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Design of a preamplifier card for the photomultiplier tubes of a gamma camera
Diseño de una tarjeta preamplificadora para los tubos fotomultiplicadores de una cámara gamma
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Abstract

The
 service provided by Gamma Cameras (GC) in Nuclear Medicine departments 
fails because of their breakdown, generally due to the associated 
electronics and not to the physical detection components. Therefore, it 
was decided to develop an electronic system that allows the recovery and
 optimization of disused GC, starting with the design of the 
preamplifier for each photomultiplier tube (PMT). The circuit was 
designed and simulated and the list of components necessary for the 
construction of the preamplifier was generated, as well as the printed 
circuit board was designed for its assembly. By simulating the 
preamplifier, this worked in linear mode. This determines that the 
amplitude of the output signal is proportional to the amount of charge 
delivered by the detector. This card allows an automatic adjustment of 
the signals of the PMTs as modern GC do. Besides, the circuit was 
designed and simulated for 37 and 75 PMTs, and the printed circuit board
 was designed for both cases.
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Resumen

El
 servicio que prestan las Cámaras Gamma (CG) en los departamentos de 
Medicina Nuclear falla por roturas de las mismas, generalmente debido a 
la electrónica asociada y no a los componentes físicos de detección. Por
 tal razón, se decidió desarrollar un sistema electrónico que permita la
 recuperación y optimización de las CG en desuso, comenzando con el 
diseño del preamplificador para cada tubo fotomultiplicador (TFM). Se 
diseñó y simuló el circuito y se generó la lista de componentes 
necesarios para la construcción del preamplificador, así como se diseñó 
la placa de circuitos impresos para su montaje. Al simular el 
preamplificador este trabajó en modo lineal. Esto determina que la 
amplitud de la señal de salida sea proporcional a la cantidad de carga 
entregada por el detector. Esta tarjeta permite un ajuste automático de 
las señales de los TFMs como lo hacen las CG modernas. Además, se diseñó
 y simuló el circuito para 37 y 75 TFMs, así como se diseñó la placa de 
circuitos impreso para ambos casos.

Palabras clave: 			
				
medicina nuclear; Cuba; cámaras gamma; fotomultiplicadores; amplificadores.


	☰


Introduction



Nuclear
 medicine (NM) is a therapeutic medical specialty or diagnostic imaging 
of functional-molecular type that uses unsealed sources. Different types
 of compounds marked with radioactivity (radionuclide) are administered 
according to the organ or type of metabolism that you wish to evaluate 
following a specific physiological pathway, of a short half-life (only 
hours or a few days) and of low relative energy (which gives safety in 
its use, since the radiation absorbed in the patient is low). The 
mentioned compounds are usually injected intravenously, inhaled, or 
taken orally [1-4].
 In general, NM scans are noninvasive and have no adverse effects, so, 
for different pathologies, it has become the study of choice for 
clinical decision making [4]. When the 
radionuclide decays it emits gamma rays; this energy is such that a 
significant number of photons can escape from the body without being 
dispersed or attenuated, these are detected by an external system 
sensitive to position; this external system is the gamma camera (GC), 
the basic function of which is to provide an image of the activity 
distribution of the radiopharmaceutical administered to the patient. 
Generally, images produced by GCs are called images produced by 
radionuclides [2,4]. There are two types of imaging methods in NM: by single photon emission (planar GC and SPECT) and by positron emission (PET) [3].
 Up to 2012, more than 30 million images had been produced in NM, with 
more than 20,000 GC (between planar and SPECT) and more than 3,000 PET [1]. Today, Cuba has NM services in 10 provinces of the country (see figure 1).
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Figure 1. 
		
Distribution of nuclear medicine services and equipment in Cuba.



			
Sometimes the service provided by the GC in NM
 departments, is unusable due to damage to them, in most cases due to 
the associated electronics and not to the physical components of 
detection. Therefore, it has been decided to develop an electronic 
system that allows the operation and optimization of them, beginning 
with the design of the preamplifier for the signal of each PMT. Our 
proposal is that the design and simulation of a preamplifier card for 
the signals generated by the GC's PMT, shall considerably contribute to 
the recovery and optimization of disused gamma cameras for their 
subsequent clinical use.

