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Abstract

Two radio-tracer experiments were designed and performed in the thermal hydraulics
laboratory in the Mechanical and Nuclear Engineering Department at Kansas State Uni-
versity. The experiments were intended to reproduce the deposition of dissolved impurities
in a debris bed into which salt water had been infused. NaCl and SrCl, salt containing
radioisotopes Na-24 and Sr-85 were used as radio tracers in two experiments to study salt
deposition in a tightly packed bed of alumina particles and resin mixture. Color changing
cation exchange resin adsorbed the dissolved salt from the injected salt water solution by
mutually exchanging corresponding cations. Radiation emitted from the radioactive salt in
the bed was detected using a collimated multiple detector system of Nal(Tl) scintillation
detectors. The activity and thus the mass of the deposited salt within the interrogated vol-
umes are proportional to the detector response. A Monte Carlo N-Particle (MCNP) model
was developed to study the relationship between response and activity/mass. The ultimate
purpose was to estimate the build up and retention of tracer within selected regions of the
debris bed.

In the first radio tracer experiment, radioactive NaCl salt solution was injected into a
packed bed. The gamma rays emitted from the radioactive Na-24 were detected by two
Nal(T1) detectors placed on one side of the packed bed, near the packed bed’s top and
bottom, respectively. In the second experiment a mixture of radioactive SrCl, and non-
radioactive NaCl salt solution was infused into a packed bed. In this experiment four Nal(T1)
detectors were incorporated in four different locations along the height of the packed bed
to detect the gammas emitted by Sr-85. In both experiments, salt solutions were injected
at constant flow rate of 10ml/min using an injection pump. All the detectors were placed
at the same side of the packed bed and were collimated through lead shields in the two

experiments.



Investigating Na-24 tracer experiment and analyzing the detector response data, it was
observed that the salt particles mostly adsorbed near the upper portion of the packed bed
and almost no salt particles were present in the bottom section of the packed bed. The
color change pattern of the resin along the packed bed as well as the radiation counting
data of the top and bottom detectors provided the strong evidence of this conclusion. The
developed MCNP model resembling the actual experimental set up provided the estimate
of the radioactive tracer activity and corresponding detector response. By correlating the
simulation results of MCNP model for detector response with the experimental data of
radiation detection in Na-24 tracer experiment, it was estimated that approximately 7:41
0:21pg Na-24 was deposited at saturation.In the Sr-85 experiment, it was observed through
the resin color change that the salt solution travelled almost all the way through the packed
bed system. From the experiment it was estimated that 458:032  18:68pg, 79:54  7:68pg
and 39:82  5:4pg of Sr-85 were deposited locally within the packed bed in the vicinity of
detector-1, detector-2, and detector-4 respectively. Little or no Sr-85 was deposited in the
location of the packed bed near detector-3. It is presumed the fact that the packed bed
was not formed homogeneously and possibly present a very small amount of resin in the
location of packed bed near the detector-3 . It is significant that locations where there is

little adsorption of salt can be clearly identified in radio-tracer studies.
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Chapter 1

Introduction

1.1 Preface

Deposition of dissolved and suspended impurities on the process piping is a common phenom-
ena in process industries, manufacturing technologies and in natural aquatic environments.
The mechanisms of precipitation and deposition are of signi cance in chemical, electronic,
mineral, biological and environmental industries. These phenomena also play signi cant
roles in the transport of pollutants and geochemical cycling of trace elements in aquatic sys-
tems?. In di erent manufacturing and process industries, controlled particle deposition and
aggregation is desirable for merchandise fabrication, yet in many other industrial, engineer-

is

ing and reactor processes as well as geochemical and environmental systems deposition
considered as an in uence that a ects the characteristics and behavior of system operation.
In 2011, the nuclear power industry experienced a disastrous nuclear accident and faced
the large challenge to control the damage and catastrophe it caused. The Fukushima Daiichi
Nuclear Power Plant (FNPP) lost external power and, due to an earth quake at sea on March
11, 2011, followed by a huge tsunami, lost on-site diesel generator power. The water circula-
tion systems were damaged gravely, and radionuclides were released to the environment for
days in the middle of Marctt. In this circumstance, fresh water and sea water were injected

