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Report on  M7
Evaluation of compact photon detector: compact photomultiplier tubes, photodiodes
July 2015
Gamma Camera Upgrade Project Management Plan
Replacing the existing Gamma-ray detectors of the camera for improving the energy resolution and count rate capability needed for operation in the DT campaign. Target values are an energy resolution of 5% at 1.1 MeV and a count rate capability exceeding 500 kHz.

To design the best photon detector replacing the existing CsI:Tl scintillators coupled to Si PiN photodiode, three different sensitive light detection devices are taken into account: photodiode (PiN diode), Photomultiplier Tubes (PMTs) and Multi Pixel Photon Counter (MPPC).
In this report results from studies committed to a system based on photodiodes and photomultiplier tubes are presented. Measurements were done at both NCBJ and JET.
1. Photodiode properties

Photodiodes do not require a high voltage (HV) power supply but only a bias voltage of about 30 V. Photodiodes are thin (several mm), rugged and insensitive to magnetic fields. The output signal from a crystal coupled to a photodiode detector is very stable due to the absence of drift of the diode gain since no charge amplification takes place in the device itself. Due to a small signal amplitude generated by the photodiode, it is necessary to employ a high quality charge preamplifier in order to keep the noise level as low as possible. The PiN photodiode is a unity gain device.

Table 1. Summary of photodiode properties
	Advantages
	Disadvantages

	· small dimension (several mm thickness) 
	· limited surface area

	· low voltage operation 
	· low energy noise threshold

	· very stable signal height 
	· increased noise at elevated temperatures

	· rugged
	· preamplifier needed

	· immunity to magnetic fields
	· unity gain device

	· high-speed response
	

	· high sensitivity
	

	· high breakdown voltage
	

	· low power consumption
	

	· practically no drift of a gain
	


2. Photomultiplier tube properties
Table 2. Summary of photomultiplier tube properties
	Advantages
	Disadvantages

	· standard device 
	· large physical dimension 

	· large signal amplitude 
	· high voltage required 

	· large active areas possible 
	· gain instability as function of temperature 

	· fast response enabling measurements at high counting rates
	· sensitive to magnetic fields 

	· high gain and extremely low excess noise factor resulting in good energy resolution
	· background radiation

	· large photosensitive area 
	

	· large linear dynamic range in which an output signal is proportional to a registered energy
	


3. Measurements at NCBJ with CeBr3 coupled to PiN diode
Three scintillators were used in measurements performed at NCBJ. Two crystals have cuboid shapes, one with dimensions (=20 mm and L=20 mm, the other one with dimensions ( =1” and L=1”. One scintillator has a cylindrical shape and dimensions of 10×10×5 mm3.
The list of gamma‑ray sources used for evaluation of response of the detectors comprised:

· standard radioactive sources: 137Cs (661.7 keV), 22Na (511 keV and 1275 keV), 65Zn (1116 keV) and 152Eu (1408 keV),

· natural background gamma‑rays from 40K (1461 keV) and 208Tl (2615 keV),

· PuBe: 4.4 MeV from α+9Be reaction,

· PuC:  6.1 MeV from α+12C reaction.

The tested CeBr3 scintillators were coupled to a HAMAMATSU PiN-diode S3590‑18 with 10(10 mm photosensitive area. The signal from the PiN-diode was sent to a CREMAT CR‑110 preamplifier and was subsequently passed to an ORTEC 672 spectroscopy amplifier. Gaussian shaping of 1 μs was used for optimal signal-to-noise ratio and data was recorded with a Tukan8K multichannel analyser.

3.1. Measurements with (20×20 mm CeBr3 coupled to 10×10 mm PiN diode
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Figure 1. Response of CeBr3 scintillators to PuBe (upper) and PuC (lower) sources.

Upper part: The full energy peak (FEP) at 4.4 MeV recorded together with a single escape peak (SEP) and a double escape peak (DEP) at energies of 3.9 MeV and 3.4 MeV, respectively.

Lower part: FEP at 6.1 MeV recorded together with SEP and DEP at energies of 5.6 MeV and 5.1 MeV, respectively.
3.2.  Measurements with (20×20 mm and (1”×1” CeBr3 scintillators coupled to PiN diode
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Figure 2. Comparison of energy spectra recorded with 20×20 mm (red) and 1”×1” (blue) CeBr3 scintillator irradiated with a PuBe source.
In Tables 3 and 4 data, necessary to determine relative intensities of γ-rays recorded with CeBr3 scintillators of different size coupled to a PiN diode, are presented.
In the left part of Figure 4 the energy spectra recorded with three CeBr3 samples under irradiation of PuBe source emitting 4.4 MeV γ-rays are shown. The full energy peak (FEP) at 4.4 MeV is recorded only for two largest samples. Besides FEP, the single escape peak (SEP) and double escape peak (DEP) are observed at energies of 3.9 MeV and 3.4 MeV, respectively. For the smallest sample, only DEP is registered by the scintillator due to a low probability of 511 keV quanta absorption.

