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CHAPTER 1: INTRODUCTION 
 
1.1 OVERVIEW OF SCINTILLATORS FOR PET 

Scintillation spectrometers consisting of inorganic scintillation crystals coupled to 
appropriate optical detectors are one of the most widely used classes of detectors for gamma-ray 
spectroscopy [Knoll, Kleinknecht, Rodnyi].  An incoming gamma-ray when stopped inside a 
scintillation crystal deposits its energy within the crystal, and an optical pulse is produced by the 
scintillator, the amplitude of which is proportional to the energy deposited in the scintillation 
crystal.  This optical pulse emitted by the scintillator can then be detected by optical detectors 
such as photomultiplier tubes or silicon photodiodes to provide an electronic charge pulse that 
can be processed with standard nuclear pulse processing electronics.  Such scintillation 
spectrometers are widely used in a number of important applications including nuclear and 
particle physics research, nuclear non-proliferation monitoring, geophysical exploration, 
astronomy, non destructive evaluation, material science studies and medical imaging.  

In this thesis, an investigation of some new components for gamma-ray scintillation 
spectroscopy (both scintillators as well as photodetectors) is presented.  While the new 
scintillators and photodetectors discussed in this thesis can be applied to many of the applications 
mentioned above, the primary focus of this thesis is on the impact of these new detectors on 
Positron Emission Tomography (PET), a powerful medical imaging modality.  Some discussion 
of new scintillators for single photon emission computed tomography (SPECT) is also included. 
This thesis is based on the research performed by the author under employment at Radiation 
Monitoring Devices, Inc. (RMD, Inc., Watertown, MA, USA). 

Positron Emission Tomography (PET) is a functional, noninvasive medical imaging 
technique that provides an image of the distribution of a positron emitting radio-pharmaceutical 
in the body [Bushberg, Cherry 03].  During PET imaging, a positron emitted by an injected 
radio-pharmaceutical undergoes annihilation with an electron and this process produces two 511 
keV gamma-rays that travel approximately 180 ° from each other.  Near-simultaneous detection 
of these two 511 keV gamma-rays with detectors placed opposite each other constitutes the 
signal generation process for PET.  The availability of short lived positron-emitting isotopes of 
carbon (11C), nitrogen (13N), oxygen (15O) and especially fluorine (18F) allows most compounds 
of biological interest to be labeled in trace amounts and introduced into the body for in vivo 
imaging with PET.  The distribution of the tracer is imaged dynamically, allowing the rates of 
biological processes to be calculated using appropriate mathematical models.  PET has emerged 
as an important imaging modality for both clinical diagnosis and medical research [Phelps].  In 
combination with X-ray computed tomography (CT), PET has been found to be particularly 
effective in diagnosis as well as treatment of cancer [Townsend].   

In addition to its use in clinical imaging studies, the role of PET in imaging of small 
animals (such as mice and rats) has also been noteworthy [Cherry 01].  PET imaging of small 
animals is providing better understanding of diseases through development of human disease 
models in mice and rats.  Furthermore, small animal PET imaging has the potential to be very 
useful in pharmaceutical research and development.  The main advantage of PET (unlike 
autoradiography) in small animal studies is that it provides functional information in a non-
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invasive manner, which allows the same animal to be studied repeatedly, a desirable situation in 
designing longitudinal studies.   

For existing PET systems (clinical as well as preclinical), gamma-ray detectors are 
arranged in a ring configuration to conduct imaging studies.  In most existing commercial 
scanners for clinical and preclinical PET imaging, inorganic scintillators coupled to 
photomultipliers are used as detectors.  Important requirements for the scintillation crystals used 
in PET systems include: 

● fast response, 
● high sensitivity,  
● high light output,  
● high energy resolution, 
● high timing resolution, and  
● low cost.   

High energy resolution is important because it allows rejection of scattered events.  High 
timing resolution is important because it allows rejection of random events.  Furthermore, if fast 
enough scintillators become available, time-of-flight (TOF) information could be utilized to 
obtain better localization compared to conventional PET.  Such localization in TOF-PET can 
lead to enhanced signal-to-noise ratio in the reconstructed image [Budinger].  Table 1 provides a 
comparison of scintillators that are currently used in commercial PET scanners (BGO, LSO and 
GSO) as well as those that have been used to build PET scanners in past (NaI(Tl) and BaF2).   

Table 1. Properties of Inorganic Scintillators Used for PET 

Material 
Light Output 

[Photons/MeV] 

Wavelength 
of Maximum 

Emission 
[nm] 

Attenuation 
Length (511 
keV) [cm] 

Principal 
Decay Time 

[ns] 

NaI(Tl) 38,000 415 3.3 230 
LSO 24,000 420 1.2 40 
BGO 8,200 505 1.1 300 
GSO 7,600 430 1.5 60 
BaF2 10,000 220a, 310b  2.3 0.6a, 620b  

a-fast component, b-slow component 

None of the established scintillators meet all the requirements of PET.  BGO, GSO and 
LSO are commonly used in PET instrumentation due to their high gamma ray stopping 
efficiency.  BGO, however, has low light output and relatively slow response.  The light output 
of GSO is also low, though its response is faster than BGO.  LSO is brighter and faster than 
BGO and GSO, which has made it one of the dominant scintillators for PET.  However, LSO 
also has some drawbacks. Energy resolution of LSO is variable and is limited by its non-
proportionality [Dorenbos 95 & 02, Mengesha, Moses 02].  NaI(Tl) has been used in PET 
designs in past [Adam] in view of its brighter response, lower cost and better energy resolution 
(compared to LSO, GSO and BGO).  However, its slow response and low gamma-ray stopping 
efficiency limit its performance in 3-D PET imaging.   BaF2 has been considered for PET in past 
due to its very fast component (0.6 ns decay time) [Moszynski, Wong, Hollander].  However, the 
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amount of light covered by the fast component of BaF2 is only about 2000 photons/MeV.  The 
gamma-ray stopping efficiency of BaF2 is also not very high.  

If scintillators with high light output and fast as well as proportional response along with 
adequate stopping efficiency became available, they would represent a major breakthrough for 
PET application.  Such scintillators would provide energy and timing resolution superior to what 
is achievable with commercially available scintillators at present and thus, provide improved 
ability for rejection of scattered and random events.  Furthermore, scintillators with bright and 
fast luminescence may allow institution of new capabilities such as depth-of-interaction (DOI) 
encoding and time-of-flight data collection in PET.  Both of these capabilities would provide 
improvement in PET image quality [Moses 95, Karp, Budinger].  Based on these considerations, 
investigation of newer scintillators such as cerium doped lanthanum bromide (LaBr3:Ce), cerium 
bromide (CeBr3) and cerium doped lutetium iodide (LuI3:Ce) is presented in this thesis.   

1.2 OVERVIEW OF PHOTODETECTORS FOR PET: 
In addition to scintillators, optical detectors that capture the optical pulse from the 

scintillator upon gamma-ray irradiation and convert it into an electronic one are also an 
important component of the overall detection configuration used in existing PET scanners.  At 
present, photomultipliers are almost exclusively used in clinical PET scanners.  Photomultiplier 
tubes offer a number of very useful properties such as high amplification gain, very low 
electronic noise and fast response.  They, however, also have some limitations: they are bulky, 
somewhat fragile, sensitive to magnetic field and have relatively low quantum efficiency.  As a 
result, solid-state photodetectors based on silicon can be considered for PET.  Silicon based 
photodetectors have the potential to offer high optical quantum efficiency and they are generally 
compact and rugged. Furthermore, most silicon sensors can be operated in high magnetic field 
which would allow integration of PET with magnetic resonance imaging (MRI), an emerging 
trend in medical instrumentation [Catana, Schlyer, Grazioso, Judenhofer].  In this thesis, 
investigation of silicon based photodetectors for PET imaging is presented. 

1.3 SOME TRENDS IN PET INSTRUMENTATION 

1.3.1 Depth of Interaction Encoding: Conventional PET detectors consist of photomultiplier 
tubes coupled to carefully segmented arrays of scintillators such as BGO, GSO or LSO.  Anger-
logic is used in computing the position of scintillation event.  These existing detectors in clinical 
PET systems do not have the capability to encode depth-of-interaction (DOI).  As a result, the 
spatial resolution in these PET systems gets progressively worse as the event locations moves 
further away (in radial direction) from the center of the field of view.  Such parallax error (see 
Figure 1) can be reduced significantly if DOI encoding capability was available in PET 
modules.  Ability to encode depth-of-interaction is particularly important in small animal 
imaging because if such capability existed, the detector modules can be brought right to the edge 
of the reconstruction circle.  This reduces the number of modules required to build the scanner 
and thereby reduces the cost as well as complexity of the scanner.  In small animal PET imaging, 
DOI encoding capability also provides possibility for higher sensitivity because thicker 
scintillation crystals can now be used.  A number of approaches are being explored for DOI 
encoding.  This includes the dual ended readout approach proposed by LBNL team where the 
scintillation array is sandwiched between PMT on one end and a silicon p-i-n photodiode array 
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on the other end [Moses 95].  Comparison of signal collected at both ends for a given event 
allows estimation of DOI because the photodetector closer to the event will produce larger 
signal.   

Another method for DOI estimation includes phoswich approach where multiple 
scintillator layers with differing decay time are used [Seidel].  By measuring the decay time of 
the measured event, the scintillation layer in which the event was generated can be identified in 
order to generate DOI information.  A combination of scintillator layers such as LSO:Ce, GSO 
and BGO [Seidel], LSO:Ce and LuYAP [Chung] or even layers of same scintillator, GSO with 
different Ce concentration (to achieve difference in decay time between layers [Inadama] have 
been explored to achieve DOI encoding.   

 
Other DOI encoding approaches with continuous scintillators include clustering methods 

(based on maximum-likelihood) that have been implemented on 8 mm thick scintillation crystals 
to extract DOI information [Ling] or readout of continuous scintillator with APD array where the 
event depth in the scintillator is determined from the distribution of the scintillation light over the 
APD array [Maas].   

In this thesis, DOI encoding is demonstrated using LSO array sandwiched between two 
matching position sensitive avalanche photodiodes (PSAPDs) for PET modules designed for 
small animal imaging.  Similarly, DOI encoding is also demonstrated using silicon 
photomultipliers (built using CMOS method) that sandwich LSO crystal.   

1.3.2 Time-of-Flight PET Imaging: In conventional PET scanners, high timing resolution is 
desired to reduce the random events within the coincidence window.  However, if the timing 
resolution of the PET detectors is very high, time-of-flight PET imaging can become possible 
which can lead to significant improvement in overall image quality [Budinger, Mullani, Karp, 
Moses 07]. 

Figure 2 provides a comparison of conventional and TOF PET imaging [Moses 03].  As seen in 
the figure, in case of conventional PET imaging, once a coincidence is established between two 

Actual 
Event Line

Reconstructed 
Line

Actual 
Event Line

Reconstructed 
Line

Figure 1. Schematic illustration of parallax 
error in PET scanners with ring geometry 
when DOI encoding capability is not 
available. 
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detector elements in a PET ring, equal weight is assigned to all voxels between the two detectors 
(which represents the line-of-response, LOR) during the image reconstruction [Moses 03].  Thus, 
statistical noise from an activity in one voxel adds to overall noise along the line-of-response 
(LOR), which causes large noise amplification during image reconstruction.  In case of time-of-
flight (TOF) PET (see Figure 2), the event is localized to a short distance along the line-of-
response, if the timing resolution of the detectors is high enough.  Thus, in TOF-PET, only the 
noise associated to voxels within the localized segment along LOR is included in the 
reconstructed image, thereby reducing the noise amplification considerably.   

Conventional Time-of-Fligh t

Detector

Height represents weight assigned to each voxel by reconstruction algorithm along the line-of-response (LOR)

Tomograph 
Ring

Conventional Time-of-Fligh t

Detector

Height represents weight assigned to each voxel by reconstruction algorithm along the line-of-response (LOR)

Tomograph 
Ring

 
Figure 2. Schematic representation of conventional and time-of-flight PET imaging [Moses 03]. 

Figure 3 illustrates the extent of noise reduction in the images that can be achieved with time-of-
flight PET, which depends strongly on the timing resolution of the detectors used to construct the 
PET scanner as well as the size of the object (or patient) being imaged [Moses 99].  For timing 
resolution of ∆t, the distribution of activity is localized to distance ∆x along the line-of-response 
(see Figure 3) and the relationship between these parameters can be expressed as ∆x = ∆t•c/2, 
where c is the speed of light.   

 

c = 30 cm/ns
500 ps timing resolution
⇒ 7.5 cm localization

D

∆xt1
t2

c = 30 cm/ns
500 ps timing resolution
⇒ 7.5 cm localization

D

∆x

c = 30 cm/ns
500 ps timing resolution
⇒ 7.5 cm localization

500 ps timing resolution
⇒ 7.5 cm localization

DD

∆xt1
t2

Figure 3. Schematic diagram of 
localization and variance reduction in 
TOF-PET [Moses 99].  Timing 
resolution of ∆t allows an event to be 
localized within ∆x (=∆t•c/2).  The 
variance reduction in TOF-PET can 
be expressed as D/∆x, where D is the 
object diameter (or patient size).  For 
a heavy patient (D = 37.5 cm), 
variance reduction with TOF-PET can 
be ~5, if timing resolution is 500 ps. 
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The approximate variance reduction in TOF-PET can be expressed as D/∆x, where D is the 
object diameter (or patient size) [Moses 07].  Thus, the improvement associated with TOF-PET 
is amplified for heavier patients, where better image quality is desired most.  If timing resolution 
of 500 ps (FWHM) is achieved with PET detectors, an event is localized within 7.5 cm.  Taking 
case of a heavy patient (D = 37.5 cm), the variance reduction achieved with TOF-PET is ~5, 
which is very attractive.  Thus, it is clear that achieving timing resolution of about 500 ps or 
better is essential in exploiting the advantage offered by TOF-PET.  To achieve such high timing 
resolution, fast and bright scintillators are required.   

1.4 ORGANIZATION OF THIS THESIS 
This thesis is organized in the following fashion: In chapter 2, techniques for growing 

LaBr3:Ce, CeBr3, and LuI3:Ce crystals are discussed and an overview of methods used to 
measure scintillation performance of these compositions is provided.  Basic scintillation 
properties as well as energy and timing resolution of LaBr3:Ce, CeBr3 and LuI3:Ce scintillators 
are presented in chapters 3, 4 and 5, respectively.  These chapters are based on (or adapted 
from) prior publications and presentations covering these compositions.  In chapter 6, 
characteristics of the new elpasolite and alkaline earth halide scintillators are covered, 
particularly from the viewpoint of SPECT imaging.  This chapter is based on prior presentations, 
reports and publications covering these compositions. 

In chapters 7 and 8, silicon avalanche photiodiodes with position sensitivity are discussed 
with chapter 8 focusing on investigation of these devices for small animal PET imaging.  Both 
these chapters are based on prior publications.  In chapter 9, silicon photomultipliers (SiPMs) 
built using CMOS processing are discussed for PET.  This chapter is based on prior 
presentations, a provisional U.S. patent application and research progress reports submitted to 
U.S. federal agencies.  Conclusions and summary are presented in chapters 10 and 11, 
respectively 
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CHAPTER 2: EXPERIMENTAL METHODS FOR SCINTILLATION STUDIES 
 

2.1 OVERVIEW 
In this chapter, experimental techniques used for scintillation studies are discussed.  First, 

the methods used to grow crystals of LaBr3:Ce, CeBr3 and LuI3:Ce are presented.  The 
techniques used in measuring emission spectra, decay time spectra and light output of various 
scintillators are then covered.   

2.2 CRYSTAL GROWTH METHOD: 
The scintillation materials investigated in this research (LaBr3:Ce, CeBr3, LuI3:Ce and 

other related mixed halides) all melt congruently at relatively low temperatures (below 1100 °C).  
As a result, crystals of these compositions can be grown directly from the melt using processes 
such as Bridgman and Czochralski [Brice].  Melt based crystal growth processes are very widely 
used in the field of scintillation materials 
and most commercial scintillators 
(including NaI:Tl and CsI:Tl) are grown 
using melt based Bridgman and 
Czochralski methods.   

To grow crystals of LaBr3:Ce, CeBr3, 
LuI3:Ce and other related mixed halides, 
Bridgman method with vertical orientation 
of crucible was used in this research (see 
Figure 1).  In view of relatively low 
melting points of the chosen materials 
(below 1100 °C), quartz crucibles were 
used.  Ultra-dry starting powders of the 
host composition as well as the activator in 
appropriate ratio were loaded in quartz 
ampoules, which were then sealed.  For 
growth of LaBr3:Ce, the constituents inside 
the ampoule would be ultra-dry LaBr3 and 
CeBr3.  These ampoules were then dropped 
through a vertical Bridgman furnace that 
has two zones (see Figure 1).  The upper 
zone of the furnace was kept above the 
melting point of all the constituents placed inside the ampoule.  This allowed the constituents to 
mix well and react in the molten phase to form   The lower zone of the furnace was kept below 
the melting point of the synthesized compound.  As a result, the crystals of the desired 
composition were formed as the ampoule entered the lower zone.  Important process parameters 
for successful crystal growth were temperature gradients in the furnace, crucible design, growth-
rate and cooling rate for the grown crystal.  Crystals were mostly grown in ampoules with 1 cm 
diameter for evaluation purposes (for example, a photograph of a LaBr3:Ce crystal is shown in 
Figure 2).  These crystals were taken out of the ampoule and processed. These crystals were cut 

Figure 1. Schematic of Bridgman crystal growth 
setup used for growth of LaBr3:Ce, CeBr3, LuI3:Ce 
and related materials. 

