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SIMULTANEOUS BETA/GAMMA DIGITAL SPECTROSCOPY
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Introduction

1.1 Overview
Generally, spectrometers developed to measure beta-particle energy
distributions possess an inherent sensitivity to gamma-ray interactions that result in
distortions of the measured distributions (Simons et al. 1990). The design of a beta
spectrometer depends largely on the measuring task (Vasil’ev et al. 1996, Usuda et
al. 1992a, Mangun Panitra et al. 2001); if a beta spectrum is to be measured in a
mixed beta/gamma field, a separation of the beta energy from that of the gamma
rays has to be carried out (Hajnal et al. 1986).
In an attempt to minimize this distortion, a general technique of data
collection has evolved over the years whereby two separate energy distributions are
measured (Fig. 1.1) for each mixed beta/gamma source (ICRU Report 56/1997,
Martz et al. 1986).

Gamma + Beta Spectra

Gamma Spectrum

Detector

Detector

β
γ

β
γ

1

2

Beta Spectrum

Fig. 1.1: Two steps for measuring beta spectra in a mixed beta/gamma field.

2
The first measurement provides the spectrometer “open window” response
to both beta particles and gamma rays. A filter, of sufficient thickness to stop
incident beta particles, is then placed around the spectrometer and the gamma-ray
response is measured. The incident beta-particle energy distribution is determined
by stripping the second measured distribution from the first. The disadvantages of
this method are that the ambient gamma-ray field must remain constant during the
measurement of the two distributions, the method doubles the time required to
collect data, and instabilities in the spectrometer can lead to discrepancies between
the gamma-ray-induced pulse-height distributions.
In the same way, a gamma detector is not immune to the beta interferences
or “crosstalk” when the detector is exposed to a mixed beta/gamma field. Although
gamma-rays and beta particles undergo different mechanisms to release their
energies in matter, the gamma-ray energy will be absorbed in the form of energetic
electrons. Because of this similarity, difficulties arise in attempting to separate
energy deposition events originating from beta or gamma interactions.
To address these problems and based on previous measurements and MCNP
analyses of a prototypic phoswich detector (Farsoni and Hamby 2005), a triplelayer phoswich detector has been modeled, designed and constructed. The
phoswich detector, in conjunction with a customized Digital Pulse Processor
(DPP), will be able to simultaneously record beta and gamma energy spectra with
minimal crosstalk.
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As part of this research, the DPP unit has been designed and constructed
using a fast Analog-to-Digital Converter (ADC) with a 100 MHz sampling rate and
12-bit resolution. A MATLAB1 algorithm has been developed to control the DPP
and also separate beta/gamma induced pulses. The algorithm also generates two
separate energy spectra, one for gamma and one for beta. All communications such
as control commands and data transfers between MATLAB and the DPP board are
performed via a high-speed USB (2.0) port. Digital and logic functions such as
trigger control, over-range and pile-up rejection, and also the circular buffer are
implemented in a Field Programmable Gate Array (FPGA). The FPGA
configuration code has been developed in our laboratory using the high-level
language VHDL (Very-high-speed integrated circuit Hardware Descriptive
Language). All the FPGA design processes such as behavior simulations, synthesis,
implementation and generation of the FPGA configuration file were executed using
the ISE 8.1i design tools from Xilinx Inc2.

1.2 Goals and Objectives
The objective of this work is to design and construct a complete detection
system for simultaneous gamma and beta spectroscopy with minimal interference.
The system will utilize a triple-layer phoswich detector, a dedicated digital pulse

1
2

The MathWorks, Inc. 3 Apple Hill Drive Natick, MA 01760-2098.
Xilinx, Inc. 21100 Logic Drive, San Jose, CA 95124.
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processor (DPP) and its appropriate data acquisition software, algorithms and
firmware codes.
Certain layers of the phoswich detector will be assigned for detection of
each radiation type. The phoswich configuration and geometry will be designed to
accommodate radiations from common beta and gamma sources. The Monte Carlo
N-Particle (MCNP) code will be used to simulate energy deposition from gammarays and monoenergetic electrons in each layer of the phoswich detector. The
MCNP results will provide the criteria for accepting or rejecting a radiation pulse
via the MATLAB algorithm.
Classical and analog spectroscopy systems are not capable of analyzing fast
anode pulses from this type of detector; therefore, a customized digital pulse
processor will be designed and constructed. The sampling rate and resolution of
this system will be chosen to meet the dynamic range and timing profile of the
detector output pulses. Separating beta and gamma events, and collecting beta and
gamma energy spectra, will be performed using an algorithm developed in the
MATLAB environment. This algorithm also controls the DPP unit.
And finally, to evaluate how well the algorithm separates gamma and beta
events, the phoswich detector will be exposed on separate occasions to beta
particle, gamma-ray and mixed beta/gamma sources.
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1.3 Applications and Significance
By utilizing the phoswich technology, many researchers have been involved
in developing detection systems, capable of discriminating radiation types (Usuda
et al. 1992, 1994 and 1997, Takada et al. 1996, Hsu et al. 1998, Childress et al.
2002, Bardelli et al. 2002, Ely et al. 2005 and Hennig et al. 2006).
In a phoswich detector, two or three scintillation layers are optically coupled
to a single photomultiplier and, by analyzing the anode pulse shape, it can be
determined in which layer the radiation interaction has occurred.
Two important features can be identified for a useful multi-radiation
spectrometer system:
1.

efficiently discriminating among different radiation types, and

2. reconstructing the spectral information for each radiation type with
minimal crosstalk and reasonable energy resolution.
Usuda et al. (1997) developed a phoswich detector for simultaneous
counting of alpha, beta and gamma rays. The separation of pulses induced from
different radiation types was carried out by using the rise time measurement
technique. However, a difficulty arises in the separation between beta and gamma
rays because of the similarity of radiation interactions within the scintillators.
Childress et al. (2002) also developed a triple crystal phoswich detector for
simultaneous detection of alpha, beta and gamma radiation. In this design, a
CaF2:Eu crystal was used for both gamma and beta interactions but the problem of
gamma/beta mischaracterization was left unsolved.
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In both designs above, the beta/gamma-sensitive layer of the detector is not
optimized for beta spectroscopy. This leads to partial beta energy absorption and
the loss of spectroscopic information necessary for reconstructing a useful beta
spectrum.
In the current research, however, a triple-layer phoswich detector is
developed to minimize spectroscopic interferences. Since gamma and beta
radiations from a mixed source can be simultaneously detected and measured, the
radionuclide identification task may be more easily accomplished when two useful
signatures, gamma and beta energy spectra, are used. The detection system as a
general purpose simultaneous beta/gamma spectrometer will have broad-ranging
applications in radioactive waste management, worker safety, systems reliability,
dose assessment, and risk analysis.
Moreover, by some modification of the FPGA code and assigning memory
locations to store the energy histogram data (energy spectra) on board, the DPP
system can be converted to a general purpose digital spectrometer. This will
provide a useful tool for future research in which digital pulse processing of
radiation signal pulses are required.
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2

Review of the Literature

2.1 Beta Particle Sources and Interactions
2.1.1 Beta Particle Sources
Nuclei having an excess of neutrons tend to emit an electron, i.e. beta particle,
thus leaving the nucleus with one less neutron and one more proton. Conversely,
nuclei with excess protons usually emit a positron. In either case, the total number
of nucleons remains constant. Beta emission leaves many nuclei in an excited state,
and one or more gamma-rays are then emitted to reach the ground state (Attix
1986).
For beta emission to be energetically possible, the exact nuclear mass of the
parent must be greater than the sum of the exact masses of the daughter nucleus
plus the beta particle:
Mp = M d + Me + Q

[2.1]

where the Q-value represents the energy balance.
Because a unit negative charge is lost during beta decay and the mass of the beta
particle is very much less than 1 atomic mass unit, the daughter nucleus is one
atomic number higher than its parent, but retains the same atomic mass number as
the parent.
For example, the transformation of 14C by beta-particle emission can be shown
by the reaction equation:
14
6

C →

14
7

N +

0
−1

e + v + Q ,

[2.2]
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Fig. 2.1: Decay scheme of 14C to its transformation product 14N (taken from
Martin 2000).
where v represents the antineutrino. The decay scheme of this transformation is
shown in Fig. 2.1.The Q-value is 0.156 MeV and is positive, which is required for
the reaction to be spontaneous. This energy is distributed between the recoiling
product nucleus (negligible), the ejected electron and the antineutrino (Martin
2000). Beta particles are emitted with a range of energies from just above zero to
the maximum energy (Emax). The beta particle energy spectrum from 14C is
depicted in Fig. 2.2.

Fig. 2.2: Continuous spectrum of beta particle emission from 14C (taken
from Martin 2000).
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The fact that beta radiation is emitted with a continuous energy distribution
up to a definite maximum seems to violate the established energy-mass
conservation laws. To prevent violation of the conservation laws, it was postulated
that the beta particle is accompanied by another particle, called an antineutrino,
whose energy is equal to the difference between the kinetic energy of the
accompanying beta particle and the maximum energy of the spectral distribution.

2.1.2 Interaction of Beta Particles With Matter
Upon entering any absorbing medium, a charged particle immediately interacts
simultaneously with many electrons. In any one such encounter, the electron
experiences an impulse from the attractive Coulomb force as the particle passes its
vicinity. Depending on the proximity of the encounter, this impulse may be
sufficient either to raise the electron to a higher-lying shell within the absorber
atom (excitation) or to completely remove the electron from the atom (ionization).
At any given time, the particle is interacting with many electrons, so the net effect
is to decrease its velocity continuously until the particle is stopped (Knoll 2000).
Generally, the mechanisms by which a charged particle, such as a beta particle,
loses its kinetic energy, or is deflected from its original path, involve four principal
types of interaction (Evans 1955):
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1. Inelastic collision with atomic electrons. This is the predominant
mechanism by which a beta particle loses kinetic energy in an absorber. As
a result of each such collision, one or more atomic electrons experience a
transition to an exited state (excitation) or to an unbound state (ionization).
2. Inelastic collision with a nucleus. In this case, the incident beta particle
experiences a deflection in the field of the nucleus. With this deflection, a
quantum of radiation is emitted (bremsstrahlung photons), and a
corresponding amount of kinetic energy is lost by the colliding particle.
3. Elastic collision with nucleus. The incident particle, in this case, is deflected
but does not radiate, nor does it excite the nucleus. The incident particle
loses only the kinetic energy required for conservation of momentum
between the two particles.
4. Elastic collision with atomic electrons. An incident charged particle may be
elastically deflected in the field of the atomic electrons of an atom. Such
collisions are significant only for the case of very low-energy incident
electrons (<100 ev).
When compared with heavy charged particles, beta particles lose energy at a
lower rate and follow a much more tortuous path through absorbing materials.
Large deviations in the beta particle path are possible because its mass is equal to
that of the orbital electrons with which it is interacting, and a much larger fraction
of its energy can be lost in a single encounter.
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The linear stopping power, S, for charged particles in a given absorber is
simply defined as the differential energy loss (dE) for that particle within the
material divided by the corresponding differential path length (dx):

( )

S = − dE
dx

[2.1]

This value is also called the specific energy loss. For fast electrons, Equation
2.2 has been derived (Knoll 2000) to describe the specific energy loss due to
ionization and excitation (the “collisional losses”).

( )

− dE
dx

c

=

2 π e 4 NZ
m0v 2 E
[ln(
− (ln 2 )( 2 1 − β
m0v 2
2 I 2 (1 − β 2 )

+ (1 − β 2 ) +

1
(1 −
8

1− β

2

)2 ]

2

−1+ β 2)

[2.2]

In the equation, v and e are the velocity and charge of an electron, N and Z are
the number density and atomic number of the absorber atoms, m0 is the electron
rest mass, β is the ratio of v/c (c is the speed of light), and the parameter I
represents the average excitation and ionization potential of the absorber and is
normally treated as an experimentally determined parameter for each element
(Knoll 2000).
The linear specific energy loss through radiative processes identified by
subscript “r” (bremsstrahlung) is,
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NEZ ( Z + 1)e 4 ⎡
2E
4⎤
⎛ dE ⎞
−⎜
4 ln
− ⎥
⎟ =
⎢
2
3⎦
m0 c
⎝ dx ⎠ r
137m 2 c 4 ⎣
0

.

[2.3]

The yield from heavy charged particles is negligible as indicated by the
presence of the m02 factor in the dominator of the multiplicative term in Equation
[2.3]. The factors of E and Z2 in the numerator show that radiative losses are most
important for high electron energies and for absorber materials of large atomic
number. The total linear stopping power for electrons is the sum of the collisional
and radiative losses:

dE ⎛ dE ⎞ ⎛ dE ⎞
=⎜
⎟ +⎜
⎟ .
dx ⎝ dx ⎠ c ⎝ dx ⎠ r

[2.4]

And the ratio of the specific energy losses is approximately given by:

(dE / dx) r
EZ
≅
.
(dE / dx) c 700

[2.5]

Therefore, radiative losses from typical-energy beta particles in absorbers of
low atomic number are always a small fraction of the total energy loss.
Beta particles often undergo large-angle deflections along their paths. This
leads to the phenomenon of backscattering. This effect could remove an entering
beta particle from the surface through which it entered. Because these backscattered
electrons do not deposit all their energy in the medium (detector), backscattering
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can have a significant effect on the response of detectors which have been designed
to collect electron energy spectra. Beta particles with high incident energy and
absorbers with low atomic number have the lowest probability for the
backscattering effect (Knoll 2000).

