Abstract

Metwally, Walid Abdel Mohsen, “Investigation of Coincidence Techniques in Prompt

Gamma Neutron Activation Analysis”. (under the supervision of Prof. Robin P. Gardner)

After configuring the proper electronic system to be used, the initial observations of the
gamma-gamma coincidence approach were presented. These observations included
hydrogen peak elimination, background and sum peak elimination, pulse pile up reduction,
and two dimensional spectra.

Three practical applications of the coincidence counting approach were presented in this
work. The first application was performing elemental analysis for a mixture of radioisotopes
using Library Least Squares (LLS). The LLS was applied to the coincidence data as well as
the normal single detector data. The coincidence results showed to be much closer to the
original activity values of the radioisotopes than the singles. In addition, the coincidence
approach greatly reduced the background, summing, and pulse pile up effects.

The second application was the two dimensional diagonal summing. The main
advantages from this application were improving the peak resolution and greatly reducing the
background (Compton Continuum). In addition, it was shown that different diagonal sums
can be examined by use of the same set of data from the current electronic system (and
software). The two dimensional diagonal summing was used for identifying coincidence
schemes and for elemental analysis. The obtained spectra showed to be very promising and
could be effectively used for these purposes.

The third practical application was using a new Nal detector arrangement. The
arrangement was designed to deal with the problem of the low detection probability of the
high energy gamma rays of interest in the oil well logging industry. This arrangement
consisted of two Nal detectors, one of which was a well type. The detectors were designed to
fit in each other. Coincidence data were collected using this new arrangement. The results
show that this new arrangement enhances the count rate in the coincidence data, thus

increasing the Signal to Noise Ratio, as opposed to two separate detector setups.



Finally, a Monte Carlo simulation attempt was made to try to predict the coincidence
spectra. The attempt did not yield satisfactory results. It is our intent to continue pursuing

coincidence simulation.
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1. INTRODUCTION

All nuclear techniques of chemical analysis involve the interaction of an incoming
projectile (neutron, charged particle, or gamma photon) and a target nucleus. As a
consequence of this interaction, there is usually a formation of two products — the light one
and a heavier product. In the case of Prompt Gamma-Ray Neutron Activation Analysis
(PGNAA), the projectile is a neutron and the light product is a gamma-ray photon. PGNAA
offers a non-destructive, relatively rapid method for determination of trace and major
elements that cannot be determined by conventional activation analysis.

In PGNAA, when a nucleus captures a neutron, it gains energy which results in excited
nuclear states. These states de-excite quickly (in less than 10" seconds) by prompt gamma
ray emission. The gamma rays are detected and used analytically. In general, a neutron of
any energy may be used for PGNAA, but thermal neutrons are more commonly used
because of their large capture cross section and thus wide range of available data.

Because of the short half life of the nuclear excited states, PGNAA analyzers must be
designed so that irradiation and counting can be done simultaneously. This necessitates
placing the counting equipment very close to the neutron source. This is normally an
environment with a very high background of gamma rays and neutrons. The sources of this
background can be listed as follows:

Gamma rays emitted by the neutron source (or with the neutron beam),
b. Gamma rays produced by neutron interactions from the source within the detector, and
¢. Gamma rays produced from non sample materials of construction around or within the

PGNAA analyzer.

In addition to the background sources listed above, there are also sources of natural
background resulting from:
a. Potassium — 40,
b. Natural uranium and thorium chains, and

¢. Cosmic radiation.



Hydrogen (from sample and/or non-sample materials) is a particulary common
element and causes problems in many typical cases of PGNAA. When activated, hydrogen
de-excites by emitting a single prompt gamma ray with energy of 2.223 MeV. The
magnitude of this peak from a normal sample spectrum is often one or two orders of
magnitude larger than other elements of interest. This adds a source of complexity to the
spectrum and causes sensitivity problems.

Other sources of complexity in PGNAA are summing and pulse pile up effects. The
summing effect is basically explained as follows. If two (or more) gamma rays are emitted
in coincidence from the sample, they may interact simultaneously in the detector. The
resulting pulse will not lie within the full energy peak corresponding to either one. The
problem is particularly severe where many cascade gamma rays are involved. This can lead
to errors when analyzing the spectrum.

The fact that pulses from a radiation detector are randomly spaced in time can lead to
interfering effects between pulses when counting rates are not low. These effects are
generally called pulse pile up. This leads to distortions in the recorded spectrum, including
an occasional sum peak.

Both of these effects, summing and pulse pile up, add a source of complexity to the
spectrum and cause interferences with quantitative measurements. For example, they may
lead to false amounts when elemental analysis is performed using full energy peaks or
Library Least Squares (LLS).

Most of the prompt gammas from the same element are emitted in coincidence. The
Coincidence Prompt Gamma ray Neutron Activation Analysis (CPGNAA) is thus
introduced as a method to try to eliminate the background, summing, and pulse pile up
effects. In the past ten years, new electronic devices have been provided that allow fast
coincidence measurements to be performed. Utilizing these devices, as well as computer
software, also introduced the concept of multiparameter data acquisition which adds more
flexibility in data analysis.

There are three main advantages of using the coincidence technique in PGNAA. The
first is the elimination of most of the interfering background. The second is decreasing the

effect of summing and pulse pile up.



The third advantage of coincidence techniques in PGNAA stems from the fact that
prompt gamma-ray spectra from individual elements typically consist of more than 100
gamma rays (see Figure 1.1 with data from Brookhaven National Laboratory) with photon
energies from almost zero up to about 11.5 MeV. A sample material consisting of a few
elements can generate gamma-ray spectra with several hundred individual lines while a
complex matrix can generate spectra with several thousand. With such spectra, even high
resolution detectors must contend with overlapping peaks. The commonality of many
nuclear levels also leads to an even higher overlap potential. Since the use of coincidence
techniques should identify the gamma rays emitted at the same time from the same element
(“true coincidences”), this should simplify spectra and make elements easier to identify and

quantify.

Number of Gammas as a function of Z
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Figure 1-1: Thermal Prompt Gamma Ray Lines Per Element

Ref.: Brookhaven National Laboratory



Unfortunately, the use of coincidence techniques is expected to reduce the output signal
somewhat and also complicates the detection system. The hope is that the S/N improvement
from background (noise) reduction more than offsets the degradation of the S/N by signal
reduction. To improve the sensitivity of the coincidence system, one can impose an energy
selection criterion, i.e. energy window or gate, on one detector. This type of analysis is
done offline using the multiparameter acquisition data. This idea can be used to look for the
coincidence schemes of different elements by setting a window around one of the peaks and
observing the resulting coincidence spectrum. The resulting spectra should consist of just
those gamma rays that are in coincidence with the triggering gamma ray.

A new Nal detector arrangement was introduced in this work, Section 4.4. The
arrangement consists of two Nal detectors, one of which is a well type. The detectors were
designed to fit in to each other. Coincidence data were collected using this new
arrangement. The results show that this new arrangement enhances the count rate in the
coincidence data as opposed to two separate detector setups.

It is also possible to apply the coincidence counting approach to standard Neutron
Activation Analysis (NAA) where the measurements are made after the end of the
irradiation. Using the coincidence counting technique in this case has the same advantages
as PGNAA, except that the background due to the neutron source will no longer be a
relevant issue.

To the best of our knowledge, no Monte Carlo simulation has been made yet for
prompt gamma-gamma coincidence. A patch was written for MCNP (Watson, 1999) that
dealt with annihilation photons only. An attempt to simulate the coincidence spectrum was
made during this work. It is our intent to continue pursuing this simulation in the near
future.

The remainder of this work is organized as follows: Chapter two contains the literature
review for the previously published works in gamma- gamma coincidence measurements.
In Chapter 3, a brief introduction is given on the different standards used in the coincidence
hardware. Then, a description of the old and new electronic setups is given, as well as a

result comparison between them.



The initial observations of the gamma-gamma coincidence approach are presented at
the beginning of Chapter four. The chapter goes on to introduce three applications of the
coincidence approach. They are as follows:

1. Elemental analysis using Library Least Squares (LLS);
2. Diagonal summing in two dimensional spectra and its applications; and

3. The new Nal detector arrangement.

The Monte Carlo simulation attempt is then discussed in chapter five. Chapter six
includes the discussions and conclusions regarding this work. Finally, Chapter seven
contains the suggested future work to be pursued using the gamma-gamma coincidence

counting approach..



2. LITERATURE SURVEY

One of the early experimental works that used gamma-gamma coincidence
measurements were done by Kim, Speecke, and Hoste (1965) and Kim and Hoste (1965).
They were interested in determining Copper, Silver, and Antimony in Bismuth. They used
two 3 by 3 inch detectors and a coincidence unit having a resolving time of 0.58
microseconds. Based on their knowledge of the decay schemes (at that time) and the
gamma yields, they gated their system on the high percentile occurring gammas of the
elements of interest. Their analysis was based on scalar counts and yielded results with
considerable errors.

Some of the gamma-gamma coincidence measurements was devoted to the
determination of Se and Ir in geological samples (Vobeczky, Pavlik, and Benes, 1977,
Wangen, Gladney, and Hensley, 1980; Meyer, 1987; Meyer et al, 1993). Their main goal
was to improve the sensitivity in determining these elements. They achieved this by
eliminating the background and spectral interferences. They showed that coincidence
counting improved the detection limits for Se and Ir and spared them from performing
radiochemical separation. All of these works were done for Instrumental Neutron
Activation Analysis (INAA). Koeberl and Huber (2000) latter applied multiparameter
coincidence measurements using two Ge detectors to optimize the external factors affecting
the determination of Ir in geological samples. These factors included the sample size,
irradiation time, flux, shaping time, and coincidence time. Recently Hatsukawa et al (2002)
tested the feasibility of multiparameter coincidence spectrometry using a Ge detectors
array. They applied it to neutron activation analysis with two reference igneous rock
samples. Twenty four elements were identified in the samples and the quantitative results
were consistent with previous data derived from other methods.

