the steel wrench 
disappears, leaving only the graphite and melamine 
blocks present in the picture (Melamine contains 
approx. 20% carbon) 
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Chapter 6 

 

6.1 Summary and conclusions 

 

PFNTS holds promise for detecting a broad range of conventional and improvised 

explosives, by determining the identity and density distribution of light elements such as C, 

N, and O within the inspected object. 

 

The TRION system, described in this work, can be considered as a next-generation PFNTS 

detector. It is an efficient, large-area fast-neutron detector that incorporates the combined 

capabilities of sub-mm spatial imaging and TOF spectrometry and is also designed for loss-

free operation in mixed, high-intensity neutron-gamma fields. Thus, it fulfills all the 

requirements of a PFNTS detector, as outlined in chapter 3. 

 

The main part of this work dealt with the determination of the factors that govern the 

spatial and timing resolution of TRION. More specifically:  

The spatial resolution is determined by the screen type, response of the optical system and 

the various sources of noise that the system is susceptible to.   

Among others, we have demonstrated that fiber scintillator screens are favorable over plain 

slab scintillators, due to the fact that they provide independence of spatial resolution from 

scintillator thickness (which translates to detection efficiency). Indeed, the spatial 

resolution of a slab screen deteriorates rapidly with screen thickness due to the depth-of-

field effect. For example, a 10 mm thick fiber screen provided better quality images than a 

3 mm thick slab screen. Fiber dimensions are dictated by the range of the knock-on protons 

and should be of the order of the maximal proton range within the scintillator, i.e., several 

hundred microns (on average) in the relevant neutron energy range.  

It was found that the light output per neutron of the fiber screen was lower than that of the 

slab. The reason for that could be the fact that there is a significant dead layer between the 

fibers, due to the EMA paint and misalignment of the fibers. This aspect of screen 

properties will require further investigation. 

 

6.1.1 Spatial resolution 

The principal source that degrades the spatial resolution in TRION is the image intensifier. 

Although its manufacturer claims a limiting resolution of 20 lp/mm, which translates to 4 
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lp/mm at the object plane (de-magnification of factor 5), the results obtained here indicated 

considerably poorer performance of the I-I. At present, this high degradation of CTF by the 

I-I is not yet explained.  

 

Spatial resolution is also affected by various noise sources. The predominant sources 

affecting SNR are: neutron shot noise, photon shot noise, image intensifier thermal noise 

and CCD noise. Of these, the photon shot noise and I-I thermal noise are the dominant 

factors. The photon shot noise results from the low light output of the scintillator screen 

and the relatively low light collection by the large aperture lens (F#=0.95). This is 

especially true at low neutron energies, where the average number of photoelectrons 

produced in the I-I per neutron is less than 1. This can be improved by using a larger 

diameter I-I, thereby reducing the demagnification factor.  

 

The second most important source of background is the I-I noise, which is almost all due to 

thermal electrons emitted by the photocathode and is therefore highly dependent on 

photocathode temperature. This noise can be reduced by cooling the photocathode.  

 

6.1.2 Temporal resolution 

Working in conjunction with a pulsed beam, TRION captures an image at a well-defined 

TOF that corresponds to a pre-selectable energy. Thus, in order to register scintillation light 

related only to neutrons of a specific energy, TRION's image intensifier must be gated. The 

temporal resolution (which translates to energetic resolution) directly affects the contrast 

ratio between "on-resonance" neutrons and "off-resonance" ones. 

The temporal resolution of TRION is limited by the following factors: 

• The minimal achievable I-I gate width  

• Scintillation decay time  

Currently, the minimal effective opening time of the I-I is ~12 ns. In the future, it may 

prove possible to shorten it by a more efficient coupling of the HV pulser to the 

photocathode of the I-I, or by reducing the RC time constant of the photocathode.  

It has also been shown that the scintillation decay time of our plastic scintillator screen has 

a greater influence on the elemental-imaging contrast than the 12 ns gate width.  