             Ts           Tl 



 20

using a diamond coated wire saw and the surfaces exposed 
as a result of these cuts were polished using non-aqueous 
slurries (due to hygroscopic nature of the chosen 
compositions) prepared by mixing mineral oil with SiO2, 
CeO, or Al2O3 (< 1 µm grit size).  In some instances, these 
crystals were packaged to prevent long exposure to 
moisture.  These crystals were then evaluated using 
techniques discussed in the following section. 

2.3 RADIOLUMINESCENCE MEASUREMENTS 
Radioluminescence measures the spectral distribution of the light emitted by a scintillator 

upon excitation with an X-ray source.  A typical setup used for radioluminescence measurements 
includes an X-ray source, a monochromator, a photodetector and control electronics.  A 
schematic representation of a radioluminescence setup is shown in Figure 3.   
 
 

Figure 3. Schematic representation of a setup used for measuring radioluminescence of a scintillator. 

The X-rays are generated by a Philips X-ray generator with a copper target.  The typical 
lamp voltage and current settings are 40 kV and 20 mA, though they are often varied to 
accommodate various scintillator samples.  The X-rays irradiate a scintillation crystal placed in a 
sample chamber.  The chamber has a beryllium entrance window.  The scintillation crystal is 
placed on a stand that also can hold a small mask, if necessary, to irradiate only part of the 
sample.  The experiments with the mask are useful when comparing the emission intensities of 
different materials.  The light produced by the excited sample is collected through the slits by a 
McPherson 302 monochromator.  The grating in the monochromator disperses the light that is 
then detected by a light detector on the other side of the monochromator.  Usually, the slits are 
set to 2 mm, leading to the 8 nm resolution for the system.  Photomultipliers are used as a light 

Figure 2. Photograph of a Bridgman 
grown LaBr3:Ce crystal (1 cm diameter 
crystal with >2.5 cm length). 
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detector.  Depending on the spectral range of interest a Hamamatsu R2059 or Burle C31034 
PMTs are used.  The former has a bialkali photocathode and is more sensitive in the ultraviolet 
and visible region (180-650 nm), while the later has a GaAs:Cs-O photocathode and is sensitive 
in the 300 to 900 nm range.  The photomultipliers are placed in a housing that uses dry ice to 
cool them, in order to reduce dark counts.  The data collection system works in the photon 
counting mode.  Thus the output of a photomultiplier is connected thought a small Ortec VT120 
preamplifier to a photon counter (Stanford Research, SR400).  The counter is controlled by a PC 
computer.  The computer also controls the monochromator.  A typical run collects the counts for 
1 second at each scanned wavelength.  The monochromator step is usually 1 nm.  Longer 
collection times are used if the emission has low intensity.   

2.4 LIGHT YIELD AND ENERGY RESOLUTION MEASUREMENTS 
For light output and energy resolution measurements, pulse height spectra are recorded 

with scintillator directly attached to a photomultiplier tube.  The scintillator is typically wrapped 
in Teflon tape on all sides, except the attached face.  The Teflon reflects the light towards the 
photomultiplier tube.  A Teflon lined cap can be used as a reflector as well.  The sample typically 
is attached using silicon grease that improves the optical coupling between the crystal and 
photomultiplier tube.  The current setup at RMD uses a Hamamatsu R6233 photomultiplier tube 
with a bialkali photocathode, though other PMTs (such as Hamamatsu’s R2059 or Hamamatsu’s 
R6233S) are also used.  The signal produced by the tube is first collected by a preamplifier 
(Canberra, 2005) that initially integrates, amplifies and shapes it.  This signal is then send to a 
spectroscopy amplifier (Canberra, 2022).  The amplifier allows for adjustments of gain and 
shaping time.  The shaping time for a given scintillation sample is chosen on the basis of its 
decay time.  For slow scintillation pulses, longer shaping time needs be used to collect as many 
photons as possible.  The shaping time can be set from 0.5 to 12 microseconds.  The signal from 
the amplifier is then fed to an ADC (Canberra) and then an MCA card (Canberra, M100) in a 
personal computer that collects the data as shown in Figure 4. 

  

Figure 4. Experimental setup used for light yield and energy resolution measurements. 

From the measured pulse height spectrum for given gamma-ray irradiation, the 
characteristics photopeak(s) are identified.  From Gaussian fit to each peak, its mean amplitude 
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and its broadening are estimated to compute its energy resolution, which is reported usually as 
percentage-FWHM.   

Using such pulse height measurements, it is also possible to estimate the light yield of a 
given scintillator.  The experiment involves acquiring a pulse height spectrum with the 
scintillator being investigated using an isotopic source (such as 137Cs that emits 662 keV gamma-
rays).  Next, a pulse height spectrum for the same isotope is acquired using a well established 
scintillator with known light yield (for example, BGO which emits 8,200 photons/MeV).  The 
measurements are performed using the same settings.  If different amplifier gains are used, the 
spectra are scaled accordingly.  By comparing the photopeak positions for the investigated 
sample and the reference sample, the light yield of the investigated sample can be estimated from 
the known light yield of the reference sample after taking into account the difference in the 
quantum efficiency of the PMT over the spectral emission of the investigated sample and the 
reference sample.  The following expression can be used to estimate the light yield of the 
investigated sample:  

r
s

r

r

s LY
qe
qe

p
p

LY ××= , 

where ps and pr are respective photopeak positions (s for the investigated sample, r for the 
reference sample), qes and qer are respective quantum efficiency values, and LYr is the light yield 
of the reference BGO crystal (in photons / MeV).  The result represents the light yield of the 
investigated sample in photons per 1 MeV of the incident gamma-ray energy.  

2.5 DECAY TIME MEASUREMENTS 
The simplest way to measure a decay time curve of scintillation is to record the trace on a 

digital oscilloscope, such as TDS 220 from Tektronix as illustrated in Figure 5.   

Figure 5. Experimental setup used to measure scintillator decay time using a fast, digital oscilloscope. 

In this experiment the crystal is attached to a PMT (such as Hamamatsu’s R2059) and 
irradiated by gamma particles from a radioactive source.  The output of the PMT is directly 
connected to the scope.  A 50 Ohm input impedance is necessary to preserve fast components of 
the scintillation pulse.  Higher impedance will lead to integration of the signal as the result will 
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be determined by the RC time constant of the setup rather than the intrinsic scintillation pulse.  
The settings on the scope need to be adjusted to accommodate the decay time constant and the 
signal strength.  Single traces or averaged pulses can then be collected and transmitted from the 
scope to a personal computer.  The data is fitted to a sum of exponentials and a time independent 
background to estimate decay time constant(s) for the investigated sample.  The main advantage 
of this method is in its simplicity.  A single trace can be collected within seconds.  On the other 
hand for low intensity emission it can be quite difficult to collect decay spectra.  Also, the 
resolution is limited by the scope.  While decay times are usually slow enough to be reliably 
captured, rise time features are often too fast and are limited by the scope – PMT setup.   

Another method that has been used for decay time measurements has been the delayed 
coincidence method [Bollinger].  Decay time measurements have been made using the Pulsed X-
Ray Facility available at the Lawrence Berkeley National Laboratory (Berkeley, California, 
USA). The x-ray source is a light-excited x-ray tube that produces 4,000 x-ray photons (mean 
energy 18.5 keV) per steradian in each 1 ps fwhm pulse, with a 50 kHz repetition rate. The 
investigated sample is placed in the x-ray beam and its fluorescent emanations are detected with 
a sapphire-windowed microchannel plate photomultiplier tube (spectral range 150-650 nm, 
transit time jitter 40 ps fwhm). The time difference between the x-ray pulse and the detected 
fluorescent emissions is measured using a TAC / ADC combination having 2 ps fwhm 
resolution, and the decay time spectrum is acquired with the delayed coincidence method 
[Bollinger].  The total system response time is 60 ps fwhm.  The acquired spectrum is fitted to a 
sum of exponentials (representing rise and decay time components) along with a time 
independent background.  The main advantage of this method is that it allows accurate 
estimation of very fast components that may be present in the temporal response of the sample. 

2.6 COINCIDENCE TIMING RESOLUTION MEASUREMENTS 
Timing resolution of various new crystals has been measured using an experimental setup 

(see Figure 6) available at Lawrence Berkeley National Laboratory (Berkeley, California, USA). 

 
Figure 6. Schematic diagram of setup used to measure coincidence 
timing resolution of various new scintillators. 
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This experiment involves irradiating a reference scintillator (BaF2) and an investigated 
scintillator (for example, LaBr3:Ce), each coupled to a fast PMT (Hamamatsu R-5320) with 511 
keV positron annihilation γ-ray pairs (emitted by a 68Ge source).  The BaF2-PMT detector forms 
a “start” channel in the timing circuit, while the LaBr3-PMT detector forms the “stop” channel.  
The signal from each detector is processed using two channels of a Tennelec TC-454 CFD that 
has been modified for use with fast (sub-ns) rise-time PMTs.  The time difference between the 
start and stop signals is digitized with a Tennelec TC-862 TAC and a 16-bit ADC, resulting in a 
TDC with 7.5 ps per bin resolution.  The coincidence timing distribution is acquired in this 
manner and by performing a Gaussian fit to the spectrum, the coincidence timing resolution (in 
ns-FWHM or ps-FWHM) is estimated.   

In some instances, other experimental approaches have also been used, which are discussed 
when the corresponding measurements and data analysis is presented. 

2.7 REFERENCES 
L. M. Bollinger and G. E. Thomas, “Measurement of the time dependence of scintillation 

intensity by a delayed-coincidence method”, Rev. Sci. Instr., vol. 32, p. 1044, (1961). 
J. C. Brice, Crystal Growth Processes, UK: Blackie Halsted Press, 1986. 
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CHAPTER 3: CERIUM DOPED LANTHANUM BROMIDE SCINTILLATORS 
3.1 OVERVIEW 

This chapter covers investigation of cerium doped lanthanum halide scintillators.  This 
chapter has been adapted from the following two publications: (i) K.S. Shah et. al., LaBr3:Ce 
Scintillators for Gamma-Ray Spectroscopy, IEEE Transactions on Nuclear Science V. 50(6), 
(2003) and (ii) K.S. Shah et. al., High Energy Resolution Scintillation Spectrometers, IEEE 
Transactions on Nuclear Science, V 51(5), (2004).  These publications cover investigation of 
some of the basic scintillation properties of LaBr3 as a function of cerium concentration (up to 
5%).  Additional results covering the variation of scintillation properties as well as timing 
resolution at higher cerium concentrations (beyond 5%), which were not available at the time of 
the publications listed above are included here.  Analysis of the energy resolution of LaBr3:Ce 
scintillators read out with photomultiplier tubes as well as silicon avalanche photodiodes is 
included in this chapter. 

3.2 INTRODUCTION: 
Scintillation spectrometers are widely used in detection and spectroscopy of energetic 

photons (γ-rays) at room temperature.  As mentioned earlier, these detectors are commonly used 
in nuclear and high energy physics research, medical imaging, non-destructive testing, nuclear 
treaty verification and safeguards, and geological exploration [Knoll, Kleinknecht].  Important 
requirements for the scintillation crystals used in these applications include high light output, 
high stopping efficiency, fast response, low cost, good linearity, and minimal afterglow.  These 
requirements cannot be met by any of the commercially available scintillators. 

Scintillation crystals such as NaI(Tl) and CsI:Tl provide high light output and are available 
in large sizes that are required in many of the mentioned applications.  However, the energy 
resolution of these scintillators is poor, about 6 to 7% (FWHM) at 662 keV gamma ray energy 
(137Cs source).  This energy resolution is much worse than the predicted value of about 3 to 4% 
(FWHM) at 662 keV for these scintillators coupled to photomultiplier tubes (based on 
photoelectron statistics).  Furthermore, even small crystals of these scintillators provide poor 
energy resolution, which indicates that factors such as non-uniformity and crystal quality do not 
completely account for the degradation of their energy resolution.  The prevailing hypothesis for 
the degradation of the energy resolution of these common scintillators such as NaI(Tl), Cs(Tl), 
LSO and others is non-proportionality [Moses 02, Dorenbos 95 & 02, Mengesha].  It has been 
observed that for many inorganic scintillators the light emitted per unit energy is not constant but 
depends on the energy of the excitation electrons [Dorenbos 95, Mengesha].  The pulse height 
for a scintillation spectrometer for each gamma ray event is caused by multiple excitation 
electrons of varying energy.  Furthermore, for gamma ray events with the same energy, the 
energy of cascading excitation electrons can vary.  As a result, for scintillators that are non-
proportional, additional broadening occurs beyond what would be expected based on counting 
statistics.  Thus, in order to obtain high energy resolution with scintillators, high light output as 
well as high proportionality is required.   

In this chapter, we report on a relatively new scintillator, Ce3+ doped LaBr3 [van Loef 01] 
which satisfies both these requirements and as a result provides high energy resolution.  One of 
the important aspects of the research presented in this chapter is the investigation of scintillation 
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properties of LaBr3 as a function of Ce3+ concentration (0.5% to 30% on molar basis).  The 
results, discussed in detail in this chapter, indicate that timing response of LaBr3:Ce improves 
considerably as the Ce3+ concentration is increased [Shah 03].  This behavior can be exploited 
for applications such as positron emission tomography that require fast response and high timing 
resolution. 

3.3 PREPARATION OF LaBr3:Ce CRYSTALS 
LaBr3 crystals have hexagonal (UCl3 type) structure with P63/m space group and their 

density is 5.1 g/cm3The compound melts congruently at 783 °C and therefore its crystals can be 
grown using melt based methods such as Bridgman and Czochralski.  This is fortunate because 
these melt based processes are well suited for growth of large volume crystals [Brice].  In the 
research reported in this chapter, vertical Bridgman method has been used for growing LaBr3:Ce 
crystals.   

 
Quartz ampoules were used as crucibles and ultra-dry LaBr3 and CeBr3 powders (99.99%, 

Alfa/Aesar) were loaded in such ampoules, which were then sealed.  These ampoules were then 
dropped through the vertical Bridgman furnace that has two zones.  The upper zone of the 
furnace was kept at temperature of 850 °C, which is above the melting point of LaBr3 and CeBr3.  
This allowed the constituents to mix well and react in the molten phase to form LaBr3:Ce.  The 
lower zone of the furnace was kept at 700 °C or lower (which is below the melting point of 
LaBr3 and CeBr3).  As a result, LaBr3:Ce crystals were formed as the ampoule entered the lower 
zone.  LaBr3 crystals with volume greater than 2 cm3 were grown in this manner.  Figure 1 
shows a photograph of a LaBr3:Ce crystal grown by the Bridgman method.  Initial growth runs 
were performed with Ce3+ concentration of 0.5% (on molar basis). In the later runs, the amount 
of CeBr3 in the feed material was adjusted to produce LaBr3 samples with other Ce3+ 
concentration (0.2%, 0.5%, 1.3% and 5%) in order to study the effects of variation in cerium 
concentration on the scintillation properties of LaBr3.   

The grown crystals were removed from the quartz ampoule and then cut and polished 
using non-aqueous slurries (due to hygroscopic nature of LaBr3) prepared by mixing mineral oil 
with Al2O3 grit.  The crystals were then packaged to prevent long exposure to moisture.  This 
involved encapsulating the crystal in an epoxy (Epoxy STYCAST#1266 Value23LV Titanium 
Oxide and EPO-TEK 301 between the crystal and window) with a thin quartz window (0.5 mm) 
placed on the crystal face, which would be coupled to an optical sensor.  Other packaging 
schemes were also tried which involved placing a crystal in a metal can with a quartz window on 
one face.  The crystal was attached to the quartz window using optical epoxy (EPO-TEK 301) 

Figure 1.  Photograph of an 
RMD grown LaBr3:Ce crystal 
(about 2 cm3 in size). 
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and then SiO2 powder was pressed in the space between the metal can and the crystal.  The metal 
disk was then attached to the top surface to seal the detector.  

3.4 SCINTILLATION PROPERTIES OF LaBr3:Ce 
We have performed characterization of the scintillation properties of LaBr3 crystals grown 

by the Bridgman process.  This investigation involved measurement of the light output, the 
emission spectrum, and the fluorescent decay time of the crystals.  Variation of these scintillation 
properties with Ce3+ concentration was analyzed.  Energy and timing resolution of LaBr3:Ce 
crystals were also measured. 
3.4.1 Light Output and Energy Resolution 

The light output of LaBr3:Ce crystals was measured by comparing their response and the 
response of a calibrated BGO scintillator to the same isotope (662 keV γ-rays, 137Cs source, see 
Figure 2).  These measurements involved optical coupling of a LaBr3:Ce sample to a 
photomultiplier tube (with multi-alkali S-20 photocathode), irradiating the scintillator with 662 
keV photons and recording the resulting pulse height spectrum.  In order to maximize light 
collection, LaBr3:Ce crystals were wrapped in reflective, white Teflon tape on all faces (except 
the one coupled to a photomultiplier (PMT)).  An index matching silicone fluid was also used at 
the PMT-scintillator interface.  A pulse height spectrum was recorded with a LaBr3:Ce crystal 
(~1 cm3 size, 0.5% Ce).  This experiment was then repeated with a calibrated BGO scintillator 
(which had light output of 8000 photons/MeV).  Figure 2 shows pulse height spectra for both 
LaBr3:Ce and BGO under 137Cs irradiation and amplifier shaping time of 4.0 µsec.  This shaping 
time is long enough to allow full light collection from both the scintillators.  The PMT bias and 
amplifier gain were the same for both spectra.  Based on the recorded photopeak positions for 
LaBr3:Ce and BGO, and by taking into account the photocathode quantum efficiency for BGO 
and LaBr3:Ce, we estimated light output of LaBr3:Ce crystal with 0.5% Ce to be about 60,000 
photons/MeV.   