An important use of the gamma-gamma coincidence measurements is the
determination of the excited states of elements. This in turn leads to the identification of the
decay schemes. All the references cited implementing these types of measurements are

dedicated to heavy elements. Demanins and Raicich (1992) studied the excited states of



*Nb by using two Ge detectors and a neutron source. Coincident data was stored event by
event, and then offline data reconstruction was made. They later (1994) repeated the same
procedure for "*'Pr. Jungclaus et al(1994) studied the excited levels in '**Er above 2 MeV
using reactor thermal neutrons and three Ge detectors. Offline data analysis and spectrum
reconstruction was made. New levels were found. Recently, the level structure of '*°Cs
(Moon et al, 2001) and *Ge (Medeiros et al, 2001) were studied. In '*°Cs, 11 HPGe
detectors were used and data were taken for events in which two or more detectors
registered in prompt coincidence. The level structure of "*Ge was studied following the B
decay of "*Ga and new transitions were found.

An interesting use of coincidence measurements was introduced by Falciglia et al
(1995). They accurately measured the speed of gamma rays using their fast timing
coincidence system. Their main goal was to test the long term stability of the system after
eliminating most of the instrumental errors. The source used was “*Na which is a positron
emitter that causes annihilation photons to appear. The source was moved in constant
increments along the line connecting the two detectors. By knowing the distances, the speed
of the gamma rays was calculated.

McGrath et al (1999) made gamma-gamma coincidence measurements following
inelastic neutron scattering. They used accelerator produced monoenergetic neutrons (10
MeV) and three HPGe detectors. Conventional NIM and CAMAC modular electronics
were used with 100 nanosecond resolving time. The aim of the paper was to show the
capability of doing such measurements. The elemental analysis was not reported.

Jakubek et al (1998) used two HPGe detectors and performed the gamma-gamma
coincidence measurements for INAA. They used NIM modules in connection with
CAMAC data acquisition systems. The goal of this work was to describe the system and
show some preliminary results. A continuation of this work was made by Vobecky et al
(1999) where the same system was used. They irradiated reference samples to look for
concentrations of Scandium, Cobalt, and Cesium. Their analysis was performed offline
where they set different resolving time windows to obtain optimum results. The results

were acceptable when compared to the published ones.



Gardner et al (2000) did a feasibility study of the coincidence counting approach.
Their main concern was applying this approach for PGAA applications. They used NIM
modules, Nal detectors, and neutron sources from reactor beam and Cf-252. They
efficiently reduced the background (such as the Hydrogen 2.223 MeV gamma) and showed
an increase in the signal to noise ratio. Monte Carlo simulation was also performed to
predict the coincidence spectrum.

A recent work by Ember, Belgya, and Molnar (2002) suggested a method called the
“y-y regional coincidence method” that improves the capabilities of PGAA. The main idea
of this method it to construct the coincidence spectrum (via offline analysis) that is in
coincidence with a range of energies. Using this method they eliminated the Hydrogen
2.223 MeV Gamma from the spectrum and showed an increase in the signal to noise ratio.
It is noted that previous work (Gardner et al, 2000) accomplished the same goal of this
work when using the whole range of energies in coincidence.

A useful application of the gamma —gamma coincidence counting approach was
introduced by Metwally, Gardner, and Mayo (In press). Elemental analysis was performed
for a mixture of radioisotopes using the Library Least Squares method (LLS). The LLS was
applied to the coincidence data as well as the normal single detector data. The coincidence
results showed to be much closer to the original activity values of the radioisotopes than the
singles. In addition, the coincidence approach greatly reduced the background, summing,
and pulse pile up effects. Another useful application was introduced by Ember, Belgya,
Weil., and Molnar (In press). They studied the applicability of y-y coincidence for the
determination of concentrations with PGAA method.

The latest work in gamma-gamma coincidence measurements was introduced by
Gardner and Metwally (In press) where a new Nal detector arrangement was introduced.
The objective was to try to detect high energy gamma rays with high efficiency. They
showed that this arrangement does in fact increase the signal to noise ratio without a great

decrease in the total count rate.



3. COINCIDENCE ELECTRONICS:

Initially, this study started with a set of electronics that produced acceptable results
to demonstrate the feasibility of the coincidence counting approach. These results were
previously published (Gardner et al, 2000). To obtain better and accurate timing and pulse
height information, a new set of electronics was used. This chapter starts by defining the
different standards used in modular electronics and introduces the concept of
multiparameter data acquisition. Then a description of the old and new coincidence
electronic setups is given, along with a brief description of the computer software used with
the new coincidence electronics. Finally, a comparison of results obtained by both

electronic setups is presented.

3.1. Modular Electronics:

Most of the nuclear electronic instrumentation is designed in accordance with either the
Nuclear Instrument Module (NIM) standard or Computer Automated Measurement and
Control (CAMAC) standard for modular instrumentation. Two of the most important
advantages of the NIM and CAMAC concepts are flexibility and interchangeability. Both
NIM and CAMAC standards incorporate modular instruments that plug into a “bin” or
“crate”, and derive their power from a standard power supply attached to the rear of the bin

or crate. In the next sections, a brief description of both these standards we be given.

3.1.1. NIM Instrumentation Standard:

To a large extent, the NIM based modules are still widely used (and more popular) than
the CAMAC ones. The NIM bin is subdivided across its width and can take up to 12
individual single width modules. Each of the 12 bin locations is provided with a 42 pin
connector that mates with a corresponding connector at the back of each module. Pin
assignments and functions are illustrated in Figure (3.1). The dc supply voltages provided

by the binare+ 6 V,+ 12 V,and £24 V.



NIM modules are capable of handling either linear or logic signals. The primary means
of transmitting linear and logic pulses between NIM modules is by coaxial cables
connected to the appropriate jacks on either the front or the back panel of the module. BNC
and SHV connectors are specified for single jacks and high voltage connections
respectively. Detailed specifications for the NIM standard are contained in USAEC Report
TID-20893 initially published in 1964.

One of the major problems with the NIM modules is that they do not perform well in
situations which involve large volumes of digital data. Another problem is that they do not
have a standard interface with digital computers. These problems have led to the

development of the CAMAC instrumentation standard described next.

3.1.2. CAMAC Instrumentation Standard:

The basis of the CAMAC system is the crate that houses the interfacing modules.
The crate can house up to 25 single width modules (stations), or 12 for mini-crates. The
crate contains a backplane which buses common signals to all the modules in the crate
through a printed circuit board edge connector having 86 contacts. The CAMAC standard is
defined by the ANSI/IEEE Std 583-1982.
The backplane of the CAMAC crate is called the dataway. The dataway provides a
digital pathway that:
1. Interconnects the modules within a crate;
2. Provides control signals to the modules; and

3. Provides power to the modules (£6 V and + 24 V).

All signals on the dataway have standard TTL levels (low logic level 0 to 0.8 V and
high logic level 2 to 5 V). Table (3.1) gives a description of the available signals on the
dataway and Figure (3.2) shows a diagram of the dataway.

The extreme right-hand station in the CAMAC crate is a special station, called the
control station, and is reserved for the crate controller. The crate controller is the
instrument in the crate that speaks the common dataway language and serves as the

interface between the crate and any external hardware.
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Figure 3-1: PIN Assignments for the NIM standard connector between bin and module. (Adapted from



Table 3-1

: Description of the available signals on the CAMAC dataway

Title Designation | Contacts Use at a Module
Command
Station Number N 1 Selects the module (individual line from control
station)
Subaddress Al1,2,4,8 4 Selects a section of the module
Function F1,2,4,8,16 5 Defines the function to be performed in the module
Timing
Strobe 1 S1 1 Controls first phase of operation (Dataway signals
must not change)
Strobe 2 S2 1 Controls second phase (Dataway signals may change)
Data
Write W1-W24 24 Bring information to the module
Read R1-R24 24 Take information from the module
Status
Look-at-Me L 1 Indicates request for service (individual line to
control station)
Busy B 1 Indicates that a Dataway operation isin progress
Response Q 1 Indicates status of feature selected by command
Command Accepted X 1 Indicates that module is able to perform action
required by the command
Common Controls Operate on all features connected to them, no
command required
Initialize Z 1 Sets module to a defined state (Accompanied by S2
and B
Inhibit I 1 Disables features for duration of signal
Clear C 1 Clearsregisters (Accompanied by 2 and B)
Nonstandard Connections
Free bus lines P1,P2 2 For unspecified uses
Patch contacts P3-P5 3 For unspecified interconnections. No Dataway lines
The crate iswired for mandatory and additional lines
Mandatory Power Lines
+24 V dc +24 1
+6 Vdc + 6 1
-6Vdc -6 1
-24V dc -24 1
ov 0 2 Power return
Additional Power Lines
+12Vdc +12 1
-12Vdc -12 1
Clean Earth E 1
Supplementary -6 V Y1 1
Supplementary +6 V Y2 1
Reserved undesignated 3
Total 86
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Except for the control station, all normal stations are interconnected by 24 parallel
read lines and 24 write lines. These lines can be used to transmit 24 parallel bits of data
from a module along the read lines and to a module along the write lines. The control
station is connected to each of the normal stations by separate private lines. Twenty four of
these are station lines (N lines), one of which corresponds to each normal station and must
be activated to communicate with that specific station. An additional 24 are look-at-me
lines (L lines), one for each station, by means of which each individual normal station may
signal to the control station that it requires attention.

Each normal station has four subaddress lines (A lines) and five function lines (F
lines). The subaddress lines are standard for all modules. They are used to select different
sections in the module. The function lines are used to define the function to be performed
by the module. The functions differ from one module to another. Two strobe lines (S1 and
S2) are also fully bussed to all stations and must be activated to initiate operations or to
transfer data.

To control and manage modules within the CAMAC crate, the controller issues
CAMAC Commands to the modules via the dataway. A command is a set of dataway signals
that tell a particular module to perform a particular operation. The command syntax is as
follows:

(N(@),A(),F(k))
Where:
N: Station number in the crate (1< 1< 24)
A: Subaddress within the module at the station number (0<j < 15)

F: Function to be executed (0< k <31)

Notes:
* Commands are written in binary codes
* In software format, an additional number is added in the command syntax which

corresponds to the crate number.
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3.2. Multiparameter Data Acquisition:

One major improvement to recent coincidence counting approaches is faster and more
complex data acquisition. This improvement is mainly due to the advances in computer
technology which led to faster computer speeds and increased memory. This also led to
more usage of CAMAC based modules. Also, the computer technology advances
dramatically lowered the cost of computers, which in turn led to the increased popularity of
CAMAC based modules.