	☰


Materials and methods



A planar gamma camera (CG) or a SPECT type, basically consists of: a radiation detector head (see figure 2)
 constituted by, a collimator that allows only the passage of radiation 
emitted by the radioisotope to be evaluated, a crystal of scintillation 
with a certain thickness and scintillating material, which is able to 
detect photons and emit light through the light guide, which serves as 
an optical coupling to improve uniformity, then they are transformed 
into an electrical impulse by photomultiplier tubes ( PMT), to later be 
amplified and processed in terms of its spatial location, by means of an
 electronic system (preamplifier, pulse arithmetic, pulse height 
analyzer (SCA), analog-digital converter (ADC)) connected to a computer 
(PC) that allows to see and process the functional images (plane 
distribution map of the radiation in front of the detector) of the organ
 studied [4].
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Figure 2. 
		
Basic outline of a Hybrid Gamma Camera.



			
According to the type of electronics 
associated with the GC for the processing of the signals obtained from 
the PMT, this can be classified into: Analog, Hybrid (Analog-Digital) 
and Digital.
The detector is composed of a 
scintillation crystal of Sodium Iodide activated with Thallium (NaI 
(Tl)) ideal for the range of energy 80 - 300 KeV, of variable thickness 
and size, coupled to a set of PMT by an optical coupling gel, which 
allows uniformity in the light emitted from the crystal towards the PMTs
 [1]. For the external detection it is 
necessary to select the radiation that comes from a small area or 
volume, for this reason the photons originated outside the area of 
interest are discarded, this is done by means of collimation, ensuring 
that only the detector reaches the gamma rays coming at a specific angle
 with respect to the detector crystal. The pulse of light coming out of 
the glass is transmitted through the light guide (see figure .2), which allows it to go only in a direction parallel to the PMT (~ 50mm in diameter by ~ 150mm in length) without deviation [2].
 These tubes turn light signals into electric amplitude proportional to 
the incident light. These signals are used to determine the position and
 energy of gamma rays. In the case of digital cameras, the light guide 
is usually removed [1,2].
 The arrangement of PMT varies depending on the type of head according 
to the age of the camera, typically from 60 to 90 PMT present in the 
modern GC [4] (in Cuba, there is equipment 
ranging from 37 to 91 PMT of 2 or 3 inches of diameter) and the size of 
its visual field. Better resolution is obtained with more small PMTs 
than with less large tubes. The electrical current generated by the PMT 
is very low voltage (small amplitude), it needs to be amplified several 
volts before they can be analyzed or processed. In the case of NaI (Tl) 
with PMT present an output signal of 100mV to 1V with duration of 
0.23μs. A typical preamplifier in NM presents a time constant between 20
 and 200 μs; long time constants are ideal in systems that require 
optimal energy resolution [1]. The most 
important properties of a preamplifier are gain, bandwidth, linearity, 
dynamic range, slew rate, rise time, ringing, saturation, stability and 
noise [2]. The gain is defined by the ratio P
 
 o
 (power/output voltage) and P
 
 i
 (power/input voltage) usually given in decibels:

				
G[db]=
							10log(PoPi)  




			
Modern GCs are completely digital, in essence 
the output signal of the PMT is directly (without using preamplifier) 
digitized by an analog-digital converter (ADC); the XY position 
calculation and the pulse height analyzer is performed by software based
 on the digitized signal of the PMT [4]. In 
our case, a programmable amplification stage using a digital-analog 
converter (DAC) will be used in the preamplifier to adjust the gain of 
the PMTs by software. To choose the DAC that will be used, its setting 
time, accuracy, linearity, offset error, monotonicity and resolution 
must be taken into account [5], the latter depends on the external reference voltage (V
 
 ref
 ) and the number of bits (N).

				
resolucón=
							Vref2N  




			
To test the operation of the DAC, the static accuracy test and the staircase test will be used [5].
All the GCs according to their stage of evolution, have a console (PC) or operating device (see figure 2),
 connected to this unit are the devices for control and processing of 
images and data, which allow the development of the activity diagnostic.
 Currently in Cuba all GC services provided have computerized units that
 allow acquiring, processing and keeping the record of the studies 
carried out, since the oldest equipment has been updated with the 
Imagamma system (consisting of an electronic card and software).

	☰


Results and discussion



The designed preamplifier (see figure 3)
 consists of five amplifying stages; in the case of the programmable 
Amp, a DAC is responsible for varying the gain in a programmed manner 
and, together with the rest of the blocks in the circuit, forming the 
signal for subsequent digitization.
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Figure 3. 
		
Block diagram of the preamplifier.