 
We also studied variation in light output of LaBr3:Ce crystals as a function of the cerium 

concentration in these crystals.  Crystals with cerium concentration of 0.2%, 1.3%, and 5% were 
investigated.  Each crystal was coupled to PMT and 662 keV γ-ray spectra (137Cs source) were 
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recorded with these crystals under identical operating conditions.  Data were collected at shaping 
time of 4 µs and the results reported in Table I, indicate that all Ce3+ concentrations provide high 
light output.  The light output of the sample with 1.3% Ce3+ concentration is lower than 
expected, which is probably due to poorer quality of that crystal as compared to other samples. 

The energy resolution of the 662 keV photopeak recorded with LaBr3:Ce scintillator has 
been measured to be 3.2% full-width at half-maximum (FWHM) at room temperature as shown 
in Figure 2.  Such high energy resolution has not been achieved with any of the established 
inorganic scintillators.  It should be noted that the energy resolution obtained with LaBr3:Ce 
crystals approaches the energy resolution of room temperature semiconductor detectors such as 
CdTe and CdZnTe of similar size.  We have also characterized a LaBr3:Ce crystal (coupled to a 
PMT) using other gamma ray energies such as 511 keV (22Na source) and 122 keV (57Co source) 
and have found its energy resolution to be 3.6% (FWHM) and 6.8% (FWHM), respectively, at 
room temperature. 
3.4.2 Emission Spectrum 

We measured the emission spectrum of the LaBr3:Ce scintillators.  The LaBr3:Ce samples 
were excited with radiation from a Philips X-ray tube having a copper target.  The scintillation 
light was passed through a McPherson monochromator and detected by a Hamamatsu R2059 
photomultiplier tube with a quartz window.  Figure 3 shows the normalized emission spectra for 
LaBr3:Ce samples with 0.2, 0.5, 1.3, and 5% Ce concentrations.  As seen in the figure, emission 
peaks at 360 and 380 nm, which are characteristic for Ce3+ luminescence, are present for all four 
cerium concentrations.   

 
3.4.3 Decay Time 

The fluorescent decay times of LaBr3:Ce samples (doped with 0.2, 0. 5, 1.3 and 5% Ce) 
were measured using the delayed coincidence method [Bollinger].  Decay time measurements 
were made at the LBNL Pulsed X-Ray Facility.  The x-ray source is a light-excited x-ray tube 
that produces 4,000 x-ray photons (of mean energy 18.5 keV) per steradian in each 1 ps FWHM 
pulse, with a 50 kHz repetition rate.  The LaBr3:Ce samples were placed in the x-ray beam and 
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their fluorescent emanations were detected with a sapphire-windowed microchannel plate 
photomultiplier tube (spectral range 150-650 nm, transit time jitter 40 ps FWHM).  The time 
difference between the x-ray pulse and the detected fluorescent emissions was measured using a 
TAC/ADC combination having 2 ps FWHM resolution.  The total system response time is 60 ps 
FWHM.  The decay time spectrum for each LaBr3:Ce sample was measured up to 430 ns after x-
ray exposure in this manner and was fitted to the sum of exponentials and a time-independent 
background.  The fit results are shown in Figure 4 and Table I.  As seen in the table, all samples 
independent of Ce3+ concentration show very fast principal decay constant (≤ 25 ns).  These 
results are consistent with the emission spectra shown in Figure 3 where Ce3+ luminescence 
appears to be the primary scintillation component.  Some evidence of rise time (in <1 to >5 ns 
range) was also observed in these studies.  The light output, optical emission, and decay time 
data for all four Ce3+ concentrations in LaBr3 are summarized in Table I. 

 

 
3.4.4 Coincidence Timing Resolution 

Coincidence timing resolution of LaBr3:Ce crystals with various Ce3+ concentrations has 
been measured.  This experiment involved irradiating a BaF2 and LaBr3:Ce scintillators, each 
coupled to a fast PMT (Hamamatsu R-5320, operated at –2000V) with 511 keV positron 
annihilation γ-ray pairs (emitted by a 68Ga source).  The BaF2-PMT detector formed a “start” 
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Figure 4.  Decay time spectra for LaBr3 crystals 
with 0.2, 0.5, 1.3, and 5% Ce3+ concentrations, 
along with multi-exponential fits to the measured 
data. 

TABLE I 
SCINTILLATION PROPERTIES OF LaBr3:Ce WITH DIFFERENT CE3+ 

CONCENTRATIONS (0.2 TO 5% RANGE) 
Ce3+ 

Concentration 
(%) 

Light Output 
(Photons/MeV) 

Rise Time 
(ns) 

Decay Times 
 (ns) 

0.2 60,700 3.5 23 ns (93.4%),  
66 ns (6.6%) 

0.5 60,000 3.4 26 ns (93%),  
66 ns (7%) 

1.3 47,000 2.9 16.5 ns (97%),  
66 ns (3%)  

5 55,300 0.7 15 ns (97%),  
63 ns (3%) 
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channel in the timing circuit, while the LaBr3-PMT detector formed the “stop” channel.  The 
signal from each detector was processed using two channels of a Tennelec TC-454 CFD that had 
been modified for use with fast (sub-ns) rise-time PMTs.  The time difference between the start 
and stop signals was digitized with a Tennelec TC-862 TAC and a 16-bit ADC, resulting in a 
TDC with 7.5 ps per bin resolution.  Data were accumulated until the coincidence timing 
distribution had approximately 10,000 counts in the maximum bin.  Figure 5 shows a 
coincidence timing resolution plot acquired in this manner with LaBr3:Ce crystal having 5% Ce3+ 
concentration and the timing resolution was measured to be 260 ps (FWHM).   

 
Similar measurements were also made with LaBr3:Ce crystals having 0.2%, 0.5%, and 

1.3% Ce3+ concentrations placed in the “stop” channel, and the coincidence timing resolution 
was measured to be 450 ns, 390 ns, and 320 ps (FWHM), respectively.  The timing resolution for 
two BaF2 detectors in coincidence with each other was measured to be 240 ps (FWHM) in this 
study.  Overall, these results confirm that LaBr3:Ce is well suited for applications requiring fast 
response, high count-rates, and good timing resolution. 
3.4.5 Proportionality of Response 

We have evaluated the proportionality of response (or linearity) of LaBr3:Ce scintillators.  
Non-proportionality (as a function of energy) in light yield can be one of the important reasons 
for degradation in energy resolution of established scintillators such as NaI(Tl) and CsI(Tl) 
[Dorenbos 95].  As a result, we have measured light output of LaBr3:Ce under excitation from 
isotopes such as 241Am (60 keV γ-rays), 57Co (122 keV γ-rays), 22Na (511 keV and 1275 keV γ-
rays) and 137Cs (662 keV γ-rays).  A LaBr3:Ce crystal (0.5% Ce) was wrapped in Teflon tape and 
coupled to a PMT.  Pulse height measurements were performed using standard NIM equipment 
with the scintillator exposed to different isotopes.  Same settings were used for PMT and pulse 
processing electronics for each isotope.  From the measured peak position and the known γ-ray 
energy for each isotope, the light output (in photons/MeV) at each γ-ray energy was estimated.  
The data points were then normalized with respect to the light output value at 662 keV energy 
and the results (shown in Figure 6) indicate that LaBr3:Ce is a very proportional scintillator.  
Over the energy range from 60 to 1275 keV, the non-proportionality in light yield is about 6% 
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Figure 5.  Timing resolution spectrum measured 
for a LaBr3:Ce (5% Ce3+) crystal in coincidence 
with a BaF2 crystal.   
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for LaBr3:Ce, which is substantially better than that for many established scintillators.  For 
example, over the same energy range, the non-proportionality is about 35% for LSO and about 
20% for NaI(Tl) and CsI(Tl) [Guillot-Noel].  The higher proportionality of LaBr3:Ce is one of 
the important reasons (in conjunction with its high light output) behind the high energy 
resolution of this scintillator.  

 
Overall, these measurements clearly indicate that LaBr3:Ce is a promising scintillator.  It 

has high light output, fast response and shows good energy and timing resolution.  Our studies 
indicate that these properties are maintained as the crystal volume is increased.  
3.4.6 Exploration of Scintillation Properties of LaBr3 with higher Ce3+ Concentration 

The trends observed in Figure 4 and Table 1 clearly indicate that the temporal response of 
LaBr3:Ce becomes faster as the Ce3+ concentration in the crystals is increased.  Due to this 
improvement in the temporal response, the coincidence timing resolution of LaBr3:Ce also 
improved at the higher Ce3+ concentration.  In view of this observation, the investigation of 
scintillation properties of LaBr3:Ce was continued by growing a new set of crystals with varying 
Ce3+ concentrations (0.5%, 5%, 10%, 20% and 30%, on molar basis).  Bridgman method was 
used to grow these crystals.  Light output, emission spectra, and decay time spectra were 
measured for these crystals (≤1 cm3 size) using techniques described in sections 3.4.1 to 3.4.3.   

The peak emission wavelength showed only slight variation over the entire Ce3+ 
concentration range that was investigated.  A slight shift (of ~10 nm) towards longer 
wavelengths was observed for LaBr3 samples with higher Ce3+ concentrations (20 and 30%).   

Light output of these newer LaBr3 samples with wider range of Ce3+ concentration was 
measured by coupling them (unpackaged and wrapped in Teflon tape) to a photomultiplier tube 
(Hamamatsu R2059) and acquiring 137Cs pulse height spectra (662 keV gamma-rays).  Based on 
the calibration provided by a BGO crystal, the light output was estimated for various LaBr3:Ce 
crystals.  The highest light output was recorded for LaBr3:Ce crystal with 5% Ce in this study 
and its light output was 70,500 photons/MeV (see Table 2).  This light output is higher than the 
value reported in Table 1, most likely due to higher crystal quality and crystal processing.  The 
light output of this new batch of LaBr3 crystals with varying Ce3+ concentration (0.5, 5, 10, 20 
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Figure 6.  Proportionality in light yield as a 
function of γ-ray energy measured for LaBr3:Ce 
at room temperature.   
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and 30%) is reported in Table 2.  As seen in Table 2, the light output does not change 
appreciably with Ce3+ concentration and the overall variation in light output over the Ce3+ 
concentration range from 0.5 to 30% is less than 10%.   

 

 
 
Temporal response of LaBr3 samples with Ce3+ concentration in 0.5 to 30% range was 

measured using the delayed coincidence method at the LBNL Pulsed X-ray Facility.  Figure 7 
shows the temporal response curves for each LaBr3 sample.  Each curve was fitted with a sum of 
exponentials (rise and decay components) and a time-independent background.  Table 2 
provides the fit results, which indicates that while at Ce3+ concentrations above 5%, the effective 
decay time does not improve, the effective risetime continues to become faster at higher Ce3+ 
concentrations.  As a result, LaBr3:Ce with higher Ce3+ concentration (20 to 30% range) can be 
expected to provide better performance in applications that require fast timing.  The relationship 
between risetime and Ce3+ concentration can be explained using a diffusion model (of self 
trapped holes or excitons, STH or STE), where the transfer rate (1/τ) is proportional to the 
activator concentration [Glodo]. 

 

 
Coincidence timing resolution of LaBr3:Ce crystals with various Ce3+ concentrations in 0.5 

to 30% range, operating in coincidence with BaF2 crystal (1 cm3 in size) has been measured 

TABLE II 
SCINTILLATION PROPERTIES OF LaBr3:Ce WITH DIFFERENT CE3+ 

CONCENTRATIONS (0.5 TO 30% RANGE) 
Ce3+ 

Concentration 
(%) 

Light Output 
(Photons/MeV) 

Rise Time 
(ns) 

Decay Times 
 (ns) 

0.5 70,100 5 26 ns (92%),  
66 ns (8%) 

5 70,500 0.9 16 ns (97%),  
63 ns (3%) 

10 64,500 0.5 16 ns (94%),  
55 ns (6%)  

20 64,000 0.16 17 ns (95%),  
70 ns (5%) 

30 69,000 0.2 18.6 ns (97%) 
70 ns (3%) 
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Figure 7. Temporal response of LaBr3:Ce crystals 
with varying Ce3+ concentration. 
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using the approach discussed earlier in section 3.4.4.  The BaF2 detector formed the “start” 
channel in the timing setup, while the LaBr3:Ce detector formed the “stop” channel.  Lower level 
energy threshold of about 250 keV was used for both channels.  Figure 8 shows the coincidence 
timing resolution results, measured in this manner.  Excellent timing resolution of 165 ps 
(FWHM) was measured for LaBr3 sample with 30% Ce doping.  The timing resolution improves 
at higher Ce3+ concentrations.  Since the light output and decay time do not change much at Ce3+ 
doping level above 5%, the improvement in timing resolution can be explained on the basis of 
the improvement in risetime at higher Ce3+ concentrations.   

 

 
 
Overall, these results indicate that LaBr3 crystals with higher Ce3+ concentrations (≥5 ns) 

appear to be promising for fast timing studies including time-of-flight PET. Particularly 
encouraging is the potential of LaBr3:Ce to provide timing resolution similar to or better than 
BaF2 along with high energy resolution. 

3.5 ENERGY RESOLUTION OF LaBr3:Ce 
3.5.1. Energy Resolution Results 

Gamma ray spectroscopy has also been performed with LaBr3:Ce crystals by coupling 
them to a PMT.  The scintillator (1 cm3 in size, 0.5% Ce3+) was irradiated with 137Cs source (662 
keV photons) and the resulting spectrum is shown in Figure 9.  The energy resolution of the 662 
keV photopeak was measured to be 3% FWHM at room temperature. Such high energy 
resolution has never been achieved with any of the established inorganic scintillators (even in 
small sizes) at room temperature.  Figure 9 also shows a 137Cs spectrum recorded with NaI(Tl).  
Energy resolution of NaI(Tl) crystal was measured to be 6.7% (FWHM).  Thus, the energy 
resolution of LaBr3:Ce is ~2 times better than that for typical NaI(Tl) detectors.  Higher light 
output and proportionality of LaBr3:Ce (compared to NaI(Tl) and other inorganic scintillators) 
are responsible for high energy resolution obtained with those crystals.  It is important to note 
that energy resolution of LaBr3:Ce at 662 keV gamma ray energy approaches that of room 
temperature semiconductor detectors such as CdTe and CdZnTe.  Energy spectra of 22Na and 
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Figure 8. Coincidence timing resolution of LaBr3 
crystals with varying Ce3+ concentration. 
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57Co isotopic sources with the same LaBr3:Ce crystal coupled to a PMT at room temperature are 
shown in Figure 10.  The energy resolution of 511 keV photopeak (22Na source) was measured 
to be 3.5% (FWHM) and that of 122 keV photopeak (57Co source) was measured to be 7% 
(FWHM). 

 
 

 
 
LaBr3:Ce crystals have also been coupled to RMD’s standard, deep-diffused silicon avalanche 
photodiode (APD, 8x8 mm2 area) and their energy resolution characteristics have been 
measured.  The APD was cooled to 250 °K in this study in order to minimize dark current and 

Figure 9. 137Cs energy spectra recorded with a LaBr3:Ce 
scintillator prepared at RMD and a commercial NaI(Tl) 
scintillator.  The 662 keV peak energy resolution is 3% 
(FWHM) for LaBr3:Ce and 6.7% (FWHM) for NaI(Tl) at room 
temperature. A PMT was used to read-out both scintillators. 
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Figure 10.  Energy spectra of 57Co and 22Na isotopes collected with a LaBr3:Ce crystal coupled to a PMT.  Left 
panel shows 57Co energy spectrum with the energy resolution of 122 keV peak at 7% (FWHM).  Right panel 
shows 22Na spectrum with the energy resolution of 511 keV photopeak at 3.5% (FWHM).
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noise.  Figure 11 shows 137Cs (662 keV photons) and 57Co (122 keV photons) spectra recorded 
with a LaBr3:Ce crystal (~1 cm3 size, 0.5% Ce concentration).  The energy resolution of the 662 
keV peak is 2.7% (FWHM) while that of 122 keV peak is 7% (FWHM). 