Measurements done with PuC source do not show any peaked structures in the region-of-interest that is important for the GCU project, i.e. between 3.4 MeV (DEP) and 4.4 MeV (FEP), marked with vertical dashed lines in Figure 4.

Table 3. Number of counts (netto) from gamma spectra registered for PuBe and PuC sources for CeBr3 scintillators and 10×10 mm PiN diode. Sources were placed at distance of 14 cm from a scintillator top surface.

	Scintillator size

[mm]
	Number of counts

	
	PuBe
	PuC

	
	Live time [s]
	3.4 MeV (DEP)
	3.9 MeV (SEP)
	4.4 MeV (FEP)
	Live time [s]
	5.1 MeV (DEP)
	5.6 MeV (SEP)
	6.1 MeV (FEP)

	10x10x5 
	80000
	1048000

+/-430
	-
	-
	70000
	-
	-
	-

	(20x20 
	7900
	64700

+/-1100
	18100

+/-1800
	14000

+/-1800
	70000
	35100

+/-700
	13200

+/-1000
	2700

+/-700

	(25x25 
	7200
	102500

+/-5400
	36500

+/-4500
	27500

+/-1900
	70000
	93500

+/-2400
	25700

+/-1600
	11400

+/-700


Table 4. Relative intensity of gamma rays normalized to 1 for FEP. Number of counts: from Table 3.

	Scintillator size

[mm]
	Relative intensity

	
	PuBe
	PuC

	
	3.4 MeV (DEP)
	3.9 MeV (SEP)
	4.4 MeV (FEP)
	5.1 MeV (DEP)
	5.6 MeV (SEP)
	6.1 MeV (FEP)

	10x10x5
	-
	-
	-
	-
	-
	-

	(20x20
	4.62

+/-0.60
	1.29

+/-0.21
	1
	13

+/-3.4
	4.9

+/-1.3
	1

	(25x25
	3.73

+/-0.32
	1.33

+/-0.19
	1
	8.20

+/-0.55
	2.30

+/-0.20
	1
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Figure 4. Comparison of gamma spectra from PuBe and PuC sources recorded with CeBr3 scintillators: 10×10×5 mm3, (20×20 mm, (1”×1”, coupled to 10×10 mm PiN-diode. Dashed vertical lines are limiting the GCU region-of-interest.
4. Measurements at NCBJ with CeBr3 coupled to PMT
The energy resolution of the cylindrical shaped CeBr3 was measured using a photomultiplier (PMT – HAMAMATSU R6231-100) of 52 mm diameter. Figure 5 presents the results obtained for several gamma-ray transitions, along with the fit to experimental data. The values registered in the energy range between 3.4 and 5.6 MeV were not taken into account in the fitting procedure, as they are subject to deterioration caused by the Doppler effect.
The signal from the PMT anode fed a charge sensitive preamplifier (either a Canberra 2005 or a Cremat CR-113) and was subsequently passed to a spectroscopy amplifier, e.g., an Ortec 672. The output signal of the amplifier was transferred to a Tukan8k multichannel analyser to record the energy spectra from different γ-ray sources.
In Table 5 measured energy resolution values are given for CeBr3 scintillators coupled to PMT and PiN diode. The energy resolution is expected to be the same for (20×20 mm and (25×25 mm CeBr3 scintillator coupled to a (52 mm PMT, assuming equal quality of tested samples. The observed difference in energy resolution is therefore due to different photodetectors coupled to scintillators.
[image: image4.png]-
o

Energy resolution (%)

<

PMT R6231-100, CeBr, ¢25 mm

fit PMT
PiN 10x10mm, CR110, CeBr, $20 mm

fit PiN

Energy (MeV)




Figure 5. Energy resolution measured for CeBr3 crystals – comparison of results obtained with PMT and PiN photodetectors.
Table 5. Energy resolution measured for CeBr3 scintillators coupled to PMT and PiN diode.