The light decay time constant is a property of the scintillator and its effect on timing 

resolution may be reduced by choosing a scintillating material with less intensity in the 
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long component. Certain liquid scintillators with severely quenched long components could 

prove attractive candidates for a scintillating screen. 

An alternate way to recover the loss of contrast is to de-convolve the influence of these two 

factors from the measured TOF spectra. The feasibility of doing this hinges on the fact that 

TRION's response to a sharp (delta) time signal can be determined from a scan of the 

gamma-ray peak. Thus, the shape of the latter can be used as a kernel for the deconvolution 

function. 

 

Regardless of the above limitations, excellent quality fast-neutron radiography images of 

various phantoms were obtained. The unprecedented quality of these fast neutron images is 

approaching that obtainable with conventional X-ray inspection systems and can certainly 

be used by the operator for visual inspection of the content of the analyzed object, in 

addition to the automatic elemental detection of PFNTS. A demonstration of high quality 

imaging of objects shielded by 1" thick lead was also performed. 

 

In summary, compared to the event counting detectors used by the University of Oregon 

and Tensor Technology, TRION imaging system, representing the next generation of 

PFNTS detectors, provides  superior (sub mm) position resolution combined with loss-free 

operation at very high neutron-flux intensities. At present TRION TOF resolution is 

inferior to that of the event counting method, but partial recovery of the resolution by 

deconvolution appears feasible.  

 

Recommendations for future work 

1. As the total cross-section for C, N and O exhibits several peaks and dips at different fast-

neutron energies, it is necessary to select from them a minimal number that will ensure a 

reliable elemental reconstruction. 

2. Currently, TOF imaging by TRION is performed in a serial fashion, i.e., each image 

acquisition relates to a single peak or dip, or in other words, the I-I is triggered to capture 

just one energy interval per accelerator pulse. Thus, in order to progress towards a real-time 

operational system, it is necessary to acquire several energy regions for each accelerator 

pulse. 

This can be achieved by employing several ns-triggered CCD cameras, such that each 

camera acquires a different energy region per accelerator pulse. The number of cameras 
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will be determined according to the minimal number of cross-section peaks and dips, as 

specified in the previous paragraph. 

3. As was outlined in section 5.3.4, intrinsic noise levels are non-negligible and must be 

reduced. A major contributor to this noise is the I-I. Hence, by finding a way of cooling the 

I-I effectively, this noise can be reduced.          

4. The improvement of the temporal resolution should be investigated, either by 

deconvolution techniques or by replacing the scintillator screen with a faster scintillating 

material and operating with short gate widths. 

5. Further simulations are required to determine the influence of thermal neutron-capture 

gamma-rays background on the contrast. A simulation of TRION's behavior in a more 

realistic PFNTS inspection geometry should be also carried out. 
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Appendix 
 

Appendix 1 - Description of the optical alignment procedure 

The optical alignment procedure is used to align all detector components along the same 

optical axis and to center the detector on the axis of the accelerator beam. For this purpose, 

a laser beam and two variable-aperture irises are employed, as can be seen in fig. A-1. 

 

 

 

 

 

 

 

 

Fig. A-2 & A-3 show an illustration of the TRION imaging system and alignment 

geometry, respectively. All optical components are positioned on a rail and also have some 

mechanical degrees of freedom for accurate alignment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A-1:   The laser mount and variable aperture iris  

Fig. A-2:   An illustration of the TRION detection system 

Fig. A-3:   Schematic description of the geometrical setup used for optical alignment 
(not to scale) 
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The alignment procedure begins with all components removed, except for the laser and 

two irises. 

The following provides a step-by-step description of the optical alignment procedure: 

1) The laser mount (oriented towards the bending mirror) is manipulated until the laser 

beam passes through the exact center of both irises which are closed to a minimal 

aperture at a height that is determined with high precision.  The two irises thus define 

the optical axis. 

2) The bending mirror, oriented at 45o relative to the neutron beam flight path, is then 

mounted. Upon activation of the laser, the mirror is manipulated to the point that the 

laser beam hits the center of a mirror placed instead of the scintillator screen 

(henceforth referred to as the scint.-mirror). 

