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Algorithms for digital y-ray spectroscopy

Zbigniew Guzik,
Tomasz Krakowski

Abstract. The data processing in modern nuclear spectroscopy is dominated by digital methods. In this paper we pres-
ent a full set of algorithms necessary for energy reconstruction, baseline restoration, trigger generation and selection of
events (acceptation) which are based on digital signal processing (DSP) techniques. All algorithms were fully evaluated
using mathematical apparatus of Z-transform. The energy reconstruction algorithm is based on trapezoidal shaping.
The baseline restoration makes the use of a digital moving average, while trigger generation algorithm utilize a digital
form of RC-CR?2 filter with protection windowing. The evaluated algorithms has been implemented and used in the

demonstrator build for national borders protection.
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Introduction

The task of electronics in nuclear physics detection

systems is to collect the electrical charge deposited in

aradiation detector and to convert it into a digital code

to be further analyzed by a main computer. In most

cases the quantities of interest are the particle energy

and the time of particle occurrence. The traditional

spectroscopy system for the particle detectors [2] have

been made of almost all analog parts constituting

a chain of preamplifier, shaping amplifier and peak

sensing analog-to-digital converter (ADC) configured

as separate units. Introduced recently a digital approach

to nuclear spectroscopy greatly simplifies the apparatus

and has the following advantages:

— repeatability and programmability,

— time and temperature stability,

— lower cost,

— reduction of dead time and ballistic deficit elimina-
tion,

— lack of expensive spectrometric amplifier,

— simplicity in tuning and debugging.

The goal of our investigation was to build a dem-
onstrator of a national border protection system that
would scan passing large-dimension cargo (e.g. trucks,
containers) with beams of ionizing radiation in or-
der to detect illegal trafficking of various prohibited
substances by means of an innovative combination of
radiography and activation techniques.

For the purpose of this project, we developed a set
of algorithms to be used in the digital spectrometric
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Fig. 1. Block diagram of the DSP spectrometric channel.

channel containing all necessary data acquisition ele-
ments (hybrid charge preamplifier was also included).
All DSP calculations were performed by field program-
mable gate array (FPGA) and obtained results (values
of deposited energy) accompanied by a time stamp were
sent directly to the main computer via VME bus.

The simplified block diagram of digital spectro-
metric channel is shown in Fig. 1. As can be seen,
it is much simpler than the analog solution. Almost
entire electronics is located on a small mezzanine
board. Evaluated algorithms were focused on energy
reconstruction, baseline restoration, trigger generation
and event acceptance. All algorithms derivation and
description were conducted fully with the application
of Z-transform.

In mathematics and signal processing, the Z-trans-
form converts a time-domain signal, which is a sequence
of real or complex numbers, into a complex frequency-
-domain representation. Each typical time-domain
signal has its equivalent in Z-transform domain.

Energy reconstruction

The key concept in digital y-ray spectrometry is the
algorithm of filtering the incoming sampled data
from the preamplifier into a form suitable for precise
determination of accumulated energy. In the field of
digital spectrometry three such algorithms can be dis-
tinguished: Gaussian algorithm [6], “cusp” algorithm [5]
and trapezoidal algorithm [1, 3, 4]. The most optimal
and widely used one is the trapezoidal algorithm, which
was chosen for our needs. Known trapezoidal shaping
algorithms were evaluated with the help of complicated
time domain equations. We propose another approach
based on Z-transform evaluation.

The general convolution leading to the trapezoid
is as follows

1) Frez (2)= Fin (2)~* HSHA(Z)

From where the expected shaping transmittance
(transfer function) has the form
Frez (2)
2 H 7z — _TPZA"/
( ) SHA( ) FIN (Z)
where Frpz(2) is the transfer function of the trapezoid
itself and Fiy(z) is the transfer function of the input
wave from the preamplifier.

Characteristics of the signal from a preamplifier
Any radiation event produces in the detector an amount

of charge ¢(t) proportional to the absorbed energy E,
so the signal from a spectrometric charge preamplifier

(3) f(t)= j q(t)*h(t—t)dt’

The charge distribution function from the detector
is characterized by a very short leading edge in the
range of single nanosecond and the falling edge which
depends on the type of used scintillator — usually this
time, expressed by the approximated time constant F, is
in the range of tenth of nanoseconds up to microsecond.