2.2 Gamma-Ray Sources and Interactions
2.2.1 Gamma-Ray Sources
Radioactive transformations, such as beta decay, often leave the transforming
nucleus in an excited state in which the protons and neutrons in the energy shells of
the nucleus are not in the most tightly-bound state possible (Martin 2000). As the
protons and neutrons in the nucleus rearrange themselves to the desired lowestenergy state, this excitation energy will be emitted as electromagnetic radiation.
The gamma-ray energy is essentially equal to the difference in energy between the
initial and final nuclear states. The gamma rays therefore appear with a half-life
characteristic of the parent nucleus, but with energy that reflects the energy level
structure of the daughter (Knoll 2000). Nuclear states have quantized energy levels;
therefore, gamma rays energies are very specific and are characteristic of that
particular nucleus. Because gamma-rays are produced only to relieve excitation
energy, it is incorrect to refer to this process as gamma decay (Martin 2000).
Examples of gamma emission after beta decay from 60Co and 137Cs radionuclides
are depicted in Fig. 2.3.
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Fig. 2.3: Transformation of 60Co and 137Cs to stable nuclides by beta decay and
their immediate gamma-ray emissions (taken from Martin 2000).

2.2.2 Interaction of Gamma-Rays With Matter
For detection and spectroscopy purposes, three major mechanisms for the
interaction of gamma-rays are considered significant. Two of these mechanisms,
photoelectric absorption and Compton scattering, predominate in the case where
the energy of the gamma-ray does not greatly exceed 1.02 MeV. In the case of
higher-energy photons, pair production, which is a direct conversion of
electromagnetic energy into mass, occurs. These three gamma-ray interaction
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mechanisms result in the release of electrons in the absorber. The relative
importance of the three interactions for different absorber materials and gamma-ray
energies (Evans 1955) is illustrated in Fig. 2.4.

Fig. 2.4: The relative importance of the three major types of gamma-ray
interaction (taken from Evans 1955).

a)

Photoelectric Absorption. In this interaction, a photon interacts with an

absorber atom and the photon completely disappears. The photon energy dislodges
a photoelectron from one of the atom’s bound shells. The interaction is with the
atom as a whole or with an individual electron, but one that is tightly bound, and
cannot take place with free electrons. The most probable origin of the photoelectron
is from the most tightly bound K shell. The photoelectron energy is given by,

Ee− = hv − Eb

[2.6]

where Eb is the binding energy of the photoelectron in its original shell. Moreover,
the photoelectric interaction leaves an ionized absorber atom with a vacancy in one
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of its orbital shells. By capturing a free electron from the medium or rearrangement
of electrons from other shells of the atom, this vacancy is rapidly filled. The
rearrangement of electrons may generate one or more characteristic X-rays. From
Fig. 2.4, it is evident that for gamma-rays of relatively low energy, the
photoelectric interaction is the predominant process. Additionally, the probability
of this interaction increases for absorber materials of high atomic number.

b)

Compton Scattering. In this interaction mechanism, the incident gamma-

ray photon is scattered, by interacting with an electron, through an angle θ with
respect to its original direction (Fig. 2.5).

Fig. 2.5: Recoil electron and scattered photon from Compton scattering
(taken from Knoll 2000).
Differing from the photoelectric process, only a portion of the photon’s
energy is transferred to the electron, in this case known as a recoil electron. The
energy transferred to the recoil electron can vary from zero to a large fraction of the
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incident gamma-ray energy. By writing simultaneous equations for conservation of
energy and momentum, Equation [2-7] can be derived:

hv

hv' =
1+

hv
(1 − cosθ )
m0 c 2

,

[2.7]

where m0c2 is the rest-energy of the electron (0.511 MeV). From the above
equation, the scattered photon has its maximum energy at θ = 0 where hv’ = hv, and
has its minimum energy at θ = π where hv’ = hv/(1+2hv/ m0c2).
c)

Pair Production. Based on Einstein’s special theory of relativity, when a

high-energy (>1.022 MeV) photon interacts with the strong electromagnetic field
surrounding a nucleus, as illustrated in Fig. 2.6, the photon’s energy can be
converted into a pair of electron masses, one of which is negatively charged (the
electron) and the other is positively charged (the positron).

Fig. 2.6: Pair production interaction (taken from Martin 2000).
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The positron and electron share the energy remaining after the electron
masses have been formed (hv – 1.022). As a practical matter, the probability of this
interaction remains very low until the gamma-ray energy approaches several MeV,
and therefore pair production is predominantly confined to high-energy gamma
rays (Knoll 2000). Eventually, the energy of the positron and electron will be
absorbed in the medium and, because the positron will subsequently annihilate after
slowing down in the absorbing medium, two annihilation photons (0.511 Mev) with
opposite direction are produced.

2.3 Scintillation Detector Principles
2.3.1 Scintillation Theory
Scintillators are materials that produce visible or ultraviolet photons upon
absorption of ionizing radiant energy. Using a photomultiplier tube (PMT), these
light photons are converted to a detectable signal pulse. An ideal scintillator is
transparent to its own light, possesses fast light-emission times, has a high degree
of scintillation efficiency, has light emission properties that are linear with
deposited energy, and has good optical qualities (Knoll 2000). There are several
types of scintillators in various physical and chemical states. These include
organics as polymers, crystals, thin films, loaded scintillants, and liquids;
inorganics as crystals (e.g., NaI, CsI, LiI, ZnS, CaF2, CsF); silicate glasses
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containing lithium or cerium; and noble gases. Fluorescence in the organic
scintillators originates from energy-level transitions within the structure of a single
molecule, whereas fluorescence in inorganic crystals takes place in the lattice
structure.
The excitation and de-excitation processes in organic scintillators can be
described adequately by simple exponential rise and decay times. Rise times are
typically very short (on the order of hundreds of picoseconds) and decay times are
typically on the order of 1-4 nanoseconds, dependent on the molecular energy-state
structure of the organic. The light output from an organic scintillator can be
described by the expression (Knoll 2000)

I = I0(e−t /τ −e−t /τ1 )

[2.8]

where τ is the decay time constant and τ1 is the excitation time constant. Even
though their light output is relatively low, organic scintillators, because of their
lower atomic numbers, are most commonly used for electron or beta spectroscopy.

The light emission processes of inorganic crystals are based on excitation and
de-excitation of energy states in the lattice structure. Excited states essentially are
all formed at once and then decay exponentially. Although other processes, like
afterglow and quenching do occur, the light emission timing characteristics are
adequately described by a single exponential. The inorganics tend to have greater
light yield and scintillation linearity with energy deposition, but have longer decay
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times relative to the organics, on the order of hundreds to thousands of
nanoseconds. Inorganics generally have a higher Z than the organics and,
therefore, will be more susceptible to low-energy gamma interference and more
likely to cause backscatter of incident betas. Many of the inorganic scintillators are
specifically used for gamma spectroscopy because of their higher density. Most
inorganic scintillators are hygroscopic and, therefore, require encasement to
prevent breakdown from atmospheric moisture.

2.3.2 Scintillation detectors
As illustrated in Fig. 2.7, scintillation detectors generally consist of a
scintillation material and a device, such as a photomultiplier (PM) tube or
photodiode, to convert scintillation light to an electrical signal pulse.

Fig. 2.7: Simplified schematic of a scintillation detector.
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The basic elements of a typical PM tube are depicted in Fig. 2.8. The first
step to be performed by the PM tube is the conversion of incident scintillation light
photons into photoelectrons. Because only a few hundred photoelectrons may be
involved in a typical pulse, their charge is too small at this point to serve as a
convenient electrical signal. The electron multiplier section in a PM tube provides
an efficient collection geometry for the photoelectrons as well as serving as a nearideal amplifier to greatly increase their number. After amplification through the
multiplier structure, a typical scintillation pulse will possess 107 – 1010 electrons,
sufficient to serve as the charge signal for the original scintillation event. This
charge is easily collected at the anode or output stage of the PM tube.

Fig. 2.8: Basic elements of a Photomultiplier Tube (PMT) (taken from
Knoll 2000).
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2.3.3 Scintillation Pulse-Shape Analysis
The pulse shape of the electrical signal following a scintillation event
depends on the time constant of the anode circuit. The rate of electron collection at
the PM anode, i(t), is illustrated in Fig. 2.9a. It can be shown (Knoll 2000) that the
voltage pulse at the anode follows the expression,

V (t ) =

1 λ Q − θt
(e
− e − λt ) ,
λ −θ C

[2.9]

where λ is the scintillation decay constant, θ = 1/RC, is the reciprocal of the anode
time constant, and Q is the total charge collected over the entire pulse. Two cases
can be identified depending on the length of the anode time constant:

Case 1. Large time constant: if θ << λ, Eq. [2.9] can be approximated as

V (t ) =

Q − θt
(e
− e − λt ) .
C

[2.10]

With this condition, V(t) will have a shape as illustrated in Fig. 2.9b. The tail of
this pulse has the time behavior e-θt and therefore decays at a rate determined by the
anode circuit time constant, RC. The maximum amplitude of this pulse is Q/C
which is proportional to the energy of the original incident radiation. Most
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scintillation detectors are based on this configuration because the pulse height is
maximized and subsequent sources of noise will have minimal degrading effects on
pulse-height resolution.

(a)

(b)

(c)

Fig. 2.9: Voltage pulse for the two extremes of large and small anode time constant
(modified from Knoll 2000).

Case 2. Small time constant: if θ >> λ, Eq. [2.9] becomes

V (t ) =

λ Q − λ t − θt
(e
).
−e
θ C

[2.11]

24
As seen in Fig. 2.9c, the tail of this type of pulse has the behavior e-λt and
therefore decays at a rate determined by the scintillator decay constant. The
maximum amplitude of the pulse is now λQ/ θC, a great deal smaller than in Case
1. This configuration is very useful in specific applications where analyzing the
time profile of pulses is the first priority in the radiation detection process. In the
current research, since gamma- and beta-induced pulses are discriminated by their
pulse shapes, this configuration will be employed.

2.4 Phoswich Detectors
The combination of two dissimilar scintillators optically coupled to a single
photomultiplier tube is often called a phoswich (or phosphor sandwich) detector.
The scintillators are chosen to have different decay times so that the shape of the
output pulse from the photomultiplier tube is dependent on the relative contribution
of scintillation light from the two scintillators. Generally, phoswich detectors are
designed either for simultaneous detection of different radiation types (White et al.
1999, Usuda et al. 1997) or for minimizing the recording of background radiation
in a radiation field of interest (Erkkila et al. 1985, Hsu et al. 1998). In both
applications, each scintillation layer is chosen to be sensitive to a particular
radiation type. Independent measurements of the energy deposited in each
scintillator can then be obtained without the need for a second PM tube (Farsoni
and Hamby 2005).
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2.4.1 Radiation Detection Using Phoswich Detectors
Many researchers have been involved in developing detection systems
capable of differentiating between radiation types (Langenbrunner et al. 1992,
Usuda et al.1992a, 1992b, 1994a, 1994b, 1997, Takada et al.1996, Childress et al.
2002, Bush-Goddard 2002, Bardelli et al. 2002, Ely et al. 2003 and Hennig et al.
2006).
Bardelli et al. (2002) developed a triple-layer phoswich detector for
identification of fast charge particles. The detector was built using three different
scintillators, BC404, BC444 and CsI(Tl) coupled to a single photomultiplier tube
(PMT): the corresponding decay times were equal to 1.8 ns, 180 ns and ~1000 ns,
respectively. The anode signal of the phoswich detector results from the sum of
three signals, their relative amplitudes being determined by the energy loss of the
impinging particle in each detected event, and can be used for identification
purposes. A fast digitizing system was used to sample signals from the phoswich
detector and analyze their shape.
Usuda et al. (1997) developed a triple-layer phoswich detector for
simultaneous counting of alpha, beta (gamma), thermal and fast neutrons. The
phoswich detector is shown in Fig. 2.10. The separation of pulses induced from
different radiation types was carried out by using an analog pulse-shape
discrimination technique. The first layer, ZnS(Ag), is sensitive to alpha particles
and is relatively transparent to the other radiation types.
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Fig. 2.10: A phoswich detector designed by Usuda (1997) for simultaneous
counting of alpha, beta (gamma), thermal and fast neutrons.