by di erent means to remove the heat. Seawater was injected into the nuclear reactors and



debris bed for long-term cooling. Sea water contains a variety of dissolved salts, minerals
and impurities. Injection of sea water was taken as a measure for core cooling during the
Fukushima nuclear accident, but the impact of the salt water on the thermal response of the
reactor system has not been investigated thoroughly. It is not understood how the dissolved
impurities and resulting scale formation a ected the coolability. With a goal to understand
and model processes such as this, a radiotracer based technique is developed at KSU and
benchtop experiments were designed to demonstrate the performance of this techngiue.

Advection, di usion, retention or resuspension of species as a result of uid transport in
complex heterogeneous media are processes that occur in many nuclear energy related situa-
tions. For example, environmental dispersion of radioactive contaminants in the atmosphere,
adjacent water bodies or groundwater often has been investigated under accident scenarios
or during controlled release of e uents from nuclear facilitie4”. Although the e ects of ef-
uents may vary in di erent cases, the dispersal or retention mechanisms in the environment
are similar after the release of pollutants, whether radioactive or not. These e uents can be
in the form of dissolved or suspended impurities in the discharged uid stream. Sometimes
this is a problem of environmental concern but other times particles can act as tracers to
study uid transport in complex systems®19, In the rst case it is important to resolve the
dispersal of radioactive elements in the environment and in other scenarios the radioactive
species can be used in a time-resolved measurement technique. As an example, radioactive
tracers can be used to understand the formation and evolution of scale build-up in process
equipmentt,

The objective of this research was to determine research work presented here is aimed
at studying local deposition of dissolved salts in an isothermal simulated debris bed. To
simulate the local salt deposition in the debris bed, ion-exchange resins are added in the bed
that adsorb the salts from an injected radioactive salt solution. The radioisotopes Na-24
and Sr-85 are used as tracers in the salt solution individually in two separate experiments

and monitored with detectors placed at di erent locations along the bed.



1.2 Research Objectives

The objective of this research was to determine the spatial distribution of salt deposits

owing through a debris bed. The following steps were taken

1. Design radiotracer based experiments that emulate the deposition of dissolved impu-

rities in a debris bed after injection of salt water.

2. Study the correlation of detector response with local activity and corresponding salt

deposits using an MCNP model.

3. Incorporate multiple collimated gamma-ray detectors to determine the build-up and

retention of tracer within selected regions of the debris bed.

1.3 Design and Methodology

In the present research work, gamma-emitting radiotracers were used to study the deposition
of water dissolved salt impurities in a packed bed. A radiotracer or a radioactive label is
a chemical compound that contains radioisotope(s) as a constituent. Radioisotopes sponta-
neously decay and simultaneously emits radiation. Tracing the path of the radiotracer by
detection and analysis of the emitted radiation, di erent process mechanisms such as chem-
ical reaction, deposition, ow visualization, transport kinetics, particle tracking, inter well
studies etc, can be explored. Radiotracer technology has been useful and has served as an
e ective method in industry to diagnose process operation or speci ¢ causes of ine ciency
in a plant(e.g., Dunn and Davis). This method commonly applied to investigate industrial
processes and those environment related systems where a great cost-benet ratio can be
gleaned from process optimization and troubleshooting.

There are several advantages of using radiotracer methods. The radiation emitted by
the tracer is easily detectable as well as measurable with high precision.Emitted radiation is
independent of pressure, temperature, chemical and physical state.The measured radiation

emitting from radiotracer provides direct information regarding the amount of labeled species



and no special model is required to draw conclusion on quantitative analysis. Radiotracers
do not a ect the chemical and physical properties of the system studied so that the technique

can be applied as a non-destructive methdd

Figure 1.1: A schematic of the use of a tracer to investigate ow through a system.