An example of a complex data acquisition is multiparameter data acquisition. As
opposed to single parameter data acquisition, multiparameter data acquisition generally
means acquiring two or more correlated parameters initiated by a common trigger. These
parameters are usually correlated in time and, thus, the time signal serves as the trigger for
recording these parameters. The trigger may originate in external logic hardware or in a
timer.

In any unit designed for multiparameter data acquisition, at least two separate inputs
with dedicated Analog to Digital Converters (ADC) must be provided, together with an
associated coincidence circuit. The coincidence circuit is responsible for producing the
common trigger between the inputs. The memory consists of a two (or more) dimensional
array in which each axis corresponds to one of the inputs. When the inputs are in
coincidence, the memory location corresponding to the intersection of the digitized
addresses is incremented. As data accumulate, the intensity distribution then takes the form
of a two dimensional surface with peaks representing intense areas.

For gamma gamma coincidence measurements, two or more detectors are setup with
specific settings. The parameters of interest are the pulse height, which is correlated to the
deposited gamma ray energy, resulting in each detector at the same time instant. In this
case, the parameters, and thus their resulting signal, are correlated in time. The trigger
signal must be derived from these signals and their relation in time, so as to be
simultaneous with the occurrence of the signals themselves.

When the trigger occurs, the raw data signals are converted in the data acquisition
electronics and read into the host computer. At this point, the data exist as a correlated set
of raw parameters. The data is stored in two dimensional arrays and then sorted into

histograms to be analyzed either in an online or offline mode.
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An alternative method to recording the data in arrays is storing in an event data file
Here, the digitized ADC outputs are quickly written to the memory along with the time
difference between them. The time difference is usually derived from an external hardware
called the Time to Analog Converter (TAC). The data is then sorted off-line based on

arbitrary criteria.

3.3. Old Electronic Setup:

Figure (3.3) shows a block diagram of the coincidence electronics setup previously
used at NCSU, Gardner et al (2000). The outputs of the detector’s preamplifier are passed
the Single Channel Analyzers (SCA). The timing of the two SCA signals is compared in the
coincidence unit. If they arrive within the resolving time of the coincidence unit, a logic
signal is produced. The logic signal then operates the linear gate and the delayed linear
pulse from the detector is accepted. Upon acceptance, the linear pulse is processed by the
Multi Channel Analyzer (MCA). Depending on the pulse height of the linear pulse, the

MCA positions it in the appropriate channel.

Amplifier » SCA

SCA Coincidence
Unit

Enable

Amplifier Delay Signal L(tne;ar MCA
Jate

Figure 3-3: Block Diagram of the Old Coincidence Electronics
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There are several sources of lack of accuracy of the results obtained using this
electronic system. To start off, this electronic system is classified as a “slow-slow”
coincidence system. The reason being is that the timing information required to drive the
SCA’s is picked off after the linear amplifiers. Thus the inaccuracy is resulting from the
slow (long rising time) pulses generated by the linear amplifiers.

Other sources of lack of accuracy are the coincidence unit and the SCA. The
coincidence unit used originally had a resolving time of about one microsecond. This
resolving time was too large for gamma coincidence measurements. Modifications were
made to this unit in our electronics shop and the resolving time was reduced to 80 + 25
nanoseconds. The imprecise resolving time produced a source of inaccuracy to the
experiment.

To understand why the SCA causes inaccuracy, a description of how it functions
will be given. The SCA produces a logic output pulse only if the linear input pulse
amplitude falls between a lower level discriminator (LLD) and an upper level discriminator
(ULD). The time appearance of the logic signal is not closely coupled to the actual event
timing. The reason for this is that the logic pulse is generated at a time dependent on when
the linear pulse crossed the trigger level. To illustrate this further, Figure (3.4) shows two
pulses that have identical true time of origin but give rise to output logic pulses that differ
substantially in their timing. It is thus not precise in situations where accurate timing is

needed, as in coincidence measurements.

Amplitude
- e—  walk

s
j 7 T~

Figure 3-4: Single Channel Analyzer Triggering
Ref[ knoll, G.F., 2000]
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3.4. New Electronic Setup:

Two major improvements were added to the coincidence electronics. These
improvements allowed us to:
i. Obtain accurate timing information;
ii. Perform multiparameter data acquisition.
Figures (3.5) and (3.6) show a block diagram of the new coincidence electronic setup. Note
that the electronics in Figure (3.5) (as well as Figure (3.4)) are based on Nuclear Instrument
Module (NIM) instrumentation standards, while those in Figure (3.6) are based on

Computer Automated Measurement and Control (CAMAC) instrumentation standards.

3.4.1. Accurate Timing Information:

This was obtained by (Figure (3.5)):
a. Replacing the SCA by a Timing Filter Amplifier and a Constant Fraction
Discriminator (CFD);

b. Replacing the coincidence unit by a new one.

The timing filter amplifiers offer some amplitude gain and adjustable differentiation and
integration time constants that are typically much shorter (a few hundred nanoseconds or
less) than those common in linear amplifiers. The resulting pulses generally have faster rise
times and smaller widths than from linear amplifiers.

The Constant Fraction Discriminator produces an output (logic) signal a fixed time after
the leading edge of the input pulse has reached a constant fraction of the peak pulse
amplitude. This point (where the output is generated) is then independent of pulse
amplitude for all pulses of constant rising time. The fraction of the peak pulse amplitude is
determined by adjusting the external delay cable length.

The combination of the timing filter amplifier and the CFD offer precise timing signals
to be compared by the coincidence unit. Finally, it is worth noting that the timing
information is extracted without passing through the linear amplifiers. It is extracted from

the preamplifiers, thus making this a “fast-fast” coincidence system.
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Figure 3-5: Block Diagram of New Coincidence Electronics (NIM Standards)
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Figure 3-6: Block Diagram of New Coincidence Electronics (CAMAC Standards)
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The new coincidence unit operates in the same manner as the old one but has an
accurate resolving time. The resolving time is adjustable from ten nanoseconds to one
microsecond. The coincidence unit has three coincidence inputs and one anticoincidence

input.

3.4.2. Multiparameter Data Acquisition Capability:

Multiparameter data acquisition was achieved using an additional set of six modules
(Figure (3.6)) that are based on CAMAC standards. The six modules were used in the
CAMAC crate, they were;

a. Two Analog to digital Converters (ADC);

b. Two Memory Units;

c. CAMAC controller; and

d. Dataway display module.

The linear pulse output from the NIM bin amplifiers is duplicated and passed to the
ADC’s in the CAMAC crate. Each ADC processes one set of linear pulses. Each ADC can
take up to four inputs, with 8192 channels for each input.

The logic signal from the coincidence unit on the NIM crate serves as a gate signal for
one of the ADCs’. Thus this ADC acquires coincidence data. The other ADC (without a
gate signal input) acquires the singles data.

Finally, the computer software used to manage the CAMAC modules and analyze the
acquired data was KMAX NT. A brief description of this software is given in the next

section.
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3.5. Computer Software (KmaxNT)

KmaxNT is a complete Windows environment for data acquisition, data analysis and
instrument control with advanced features for visualization, data management, and report
generation. KmaxNT also provides both low and high level support for interfacing to
external hardware and for building virtual instrumentation toolsheets. KmaxNT has its own
built-in script language (Command Sequence Language or CSL) for developing data
acquisition and process control tasks.

For our application, KmaxNT is used to manage the CAMAC crate modules and
analyze the acquired data. Through KmaxNT we can process and plot the coincidence and
singles data at the same time. Two dimensional data (and plots) are also obtained through
KmaxNT. These two dimensional data give us the ability to perform offline coincidence
data analysis. This ability is gained because the data is stored in a two dimensional matrix
where the row indices represent the channels in one detector and the column indices
represent the channels in the other detector. The coincidence data analysis will be shown in
Chapter four. For example, we can (offline) set an energy window on one of the detectors
and observe the coincidence spectrum in the other detector. This is one of the main

advantages of Multiparameter data acquisition.
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3.6. Result Comparison of Both Electronic Setups:

To compare the results of the old and new electronics, a specific experimental setup
was used for both of them. The experimental setup is shown in Figure (3.7). A Cf-252
neutron source was placed in the center of a lead cube to attenuate the source gamma rays.
The cube was placed over a layer of wax to thermalize the fast neutrons from the source
before interacting with the sample box containing sulfur. Finally, the detectors were
mounted on wooden table side by side. A lithium sheet was placed on the face of the
detectors and the sides were wrapped with lead. Results for this experimental setup, and
using the old electronics, were previously published [Gardner et al, 2000]. For sulfur, the
spectra are shown in Figure (3.8).

To observe the improvement in results, the same experiment was performed again

using the new electronics. Again for sulfur, the spectra are shown in Figure (3.9).

Cf-252 Source

Lead
B CdorLi
Wood

BEE] wax

Figure 3-7: Experimental Setup for Electronics Comparison
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Comparing the coincidence spectrum in Figures (3.8) and (3.9), improvements are
noticed and can be summarized as follows:
1. Complete elimination of the Hydrogen 2.223 MeV peak;
2. The 2.379 MeV sulfur peak is now more defined; and
3. The rest of the sulfur peaks are more obvious (e.g. 2.931 MeV, 3.22 MeV, etc.)

All the improvements listed above lead to an increase in signal-to-noise ratio. Thus,

major improvements and new capabilities were achieved due to the new coincidence

system.
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4. EXPERIMENTAL RESULTS AND ANALYSIS

The first part of this chapter is devoted to the feasibility studies for the gamma-gamma
coincidence counting approach. The studies deal with the problematic effects observed in
normal single detector spectrum. In the remaining part of this chapter, three practical
applications of the gamma-gamma coincidence apparoach are introduced. Note that all the
spectra presented in this chapter were acquired with the new coincidence electronics

described in section 3.4.

4.1. Initial Observations:

To demonstrate the feasibility of the gamma-gamma coincidence counting approach,
the problematic effects observed in normal single detector spectra were addressed. Namely,
the effects are the background (including hydrogen), summing, and pulse pile up. In
addition, examples of two dimensional spectra are given at the end of this section. These

types of spectra may be used for decay scheme analysis.