Fig 2.11: The rise-time distribution measurement for discrimination of
different radiation types (Usuda et al. 1997).
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The second layer, Anthracene, is sensitive to gamma, beta and fast neutrons,
but is relatively transparent to thermal neutrons. After passing through the first two
layers, thermal neutrons are absorbed in the NS8 scintillator. The rise-time
distribution measurement, when the phoswich detector was exposed to different
radiation types, is illustrated in Fig. 2.11.
From Fig. 2.11, except for gamma-rays and beta particles from 137Cs (the
first peak with the shortest rise-time), all other radiation types can be discriminated
through their corresponding rise-times. In Usuda’s work, the difficulty arises in
separation between beta and gamma rays because of the similarity of radiation
interactions within the scintillators, resulting in the same amount of rise time for
both radiations.
Childress et al. (2002) developed a triple-crystal phoswich detector that also
allows for simultaneous detection of alpha, beta and gamma radiation. In this
design, a CaF2:Eu crystal was used for both gamma and beta interactions, but the
problem of gamma/beta mischaracterization was left unsolved. In addition to this
“crosstalk”, typical phoswich detectors are only able to discriminate between
different types of radiations at the expense of losing spectroscopic information.
Therefore, this makes them useful only for “particle identification” rather than
“radionuclide identification” in which the need for collecting the spectroscopic data
from each radiation component in the field is vital.
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Bubble Technology Industries (BTI)1 has developed a new product,
MICROSPEC-2, which contains a small, portable computer with multichannel
analyzer and four spectroscopic probes for gamma, X-ray, beta and neutron
detection (Hsu, H. and others 1998). The beta probe is a phoswich detector
containing two scintillation layers. Although the distortion of the beta energy
spectra, due to gamma-rays present in the field, is eliminated, beta and gamma-ray
measurements still must be performed in two separate measurements with the
appropriate probe.
A phoswich detector developed recently by Ely et al. (2005) consists of two
scintillation layers, a CaF2(Eu) layer (decay constant 940 nsec) and a NaI(Tl) layer
(decay constant 230 nsec) intended for detection of radioxenon via a beta/gammacoincidence measurement technique. The scintillation layers were optically coupled
to a single PMT with an integrating preamplifier. Then, rising pulses from the
preamplifier were digitally captured and analyzed. By choosing a sufficient density
thickness of CaF2(Eu), 324 mg/cm2, Ely’s phoswich is designed to stop nearly the
highest beta-particle energies from radioxenon decay (905 keV from 135Xe). This
enhances the beta spectroscopy capability, but increases the Compton scattering
probability and introduces some degree of crosstalk from the incident gamma rays
in that layer.
Another phoswich detector design was introduced by Hennig et al. (2006)
for radioxenon detection through simultaneous beta/gamma detection. This
1

Bubble Technology Industries, P. O. Box 100, Highway 17, Chalk River, Ont. K0J 1J0, Canada.
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phoswich design also consists of two layers, a plastic scintillator BC-404 (decay
constant 1.8 ns) and a CsI(Tl) crystal (with two decay constants of 0.68 and 3.34
µsec), optically coupled to a single PMT. The signal output from the PMT was
directly connected to a digital pulse processor. Because radiation pulses are not
integrated, but are captured directly, the timing profile of pulses represents the
timing profile of light produced in each scintillation layer. To reduce the
probability of incident gamma-ray interactions with the plastic scintillator in the
design of Hennig et al., the density thickness is reduced to 103 mg/cm2, stopping
~360 keV electrons, thus limiting its ability to accommodate high-energy beta
particles.

2.4.2 Methods For Pulse Shape Discrimination
With phoswich detectors, pulse shape analysis (PSA) or pulse shape
discrimination (PSD) identifies the signals from each scintillator, thus identifying
in which scintillator the energy deposition event occurred.
The rise-time measurement is the most popular technique to discriminate
among pulses from a phoswich detector. This technique is based upon the
integration of the light pulse (e.g. the anode pulse from the PM tube), followed by
the determination of the time at which this integral reaches a certain fraction of its
maximum (e.g. time interval between 0.1 and 0.9 of the maximum). A typical
setup for the rise-time measurement, using traditional laboratory modules, is
illustrated in Fig. 2.12.
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Fig. 2.12: The rise-time measurement using traditional laboratory modules.

Since the anode signal is integrated over an RC network in the preamplifier,
the resulting pulse has a shape similar to that shown before the Clipped Amplifier
in Fig. 2.12. From Fig. 2.9b, the rise time of this pulse is determined by the decay
time of the scintillator in which the radiation energy deposition occurred. Also, the
tail of the pulse at the Clipped Amplifier output (Fig. 2.12) decays with the same
decay time. A Pulse-Shape Analyzer (PSA) is then used to measure the time
interval between 0.1 and 0.9 of the maximum amplitude, which is proportional to
the decay time of the scintillator. As illustrated in Fig. 2.12, the PSA generates two
sharp signals at its A and B outputs. The Time-to-Amplitude Converter (TAC) then
measures this time interval and generates a fixed-length pulse (rectangular pulse)
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whose amplitude is proportional to the time interval. At the end, a Multichannel
Analyzer (MCA) is used to obtain the rise-time distribution.
This method is only useful when the anode pulse decays with one single
component. In some phoswich detectors, where the incident radiation can interact
with more than one scintillator, the resulting pulse might have more than one
decaying component and therefore this technique can not be applied for pulse shape
discrimination.
The majority of PSA/PSD systems operate on analog signal pulses.
However, more sophisticated analyses are now possible with the use of digital
signal processing (DSP). Recently, with the development of very fast ADCs, digital
signal processing methods have gained popularity for analyzing signals from
radiation detectors. The use of digital systems offers several advantages over
conventional analog units (DeVol et al. 1999), including digital pulse charge
integration, reduced dead time, elimination of distorted pulses, noise analysis and
minimization, and pulse shape discrimination capabilities.

2.5 Classical and Digital Spectroscopy
The function of a spectrometry system is to convert the electrical-charge pulses
originating at the output of the radiation detector into voltage pulses and,
afterwards, obtain their amplitude distribution function as accurately as possible
(Simoes et al. 1999). For decades, this task has been accomplished using a three
stage analog system, schematically represented in Fig. 2.13(a): a preamplifier, a
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pulse-shape amplifier, and a multichannel analyzer (MCA) that divides the
amplitude space (generally associated to energy) into a number of equally spaced
intervals, usually referred to as channels or bins.

(a)

(b)

Fig. 2.13: The architecture of (a) classical and (b) digital spectrometers
(taken from Simoes et al. 1999).
In the new designs, Fig. 2.13(b), the conventional analog front end is
replaced by a digital pulse processor that computes pulse height from the data
sampled by a fast, high-resolution ADC. The advantages of this method have been
widely recognized (DeVol 1999). For example:
1) the pulse processing algorithm is easy to edit, because changes are made
through the software;
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2) the algorithm is stable and reliable, since it is not affected by thermal
noise or other fluctuations;
3) it is possible to make the detection equipment portable by eliminating
most of the bulky analog electronics;
4) it is convenient to post-process the pulses;
5) it is more cost-effective; and
6) effects, such as pile-up (Chrien et al. 1986), ballistic deficit (Georgiev et
al. 1993) and charge trapping (Hess et al. 1994) can be corrected for or
eliminated at the processing level.
Additionally, signal capture and processing can be based more easily on
coincidence criteria between different detectors or different parts of the same
detector (Warburton et al. 1999).
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3

Material and Methods

3.1 Triple-layer Phoswich Detector
3.1.1 Design and Materials
Based on previous experiments, measurements and MCNP analyses of a
prototypic phoswich detector (Farsoni and Hamby 2005), a triple-layer phoswich
detector has been modeled, designed and constructed. The phoswich detector, in
conjunction with a customized Digital Pulse Processor (DPP), is designed to
simultaneously record beta and gamma energy spectra with minimal cross-talk.

Table 3.1: Physical properties for the scintillators used in the phoswich detector.
Scintillator

Density
(g/cm3)

Max. Emission
Wavelength (nm)

Light Output
(% of NaI)

Index of
Refraction

Principle Decay
Constant (ns)

BC-400

1.032

423

26

1.58

2.4

CaF2:Eu

3.19

435

50

1.47

900

NaI:Tl

3.67

415

100

1.85

230

To achieve the best performance in the phoswich detector, the following
criteria have been considered in its design (Table 3.1):

1. for each radiation type (beta or gamma), unique scintillation
layer(s) were assigned;
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2. in the scintillation layer(s) assigned for each radiation type, the
partial energy deposition by incident radiation was minimized,
causing the amplitude of radiation-induced pulses to more
accurately represent the energy of the incident radiation;
3. to facilitate pulse shape discrimination, the scintillators were chosen
to have sufficiently different decay constants;
4. to maximize the light collection efficiency, the scintillators were
chosen to have close “Maximum Emission Wavelength” in their
emission spectrum and also possess close “Refractive Index”;
5. to minimize the beta-particle backscattering, the first two layers
were chosen from low Z materials (plastic and (CaF2:Eu)); and
6. to maximize the gamma-ray detection efficiency, the third
scintillation layer was chosen to have high Z material (NaI) .

The first two layers of the detector (Figs. 3.1, 3.2 and 3.3) are chosen
specifically for beta spectroscopy, with the third layer intended for gamma-ray
measurements. The first layer is a very thin plastic scintillator (BC-400) and the
second layer is an inorganic crystal (CaF2:Eu); both are sensitive to beta radiations
and their total thickness is enough to stop betas with energies up to about 3.2 MeV.
The Phoswich detector is designed such that an incident beta must deposit energy
in the first layer or in both the first and second layers for a pulse to be recorded as a
beta-induced pulse.
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Fig. 3.1: Schematic arrangement of the phoswich detector.

Fig. 3.2: Phoswich detector schematic sketch provided by Saint-Gobain1.
1

Saint-Gobain Crystals Inc. 6801 Cochran Road, Solon, Ohio 44139
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Fig. 3.3: Triple-Layer phoswich detector constructed by Saint-Gobain.

The third layer (NaI:Tl) is an inorganic scintillator and is intended for
gamma-ray measurements. Since plastic scintillators cannot be fully dried and
would ultimately hydrate and destroy the performance of the crystal, the NaI:Tl is
completely isolated by a thin quartz optical layer. An hermetic seal is made around
the quartz, the NaI, and the photomultiplier tube (PMT). The quartz will simply act
as a light guide and will only slightly affect the collection of light produced in
either the CaF2:Eu or the plastic. Given the thickness of the first two layers and the
quartz, only beta particles of very high energy (> 6.7 MeV) can reach the third
layer, so that the light pulses generated in the NaI:Tl represent gamma-ray
interactions with no crosstalk from beta particles (from common beta sources).
In the next section, by performing an MCNP analysis and simulation, the
probability of all possible scenarios and pulse shapes generated either from incident
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gamma rays or beta particles will be studied. This study will provide the criteria to
accept and distinguish between gamma-induced pulses and beta interactions.

3.1.2 MCNP Study and Simulations
The MCNP code was used to simulate energy deposition by photons and
monoenergetic electrons in each layer of our phoswich detector. It should be noted
that, for all probability calculations using MCNP, the energy threshold was
assumed to be 10 keV so that events with energies less than this amount were
excluded. A sample MCNP input file, for simulating 1000 MeV photons, is given
in Appendix A.
A pulse-height histogram was used to study the energy deposition distribution
in each scintillation layer for a given set of energy bins. Separate histograms were
defined for each scintillation layer to model energy pulses that would be generated
in the phoswich detector due to gamma-ray or beta-particle interactions. The
simulation utilized full transport calculations for both electrons and photons, also
accounting for secondary electrons due to induced bremsstrahlung and
characteristic photons. For simplicity, the outer surface of the Mylar layer was
defined as a surface source so that photons/electrons would travel through this
layer. For all calculations, 10 keV-energy bins were applied.
For electrons with energies less than 1.0 MeV, simulations modeled 300,000
source electrons, whereas for electrons equal to or greater than 1.0 MeV, 500,000
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source electrons were necessary to yield relative errors in significant energy bins of
1% or less. For photon (1.0 MeV) modeling, 100,000 source photons were
sufficient.

1
BC-400
CaF2:Eu

0.1
Probability per MeV

NaI(Tl)
0.01
0.001
0.0001
0.00001
0.000001
0

0.2

0.4

0.6

0.8

1

Energy (MeV)

Fig. 3.4: Simulated detector response from 1.0 MeV gamma-rays in all three
scintillation layers.

