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PRECISE COMPACT SYSTEM FOR IONIZING RADIATION
DETECTION AND SIGNAL PROCESSING WITH ADVANCED
COMPONENTS INTEGRATION AND ELECTRONIC CONTROL

Jakub Navarik — Petr Novak — Jifi Pechousek
Libor Machala — Dalibor Janéik — Miroslav Maslan

Quality and performance of a detection system are the crucial parameters in all nuclear physics experiments. This system

serves as a source of all signals and noises to be processed. Better performance, higher amplification and lower noises
occurrence simplify subsequent signal analysis. In the field of M&ssbauer spectroscopy, the spectrum quality and Mossbauer
effect are crucial parameters which are affected especially by the quality of the detection system. These parameters were
evaluated for different types of a detection setup. Finally an improvement of the spectrum quality by 15 % and Maossbauer
effect by 7% has been achieved for the natural iron reference absorber measurement in comparison with previous version of

the detection system.
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1 INTRODUCTION

Almost every nuclear physics experiment is based on
a detection of a specific type of radiation followed by a
processing of the detector output signal. For those pur-
poses, various types of detection systems can be utilized,
usually consisting of several separated devices with more
or less complicated setup.

Advanced detection systems containing ionizing radia-
tion detectors and signal processing electronics have been
described in many papers. The end electronics system
unit for processing of the signal of the semi conductive
ionizing radiation detectors is described in [1]. Developed
integrated circuit processes signal and sends data to a
master system. In this case, the ionizing radiation de-
tector is used as a separated unit. In [2] the system for
the fast pulses of the ionizing radiation detectors digiti-
zation is described, where output data are transferred to
a control system. In this case, the detector is used as a
separated unit as well. The integrated circuit for signal
processing, the development of which is described in [3],
where the system contains parts for analog signal pro-
cessing, however, without a detector. In [4] a technique
for optimization of a single channel analyzer is described.
A development of a fast scintillation detector is described
in [5]. This detector contains integrated, programmable
high voltage supply. In [6] a portable spectrometric sys-
tem for gamma radiation detection is proposed. The sys-
tem is based on PIN diode detector and contains signal
processing electronics.

Only partial solutions of detection systems have been
presented in available literature. There is no single, stand-

alone device with all the necessary devices integrated (de-
tector, pre-amplifier, amplifier, discriminator and single-
channel analyzer), especially with the dimension below
30 cm.

Detection systems for nuclear physics experiments, in-
cluding detectors and electronics integrated in a single
body or a single optimized chain have also been de-
scribed in the selected patents. In [7] a design of a sys-
tem with Geiger-Miiller detector and control electronics
is described. In [8] a detection system including semicon-
ductor diodes, a charge amplifier and a discriminator as a
complete detection system has been proposed. The signal
is being processed by using a microcontroller there. This
system is very complex, but all the devices are separated.
A detection system with ionizing chamber is described in
[9]. Tt contains electronics for signal processing as well, in-
cluding a microcontroller, a power supply, a battery, and
analog amplifiers. This device contains even communica-
tion interface WiFi, GPS, RS-232 and USB. A complete
detection system with signal processing based on a scintil-
lation detector and expansion blocks is described in [10].
In [11] a Cadmium-Zinc-Tellurium detector with signal
processing electronics is described. It contains a detector,
signal amplifiers, and filters. There is no pulse registra-
tion unit and a counter unit has to be connected exter-
nally. In [12] a design of a detection system for continuous
monitoring and ionizing radiation detection, especially for
dosimetry measurements is described.

In the summary an ionizing radiation detector is rep-
resented by a main block mostly without integrated high
voltage power supply, or without a signal processing unit
integrated, or there are no pre-amplifiers and amplifiers in
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Fig. 1. Block diagram of IND detection system

some solutions. Each additional electronic block is usually
realized as a separated device which has to be connected
with the detection system externally.

The detection system described in this paper is de-
signed to be complex, small and powerful. We consider it
as a continuation of previously published papers and doc-
uments [4,5,13-17]. It represents a single device which
consists of a scintillating detector, an electronically con-
trollable high voltage power supply, a pre-amplifier, an
electronically controllable amplifier, an electronically con-
trollable single channel analyzer, a counter (which pro-
vides multi-channel analysis) and a microcontroller. Such
system has been primarily designed for usage in the field
of Mossbauer spectroscopy; however it can be applied in
other fields as well.