4.1.1. Hydrogen Peak Elimination:

When activated by thermal neutrons, hydrogen de-excites by emitting a single
prompt gamma ray with energy 2.223 MeV. The magnitude of this peak in a normal
spectrum is often one or more orders of magnitude larger than other elements of interest.
Not only does hydrogen dominate the 2.223 MeV energy range, but also the energy range
below that. This is due to the Compton continuum of that gamma ray. This poses a
difficulty in analyzing the spectrum at and below 2.223 MeV.

As the hydrogen gamma ray is a single one, coincidence counting should eliminate
it, and its continuum, from the spectrum. An example of this was given in section 3.3 for a
Nal detector. Here, a similar example will be given. Two HPGe detectors (59 % and 72 %

efficiency) were placed at 180 degrees angle with respect to each other. The distance
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between the two detectors was approximately 23 ¢cm and the sample was placed in between

them at an angle of 45 degrees. The sample used was silicon and was placed in the thermal

neutron beam of the NCSU PULSTAR reactor.

Figure (4.1) shows the singles and coincidence spectra of the silicon sample from

the 59 % HPGe detector. The energy range 0 — 2.5 MeV is shown. It can bee seen from the

coincidence spectrum that the hydrogen peak (and thus its continuum) was completely

eliminated.
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Figure 4-1: Feasibility, Hydrogen Peak Elimination
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4.1.2. Background and Sum Peak Elimination:

A cobalt-60 radioisotope was used for this experiment and two HPGe detectors
(59% and 72% efficiency). The experiment was conducted in the NCSU PULSTAR reactor
bay while the reactor was in operation. The resulting spectra are shown in Figure (4.2).
Because the reactor was operating at the time of the experiment, there was a high
background level in the singles spectrum. Observing the coincidence spectrum, we notice
that the 2.505 MeV cobalt sum peak was eliminated. We also notice that the background
(1.462 MeV, 2.614 MeV, and surrounding structural material) is negligible.

Cobalt Spectra (59% Ge Detector)
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Figure 4-2: Feasibility, Background and Sum Peak Elimination

28



4.1.3. Pulse Pile Up Reduction:

A cesium-134 radioisotope was used for this experiment and two HPGe detectors
(59% and 72% efficiency). The highest energy gamma for Cs-134 is 1.365 MeV. The
experiment was conducted in the lab where the background level was low. Thus, any peaks
or continuum above the 1.365 MeV was due to summing and pulse pile up effects
respectively, Figure (4.3). Observing the coincidence spectrum above 1.365 MeV, we
notice no peaks and negligible continuum. It must be noted that this observation is a
function of the count rate. As the count rate increases, the Pulse Pile Up effects become

more observable in the obtained spectrum, singles and coincidence.

Cs-134 Spectra (59 % Ge Detector)
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4.1.4. Two Dimensional Spectra:

This section includes two examples of two dimensional spectra obtained via the
multiparameter data acquisition capability. By two dimensional spectra, we are referring to
the array obtained when a detector pair is used for coincidence measurements. If more than
two detectors are used, the number of obtained arrays would correspond to the different
number of detector combinations. In general, two dimensional spectra provide us with
more information than the one dimensional ones and may be used, as an example, for decay
scheme analysis.

The two dimensional spectra are usually presented on three dimensional plots where
each of the X and Y axis represent a detector in the detector pair used. The Z axis
represents the obtained counts. The plots thus take the form of a three dimensional surface
where the peaks represent intense coincidence areas.

To illustrate the two dimensional spectra, two Ge detectors were used- One had 72%
efficiency and the other was 59% . The detectors were set in a horizontal position with a 90
degrees angle with respect to each other. The sample was placed at the intersection of the
centerlines on both detectors, 15 cm away.

Two examples are presented. The first example, Figure (4.4), shows the two
dimensional spectrum of cobalt-60. Two features of this spectrum are noted on the figure.
The second example, Figure (4.5), is for Na-24, which is a more complicated spectrum than
Co-60. The features of Figure (4.5) are explained in Table (4.1). Note that the detectors
were placed at 90 degrees with respect to each other and that is why the 135° edge is

appearing in both figures instead of the Compton edge.
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Figure 4-4: Feasibility, Co-60 Two Dimensional Spectrum
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Table 4-1: Na-24 Two Dimensional Spectrum Features

Peaks Correspond to in the

# Pop Top Ge Detector 72% Ge Detector

[1] 2.754 MeV Na-24 'y 1.368 MeV Na-24y

[2] 135° edge of the 2.754 MeV Na-24 y 1.368 MeV Na-24 y

[3] 1™ escape of the 2.754 MeV Na-24 y 1.368 MeV Na-24 y

[4] 2" escape of the 2.754 MeV Na-24 y 1.368 MeV Na-24 y

[5] 1.368 MeV Na-24y [Chams Comsiions | 1.368 MeV Na-24 y

[6] 2.754 MeV Na-24 y 135° edge of the 1.368 MeV Na-24 y
[7] 135° edge of the 2.754 MeV Na-24 y Backscatter y the 2.754 MeV Na-24 y
[8] 1* escape of the 2.754 MeV Na-24 y 0.511 MeV Annihilation y

[9] 2" escape of the 2.754 MeV Na-24 y 0.511 MeV Annihilation y

[10] 1.368 MeV Na-24y 0.511 MeV Annihilation y

[11] 135° edge of the 1.368 MeV Na-24 'y Backscatter y the 1.368 MeV Na-24 y
[12] 1.368 MeV Na-24 y 2.754 MeV Na-24 y

[13] 1.368 MeV Na-24y 135° edge of the 2.754 MeV Na-24 y
[14] 1.368 MeV Na-24y 1* escape of the 2.754 MeV Na-24 y
[15] 1.368 MeV Na-24y 2" escape of the 2.754 MeV Na-24 y
[16] 0.511 MeV Annihilation y 1.368 MeV Na-24 'y

[17] | Backscatter y the 1.368 MeV Na-24 y 135° edge of the 1.368 MeV Na-24 y
[18] 0.511 MeV Annihilation y 2" escape of the 2.754 MeV Na-24 y
[19] 0.511 MeV Annihilation y 1* escape of the 2.754 MeV Na-24 y
[20] 135° edge of the 1.368 MeV Na-24y 2.754 MeV Na-24 y

[21] 135° edge of the 2.754 MeV Na-24 y Backscatter y the 2.754 MeV Na-24 y
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4.2. Library Least Squares (LLS) Analysis:

4.2.1. Introduction:

The library least-squares (LLS) approach is very useful for inverse spectral problems
such as determining radioisotope amounts from gamma-ray spectra and determining
elemental amounts from X-ray or prompt gamma-ray spectra. While other methods make
use of only the peaks and/or regions (Vobecky et al, 1999 and Ember et al, 2002) to
perform elemental analysis, the LLS method has the advantage of using the entire spectrum
(peaks and continuum). The LLS method was used for both scintillator and HPGE spectra
and has shown to be about 2.5 times better than the single peak analysis method (Gardner et
al, 1997). More details on the LLS approach will be given in Chapter 5.

An accurate method for determining elemental analysis is presented. The method
combines the precision of the LLS approach and the advantages of gamma-gamma
coincidence counting. To demonstrate this method, a known mixture of three radioisotopes
was used and data was deliberately collected at high counting rates to determine the effect
of pulse pile-up distortion. The results obtained, with the library least-squares (LLS)
analysis, of both the normal and coincidence counting are presented and compared to the
known amounts. The coincidence results are shown to give much better accuracy. It appears
that in addition to the expected advantage of reduced background, the coincidence approach

is considerably more resistant to pulse pile-up distortion.

4.2.2. Setup and Experimental Procedures:

To demonstrate the coincidence LLS approach, as compared to the normal singles
approach, activity measurements were made for a mixture of radioisotopes. Two HPGe
detectors (59% and 72% efficiency) were used. The detectors were placed at 90 degrees
with respect to each other with lead shielding in between to reduce the cross talk between
them. An additional tungsten shield was placed around the 59% detector. Because of this

additional shielding, the 59% detector spectra were used for the LLS analysis.
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A system of three radioisotopes (Na-24, Co-60, and Cs-134) that emit coincident
gamma rays was used. The radioisotopes were made, in liquid form, using the NCSU
PULSTAR reactor. Table (4.2) lists the energies of the gamma rays emitted from each
radioisotope and their corresponding intensity. Using the two HPGe detectors, the singles
(for each detector) and coincidence spectra of each radioisotope were collected
simultaneously and later used as libraries. Then, a known mixture of the three radioisotopes
was made and its singles and coincidence spectra were collected. The experiment was
carried at relatively high counting rates so that pulse pile up distortion of the spectra was a
significant problem. The samples were placed 20 cm from each detector and the collection
duration for each spectrum was 2 hours. The resolving time of the coincidence unit was set

80 nanoseconds.

Table 4-2: Na**, Co®, and Cs"** Gamma-Ray Energies and Intensities

Na-24 Cs-134
E,(MeV L(%) E,(MeV L(%)
1.368 99.99 0.475 1.57
2.754 99.87 0.563 8.35
3.867 0.056 0.569 15.3

0.604 97.62

Co-60 0.796 87.0
E,(MeV L(%) 0.802 8.7
0.347 0.0076 1.038 1.0
1.173 99.97 1.168 1.79
1.332 99.98 1.365 3.1

35



4.2.3. Results:

Figures (4.6) and (4.7) show the single detector and coincidence spectra collected
for the 59% detector, respectively. It appears that in addition to the expected advantage of
coincidence counting of reducing the background, one also has the additional advantage
that the coincidence approach is considerably more resistant to pulse pile-up effects.

Using the libraries obtained for Co-60, Cs-134, and Na-24, the LLS analysis was
performed to determine the amount of activity of each radioisotope in the mixture. A
FORTRAN program, CURLLS, was used for this purpose. To implement the LLS
approach, the program uses the multiple linear regression (Bevington, 1969) method which
minimizes the reduced x> value. More information on the LLS approach can be found in
Section 5.1.