Figure 3.4 shows simulated energy-deposition spectra from 1 MeV gammarays in the three scintillation layers. As expected, this figure shows that Compton
scatter is the prominent interaction from incident gamma-rays in BC400 and
CaF2(Eu). Since the CaF2(Eu) layer is thick enough to accommodate electrons up to
3.2 MeV, the unwanted events (mostly Compton scatter) in the beta-side of the
detector (CaF2 (Eu)) are comparable to that of the gamma-side, the NaI(Tl) layer.
However, since common beta particles have much shorter mean free paths than
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gamma rays in scintillation materials, events in the first layer can be used to
identify the beta-induced pulses from beta interactions with CaF2 (Eu), and so the
Compton events can be distinguished quite easily. More details regarding
discrimination between photon and electron interactions in the Phoswich detector
will be discussed in Chapter 4.
The energy-deposition distributions in Mylar, BC400 and CaF2:Eu from four
different monoenergetic electrons have been modeled and are depicted in Fig. 3.5.
The energy distribution for Mylar from electrons with energies greater than 50 keV,
shows results similar to those of Fig. 3.5(a).
(a)

(b)
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Fig. 3.5: Simulated detector response from (a) 0.1 MeV (b) 0.5 MeV (c) 1.0 MeV
and (d) 2.0 MeV monoenergetic electrons in Mylar, BC400 and CaF2:Eu layers.
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From Fig. 3.5(a), an energy deposition of about 10 keV is the most probable
energy which is deposited in the Mylar. Since the density thickness of the BC400 is
enough to stop 100 keV electrons, its probability peak falls around this energy. On
increasing the electron energy above 100 keV, the electron begins penetrating into
the CaF2:Eu layer. At 500 keV, electrons most likely deposit energy around 30 keV
in the BC400 (Fig. 3.5(b)) and around 490 keV in the CaF2:Eu. At 1.0 MeV and 2.0
MeV (Figs. 3.5 (c) and (d)), the energy-deposition spectra in CaF2:Eu have nearly
the same shape, but the energy-deposition peak in BC400 shifts to the lower
energies, around 20 keV. Fig. 3.6 shows the energy deposition only in BC400 to
illustrate how electrons of varying energy interact in the first layer.
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Fig. 3.6: Simulated detector response from different monoenergetic
electrons in BC400.
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The most important finding, which can be concluded from the electron
simulations in Fig. 3.6, is that with increasing electron energy above 100 keV, the
most significant component of the spectra shifts toward lower energies. In terms of
anode-pulse shape, this means that electrons with energies higher than a threshold,
most likely add only a small amount of fast decay component to the generated
signal pulse.
By combining three timing components corresponding to the decay constants
of three scintillation layers and depending on how a given incident beta or gamma
ray releases its energy within each layer, seven possible interaction scenarios for
either beta or gamma interactions could occur (Farsoni and Hamby 2005).
Corresponding to these scenarios, seven possible pulse shapes could be generated.
The occurrence probabilities for seven possible gamma- and beta-induced
pulse types, calculated using the MCNP code, are given in Table 3.2. These results
provide the criteria for acceptance of a pulse to be recorded as a beta- or gammainduced pulse and updating the corresponding energy spectra.
For example, if a pulse is observed with only the fast component (pulse type
1) or both fast and slow components (pulse type 2, Fig. 3.7(a)), the probability that
the pulse is gamma-induced is 0.35% or 0.07%, respectively. Whereas, the
probability for a beta particle with the same energy producing the same pulse type
is 12.30% or 81.70%, respectively. Therefore these types of pulses update the
corresponding beta-particle energy histogram. However, if a pulse is observed as
having only a decaying component corresponding to energy deposition in the
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Table 3.2: Pulse acceptance/rejection criteria calculated using MCNP simulation.
Scenario

Scintillation Layers
BC-400

1
2

CaF2

×
×
×

5
6

NaI:Tl

×
×

3
4

Total Probability (%)*

×
×

×

7

×
×
×
×

Pulse Recorded as:

Gamma

Beta

0.35

12.32

Beta

0.07

81.70

Beta

14.40

4.60

Rejected

0.06

0.08

Rejected

2.65

0.03

Rejected

0.01

0.57

Rejected

12.87

0.00

Gamma

* Total probabilities are calculated for 1.0 MeV photon/electron events. Events with
energies less than 10 keV were excluded as electronic noise.
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Fig. 3.7: A typical anode pulse from: (a) beta absorption in both BC-400 (fast
component) and CaF2:Eu (slow component), and (b) gamma absorption in NaI(Tl).
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NaI(Tl) (pulse type 7, Fig. 3.7(b)), the probability that the pulse is from a 1 MeV
gamma-ray or beta particle is 12.87% or 0.00%, respectively. This type of pulse,
therefore updates the corresponding gamma-ray energy histogram.
When the radionuclide emits both beta and gamma-rays, gamma/beta
coincident pulses can be detected from pulse types 4 and 6. For this study, since the
beta- or gamma-only pulses are being considered, pulse types 3, 4, 5 and 6 are not
recorded.

3.2 Data Acquisition System
A schematic for the Data acquisition system, including the digital pulse
processor, host PC and MATLAB software, is illustrated in Fig. 3.8. The anode
output from the PM tube is directly connected to the digital pulse processor. When
a valid event occurs, the digitally captured pulse is transferred to the host PC via a
high-speed USB (2) interface. A valid event occurs in the DPP if the captured pulse
possesses a predefined duration and amplitude. The MATLAB algorithm processes
the radiation pulse and if the pulse meets additional predefined criteria, one of the
energy spectra, gamma or beta, is updated.

3.2.1 Digital Pulse Processor
After impedance matching in the preamplifier, the radiation signal pulse is
routed through a low-pass Nyquist filter. The analog-filtered pulse is then sampled
by a 12-bit/100 MHz ADC to provide sufficient time and amplitude resolution.
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Fig. 3.8: A simplified block diagram of the data acquisition system including
the Digital Pulse Processor unit, host PC and the MATLAB software.

The sampled pulse may be reconstructed if, and only if, the ADC sampling rate
is greater than or equal to twice the highest frequency component contained in the
waveform (Nyquist-Shannon Theorem, Mitra 2001). It is therefore necessary to
restrict the signal frequency bandwidth to below half of the sampling rate, e.g.
below 50 MHz. A low-pass 3rd-order Bessel filter, with a cutoff frequency of 40
MHz, is designed to perform the Nyquist filtering. The Nyquist filter also has
another important task; it stretches the shaped signal so as to be spread out in time
(Bardelli et al. 2002). This can eliminate the need for higher sampling rates to
capture very fast pulses due to radiation interactions in the BC-400.
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The digitized pulses are then passed through a Field Programmable Gate
Array (FPGA). The FPGA, which consists of gates, flip flops, distributed and block
RAM’s, may be described as a “highly parallel configurable digital signal
processor” (Bolic et al. 2002). The FPGA allows calculations to be carried out in
parallel, thereby significantly increasing the Digital Signal Processing (DSP) speed.
It is fully reprogrammable, allowing different application-specific configurations to
be used with the same hardware. The control module, host interface and circular
buffer are implemented in the FPGA. The control module performs the trigger
logic, over-range detection and partial pile-up rejection.
The FPGA configuration is developed using the high-level language VHDL
(Very-high-speed integrated circuit Hardware Descriptive Language). An event
trigger will be issued if a valid pulse is detected by the control module. The role of
the trigger is to recognize that an event has arrived and needs to be processed (i.e.,
a signal pulse determined to be valid; versus pulse pileup or pulses due to cosmic
radiations, which will be rejected). The trigger causes the circular buffer to stop
filling its memory with incoming samples and also informs the MATLAB
algorithm that a valid radiation pulse in the circular buffer is ready to be read.
When the reading is complete, the control module in the FPGA enables the circular
buffer to accept the next in a line of radiation events. This repeats until the
MATLAB algorithm sets the control module to its idle state.
The DPP board is equipped with a reconstruction DAC which is very useful
for troubleshooting purposes. The DAC allows the manipulated waveform to be
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easily viewed on an oscilloscope and compared to the original signal directly from
the detector.

3.2.2 Analog Circuitry
The complete schematic of the analog circuitry is shown in Fig. 3.9. The
analog section includes a gain-adjustable preamplifier, a low-pass Nyquist filter
and a single-ended-to-differential converter.
A 50 Ω resistor is used at the preamplifier positive input to match the input
impedance of the operational amplifier with the coaxial cable characteristic
impedance (50 Ω). The impedance matching is required to prevent signal
reflections at the preamplifier input. The preamplifier consists of an operational
amplifier (Analog Devices1 AD8044) in a non-inverting configuration. As a
feedback resistor, a 10 KΩ potentiometer is used to provide gain adjustments.
For a non-inverting configuration, the voltage gain can be calculated by

Gain = Vout/Vin = 1 + (Rf/Rg) - Vref . (Rf/Rg)

[3.1]

Since Vref = 0, Rf = 0-10 KΩ and Rg = 500 Ω, the gain can be adjusted between 1
to 21.

1

Analog Devices Inc. One Technology Way, P. O. Box 9106, Norwood, MA 02062-9106

Fig. 3.9: Schematic of the preamplifier, Nyquist filter and differential ADC driver.
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A 3rd order Bessel filter with cutoff frequency of 40 MHz is used as the
low-pass Nyquist filter. Generally, Bessel filters have better performance (Bardelli
et al. 2002) in terms of constant delay (corresponding to smaller signal distortion).
The filter design was completed using the realistic models from the Analog
Devices Design Center (website www.analog.com).

Fig: 3.10: Preamplifier and Nyquist filter assembled on a small daughter board.

The filtered signal must be converted to a differential-ended signal1. This
conversion is performed with a differential output operational amplifier from
Analog Devices, the AD8138. The AD8138 was specifically designed for ADC
1

AD9432 data sheet, Analog Devices Inc.
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driver applications. Because the ADC (AD9432) has a differential input with a
common-mode voltage of about 3V on both its inputs, a voltage divider (7 KΩ and
4.5 KΩ) was used to provide this potential for the differential driver. To minimize
high-frequency pick-up noise (from the digital circuitry), the analog section was
assembled on a small and separate prototyping board (Fig. 3.10).

3.2.3 Digital Circuitry
The filtered anode signals from the phoswich detector were examined using a
fast digital oscilloscope (TEKTRONIX1 TDS 1002). These measurements revealed
that use of the low-pass Nyquist filter resulted in the fast component, corresponding
to radiation interactions in the BC400 layer, being spread over a somewhat larger
time interval, approximately 50 nsec. Moreover, the use of three scintillation layers
in the phoswich detector with relatively high light output differences (from Table
3.1, max light output ratio is 100/26) expands the dynamic range of the anode
output. Therefore, for a higher degree of precise digital measurements, employing
an ADC with a low quantization error is necessary. Based on these limitations, the
AD9432 ADC with 12-bit resolution and a sampling rate of 100 Msamples/sec was
chosen to digitally capture analog radiation signals in a free-running configuration.
This sampling rate (with a 10 nsec period) provides at least 5 samples from the

1

Tektronix Inc. 14200 SW Karl Braun Drive. Beaverton, OR 97077
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point where the signal pulse reaches its maximum to its baseline, when a detectable
fast component from the BC400 layer appears in the anode pulse. A simplified
schematic of the digital circuitry is shown in Fig. 3.11.

XEM3001 Prototyping board
Opal Kelly Inc.

ADC_DATA

Input from
differential
ADC driver

DAC_DATA

output to
oscilloscope

Fig. 3.11: A simplified schematic of the digital circuitry.

The AD9432 ADC has a differential LVPECL input clock. Positive Emitter
Coupled Logic, or PECL, is a further development of the emitter coupled logic
(ECL) technology and requires a +5V supply instead of a -5V supply. The Low
Voltage Positive Emitter Coupled Logic (LVPECL) is an improved version of
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PECL to meet today's low-voltage requirements. The PECL is a differential
signaling system and is mainly used in high-speed and clock-distribution circuits.
An MC10EPT20 translator provides this clock requirement for the ADC. Resistors
of 220 Ω at the ADC outputs limit the current and minimize the high-speed digital
noise. The ADC analog inputs, Ain and –Ain, accept 2V peak-to-peak differential
signals ranging from -1V to +1V. Beyond these levels, the OR (Over Range) signal
goes up (transition from logic level 0 to 1) and stays there until the input signal
returns to its range (-1V to +1V). This signal will be used in the Control module
(implemented in FPGA) to distinguish valid events from the phoswich detector.
Moreover, for prototyping purposes, a red LED is connected to this signal to allow
the user to monitor the incoming signals and ensure they are in the acceptable
range.
The CLOCK_SYS_5 pin in Fig 3.11 is the clock source from XEM3001
whereas clk1 is the input clock to the FPGA. The Clk1 provides the required clock
(100 MHz) for both the controller module and circular buffer. The DAC data inputs
are directly connected to the XEM3001 from which there are connections to the I/O
pins of the FPGA.



DPP Mother Board
To assemble all parts together, a plain (with two metal layers) board was

used as the mother board. Also, to enhance the signal integrity, SMT (Surface
Mount Technology) parts (805) were used. For the component assembly and
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prototyping purposes, Solder Mount boards were used (RDI Wainwright1).
Solder Mounts (Fig. 3.12) are self-adhesive pieces of printed circuit material
(epoxy glass) with an etched and tinned pattern of soldering points - each laid
out for one or more component types. Components are soldered to a suitable
Solder Mount, the paper removed from the adhesive, and the Solder Mount
with the component is then placed on a copper clad and tinned ground plane.
Usually Solder Mounts are placed on the ground plane before soldering the
component.