The charge signal from the detector is as follows
t

4) q(t)=Ee F

Preamplifier impulse response function is shown
below

exp(-t/T) for t>0
foe (1) =
) we(® {0 for t<0

where T is the time discharge constant, which usually is
in the range of tenth of microseconds. The final equa-
tion for signal from the preamplifier is

(6) f(t)=E [e; - e;j

The time constants T and F differs up to in three
orders of magnitude, so the constituent in Eq. (6), con-
cerning the detector time constant can be ignored — it
is assumed that energy impulse from the detector has
the form of §*F, where & is the Dirac delta and E is the
value of the accumulated energy. Equation for Fiy(z)
transmittance from Eq. (2) has, in Z-transform domain,
the following form

-+ g 2 g 1!
(7 ft)=Ee :FIN(Z)_EZ—B_EI—Bfl

Factor B is a pole-zero cancellation coefficient of
exponential shape and has the form

(8) B — e—At/T

where At is the sampling period. Time constant F is
ignored in trapezoidal shaping, however it is important
in algorithm of trigger generation.

Synthesis of the trapezoid wave

As seen in Fig. 2, a trapezoid wave may by synthesized
by the sum of four items

©) frez = f 0+ fs 0+ fe )+ fo ®

Linear pulse f4(f) may be expressed in the time do-
main and Z-transform domain as

10 -
Assuming symmetrical shape of the trapezoid, the
following time assignments were given;

fA(t){t: Fu(2) ==

(11) t=RAt, t,=(R+M)At, t,=(R+M +R)At
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Fig. 2. Synthesis of the trapezoid.

where R are the trapezoid edges and M is the trapezoid
top. Remaining three linear pulses can be expressed
by means of a delayed FA(z) function with adequate
polarities

F()=-F.@)*z"
Fo(2)=-Fu(2)* 2 "™

Fo(2) = +F, (2)*2 VP

The sum of all linear pulse components has the fol-
lowing form in Z-transform domain

(12)

z
(z-1*
which can be converted into the final trapezoid trans-
mittance:

(14)

(13) FTPZ (Z) = E(l_ Z’R _ Z*(R+M) + Zf(R+M +R))

Z—l

_E =Ry _ ,—(R+M)
Fiz (1) =2 (A-27)(1-2 )ZI:ETS7

Final trapezoidal shaping algorithm

From Egs. (2), (7) and (14) the following expression
(convolution) can be obtained
_ -1
(15) sz(z)==G:—Z’R)*(l—-Z*R+M))*£%flgiyl
-7

This is the final form of the algorithm for energy
determination, where ¢ is the normalization coeffi-
cient (1/R) and B is the pole zero cancellation factor
expressed by Eq. (8). Presented expression, being a
combination of FIR and IIR filters, describes linear
time invariant (LTT) system. It means that realization
of the shaping circuit can be subdivided into indepen-
dent operations executed in any order. However, to
achieve maximal precision, it is recommended to follow
the order shown in Eq. (15). The graphical representa-
tion of developed algorithm is presented in Fig. 3. The
Z™ node is the digital delay for N cycles.

In order to improve energy resolution it is recom-
mended to provide an additional averaging of the top,
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Fig. 3. Graphical representation of trapezoidal shaping
algorithm.

flat part of the trapezoid. This procedure, performed
by a moving average node, will reduce high frequency
noises, which remain after initial averaging. Length of
the averaging window is expressed by an 4 parameter.
Figure 4 shows trapezoidal shape with basic conversion
parameters where some of them are related to the base-
line restoration.

Baseline restoration

The output of an analog pulse preamplifier typically
shows some amount of bias caused by the detector leak-
age current, electronic circuitry and so on. Additionally,
due to noise pickup or variations in the detector leak-
age current, the baseline shows continuous time drift.
Trapezoid shaping does not eliminate this baseline, so it
should be found and subtracted from the raw trapezoid
wave. Baseline determination is realized by digital aver-
aging of the trapezoid wave in cases when spectrometric
channel is not busy and actual trapezoid amplitude is
inside a window represented by B parameter (Fig. 4).

The averaging is performed by moving average node
of the Q window value. Trigger generation algorithm
is characterized by a certain amount of latency, so in
order to exactly synchronize trapezoid with the trigger
pulse, it is necessary to delay the trapezoid wave — the
trigger should minimally precede the starting point of
the first trapezoid edge. The resulting baseline value is
latched in the moment of trigger occurrence.

Trapezoidal shaping algorithm has a continuous ac-
cumulation element which remembers all “history” of
processed waves starting from the time of initialization.
Due to the irregularity of input wave, caused mainly by
signal over-range, this accumulation element may col-
lect unwanted redundancy data. So, if value trapezoid
bottom line or calculated baseline exceeds (in both
sides) the B value, the mentioned accumulation ele-
ment will be zeroed.

Trigger generation

The trigger pulse is the main reference for all DSP
calculation — its quality is of primary importance and
has a dominating influence on the energy resolution
of conducted measurements. Good trigger should
be characterized by a low detection level, high noise
immunity, a low dead time and a very low dispersion.
Our trigger generation algorithm consists of the two
following distinct phases.
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Fig. 4. Basic parameters for the energy reconstruction.