 
3.5.2. Analysis of 662 keV Energy Resolution:  
Using the measured 662 keV energy resolution and noise for LaBr3 readout with different 
photodetectors (see Figures 9 & 11), an analysis was performed on the various parameters that 
influence the measured energy resolution. Adapting the framework developed by van Eijk et. al., 
the overall energy resolution for a scintillation detector can be expressed as [van Eijk]:  

                                                (∆E/E)2 = R2= Rphe
2 + Rsci

2 + Rnoise
2 (1) 

Rphe represents the resolution broadening due to the photoelectron statistics (including the excess 
noise effects, arising from the variance in the photodetector gain).  Rsci represents broadening 
effects due to non-ideal nature of scintillators.  This parameter includes contribution of effects 
such as inhomogeneities and nonproportionality.  Finally, the electronic noise effects in the 
scintillation detection system are included in the final term, Rnoise.  For PMT readout, the last 
term, Rnoise can be ignored due to PMT’s negligible electronic noise contribution, though Rnoise 
has to be included in case of APDs.  It is possible to estimate the contribution of the first term, 
Rphe, by estimating the number of photoelectrons (Nphe) generated in the photodetector for a 
gamma-ray event in the scintillator.  Nphe can be estimated using the following expression: 

                                                              Nphe ≈ Nph•Eγ•ηdet (2) 

where, Nph is the light output of the scintillator (in photons/MeV), which is 70,100 photons/MeV 
for LaBr3:Ce (as shown in Table 2), Eγ is energy of the incident gamma-ray in MeV (0.662 in 
this case) and ηdet is the quantum efficiency of the photodetector over the emission spectrum of 
the scintillator (including the light collection efficiency).  Once Nphe is known, the resolution 
broadening due to Rphe, representing variance in photoelectron statistics, can be estimated using 
the traditional Poisson distribution: 

                                                           Rphe
2 = (2.36)2[ENF/Nphe] (3) 

Figure 11.  57Co (left) and 137Cs (right) spectra recorded with a LaBr3:Ce scintillator coupled to a silicon APD at 
250 K.
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where, ENF is the excess noise factor of the photodetector (~1.15 for PMTs and ~2 for deep-
diffused APDs).  Using this framework, it is possible to estimate to estimate Nphe and Rphe from 
the known parameters of the scintillator and the photodetectors using equations (2) and (3).  
Then using the measured values of Rnoise and R (or ∆E/E), Rsci can be back calculated using 
equation (1).  Using this framework, the 662 keV energy resolution of various spectrometers 
such as NaI(Tl)-PMT, LaBr3:Ce-PMT and LaBr3:Ce-APD (see Figures 9 and 11) was analyzed 
and the results are presented in Table III. 

The overall energy resolution R at 662 keV energy was measured to be 6.7% (FWHM) for 
NaI(Tl) coupled to PMT (as shown in Figure 9), while Rphe was estimated to be 3.2% (FWHM) 
using equation (3).  Rsci was then calculated to be 5.9% (FWHM) from equation (1) by assuming 
that Rnoise is negligible for PMT readout.  Similar analysis of a LaBr3:Ce crystal coupled to a 
PMT has been performed and the results are listed in Table III.  As shown in Figure 9, the 
energy resolution, R, of LaBr3:Ce readout with a PMT at 662 keV was measured to be 3% 
(FWHM).  Rphe for LaBr3-PMT detector was calculated from known values of light output 
(70,100 photons/MeV), the incident γ-ray energy (662 keV) and the PMT quantum efficiency at 
360 nm (~0.23) to be 2.4% (FWHM).  Rsci was then estimated to be 1.8% (FWHM).  This study 
illustrates that photoelectron statistics (or Rphe) is the main broadening component for LaBr3:Ce, 
while non-ideal nature of the scintillator (or Rsci) is the dominant component for NaI(Tl) when a 
PMT is used as an optical detector. 

In addition to evaluation of LaBr3:Ce crystals with PMTs, we have also performed energy 
resolution measurements with LaBr3:Ce crystals coupled to an APD as shown in Figure 11.  The 
energy resolution of 662 keV photopeak (137Cs source) for a LaBr3:Ce crystal read out by an 
APD is about 2.7% (FWHM) at 250 °K.  The main reason for improvement in the energy 
resolution obtained with LaBr3:Ce upon use of an APD for optical readout is its higher quantum 
efficiency compared to a standard bialkali PMT (by a factor of three) [McClish].  This leads to 
significant increase in the number of photoelectrons (Nphe) produced with Si-diodes as compared 
to PMTs.  We have analyzed the 662 keV spectrum recorded with a LaBr3:Ce scintillator 
coupled to an APD using equations (1) to (3) and the results are presented in Table III. 

The component Rphe, which is the dominant one for LaBr3:Ce and is governed by the 
photoelectron statistics can be calculated to be about 1.9% (FWHM) for 662 keV interaction in a 
LaBr3:Ce crystal coupled to an APD, which compares favorably with Rphe of 2.4% (FWHM) 
estimated for similar gamma ray interaction in LaBr3:Ce coupled to PMT (see Table III).  
Assuming that the component Rsci remains constant for a given LaBr3:Ce crystal when measured 
with APDs and PMTs, Rsci should be 1.8% (FWHM) for 662 keV gamma-ray interaction in 
LaBr3:Ce coupled to an APD.  The contribution of the APD noise Rnoise can then be calculated 
using (1) to be 0.6% (FWHM) for the 662 keV spectrum shown in Figure 11 where the overall 
662 keV peak resolution is 2.7% (FWHM).  It is important to note that the APD was cooled to 

TABLE III 
ANALYSIS OF THE 662 KEV ENERGY RESOLUTION OF SCINTILLATOR SPECTROMETERS 

Detector Nphe at 662 keV 
(electrons) 

R (%) 
FWHM 

Rphe (%) 
FWHM 

Rsci (%) 
FWHM 

Rnoise (%) 
FWHM 

NaI(Tl)-PMTa 6,000 6.7 3.2 5.9 0 

LaBr3:Ce-PMTa 10,670 3 2.4 1.8 0 

LaBr3:Ce-Si APDb 32,500 2.7 1.9 1.8 0.6 

a-room temperature  b-cooled to 250 °K 
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250 K in this study to reduce its noise and subsequent measurements of electronic noise, 
performed by injecting an electronic test pulse in the detection system confirmed that this noise 
estimation was reasonably accurate [Shah 08]. 

Ultimately, the choice of the photodetector to be used with LaBr3:Ce crystals will depend 
on the demands of the particular experiment.  PMTs would be chosen to achieve highest possible 
energy resolution at room temperature, while in experiments where moderate cooling is 
acceptable, traditional silicon photodiodes would provide better results.  Energy resolution 
measurements performed using LaBr3:Ce crystals with 5% Ce3+ concentration are similar to 
those shown in Figures 9-11. 

3.6 SUMMARY 
In our research, we have investigated a relatively new scintillation material, LaBr3:Ce, for 

γ-ray detection.  Our research concentrated on growth of high quality LaBr3:Ce crystals using 
Bridgman method, as well as extensive characterization of the physical, optical, and scintillation 
properties of these crystals.  Overall, these measurements indicate that LaBr3:Ce is a promising 
scintillator.  It has high light output, fast response and shows good energy and timing resolution.  
Based on successful performance as gamma ray detector, this new scintillation material can be 
applied to applications such as medical imaging, nuclear physics, X-ray diffraction, non-
destructive evaluation, treaty verification and non-proliferation monitoring, environmental 
cleaning, and geological exploration.  Particularly encouraging is the combination of excellent 
energy and timing resolution that is provided by LaBr3:Ce, which makes it attractive for PET 
studies including time-of-flight PET. 

3.7 CURRENT STATUS OF LaBr3:Ce 
The potential of LaBr3:Ce was clear ever since its discovery at the Delft University of 

Technology [van Loef 2001] and Saint Gobain Crystals and Detectors (SGC) has been active in 
commercial production of this material.  Initial efforts at SGC focused on producing LaBr3 with 
0.5% Ce doping level.  However, the doping level of Ce in LaBr3 was increased subsequently to 
5%, partly based on the results presented here (Figure 4 and Table I) [Mayhugh], which show 
that when the Ce-doping level is increased to 5%, both the rise-time as well as the decay time are 
faster without any significant loss in light yield, allowing significant improvement in the timing 
resolution.  Much of the commercial production of LaBr3 at SGC is now with 5% Ce doping 
level.  Due to LaBr3’s highly anisotropic crystal structure [Menge], growth of large LaBr3 
crystals has been challenging, though 3” diameter crystals are now being produced at SGC.  
LaBr3 (5% Ce doping) crystals produced by SGC are marketed under the trade name of Brillance 
380.   

Detailed evaluation of LaBr3 (5% Ce) crystals for time-of-flight PET imaging is being 
performed at the University of Pennsylvania (U-Penn) by Dr. Joel Karp’s team [Karp 08].  Initial 
evaluation at U-Penn was performed using direct coupling of Brillance 380 crystal (4x4x5 mm3) 
to a PMT (Hamamatsu R4998) to maximize light collection and energy resolution of 4% 
(FWHM) and timing resolution of 145 ps (FWHM) were achieved for 511 keV gamma-rays 
[Karp 08].  Next, a PET module based on a 10x10 array of Brillance 380 (4x4x30 mm elements) 
coupled to a 7-element PMT array (Photonis XP20D0) with light guide between the scintillator 
and PMT arrays was built at U-Penn.  For this detector module, energy resolution of 5.1% 
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(FWHM) and timing resolution of 315 ps (FWHM) were achieved [Karp 08].  For 
implementation of clinical PET scanner with TOF capability based on LaBr3:Ce, Dr. Karp’s 
team has assembled PET modules consisting of 1620 LaBr3:Ce pixels, each with 4x4x30 mm 
size.  This LaBr3:Ce array is readout using an array of 24 PMTs (Photonis XP20D0) with light 
guide between PMTs and LaBr3:Ce elements.  Using such a module design, U-Penn team has 
assembled a “LaPET Scanner” which consists of 24 such modules (see Figure 12).  The average 
timing resolution across the 24 modules of this scanner is 375 ps (FWHM) and the average 
energy resolution at 511 keV is 7% (FWHM).  Phantom measurements conducted with this 
scanner confirm improvements in lesion contrast and detectability with TOF [Karp 08].  U-Penn 
team in collaboration with Saint Gobain and RMD is planning evaluation of LaBr3 crystals and 
arrays with 30% Ce doping for next generation TOF studies. 

 

   
Figure 12. Photographs of U-Penn’s “LaPET scanner”. 
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CHAPTER 4: CERIUM BROMIDE SCINTILLATORS 
4.1 OVERVIEW 

This chapter covers investigation of cerium bromide scintillators.  This chapter is adapted 
from the following publication: K.S. Shah et. al., CeBr3 scintillators for gamma-ray 
spectroscopy, IEEE Transactions on Nuclear Science V. 52(6), (2005).  This publication covers 
investigation of some of the basic scintillation properties of CeBr3.  Additional results covering 
energy and timing resolution studies of CeBr3 scintillators as well as scintillation properties of 
mixed cerium halides, which were not available at the time of submitting the publication listed 
above are included here.  Analysis of the energy resolution of CeBr3 scintillators read out with 
photomultiplier tubes is included in this chapter. 

4.2. INTRODUCTION 
Scintillation spectrometers are widely used in detection and spectroscopy of energetic 

photons (X-rays and γ-rays) at room temperature.  These detectors are commonly used in nuclear 
and particle physics research, medical imaging, diffraction, non destructive testing, nuclear treaty 
verification and safeguards, nuclear non-proliferation monitoring, and geological exploration 
[Knoll, Kleinknecht]. 

Important requirements for the scintillation crystals used in these applications include high 
light output, high stopping efficiency, fast response, good proportionality, low cost and 
availability in large volume.  These requirements cannot be met by any of the commercially 
available scintillators.  As a result, there is continued interest in search for new scintillators with 
enhanced performance [Derenzo, van Eijk, Lecoq, Moses].   

In this chapter, properties of a new scintillator, cerium bromide (CeBr3), are discussed.  In 
this material, Ce3+ is an intrinsic constituent as well as a luminescence center for the scintillation 
process. The γ-ray stopping efficiency of CeBr3 is significantly higher than that of NaI(Tl), the 
most common scintillation detector.  In our investigation, small crystals of CeBr3 have been 
grown using the Bridgman process and their scintillation properties have been characterized.  
High light output, good proportionality, fast response and excellent energy and timing resolution 
have been measured for small CeBr3 crystals.  Based on the results, CeBr3 is very promising for 
γ-ray spectroscopy and its properties are very similar to those of another recently discovered 
scintillator, cerium doped lanthanum bromide (LaBr3:Ce) [van Loef]. 

4.3. CRYSTAL GROWTH OF CeBr3 
CeBr3 has hexagonal crystal structure and its density is 5.2 g/cm3.  The compound melts 

congruently at 722 °C and therefore its crystals can be grown using melt based methods such as 
Bridgman and Czochralski.  This is fortunate because these melt-based processes are well suited 
for growth of large volume crystals [Brice].  In our research, we have used Bridgman method for 
growing CeBr3 crystals because this technique is easy to implement, and can provide good 
indication of the feasibility of producing high quality crystals of CeBr3 from the melt.  Ultra-dry 
CeBr3 was used with 99.99% purity.  A two zone Bridgman furnace was used with temperature 
in the hotter zone above the melting point CeBr3 (722 °C) and that of the cooler zone less than 
722 °C. CeBr3 crystals (<1 cm3) were grown in quartz ampoules using the Bridgman method.  
Small sections were cut from the solid ingots and polished using non aqueous slurries (due to 
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hygroscopic nature of CeBr3) prepared by mixing mineral oil with Al2O3 grit.  Some crystals 
were then packaged to prevent long exposure to moisture. 

4.4. SCINTILLATION PROPERTIES OF CeBr3 
Scintillation properties of small Bridgman grown CeBr3 crystals (≤0.3 cm3) have been 

characterized.  This investigation involved measurement of the light output, the emission 
spectrum, and the fluorescent decay time of the crystals. Energy and timing resolution of CeBr3 
crystals and their proportionality of response were also measured. 
4.4.1 Light Output and Energy Resolution 

The light output of CeBr3 crystals was measured by comparing their response to 662 keV 
γ-rays (137Cs source) to the response of a calibrated BGO scintillator to the same isotope (see 
Figure 1). This measurement involved optical coupling of a CeBr3 crystal to a photomultiplier 
tube (with multi-alkali S-20 photocathode), irradiating the scintillator with 662 keV photons and 
recording the resulting pulse height spectrum.  In order to maximize light collection, the CeBr3 
crystal was wrapped in reflective, white Teflon tape on all faces (except the one coupled to 
PMT).  An index matching silicone fluid was also used at the PMT-scintillator interface.  A pulse 
height spectrum was recorded with a CeBr3 crystal.  This experiment was then repeated with a 
calibrated BGO scintillator.  Comparison of the photopeak position obtained with CeBr3 for 662 
keV photon energy to that with BGO provided estimation of light output for the CeBr3 crystal.   

 
Figure 1 shows pulse height spectra for both CeBr3 and BGO under 137Cs irradiation and 

amplifier shaping time of 4.0 µsec.  This shaping time is long enough to allow full light 
collection from both the scintillators.  The PMT bias and amplifier gain were same for both 
spectra.  Based on the recorded photopeak positions for CeBr3 and BGO, and by taking into 
account the photocathode quantum efficiency for BGO and CeBr3, we estimated light output of 

Figure 1. 137Cs spectra collected with CeBr3 and BGO 
crystals coupled to PMT.  The light output of CeBr3 has been 
estimated to be ~68,000 photons/MeV. The energy 
resolution of 662 keV peak for CeBr3 is 3.4% (FWHM) at 
room temperature. 
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CeBr3 crystal to be about 68,000 photons/MeV.  This light output is amongst the highest values 
for inorganic scintillators [Knoll, Rodyni].  

The energy resolution of the 662 keV photopeak recorded with CeBr3 scintillator has been 
measured to be ~3.5% (FWHM) at room temperature as shown in Figure 1, which is 
substantially better than the energy resolution of 6-7% (FWHM) at 662 keV obtained with 
established scintillators such as NaI(Tl) and CsI(Tl).  The energy resolution of CeBr3 crystals at 
662 keV approaches that of room temperature semiconductor detectors such as CdTe and 
CdZnTe (2-3% FWHM at 662 keV).  
4.4.2 Emission Spectrum 

We have measured the emission spectrum of the CeBr3 scintillators.  The CeBr3 samples 
were excited with radiation from a Philips X-ray tube having a Cu target, with power settings of 
30 kVp and 15 mA.  The scintillation light was passed through a McPherson monochromator and 
detected by a Hamamatsu R2059 photomultiplier tube with a quartz window.  The system was 
calibrated with a standard light source to enable correction for sensitivity variations as a function 
of wavelength.  A normalized emission spectrum for a CeBr3 sample is shown in Figure 2.  The 
peak emission wavelength for the CeBr3 sample is at ~370 nm and this emission is anticipated to 
be due to 5d→4f transition of Ce3+. The peak emission wavelength of 370 nm for CeBr3 is 
attractive for gamma ray spectroscopy because it matches well with the spectral response of the 
photomultiplier tubes as well as new generation of silicon photodiodes. 

 
4.4.3 Decay Time 

Decay-time spectrum of a CeBr3 crystal has been measured using the delayed coincidence 
method [Bollinger].  Figure 3 shows the decay-time spectrum recorded for a CeBr3 sample along 
with a theoretical fit (with an exponential rise and decay time plus background) to the data.  The 
risetime of the scintillation pulse is <0.5 ns, while the decay constant is 17 ns and this component 
covers almost all of the integrated light output of the sample.  This decay component can be 

Figure 2. Optical emission spectrum for a CeBr3 scintillator 
upon exposure to X-rays. 
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attributed to optical emission arising from direct capture of electron-hole pairs at the Ce3+ sites.  
The risetime of the scintillation pulse from CeBr3 has been estimated to be ~0.1 ns using the data 
shown in Figure 3.   The initial photon intensity, a figure of merit for timing applications, has 
been estimated to be ~4,000 photons/(ns-MeV) for CeBr3, which is higher compared to all 
common inorganic scintillators (including BaF2, a benchmark for timing applications).   