Fig. 3.12: Solder Mount boards were used to solder and assemble digital and
analog parts on the mother board.

1

RDI Wainwright, 65 Madison Ave, Telford, PA 18969.

FPGA

ADC

DAC

Input signal
from Anode

Output signal
to oscilloscope

Preamplifier

Fig. 3.13: DPP mother board, XEM3001 and preamplifier.

USB port
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The metal surface of the ground plane serves as ground. The copper-clad
ground provides a definite ground potential at every point of the circuit. Stray
capacitance to ground is very small, and can be compared to a printed circuit
board. Stray fields and wiring inductance is minimized due to the short distance
to ground. This makes the Solder Mount system suitable for building highfrequency circuits up to the GHz range.
Step-by-step, before connecting the daughter board (XEM3001), the
electronic modules including the preamplifier, Nyquist filter, ADC and DAC
were assembled and tested on the mother board (Fig. 3.13).



Prototyping XEM3001 Daughter Board
A prototyping board, XEM3001 (Fig. 3.14), was ordered from Opal Kelly1.

The XEM3001 is an integration module based on a 400,000-gate Xilinx Spartan-3
FPGA (XC3S400-4PQ208C). In addition to a high gate-count device, the
XEM3001 utilizes the high transfer rate of USB 2.0 for configuration downloads
enabling an almost instant reprogramming of the FPGA. For flexible clocking, a
multi-output clock generator can generate clock frequencies from 1 MHz to 150
MHz. After configuration, the USB interface becomes a high-speed bidirectional
communications pipe between the PC and our FPGA design, allowing us to transfer

1

Opal Kelly Inc. 3442 SE Ironwood Ave, Hillsboro, OR 97123
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asynchronous and synchronous data using dedicated HDL modules and a
MATLAB dynamically-linked library (DLL).

Fig. 3.14: Block diagram of XEM3001.

Utilizing the latest low-cost FPGA from Xilinx, the XEM3001 is wellsuited for small-to-medium FPGA designs including signal processing,
microprocessor emulation, and general purpose hardware interfaces. The XEM3001
has a 400,000-gate Spartan 3 FPGA with four digital clock multipliers, 16
dedicated 18x18 multipliers, 288-kbits of block RAM, and over 8,000 logic cells.
The XEM3001 is fully compatible with Xilinx’s free ISE WebPack design tools,
including VHDL and Verilog synthesis.
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Modules Implemented in the FPGA

To complete the FPGA design, two modules, referred to as “Top” and
“Control” were developed. The Control module performs all control functions
including valid pulse detection, trigger logic, baseline delay and over-range pulse
rejection. The module together with the Opal Kelly host interface modules, also
transfers the pulse data to the MATLAB algorithm. Two clock domains, 100 MHz
from the free-running ADC and 48 MHz from the USB processor and host
interface, are also involved in the design. Therefore, to cross the clock boundary,
the Control module was developed by two separate state machines which are
clocked with their corresponding clock signals.
The Top module accommodates the Control, Block RAM, okWireIn,
okWireOut, okPipeOut and okHostInterface modules. The MATLAB algorithm
determines the start and end of spectra collection via the okWireIn module.
However, the MATLAB algorithm is informed by the okWireOut module that a
valid pulse in the Block RAM (configured as a circular buffer) is ready to be read.
Pulse data is transferred to the PC via the okPipeOut module.
The Block RAM is configured as a circular buffer with 16-bit width and 1024sample length. Because of the sampling clock of 100 MHz in the ADC, a radiation
event with a fixed-duration of 10.240 µsec can be accommodated in the circular
buffer and transferred to the PC.
The incoming samples from the ADC are measured continuously by the Control
module. If the value of the sample exceeds the predetermined trigger value, after a
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9.0-µsec delay, the Control module disables the RAM write_enable signal. This
stops filling the circular buffer with the next samples. The 9.0-µsec delay allows
the baseline to be measured for 1.24 µsec before triggering. After uploading the
captured data (pulse) to the PC, with one exception, the controller returns to its
measuring task to detect the next event. If after reading the RAM content, the value
of the next sample exceeds the trigger threshold, the controller does nothing and
waits until the sample value falls below the trigger threshold. This eliminates
capturing events in which the pulse is riding the tail of a previous pulse. To some
extent, this function not only partially rejects some pulse pile-up, but also forces
captured pulses to have a reliable baseline before triggering.
Also, to reject events from cosmic radiations, which usually have very large
amplitude, during writing the ADC data into the RAM, if the over-range signal
goes logic one, the existing pulse will be rejected and the controller returns to its
reset state and stays there until the over-range signal returns to logic zero.



FPGA Design and Programming

All the FPGA processes including design, simulation, synthesis,
implementation and generation of the FPGA programming file were performed
using ISE 8.1i Webpack design software provided by Xillinx Inc. The software is
free and can be ordered through the Xilinx website. Fig. 3.15 shows several
sections of the software. The simulation process is also shown in Fig. 3.16.
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Selected FPGA

Design modules in the project

The three processes to
program the FPGA

Fig 3.15: ISE 8.1i Webpack for the FPGA design and programming.

Generally, the FPGA design using the Xilinx ISE design tool involves the
following steps:

1. Design Entry and Behavioral Simulation. The design is created using a
Xilinx-supported schematic editor, a hardware description language
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(such as VHDL or Veriloge) for text-based entry, or both. The design
can be simulated using the Xilinx ISE simulator. Using the simulator,
before the synthesis and implementation steps, the design can be
checked for potential errors or malfunctions;

Control module is
being simulated

Signals to be simulated
The module is simulated for 40,000 nsec

Fig. 3.16: FPGA behavioral simulation using ISE 8.1i Webpack.

2. Design Implementation. In this step, the design is implemented to a
specific FPGA architecture involving four processes: translation,
mapping, placing and routing;
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3. Generating Programming File. If no error occurs during the synthesis
and implementation processes, a programming file is generated to
configure the FPGA; and
4. Design Confirmation. The design functionality can be checked and
confirmed by configuring the FPGA using the generated programming
file.
The Xilinx Development System allows quick design iterations through the
design flow cycle. Because Xilinx devices permit unlimited reprogramming, the
devices do not need to be discarded when debugging circuits.
.

3.3 MATLAB Algorithm
Based on the MCNP simulation results, an algorithm was developed to digitally
process the anode pulses and collect separate beta and gamma energy spectra. For
the purpose of pulse-shape discrimination, four parameters (the Baseline, P, M1
and M2) from each pulse are calculated (Fig. 3.17).
For the “Baseline” determination, the average of 100 samples before the trigger
point is calculated. The peak of the pulse, P, is the maximum value in all pulse
samples. The value of “M1” is an average over the 5 samples just after the fast
decay component which is between samples 5 and 9 relative to the peak sample.
And, “M2” is the average over the 5 samples between 30 and 34. For purposes of
estimating energy deposition, two sums A and B, as depicted in Fig. 3.18, are
calculated.
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Fig. 3.17: Four parameters, Baseline, P, M1 and M2 are used for analyzing the
anode pulses.
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Fig. 3.18: Sums A and B used for calculating the energy absorption in each
layer of the phoswich detector.
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The sums A and B are proportional to the energy absorption in BC400 and
CaF2:Eu, respectively, if the pulse is determined to be a beta-induced pulse. Also,
sum C = A +B is proportional to the gamma-ray energy absorption in NaI(Tl), if
the pulse is determined to be a gamma-induced pulse.
Start
Configure the FPGA
Read the pulse
Baseline measurement

FR measurement

Yes

FR >= FR_Th

No

Fast component integration

Slow component integration

SR measurement

Pulse rejection

No

SR >= SR_Th
Yes

Beta energy spectrum update

Pulse integration

Gamma energy spectrum update

Fig. 3.19: The algorithm developed to collect separate gamma and beta energydeposition spectra.
A simplified flowchart of the algorithm is shown in Fig. 3.19. After loading the
waveform and the baseline measurement, using P and M1, the Fast Ratio (FR) of
that pulse is calculated. The FR quantity indicates the presence of a fast component
in the pulse and is defined by Eq. 3.2.
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FR = (P – M1) / P

[3.2]

Since M1 changes between zero and the value of P, the FR ranges from zero to
unity. The FR is then compared to a threshold value, FR_Th. If the pulse passes the
inspection, the pulse is considered to be beta-induced; otherwise, it is processed as
a gamma-induced pulse candidate.
To be accepted as a gamma-induced pulse, the pulse should pass another
inspection. Using a Slow Ratio (SR) measurement, single-component pulses can be
discriminated based on whether they originated from the CaF2:Eu or the NaI(Tl)
layer. Interactions in the CaF2:Eu layer are most likely due to Compton interactions
(see Fig. 3.4) and are rejected. The SR ratio is defined by Eq. 3.3.

SR = (M1 - M2) / M1

[3.3]

Since M2 varies between zero and M1, the value of SR ranges from zero to
unity. At this point, SR is compared to a threshold value, SR_Th. If the pulse
passes the inspection, the pulse is considered to be a NaI gamma-induced pulse;
otherwise, the pulse is rejected and the next pulse is processed. In both cases, using
sums A and B, the absorbed energy in the three scintillation layers is calculated and
the corresponding energy histogram or spectrum will be updated. The complete
MATLAB code is given in Appendix B.
In the next chapter, the MATLAB algorithm and its experimental parameters
such as FR_Th and SR_Th will be discussed in more detail.
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4

Results

Measurements with the triple-layer phoswich detector have been performed in
two steps. In the first step, the anode pulses were captured using a digital
oscilloscope and were transferred to the PC via the serial port (RS232). Generally,
these measurements were performed off-line and shape analysis of the radiation
pulses was the main goal. In the second step, the anode pulses were captured using
our customized Digital Pulse Processor and transferred to the PC via the high-speed
USB (2) port. Measurements in this step were performed in real time.

4.1 Measurements Using a Digital Oscilloscope
Using a digital oscilloscope with a 500 MSPS sampling rate and 8-bit
resolution, anode pulses were captured directly and then transferred to the PC
through the serial (RS-232) port. Radiation events with 2500 samples were
transferred during each signal capture. Since the sampling rate of the digital
oscilloscope is 500 MSPS, an event duration of 5000 nsec (2500 samples * 2
nsec/sample) was sufficient to accommodate the slowest decay component (decay
time of 900 nsec from the CaF2:Eu, see Table 3.1). Using the serial port, a data
block of this size (2500 Bytes) required approximately 1.6 sec for transfer to the
PC. For this reason, real-time measurement was not possible. Instead, however, the
pulse data from each event were stored one-by-one for processing off-line using a
MATLAB algorithm (similar to one introduced in Chapter 3).
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The measured Fast Ratio distributions (see chapter 3) from two pure beta
emitters, 90Sr/90Y and 36Cl, and two gamma sources, 137Cs and 60Co are given in
Fig. 4.1. In all measurements, the detector was shielded against beta and/or
conversion electrons when exposed to gamma sources.

Fig. 4.1: Fast Ratio (FR) distributions from four beta and gamma sources.
The Fast Ratio distribution is determined by the fraction of energy deposited in the
BC400 and/or the CaF2:Eu layers. The FR distribution for gamma-ray sources is
concentrated at values less than about 0.35. The FR distribution for beta emitters
however extends nearly to the entire range, with a significant fraction of beta events
located to the right two-thirds of the distribution. The beta events located to the left
one-third may correspond to those beta particles which have penetrated into the
second layer (CaF2:Eu), without depositing any detectable energy in the first layer
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(BC400). Pulses with a small FR have only a single slow component and can not be
discriminated from a Compton interaction, which may have occurred in the same
layer (CaF2:Eu) from incident gamma-rays.
In measurements using the digital oscilloscope, instead of measuring the
Slow Ratio (see Fig. 3.19), the Fall Time of signal pulses was measured. The Fall
Time is defined to be the time interval between 80% and 20% of the signal pulse
amplitude (peak value). The Fall Time measurement is used for discriminating
gamma interactions occurred in the NaI(Tl) layer (with decay constant of 230 nsec)
from those of the CaF2 layer (with decay constant of 900 nsec).

60Co

(a)

FT_Th

(b)
137Cs

Fig. 4.2: Fall Time (FT) distributions from (a) 60Co and (b) 137Cs gamma sources.
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The measured Fall Time distributions from two gamma sources are given in
Fig. 4.2. From the Fall Time distributions, the gamma-induced pulses originated
from the NaI(Tl) have Fall Time values less than 400 nsec. In preliminary
experiments, the Fast Ratio and Fall Time thresholds were chosen to be 0.35 and
400 nsec, respectively. To evaluate the algorithm’s effectiveness at separating
gamma and beta events, the phoswich detector was exposed on separate occasions
to 137Cs, 14C and 90Sr/90Y sources. Results are shown in Fig. 4.3.