Timing filter phase

The responsibility of timing filter phase is to convert

the input wave into a form suitable for extraction of

precise, well determined time reference of incoming

discrete pulse. The result of this phase, performed by a

timing filter, is smoothed bipolar pulse. Representation

of the timing filter in Z-transform domain, called also

RC-CR?2 filter, is as follows

-1 -C

HTF (Z) = Li)

1-7

and is composed of three elements:

Smoothing. This procedure (moving average) is
1nd1spensable because high frequency noises in the
input signal may cause false triggers and instability of
the front edge detection. The time window in moving
average is controlled by C parameter.

— First differentiation removes from the input wave
all low frequency components, i.e. baseline and
discharge exponent. This procedure is realized
by digital differentiation node where time of dif-
ferentiation (parameter F) is usually equivalent
to the leading edge of the signal from the pre-
amplifier.

— Second differentiation produces a bipolar wave,
whose zero crossing point is independent of the
input signal amplitude (like in Constant Fraction
Discrimination). Differentiation constant (param-
eter F) is the same as in the first differentiation.

(16) *A-z7)*A-27")

Lero crossing detection phase

Zero crossing detection operation is rather straight-
forward, but in our case it should be supported with
an isolation mechanism, which can distinguish proper
one from many other false trigger occurrences caused

mainly by noise. This phase is composed of the follow-

ing operations:

- Leading edge recognition — sense window. In the
moment, when value of the signal from timing filter
exceeds a certain threshold level J, the sense win-
dow is started — the length of this window is equal
to twice of F parameter. Because of the noises, the
leading edge detection should be verified — the edge
detection is assumed valid, when the value of signal
from the timing filter is above the threshold during Y
consecutive cycles — this can be understand as some
kind of hysteresis.

— Trigger generation. Detection of zero crossing (gen-
eration of trigger pulse) occurs when the signal from
the timing filter crosses zero level. The effective
trigger is generated only, when the signal from zero
crossing detectors occurs during the time duration
of sense window.

- Veto window. At the moment of trigger generation,
the second, veto window of time Vis started. During
course of this window all further triggers are inhibited.
This prevents appearance of the false triggers originat-
ing in the timing filter and leading edge detector.
Figure 5 shows the signals flow chart during execu-

tion of the trigger generation algorithm.

Event acceptation

There exist three important time reference points hav-
ing a crucial impact on the quality of the measurement
(Fig. 4). First reference is the “interception” point, which
is the time when the calculated energy value is tempo-
rarily saved. This time is established backward to the
end of trapezoid top and is described by {R + M - E}.
The optimal value of E parameter is 1/8*M.

The second important reference is the point where
pile-ups are inspected. This point, expressed by {R + M
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Fig. 5. Timing diagrams of trigger generation procedures.

+ P}, is located after the top of the trapezoid; however
recommended value of E parameter is zero. And the
third, last reference is the time which establishes time
zone when the spectrometric channel is busy. This time,
used for baseline reconstruction disabling, is given by
{R+M + R + B}.

The event is considered valid when the three follow-
ing conditions are fulfilled:

— External gating condition — in the moment of
trigger generation external gating signal should be
high in coincidence mode or low in veto mode (this
condition is optional and may be omitted).

— Energy condition — in the moment of interception
the calculated energy value should be higher than
the preset energy low threshold and lower than the
energy high threshold.

- Lack of pile-ups condition — up to the point of pile-
-up inspection no pile-up or input signal over-range
is detected.

If any of the above condition is not met, the event
will be rejected. Valid event data are transferred to the
main computer and may also be used to create local
histograms.

Results

All the developed and described above algorithms were
implemented in hardware (instantiated in FPGAs) and
successfully used in the AiD project (“Development of
dedicated systems based on accelerators and detectors
of ionizing radiation for medical therapy and in the
detection of hazardous materials and toxic wastes”).
The four spectroscopy channels were incorporated into

mode, so apart from the amplitude processing and/or
signal registration, the time of an event arrival has to
be recorded.

Figure 6 shows the gamma spectrum of *’Co radia-
tion source that was measured with a LaBr; scintillator
using a PMT readout, a Cremat CR-113 charge sensi-
tive preamplifier and our DSP analyzer. The energy
resolution of 2.07 + 0.04% and 2.01 + 0.04% was ob-
tained for the 1173.2 and 1332.5 keV full energy peaks,
respectively. The source of the third peak on the right
is self-activity of lanthanum [7] in the LaBr; scintillator
which was chosen for our setup. The low energies were
discarded up to the channel 30 by an event acceptation
criterion. Note the excellent performance of the gamma
spectrometer.
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