2 IND DETECTION SYSTEM DESCRIPTION

The main purpose of this system is to perform gamma-
ray spectroscopy (especially applied in Mossbauer spec-
troscopy).

All parts of the detection system working in close-packed
configuration are handled by a control unit through var-
ious internal communication interfaces. Thanks to that,
a high voltage supply, amplification and a single channel
analyzer (SCA) are simply externally electronically con-
trollable using a standard USB interface. Some parts are
moreover electronically re-programmable via In-Circuit
Serial Programming interface (ICSP). This system was
named Intelligent Nuclear Detector (IND).

As an up-to-date, IND detection system has been de-
signed to be powerful, small and easy to use. Following
that idea, it has integrated all the necessary parts to op-
erate, including a scintillating detector, a pre-amplifier,
an amplifier, SCA, a counter and a control unit that are
connected together as it is shown in Fig. 1.

According to the previously published experimen-
tal results [13], as the best suitable scintillating ma-
terial YAP:Ce (Yttrium Aluminum Perovskite, doped
with Cerium; diameter 28 mm, thickness 0.4 mm, 30 nm
aluminum film) with photomultiplier the R6095 tube
(HAMAMATSU) has been chosen. This provides nega-
tive voltage output pulses.
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Two stage amplification of the registered signal is pro-
vided by the inverting pre-amplifier (fixed amplification
80x ) and the fine amplifier (up to 81x adjustable am-
plification). Both amplifiers are based on the AD8038 op-
erational amplifier (Analog Devices). Then, polarity of
output pulses is positive and this signal is driven to ana-
log output of IND and/or to SCA.

Amplification and high voltage level are electronically
controllable. For this purpose, the AD5252 (Analog De-
vices) digital potentiometer is used, which is set via stan-
dard I2C interface by the control unit. As it is shown
in Fig. 2, the AD5252 is a dual device. In presented sys-
tem, the first digital potentiometer is used for a control of
amplification (Fig. 2 left), and the second one for a con-
trol of the high voltage level (Fig. 2 right). The C9028-01
(HAMAMATSU) high voltage supply is used. The high
voltage level has a range from 0 to 1250 V and it is set
by voltage level on the adjustment input of the C9028-01
(0-5 V means 0%-100%). The digital potentiometer is
set by a control unit, using standard 12C interface.

In Out

Dual digital

Pre-amplifier potentiometer Ref.out
Amplifier
AD5252 Adj.in C9028-01
PCcontrol = T =

Fig. 2. Amplification (left) and high voltage level control (right)
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Fig. 3. SCA simplified schematic, realization with two compara-
tors [4]

SCA [4] is based on the discriminator unit with two
fast ADCMP600 (Analog Devices) comparators with
3.5 ns response time, D-type flip-flop trigger and DS1023-
100 (Maxim Integrated) programmable delay line. The
simplified schematic of SCA is illustrated in Fig. 3.

The analog signal from the detector output is driven to
the both of comparators. One comparator represents HL
(higher reference voltage level), the other one LL (lower
reference voltage level) of the discriminator window. As
it is shown in Fig. 3, a signal from HL is inverted and
then driven directly to data input (D), while LL is driven
directly to the inverted reset input (R) and after delaying
as delLL to the clock input (C) of the D-type flip-flop

trigger. There is a function time diagram in Fig. 4.
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Three different cases of pulse analyzes (registration)
are shown in Fig. 4. including a pulse with the amplitude
lower than LL (I, recognized as non-valid), the pulse with
the amplitude directly between LL and HL (II, recognized
as valid), and the pulse with the amplitude higher than
HL (III, recognized as non-valid).
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Fig. 4. Function time diagram of SCA [4]

In the first case (I), the flip-flop trigger is being hold
in reset state by logic 0 on R input. In the second case
(IT) the situation is very different. Exceeding of LL value
generates logic 1 on R input and the flip-flop trigger
is active. After a proper delay (optimization of delay is
explained in Section 3.3), there is a C signal generated
and because of not-exceeding HL there is a logic 1 on D
input. This generates the logic 1 on Q output of the flip-
flop trigger (it lasts after R input is returned to a logic
0). Finally in the third case (III), the situation is similar
to the second one. There is a logic 1 on R input (the
flip-flop trigger is active), after a proper delay, C signal is
generated as well, however, because of exceeding of HL,
there is a logic 0 on D input of the flip-flop trigger and
thus no signal is generated on output Q. This behavior
provides reliable selecting of the valid pulses only.