3) The alignment of the scint.-mirror is carried out such that the reflection of the incident 

laser beam is directed to the center of iris-2, as illustrated in fig. A-3. 

4) The laser is moved to position B, pointing at iris-1. The laser beam should pass 

through the centers of both irises. The location of the incident beam spot is marked at a 

large distance from iris-2 for future reference. 

5) The large lens (120 mm F#=0.95) is mounted and aligned, such that the laser spot is 

coincides with the previously marked reference point. 

6) The 200 mm (F#=2.8) lens is then mounted. The procedure described in step 5 is 

repeated. 

7) Finally, the CCD camera coupled to the 50 mm (F#=1.2) lens is mounted. The laser 

spot is captured by the CCD (for a very short exposure duration) and its location is 

verified by examination of its coordinates in the image reference system. If required, 

the camera position can be adjusted. 

8) The detector assembly is positioned on a table of adjustable height. The scintillating 

screen is replaced with a mirror which is mounted with the reflective surface facing the 

accelerator. The detector is positioned such that a laser spot, representing the 

accelerator beam axis, is in the center of the mirror and its reflection is also on the laser 

axis. The axis of the accelerator beam is known from prior usage of this laser beam for 

the alignment of the accelerator beam. 
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Appendix 2 - Description of image intensifier 

An image intensifier is a vacuum tube device comprised of a photo-cathode input, multi-

channel plate (MCP) or more and a phosphor screen. 

The photo-cathode input is a coating of multi-alkali or semi-conductor layer on the inside 

of the input window. The phosphor screen is a fluorescent phosphor coating on the inside 

of the output window and the MCP is a complex electron-multiplying micro-channel plate 

When the photocathode is biased more positively than the MCP, electrons will not enter the 

MCP and the MCP is gated off. If the photocathode is negatively biased, electrons will be 

accelerated into the MCP and the intensifier is gated on.  

 

The image intensifier employed in TRION is 40 mm in diameter, capable of amplification 

of up to 1E6 W/W at 500 nm at 1600V MCP, containing double MCP’s, a low noise S20 

(Na2-K-Sb(Cs)) photocathode, a P43 (Gd2O2S:Tb) anode. 

 

Image intensifier mode of operation 

As illustrated in fig. A-4, a portion of the incident light photons striking the photocathode 

causes the release of electrons via the photoelectric effect∗. These electrons are then 

accelerated (by a voltage of –150 V) towards the MCPs, where they are multiplied and 

accelerated again (under a voltage of +3900 V) toward the phosphor screen. 

These electrons strike the phosphor screen and cause the emission of fluorescence photons.  

Thus, for every photon releasing an electron from the photocathode, large number of 

photons (by several orders of magnitude) are emitted from the phosphor screen. 

 

At very low illumination levels there is no continuous illumination but a 'hail like' 

bombardment by single photons. Consequently, the noise component in the image increases 

to the extent that small details will not be distinguishable from the background; the 

resolution will be dependent on the light level. This regime is called the ‘low light level’ or 

‘shot noise limited’ regime [75].  If there is enough light, the noise level will decrease, 

image quality will improve and will no longer depend on the illumination intensity.  

 

 

 

                                                 
∗  The photoelectric effect represents the emission or ejection of an electron from the surface (the 

photocathode in this case) in response to an incident photon of sufficient energy to overcome the binding 
energy of the electron 
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Fig. A-5 shows that the limiting resolution at low light levels is dependent on the 

illumination, while at higher levels it is constant.  

 

 

 

 

 

 

 

 

 

 
 

Image intensifier principal components: 
 

The Photocathode: 

The photocathode [82] is the first major component in an image intensifier. The 

photocathode coating converts a portion of the incident light photons into electrons. 

Photons not captured by the photocathode do not contribute to the final signal. Therefore 

Fig. A-4:   Schematic description of an image intensifier (not to scale). An incident light photon 
striking the photocathode causes the release of an electron via the photoelectric effect. This 
electron is accelerated towards the MCP, where it is multiplied and accelerated again toward the 
phosphor screen. These electrons strike the phosphor screen, causing the emission of 
fluorescence photons. 