	Source
	E( (keV)
	Energy resolution (%)

	
	
	PMT (52 mm

CeBr3 (25(25 mm
	PiN-diode 10(10 mm

CeBr3 (20(20 mm

	22Na
	511
	5.1 ± 0.1
	15.4 ± 0.1

	137Cs
	661.7
	4.6 ± 0.1
	12.0 ± 0.1

	65Zn
	1116
	3.6 ± 0.1
	-

	22Na
	1275
	3.5 ± 0.1
	7.0 ± 0.1

	152Eu
	1408
	3.4 ± 0.2
	-

	40K
	1461
	3.3 ± 0.2
	6.8 ± 0.3

	208Tl
	2615
	2.4 ± 0.1
	4.3 ± 0.5

	PuBe (DEP)
	3416
	3.7 ± 0.1
	4.6 ± 0.1

	PuBe (SEP)
	3927
	3.1 ± 0.1
	3.7 ± 0.2

	PuBe (FEP)
	4438
	2.8 ± 0.1
	3.5 ± 0.3

	PuC (DEP)
	5106
	2.3 ± 0.1
	2.7 ± 0.1

	PuC (SEP)
	5617
	1.8 ± 0.1
	-

	PuC (FEP)
	6128
	1.5 ± 0.4
	-


The response of tested scintillators to γ-rays was measured in a wide range of energies between 0.1 and 6.1 MeV. Gaussian fits were made for full energy peaks after background subtraction in order to quantify peak centroids, full widths at half maximum (FWHM) and peak areas. The analysis of recorded energy spectra allowed us to evaluate the energy dependence of full energy peak (FEP) detection efficiency and energy resolution for all tested scintillators in the mentioned above γ-ray energy range. The energy resolution was defined as a ratio of the FWHM and the peak centroid.

In Figure 6 a comparison of a detection efficiency measured for three different size CeBr3 samples is presented.
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Figure 6. Full energy peak (FEP) detection efficiency measured for CeBr3 crystals with PMT.

5. Measurements at JET
In the setup used at JET a 10×10 mm PiN diode was coupled to a 10×10×5 mm CeBr3 scintillator and biased with a negative high voltage provided by an Ortec 556 HV power supply. Preamplifiers were supplied with ±12 V low voltage from the backside of the spectroscopy amplifier.
For this setup two input terminations (without and with 50 Ω) in the KN3G digitizer board were tested. Several raw data acquisitions were made at different sampling frequencies (2.5, 25, 50 and 250 Msps rate). The currently installed KN3G FPGA code was used for acquisitions at lower sampling rates (2.5 and 25 Msps rate). It was observed that many more signals are detectable without channel termination at lower sampling rates (2.5 Msps). This is explained by an increase of the noise level when operating at higher frequencies as well as when the channels are terminated with 50 Ω, as shown in Figures 7 and 8. For higher frequencies most of pulses are embedded in noise. Nevertheless, for all measurements the signal to noise ratio (SNR) is poor and the pulses present a long decay time. To determine this value we performed statistical fits using following equation:





U(t) = A*exp(-ln(2)/tFALL*(t-t0))+A0,


Eq.(1)
where:


t0  – time of start of the pulse,


A – amplitude of the pulse,


A0 – amplitude offset,


tFALL – fall time.
For both cases, with and without 50 Ω termination, we observe much longer fall time: 17.7 μs and 3.6 μs, respectively. In this configuration incoming signals are similar to ones observed from CsI based detectors, currently installed at JET.
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Figure 7. Examples of pulses stored at 2.5 Msps rate with 50 Ω channel termination (left) and without termination (right). Fitted red curves, obtained from Eq. (1), defines a fall time of signals to be equal to 17.7 μs and 3.6 μs, respectively. The time scale is relative.
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Figure 8. Examples of pulses stored at 25 Msps rate with 50 Ω channel termination (left) and without termination (right). The time scale is relative.

The energy spectrum of 137Cs registered with this setup is presented in Figure 9. The FWHM for 661.7 keV is equal to (12.5±0.2)%.

[image: image8.emf]
Figure 9. Energy spectrum registered from 137Cs registered with a PiN diode based detector coupled to 10×10×5 mm CeBr3 scintillator. Signals from a PiN diode based detector were sent directly to a DAQ system. Red curve corresponds to a gaussian fit with the FWHM equal to (12.5±0.2)%.
6. Conclusions

1. Considering the setup based on CeBr3 scintillators coupled to a PiN diode, the observed signals are very similar with the incoming signals from CsI based detectors, currently installed at JET. They are characterized by a very low signal to noise ratio and a long signal time.
2. CeBr3 scintillator coupled to PiN-diode readout provides sufficient energy resolution less than 5% at Gamma Camera energy of interest. For systems based on PMT measured energy resolutions are even better.
3. The drawback of using a PiN-diode for scintillation readout is a lack of the internal gain of a signal, therefore it is necessary to use a preamplifier close to the photodetector, not in a separate location in a cubicle.
4. Limited space available for installation of a detector module in the Gamma Camera is a source of additional constraints choosing a suitable preamplifier for PiN diode. Due to limited space setups based on PMT are less promising.
5. Problem that remains open for a solution with a PiN-diode photodetector is maintaining of a good energy resolution at high count-rates.
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