Additionally in a combination with the 74HCT4020
14-bit counter and the PIC16F819 programmable micro-
controller (Microchip), this SCA is used to perform a
multi-channel analysis (MCA). This MCA is provided by
scanning a complete range of SCA step by step. In ev-
ery step, the number of detected pulses is counted by a
counter and then being read out and stored by the mi-
crocontroller which is electronically reprogrammable via
standard ICSP interface.

The IND function is programmed and controlled by
the main control unit, which is based on the PIC16F819
programmable microcontroller. This microcontroller is
operating on 8 MHz frequency and its purpose is to com-
municate with the other parts of the IND system and
to store all the operating parameters. For this commu-
nication, various standard busses are used. I?C inter-
face provides communication with the AD5252 digital
potentiometer and a counter unit (setting up of am-
plification, high voltage level and reading out counter
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unit’s memory). Standard SPI interface is used to set up
the MCP4922 (Microchip) digital-to-analog converter (for
generating of reference voltage levels for SCA). Because
of the possibility to upgrade a program of the control
unit, the ICSP interface is led out through IND power &
communication cable. For the communication with PC,
an I2C/USB interface converter is used and so the IND
can be connected and controlled easily by any ordinary
PC via standard USB interface.

For the precise adjustment of all the controllable
parameters a control PC application developed in
LabVIEW™ is used.

3 MEASUREMENT

The main field of interest for this detection system
is Mossbauer spectroscopy, especially on °“Fe nuclei. In
that case ®"Co source with emitted gamma ray energy
of 14.4keV is used hence all parameters are optimized
for the detection of this energy; however it can be simply
optimized for different energies (optimization is described
in the following sections).

3.1 High Voltage and Amplification optimization

The internal SCA is capable to analyze pulses in the
amplitude range from 0 to 3.3 V. It means, that all the
operating parameters must be optimized to keep 14.4 keV
photo-peak between this voltage levels, with as high res-
olution as possible at the same time. For this purpose the
high voltage level and the amplification has to be opti-
mized. The virtual instrument based on National Instru-
ments HW and SW was used as a standard multi-channel
analyzer for comparison [18], with the fast pulse process-
ing algorithm [19].

The C9028-01 high voltage power supply is capable
to provide 1250 V as maximum (which is approximately
80 % of the maximum allowed load of the R6095 photo-
multiplier tube). Thus the high voltage level was set to
maximum to obtain the gain ~ 107, and the amplifica-
tion was adjusted to obtain a clear 14.4 keV photo-peak
in measured MCA.

In Fig. 5, there are MCAs of the output signal of
the amplifier. The first MCA (I) represents all energies,
the second MCA (II) has suppressed low energies (us-
ing Aluminum filter) and thus 14.4 keV photo-peak is
determined. The measurement was done with maximal
high voltage level and amplification; for the time interval
of 100s, using NI PCI-5124 digitizer (National Instru-
ments) [17].

3.2 Amplifier output signal parameters

Formerly, the most used scintillating crystal in MS
was Nal:Tl, however, it is not very well suitable for
gamma photon detection with high-activity sources. Out-
put pulses provided with Nal:T1 crystal are about eight
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Fig. 5. YAP:Ce MCAs measured using NI PCI-5124
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Fig. 6. YAP:Ce average pulse recorded using NI USB-5133

Table 1. Mossbauer effect and spectrum quality dependence on selected delay

Delay (ns) 20 25 30 35 40 45

50 55 60 65 70 75 80

Effect (%) 10.32 13.58 14.51 15.25 15.47 15.23 15.69 15.84 13.80 14.09 13.69 13.09 11.03

Quality 533 922

1053 1163 1197 1159 1231 1254 952

992 937 857 608

Table 2. MS’96 SCA and IND internal SCA - comparison of the
spectrum quality and Mossbauer effect

Spectrum quality Mossbauer effect (%)

1092 14.78
1254 15.84

MS’96 SCA
IND internal SCA

times longer than in the case of YAP:Ce crystal. For this
reason, YAP:Ce has been selected as the best suitable
scintillating crystal.

After optimizing the high voltage and the amplifica-
tion, the average pulse was recorded. The pulses with 1V
amplitude was selected (£5 %) and then 100000 pulses
were collected and averaged. The shape of the average
pulse was recorded using NI USB-5133 digitizer (National
Instruments) with 100 MS/s real-time sampling rate.