Fig. A-5:   The limiting resolution as a function of illuminance [60] 

Photocathode MCP Phosphor screen 

 Multiple e-e- Incident photon 

     
Photons 

     -150V      0V      +1600V      +5500V 
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the quantum efficiency (QE), defined as the percentage of incident photons converted to 

electrons, is very important for image intensifiers. 
 

The QE may be calculated [83] from the spectral sensitivity S and the wavelength λ, as 

follows: 
 

]nm[
124]W/mA[S[%]QE

λ
=     [A-1] 

 

The S-20 photocathode is highly absorbing [84] at short wavelengths (350–500 nm), but as 

displayed in the spectral response of the LNS20 (see fig. A-6), the sensitivity rapidly 

decreases for light of longer wavelength. In fact, at a wavelength of 900 nm the S-20 

photocathode is practically transparent.   
 

 

 

 

 

 

 

 

 

 

 

 

The Multi-Channel Plate (MCP) [82]: 

The MCP is the second and most sophisticated component of an II. It is a slightly 

conductive glass substrate with millions of parallel traversing channels. These channels 

contain a secondary electron emitter (such as CsI, CuI) and are arranged in a hexagonal 

pattern with 6-15 µm center-to-center spacing. 

Electrons generated at the photocathode are driven through the channels by a constant 

electric field resulting from a voltage of 1.6 kV applied on the MCP. A portion of these 

electrons strike the walls of the channel and cause the formation of many additional 

electrons. A single electron may undergo multiple collisions producing many thousands of 

electrons which leave the plate, as illustrated by fig. A-7.   

 

Fig. A-6:   Spectral response of the LNS20 
photocathode present in the TRION system 
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The MCP web-like entrance surface is generally coated with Ni-Cr which has a low 

secondary electron emission coefficient. Consequently, electrons missing the channels and 

striking the entrance surface (comprising close to 55% of the MCP surface area) create 

secondary electrons, some of which are then pulled into nearby channels by electrostatic 

forces. This allows the recovery of electronic charge that would otherwise be lost by 

electrons missing channel apertures. In essence, each MCP acts analogously to a standard 

photomultiplier device, but it also possesses imaging capabilities due to the fact that 

position information is maintained. 
 

Phosphor screen: 

The third major component of an II is the phosphor screen, which is a phosphor coating on 

the inside of a fiber-optic exit window. Electrons exiting the MCP are accelerated (under 

voltage of +3900V) toward the phosphor screen, where they are converted back into light 

photons to be registered by the CCD. 

Phosphors usually emit green light and are made of rare earth 

oxides or halides (e.g. Gd, Ln, Tb) with decay times ranging 

from a few hundred nano-seconds to a few milliseconds. An 

example can be seen in fig. A-8, which displays a phosphor 

Fig. A-7:   An electron passing through the channels strike the walls and cause the formation 
of many additional electrons. A single incident electron may undergo multiple collisions 
producing many thousands of electrons which leave the plate towards the phosphor screen  

Fig. A-8:   Gd oxysulphide 
crystals shown at × 10,000 
magnification [51] 
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composed of Gd-oxysulphide crystals at ×10,000 magnification.  

Selected properties of P43 (Gd2O2S:Tb) phosphor [85], which is a constituent of the image 

intensifier utilized by the TRION system, are presented in table A-1 and in figs. A-9 & A-

10.  
 

Table A-1:   P43 phosphor properties [85] 
Type, 

Colour 

Efficiency %, 

Optical Watts/Electrical Watts 

Peak wavelength 

(nm) 

Photons/Electrons 

@ 6kV 

Decay 

characteristics 

P43, 

Green 
8.7 548 240 

1.2 ms/decade, 

true exponential 

 

 

 

 

 

 

 

 

 
 

Appendix 3 - Charge Coupled Device - CCD camera 

CCDs are very sensitive light imaging detectors, providing dynamic range and sensitivity 

far greater than photographic emulsions [86].  