			
In the Amp x100 (see figure 4)
 we used an inverter amplifier with simple input operation that works as
 a constant gain multiplier (AD829) and also a current limiter from the 
pair of silicon diodes in opposition (FMMD7000) for the protection of 
the input against overvoltage [6].
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Figure 4. 
		
Diagram of the stage Amp x100.



			
The AD829 is chosen for its speed (120MHz), slew rate (230V/μs) and its low settling time (90ns) [7].
 Many Amp-Ops increase the speed as the slew rate decreases, but in the 
case of the AD829 it gives a good precision in the amplification of the 
current pulses for the first stage of the circuit and stability in the 
baseline for high rates of counts. At the input of this circuit, a 
resistance of 100Ω is placed. It, together with the 10kΩ feedback 
resistance, produces a gain of 100 and a phase inversion of 1800
 for this stage of the circuit. The gain can be affected by the 
temperature or other factors of the circuit, SO or SMD (Surface Mount 
Device) resistance will be used very thin with low dissipation of power 
of 1/8W, with a high precision and high stability of the RT series of 
type 0805 [8] and SO capacitors with high precision and high resistance to humidity [9,10].
 It was considered not to perform a filtering of the PMT signals, but 
only a small period integration (47ns) and sufficient linear 
amplification, to perform the digitization. This method is widely used 
since it requires few components and is more suitable due to the large 
number of electronic channels these systems have.
In the Amp x3 (see figure 3)
 an inverter amplifier with simple input operation that works as a 
constant gain multiplier (LT1365) was used. At the input of this 
circuit, a resistance of 1kΩ is placed. It, together with the 3kΩ 
feedback resistance, produces a gain of 3 and a phase inversion of 1800
 for this stage of the circuit.The LT1365 is chosen because it brings 
four operational amplifiers in the same package to have a high density 
and integration that would allow circuits to be made in the minimum 
space; in addition, it is chosen for its speed (70MHz), high slew rate 
(1000V/μs) and for maintaining stability in the baseline for high count 
rates [11].
In Amp x21 (see figure 3),
 a non-inverting amplifier with simple input operation, working as a 
constant gain multiplier (LT1365), was used. A resistance of 1kΩ placed 
together with the 20kΩ feedback resistance produce a gain of 21, 
maintaining the phase for this stage of the circuit.
The gain for the amplifier stages (see Figure.5)
 is kept constant for a wide range of frequencies that could be 
simulated, which allows the use of the preamplifier with frequencies up 
to 1MHz, thus enabling to modernize the GCs that work with 200kHz and 
500kHz frequency regimes such as Siemens Orbiter and Siemens e.Cam 
respectively [12,13]. The overall gain for the first three stages Amp x100, Amp x3 and Amp x21 is 1999.
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Figure 5. 
		
Dependence on the gain of amplifying stages vs. frequency of the input signal.



			
In the Amp x1 (see figure 3)
 an amplifier (LT1365) was used, which has as input the Amp programmable
 output signal with unity gain. This circuit serves as a coupling to the
 ADC for the subsequent digitization of the pulses.
For
 the design of this Amp programmable stage, a DAC with sufficient 
resolution and a fast response with N greater than or equal to 12-Bit is
 used. Several models of Maxim and Analog Device were simulated only 
fulfilling the necessary requirements: the MAX543, MAX5541 and AD5410. 
Of these, the MAX5541 (see Figure.6) was chosen for being the most economical and resolutive (16 bits). On the other hand, its settling time (1μs) [14] is not a problem since the pulses of the PMTs of the GC last for 1.2μs.
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Figure 6. 
		
Diagram of the stage Amp programmable.



			
The advantage is that the DAC is a multiplier because it can use a variable analog signal (V
 
 ref
 ) instead of a fixed reference voltage; this allows to use the 
DAC in programmable amplifier/attenuator, automatic calibrations, gain 
adjustments, among others. [5,14].
 The serial data transfer signals with the DAC are determined by the 
clock signal (CLK), serial data (SRI) and synchronization (LOAD). The 
output voltage for this stage is given by:

				
VOUTPUT=VREF*(SRId2N)  