The LLS analysis was performed for both the singles and coincidence spectra. The
singles and coincidence mixture spectra and the LLS fitting are shown in Figures (4.8) and

(4.9) respectively. A summary of the obtained results can be found in Table (4.3).
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Figure 4-6: Single Detector Spectra of the Mixture and Libraries
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Coincidence Spectra (59% Ge Detector)

Mixture

—— Cobalt

—— Cesium
—-------+---1 —— Sodium |4

e

I

Y |
|
I
|
|

28S/|oUURYD/SIUNOD

Energy (MeV)
38

Figure 4-7: Coincidence Spectra of the Mixture and Libraries



Singles Mixture Spectrum and LLS Fitting (59% Ge Detector)
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Figure 4-8: Singles Mixture Spectrum and LLS Fitting
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Coincidence Mixture Spectrum and LLS Fitting (59% Ge Detector)
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Figure 4-9: Coincidence Mixture Spectrum and LLS Fitting
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Table 4-3: Results of LLS Analysis

Activities (nCi)
Singles Coincidence Actual
Co-60 18.350 £ 0.021 21.641 £ 0.075 22.035
Cs-134 11.287 £0.019 15.072 £ 0.049 15.644
Na-24 5.868 + 0.0038 7.147 £0.033 7.157
Reduced 43.26 3.63

Table (4.3) shows that the results obtained by applying the LLS method to the
coincidence spectrum are much closer to the original values than the singles. This is
attributed to background elimination in the coincidence spectrum as well as negligible pulse

pile up effects. As a consequence, the reduced Chi square value from the coincidence fitting

is much closer to 1 than that from the singles.
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4.2.4. Pulse Pile Up Effect:

A Monte Carlo simulation code CEARPPU (R.P. Gardner and S.H. Lee, 1999) is
used to study the pulse pile up effects. CEARPPU simulates pulse piled up spectra for high
counting rates from given spectra. Forcing and other variance reduction techniques are
used to accelerate the simulation process.

To generate the input spectrum for CEARPPU, a pseudo singles mixture spectrum
was formed using the actual amounts of the radioisotopes. Specifically, the actual amounts
of the radioisotopes were multiplied by the corresponding singles library of each
radioisotope and the results were added together to form the pseudo mixture spectrum. It is
assumed that the pulse pile up in the individual libraries is small and, consequently, also
small in the pseudo mixture spectrum.

Next, the pseudo singles mixture spectrum was used as an input for CEARPPU. The
output of CEARPPU thus represents the singles mixture spectrum at higher counting rates.
Figure (4-10) shows a plot of the actual and pseudo (piled up) singles spectra. Furthermore,
the LLS method was applied again to the mixture singles spectrum but with using the
pseudo spectrum as the library. The reduced Chi square for this case was 0.975, thus
showing that high Chi square value (Table 4.3) reported in the previous section is, to a large

extent, due pulse pile up.
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Pulse Pile Up Effect in the Singles Spectrum
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4.3. Two Dimensional Diagonal Summing:

4.3.1. Introduction:

As previously stated, one of the characteristics of multiparameter data acquisition is

obtaining two dimensional spectra. These types of spectra provide us with more detailed

coincidence information than that from one dimensional spectra. Examples of two

dimensional spectra were presented in section 4.1.4.

In this section we make use of the two dimensional spectra but in another way. The

spectra are presented in a flat view where the intense coincident areas are now defined by

the darker areas in the plot. Extracting part (or all) of the information from the flat view

plots can transform them into normal two-dimensional plots. This is normally done by

summing (projecting) a certain area in the two dimensional plot along one of the axes. This

projection can be made in four different ways:

1.

Projecting the whole spectrum area to one of the axes. This would yield the total
coincidence spectrum in one of the detectors. This is the same as summing all the
rows (or columns) in the coincidence data array. Examples of this were presented in
the previous sections and an additional example will be presented in this section as
well.

Projecting a horizontal (or vertical) range of the spectrum to one of the axes. This is
called horizontal (or vertical) window summing. On one of the axes this would
represent an energy range equivalent to the width of the window. On the other axis
this would represent the spectrum that is in coincidence with this energy range.
Examples of this will be presented in the next section.

Projecting a diagonal area of the spectrum to one of the axes. This is the main focus
of this section and will be explained in further detail in the following. Several
examples will be presented as well.

Projecting an irregular range of the spectrum to one of the axes. This type of
projection depends on the type of physical problem being considered. Examples of

this are not presented in this work.
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Projecting a diagonal area in the two dimensional spectrum to one of the axes has a
different interpretation. For gamma-gamma coincidence measurements, the spectrum
obtained from this projection yields the gamma spectrum in one detector that corresponds
to a specific total energy deposition in both detectors. The total energy deposited may be
equal to the Q-value of the reaction studied or the sum of two individual gamma-ray
energies, or other values of significant meaning.

The diagonal area is mainly defined by two diagonal lines (the window), as Figure
(4-11). The slope of the diagonal lines depends on the calibrations of the two detectors.
Two factors play a role in determining the window width. The first factor is the energy of
interest. The energy can either be a single energy or a range of energies. A common energy
of interest is the Q-value (total energy) of the reaction studied. If one of the decay schemes
of the element of interest has only two gamma rays, we expect that these two gammas will
show very clearly when making the diagonal projection.

The second factor that plays a role in determining the window width is the detector
resolution. If the two detectors used have the same resolution, regardless of the detector
type, the window should have a constant width along the diagonal. The reason for this
constant window width is that, for diagonal summing, the low energy in one detector
corresponds to a high energy in the other detector and vice versa. This width will thus be
determined by the detector resolution at the highest energy of interest. If the detectors have
different resolutions, the window will have a trapezoidal shape. The wide base of the

trapezoidal shape will correspond to the high energy in the detector with poorest resolution.

4.3.2. Coincidence Scheme Application:

Two examples are presented for using the two dimensional diagonal summing for
coincidence scheme application. The first example is for sulfur. The two detectors used
were Nal with dimensions 57x5” and 6”x6”. The experimental setup was similar to that
shown in Figure (3-7). The resolution for these detectors was almost the same, thus a
constant width window was used for the diagonal summing. Figure 4-11 shows the two

dimensional plot (flat view) of the counts in both Nal detectors. Two windows are outlined,
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Figure 4-11: Two Dimensional Plot (Flat View) of the Counts in Both Nal Detectors,

Sulfur Sample.

46



\4

%9°C LITITT

—qemA £85°S

A 4

\ 4

%L'S €SLT 20T LF0S
oL'T 6VC
%L1 0£6°C "
62T OLSF
°
- B
Y%LlC It LT L69T >
3
[~}
[—)
——— .
%S 0P b P eS 0LCT >
[7esr 08c T >
%09 0Ih'S i >
%bT 1CCE >
YlC 008L >

%81 0¥9°8

\ 4

Sulfur-33 Gamma Ray Decay Scheme (Q-Value = 8.64165 MeV)

Figure 4-12

47



window 1 and window 2. The first window corresponds to the Q-value of the **S(n,y)*S
reaction, while the second window corresponds to an energy of 7.800 MeV. The
significance of the 7.800 MeV energy will be discussed shortly.

The level scheme that is used to analyze this data (Raman, Carlton, and Wells, 1985) is
shown in Figure (4-12), along with the gamma intensities and energies (in MeV). This
scheme shows 17 gamma rays out of a total of 103 for *’S. The scheme probabilities
deduced from this decay scheme are shown in Table (4-4), where it is shown that

approximately 93 % of the transitions in the **S decay scheme are accounted for.

Table 4-4: Scheme Probabilities for 33S

Scheme Energies in Scheme (MeV) Scheme Probability (%)
1 8.640 1.8
2 7.800 — 0.841 3.0
3 5.420 —3.221 21
4 5.420 —2.380 - 0.841 39
5 4.430-3.370 - 0.841 5.0
6 3.723 - 1.697 - 3.221 1.5
7 3.723 - 1.697 — 2.380 — 0.841 1.5
8 2.930-4.870 — 0.841 13
9 2.930-2.49-3.221 1.5
10 2.930-2.49 —2.380 - 0.841 1.5
11 2.753 —5.047 - 0.841 3
12 2.216 —5.583 - 0.841 1.5
Total 93.3 %

Before presenting the results of the diagonal summing, the total coincidence
spectrum in one of the detectors is shown. This can be obtained by performing the first type
of projection (summing) stated earlier. Figure (4-13) shows the result of projecting the
whole spectrum to the x-axis, i.e. the total coincidence spectrum in the 5”%5” Nal detector

in coincidence with all events in the 6”°x6”” Nal detector .
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Sulfur Coincidence Spectrum, 5*5 Nal Detector
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Figure 4-13: Two Dimensional Full Spectrum Projection for Sulfur
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Next, we observe the resulting spectrum from performing a diagonal summing.
Figure (4-14) shows the projection of “window 1” in Figure (4-11). The energy of that
window corresponds to the Q-value of the 3ZS(n,y)33S, 8.64 MeV. From Table (4-4), the
second and third schemes are the only schemes that contain two gamma rays in them. The
energies of the second scheme are 7.800 and 0.841 MeV while those for the third scheme
are 5.420 and 3.221 MeV. Thus we expect these four gamma rays to show up clearly when
performing Q-value diagonal summing. Figure (4-14) confirms this fact. It also shows that
the 5.420 - 3.221 MeV pair are much more intense than the 7.800 - 0.841 MeV pair. This is
attributed to the difference in scheme probability.

An early paper by Hoogenboom (1958) demonstrated a hardware approach to obtain
spectra that result from a specific sum of gamma ray energies. This approach was shown to
greatly improve the peak resolutions over those obtained from a normal singles spectrum.
The diagonal summing approach used here enables us to get the same type of spectrum but
with much more accuracy and flexibility. Moreover, to examine another Q-value or sum
one can simply interrogate the same data with the different diagonal sum by use of a single
set of data from the current electronic system (and KmaxNT).

In addition to the improved peak resolution obtained from diagonal summing over
the singles spectrum, there is also a noticeable improvement over the total coincidence
spectrum. This improvement is enhanced as the energy increases. To illustrate this, Figure
(4-15) shows a zoom of the two dimensional (flat) sulfur spectrum. The intense area
corresponds to the 0.8411 MeV gamma ray in one detector and the 5.4205 MeV gamma ray
in the other detector. Projecting in the vertical direction would yield the 0.8411 MeV peak
while projecting in the horizontal direction would yield the 5.4305 MeV peak in the other
detector. If the projections were performed on the area confined between the diagonal lines,
peaks corresponding to the same energies would result but with improved resolution. The
improved resolution is due to the elimination of the area between the horizontal (or vertical)
lines and the diagonal lines. This area contributes to the tails of the peak and thus
eliminating it results in narrower peak, i.e. better resolution. It also clear from the figure
that higher energies are affected more than the lower energies.