In general, the tracer can be either radioactive or inert. We consider here the use of
radioactive tracers. The general principle of the radiotracer technique (shown in g. 1.1)
is to inject radioactive material which is physio-chemically in similar form of the process
material, into the system and monitor the passage of radiotracer along the system at strate-
gically selected locations using radiation detectors.The obtained radiotracer concentration
or tracer presence at detection location(s) is plotted as a function of time. In this method
hydrodynamic behavior of the process equipment as well as information about occurrence of
malfunctions is obtained?

In the present study, two radiotracer experiments were designed in a way that reproduce



Figure 1.2: Drawing of radiotracer experiment to study salt deposition in packed bed

the deposition of dissolved salt impurities in a debris bed while sea water coolant is injected
into the debris bed. To reproduce salt deposition in a debris bed upon injecting sea water
coolant, here, in each radiotracer experiment, the packed bed was made of alumina particles,
glass particles and resin particles which emulates a debris bed. Sea water contains di erent
minerals and one main salt component of sea water is NaCl. In the rst experiment Na-
24 radioisotope was used as tracer to study the deposition of NaCl salt in the packed bed
by qualitative and quantitative measurements. The radiotracer Na-24 was produced by
irradiating NaCl salt in the Kansas State University (KSU) TRIGA reactor facility. An
experimental set up was established in the thermal hydraulics lab in the Nuclear Engineering
department to facilitate the radiotracer experiment. It was proposed to set up two Nal(TI)
scintillation detectors to detect and analyze radiation emitted from the radioactive salt
deposited in two distinct locations of the packed bed. In order to minimize the e ect of
background counts, a lead collimator column was placed in front of the detector pair to direct

the emitted radiation through collimator slits to the detectors. In the second experiment, the



spatial distribution of salt deposits were investigated more rigorously by devising a detector
system of four Nal(Tl) detectors at four axial locations of the packed bed. The tracer chosen
for this experiment was SrCJ} containing Sr-85 radioisotope.

In radiotracer experiments, after selection of radiotracer, one must estimate the amount
of radiotracer required to be used. The acvtivity of the radiotracer is related to the slit size,
the detector e ciency and safety considerations. To estimate the amount of the radioactive
tracer and corresponding detector response, a monte carlo n-particle (MCNP) model of
the experiment was developed. The simulation results of the detector response for the
MCNP model was used to correlate the experimental data of detector response with the total
deposited activity, which corresponds to the amount of radioactive salt particles deposited

in a particular location of the packed bed.



Chapter 2

Literature Review

An ideal tracer behaves exactly like the substance being traced but has some easily distin-
guished characteristic. Radioisotopes are often nearly ideal tracers because, generally, they
behave chemically the same as the nonradioactive isotope, but they emit one or more ra-
diaton particles that can be detected. Gamma-ray-emitting radioisotopes are particularly
useful because there are many of them, they are often easily produced, and the gamma rays
emitted typically can penetrate many cm of solid or liquid material. In the following, the use

of radioisotope tracers will be reviewed and most of the emphasis will be on gamma-emitting
radioisotope tracers. Because the use of tracers has been so widespread, the literature review
will focus primarily on use of tracers for determining adsorption and deposition in mass ow
through media.

Ubiera and Carta conducted radiotracer experiment to investigate protein mass transfer
kintics in ion exchange adsorbents for preparative chromatograpy. A trace amount of ra-
dioactive 1-125 was added to the test protein solution. Labeled lysozyme test protein solution
recirculated through a shallow bed of adsorbent ion-exchange resins. Accumulated radioac-
tivity in column bed was monitored and measured as a function of time with gamma counter.
Radioactivity accumulated in the bed was assumed to be proportional to the total adsorbed
protein concentration so that the rate of protein mass transfer was measured directly. In the

radiotracer mass transfer experiment, at rst, radiolabeled protein solution was recirculated