(b)

(a)

1.1%
11.5%

0.6%
98.3%

87.1%

1.4%

(c)

1.5%

71.8%

Beta Recorded

26.7%

Gamma Recorded

Pulse Rejected

Fig. 4.3: Percentage of events when the detector was exposed separately to
(a) shielded gamma 137Cs, (b) pure beta 14C, and (c) 90Sr/90Y sources.
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The large difference in the percentage of rejected pulses in Fig. 4.3(b) and
(c) can be explained by considering the MCNP analysis presented in Fig. 3.6. On
average, beta particles from 90Sr/90Y deposit less energy in the BC400 layer than
those of 14C. This produces a relatively small fast component in the induced pulses
from 90Sr/90Y, resulting in a mischaracterization by the Fast Ratio algorithm.
Subsequently, these misclassified pulses (misclassified as gamma) are rejected
from any consideration in the Slow Ratio inspection. The rejected gamma events
from the gamma source, 11.5%, are likely from Compton scatter in the CaF2(Eu),
confirmed by the MCNP data. These results indicate that, in all cases, the
acceptance of false beta or false gamma pulses occurring less than 2% of the
events.

Fig. 4.4 shows the separated beta and gamma spectra when the phoswich
detector was exposed to both 90Sr/90Y and 137Cs sources simultaneously.
The simultaneous beta and gamma energy spectra were digitally collected and
processed from 15,000 anode pulses. Beta particles and conversion electrons from
137

Cs were blocked during spectroscopy. The beta and gamma energy absorption

spectra in Fig. 4.4 possess details as expected. For example, in the gamma
spectrum, the photopeak has a nearly symmetric shape (FWHM ~ 8%) and the
Compton continuum and Compton edge are prominent. The shape of the beta
spectrum is similar to that expected from 90Sr/90Y in that two components can be
seen. Some energy degradation is apparent and may result from energy absorption
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in air and the Mylar layer, energy absorption in the gap between the BC-400 and
CaF2(Eu) scintillators, and incomplete energy absorption and electron backscatter
in the material interfaces.
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Fig. 4.4: Simultaneous beta (a) and gamma (b) energy spectra (arbitrary units)
from 15,000 anode pulses when the detector was exposed to both 90Sr/90Y and
137
Cs sources.
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4.2 Measurements Using the Digital Pulse Processor
In this step of the research, anode pulses from the phoswich detector are
captured and transferred to the PC using the Digital Pulse Processor (DPP, see
section 3.2.1). To estimate the maximum data transfer rate, the ADC data bus was
replaced with the output of a 12-bit counter, which was clocked with the clk1
(100MHz) and implemented in the FPGA. Measurements showed that, in the
absence of any digital processing, the system is capable of capturing and
transferring 443 radiation pulses to the PC (MATLAB) per second, a significant
enhancement of about 709 times the data transfer rate, thus making real-time
measurements possible.

4.2.1 Determination of FR_Th and SR_Th
From the algorithm introduced in Chapter 3 (see Fig. 3.17), for
discriminating beta events occurring in BC400 and CaF2:Eu (events 1 and 2 in
Table 3.2), the Fast-Ratio measurement must be performed. If the shape of the
pulse does not meet the FR requirement, a Slow-Ratio (SR) measurement is
performed to ensure that the single-component pulse comes from the NaI(Tl) and
not from the CaF2:Eu layer. To obtain the corresponding optimum thresholds,
FR_Th and SR_Th, the FR and SR distributions from gamma and beta sources
were recorded. The results from 137Cs and 60Co shielded gamma-ray sources, and
14

C and 36Cl pure beta particle sources are illustrated in Figures 4.5, 4.6, 4.7 and

4.8, respectively.
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Fig. 4.5: (a) Fast and (b) Slow Ratio distributions from 137Cs shielded
gamma-ray source.
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Fig. 4.6: (a) Fast and (b) Slow Ratio distributions from 60Co shielded
gamma-ray source.
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Fig. 4.7: (a) Fast and (b) Slow Ratio distributions from 14C pure beta
particle source.
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Fig. 4.8: (a) Fast and (b) Slow Ratio distributions from 36Cl pure beta
particle source.
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The SR distribution measurements, shown above, were performed after FR
filtering which follows the MATLAB algorithm of Fig. 3.17.
The FR distributions from the gamma-ray sources (Figs. 4.5 and 4.6) have
nearly identical shapes and boundaries. The FR distribution has a very small
population at values greater than about 0.4 and, preliminarily, will be selected as
the Fast-Ratio threshold, FR_Th. Two peaks can be identified in the FR
distributions from the beta emitters (Figs. 4.7 and 4.8). These peaks are attributed
to two types of beta-induced pulses; one with a dual-component shape (peak at the
left side) which is easily detected using its fast-component signature (events 1 and
2 in Table 3.2), and the other which has one slow component (event 3 from beta
particles, 4.6%, in Table 3.2). Pulses with the latter shape, which must be rejected
because they are of unknown origin, will be identified in the SR inspection.
Two peaks also can be identified in the SR distributions from gamma-ray
sources (Figs. 4.5 and 4.6). The left peak, extending from 0 to about 0.45, is from a
single-component and slower pulse (event 3 from gamma-rays, 14.4%, in Table
3.2) and must be rejected for the same reason given above. The right peak (faster)
is also a single-component pulse (event 7 from gamma-rays, 12.87%, in Table 3.2)
and will be recorded as a gamma pulse.
Based on the evaluation of data in the FR and SR distributions, the FR_Th
and SR_Th are set at 0.40 and 0.45, respectively.
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4.2.2 Energy Calibration
Prior to any quantitative measurements, the three layers of the phoswich
detector must be calibrated for energy deposition from the incident gamma-rays
and beta particles. Since two layers of the detector, BC400 and CaF2:Eu, are
intended for beta-particle spectroscopy, these two scintillators must be calibrated
separately. For this purpose, the phoswich detector was exposed, on different
occasions, to known beta and gamma-ray sources.
The first layer, BC400, was calibrated using two pure beta emitters,14C and
99

Tc (Fig. 4.9). Their energy-spectra end points were used to obtain two points by

which a calibration equation can be established. In the following discussion, Y
represents the energy deposition in keV and X is the corresponding component
summation value (the area under each component of pulse, see Fig. 3.16) in adc
units.

(a)
Emax = 156 keV

(b)
Emax = 292 keV

Fig. 4.9: Beta particles (Emax) from (a) 14C and (b) 99Tc were used for
BC400 calibration.
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During calibration, the FR_Th was set to 0.98 to make sure that the recorded pulses
had no slow component. From the spectra in Fig. 4.9, it is determined that,

Y1 = 156 keV, X1 = 1550 adc units and Y2 = 292 keV, X2 = 3000 adc units

Then, assuming linearity between energy deposition and adc units, the calibration
equation for BC400 is,

EB (keV) = 93.8 * AB (adc units/1000) + 10.6,

[4.1]

where EB is the energy deposition in BC400 and AB is the corresponding pulse area
(region A in Fig. 3.16) due to the beta-energy deposition in that layer. The value of
AB can be defined by,

AB = A – (B * Fa),

[4.2]

where Fa is a correction factor to account for the slow-component contribution in
region A of Fig. 3.18. The value of Fa was experimentally measured to be 0.17.
The second layer, CaF2:Eu, was calibrated using an electron-shielded
gamma source,137Cs (Fig. 4.10). The peak-to-Compton ratio is quite small for
CaF2:Eu due to its low Z and relatively small size.
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Compton edge
at 477 keV

Photopeak
at 662 keV

Fig. 4.10: The Compton edge and photopeak of 137Cs were used for CaF2:Eu
calibration.
For the energy calibration, both the photopeak and Compton edge were
used to obtain the two required data points. During calibration, the FR_Th and
SR_Th were set to 0.2 and 0.4 (with condition of SR < SR_Th), respectively to
ensure that the recorded pulses were due to gamma-ray interactions only in the
CaF2:Eu. From the data in Fig. 4.10:

Y1 = 477 keV, X1 = 20500 adc units and Y2 = 662 keV, X2 = 28800 adc units.

Then, the calibration equation for the CaF2:Eu layer is,

EC (keV) = 22.3 * CC (adc units/1000) + 20.0,

[4.3]
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where EC is the energy deposition in CaF2, and CC is the corresponding pulse area
(regions A and B in Fig. 3.18) due to energy deposition in that layer.
The value of CC can be defined by,

Cc = B * Fb,

[4.4]

where Fb is a correction factor to obtain the whole pulse area from the area in
region B. The value of Fb was experimentally measured to be 1.17.
Since the combination of both the BC400 and CaF2 are intended for beta
spectroscopy, the total energy (Etotal) deposited in these layers is,

Etotal = E B + EC .
The third layer, NaI(Tl) , was calibrated using beta-shielded 137Cs and

[4.5]

60

Co

gamma-ray sources (Fig. 4.11). For the energy calibration, the 662 keV and 1332
keV photopeaks, respectively from 137Cs and 60Co, were used to obtain the two
required points. During calibration, FR_Th and SR_Th were set to 0.35 and 0.45,
respectively to make sure that the recorded pulses were due to the gamma-ray
interactions only in the NaI(Tl) layer.
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Photopeak
at 662 keV

Photopeak at
1332 keV
Photopeak
at 1172 keV

Fig. 4.11: The 662 keV and 1332 kev photopeaks, respectively from 137Cs
and 60Co, were used for NaI(Tl) calibration.

From the data in Fig. 4.11,

Y1 = 662 keV, X1 = 63,630 adc units and Y2 = 1332 keV, X2 = 125,250 adc units.

Then, the calibration equation for the NaI(Tl) is,

EN (keV) = 10.87 * CN (adc units/1000) – 30.0,

[4.6]
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where EN is the energy deposition in NaI(Tl) and CN is the corresponding pulse
area (regions A and B in Fig. 3.16) due to energy deposition in that layer. Since the
gamma-induced pulses possess only one component, CN is obtained by,

CN = A + B

[4.7]

The 1172 keV photopeak of 60Co (the middle peak in Fig. 4.11) was used to
evaluate the linearity between energy deposition, EN, and the pulse area, CN, given
in Eq. 4.6. From the data in Fig. 4.11, CN = 110,100 adc units. And by applying Eq.
4.6, EN = 1167 keV, we can show that a 0.4% deviation from 1172 keV of 60Co
exists.

4.2.3 Beta and Gamma-Ray Spectroscopy
To examine the effectiveness of the algorithm at separating beta and gamma
events, the detector was exposed to shielded-gamma, pure beta and mixed
gamma/beta fields. Using the DPP board (Section 3.2), energy deposition pulses
were captured and transferred to the PC. The MATLAB algorithm then processes
pulses one-by-one, with a beta and gamma spectral update for every 1000 pulses.
During data collection, the percentage of beta and gamma events, and also the
percentage of rejected pulses, was recorded.
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Figures 4.12 and 4.13 show simultaneous beta and gamma energy spectra, from
137

Cs and 60Co (shielded-gamma sources, respectively). Figures 4.14, 4.15 and 4.16

show these spectra, from 14C, 99Tc and 90Sr/90Y (pure beta emitters, respectively).
For comparison, along with the measured spectra, the theoretical energy spectra
from the corresponding beta sources are also shown. In Figures 4.17, 4.18 and 4.19,
the phoswich detector was exposed, with three configurations, to mixed gamma and
beta fields.
For all energy deposition spectra shown, 70,000 - 100,000 radiation pulses
were digitally captured and processed. Also during the data collection, the energy
histograms contained 1000 energy bins.
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(a)

6.6%

91.6%

1.8%

Beta Recorded

Gamma Recorded

Pulse Rejected

(b)

Fig. 4.12: (a) percentage of events and (b) simultaneous beta and gammaray energy deposition spectra from shielded 137Cs gamma source.
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18.2%

(a)

2.1%

79.7%

Beta Recorded

Gamma Recorded

Pulse Rejected

(b)

Fig. 4.13: (a) percentage of events and (b) simultaneous beta and gammaray energy deposition spectra from shielded 60Co gamma source.
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(a)

98.8%
0.8%
0.4%

Beta Recorded

Gamma Recorded

Pulse Rejected

(b)

Fig. 4.14: (a) percentage of events and (b) simultaneous beta and gammaray energy deposition spectra from 14C, a pure beta emitter.
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0.6%
0.6%

(a)

98.8%

Beta Recorded

Gamma Recorded

Pulse Rejected

(b)

Fig. 4.15: (a) percentage of events and (b) simultaneous beta and gammaray energy deposition spectra from 99Tc, a pure beta emitter.
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1.9%

(a)

28.0%

70.1%

Beta Recorded

Gamma Recorded

Pulse Rejected

(b)

Fig. 4.16: (a) percentage of events and (b) simultaneous beta and gammaray energy deposition spectra from 90Sr/90Y, a pure beta emitter.
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Fig. 4.17: Simultaneous beta and gamma-ray energy deposition spectra
from 14C and shielded 137Cs.