 
4.4.4 Coincidence Timing Resolution 

Coincidence timing resolution of CeBr3 crystals has been measured as shown in Figure 4.  
This experiment involved irradiating a BaF2 and a CeBr3 scintillator, each coupled to a fast PMT 
(Hamamatsu R5320) with 511 keV positron annihilation γ-ray pairs (emitted by a 22Na source).  

 

Figure 3. Decay-time spectrum for CeBr3 scintillator. 
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Figure 5. Timing resolution for CeBr3 and BaF2 crystals in 
coincidence.  For two BaF2 crystals in coincidence, the timing 
resolution with the same setup was 210 ps (fwhm).
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The BaF2-PMT detector formed a “start” channel in the timing circuit, while the CeBr3-
PMT detector formed the “stop” channel. The signal from each detector was processed using two 
channels of a Tennelec TC-454 CFD that had been modified for use with the MCP-PMTs. The 
time difference between the start and stop signals was digitized with a Tennelec TC-862 TAC 
and a 16-bit ADC, resulting in a TDC with 7.5 ps per bin resolution.  Data were accumulated 
until the coincidence timing distribution had approximately 10,000 counts in the maximum bin.   

Figure 4 shows a coincidence timing resolution plot acquired in this manner with CeBr3 
and BaF2 crystals and the timing resolution was measured to be <200 ps (FWHM).   Using the 
same setup, the timing resolution of two BaF2 crystals in coincidence was measured to be 210 ps 
(FWHM).  These results confirm that CeBr3 is well suited for applications requiring fast 
response, high count-rates, and good timing resolution. Based on its high timing resolution, 
CeBr3 scintillators can be expected to provide accurate time-of-flight (TOF) information. 
4.4.5 Proportionality of Response 

We have evaluated the proportionality of response of CeBr3 scintillators.  Non-
proportionality (as a function of energy) in light yield can be one of the important reasons for 
degradation in energy resolution of established scintillators such as NaI(Tl) and CsI(Tl) 
[Dorenbos].  As a result, we have measured light output of CeBr3 under excitation from isotopes 
such as 57Co (122 keV γ-rays), 22Na (511 keV and 1275 keV γ-rays) and 137Cs (662 keV γ-rays).   

 
A CeBr3 crystal was wrapped in Teflon tape and coupled to a PMT.  Pulse height 

measurements were performed using standard NIM equipment with the scintillator exposed to 
different isotopes.  Same settings were used for PMT and pulse processing electronics for each 
isotope.  From the measured peak position and the known γ-ray energy for each isotope, the light 
output (in photons/MeV) at each γ-ray energy was estimated.  The data points were then 
normalized with respect to the light output value at 662 keV energy and the results (shown in 
Figure 5) indicate that CeBr3 is a very proportional scintillator.  Over the energy range from 100 
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to 1275 keV, the non-proportionality in light yield is about 4% for CeBr3 which is substantially 
better than that for many established scintillators [Guillot-Noel]. The higher proportionality of 
CeBr3 can be expected to enhance its energy resolution. 

Overall, these measurements clearly indicate that CeBr3 is a promising scintillator.  It has 
high light output, fast response and shows very high energy and timing resolution.  It also shows 
good proportionality of response over the γ-ray energy range from 100 to 1275 keV. 

4.5 ENERGY RESOLUTION OF LARGER CeBr3 CRYSTALS 
Encouraged by the performance of smaller CeBr3 crystals (~0.3 cm3 size) presented in the 

previous section, we have grown larger CeBr3 crystals by the Bridgman method and analyzed 
their performance, particularly their energy and timing resolution.  In order to grow larger CeBr3 
crystals, the temperature gradients in the furnace as well as the crystal growth rate were carefully 
adjusted.  Figure 6 shows photographs of larger CeBr3 crystals produced using the Bridgman 
method.  In this section energy resolution studies for larger (~1 cm3 sized) CeBr3 crystals are 
discussed. 

 

Energy resolution of a CeBr3 scintillator with 1 cm3 size for 662 keV γ-ray (137Cs source) has 
been measured.  This involved coupling an unpackaged CeBr3 scintillator to a photomultiplier 
tube (with a bialkali photocathode and a quartz window).  The scintillator was coated with 
Teflon tape to maximize the light collection and irradiated with 662 keV γ-rays (137Cs source), 
and the resulting PMT signal was processed with a preamplifier (Canberra #2005), and then 
shaped with a spectroscopy amplifier (Canberra #2022). A 137Cs pulse height spectrum, recorded 
at room temperature with shaping time of 4 µs, is shown in Figure 7.  The energy resolution of 
the 662 keV photopeak was measured to be ~4% (FWHM) at room temperature.  

Figure 6. Photographs of Bridgman 
grown CeBr3 crystals. On top, 1 cm 
diameter, >1” length crystal, On 
bottom, 1” diameter, 1” long crystal. 
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Using the same approach, energy 
resolution of a CeBr3 crystal (1 cm3 size) 
coupled to a PMT was also measured at 
511 keV energy (22Na source).  Figure 8 
shows the 22Na spectrum for CeBr3-PMT 
detector and the energy resolution of the 
511 keV photopeak was measured to be 
4.5% (FWHM) at room temperature, 
which is substantially better than that of 
other PET scintillators such as BGO and 
LSO, which typically have energy 
resolution of ≥12% (FWHM) at 511 keV.  
22Na spectrum for a LSO crystal coupled 
to a PMT is also included in Figure 8.   

We have analyzed the measured 511 
keV photopeak resolution for CeBr3 and 
LSO scintillators (shown in Figure 8) to 
determine effect of various components 

that contribute towards the overall broadening of the photopeak.  This analysis, discussed in 
detail in Chapter 3 (section 3.5.2), was performed using the framework developed by van Eijk 
et. al., where the overall energy resolution for a scintillation detector can be expressed as [van 
Eijk]: 

           (∆E/E)2 = R2= Rphe
2 + Rsci

2 + Rnoise
2         (1) 

Rphe represents the resolution broadening due to the photoelectron statistics (including the excess 
noise effects, arising from the variance in the photodetector gain).  Rsci represents broadening 
effects due to non-ideal nature of scintillators.  This parameter includes contribution of effects 
such as inhomogeneities and nonproportionality.  Finally, the electronic noise effects in the 
scintillation detection system are included in the final term, Rnoise.  For PMT readout, the last 
term, Rnoise can be ignored due to PMT’s negligible electronic noise contribution.  It is possible 
to estimate the contribution of the first term, Rphe, by estimating the number of photoelectrons 
(Nphe) generated in the photodetector for a gamma-ray event in the scintillator.  Nphe can be 
estimated using the following expression: 

                                                              Nphe ≈ Nph•Eγ•ηdet (2) 

where, Nph is the light output of the scintillator (in photons/MeV), Eγ is energy of the incident 
gamma-ray in MeV (0.511 in this case) and ηdet is the quantum efficiency of the photodetector 
over the emission spectrum of the scintillator (including the light collection efficiency).  Once 
Nphe is known, the resolution broadening due to Rphe, representing variance in photoelectron 
statistics, can be estimated using the traditional Poisson distribution: 

                                                           Rphe
2 = (2.36)2[ENF/Nphe] (3) 

where, ENF is the excess noise factor of the photodetector (~1.15 for PMTs).  Using this 
framework, it is possible to estimate to estimate Nphe and Rphe from the known parameters of the 
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scintillator and the photodetectors using equations (2) and (3).  Since Rnoise ≈ 0 for PMT read out, 
from the measured value of R and estimated value of Rphe, Rsci can be back calculated using 
equation (1).  Using this framework, the 511 keV energy resolution of various spectrometers 
such as CeBr3-PMT and LSO-PMT (see Figure 8) was analyzed and the results are presented in 
Table I.  For LSO-PMT detector, the overall energy resolution (R) at 511 keV energy was 
measured to be 12% (FWHM) for LSO coupled to PMT. Rphe was estimated to be 5.0% 
(FWHM) using equation (3).  Rsci was then calculated to be 10.9% (FWHM) from equation (1).  
Similar analysis was also performed for the 511 keV spectrum recorded with CeBr3 that is shown 
in Figure 8. and the results are listed in Table I. The energy resolution (R) of CeBr3 at 511 keV 
was measured to be 4.5% (FWHM).  Rlid for CeBr3-PMT detector was calculated from equation 
(3) to be 3.0% (FWHM).  Rsci was then estimated to be 3.3% (FWHM).  This study illustrates 
that the non-ideal nature of the scintillator (Rsci) is the dominant resolution broadening 
component for LSO, while in case of CeBr3, both Rphe and Rsci have roughly similar contribution. 

Table I. Analysis of the 511 keV Energy Resolution of Scintillator-PMT Spectrometers 

Detector Nphe (at 0.511 MeV) R (%) Rphe (%) Rsci (%) Rnoise(%) 
LSO-PMT 2600 12 5.0 10.9 0 

CeBr3-PMT 7300 4.5 3.0 3.3 0 

4.6 TIMING RESOLUTION OF CeBr3 CRYSTALS WITH ENERGY GATING 
Timing resolution experiments have also been performed with a CeBr3 crystal (1 cm 

diameter, 2 cm length) at the University of Pennsylvania to evaluate their potential in time-of-
flight PET studies.  The reference detector in this case was a thin slice (~2 mm thick, 1 cm 
diameter) of CeBr3.  Fast PMTs (Hamamatu’s R4998) were used in both timing chains.  A 22Na 
source (emitting 511 keV gamma-ray pairs) was placed between the two detectors, which were 
operated in coincidence.  Energy gating was applied on each detector to generate coincidence 
timing spectra and a coincidence timing distribution plot is shown in Figure 9.  The timing 
resolution is estimated to be ~150 ps (FWHM).  Based on prior calibration of the thin CeBr3 
sample, the coincidence timing resolution of two 20 mm-long CeBr3 samples can be estimated to 
be 175 ps (FWHM).  These results confirm that CeBr3 is indeed a promising scintillator for time-
of-flight PET.   



 49

 
4.7 STUDY OF OTHER CERIUM HALIDES 

In addition to examination of the scintillation performance of CeBr3, scintillation 
properties of other cerium halides have also been investigated.  Previously, CeF3 has been 
examined as a scintillator [Moses 02] and while it is fast (~30 ns decay time), its light yield is 
very low (~2000 photons/MeV).  This limits the potential of CeF3 in PET. 

A study of CeI3, CeCl3 as well as a selected mixed halide (CeBr1.5Cl1.5) has been 
conducted.  Small crystals (<1 cm3 size) of these materials were grown using Bridgman method 
and their scintillation performance was examined. CeI3 was found to exhibit very low light yield 
(<5000 photons/MeV with λmax of ~514 nm) and as a result was not examined further.  However, 
the scintillation properties of CeCl3 and CeBr1.5Cl1.5 were promising.  We have characterized 
emission spectra, decay time spectra, light output and energy resolution of these compositions 
and the results are discussed here.   
4.7.1 Emission Spectra 

The emission spectra for CeCl3 and CeBr1.5Cl1.5 have been measured under X-ray 
excitation using techniques discussed earlier and the normalized results are shown in Figure 10.  
The normalized emission spectrum (under X-ray excitation) of CeBr3 is also included in the 
figure for comparison.  As seen in the figure, the emission spectra of all three compositions are 
similar and fall within 300 to 500 nm range.  The luminescence in each case is due to 5d→4f 
transition on Ce3+ ions.  The results are summarized in Table II.  The emission of CeCl3 shows a 
primary peak at 355 nm as well as a smaller, broad peak at ~450 nm.  The origin of the this ~450 
nm peak is not clear though it could be due to STE luminescence or impurities in the material. 
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Figure 9. Timing spectrum for a CeBr3 crystal (2 cm long, 1 cm 
diameter) operating in coincidence with a reference scintillator (a 
2 mm thick slice of CeBr3) at U-Penn.  The coincidence timing 
resolution is 150 ps (FWHM). 
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4.7.2. Decay Time Spectra 

As shown in Figure 11, the fluorescent decay time spectra of CeCl3 and CeBr1.5Cl1.5 upon 
gamma-ray excitation (22Na source, 511 keV photons) were measured using the delayed 
coincidence method [Bollinger].  The temporal response for each sample was fitted to an 
exponential decay lifetime model.  The normalized results are shown in Figure 11 (including 
decay time plot for CeBr3). The principal decay time constant was estimated to be <25 ns for all 
compositions and the results are summarized in Table II.  These components can be attributed to 
f-d transitions on Ce3+ ions.  
4.7.3. Light Output Measurements 

The light output of CeCl3 and CeBr1.5Cl1.5 test samples has been measured by acquiring 
137Cs spectra with these crystals and comparing the 662 keV peak position with that obtained 
using a calibrated BGO crystal.  The optically polished samples were wrapped in Teflon tape and 
coupled to the face of a photomultiplier tube (with bialkali photocathode) with optical grease.  
The measurement was made at room temperature.  The light output of the samples was estimated 
based on calibration of the system with BGO (see Figure 12).  The light yield of CeCl3, and 
CeBr1.5Cl1.5 was estimated to be 45,500 and 65,000 photons/MeV, respectively.  The energy 
resolution of the 662 keV peak was estimated to be 4% (FWHM) at room temperature for 
CeBr1.5Cl1.5, while it was ~4.5% (FWHM) for CeCl3.  The results are summarized in Table II. 
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One observation that can be made from Figures 10-12 is that the scintillation properties of 

CeBr3 and CeCl1.5Br1.5 are very similar while that of CeCl3 are slightly worse (particularly, its 
light output).  The light output of CeI3 is very low at room temperature. 

 

 

 

 

Figure 11. Normalized decay time spectra for various Ce-
halides. 
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Table II. Summary of Scintillation Properties of Various Cerium Halides 

Crystal Light Yield 
photons/MeV 

Emission 
nm 

Decay time 
ns 

CeI3 ≤5,000 514 - 
CeBr1.5Cl1.5 65,000 370 17 
CeBr3 68,000 370 17 
CeCl3 45,500 355 23 

 

4.8. SUMMARY 
In our research, we have discovered a new scintillation material, CeBr3, for γ-ray detection. 

Our research concentrated on growth of CeBr3 crystals using Bridgman method, as well as 
characterization of the scintillation properties of these crystals. Our measurements indicate that 
CeBr3 is a promising scintillator.  It has high light output, fast response and shows good energy 
and timing resolution. Based on its performance, this new scintillation material appears to be 
very promising for applications such as medical imaging (positron emission tomography or PET 
and single photon emission computed tomography or SPECT), nuclear and particle physics 
research, X-ray diffraction, non destructive evaluation, nuclear treaty verification and non-
proliferation monitoring, environmental cleanup, and geological exploration.  

It is worth pointing out that the physical and scintillation properties of CeBr3 are similar to 
those for another new promising scintillator, lanthanum bromide doped with cerium (LaBr3:Ce) 
[van Loef 01, Shah 03].  The dominant luminescence in both scintillators is due to Ce3+.  In case 
of LaBr3:Ce, cerium is a dopant and it is intentionally added to enhance the scintillation 
performance of the material.  In case of CeBr3, cerium is an intrinsic constituent as well as an 
activator for the luminescence process.  One issue that differentiates CeBr3 and LaBr3 is their 
self-activity due to presence of radioactive isotopes.  In LaBr3, self-activity is primarily due to 
138La that emits conversion electrons and β-particles with energy of up to 1.7 MeV.  The self-
activity due to 138La in LaBr3 has an intrinsic count-rate of ~1.5 events/(cm3

•sec).  The self-
activity of CeBr3 (due to 142Ce that emits β-particles with total energy of 4.5 MeV) is 4x10-4 
events/(cm3

•sec).  Thus, the self-activity of CeBr3 is about 3750 times lower than that in LaBr3.  
While self-activity issues are not critical in PET (which relies on coincidence measurements), the 
negligible self-activity of CeBr3 makes it more attractive in large radionuclide detection and 
imaging systems required for homeland security applications.  In these systems, large detector 
volumes are required and the expected extrinsic count-rate can be very low which requires 
detectors with very low background.  Overall, both materials are very promising and deserve 
further investigation.   