A CCD is basically composed of three layers: a substrate of p-type silicon overlaid with an 

insulating layer of silicon oxide and an electrode 

pattern over the silicon oxide. 

As can be seen in fig. A-11, insulating strips are 

doped into the silicon, forming a grid of conductive 

channels in the substrate at right angles to the 

electrode strips on the surface. During the collection 

of an image, some of the electrodes on the surface are 

raised to a potential of ~ +10 V while the rest remain 

at ~0 V. No current flows to the substrate because of 

Fig. A-10:   Typical phosphor decay 
characteristics [55]   * P43 decay time obtained 
following removal of the continuous input light 
source  

Fig. A-9:   Typical phosphor spectral 
emission characteristics [55] 

Fig A-11:   An outline of CCD layers. The 
bottom layer is made of silicon doped with 
insulating strips. The middle layer is made 
of silicon oxide and the top is an electrode 
pattern 
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the insulating oxide layer. However, the electric field creates a depletion region under the 

charged electrode, because the dominant charge carriers in the p-type substrate (‘holes’) are 

positively charged. 
 

As described in fig. A-12, when a photon is absorbed in the substrate, it creates an electron-

hole pair. If the absorption occurred in the depletion region, the original electron and hole 

separate. The photo-electrons drift towards the surface of the CCD and collect at the 

positively charged electrodes. Lateral motion is prevented by the insulating strips doped 

into the substrate at right angles to the electrodes. 

 

 

 

 

 

 

 

 

The maximum amount of electrons that a pixel can contain is termed Full-Well Capacity 

(FWC). When a pixel reaches its limit, a state referred to as "saturation", the excess 

charges overflow to the adjacent pixels producing a blooming effect. 
 

Fig. A-13 provides a schematic description of the charge transport process in a CCD. The 

integrated charge from each pixel is transported to the output using a two-step process. 

When operating in a normal or non-binning mode, each line (row) of charge is first 

transported from the vertical CCD's to the horizontal CCD register using two register 

clocks. The line of charge is then serially shifted to the floating diffusion output node, pixel 

by pixel. The charge of each pixel is converted into a voltage and sensed off chip. 

The CCD sensor used in our imaging system is a KAF 1602E [68-69] having 1524 (H) × 

1536 (V) photoactive pixels of 9 µm × 9 µm, photosensitive area of 13.8 mm (H) × 9.2 mm 

Fig. A-12:   shows a simplified cross-section of a typical CCD. An array of 
transparent electrodes on the surface is wired to four output pins (A, B, C, D). 
During image capture, two of these pins are held at +10V, causing a series of 
isolated depletion regions. Photon capture in the bulk silicon creates electron-
hole pairs, with the electrons diffusing towards the depletion region, and the 
holes moving away. 
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(V), FWC of 100,000 e-. When operating at room temperature a 74 dB dynamic range can 

be obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

CCD quantum efficiency (QE)  

Quantum efficiency [87] is of high importance for a CCD sensor, as it expresses its 

efficiency, i.e., the capacity to capture the incoming photons and convert them to photo-

electrons that determine the outgoing signal. It is expressed in percent for a given 

wavelength. For instance, a value of 40% means that, of 100 photons striking the sensor, 40 

will be captured and converted to photo-electrons. 

 

Fig. A-14 displays the spectral response for the Kodak KAF 1602E CCD sensor, used by 

the TRION system. The image intensifier phosphor emits photons of 548 nm which 

translates to ~38% CCD quantum efficiency. 

 
 
 

Fig. A-13:   Schematic description of charge transport process:    A) Charge is 
accumulating in the vertical CCD's during exposure.     B) Vertical CCD line is 
transferred to the horizontal CCD register.      C) First CCD horizontal pixel is 
transferred to the floating diffusion.      D) The floating diffusion is reset   
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Appendix 4 - Various noise sources affecting image quality 

Noise is an undesired signal, which is either contained in the relevant light signal or added 

to it by the imaging process. The presence of noise degrades image quality by limiting the 

accuracy of read signals. The following provides a description of dominant noises present 

in each of the images taken by the TRION imaging system. 