through the empty micro column to get the background due to radioactivity in the protein
solution. Next the empty microcolumn was replaced by an identical microcolumn loaded
with SP-Sepharose-XL which caused the radioactivity level to drop down to zero. When the
radiolabelled protein solution was started to ow through this column, protein adsorption in
resin particles caused rapid rise of accumulated radioactivity above the background value.
The adsorption slowed down considerably as soon as the ow was stopped. The accumulated
radioactivity in microcolumn remained constant since no additional protein solution was fed.
After a ow interruption period When the protein solution recirculated through the micro-
column again, the protein uptake rate in resin was found faster than just prior to stopping
the ow. Uberia and Carta explained this behavior of faster protein uptake in resin as the
result of redistribution of protein in particles during ow interruption.The radio-tracer based
protein uptake rate in resin was found more precise and in relatively good agreement with
measurements carried out with conventional shallow bed method. Two models were consid-
ered to t the data for lysozyme radio-tracer uptake in three di erent stationary phases with
constant di usivity. The pore di usion model suit well to t the protein uptake rate data
for SP-sepharose-FF resin, while homogeneous di usion model appeared more appropriate
for SP-sepharose-XL and S-HyperD. But neither model was able to t uptake rate data in
di erent salt concentration with constant di usivity. The results appeared were in good
qualitative agreement with expected behavior of three di erent pore structure material§’

Radio tracer technique was applied to study the ow dynamics of heavy petroleum residue
in industrial-scale soaker operating in a petroleum re nery.To trace the petroleum residue
Bromine-82 as dibromobiphenyl was used as radiotracer. Mean residence time (MRTs) and
Residence time distributions (RTD) of residues were measured in this investigation. An axial
dispersion model was developed in parallel with tanks-in-series with stagnant volume and
exchange to simulate the measured RTD data. The model simulation data tted very well
to the experimentally measure data and identi ed bypassing or existence two parallel ow
paths within the soaker#

A eld tracer experiment was performed in the Daejong river of southeast Korea to

investigate the process of pollutant transport and to estimate the dispersion coe cient in
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Figure 2.1: Radioactivity trace from typical run with ow interruption test.Period (a): Flow
through with empty microcolumn; period (b): empty column replaced with SP-Sepharose-
XL microcolumn, no ow; point (c): ow started; point (d) ow stopped; point (e) ow
restarted™®

the river system. A gamma emitting, short-lived radioisotope, Tc-99m (half life 6.02h) was
used as trace element and instantaneously injected to the river ow using an underwater
glass vial-crusher. The radiation emitting from Tc-99m was detected by two 2"2" Nal(Tl)
located at two traverse lines at a downstream position. Multi-channel data acquisition
systems were incorporated to process and analyze the detector transmitted signals. In the
nal results pollutant dispersion coe cient was estimated from radioisotope concentration
data'®

Turner and Smith measured the deposition rate of calcium carbonate on a heat trans-
fer surface using Calcium-47 radio tracer and compared to the measured rate of thermal
fouling. They reported the results of an experimental investigation where mass deposition
and thermal fouling rates were measured and comparison between the two provided insights

into calcium carbonate scaling kinetics. Radiotracer technique was used to determine mass



deposition directly as a function of time through out the fouling experiment. Experiment
was carried out in a stainless steel made heat exchanger fouling loop including the test
section. The scaling solution containing dissolved Ca-47 radiotracer Experimental results
showed the crystalline phase of calcium carbonate that precipitates depends on the degree
of supersaturation at heat transfer surfacé®

In the petroleum industries, enhance oil recovery (EOR) technique is used to increase
(average 10%-20%) primary recovery of oil from pores or reservoir rocks. In the petroleum
industries, one of the questions of oil-engineers why crude oil comes after water in the
gathering stations, though the density of crude oil is lighter than water. The question was
tried to be answered by the research work of Sugiharto and his collaborators. Residence
time distribution was studied in a multiphase ow system using radiotracer method. 1-131
radiotracer was used in the chemical form of lodo-benzene and sodium lodide to study the
crude oil ow measurement and water ow measurement respectively.From the experimental
research it was concluded that water ow is faster than crude oil ow. The probable reason
assumed as water in water domain system serves a carrier that carrying crude oil between the
layer of water and gas ows. Estimated model parameter from tank-in-series model showed
there was relatively high degree of mixing. A rough estimation of Reynolds number showed
the water is turbulant in character.’