Investigation of other cerium halides such as CeI3, CeCl3 and CeBr1.5Cl1.5 has also been 
conducted.  The light output of CeI3 is very low at room temperature, which reduces its potential 
as a scintillator.  While the light output of CeCl3 is lower than that for CeBr3, the overall 
scintillation performance of CeBr1.5Cl1.5 is similar to that for CeBr3.   
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4.9. CURRENT STATUS 
Due to unique potential of CeBr3, in recent years, several groups are investigating its 

performance.  Due to its low intrinsic background, a research team at the Remote Sensing 
Laboratory (RSL) in Las Vegas, Nevada is evaluating CeBr3 crystals for nuclear non-
proliferation monitoring.  Their research has shown that CeBr3 crystals with larger than 100 cm3 
size provide energy resolution better than 4% (FWHM) at 662 keV [Gus].  The RSL has also 
shown that when analyzing 137Cs spectra with CeBr3, LaBr3:Ce and NaI:Tl, the ratio of peak 
height to the gross counts in the 0 to 3 MeV region is superior for CeBr3 compared to the other 
two candidates [Gus].  The European Space Agency in collaboration with TUDelft is also 
investigating the potential of CeBr3 in space missions, again in view of its low intrinsic 
background [Dorenbos 07].  Growth and evaluation of larger prototype CeBr3 crystals is being 
explored at several companies and institutes including Saint Gobain Crystals [Mayhugh], Scionix 
[Schotanus] and Tohoku Institute of Technology, Japan [Onodera] amongst others.  Finally, 
RMD in collaboration with Dr. Joel Karp’s team is evaluating the potential of CeBr3 crystals for 
time-of-flight PET [Glodo]. 
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CHAPTER 5: CERIUM DOPED LUTETIUM IODIDE SCINTILLATORS 
5.1 OVERVIEW 

This chapter covers investigation of cerium doped lutetium iodide scintillators.  This 
chapter is adapted from the publication: K.S. Shah et. al., LuI3:Ce- A new scintillator for gamma-
ray spectroscopy, IEEE Transactions on Nuclear Science V. 51(5), (2004) as well as the 
presentation: K.S. Shah et. al., Cerium Doped Lutetium Iodide Scintillators, Presented at IEEE 
NSS, Puerto Rico, October, (2005).  This chapter covers investigation of some of the basic 
scintillation properties of LuI3 crystals as well as their energy and timing resolution.  Variation of 
scintillation properties of LuI3:Ce crystals as a function of Ce3+ concentration is also included.   
5.2. INTRODUCTION 

Scintillation spectrometers are widely used in detection and spectroscopy of energetic 
photons (X-rays and γ-rays) at room temperature.  These detectors are commonly used in nuclear 
and particle physics research, medical imaging, diffraction, non destructive testing, nuclear treaty 
verification and safeguards, nuclear non-proliferation monitoring, and geological exploration 
[Knoll, Kleinknecht]. 

Important requirements for the scintillation crystals used in these applications include high 
light output, high stopping efficiency, fast response, good proportionality, low cost and 
availability in large volume.  These requirements cannot be met by any of the commercially 
available scintillators.  As a result, there is continued interest in search for new scintillators with 
enhanced performance [Derenzo, van Eijk, Lecoq, Moses].   

In this chapter, properties of a relatively new scintillator, cerium doped lutetium iodide 
(LuI3:Ce), are discussed [Shah, Glodo, Birowosuta,]. The γ-ray stopping efficiency of LuI3:Ce is 
higher than that of NaI(Tl), the most common scintillation detector.  In our investigation, small 
crystals (~0.5 cm3) of LuI3:Ce have been grown using the Bridgman process and their 
scintillation properties have been characterized.  High light output, good proportionality, fast 
response and excellent energy and timing resolution have been measured for small LuI3:Ce 
crystals.  Based on the results, LuI3:Ce is very promising for γ-ray spectroscopy. 

5.3 PHYSICAL PROPERTIES AND CRYSTAL GROWTH 
LuI3:Ce has rhombohedral crystal structure (similar to BiI3 with R3 space group) and its 

density is 5.6 g/cm3.  Based on its high atomic number constituents and high density, LuI3:Ce 
provides high gamma ray stopping efficiency.  The attenuation length of 511 keV photons in 
LuI3:Ce is 1.7 cm.  LuI3:Ce compound melts congruently at 1050 °C and therefore its crystals 
can be grown using melt based methods such as Bridgman and Czochralski.  This is fortunate 
because these melt-based processes are well suited for growth of large volume crystals [Brice].  
In our research, we used Bridgman method for growing LuI3:Ce crystals because this technique 
is easy to implement, and can provide good indication of the feasibility of producing high quality 
crystals of LuI3:Ce from the melt.  Ultra-dry forms of LuI3 and CeI3 were used with 99.99% 
purity.  A two-zone Bridgman furnace was used with temperature in the hotter zone above the 
melting point of LuI3 (1050 °C) and that of the cooler zone below 1050 °C.  The amount of CeI3 
in the feed material was adjusted to produce LuI3 samples with Ce3+ concentration in 0.5 to 20% 
range (on molar basis). LuI3 crystals as large as ~1 cm3 were grown using Bridgman method.  
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Figure 1 shows a photograph of one such crystal.  These crystals were then sliced from the solid 
ingot to produce small samples (≤0.3 cm3 size) for measurements.  

 
Scintillation properties of the LuI3 crystals were then measured.  For some measurements, 

packaged samples were used because LuI3:Ce crystals are sensitive to moisture.  This involved 
placing a LuI3:Ce crystal inside a metal can on a quartz window.  The crystal was attached to the 
quartz with a clear optical epoxy (EPO-TEK #301-2). The space around the crystal in the can 
was filled with SiO2 powder.  The top of the can was finally sealed by attaching a metal disc 
using epoxy. 

5.4 SCINTILLATION PROPERTIES OF LuI3:Ce 
We have performed characterization of the scintillation properties of LuI3 crystals grown 

by the Bridgman process.  This investigation involved measurement of the light output, the 
emission spectrum, and the fluorescent decay time of the crystals. Energy and timing resolution 
of LuI3:Ce crystals and their proportionality of response were also measured.  Measurements are 
presented here for small LuI3:Ce crystals (<0.5 cm3) with 5% cerium followed by a summary of 
results for the entire Ce3+ concentration range (0.5 to 20%, on molar basis) studied. 
5.4.1. Light Output and Energy Resolution 

The light output of LuI3:Ce crystals (2-5% Ce) was measured by comparing their response 
to 662 keV γ-rays (137Cs source) to the response of a calibrated BGO scintillator to the same 
isotope (see Figure 2). This measurement involved optical coupling of an unpackaged LuI3:Ce 
crystal to a photomultiplier tube (with multi-alkali S-20 photocathode), irradiating the scintillator 
with 662 keV photons and recording the resulting pulse height spectrum.  In order to maximize 
light collection, the LuI3:Ce crystal was wrapped in reflective, white Teflon tape on all faces 
(except the one coupled to PMT).  An index matching silicone fluid was also used at the PMT-
scintillator interface.  Figure 2 shows pulse height spectra for both LuI3:Ce and BGO under 
137Cs irradiation and amplifier shaping time of 4.0 µsec.  This shaping time is long enough to 
allow full light collection from both the scintillators.  The PMT bias and amplifier gain were 
same for both spectra.  Based on the recorded photopeak positions for LuI3:Ce and BGO, and by 
taking into account the photocathode quantum efficiency for BGO and LuI3, we estimated light 
output of LuI3:Ce crystal to be about 100,000 photons/MeV.  This light output is the highest 
reported value for inorganic scintillators with principal decay time ≤10 µs [Knoll, Rodyni]. It 

Figure 1. Photograph of a LuI3:Ce crystal (in which its 
layered structure is evident) grown by Bridgman.  
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should be pointed out that this light output result for LuI3:Ce samples is substantially higher than 
that reported for some of our earlier crystals [Glodo, Shah] due to considerable improvement in 
the crystal quality that has been achieved.   

 
The energy resolution of the 662 keV photopeak recorded with LuI3:Ce scintillator has 

been measured to be ~3.5% (FWHM) at room temperature as shown in Figure 2, which is 
substantially better than the energy resolution of 6-7% (FWHM) at 662 keV obtained with 
established scintillators such as NaI(Tl) and CsI(Tl).  High energy resolution of ~4.2% (FWHM) 
has also been measured with LuI3:Ce coupled to PMT for 511 keV gamma-rays (22Na source). 
5.4.2. Emission Spectrum 

We have measured the emission spectrum of the LuI3:Ce scintillators.  The LuI3:Ce (5% 
Ce) samples were excited with radiation from a Philips X-ray tube having a Cu target, with 
power settings of 30 kVp and 15 mA.  The scintillation light was passed through a McPherson 
monochromator and detected by a Hamamatsu R2059 photomultiplier tube with a quartz 
window.  The system was calibrated with a standard light source to enable correction for 
sensitivity variations as a function of wavelength.  A normalized emission spectrum for a 
LuI3:Ce sample is shown in Figure 3.  The peak emission wavelength for the LuI3:Ce sample is 
at ~475 nm and this emission is due to 5d→4f transition of Ce3+. The peak emission wavelength 
of 475 nm for LuI3:Ce is reasonable for gamma ray spectroscopy because it matches well with 
the spectral response of the photomultiplier tubes as well as silicon photodiodes. 
5.4.3. Decay Time 

Decay-time spectrum of a LuI3:Ce crystal (5% Ce) has been measured using the delayed 
coincidence method [Bollinger] using the Pulsed X-ray Facility available at LBNL.  Figure 4 
shows the decay-time spectrum recorded for a LuI3:Ce sample along with a multi-exponential fit 
to the data.  The principal decay constant (τ1) for the sample is estimated to be 25 ns and this 
component covers about 88% of the integrated light output of the sample.  This decay component 

Figure 2. 137Cs spectra recorded with LuI3:Ce and BGO 
crystals.  The light yield of LuI3:Ce was estimated to be 
100,000 photons/MeV and its energy resolution for the 
662 keV photopeak was 3.5% (FWHM). 
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can be attributed to optical emission arising from direct capture of electron-hole pairs at the Ce3+ 
sites.  An additional decay component (τ2) with 180 ns time constant covers the remaining 12% 
of the scintillation light.  The risetime of the scintillation pulse from LuI3:Ce has been estimated 
to be ~0.2 ns. 

 
The initial photon intensity, a figure of merit for timing applications, has been estimated to 

be ~3,600 photons/(ns-MeV) for LuI3:Ce, which is higher compared to all common inorganic 
scintillators (including BaF2, a benchmark for timing applications). 

 
 

5.4.4. Coincidence Timing Resolution 
Coincidence timing resolution of LuI3:Ce crystals has been measured.  This experiment 

involved irradiating a BaF2 and a LuI3:Ce scintillator (5% Ce), each coupled to a fast PMT 

Figure 3. Optical emission spectrum for a LuI3:Ce scintillator  
(5% Ce) upon exposure to X-rays. 
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(Hamamatsu R5320) with 511 keV positron annihilation γ-ray pairs (emitted by a 22Na source). 
The BaF2-PMT detector formed a “start” channel in the timing circuit, while the LuI3:Ce -PMT 
detector formed the “stop” channel. The signal from each detector was processed using two 
channels of a Tennelec TC-454 CFD that had been modified for use with the MCP-PMTs. The 
time difference between the start and stop signals was digitized with a Tennelec TC-862 TAC 
and a 16-bit ADC, resulting in a TDC with 7.5 ps per bin resolution.  Data were accumulated 
until the coincidence timing distribution had approximately 10,000 counts in the maximum bin.  
Figure 5 shows a coincidence timing resolution plot acquired in this manner with LuI3:Ce and 
BaF2 crystals and the timing resolution was measured to be <200 ps (FWHM).   Using the same 
setup, the timing resolution of two BaF2 crystals in coincidence was measured to be 210 ps 
(FWHM).  These results confirm that LuI3:Ce is well suited for applications requiring fast 
response, high count-rates, and good timing resolution. Based on its high timing resolution, 
LuI3:Ce scintillator can be expected to provide accurate time-of-flight (TOF) information. 

 
5.4.5. Proportionality of Response 

We have evaluated the proportionality of response of LuI3:Ce scintillators.  Non-
proportionality (as a function of energy) in light yield can be one of the important reasons for 
degradation in energy resolution of established scintillators such as NaI(Tl) and CsI(Tl) 
[Dorenbos 95, Moses].  As a result, we have measured light output of LuI3:Ce under excitation 
from isotopes such as 57Co (14 and 122 keV γ-rays), 22Na (511 keV and 1275 keV γ-rays) and 
137Cs (662 keV γ-rays).  A LuI3:Ce crystal was wrapped in Teflon tape and coupled to a PMT.  
Pulse height measurements were performed using standard NIM equipment with the scintillator 
exposed to different isotopes.  Same settings were used for PMT and pulse processing electronics 
for each isotope.  From the measured peak position and the known γ-ray energy for each isotope, 
the light output (in photons/MeV) at each γ-ray energy was estimated.  The data points were then 

Figure 5. Coincidence timing resolution plot for BaF2 and 
LuI3:Ce scintillators upon irradiation with 511 keV gamma 
ray pairs.  The timing resolution is 195 ps (FWHM).  For 
BaF2-BaF2 pair, the timing resolution is 210 ps (FWHM). 
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normalized with respect to the light output value at 662 keV energy and the results (shown in 
Figure 6) indicate that LuI3:Ce is a very proportional scintillator.  Over the energy range from 14 
to 1275 keV, the non-proportionality in light yield is about 5% for LuI3:Ce which is substantially 
better than that for many established scintillators [Guillot-Noel]. The higher proportionality of 
LuI3:Ce can be expected to enhance its energy resolution. 

Overall, these measurements clearly indicate that LuI3:Ce is a promising scintillator.  It has 
high light output, fast response and shows very high energy and timing resolution.  It also shows 
good proportionality of response over the γ-ray energy range from 14 to 1275 keV. 

 
5.4.6. Effect of Ce3+ Concentration on Scintillation Properties of LuI3:Ce 

In addition to LuI3 crystals with 5% Ce, additional LuI3 crystals with Ce3+ concentration of 
0.5%, 2%, 10% and 20% (on molar basis) were also grown by Bridgman method.  Small crystals 
(~0.3 cm3) were cut from the Bridgman grown ingots.  Light output, emission spectra, and decay 
time spectra were measured for these crystals (≤1 cm3 size) using techniques described in 
sections 5.4.1 to 5.4.3 in order to determine the relationship between scintillation properties of 
LuI3 and the Ce3+ doping level.  The results of this investigation are presented in Table I and 
indicate that as the cerium concentration is increased from 0.5% to 5%, the timing properties 
(rise as well as decay times) become faster.  This improvement is observed without any 
significant degradation in light output.  However as the Ce3+ concentration is increased beyond 
5%, the light yield begins to drop, very fast decay component(s) appear, and a shift in emission 
towards longer wavelength is observed.  These trends indicate that self absorption and quenching 
processes govern scintillation properties of LuI3 at Ce3+ doping levels above 5%.  Based on the 
results presented in Table I, Ce3+ doping level in 2-5% range appears to be optimal for LuI3 
because the light yield is very high in this doping range and the temporal response is also 
reasonably fast. 

 
 

Figure 6 Proportionality in light yield as a function of γ-
ray energy for LuI3:Ce at room temperature.
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Table I. Scintillation Properties of LuI3 as a function of Ce3+ Doping Level p

Ce 
% 

Light Yield 
photons/MeV 

Emission
nm 

Risetime
ns 

Decay time(s) 
ns 

0.5 ≥100,000 475 ~5 40 (89%), 300 (11%) 
2 ≥100,000 475 0.4 30 (93%), 180 (7%) 
5 ≥100,000 475 0.2 25 (88%),180 (12%) 
10 70,000 475 0.1 5 (9%), 28 (68%),180 (23%) 
20 38,000 525 0.1 5 (9%), 30 (60%), 180 (31%) 

 
5.5. SUMMARY AND CURRENT STATUS 

In our research, we have investigated a new scintillation material, LuI3:Ce, for γ-ray 
detection. Our research involved growth of LuI3:Ce crystals using Bridgman method, as well as 
characterization of the scintillation properties of these crystals. Our measurements indicate that 
LuI3:Ce is a promising scintillator.  It has high light output, fast response and shows good energy 
and timing resolution. Based on its performance, this new scintillation material appears to be 
very promising for medical imaging, particularly positron emission tomography (PET).  Nuclear 
and particle physics research, X-ray diffraction, non-destructive evaluation, nuclear treaty 
verification, environmental cleanup, and geological exploration also appear to be potential 
applications for this new scintillator.   Preparation of large crystals of LuI3:Ce and evaluation of 
their properties is necessary in order to investigate the full 
potential of this promising scintillator.  Due to its layered, 
rhombodedral crystal structure, growth of large crystals of 
this composition appears to be challenging.   

While the efforts to grow high quality bulk single 
crystals continue, alternative approaches, such as growth 
of thin, single-crystal layers using sintering and melt 
quenching approaches are also being explored at RMD 
[Glodo].  These LuI3:Ce crystal layers (approximately 2 
mm thick) provide emission and decay characteristics very 
similar to those for the bulk single crystals discussed 
earlier in this chapter and their light output is already 
about 75% of the best value for bulk crystals with room 
for considerable improvement as the optical quality of 
these layers is enhanced [Glodo]. These thin LuI3:Ce 
crystalline layers are expected to be much easier to 
produce than the large bulk crystals and they can be 
employed in a PET module design with stacked detector 
(see Figure 7) such as the one being developed at the 
Stanford University with silicon APDs [Levin].  In this 

pixellated array 

PSAPD 

Figure 7.  Design of a PET module being 
explored at the Stanford University con-
sisting of a stack of thin, pixellated crystal 
arrays coupled to PSAPDs [Levin].  While 
the original design is based on LSO:Ce 
crystal layers, LuI3:Ce crystal layers can 
also be considered in this configuration. 
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PET module design each detector consists of a number of sub-detectors.  Each sub-detector is 
based on a thin (approximately 2 mm thick), pixellated crystal layer of a scintillator coupled to 
RMD’s position sensitive avalanche photodiode.  This concept maximizes the collection of the 
scintillation light at the photodetector surface and inherently provides DOI information [Levin].  
While Dr. Levin’s current research is based on LSO:Ce crystals layers (1-2 mm thick 
scintillators in 8x8 format with 1 mm pixel size), improved scintillators such as LuI3:Ce with 
significantly higher light output, faster decay and better spectral match with silicon sensors (than 
LSO:Ce) would enhance the overall detector performance.  This arrangement would allow 
exploitation of excellent scintillation properties of LuI3:Ce without the need to grow large bulk 
crystals and on-going research at RMD is exploring this avenue.   
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Chapter 6: Elpasolite and Alkaline Earth Halide Scintillators for SPECT 
6.1 INTRODUCTION 

Single photon emission computed tomography (SPECT) is a powerful, noninvasive 
medical imaging modality that mathematically reconstructs the three dimensional distribution of 
a radionuclide throughout the body of a human patient or a research animal [Cherry].  Typically, 
the collected data are displayed and evaluated as a set of two-dimensional images through the 
organ or diseased area under investigation.  SPECT allows quantitative study of the function in 
the investigated region and therefore is an extremely useful tool for understanding organ and 
tissue physiology including that in the heart, lung, kidney, liver, brain, and skeletal system.  
SPECT agents now are becoming available for prostate and other forms of cancer as well.  
SPECT is very commonly used in identifying and localizing coronary artery disease and as many 
as 90% of all myocardial perfusion studies are now performed using SPECT. 