 

When examining noise generation, the Signal to Noise Ratio (SNR) of the digital 

radiographic system is predominantly affected by the neutron source, CCD camera and the 

image intensifier.  

The main noise sources governing image-quality are: neutron shot noise, photon shot noise, 

image intensifier thermal noise and CCD noise. 

 

CCD noise sources 

A detailed engineering consideration of noise contributions in charge-coupled devices 

includes many sources that are normally handled by combining them into more general 

categories or which are not significant except at low signal. 

The three primary components of noise in a CCD system are photon shot noise, dark noise 

and read-out noise, all of which must be considered in a calculation of the signal-to-noise 

ratio (SNR). 

 

Noise sources can be also classified by their domains [88]: temporal or spatial. By 

definition, temporal noise varies with time and can be reduced by frame averaging, 

Fig. A-14:   Spectral response of the KAF 1602E CCD sensor 
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whereas spatial noise cannot. Spatial noise can be partially removed by various frame 

subtraction algorithms.  

The temporal noise category includes: photon shot noise and dark current noise. 

The spatial noise category includes: photo response non-uniformity and dark current non-

uniformity, which are both sources that produce non-uniformity in the pixel output. 

 

During image acquisition with electronic sensors, including CCDs, noise superimposed on 

the signal is manifested as apparent random fluctuations in signal intensity. As the noise 

magnitude increases, the uncertainty in the measured signal becomes greater. 

Signal-to-noise ratio (SNR) is typically evaluated in terms of the three primary noise 

categories mentioned above, each category encompassing several contributing noise 

mechanisms (discussed in following sections).  

The CCD imaging signal depends upon the photon flux incident on the CCD photodiodes 

(expressed in [photons/pixel/sec]), the Quantum Efficiency (QE) of the device and the 

image integration time. The product of these three variables determines the signal portion 

(numerator) which should be weighed against all noise sources (contributing to the 

denominator) that degrade the image quality. 

 

The following section will provide a description of the primary CCD noise sources as well 

as noise sources of lesser significance. 

 

Photon shot noise (nshot)      

Photon shot noise [89-92] is intrinsic to the "steady" emission of photons. This stochastic 

process is governed by Poisson statistics. Thus, the uncertainty in the number of photons 

collected during a given period of time (termed photon shot noise) is directly proportional 

to the number of photons arriving at the detector N during the same time interval, 

according to the Poisson distribution:  
 

NN
N

e
!N

N)N(P −=      [A-2] 

 
The Poisson distribution has a variance equal to its mean N . 

 

While the number of photons arriving at the detector is governed by Poisson statistics, the 

conversion of photons into photoelectrons in a photosensitive medium follows the 
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Bernoulli distribution [92]. The Bernoulli distribution mean is η, representing the 

probability that a photon is successfully converted into a photoelectron, better known as the 

detector Quantum Efficiency (QE).  

The Poisson statistics of the incoming photons is transferred to the photoelectrons, resulting 

in a photoelectron distribution with a mean of η N . 

  

Photo Response Non-Uniformity (PRNU)  

Not all pixels demonstrate the same sensitivity to light due to production process variations 

or non-uniform illumination caused by imperfect optics (vignetting, etc.). The result at the 

individual pixel-to-pixel level is a faint checkerboard pattern seen when examining a flat-

field image (an image of a uniformly lit screen). Usually this variation is of the order of one 

or two percent of the average signal [88-89], and is linear with the average signal. 

The pattern caused by the sensitivity variation can be removed by 'flat-fielding', a process 

which involves the normalization of an image by a flat-field image, resulting in the 

correction of the pixel-to-pixel non-uniformity [88-89]. 

 

Readout noise (RN)  

Readout noise [21,79,88-89] is a combination of system noise components inherent to the 

process of converting CCD charge carriers into a voltage signal for quantification, 

subsequent processing and analog-to-digital (A/D) conversion. 