Fig. 4.18: Simultaneous beta and gamma-ray energy deposition spectra
from 99Tc and shielded 60Co.
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Fig. 4.19: Simultaneous beta and gamma-ray energy deposition spectra
from 90Sr/90Y and shielded 137Cs.
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5

Discussion

5.1 Simultaneous Spectroscopy
5.1.1 Gamma Response
All gamma-ray sources were shielded against beta particles or conversion
electrons during these measurements. The pie charts of Figs. 4.12 and 4.13 indicate
better gamma-ray discrimination from 137Cs than from 60Co. When the detector was
exposed to 137Cs, the algorithm identified 91.6% of pulses as gamma interactions
and mischaracterized 1.8% of pulses as beta-induced signals. Also, 6.6% of pulses
could not be identified and were rejected. As can be seen in the beta spectrum from
Fig. 4.12, most of the mischaracterized pulses correspond by energy to Compton
events which result in the introduction of pulses in the beta spectrum. This might be
due to Compton scattering at the CaF2(Eu), but more likely the FR value of those
pulses had exceeded the FR threshold (FR_Th) and were identified as beta pulses.
The rate of this effect was higher for 60Co (Fig. 4.13), presumably because of many
more events at the lower energies (mostly due to backscattering). By comparing
Fig. 4.3 with Fig. 4.12, the gamma-ray discrimination capability, using the DPP
board, is improved by more than 4%.
Regardless of the beta mischaracterization, the algorithm has been able to
efficiently reconstruct the gamma-ray energy spectra from both gamma-ray
sources. The Full-Width-at-Half-Maximum (FWHM) for the 662 keV photopeak of
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137

Cs, shown in Fig. 4.12, was measured to be approximately 6.7%. When the

radiation pulses were captured using the digital oscilloscope (Fig. 4.4), the
corresponding FWHM was about 8.0%. This enhancement in resolution is due to
employing a 12-bit ADC (with 4096 divisions) in the DPP board, while the digital
oscilloscope (TEKTRONIX TDS 1002) uses an 8-bit ADC (with 256 divisions).
In both gamma-ray spectra, photopeaks have nearly symmetrical shapes
and other spectroscopic features, like the backscattering peak, the Compton
continuum and Compton edge, are prominent.
A small peak at the lower energy region of the 137Cs energy spectra was
believed to be a characteristic X-ray of the lead shield (~ 70 keV). This was
confirmed when the measurement was repeated outside the lead shield. In this
measurement, no peak was observed in that energy region. In fact, photoelectric
absorption in materials immediately surrounding the detector can lead to the
generation of a characteristic X-ray that may reach the detector. For the 60Co
spectra, since the lower-level threshold was above this energy, this peak was not
recorded.

5.1.2 Beta Response
The quality by which the MATLAB algorithm discriminates beta-induced
pulses can be evaluated from Figs. 4.14, 4.15 and 4.16, when the detector is
exposed to 14C, 99Tc and 90Sr/90Y pure beta emitters, respectively. To provide more
detail for inspection of the beta energy spectra from 14C and 99Tc, the energy scale
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was limited to 500 keV. The algorithm shows better discrimination performance for
low-energy beta emitters; 14C (Emax = 156 keV) and 99Tc (Emax = 292 keV). For
these beta emitters, 98.8% of the pulses were identified as a beta event. Also, the
fraction of gamma and rejected pulses were nearly the same. For a high-energy beta
emitter such as 90Sr/90Y, however, the percentage of identified beta pulses is lower
(70.1%). Referring to Fig. 3.6, the high-energy beta particles most likely deposit
less energy in the BC400 and subsequently generate dual-component pulses which
have a very small fast component. Therefore, these pulses cannot be detected in the
FR inspection, and because of their slow-decaying shape, most of them (in this case
28.0%) are rejected in the SR inspection. In fact, the SR inspection
mischaracterizes them as a Compton-induced pulse which may originate from
interactions of gamma-rays in the CaF2:Eu.
Regarding their end-point energies (Emax), the beta spectra show
approximately good energy calibration. However, their shapes are not quite
matched with the shapes of their theoretical energy emissions. The possible reasons
include:
a)

instability in the threshold level due to baseline variations (this mostly
effects the low-energy events);

b)

energy deposition in the air between the beta source and detector;

c)

energy deposition in the Mylar;

d)

energy deposition in the gap between BC400 and CaF2:Eu; and

e)

partial energy deposition in the scintillation layers.
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While reason (a) can be reduced or eliminated by modifying the event logic
in the FPGA, degrading of the beta energy-deposition spectra due to other factors,
can be reduced by using post-processing methods such as deconvolution. This
technique employs radiation transport modeling (e.g. MCNP) to obtain the detector
response function for a range of beta energies. Then, using this function, the beta
energy spectrum can be deconvolved and enhanced to compensate for energy
degradation (Bush-Goddard 2000).
During our measurements, we noticed that the 14C and 90Sr/90Y beta sources
had been contaminated with 137Cs. This was confirmed when these sources were
monitored with an HPGe detector. The 662 keV photopeak of 137Cs was dominant
in those measurements. In the 14C spectra (Fig. 4.14), although the relative
gamma/beta percentage ratio is small (0.8/98.8 ~ 0.008), the 137Cs signatures, such
as the photopeak (662 keV) and Compton continuum, can be easily identified in the
gamma-ray spectra of Fig. 4.14.

5.1.3 Mixed Gamma/Beta Response
To evaluate the system for simultaneous gamma/beta spectroscopy, three
gamma/beta source pairs were used to provide mixed gamma/beta radiation fields.
The measurement results for pairs {137Cs - 14C}, {60Co - 99Tc} and {137Cs 90

Sr/90Y} are illustrated in Figs. 4.17, 4.18 and 4.19, respectively. Again all

gamma-ray sources were shielded against beta particles or conversion electrons
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during these measurements. By comparing gamma and beta spectra from the mixed
fields with their corresponding spectra from gamma-only and beta-only fields
(Figs. 4.12, 4.13, 4.14, 4.15, 4.16 and 4.17), the capability of the signal
discrimination process in preserving spectral information from both gamma and
beta interactions in our triple-layer phoswich detector is confirmed.
For example, gamma and beta spectra in Fig. 4.17 display the same shapes as
when they were collected individually (Figures. 4.12 and 4.14) from 137Cs and 14C.

5.2 Study of Factors Affecting the Results
The factors, which might potentially affect the spectrometer performance,
depending on their sources, can be categorized into four main groups. These may
originate from the phoswich detector design and configuration, the digital pulse
processor, the MATLAB resolving algorithm or from background radiation. Each
of the factors will be discussed below.

5.2.1

Phoswich Detector Design and Configuration

In order for the phoswich detector to achieve its best performance during
simultaneous reconstruction of separate beta and gamma energy spectra, six main
criteria have been considered. These criteria were explained in Chapter 3. Although
efforts were taken to reach these criteria, there were still technical and
manufacturing issues by which the performance of the system is limited.
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One of these issues is that the NaI(Tl) scintillator is required to be completely
isolated from other scintillation layers by a thin quartz optical layer (Fig. 3.1).
Although the quartz is nearly transparent to light produced in the BC400 and
CaF2(Eu) layers, it has to some extent, a degrading effect on both the energy
resolution and the efficiency of the first two scintillation layers. Since the BC400
has a smaller light yield, the performance of this layer is reduced. The coefficients
of the energy calibration given in Equations 4.1, 4.3 and 4.6, are inversely
proportional to the light yield of the corresponding scintillator. But, because light
photons produced in each layer must pass through other materials to reach the
photocathode, the relative ratios of these coefficients differ from the inverse ratios
of light outputs given in Table 3.1. From Table 3.1 and the energy coefficients in
Equations 4.1, 4.3 and 4.6, we have:

1
LON
C
50
10.87
=
= 0.5 ≅ C =
= 0.49
1
100
C N 22.30
LOC

1
LON
C
26
10.87
=
= 0.26 ≠ B =
= 0.12
1
100
93.8
CN
LOB

[5.1]

[5.2]
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where LON, LOC and LOB are the relative light output of NaI, CaF2(Eu) and
BC400, respectively, and CN, CC and CB are their corresponding energy
coefficients.
For CaF2(Eu) and NaI(Tl), these ratios are very close, but for BC400 and
NaI(Tl), the ratios differ significantly. This shows a significant attenuation for
photons produced in BC400 compared with those produced in CaF2(Eu). It is
believed that both the quartz layer and the CaF2(Eu) are responsible for this
attenuation. More measurements and analysis, however, need to be performed to
study why the attenuation is different for photons originating in the various layers.
Such a significant light output difference between the scintillation layers
employed in the detector extends the dynamic range of the anode pulse. This
produces some difficulties to detect pulses from the BC400 since it has the lowest
light output per unit energy. This explains why the lower levels of the beta spectra
shown in Figs. 4.14, 4.15 and 4.16 are higher than those of the gamma spectra. By
adding a firmware control function into the Control module, this may be modified
to some extent.
Another issue which is related to the measurement of beta-energy deposition
in our phoswich detector is the presence of a very thin gap which exists between
the BC400 and CaF2(Eu) layers. This gap is usually filled with a special optical gel.
Although this gel is transparent to the light produced in scintillators, the gel absorbs
some of the beta energy without producing any photons. This introduces some error
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in estimating the beta energy deposition in the detector for incident beta particles
with energies greater than about 100 keV.

5.2.2

Digital Pulse Processor

There are two important sources of error which may originate from the DPP
board. One of these sources is the high-frequency noise from the digital circuitry
which can easily be picked up by the preamplifier section. For any mixed-signal
board, such as our DPP board, to minimize the introduction of high-frequency
noise into the analog section, separate power and ground planes are usually
assigned for both the analog and digital circuitry. For prototyping purposes, these
rules were not considered for building the current DPP board. Instead, to reduce the
noise to some extent, the analog section was built on a separate, small daughter
board and placed far away from the digital paths and pins. By reducing the noise
level in the analog circuitry, more accurate data can be extracted for the low-energy
events. This is especially more important for events from the BC400 layer, since it
has the smallest light output compared to the other scintillators, and consequently
generates pulses with smaller amplitude.
Another potential source of error, which can be reduced in the hardware
level, is the pile-up. The fact that pulses from a radiation detector are randomly
spaced in time can lead to interfering effects between pulses when count rates are
high. This effect is generally called pulse pile-up and involves the superposition of
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pulses on the decaying tail from a preceding pulse. For the current DPP board, pileup is partially rejected by the pulse detection logic in the FPGA Control module.
However, pulse pile-up in which the total duration of two or more pulses is less
than 10 µsec may not be identified and therefore mischaracterized as a valid event.
These unwanted pulses can be identified and rejected with more sophisticated
software inspection tools.

5.2.3

Resolving Algorithm

A resolving algorithm, in the MATLAB environment, has been developed to
discriminate gamma- and beta-interaction events in our phoswich detector, and to
reconstruct separate gamma and beta energy-deposition spectra in real time (Fig.
3.17). The algorithm performs two inspections to decide whether the captured pulse
is a gamma- or beta-induced pulse, or must be rejected because of its unknown
conditions (e.g. Compton scattering from incident gamma-rays in the CaF2(Eu)).
These inspections are based on measuring two parameters, the Fast Ratio (FR) and
Slow Ratio (SR) of the pulse, by which the general shape of the signal pulse can be
determined. Two corresponding thresholds, which have been obtained
experimentally, then provide the required criteria for these inspections. Although,
optimized threshold levels were chosen (See Figs. 4.5, 4.6, 4.7 and 4.8), some
effects can change the FR or SR distributions and increase the radiation
mischaracterization percentages.
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Consider the experimental results of the FR and SR distributions shown in
Figs. 4.5, 4.6, 4.7 and 4.8. Although the anode pulses are generally represented by
a simple exponential decay function (Fig. 2.9 and Eq. 2.11), the experimental FR
and SR distributions, which are supposed to be proportional to the scintillation
decay times, contain relatively wide peaks. This width is increased by increasing
the scintillator decay time, and is believed to be due to statistical fluctuations of
light pulses over time. For this reason, two overlapping peaks, a relatively thin one
and a wider one, appear in the FR distributions from the high-energy (>100 keV)
beta events (Fig. 4.8).
Moreover, since the scintillator decay time has a temperature dependency
(Knoll 2000), the peaks in the FR and SR distribution consequently may shift or
change with temperature. This may degrade the algorithm performance in
discriminating beta and gamma events, unless a threshold function is defined to
compensate for errors due to temperature change.
Almost all calculations performed in this algorithm are influenced by the
performance of the analog circuitry, including the preamplifier and Nyquist filter.
The noise level and the frequency bandwidth of these circuits are the most
important factors. The radiation discrimination and energy measurement routines
are mapped on typical pulse shapes using sample-by-sample calculations.
Therefore, any significant changes of the bandwidth may distort or deform the fast
component of the anode pulse, resulting in performance reduction when identifying
beta-induced pulses and mischaracterizing them as gamma events.
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5.2.4