At present, the performance of SPECT systems often is limited by the detectors used in 
these systems.  Modern SPECT systems consist of scintillation crystals coupled to 
photomultiplier tubes as detectors.  Important requirements for scintillators used in SPECT 
applications include high light output and high energy resolution, reasonably fast response and 
high gamma ray stopping efficiency.  Ideally, the scintillator should also be inexpensive, rugged 
and easy to manufacture. Currently, NaI:Tl is the detector of choice in SPECT systems and it is 
relatively inexpensive and its light output is fairly large.  However, the poor energy resolution of 
NaI:Tl often limits SPECT performance [Heanue].  The energy resolution of NaI:Tl is limited by 
its relatively poor proportionality [Dorenbos, Moses].  If scintillators with higher energy 
resolution at typical SPECT energies (~140 keV) were available, the essential process of scatter 
rejection would improve.  Furthermore, dual-isotope imaging, which is a unique property of 
SPECT, would also become possible if scintillators with high energy resolution became 
available.   

Over last decade, cerium doped lanthanum bromide (LaBr3:Ce) has emerged as a 
promising scintillator for gamma-ray spectroscopy [van Loef 01, Shah 03].  LaBr3:Ce and other 
related rare earth trihalides (such as CeBr3) provide high light output (>60,000 photons/MeV) 
along with very fast response (≤20 ns) and good proportionality, particularly at high energies.  
Correspondingly, the energy resolution of these materials is very high at 511 keV (~3.5% 
FWHM), which is almost a factor of two higher than that from NaI:Tl.  However, LaBr3:Ce (and 
related scintillators) show increased non-proportionality at lower electron energies [Choong, 
Cherepy], which is expected to impact the energy resolution of LaBr3:Ce over the energy range 
of interest for SPECT.  The current cost of large LaBr3:Ce crystals is also high, primarily due to 
difficulties (such as cracking and cleavage) associated with growth of large LaBr3:Ce crystals 
which have anisotropic, hexagonal crystal structure. As a result, the search for improved 
scintillators for SPECT continues. 

In this chapter, properties of promising scintillator compositions belonging to Ce3+ doped 
elpasolite and Eu2+ doped alkaline earth halide families are discussed [Shah 07 & 09, Wilson, 
van Loef 08, Cherepy].  A screening of over ten elpasolite compositions was carried out and a 
promising composition, Cs2LiLaBr6:Ce (or CLLB) was chosen for further evaluation.  In the 
alkaline earth family, SrI2:Eu was chosen for further evaluation as a scintillator for SPECT.  
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These scintillators offer relatively high stopping power, high light yield, and good 
proportionality.  They are spectrally well matched to PMTs as well as the advanced silicon 
photodetectors.  Energy resolution of these new scintillators at 662 keV (137Cs source) is <3% 
(FWHM), which is very similar to that for LaBr3:Ce and two times better than that for NaI:Tl.  
Furthermore, these scintillators offer very high proportionality over a broad energy range.  As a 
result, they provide excellent energy resolution at lower gamma-ray energies too.  For example, 
at 122 keV (57Co source), the energy resolution of SrI2:Eu and CLLB:Ce is <6% (FWHM), while 
that of NaI:Tl is in 9-10% (FWHM) range.  Since the gamma-rays emitted by 99mTc (the most 
common radioisotope for SPECT) have energy of 140 keV, similar to 122 keV gamma-ray 
emission from 57Co, the high energy resolution of CLLB and SrI2:Eu at 122 keV, confirms their 
promise for SPECT.   

6.2. DETECTOR REQUIREMENTS FOR SINGLE PHOTON IMAGING   
The detector requirements for SPECT are straightforward and result from the 

considerations of patient safety and image quality.  Patient safety requires that the detectors be 
sufficiently sensitive to optimize the use of the emitted radiation in order to minimize the patient 
dose while offering image quality sufficient for the diagnostic task.  The specifications are 
derived from the characteristic of the isotopes used.  Since SPECT is commonly performed 
(~70% of the time) using 99mTc (140 keV), good detection efficiency and high energy resolution 
at 140 keV are needed, although radioisotopes with lower as well as higher energy emissions are 
also available.  Essentially, the detection efficiency must exceed 80% for the gamma ray energy 
of interest.  Regarding energy resolution, the detector must be able to distinguish photoelectric 
events from Compton events.  Typically, ~9% (FWHM) resolution is obtained with NaI(Tl) 
crystals coupled to photomultipliers at 140 keV, however, better energy resolution would offer 
superior scatter rejection.  Recent studies have shown that energy resolution ~4% (FWHM) 
would provide adequate scatter rejection for myocardial perfusion studies [Heanue].  Count-rate 
requirements for SPECT are moderate and should be readily achievable with the new elpasolite 
scintillators which have significantly faster decay times that NaI:Tl.  

High energy resolution of SPECT detectors can also have important implications for dual-
isotope imaging such as 201Tl/99mTc-sestamibi imaging of myocardial perfusion [Liu, Johnson 87, 
Johnson 90, Berman, Maddahi, Alexander].  Such dual isotope studies are performed 
sequentially by acquiring a 201Tl myocardial perfusion scan at rest, followed by a myocardial 
perfusion scan acquired under stress with 99mTc-sestamibi [Heo, Kiat].  This provides an 
alternative to traditional myocardial imaging in which 201Tl is injected to acquire a stress image, 
followed by a 2-3 hr redistribution period after which a 201Tl rest image is acquired.  Although 
the 201Tl rest/stress study can be acquired with a single injection, the sequential 201Tl/99mTc study 
shortens the procedure time and takes advantage of the improved photon statistics and photon 
energy characteristics from 99mTc-sestamibi for the stress scan.  The improved energy resolution 
expected from newer scintillators has the potential of reducing errors due to contamination of the 
201Tl data from lead x-ray and Compton scatter in dual-isotope 201Tl/99mTc imaging.  

6.3. SCINTILLATORS FOR SINGLE PHOTON IMAGING 
Scintillation crystals coupled to PMTs are commonly used as γ-ray detectors in single 

photon imaging.  Table 1 provides a comparison of common inorganic scintillators considered in 
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SPECT.  Most commercial SPECT systems at present use NaI:Tl scintillators.  NaI:Tl crystals 
are available in large sizes at reasonable cost and offer relatively high light output.  The main 
limitation of NaI:Tl in SPECT imaging is its modest energy resolution (~9% FWHM at 140 
keV).  CsI:Tl is a bright scintillator which also is available and cost-effective in large sizes.  The 
spectral emission of CsI:Tl has a better match with silicon photodiodes than with PMTs and 
dedicated, single photon imaging systems for cardiac studies have been built using CsI:Tl 
scintillators with solid-state photodetectors [www.digirad.com].  However, CsI:Tl scintillators 
also show relatively poor energy resolution at the photon energies used for SPECT (~10% 
FWHM at 140 keV).  For both NaI:Tl and CsI:Tl, the energy resolution is limited by their 
nonproportional response [Dorenbos, Moses].  Scintillators such as YAP (YAlO3:Ce) have been 
used in combined SPECT-PET small animal systems [www.ise-srl.com/YAPPET/yap-doc.htm].  
YAP:Ce shows high degree of proportionality but its light output is low, which limits its energy 
resolution. 

Newer, rare earth trihalide scintillators such as LaBr3:Ce show very high light output and 
fast response (see Table 1).  LaBr3:Ce scintillators also show high proportionality, though 
increased nonproportionality is observed at low electron energies [Cherepy].  As a result, even 
though the energy resolution of LaBr3:Ce is almost 2-fold better than that of NaI:Tl at 662 keV, 
the improvement at typical SPECT energy (of 140 keV) is rather modest (about 25%).  Also, 
large crystals of LaBr3:Ce are still expensive due to difficulties associated with growth of high 
quality, large crystals of LaBr3 that are prone to cracking and cleavage.  These problems arise 
mostly due to highly anisotropic, hexagonal structure of LaBr3.  LaCl3:Ce and CeBr3, which are 
related rare earth halide scintillators with the same hexagonal crystal structure as LaBr3:Ce, also 
face many of the same challenges that are present for LaBr3:Ce.   

Table 1. Properties of Inorganic Scintillators for Nuclear Medicine 

Material 
Light Output 

[Photons/MeV] 
Wavelength of 

Maximum 
Emission [nm] 

Attenuation 
Length (140 keV) 

[cm] 

Principal Decay Time 
[ns] 

NaI(Tl) 38,000 415 0.4 230 
CsI(Tl) 52,000 540 0.26 1000 
YAP 20,000 370 0.65 26 

LaBr3:Ce ≥63,000* 360 0.35 17 

* Saint Gobain quotes light yield of 63K photons/MeV for its LaBr3:Ce, RMD has measured light output of 70K photons/MeV for its LaBr3:Ce 

In view of these limitations for existing scintillators for SPECT, new promising classes of 
scintillators (Ce3+ doped elpasolites and Eu2+ doped alkaline earth halides) are discussed in this 
chapter for SPECT. 

6.4 Ce3+ DOPED ELPASOLITE SCINTILLATORS 
6.4.1 Overview 

A new class of halide scintillators crystallizing in the ordered double perovskite (or 
elpasolite) structure has recently been discovered [Shah 07 & 09, van Loef 05, Glodo 06, 
Bessiere, Birowosuto]. Elpasolites with composition A2BMX6 (with A = Rb, Cs, K; B = Li, Na, 
K; M = La, Ce, Gd, Y, Al; X = F, Cl, Br, I) are model systems investigated in numerous optical, 
scintillation and magnetic studies [Cross, Meyer, van Eijk 05].  Elpasolites are named after the 
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mineral K2NaAlF6 found at the site of El Paso county, Colorado, in 1883. One advantage the 
elpasolites have over many other crystalline systems is that the M3+ site, located at the center of 
an octahedron of halide ions X-, offers a natural environment for incorporating Ce3+ or other 
trivalent ions.  Many of these materials retain cubic or near cubic structures over a range of 
compositions.  Recent investigation of Ce3+ doped elpasolites as scintillators was initially carried 
out using compositions with Li ions on the B-site [van Loef 05, Bessiere, van Eijk 05].  These 
Li-containing scintillators were targeted towards thermal neutron detection.  Based on promising 
results generated by research at TUDelft [Bessiere], the initial attention on elpasolites at RMD 
was focused on Cs2LiYCl6:Ce (or CLYC) for thermal neutron detection [Shah 07, Glodo 06].  
During our investigation of CLYC, one interesting observation made was its extremely high 
proportionality (<1% non-proportionality over 60 to 1275 keV gamma-ray energy range).  Due 
to such high proportionality, CLYC provided very high energy resolution (≤4% FWHM at 662 
keV), despite its relatively low light output of ~20,000 photons/MeV for gamma-rays.   

The combination of very high proportionality, high energy resolution and cubic crystal 
structure (which makes growth of large crystals easier compared to complex hexagonal structure 
of LaBr3:Ce) of CLYC prompted us to investigate elpasolite compositions that share these 
promising features of CLYC but are brighter.  In our investigation, small crystals (≤ 1 cm3) of 
several Ce doped elpasolites were grown by Bridgman method and their scintillation 
characteristics (emission wavelength, decay time, light output and non-proportionality) were 
measured.  Table 2 provides a summary of these measurements for various elpasolites [Shah 07].   

Table 2. Properties of Ce3+ doped Elpasolites 

Material Wavelength of 
Maximum 

Emission [nm] 

Light Output 
[Photons/MeV] 

Decay Time [ns] 
for Ce3+ 

Luminescence 

Non-Proportionality 
Over 60 to 1275 keV 

Range (%) 
Cs2NaLaI6:Ce 455 54,000 – 60,000 50 <2% 
Cs2LiLaI6:Ce 450 ≥55,000 50 <2% 
Cs2LiLaBr6:Ce 420 55,000 - 60,000 55 <2% 
Cs2NaLaBr6:Ce 400 12,000 55 3% 
Cs2LiLaCl6:Ce 390 36,000 90 <2% 
Cs2NaCeBr6 415 32,000 115 12.5% 
Cs2LiCeBr6 420 35,000 100 12.5% 
Cs2NaGdI6:Ce 445 21,000  55 <2% 
Cs2NaLuI6:Ce 450 27,000  35 2.5% 
Cs2LiLuI6:Ce 490 12,000 45 <3% 
Cs2LiYCl6:Ce 370 20,000 37 <1% 
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These measurements, while dependent on 
the quality of the crystals produced, provide some 
interesting observations.  It can be seen that 
several elpasolites with La ions occupying the M-
site provide higher light output than other 
candidates, with the light output of at least three 
candidates (Cs2LiLaI6:Ce or CLLI, Cs2NaLaI6:Ce 
or CNLI and Cs2LiLaBr6:Ce or CLLB) 
approaching that for LaBr3:Ce.  Another 
interesting trend observed is that all elpasolites 
that we evaluated showed excellent non-
proportionality with exception of self-activated 
elpasolites where Ce ions occupy the M-site.  It 
should be noted that in addition to the fast decay 
constant for Ce3+ based luminescence presented in 
Table 2, slower decay components were present 

in almost all cases.  Based on the initial 
measurements, CLLI, CNLI, CLLB and CLLC 
appeared to be promising candidates and were 
selected for further evaluation.   

For several elpasolites (such as CLYC, 
CLLC, CNLI and CLLB) where high quality, 
small crystals were available (see Figure 1), we 
conducted non-proportionality studies over a 
wider energy range (14 keV to 1275 keV energy 
range) using isotopic sources such as 57Co, 
241Am, 22Na and 137Cs.  These measurements 
were conducted on samples that were ≤1 cm3 in 
size.  The resulting proportionality plots for 

selected elpasolites as well as LaBr3:Ce and NaI:Tl 
crystals available at RMD are shown in Figure 2.  
As seen in the figure, the proportionality of all 
elpasolites is very high and is significantly better 
than that of not only NaI:Tl but also LaBr3:Ce 
(particularly at low energies).  Figure 3 shows 662 
keV energy spectra (137Cs source) for several 
elpasolites as well as NaI:Tl and LaBr3:Ce.  The 
energy resolution of all of the selected elpasolites 
is superior to that for NaI:Tl and some of them 

 
Figure 1.  Photographs of elpasolite crystals 
grown at RMD using the Bridgman method. 
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Figure 2.  Proportionality between 14 and 1274 
keV measured for NaI:Tl, CLYC:Ce, CLLC:Ce, 
CNLI:Ce, CLLB:Ce, and LaBr3:Ce:Ce crystals 
using isotopic sources with different γ-energies. 
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Figure 3.  137Cs energy spectra collected with 
NaI:Tl, CLYC:Ce, CLLC:Ce, CNLI:Ce, CLLB:Ce, 
and LaBr3:Ce:Ce crystals at RMD. 
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even approach LaBr3:Ce’s energy resolution.  These results confirm the promise of this class of 
scintillators.  Out of the brightest elpasolite compositions we have identified (CNLI, CLLI and 
CLLB), only CLLB is cubic [Yang], the others such as CLLI and CNLI are trigonal (or pseudo-
cubic).  As a result, we have selected CLLB for detailed evaluation, which is discussed in the 
following section. 
6.4.2 Cs2LiLaBr6:Ce (CLLB) Scintillators 

6.4.2.1. OVERVIEW 
Cs2LiLaBr6:Ce has a cubic elpasolite structure that is isotropic (see Figure 4).  As a result, 

growth of large volume crystals of these compositions can be expected to be substantially easier 
compared to that of hexagonal LaBr3, CeBr3 and LaCl3 compositions.  The melting point of 
CLLB, based on measurements performed at RMD, is approximately 500 °C and its estimated 
density is 4.2 g/cm3.  Small crystals (~1 cm3 size) of CLLB (undoped and with varying Ce3+ 
doping level) have been grown at RMD using the Bridgman method.  Scintillation characteristics 
of these crystals have been evaluated, which includes measurement of emission spectrum, decay 
time spectrum and light output.  Gamma-ray detection characteristics including energy 
resolution, proportionality and timing resolution for Ce3+ doped CLLB crystals has also been 
performed.   

6.4.2.2. Scintillation Properties of CLLB Crystals 
Scintillation properties such as emission spectra, light output and decay time spectra were 

measured for CLLB crystals.  These properties are discussed here for undoped CLLB crystals as 
well those with varying Ce3+ concentration (0.5%, 2%, 5% and 10% on molar basis).  
Emission Spectra 

Optical emission spectra of CLLB crystals (with 0.5%, 2%, 5% and 10% Ce3+ doping) 
were measured. Each crystal was excited with radiation from a Philips X-ray generator having a 

Figure 4. Illustration of isotropic, cubic structure of Cs2LiLaBr6 (left) and of highly anisotropic 
(hexagonal) structure of LaBr3 (right) with La in green, Br in red, Cs in blue and Li in gray.  The 
highly anisotropic structure (including cleavage planes) of LaBr3 is the main reason behind the 
crystal growth difficulties and high cost associated with LaBr3.  The isotropic, cubic structure for 
Cs2LiLaBr6 should simplify its crystal growth significantly.   