This noise, added uniformly to every image pixel and described by the number of electrons 

per pixel, is independent of exposure time. A typical readout noise distribution present in 

each of the images acquired by the Chroma C3 CCD camera can be seen in fig. A-15.  

The major contribution to the readout noise 

usually originates from the on-chip preamplifier.  

 

Readout noise can be isolated and removed from a 

CCD image via the subtraction of a bias frame - 

the signal acquired by the camera in an exposure 

of zero duration without having been exposed to 

light. In this manner, thermal noise produced by 

the heat generated by the electronics of the 

camera is at a minimum, thereby isolating the 

Fig. A-15:   Readout noise distribution, in 
electrons (e-), obtained with the Chroma C3 
CCD camera 
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effect of readout noise. Since the readout noise varies from pixel to pixel and readout to 

readout, a number of such bias images should be recorded and then averaged together.  

 

Quantization noise  

The conversion of charge carriers into a voltage signal and the translation of the sensor 

output voltage into a sequence of digital numbers suitable for being processed by a 

computer, require an analog-to-digital converter (ADC). This processing chain produces 

Quantization Noise [89] which is uniformly added to the image. 

The analog-to-digital converter performs a rounding off, dividing the signal into grayscale 

levels: 256 levels for 8 bits, 16384 for 14 bits and 65536 for 16 bits. As the number of 

levels increases, the introduced uncertainty decreases.  The quantization noise (QN) can be 

described by [87]: 
 

QN = FWC / (2 
n * 3.464101515)                   [A-3] 

   

Where FWC is the full well capacity for every single pixel (in number of electrons) and n 

is the number of bits provided by the ADC. 

 

Dark noise  

The generation of dark noise [88-89,93] is a thermal process wherein electrons use thermal 

energy to hop to an intermediate state, from which they are emitted into the conduction 

band. The generation rate of thermal electrons at a given CCD temperature is referred to as 

dark current. Dark current is the result of imperfections or impurities in sites such as 

depleted bulk silicon or at the silicon dioxide interface. These sites introduce electronic 

states in the forbidden gap which act as steps between the valence and conduction bands, 

providing a path for valence electrons to be promoted into the conduction band, adding to 

the signal measured in the pixel.  

 

Dark current generates two types of noise: dark current non-uniformity and dark current 

shot noise. 

Dark current non-uniformity [89,93]: Noise resulting from pixel-to-pixel variation of dark 

current, due to the fact that each pixel has slightly different dark current generation rates. 

This noise can be reduced or eliminated by cooling the CCD and subtracting a dark 

reference frame from each image. The dark reference frame should be taken at the same 

conditions (temperature, integration time) as the image. 



 120

Dark current Shot noise [88-89]: The shot noise component (σdark shot) is governed by 

Poisson statistics and is equal to the square root of the number of thermal electrons 

generated during image integration time, i.e. dark signal DC: 
 

                 Cshot_dark D=σ      [A-4] 

Although the dark signal can be subtracted out, the shot noise associated with this signal 

cannot. The only option for reducing or eliminating dark current shot noise is cooling the 

CCD. 
 

Shorted pixels  

Shorted pixels continuously leak charge [94]. They give rise to a bright column of pixels 

extending over the entire length of the CCD. 

 

Dynamic range  

The dynamic range [95] of a Charge-Coupled Device (CCD) is typically specified as the 

maximum achievable signal divided by the camera noise, where the signal strength is 

determined by the full-well capacity (FWC), and the noise is the sum of dark and read 

noises. As the dynamic range of a device is increased, the ability to quantitatively measure 

the faintest intensities in an image is improved. The dynamic range DR is represented by 

the following [95]: 
 

 DR= 20 × Log(FWC/Nnoise)     [A-5] 
 

Where FWC is the full well capacity and Nnoise is the sum of all noise contributions, both 

expressed in electrons. 