Figure (4-16) shows the Q-value diagonal summing spectrum compared with the

total coincidence spectrum. The peak resolution improvement is clearly shown.
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Sulfur Coincidence Spectrum (5*5 Nal Detector), Q-Value Summing
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Figure 4-14: Q-Value Diagonal Summing for Sulfur
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Sulfur Coincidence Spectrum (5*5 Nal Detector)
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Sulfur Coincidence Spectrum (5*5 Nal Detector)
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Finally, Figure (4-17) shows Diagonal summing spectra for the Q-value and 7.8
MeV. Observing the decay scheme of *°S, Figure (4-12), one finds several energies that add
up to 7.8 MeV. These energies are labeled on Figure (4-17) as pair numbers 1 through 4.

The energies corresponding to these pairs are listed in Table (4-5).

Table 4-5: Energies Adding Up To 7.8 MeV in the **S Decay Scheme

Pair # Energies in Coincidence (MeV)

5.4205 and 2.379

5.047 and 2.753

4.870 and 2.931

5.4205 Compton and 3.22
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The second example presented for diagonal summing is for mercury. The
PULSTAR thermal neutron beam was utilized in this experiment. The two Nal detectors
(57x5” and 6x6”) were setup facing each other with the sample in between. The sample to
detector distance was 20 cm. The sample was natural mercury (12 gm).

Table (4-6) shows the naturally abundant isotopes in Mercury and their
characteristics. The factor in the table corresponds to the product of the abundance and the
(n,y) cross section of each isotope. Using this factor, it can be shown that approximately
95% of the (n,y) interactions will occur with '*’Hg isotope. The *Hg(n,y)**’Hg has a Q-
value of 8.028 MeV. This will be the energy used for the diagonal summing.

Figure 4-18 shows the two dimensional plot (flat view) of the counts in both Nal

detectors. The outlined diagonal window corresponds to the Q-value of the reaction.

Table 4-6: Isotopes in Natural Mercury and their characteristics

Isotope | Abundance, % | oy (b) Factor” N°;:‘catg:ed
Hg-196 0.15 3100 465 1.18%
Hg-198 10 1.9 19 4.83E-2%
Hg-199 16.9 2200 37180 94.55%
Hg-200 23.1 60 1386 3.5%
Hg-201 13.2 8 105.6 0.268%
Hg-202 29.8 4.9 146.02 0.371%
Hg-204 6.85 0.4 2.74 6.97E-3%

%
Factor = Abundance x o
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Figure 4-18: Two Dimensional Plot (Flat View) of the Counts in Both Nal Detectors,

Mercury Sample
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Figure (4-19) shows the Q-value diagonal summing for natural Mercury. The

dominant coincidence pairs are labeled on the figure and their corresponding energies are

listed in Table (4-6).

Table 4-7: Energies Adding Up To 8.02 MeV in the **’Hg Decay Scheme

Pair # Energies in Coincidence (MeV)
‘ 1.571 and 6.457
’ 2.639 and 5.387
’ 3.288 and 4.739;
3.185 and 4.841

Finally, a comparison between the Q-value diagonal summing spectrum and the
total coincidence spectrum is shown in Figure (4-20). The peak resolution improvement is

clearly shown.
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Mercury Coincidence Spectrum (5*5 Nal detector ), Q-Value Summing
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Figure 4-19: Q-value Diagonal Summing for Mercury
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Mercury Coincidence Spectrum (5*5 Nal detector)
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Figure 4-20: Comparison of Full and Diagonal Summing for Mercury
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4.3.3. Elemental Analysis Application:

Another application where two dimensional diagonal summing can be used is elemental
analysis. To illustrate this, an experimental setup similar to that shown in Figure (3-7) was
used. The sample used was coal, approximately 22 Kg, with 100 grams of mercury (powder
form) mixed in it. The objective was to try to identify the mercury in the sample.

Figure (4-21) shows the two dimensional plot (flat view) of the counts in both Nal
detectors. The outlined diagonal window corresponds to the Q-value of the '*’Hg(n,y)**°Hg
reaction, 8.028 MeV.

Figure (4-22) shows the Q-value diagonal summing for outlined window in Figure
(4-21). There is a strong resemblance between the obtained spectrum in Figure (4-22) and

Figure (4-19), thus proving that mercury could be identified in the coal sample.
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Two Dimensional (Flat) Plot of the Nal Detector Counts, Mercury in a Coal Sample
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Figure 4-21: Two Dimensional Plot (Flat View) of the Counts in Both Nal Detectors,

Mercury in a Coal Sample
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Q-Value Diagonal Smming for Mercury in a Coal Sample

Channel Number

22: Q-value Diagonal Summing for Mercury in a Coal Sample
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4.4. New Nal Detector Arrangement:

4.4.1. Introduction and Concept:

Prompt Gamma Neutron Activation Analysis (PGNAA) and Neutron Inelastic
Scattering (NIS) techniques have been widely used for measuring elemental composition in
bulk samples. They have the advantage of producing high energy (highly penetrating)
gamma rays which allow the analysis of large sample volumes. The coal and oil well
logging industries are two examples where these techniques are used.

In the oil well logging industry, the logging tool consists of a fast neutron source
and one or more radiation detectors at different spacing from the source. The fast neutrons
originating from the source undergo collisions with formation elements. These collisions
usually result in the emission of inelastic gamma rays and subsequently the slowing down
of the neutrons. Upon slowing down, the neutrons may be captured and another set of
gamma rays may be emitted. The resulting gamma rays, either before or after neutron
slowing down, are detected by the radiation detectors and the resulting spectra are analyzed
to obtain information about the elemental amounts in the formation.

Carbon and oxygen are of particular interest in oil well logging. Practically, the
most important gamma rays emitted from these elements range from 4.44 to 6.13 MeV.
These gamma rays result from the interaction of fast neutrons with these elements. Gamma
rays (ranging from 1.6—to 4.8—MeV) resulting from the capture of thermal neutrons by
these elements are of lesser importance.

Because of the dimensions of the logging tool, there are limitations on the size of
detectors that can be used. These limitations lead to a low detection probability of the high
energy gamma rays of interest. A new Nal detector arrangement has been designed to deal
with this problem (Gardner and Metwally, in press). The arrangement consists of two Nal
detectors, one of which is a well type. The first detector is 1x5 inches and the second is a
well type 5 inches long with a wall thickness of 0.35 inches, which gives a hole diameter of

one inch. They are assembled together, as shown in Figure (4-23).
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Figure 4-23: The New Nal Detector Arrangement.

The concept behind this arrangement is that an incident gamma ray undergoes an
interaction in the inside detector. The probability that this a pair production interaction
increases as the incidence gamma ray energy increases. As a consequence of pair
production, two 0.511 MeV annihilation gamma rays are emitted in opposite directions.
The detector arrangement thus provides approximate 41 geometry for detecting the
annihilation gamma rays.

Measuring the coincidence spectrum in both detectors allows us to identify the
original gamma ray and thus its source. After obtaining the coincidence spectrum, an
offline analysis can be performed to extract different spectra from the two dimensional
array. Specifically, we can extract the spectrum in the inside detector that is in coincidence
with the 0.511 MeV energy in the well detector. This should result in two peaks in the
spectrum, the first and second escape peaks, for every originally incident gamma ray.
Feasibility studies are shown in the next section.

All the other coincidence measurements presented in previous sections were used to
detect the coincidence spectrum resulting from two or more gamma rays. However, the Nal
detector arrangement presented in this section is used to measure the coincidence spectrum
resulting from one gamma ray only. This in turn results in numerous energy combinations
that would sum up to the original gamma ray energy. The implications of this will be shown

in the next section.
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4.4.2. Feasibility Studies:

Feasibility studies were performed for the new Nal detector arrangement. The first
study was made using radioactive sources. The second study was made using the

PULSTAR thermal neutron beam and a sulfur sample.

4.4.2.1 Sodium-24 Study:

The first feasibility study was made using a **Na radioactive source. **Na decays by
emitting two well separated gamma rays of energies 1.368 and 2.754 MeV. Both of these
gamma ray energies are above the threshold (1.02 MeV) of the pair production effect and
thus provide a good test for the detectors.

The source was placed approximately 10 cm away from the center of the detectors,
along their sides. This is a normal source-detector setup for oil well logging applications
where the gamma rays are incident on the side of the detector. Figure (4-24) shows obtained
the singles and the total coincidence spectra. Two observations can be immediately made
regarding the figure;

1. The total coincidence spectrum is approximately 2-3 times lower than the
singles spectrum. This is a great improvement over the coincidence spectra
obtained with two separated detectors where the coincidence spectrum was
approximately 2-3 orders of magnitude lower than the singles spectrum. This
improvement is due to the fact that only one gamma ray is being detected
instead of multiple gamma rays. This provides a higher detection probability.