			
Where N is the bit number and SRI
 
 d
 is the serial input expressed in decimal. In general, the 
preamplifier will consist of a DAC MAX5541, an AmpOp AD829 and an 
integrated circuit (IC) with four Amp-Op, the LT1365. In principle, this
 preamplifier will be used in the GC that are in disuse, whenever the 
detector head (only collimator, crystal and PMT) is in good physical 
condition.
For the simulation of the designed 
circuit, Proteus 8 Professional (Release 8.0 SP0, build 15417) was used,
 from the company © Labcenter Electronics 1989-2012 with advanced 
simulation. With the ISIS module (Intelligent Schematic Input System) of
 Proteus, the schematic captures were made and with the ARES module 
(Advanced Routing and Editing Software) of Proteus, the printed circuit 
board (PCB) was designed. Proteus from the VSM (Virtual System Modeling)
 allows a simulation design in real time.
For the
 simulation of the preamplifier, the PMT signal was replaced by a pulse 
generator with the following characteristics: duration of 1.2μs, 
amplitude of 10μA frequencies from 200KHz to 1MHz. The lower limit 
frequency of 200KHz is chosen because the GC Orbiter has that average 
processing frequency, on the other hand, 500KHz is chosen because it is 
the average processing frequency of the Siemens e.Cam SPECT. In 
addition, it is tested with faster frequencies such as 1MHz to 
facilitate the optimization and modernization of GCs that will use these
 cards. It is tested with several values of the SRI signal of the DAC 
for different frequencies (200kHz, 500kHz and 1MHz) and amplitudes of 
the input signal (10μA and 15μA). A clock signal with a frequency of 
22.5ns was used, the signal LOAD and SRI with pulses of 45ns both in 
high (1) or low (0).
The output of the preamplifier follows a linear behavior for 200kHz (see figure 7 A); the linear adjustment of 10μA of amplitude for the input signal corresponds to the equation

				
y = 358.2727x + 4.04743  




			
with R² = 0,99998 and an error of 0,24183 and
 0,44541 for the intercept and the slope respectively; for the 15μA 
linear adjustment (see Figure.7 A) the equation is given by

				
y = 1538,23421x +3,27846  




			
with R² = 0,99993 and an error of 1,76364 and
 3,24831 for the intercept and the slope respectively. The linear 
adjustment was made with OriginPro 9.0.0 (64-bit) SR2 Copyright 
1991-2013 OriginLab Corporation in its version for Windows.
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Figure 7. 
		
Output voltage of the 
preamplifier vs. SRI of the DAC: A) for 10μA and 15μA of amplitude of 
the input signal at 200kHz, B) for 10μA of amplitude for the input 
signal at 200kHz, 500kHz and 1MHz.



			
The output of the preamplifier with the increase of the frequency of the input signal is not affected (see figure 7 B).
 This follows a linear behavior; a check of the monotonicity of the DAC 
can be observed for the staircase test, since there is a decrease in the
 voltage for a decrease in the SRI step by step. In the case of the 
static test for different frequencies, almost the same voltage value is 
obtained at the output of the preamplifier for fixed SRI inputs. For 
500kHz the linear adjustment corresponds to the equation

				
y = 346,81768x + 5,06484  




			
with R² = 0,99937 and an error of 1,18911 and
 2,04896 for the intercept and the slope respectively; for 1MHz the 
equation is given by

				
y = 355,32884x + 4,004  




			
with R² = 0,9998 and an error of 0,69156 and 1,19163 for the intercept and the slope respectively.
The
 same simulation tests are performed for a set of 37 and 75 
preamplifiers made for a preamplifier obtaining the same results, 
keeping the output of each of the preamplifiers linear for different 
values of the input signal (see figure 8).
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Figure 8. 
		
Output signal for photomultiplier tubes 49-54.



			
The default options of the Proteus routing 
were used to obtain the printed circuit of the preamplifier. The size 
was chosen from the smallest width of the GC's PMT existing in Cuba, 
which varies from 2 to 3 inches wide with round and hexagonal shapes. A 
square shape was chosen for 1 PMT to facilitate its assembly and 
rectangular for 37 and 75 PMTs. The 3D Visualizer function was used to 
show the circuit according to its physical components (see Figure.9).
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Figure 9. 
		
3D diagram of the printed circuit board with the components of the preamplifier: A) for 1 PMT, B) for 37 PMT, C) for 75 PMT.



			

	☰


Conclusions



A
 preamplifier card for the photomultiplier tubes of a Gamma Camera was 
designed and simulated. The list of components necessary for the 
construction of the preamplifiers was generated. During the simulations,
 the preamplifier cards maintained a linear behavior. The printed 
circuit board for a preamplifier was designed for future construction 
and configuration. In addition, the printed circuit boards were designed
 for 37 preamps and 75 PMTs. These cards could replace all the preamps 
used in current GC's PMTs. This allows automatic adjustment of the gain 
by software and not manual as in some unmodernized current gamma 
cameras.
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