Background Radiation

None of the spectral measurements presented in Chapter 4 was corrected for
background radiation. Background correction would involve spectral stripping
using a well-characterized background spectrum. This correction must account for
live-time differences during which each measurement is performed. Since this
function (the live time measurement) was not implemented on the DPP board at the
time of measurements, the background correction on the spectral data was not
possible.
During measurements, however, our phoswich detector was surrounded by a
2”-thick lead shield to reduce background contributions. Gamma radiation from
background had some contribution to the fraction of gamma pulses recorded during
pure beta measurements (Figs. 4.14, 4.15 and 4.16).
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6

Conclusions

6.1 System Performance
A gamma/beta digital spectrometer has been developed, constructed and
tested. The system utilizes a prototype triple-layer phoswich detector, a customized
digital pulse processor (DPP) board, and a resolving MATLAB algorithm. The
MCNP model was used to simulate the phoswich detector to establish important
detector response characteristics to photons and electrons. When exposed to a
mixed-gamma/beta field, the detector generates pulses, from which the type of
incident radiation and the amount of energy deposited in each layer can be
determined.
The measurement results given in Chapter 4 indicate that the spectrometer
is capable of separating beta and gamma events with good discrimination. The
measurements show that the system has a better discrimination performance for
low-energy beta and gamma sources, while for high-energy radiations, relatively
more pulses are mischaracterized and rejected. Figures 4.14 and 4.16 demonstrate
the power of this system in both separating the gamma/beta events and
reconstructing their energy deposition spectra in the phoswich detector. As
mentioned in Chapter 4, 90Sr/90Y and 14C sources, used in our measurements, were
contaminated by 137Cs. Even with a very low gamma/beta percentage ratio, 0.8/98.8
~ 0.008 (see Fig. 4.14), the spectroscopic features of the 137Cs gamma-ray source,
such as the photopeak and Compton continuum, are still clearly visible.
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The gamma-ray energy resolution at 662 keV of 137Cs was measured to be
as low as 6.7%, which shows good agreement with measurements using traditional
NaI(Tl) detectors. Measurement of the beta-particle energy resolution, however,
was not possible because no suitable conversion electron emitter was available
during the measurements. The shapes of beta energy deposition spectra (from
common beta-particle emitters), given in this work, were similar to those obtained
by Kriss (2004) who used a plastic scitillator and a large-area avalanche photodiode
for beta-particle spectroscopy and dosimetry.
The data acquisition system including the DPP board and the MATLAB
algorithm, in the absence of any digital processing in MATLAB algorithm, was
capable of capturing and transferring 443 signal pulses to the PC (MATLAB) per
second. The maximum rate for spectral collection, including data transfer, pulse
processing and output display, however, was limited by the MATLAB software and
measured to be about 141 signal pulses per second. By using a customized
application software, developed using a low-level programming language such as
Visual C++, this rate will be increased considerably.
The radiation detection system presented in this work was designed to be a
useful general purpose tool for beta/gamma spectroscopy and identification of
common radionuclides (beta and gamma-ray sources) in the environment, nuclear
sites and laboratories, as well. This requires the detector to accommodate a wide
range of beta and gamma-ray energies. For this reason, the design of the phoswich
detector was not optimized for any particular radionuclide. It is obvious, however,
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that the overall performance of the system can be significantly improved if the
detector design is optimized for detecting a specific radionuclide. For example, by
decreasing the thickness of the CaF2(Eu) layer and increasing the thickness of the
BC400 layer, the system performance would be improved if a high-energy beta
emitter (e.g. 90Sr/90Y), in the presence of a gamma-ray background, is to be
detected. By this optimization, on average, high-energy beta particles release more
energy in the BC400 and consequently both the mischaracterizations and pulse
rejections due to high-energy beta particles (see Chapter 5) would be decreased
significantly.

6.2 Future Work
By identifying and processing events 4 and 6 of Table 3.2, this system can
be used as a complete gamma/beta coincidence detection system in which ultra low
activities can be detected and measured in the presence of a high-level gamma-ray
background. Event 6 of Table 3.2 has three light components. Mathematically,
these components can be resolved and quantified using the Least Square Fitting
(LSF) method, provided the time-dependent functions of these components are
known and stay unchanged during measurement. Although scintillation materials
generally possess unique decay times (see Eq. 2.8 and Table 3.1), temperature
changes may affect the time profile of the generated light pulses. For example,
based on measurements performed using a digital oscilloscope (8-bit, 500 MSPS),
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the decay time of CaF2(Eu) varied between 680–990 nsec. This issue might be
eliminated by using a temperature-weighed function to account for any temperature
fluctuations.
As discussed in Section 5.2.2, pulse pile-up can be partially identified and
rejected in the existing DPP board. These pulses, however, can be completely
identified if they are passed through digital trapezoidal filters (Jordanov and Knoll
1994). These digital filters are known as FIR (Finite Impulse Response) filters and
can be implemented in the FPGA in real-time. By employing these filters,
distortion of beta/gamma energy spectra, due to pulse pile-up at very high-count
rates, is significantly reduced.
In the current research, the pulse shape digital processing and reconstruction
of beta/gamma energy deposition spectra was performed using a MATLAB
algorithm. This algorithm, however, can be translated to a hardware description
language (HDL) code. This code can be used to program the FPGA on the DPP
board. Once the FPGA is programmed, all digital signal processing calculations
would be performed on the DPP board. In this way, the DPP board, with an SRAM
memory included, can work in either the waveform or histogram modes.
In the waveform mode, valid radiation pulses would be stored in memory
and transferred to the PC as requested. This mode, for purposes of calibration or
troubleshooting, can be used to monitor radiation signals.
In the histogram mode, two sections of the memory are assigned for storing
the spectra data, one for beta-particles and one for gamma-rays. After signal
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processing of valid pulses and determination of energy deposition, one of the
energy bins in the corresponding spectra (in memory) is incremented. In this mode,
instead of transferring digitized signal pulses, only the histogram data are
periodically transferred to the PC, updating the beta/gamma energy spectra on the
PC monitor. By adding a Digital Signal Processor (DSP) or a Microcontroller and a
small LCD monitor, the DPP board and phoswich detector could be integrated as a
stand alone and portable digital beta/gamma spectrometer.
And finally, the prototype demonstrated and presented in this work is hoped
to be commercialized in the next few years and, considering its promising
measurement results, will find its potential significant applications in areas such as
nuclear non-proliferation and medical imaging.
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APPENDICES

APPENDIX A: MCNP INPUT FILE FOR MODELING PHOTO TRANSPORTS

1- C TPL/G1000 KeV
2100 1 -2.7 -10 20 40 -72 $Al
3200 2 -1.39 -20 40 -50 $ mylar
4300 3 -1.032 -20 50 -60 $ L1
5400 4 -3.18 -20 60 -70 $ L2
6500 5 -2.62 -20 70 -71 $ Quartz
7600 6 -3.67 -20 71 -72 $ L3
8700 0 10:-40:72 $ Universe
91010 cy 2.59
$ Al out
1120 cy 2.54
$ Al in
1240 py -6.35e-4 $S.M
1350 py 0
$ M.L1
1460 py 0.0136 $ L1.L2
1570 py 0.466 $ L2.Quartz
1671 py 2.0904 $ Quartz.L3
1772 py 4.6304 $ L3.PMT
1819Mode p
20imp:p 1 1 1 1 1 1 0
21m1 13000 1 $ Al
22m2 6000 .4 1000 .4 8000 .2 $ Mylar
23m3 6000 0.4754 1000 0.5246 $ BC-400
24m4 9000 -0.49 20000 -0.51
$ CaF2
25m5 14000 -.4674 8000 -.5326 $ Quartz
26m6 11000 0.5 53000 0.5
$ NaI(Tl)
27sdef erg=1.0 par=2 pos=0 -6.35e-4 0 sur=40 rad=d1
dir=d2 vec 0 1 0
28si1 2.54
29si2 0 1
30sp2 -21 0
31C Mylar **********************
32*f18:p 200
33f28:p 200
34e28 0 0.01 318I 3.2
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3536373839404142434445464748495051-

C CaF2:Eu *******************
*f38:p 300
f48:p 300
e48 0 0.01 318I 3.2
C BC-400 *******************
*f58:p 400
f68:p 400
e68 0 0.01 318I 3.2
C Quartz ********************
*f78:p 500
f88:p 500
e88 0 0.01 318I 3.2
C NaI(Tl) *******************
*f98:p 600
f108:p 600
e108 0 0.01 318I 3.2
nps 1000000
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APPENDIX B: MATLAB ALGORITHM

% MATLAB Algorithm
%
% This algorithm controls the DPP1 and collects
% simultaneous beta and gamma-ray energy spectra.

%
%
%
%

clear all
xem = okusbxem3001v2();
xem=openbyserial(xem,'');
configurefpga(xem,'top_2.bit')
setwireinvalue(xem,16,1,1);
updatewireins(xem);
m=100000;
maxg=2000; % energy in keV
maxb=500; % energy in keV
gbin=0:maxg/1000:maxg;
bbin=0:maxb/1000:maxb;
gspec=zeros(1,length(gbin));
bspec=zeros(1,length(bbin));
bc=0;
gc=0;
gbc =0;
bbc=0;
not_valid=0;
subplot(2,1,1)
plot(bbin,bspec,'.r'),xlabel('Energy (keV)'),ylabel('Counts')
title('Beta Spectra')
axis([0 maxb 0 100])
grid on
subplot(2,1,2)
plot(gbin,gspec,'.b'),xlabel('Energy (kev)'),ylabel('Counts')
title('Gamma Spectra')
axis([0 maxg 0 100])
grid on
pause(1)
for n=1:m
con=mod(n,1000);
if con==0
dis=1;
else
dis=0;
end
updatewireouts(xem);
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while getwireoutvalue(xem,32)==0
updatewireouts(xem);
end
if(m==n)
setwireinvalue(xem,16,0,1);
updatewireins(xem);
end
buf = readfrompipeout(xem,160,2048);
for k=1:1024
j=k*2;
data(k)=uint16(buf(j))*256 + uint16(buf(j-1));
end
data=double(data);
base=mean(data(1:90));
[mn,i]=min(data);
if i < 200 & i>90 & (mn > 1)
fast_ratio(n) = (mean(data(i+5:i+9)) - mean(data(i:i+2)))/(base-mean(data(i:i+2)));
if fast_ratio(n) > 0.4
bc =bc+1;
sum_A=(base*11)-sum(data(i-5:i+5));
sum_B=(base * 395)-sum(data(i+6:i+400));
if sum_B >0
slow_area =sum_B * 1.16;
fast_area =sum_A - (sum_B * 0.16);
else
slow_area=0;
fast_area= sum_A;
end
eb_fast= (93.8*fast_area/1000)+10.6;
eb_slow= (22.3*slow_area/1000)+20;
ebc = eb_fast + eb_slow;
bspec = hist(ebc,bbin) + bspec;
else
gbc=gbc+1;
slow_ratio(gbc)=(mean(data(i+30:i+35))-mean(data(i+5:i+10)))/(basemean(data(i+5:i+10)));
if slow_ratio(gbc) > 0.45
gc=gc+1;
eg=(base*411) - sum(data(i-10:i+400));
egc=(10.87*eg/1000)-30.0;
gspec = hist(egc,gbin) + gspec;
else
bbc =bbc+1;
end
end
if dis==1
max_g_spec=max(gspec);
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max_b_spec=max(bspec);
if max_g_spec <= 100
g_y= 100;
else if max_g_spec > 100 & max_g_spec < 500
g_y =500;
else if max_g_spec > 500 & max_g_spec < 1000
g_y =1000;
else if max_g_spec > 1000 & max_g_spec < 2000
g_y =2000;
else if max_g_spec > 2000
g_y =10000;
end
end
end
end
end
if max_b_spec <= 100
b_y= 100;
else if max_b_spec > 100 & max_b_spec < 500
b_y =500;
else if max_b_spec > 500 & max_b_spec < 1000
b_y =1000;
else if max_b_spec > 1000 & max_b_spec < 2000
b_y =2000;
else if max_b_spec > 2000
b_y =10000;
end
end
end
end
end
subplot(2,1,1)
plot(bbin,bspec,'.r'),xlabel('Energy (keV)'),ylabel('Counts')
title('Beta Spectra')
axis([0 maxb 0 b_y])
grid on
subplot(2,1,2)
plot(gbin,gspec,'.b'),xlabel('Energy (keV)'),ylabel('Counts')
title('Gamma Spectra')
axis([0 maxg 0 g_y])
grid on
valid=n-not_valid;
fprintf('Pulse Counts: %3.0f\n',n)
fprintf('Valid Pulses: %3.0f',valid),fprintf(' -> %%%4.1f\n',100*valid/n)
fprintf('Beta Counts: %4.0f',bc),fprintf(' -> %%%4.1f\n',100*bc/valid)
fprintf('Gamma Counts: %3.0f',gc),fprintf(' -> %%%4.1f\n',100*gc/valid)
fprintf('Pulse Rej: %3.0f',bbc),fprintf(' -> %%%4.1f\n',100*(bbc)/valid)
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pause(0.1)
end
else
not_valid= not_valid+1;
end
end