Sorption and desorption characteristics of Zn(Il) on the surface soils near nuclear plant
sites using radiotracer technique was studied in India. Bulk surface soil samples were col-
lected from three di erent nuclear power plant sites. Soil samples were processed and an-
alyzed for physi-ochemical properties. Zn-65 was procured and used as radiotracer for the
experiment to investigate Z(I1) adsorption in soil8

Hydrotransport of solid particles (ceramic models of polymetallic nodules) in a vertical
pipeline was studied using radioisotope methods: tracer method and gamma adsorption. In
this research work radiotracer method was applied to determine the velocity of selected solid
particles representing speci ed size fraction while gamma adsorption technique was used to
measure the mean transport velocity of entire dispersed phase. It is shown through the

experimental data analysis that di erent fraction of solid particles have moved with di erent

10



velocities having the same ow velocity of water. The lowest velocities were determined
for the particles with largest diameters. Measurements of the radioisotope methods were

performed by Nal(TI) scintillation detectors.

Figure 2.2: The principle of radiotracer measurement: 1 { pipeline with a owing mixture,
2 { grain marked with a gamma-emitting isotope, 3 { probe collimator, 4 { scintillation
detector; LT { distance between sections \v" and \z"; 1,(t), I,(t) { signals from probes;va
{ mean velocity of solid phasewy { velocity of water, vr { velocity of marked grain.'®

In the radiotracer experiment to study solid particle velocity, a grain of selected size was
radio-isotope marked and introduced into the two phase ow with other unmarked ceramic
models. TcO2 containing the Tc-99m radioisotope was inserted into the bores drilled in the
selected grain for the isotope-marking. During the ow, marked grain generated signals in
two spatially distributed Nal(Ti) detectors.

In gamma adsorption experiment two photo beams, emitted from two sealed Am-241 lin-
ear sources, passed through the owing two-phase mixture. The photo beams were partially
adsorbed by the two-phase mixture and detected by two Nal(Tl) detectors in collomators.
For both radiotracer method and adsorption method, corresponding mean transportation
time delay of single marked grain and two-phase mixture grains were calculated using cross-
correlation function (CCF) of the experimental counting data.lt was assumed that the most
probable transportation time delay of solid phase is expressed by the argument of the main
CCF maximum. Grain velocities from tracer experiment and mean velocity of grains nally
determined from mean transportation time delay and spatial distance between detectors in

each case of both radiometric experiments.
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Figure 2.3: The principle of adsorption measurement in hydrotransport of solid particles: 1
{ gamma-ray beam, 2 { sealed linear source, 3 { collimator of sources, 4 { scintillation probe,
5 { collimator of detectors, 6 { pipeline with the mixture; LA { distance between sections
X" and \y"; 1x(t), Iy(t) { signals from detectors,va { mean velocity of solid phasevw {
water velocity.*®

Radiotracer technique has been used from the last century to study di erent aspects
of research elds. This method has been developed and implemented to investigate parti-
cle tracking, ow kintetics, transport phenomena of particles,adsorption and desorption of
speci ¢ materials. salt deposition study in packed bed by designing a radio-tracer based
experiment is a new approach to investigate deposits spatial distribution in a debris bed like

medium.
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Chapter 3

Experimental Capabillities and

Facilities

3.1 TRIGA reactor facility

Kansas State University operates a TRIGA MARK Il research reactor. The maximum
operational power of the reactor is licensed to beZBMW . The TRIGA reactor on campus
is equipped with in-core and ex-core irradiation facilities. The in-core and in-pool irradiation
facilities include a well in the re ector around the core, the central thimble, the pool iteself,
and small penetrations in the upper grid plate that permit small samples to be placed
within spaces between fuel elements. Ex-core irradiation facilities include beam tubes that
extend radially or tangentially from the core to the experiment oor surrounding the reactor
shielding, a section of graphite accessible from the experiment oor, and a section of graphite
accessible under water.