2. The total coincidence spectrum does not provide us with new information that
can help in identifying the original gamma ray energies. On the contrary, we
lose information. This again can be explained by the fact that we are detecting
only one gamma ray in coincidence. Thus, we not only lose the full energy peak

but also obtain numerous energy combinations that sum up to it.
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Na-24 Source, Inside Nal Detector
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Figure 4-24: Singles and Coincidence Spectra in the Inside Detector, Na-24

Before proceeding further to show the benefits gained from this detector
arrangement, it is important to show the two dimensional spectrum and explain the main
features in it. Figure 4-25 shows the obtained two dimensional spectrum obtained when

using the Na-24 source. The most important features are shown on the figure and explained

in Table 4-8.
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Figure 4-25: Two Dimensional Spectrum Using the New Nal Detector Arrangement,

Na-24
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Table 4-8: Na-24 Two Dimensional Spectrum Features Using the New Nal Detector Arrangement

Peaks Correspond to in the

Comment
# Well Detector Inside Detector
The spread around the peak is caused by the wide range of
[1] Backscatter gamma Compton Edge of the 2.754 MeV gamma ray | angles that the gamma ray can scatter through, not just 180
degrees
. X Note how this feature and the first feature fall on the same
[2] 0.511 MeV Annihilation gamma ray Single escape of the 2.754 MeV gamma ray ) ) ]
diagonal line. This line corresponds to the 2.754 MeV sum.
This feature lies on a diagonal line. This means that it
High energy gamma rays, below the corresponds to a certain energy sum, the double escape of
the 2.754 MeV gamma ray. This feature is observed
[3] Low energy gamma rays Compton Edge and above the double escape . -
because of the partial energy deposition of the 0.511 MeV
fthe 2.754 MeV
orthe ¢V gammaray annihilation gamma ray in the inside detector before being
completely detected by the Well detector
This feature is similar to the third feature except that there is
[4] Low energy gamma rays Double escape of the 2.754 MeV gamma ray no energy deposition in the inside detector by the 0.511
MeV annihilation gamma ray, only in the Well detector
The diagonal line joining this feature and the third feature
[5] 0.511 MeV Annihilation gamma ray | Double escape of the 2.754 MeV gamma ray corresponds to the Single escape energy sum of the 2.754
MeV gamma ray.
[6] Backscatter gamma Compton Edge of the 1.368 MeV gamma ray Same comment as first feature.
. . Same comment as second feature, but for the 1.368 MeV
[71 0.511 MeV Annihilation gamma ray Single escape of the 1.368 MeV gamma ray

gamma ray.

8]

0.511 MeV Annihilation gamma ray

Double escape of the 1.368 MeV gamma ray

Same comment as fifth feature, but for the 1.368 MeV

gamma ray.
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After observing the different features in the two dimensional spectrum, we can
perform different projections and observe the resulting spectra. The first projection is a
vertical one corresponding to the 0.511 MeV energy range in the Well detector. This is
shown in Figure 4-26. For comparison purposes, the singles and total coincidence spectra
are shown on the same figure. It can be seen clearly that the escape peaks of the 2.754 MeV
and the 1.368 MeV gamma rays appear with a high signal to noise ratio. Note that the
0.511 MeV coincidence spectrum is almost an order of magnitude less than the singles
spectrum. This is still a big improvement over the two separated detector configuration.
This is an example of a useful spectrum in practical applications.

Figure 4-27 shows the two diagonal summing spectra corresponding to the full
energies of the 1.368 MeV and 2.754 MeV gamma rays. The shape of the spectra can be
explained by the comments on the first and second features in Table 4-8. Although there are
no distinct peaks in the spectra presented in Figure(4-27), one can still make use of this “V-
shaped” data. This data would work very well in Library Least Squares (LLS) analysis as it
has a definite shape to it that is unique. Also note that this type of data is almost the same
intensity as the total coincidence on the right hand (high energy) side of the spectrum.

Figure 4-28 shows the two diagonal summing spectra corresponding to the single
escapes of the 1.368 MeV and 2.754 MeV gamma rays. The shape of the spectra can be
explained by the comments on the third and fifth features in Table 4-8. This is another
example of a useful spectrum. For comparison purposes, the 0.511 MeV coincidence
spectrum and the 2.754 SE diagonal summing spectrum are shown in Figure 4-29.

The spectra extracted from the Well detector are almost similar to those from the
Inside detector for this energy range. Practically, we cannot use these spectra for the
following reasons:

1) The Well detector has a Nal base. This base yields a higher light collection
than the sides of the detector. This results in “Double Peaks” in the spectrum
where each distinct gamma energy is represented by two peaks in the
spectrum.

2) The detection efficiency of the Well detector is extremely low for high
energy gamma rays. This is a typical consequence of the size of the Well

detector.
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Examples of the spectra obtained from the Well detector are shown in Figure 4-30.

Two peaks that correspond to the 2.754 MeV gamma ray can be seen in the singles

spectrum in approximately channels 1380 and 1510.

Na-24 Source, Inside Nal Detector
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Figure 4-26: Singles, Total Coincidence, and 0.511 MeV Coincidence Spectra in the Inside

Detector

71



Na-24 Source, Inside Nal Detector, Diagonal Summing
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Figure 4-27: 1.368 MeV and 2.754 MeV Diagonal Summing in the Inside Detector.



Na-24 Source, Inside Nal Detector, Diagonal Summing
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Figure 4-28: 1.368 SE MeV and 2.754 SE MeV Diagonal Summing in the Inside Detector.

73



Na-24 Source, Inside Nal Detector
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Figure 4-29: 0.511 MeV Coincidence and 2.754 SE MeV Sum Spectra
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Na-24 Source, Well Nal Detector
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Figure 4-30: Singles, Total Coincidence, and 0.511 MeV Coincidence Spectra in the Well

Detector
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4.4.2.2 Sulfur Study:

The second feasibility study was made using a natural sulfur sample and the
PULSTAR thermal neutron beam. The sample was placed approximately 25 cm away from
the center of the detectors, along their side. The main isotope in natural sulfur is **S which,
when activated by neutrons to ** 'S, promptly decays by emitting gamma rays with a wide
energy range (Figure 4-12).

In this application, we will concentrate on the 5.4205 MeV gamma ray resulting
from the decay of **"S. The reason is that the 5.4205 MeV gamma ray falls in the energy
range of interest for oil well logging applications.

Figure 4-31 shows the singles, total coincidence, and 0.511 MeV coincidence
spectra in the inside detector. Note how the escape peaks of the 5.4205 MeV gamma ray
show up clearly in the 0.511 MeV coincidence spectrum. Note also that the escape peaks of
the hydrogen 2.223 MeV gamma ray also show in the spectrum. This should not be a
concern as this detector arrangement is intended to be used to detect higher energy gamma

rays than the hydrogen gamma ray.
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Figure 4-31: Singles, Total Coincidence, and 0.511 MeV Coincidence Spectra in the Inside

Detector, Sulfur Sample.
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5. Monte Carlo Simulation: The CEARPGA Code:

5.1. Introduction and History:

The CEARPGA is a specific purpose Monte Carlo code, developed at the Center for
Engineering Applications of Radioisotopes (CEAR) of North Carolina State University, for
modeling the spectral response of Prompt Gamma-Ray Neutron Activation Analysis
(PGNAA) systems. Before explaining the features of this code, it is important to point out
the motivation behind this code development and its different development stages.

In many situations, it is desirable to perform elemental analysis for bulk materials
such as coal and concrete. A common mathematical approach to perform this analysis (in
conjunction with PGNAA) is the Library Least Squares approach (LLS) (Marshall and
Zumberge, 1989). The LLS approach is based on the assumption that any unknown sample
spectrum is the sum of the products of the elemental amount and the library spectrum of

each element for every channel. This sum is given by:
Y=Y xa +§ ,i=123..,n
j=1

Where:

Y. - count rate in channel i for the unknown sample spectrum,
X; - amount of component j in the unknown sample,
a; - count rate in channel i for component | (library spectrum of component j), and

e - random error in channel i due to statistical counting rate fluctuations.

A set of linear equations can be generated from Equation (5.1). The linear equations can

be solved for x; through minimizing the corresponding reduced Chi-square X., which is

given by;
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Where:

(n-m) - number of degrees of freedom, and

o’ - variance of the random error in each channel.

The LLS approach has the advantage of using all of the available spectral data and
being capable of analyzing spectra with unresolved peaks. However, in applying the LLS

approach, the elemental library spectra, &; , must be available. These spectra will vary from

one sample to the other due to the matrix effects, sample density, sample moisture, etc. Two
approaches were introduced to overcome this problem;

1. Experimentally, the spiking technique, and

2. Simulation, The Monte Carlo Library Least-Squares (MCLLs) method.

The spiking approach is implemented by adding to the sample of interest known
amounts of individual elements and then taking the difference of the measured total
gamma-ray spectra with and without the spiked amount (Shyu 1991). The disadvantage of
this approach is that it requires a large number of samples of known composition to obtain
good results (Marshall and Zumberge, 1989). Each sample composition usually requires a
separate experiment for each element. Therefore, it is a time-consuming and costly
procedure.

The Monte Carlo Library Least-Squares (MCLLs) method (Shyu, 1991, Shyu,
Gardner and Verghese, 1993, Gardner, 2000) is based on a Monte Carlo simulation to
generate the elemental library spectra, thus avoiding most of experimental work. The

MCLLS method is implemented through the following algorithm:
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1. Use the Monte Carlo Code to generate the elemental library spectra for a known

sample with assumed composition.

2. Use the linear library least-squares analysis method to obtain the elemental amounts
in the unknown sample or samples for which the complete spectral response has

been measured.

3. Compare the calculated elemental amounts for the unknown sample with those
assumed for the Monte Carlo calculation. If they are close enough, this is the final
result. Otherwise another iteration of these steps is required, starting with the sample

composition estimated from the last iteration.

The CEARPGA code was originally developed to generate the elemental library
spectra needed to implement the MCLLS method. The code incorporated a variety of
variance reduction techniques to improve calculation efficiency such as forcing all
prompt gamma rays to be emitted after a neutron interaction (stratified sampling), using
the expected value splitting (EVS) technique to increase the score probability of each
tracked gamma ray, using the correlated sampling method to deal with small variations
of sample compositions, and using a detector response function to convert the incident
gamma-ray spectra on the detector to pulse height spectra. While this code is efficient
and accurate, it suffers from the big weight problem in which a few histories yield very
large weights with very large variances. The big weight problem was found to be
caused primarily by the expected value splitting technique used for tracking gamma
rays (Shyu, 1991). Recently, (Zhang W., 2002) the Analog Linear Interpolation (ALI)

approach was implemented in the CEARPGA code to overcome this big weight

80



problem. The ALI approach and other improvements made to the CEARPGA code will

be discussed in the following section.