As can be seen in Fig. 6, both rise and fall time was
measured as 50 ns. The complete pulse length is only
100 ns. It means, that YAP:Ce is not so vulnerable to
pile-up effect [19] and it is better suitable for high-activity
sources.

3.3 SCA optimization with Moéssbauer spectra
measurements

The final optimization step was based on the adjust-
ment of the internal SCA. This analyzer is based on elec-
tronically controllable delay line; therefore this delay line
must be optimized properly, according to signal parame-
ters. The DS1023-100 delay line has a variable delay from
0 ns to 255 ns, with 1 ns step. The delay is set as 8-bit
number, which represents from 20 ns up to 275 ns time
delay.

As it is shown in Fig. 7, a different time delay has
a significant effect on the MCA shape. There are three

MCAs registered with different time delays. As the first
(I), there is the MCA for 20 ns time delay. In this case,
the 14.4 keV photo-peak is the widest. As the second
(IT), there is the MCA for 50 ns delay. In this case, the
14.4 keV photo-peak is not so wide, on the other hand, it
is better visible (distinguishable) in comparison with the
first case. As the last (III), there is the MCA for 80 ns
time delay. It is obvious that the 14.4 keV photo-peak is
the least distinguishable and its width is the lowest as
well. Thus it can be supposed that the best parameters
are a compromise between the 14.4 keV photo-peak width
and distinguishability.

For a precise optimization, MCAs was measured for
time delays from 20 ns to 80 ns, with 5 ns step. The
position of 14.4 keV photo-peak was determined for each
MCA and then transmission Mdssbauer spectrum was
measured using MS’96 Mossbauer spectrometer [14,15]
(each spectrum was measured for one hour, using the
natural iron reference absorber). All measured spectra
were normalized and compared (Mossbauer effect and
spectrum quality).

The statistical quality of measured Mdossbauer spectra
is determined by the expression

2

€
= ——Ns, 1
@ e+2 (1)
where ¢ is the resonant effect
Ny — N
e = Moo = Mol 2)

Noo

where N, represents the number of the counts of the
background and Ny represents the number of the counts
at the minimum resonance peak. These equations were
used to obtain values presented in Tab. 1.
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Fig. 10. The final look of the IND system (without housing),
compared to a pen

As it is shown in Tab. 1, Mossbauer effect is the lowest
for the lowest and the highest time delays. The delay in-
creasing causes, the effect increasing up to its maximum.
Further increase of the delay leads to the effect decreas-
ing. The same applies for the Mossbauer spectrum qual-
ity parameter. It means that the best performance of this
detection system has been proven to be a compromise be-
tween width and distinguishability of the 14.4 keV photo-
peak and so 55 ns was selected as the best parameter.

In Fig. 8, the Mdssbauer spectrum of the natural iron
reference absorber registrated using optimized IND de-
tection system is presented.
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Fig. 8. Mossbauer spectrum of the natural iron reference absorber

3.4 Final IND internal SCA performance test

After complete IND detection system optimization, its
MCA was recorded (see Fig. 9).

The performance of the IND internal SCA was com-
pared also with the MS’96 SCA and the corresponding
Mossbauer spectra of the natural iron reference absorber
were measured. The results of this comparison are shown
in Tab. 2. It is obvious that the usage of the IND internal
SCA provides a significantly higher spectrum quality (im-
provement by 15 %) and Mossbauer effect (improvement
by 7%).

4 CONCLUSION AND DISCUSSION

The precise compact system for ionizing radiation de-
tection and signal processing with advanced components
integration and electronic control has been developed [20]
and successfully implemented into current experimental
setups of Mdssbauer spectrometers. The IND system is
compact and effective. It contains the scintillation detec-
tor (YAP:Ce crystal), the high voltage supply, the pre-
amplifier, the amplifier, the single-channel analyzer, the
counter and the microcontrollers with memory. Thanks
to the electronic control, self-backup of operating param-
eters and internal temperature self-monitoring it is called
intelligent. The IND system has both analog and logic
output.

The IND detection system has been compared to
the National Instruments digitizer and to the original
MS’96 Mossbauer spectrometer and exhibits valuable im-
provement. From now, Md&ssbauer spectrometers in the
RCPTM laboratories are equipped with the IND detec-
tion system. Complete IND detection system is shown in
Fig. 10.
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