The KSU TRIGA reactor is a water moderated, water-cooled thermal reactor. The
reactor core consists of 81 fuel elements typically and the heterogeneous fuel elements of the
reactor normally consist of 20% enriched uranium in a zirconium hydride matrix and clad

with stainless steel.
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(a) Vertical section through the KSU TRIGA reactor

(b) Horizontal section through the KSU TRIGA reactor

Figure 3.1: KSU TRIGA Reactor

3.2 Nal Scintillation Detector

In the present research work, multiple detectors are used to study the spatial distribution
of radiotracer-tagged salt deposits in packed beds. Up to four 3" 3" Nal(Tl) scintillation
detectors are arrangd in a collimated system to detect the gamma radiation emitted from
the radioactive salt deposits. Nal(Tl) detectors are widely used gamma detectors in radio-
tracer applications. Nal(TIl) crystals are inorganic scintillators, activated with thallium as
an impurity. Nal crystals are hygroscopic and thus when used for radiation detection they
should be sealed hermetically. The emission spectrum of Nal(Tl) peaks at #h® and its

light-conversion e ciency is the highest among all inorganic scintillators.
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Figure 3.2: Nal(TI) Scintillation Detector

Most Nal(Tl) detectors have two main components: the Nal(Tl) inorganic crystal and a
photomultiplier tube. There are two broad steps in the operation of any scintillation detector.
The rst step is scintillation in which radiation energy is adsorbed by the scintillator (Nal
crystal) and photons are produced in visible or near-visible part of the electromagnetic
spectrum. In the second step light is ampli ed by a photomultiplier tube and and an output
pulse is produced?®

The scintillation process in inorganic scintillator crystals like Nal(Tl) is best explained
by electron-band theory. In pure Nal crystal electrons exist in two energy bands: conduction
band and valence band. All electrons remain in the valance band when the crystal is in the
ground state. Due to interaction with radiation, some electrons can get excited from the
valence to the conduction band, where they can freely migrate within the lattice. When an
electron returns to the ground state or valance band from the excited state or conduction
band, it can emit a photon. This emitted photon has the characteristic energy equal to
the energy gap between valence band and conduction bands. The released photon has the
resonance energy and again gets adsorbed by another electron in valence band and raises it
back to the conduction band. Therefore in this scintillation process within pure Nal crystals,

emitted photons go through resonance adsorption by the crystal itself. Because there are
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alternate mechanisms of energy transfer, sometimes excited electrons return back to the
ground state by the emission of heat rather than a resonance photéh.

Impurities are added to the inorganic scintillator to increase the probability of the visible
photon emission during the de-excitation process of electrons. These impurities, called acti-
vators, o er sites in the lattice so that new energy states created in between the valence band
and the conduction band. These energy states allow electrons to raise to a state with energy
less than the conduction band energy. As the energy is less than that of the full forbidden
energy gap (energy di erence between valence band and conduction band), de-excitation of
electron this time can give rise to a photon at visible energy spectrum and therefore serve
as the basis of the scintillation proces$

A photomultiplier tube often is an integral part of a scintillation detection system that
acts as a fast ampli er and ampli es the photoelectrons formed by adsorption of the visible

photons in a photo-cathode into an electrical pulse in times of the order of a nanosecond.