5.2. The Analog Linear Interpolation (ALI) Approach:

The ALI approach (Zhang, 2002) is a combination of the analog Monte Carlo
simulation method and a linear interpolation technique and is mainly employed to track
prompt gamma rays emitted from neutron capture interactions in the sample. In this
approach a set of pseudo gamma rays that represent the actual prompt gamma rays are first
tracked by analog Monte Carlo to establish a set of energy-score tables. Later the linear
interpolation approach is used to derive any incident prompt gamma-ray spectrum of
interest, based on the energy-score tables. The procedure of implementing the ALI
approach consists of the following steps:

1. Choosing the number and energy of the pseudo gamma rays

Instead of tracking all prompt gamma rays emitted from the neutron capture
interactions in the sample of interest, only a set of pseudo gamma rays are selected
and tracked as representatives of all the prompt gamma rays. The pseudo gamma
rays should cover the energy range of the actual prompt gamma rays so that
interpolation can be used later. Currently, there are 24 pseudo gamma ray energies
used, ranging from 0.5 to 12 MeV.

2. Determining the number of gamma rays to sample

The number of gamma rays sampled for each energy is determined by trial and

error to give optimum statistics.
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3. Tracking pseudo gamma rays

Each pseudo gamma ray is tracked starting from the site of the current neutron
radiative capture interaction by the analog Monte Carlo approach, except that the
photoelectric absorption is sampled implicitly.
4. Tallying the scores of pseudo gamma rays

The magnitude of the score that a pseudo gamma ray has is the product of its
weight accumulated along its track to the detector and detector efficiency. The
scores of incident gamma rays are recorded to a set of energy-score tables based on
both pseudo gamma-ray energy and the incident energy. The energy-score tables are
of two dimensions, with one dimension representing the energy of incident gamma
rays and the other representing the total scores of incident gamma rays in the
previous histories. The score scheme for pair production annihilation photons takes
into account the cases that both photons score simultaneously and each
independently.
5. Calculating average neutron capture macroscopic cross sections

For each element in the sample, the average neutron capture macroscopic cross

section needs to be calculated during the process of simulation and is used later to
adjust its interpolated incident gamma-ray spectrum. For the i™ element in the

sample region, the average cross section, f/, is calculated according to the

following formula:

LW
Hinry = j
W,

2
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where ,uij is the neutron radiative capture macroscopic cross section of element i
for the j" neutron capture interaction in the sample, Wij is the weight factor of the

neutron in the j™ neutron capture interaction .

6. Interpolating the spectra for all gamma rays of interest

Incident spectra of gamma rays resulting from neutron capture interactions and
radioisotope decays in the sample are obtained through linear interpolation at the
end of the whole Monte Carlo simulation when a set of energy-score tables has been
established. For the full energy channel of the gamma ray to be interpolated, the
scores from the corresponding full energy channels of the pseudo gamma rays are
used for interpolation. For other channels, the scores from the same channels are

used.

In addition to the ALI approach, some other improvements to the CEARPGA code
have been introduced, including (1) adopting the latest photon cross-section data, (2) using
an improved detector response function, (3) adding the neutron activation backgrounds, (4)
generating the individual natural background libraries, (5) adding the tracking of
annihilation photons from pair production interactions outside of the detector, and (6)

adopting a general geometry package.
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5.3. Coincidence Counting Using the CEARPGA Code:

The ALI approach was implemented in calculating the coincidence spectra resulting
from different elements. Thus, the latest version of the CEARPGA code, with a few
additional calculations, was used for this purpose. The procedure for calculating the
coincidence spectra consists of the following steps:

1. Interpolating the spectra for all gamma rays of interest ,

After establishing the score tables of the pseudo gamma rays, we obtain the
score tables of the gamma energies of interest by linear interpolation. These score
tables are saved in separate files for further calculations.

2. Accounting for the coincidence schemes and geometry effects,

The coincidence decay schemes and their probabilities for the element of
interest are assumed and fed into a FORTRAN program. In the program, a scheme
is chosen according to its probability. Once a scheme is chosen, the gamma rays are
tracked according to their decay order. If two gamma rays are incident on the given
detector geometries, their corresponding score is incremented. Cases where there is
angular correlation between gamma rays can also be dealt with in this program.

3. Generating the coincidence spectrum;
The coincidence spectrum is generated by multiplying the obtained gamma

ray score from step 2 by the corresponding score table from step 1.

The previous procedure was implemented to obtain coincidence spectra.

Unfortunately, it did not yield good results. To illustrate this, an experiment was conducted

using a Co-60 source. The source was placed in a coal sample of similar dimensions as that
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used in the CEARPGA code to provide a scattering medium for the gamma rays. The Nal
detectors were placed side by side with the coal sample above them.

The CEARPGA code was run for a coal sample and interpolation for the Co-60
1.173 and 1.3325 MeV was made. The simulated spectrum was calculated via the steps
stated above. Figure (5.1) shows the results of the experimental and simulated spectra. Also
included in the figure is the detector response to the individual Co-60 gamma rays.

Comparing the simulated spectrum with the experimental spectra, one finds that the
current simulation methodology overestimates the coincident scattered gamma rays
(coincident Compton continuum). This sort of behavior can have a large effect when more
complicated coincidence decay schemes are involved. In general, one can summarize the
reasons for the unsuccessful simulation results as follows;

1. The coincident Compton scattered gamma rays were incorrectly accounted
for. This had a tremendous effect on more complicated decay schemes where
there is a wide energy range. The effect of this is reflected on the energy
range below the full energy peak. This can be verified by observing that the
most intense coincidence region in the two dimensional spectra (Figure 4-11
and Figure 4-18) corresponds to low energies.

2. The “cross talk” between the detectors was not accounted for. This includes;
a.Coincidences between the 0.511 MeV peak and the escape peaks;
b.Coincidences between the backscatter peaks and the Compton edges; and
c.General coincidences of a scattered gamma ray from one detector to the

other.

3. Pulse pile up and true summing was not accounted for.
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Comparison of Experiment and Simulated Cobalt Coincidence Spectra
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Figure 5-1: Comparison of Experiment and Simulated Co-60 Coincidence Spectra
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We intend to continue pursuing the simulation of gamma-gamma coincidence spectra.
The current CEARPGA code will still be used for this purpose, but without the ALI
approach. This would require some modifications to the CEARPGA code, namely;
1. Adding another detector cell in the problem geometry;
2. Randomly choosing a decay scheme at the neutron interaction site and sampling
all the gamma rays in that scheme;
Defining a coincidence event if there is energy deposited in both detectors; and

4. Accumulating a total and an elemental library spectrum.

Figure (5.2) shows a flowchart of the suggested modifications to the CEARPGA
code. Note that this flow chart prevents sampling more than one gamma ray in a single
detector. To take this into account, one would simply sample all the gammas in the scheme
and, at the end of the simulation, observe if there were any gamma rays incident on both
detectors. If so, the incident energies in the corresponding detectors would be recorded.

An efficient variance reduction technique that can be used in the simulation is
Stratified Sampling. This would applied by sampling all the decay schemes at the

interaction point, with the appropriate weight, instead of randomly choosing one scheme.
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Figure 5-2: Flowchart of the Proposed Modifications to the CEARPGA Code
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6. Discussion and Conclusions:

Initially, this work was intended to investigate the prompt gamma coincidence counting
approach via experiments and simulations in a balanced manner. As time progressed,
several new experimental applications of the coincidence counting approach were
investigated. This forced us to devote more time to experimental applications than
simulation. It is our intent to continue pursuing the coincidence simulation.

To start off, an introduction to the different electronic standards used in this work was
given. It was shown that the old electronic system, based on NIM standards, provided us
with acceptable results. In order to achieve better results, we configured a new electronic
system based on NIM and CAMAC standards. Most importantly, the new electronic system
allowed us to:

1. Obtain accurate timing information regarding coincident events; and

2. Perform multiparameter data acquisition.

Using the new electronic system, the initial observations were presented. These
observations highlighted some of the advantages of using this system with the coincidence
counting approach. Specifically, the following observations were presented,

1. Elimination of the hydrogen peak, and its Compton continuum;
2. Reduction of pulse pile up and summing effects;
3. Background elimination; and

4. Two dimensional spectra and some of the features in them.

Three practical applications of the coincidence counting approach were presented.
The first application showed an example of how the approach can be used in elemental
analysis using Library Least Squares (LLS). To demonstrate this, a system of three
radioisotopes (Na-24, Co-60, and Cs-134) that emit coincident gamma rays was used. A
known mixture of the three radioisotopes was used and data was deliberately collected at
relatively high counting rates to determine the effect of pulse pile-up distortion. Compared

to the normal results, the coincidence results were shown to give much better accuracy.
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The second application was the two dimensional diagonal summing. The main

advantages from this application are as follows:
1. Improved peak resolution; and
2. Very low background (Compton continuum).

In addition to these advantages, it was shown that different diagonal sums can be
examined by use of the same set of data from the current electronic system (and software).

Two possible uses of the two dimensional diagonal summing were presented. The
first was using this type of summing for identifying coincidence schemes and the second
was for elemental analysis. The obtained spectra showed to be very promising and can be
effectively used for these purposes.

The third practical application of coincidence counting approach was using the new
Nal detector arrangement for oil well logging uses. The arrangement was designed to deal
with the problem of the low detection probability of the high energy gamma rays of interest
in the oil well logging industry. The arrangement consisted of two Nal detectors, one of
which is a well type. The first detector is 1x5 inches and the second is a well type 5 inches
long with a wall thickness of 0.35 inches, which gives a hole diameter of one inch.

Feasibility studies were performed with new Nal detector arrangement using a Na-
24 radioactive source and also a natural sulfur sample (and a neutron source). It was shown
that the escape peaks of the high energy gamma rays show up very clearly in the spectrum
and there is a great enhancement in the Signal to Noise Ratio.

Finally, a Monte Carlo simulation attempt was made to try to predict the
coincidence spectra. The attempt did not yield satisfactory results. It is our intent to

continue pursuing coincidence simulation.
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7. Future Work;

In general, the future work we intend to pursue is as follows:

1. Modifying the CEARPGA code to simulate gamma-gamma coincidence spectra.

2. Try the new Nal detector arrangement with a fast neutron source. This would allow
us to measure the detection efficiency of the carbon and oxygen gamma rays and
compare it to those using current detector setups.

3. Use the different projections of the two dimensional spectra to obtain coincidence
schemes and angular correlation between gamma rays.

4. Use a Ge-Nal detector setup for coincidence measurements. By this we aim to take
advantage of the high resolution of the Ge detectors and the high efficiency of the
Nal detectors.
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