 

Bit depth refers to the binary range of possible grayscale values utilized by the A/D 

converter to translate analog image information into discrete digital values capable of being 

read and analyzed by a computer. For example, 8-bit A/D converters have a binary range of 

28 or 256 possible values while a 12-bit converter has a range of 212 or 4,096 values, and a 

16-bit converter has 216, or 65,536 possible values. The bit depth of the A/D converter 

determines the magnitude of the gray scale increments, with higher bit depths 

corresponding to a greater range of useful image information obtainable from the camera. 
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CCD noises summary 

As mentioned previously, the three major sources of noise in a CCD system are photon 

shot noise, dark noise and read-out noise, all of which must be considered in the 

calculation of the signal-to-noise ratio. The less significant among them can be regarded as 

contributing to readout noise and dark noise 

Due to the fact that photon noise is an inherent property of CCD signal detection, which 

cannot be reduced by camera design factors, it essentially represents a "noise floor" that is 

the minimum achievable noise level, diminishing in relative effect as photon flux increases. 

Consequently, it is desirable to operate an imaging system under conditions that are limited 

by photon noise, with other noise components being reduced to relative insignificance.  

 

Under low illumination level conditions (assuming dark noise is essentially eliminated by 

CCD cooling), readout noise variance dominates over photon shot noise variance and the 

image signal is said to be read-noise limited [79]. The camera exposure time can be 

increased to collect more photons and increase SNR, until a point is reached, at which shot 

noise variance exceeds that of both readout noise and dark noise. At even longer exposure 

times, the image is said to be photon-noise limited. 

Because of the square-root relationship of photon noise to signal, the demarcation line 

between the two regions (photon noise limited and readout noise limited) occurs at an 

exposure time for which the total detected signal per pixel is approximately the square of 

the readout noise value. For example, with a readout noise specification of 5 electrons 

RMS per pixel, photon noise becomes the dominant noise source when the exposure time is 

sufficient to result in more than 25 detected photons per pixel at the existing incident 

photon flux. 

 

According to the above, the CCD SNR [79] can be described by:  
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Φ

Φ
   [A-6] 

 

Where Φph is the incident photon flux (photons/pixel/sec), QE represents the CCD 

quantum efficiency, t is the integration time (sec), DC is the dark current value 

(electrons/pixel/sec) and RN represents readout noise (electrons rms/pixel). 
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Examination indicates that the above equation is simply structured as a ratio of total signal 

generated during the exposure time divided by the combined noise attributable to the three 

noise components described previously. The latter are not correlated, and the denominator 

incorporates appropriate values for each noise component: the square-root of the signal 

accounts for the photon noise, dark noise is equivalent to the square-root of the product of 

dark current and integration time. 

 

Image intensifier noise sources at low light level 

In a low light regime, the information density is mainly determined by the amount of noise 

present in the image. In addition to CCD noises, the image-intensifier constitutes a source 

of noise that cannot be neglected. 

Noise performance of an image intensifier is affected by several factors [75]:   

• Amount of available light: The noisiness is an inverse square root function of the 

light level (photon shot noise).  

• Photocathode sensitivity: Not every incoming photon is converted into an electron. 

The quantum efficiency of photocathodes is in the range of 10% - 30%. A photon 

which is not converted into an electron does not contribute to the image, thus 

increases the noisiness above its theoretical minimum value.   

• e- Trapping: The MCP adds to the noisiness of the image by trapping 

photoelectrons. These trapped electrons will not be amplified. This process gives 

rise to a substantial reduction in effective photocathode sensitivity. 

• Gain: A higher gain of the image intensifier will not make the picture less noisy, it 

will only increase the intensity of the noise. Above a certain level, increase of gain 

will not help to improve performance. 

• Equivalent Background Illumination (EBI) [75,78]: EBI is an inherent background 

noise of an image intensifier which sets the lower detection limit. It is normally 

specified as the input illuminance required to produce a luminous emittance from 

the phosphor screen equal to that obtained when the input illuminance is zero. The 

noise is almost entirely due to thermal electrons emitted by the photocathode and is 

therefore strongly dependent on photocathode temperature. EBI can be reduced by 

keeping the image-intensifier in darkness (for over an hour) and cooling the 

photocathode. At extremely low illumination levels the EBI adds haze to the image. 
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