3.3 Electronics for detection system

Figure 3.3: A detection system using a scintillator

3.3.1 High voltage power supply

A high voltage power supply (HVPS) is the power unit of a detector and provides a positive

or negative voltage required for the detector operation. High voltage power supplies are
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designed in such a way that for any uctuation of input voltage causes very little change in

the output voltage.?°

3.3.2 Preamplier

A preampli er is an essential part of the radiation detection system that provides an op-
timized coupling between the output of the detector and the rest of the counting system.
Preampli ers play an important role to minimize sources of noise that may change the input

signal .?®

3.3.3 Amplier

An ampli er in a detection system plays the important role of amplifying the signal and
shaping it. This unit ampli es and converts the signal at the output of preampli er into a
suitable form for desired measurement. Commercial ampli ers can amplify the amplitude
of input signals by as many as 2000 times in certain models. Regardless of the input signal
and ampli cation, the maximum signal produced by any modern commercial ampli er has
an amplitude of 10V. Ampli ers commonly have both coarse and ne gain controls for
adjusting the ampli cation. Coarse gain adjusts the ampli cation in steps while ne gain
does it continuously within each course gain step. Modern digital systems have built in
ampli ers that are designed such that coarse and ne gains can be computer-controlled.

Most commercial ampli ers produce bipolar or unipolar pulses at the output?

3.3.4 Discriminator

The purpose of the discriminator is to reject unwanted signals. Every electronic system has
some electronic noise. When a signal is ampli ed, electronic noise is also ampli ed with
it which is unwanted. Unwanted pulses caused by electronic noise should not be counted.
A discriminator or single channel analyzer eliminate this electronic noise. In some cases,

particles above or below certain threshold energies or within some energy range are desired
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to be counted by the detection system. The discriminator is the unit of the detection system

that selects pulses corresponding to the desired particle enerdy.

3.3.5 Scaler

The scaler is the pulse recording unit of the detection system. A scaler counts every pulse
that enters into it and a count of one is added to the previous total number of counts. Thus

it provides the total number of pulses recorded at the end of the counting pericd.

3.3.6 MultiChannel analyzer

The multichannel analyzer or MCA is the instrument in the detector system that measures
the energy spectrum of a radioactive source by recording a pulse height distribution of the
pulses produced by the particles emitted from the source. MCAs can be used in two di erent
modes: either Peak-height analysis (PHA) mode or Multichannel Scaling (MCS) mode. In
PHA mode incoming pulses are sorted according to their heights and number of pulses of a
particular height are stored in a corresponding particular channel of MCA memory. In MCS
mode events are counted as a function of time. Each individual channel records the number
of incoming pulses of all energies within a particular preset time interval. After that time

period, pulse counting operation is automatically switched to the next channét.

3.4 NIMbin

NIM is the abbreviated form of the "Nuclear Instruments Module" which is the oldest nuclear
electronics standard developed by the US Atomic Energy Commission. Most of the commer-
cially available instruments used in radiation measurement conform to the NIM standards.
The purpose of the NIM standards is to permit the design of commercial modules that are
physically and electronically interchangeable. The electrical interchangeability is con ned to

the power supply of the modules and generally independent of the internal circuit design.
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Figure 3.4: NIMbin

3.5 Genie-2000 Basic Spectroscopy Software

GENIE 2000 is a comprehensive environment for data acquisition, display and analysis of
gamma and alpha spectrometry data from Canberra Industries, Inc. This media contains
the basic spectroscopy functions for GENIE-2000. Functions provided with this software in-
clude: hardware acquisition and control, live spectral data display, energy/shape/e ciency
calibration, peak analysis, and reporting. Genie2000 basic spectroscopy software provides
independent support for multiple detectors, extensive networking capabilities, an intuitive
and interactive human interface and comprehensive batch procedure capabilities. This soft-
ware's multitasking architecture allows it to run multiple independent count procedures for
several detectors simultaneously. No procedure is suspended by the activation of another or
caused to slow down excessively by software overhead. With Genie 2000 software, operation

is fully independent.

3.6 Lead collimator column

For the rst experiment, a collimator structure with two rectangular apertures was built by

placing a few lead bricks in an ordered manner. The height of the total collimator structure
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