Cs2LiLaBr6 LaBr3 
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copper target, with power settings of 40 KVp and 
20 mA.  The scintillation light was passed through 
a McPherson 0.2-meter monochromator and 
detected with a Hamamatsu R2059 PMT with a 
quartz window.  The system was calibrated with 
a standard light source to enable correction for 
sensitivity variations as a function of 
wavelength.  Figure 5 shows normalized 
emission spectra for CLLB crystals with varying 
Ce3+ doping level.  As seen in the figure, two 
peaks corresponding to 5d→4f transition of Ce3+ 
are observed in the emission spectra for Ce 
doped CLLB crystals.  The wavelengths 
corresponding to the two emission peaks are 390 
nm and 420 nm.  It is interesting to note that the 
relative intensity of the 420 nm peak with respect 
to the 390 nm peak increases as the Ce3+ concentration in CLLB is increased.  This may indicate 
that as the cerium concentration increases, some 390 nm light may be getting absorbed and then 
re-emitted as 420 nm light.  The same two peaks were observed in undoped samples too, 
indicating that very small amount of Ce3+ contamination was present in the undoped sample, 
which is not surprising considering that Ce is adjacent to La in the period table.   
Decay Time Spectra 

The fluorescent decay time spectra of CLLB samples (undoped and with 0.5 to 10% Ce 
doping) were measured under 662 keV gamma-ray excitation (137Cs source) at RMD.  The 
resulting temporal response plots are shown in Figure 6. From multi-exponential fits to the 
decay plots, multiple decay components were estimated.  The undoped CLLB shows a relatively 
slow decay time of ~2300 ns.  For samples with Ce3+ doping, a 55 ns decay component was 
observed which was due to Ce3+ 
luminescence.  Additional, longer 
component(s) with ≥270 ns time constants 
has also been observed (see Table 3).  While 
the origin of these components is not yet 
established, they may be due to luminescence 
associated with the self trapped excitons 
(STE).  An interesting observation that can be 
made from the decay plots shown in Figure 6 
is that as the Ce3+ concentration in CLLB 
increases, the relative contribution of the 55 
ns component (in comparison to the longer 
ones) also increases.  There is some evidence 
that rise-time is also faster for CLLB samples 
with higher Ce3+ concentration (approaching 
<1 ns in CLLB samples with 10% Ce).  
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Figure 5. X-ray induced emission spectra for CLLB 
crystals with varying Ce3+ concentration. 
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solid curves are multi-exponential fits to the data. 
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Overall, the fast risetime and the fast Ce3+ 
component (55 ns time constant) of CLLB are 
promising for gamma ray studies that require high 
timing resolution.   
Light Output 

The light output of CLLB crystals was 
measured using pulse height analysis.  First, the 
photopeak position for thermally generated single 
photoelectrons in the PMT was measured for 
energy calibration.  Next, a CLLB scintillator (with 
2% Ce3+), wrapped with several layers of Teflon 
tape, was coupled to a PMT (Hamamatsu R6233) 
using mineral oil and was irradiated with 60 keV 
gamma-rays.  The PMT signal was shaped with 
Canberra spectroscopy amplifier (#2020) and 
shaping time of 4 µs was used.  The pulse height 
spectra for single photoelectrons as well as 60 keV 
gamma-rays were then recorded with the Amptek 
MCA 8000-A multichannel analyzer under same operating conditions (see Figure 7).  By 
comparing these photopeak positions, the light output of the CLLB crystal with 2% Ce3+ doping 
was estimated using the known value of the quantum efficiency of the PMT for CLLB emission.  
Using such approaches, we have estimated the light output of CLLB:2%Ce to be as high as 
60,000 photons/MeV.  This light yield is ~60% higher than the light yield of NaI:Tl, one of the 
most common scintillators for gamma-rays at present.  The light yield of CLLB:2%Ce also 
approaches the reported values for the emerging LaBr3:Ce scintillators, which is very 
encouraging.   

The light output measurements were also conducted with other CLLB crystals, undoped as 
well as those with a wide range of Ce doping (0.5%, 2%, 5% and 10%).  137Cs spectra were 
recorded for various CLLB crystals (see Figure 8) with the same PMT (Hamamatsu R6233).  

The relative position of the 662 keV 
photopeak for each CLLB crystal in 
comparison to that for CLLB with 2% 
doping (with light output of 60,000 
photons/MeV) was used for estimation of 
light output of various CLLB samples 
(undoped, 0.5%, 5% and 10%).  The 
results are presented in Table 3.  While the 
light yield of the undoped CLLB crystal is 
low (~35,500 photons/MeV), all Ce3+ 
doped CLLB crystals show high light 
output (>50,000 photons/MeV).  The 
highest light output was observed for 
CLLB with 2% doping.  Even at Ce3+ 
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varying Ce3+ concentration for estimation of their light yield. 
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Figure 7. Estimation of light output of CLLB 
crystal (2% Ce3+ doping) coupled to a PMT by 
comparing its 60 keV peak position (241Am 
source) with that for single electrons generated in 
the PMT photocathode.  Knowing PMT quantum 
efficiency for CLLB emission, the light output of 
CLLB:2% Ce was estimated. 
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doping level as high as 10%, light output remained reasonably high, ~55,000 photons/MeV, 
indicating that concentration quenching effects are limited. 

The 662 keV energy resolution in the 137Cs spectra recorded with CLLB:Ce crystals 
(shown in Figure 8) was measured to be as high as 3.4% (FWHM), which is impressive and is 
about two times better than that for NaI:Tl.  However, it is important to note that the crystal 
surface finish (on sides) and the overall experimental setup was not optimized for energy 
resolution in this study and detailed energy resolution results with CLLB scintillators over a 
wider range of gamma-ray energies are presented in a later section. 

A summary of scintillation properties of CLLB samples (undoped and with Ce3+ doping in 
0.5 to 10% range) is presented in Table 3.  The main conclusions are that CLLB with Ce doping 
shows impressive scintillation properties with high light output of up to ~60,000 photons/MeV 
and fast decay time of ~55 ns.  The doping level of 2% Ce has provided highest light output so 
far, though additional studies will be conducted for optimization.  Next, gamma-ray detection 
characteristics of CLLB crystals are discussed. 

Table 3. Scintillation Properties of Various CLLB Crystals 

Doping Light Output 
(photons/MeV) 

Decay Time(s) 
(ns) 

Peak Emission 
(ns) 

Undoped 35,500 2300 390, 420 
0.5% Ce3+ 56,200 55 ns (19%), ≥270 ns (81%) 390, 420 
2% Ce3+ 
5% Ce3+ 

60,000 
50,000 

55 ns (27%), ≥270 ns (73%) 
55 ns (33%), ≥270 ns (67%) 

390, 420 
390, 420 

10% Ce3+ 55,000 55 ns (53%), ≥270 ns (47%) 390, 420 

6.4.2.3. Gamma Ray Detection with CLLB:Ce Scintillators  
Once the scintillation properties of CLLB:Ce were evaluated, their gamma-ray detection 

performance was characterized.  This involved measurement of energy resolution and timing 
resolution.  These studies were conducted with CLLB crystals with 2% Ce doping in view of 
their high light output and reasonably fast response.   
Room Temperature CLLB:Ce Energy Resolution Measurements  

The energy resolution of CLLB:Ce scintillators for gamma-rays has been evaluated.  This 
involved coupling an unpackaged CLLB:Ce scintillator (~1 cm3 size, 2% Ce) to a 
photomultiplier tube (with an enhanced QE bialkali photocathode and a quartz window, 
Hamamatsu R6233S).  The polished scintillator was coated with Teflon tape to maximize the 
light collection.  The scintillator was irradiated with 662 keV γ-rays (137Cs source), and the 
resulting PMT signal was processed with a preamplifier (Canberra #2005), and then shaped with 
a spectroscopy amplifier (Canberra #2022).  The resulting 137Cs pulse height spectrum, recorded 
with shaping time of 4 µs, was shown earlier in Figure 3.  Energy resolution for the 662 keV 
peak was computed to be about 2.9% (FWHM) at room temperature, which is amongst the best 
recorded resolution for scintillator based systems.  The energy resolution of CLLB:2%Ce is 
almost 2.4 times better than that for NaI:Tl and it is comparable to that achieved with emerging 
LaBr3:Ce scintillators.   
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The 22Na energy spectrum has also been 
recorded with the same CLLB:2%Ce crystal-
PMT setup and its energy resolution for 511 
keV and 1275 keV gamma-rays was estimated 
to be 3.5% (FWHM) and 2.4% (FWHM), 
respectively at room temperature as shown in 
Figure 9.   

To determine the potential of CLLB:Ce 
in SPECT imaging, we also conducted 
measurements using a 57Co source because the 
gamma-emission from 57Co (122 keV) is very 
similar to that for common SPECT 
radioisotopes (e.g. 99mTc which emits at 140 
keV gamma-rays).  57Co energy spectrum was 
recorded with the same CLLB:2%Ce crystal-
PMT setup.  As shown in Figure 10, the 

energy resolution of 122 keV photopeak was recorded 
to be 5.8% (FWHM).  These results are indeed very 
encouraging and are significantly superior to that for 
NaI:Tl.  For example, the energy resolution of NaI:Tl 
at 122 keV is ~9% (FWHM) as shown in Figure 10.   

The high energy resolution of CLLB:2%Ce is 
due to its high proportionality (which was illustrated 
earlier in Figure 2) over a wide energy range and its 
high light output.  We expect to further improve the 
energy resolution of the CLLB:Ce scintillators by 
optimizing the light collection, and by improving their 
overall quality.  
Analysis of Energy Resolution of CLLB:Ce 
Scintillators 

For 662 keV spectra shown in Figure 3, we have 
analyzed the photopeak resolution of CLLB:2%Ce and NaI:Tl crystals to determine the 
contribution of various components to the overall photopeak broadening.  The energy resolution 
of a scintillator-PMT spectrometer can be expressed as follows [van Eijk 01]: 

                                                (∆E/E)2 = R2= Rphe
2 + Rsci

2 + Rnoise
2 (1) 

Rphe represents the resolution broadening due to the photoelectron statistics (including the excess 
noise effects, arising from the variance in the photodetector gain).  Rsci represents broadening 
due to non-ideal nature of scintillators.  This parameter includes contribution of 
nonproportionality as well as other parameters such as crystal inhomogeneities.  Finally, the 
electronic noise effects in the scintillation detection system are included in the final term, Rnoise.  
For PMT readout, the last term, Rnoise can be ignored due to PMT’s negligible electronic noise 
contribution, though Rnoise has to be included in case of solid-state photodetectors (such as silicon 
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recorded with CLLB:2%Ce crystal coupled to a PMT 
(Hamamatsu R6233S). 
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Figure 10. 57Co spectra collected with 
CLLB:2%Ce and NaI:Tl crystals.  The energy 
resolution of CLLB:2%Ce for 122 keV 
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NaI:Tl is ~9% (FWHM). 
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p-i-n diodes and Si-APDs).  It is possible to estimate the contribution of the first term, Rphe, by 
estimating the number of photoelectrons (Nphe) generated in the photodetector for a gamma-ray 
event in the scintillator.  Nphe can be estimated using the following expression: 

                                                              Nphe ≈ Nph•Eγ•ηdet (2) 

where, Nph is the light output of the scintillator (in photons/MeV), which is 60,000 photons/MeV 
for CLLB:2% Ce (as shown in Table 3), Eγ is energy of the incident gamma-ray in MeV (0.662 
in this case) and ηdet is the quantum efficiency of the photodetector over the emission spectrum 
of the scintillator (including the light collection efficiency).  Once Nphe is known, the resolution 
broadening due to Rphe, representing variance in photoelectron statistics, can be estimated using 
the traditional Poisson distribution: 

                                                           Rphe
2 = (2.36)2[ENF/Nphe] (3) 

where, ENF is the excess noise factor of the photodetector (~1.15 for PMTs).  Using this 
framework, it is possible to estimate Nphe and Rphe from the known parameters of the scintillator 
and PMTs using equations (2) and (3).  Then using the measured value of R (or ∆E/E) and Rnoise 
(≈ 0 for PMT readout) and, Rsci can be back calculated using equation (1).  Using this 
framework, the 662 keV energy resolution of various spectrometers such as NaI(Tl)-PMT, 
CLLB-PMT was analyzed and the results are presented in Table 4. 

Table 4. Analysis of the 662 keV Energy Resolution of Scintillator Spectrometers 

Detector Nphe at 0.662 MeV 
(electrons) 

R (%) 
FWHM 

Rphe (%) 
FWHM 

Rsci (%) 
FWHM 

Rnoise(%) 
FWHM 

NaI(Tl)-PMT 7,000 7 3.0 6.3 0 
CLLB:2%Ce-PMT 11,000 2.9 2.4 1.62 0 
The overall energy resolution R at 662 keV energy was measured to be 7% (FWHM) for 

NaI(Tl) coupled to PMT (as shown in Figure 3), while Rphe was estimated to be 3.0% (FWHM) 
using equation (3).  Rsci was then calculated to be 6.3% (FWHM) from equation (1) by assuming 
that Rnoise is negligible for PMT readout.  Similar analysis of a CLLB:2%Ce crystal coupled to a 
PMT (Hamamatsu R6233S) has been performed and the results are listed in Table 4.  As shown 
in Figure 3, the energy resolution, R, of CLLB:2%Ce-PMT at 662 keV was measured to be 
2.9% (FWHM).  Rphe for CLLB-PMT was calculated to be 2.4% (FWHM) from the known 
values of light output, incident γ-ray energy and PMT quantum efficiency.  Rsci was then 
estimated to be 1.62% (FWHM).  This study illustrates that due to its highly proportional 
response (see Figure 2), the photoelectron statistics (or Rphe) is the main broadening component 
for CLLB:Ce.  In case of NaI(Tl), the non-ideal nature of the scintillator (or Rsci) is the dominant 
component due to highly non-proportional response (see Figure 2).  This would indicate that as 
the scintillator light collection is improved, further improvement in energy resolution of 
CLLB:Ce should be possible.   
Coincidence Timing Resolution 

Coincidence timing resolution of CLLB:Ce crystals has been measured at RMD.  This 
experiment involved irradiating a BaF2 “reference” scintillator and a CLLB:Ce “test” scintillator 
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each coupled to a fast PMT (Hamamatsu H-6610) with 511 keV positron annihilation γ-ray pairs 
(emitted by a 22Na source).  The BaF2-PMT detector formed a “start” channel in the timing 
circuit, while the CLLB:Ce-PMT detector formed the “stop” channel.  The signal from each 
detector was processed using a constant fraction discriminator and then fed into a time-to-
amplitude converter (TAC) with a fixed delay 
added to the “stop” channel.  The resulting 
timing distribution was recorded on a multi-
channel analyzer.  Figure 11 shows a 
coincidence timing resolution plot acquired at 
room temperature in this manner with CLLB:Ce 
and BaF2 scintillators and the timing resolution 
was measured to be 325 ps (FWHM).  These 
results indicate that CLLB:Ce may provide 
time-of-flight (TOF) capability. The timing 
resolution of two BaF2 detectors operating in 
coincidence was about 210 ps (FWHM).  No 
energy gating was applied in these studies.  
Further improvement in CLLB timing 
resolution should be possible with energy gating 
as well as optimization of crystal quality and its 
doping level.  While timing resolution is not important in SPECT, high timing resolution of 
CLLB:Ce improves its scope for broader utilization in nuclear physics and active interrogation 
studies for homeland defense as well as in specific cases for combined SPECT-PET imaging.   

Overall, these measurements clearly indicate that CLLB:Ce is a promising scintillator.  It 
has high light output, fast response and shows excellent energy and timing resolution.  The most 
promising aspects of CLLB for SPECT include its high light output, high proportionality and 
excellent energy resolution in the energy region of interest for SPECT.  Its cubic crystal structure 
and low melting point indicate that the scale-up of this scintillator should be substantially easier 
compared to the lanthanum bromide scintillators and related rare earth trihalide compositions. 

6.5 Eu2+ DOPED ALKALINE EARTH HALIDE SCINTILLATORS  
6.5.1. Overview:  
In this section we present our recent investigation of strontium iodide doped with Eu2+ as a 
scintillation material which has been carried out in collaboration with research groups at 
Lawrence Livermore National Laboratory (LLNL).  SrI2 belongs to the alkaline-earth iodide 
family.  Some reports of scintillation from compositions belonging to alkaline-earth iodide 
family can be found in literature, originating from the work of Hofstadter on calcium iodide in 
1960’s [Hofstadter 64].  Calcium iodide exhibits very high light yield (≥80,000 photons/MeV) 
and it can be activated with various dopants such as Tl+ and Eu2+.  However, CaI2 has hexagonal, 
layered crystal structure and is very prone to basal cleavage [Hofstadter 64], which makes large 
volume growth of CaI2 crystals very challenging.  Hofstadter also reported scintillation from SrI2 
doped with Eu with light yield approaching that for NaI:Tl [Hofstadter 68], though very few 
subsequent publications can be found on this scintillator.  Some reports on BaI2 doped with Eu2+ 
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have also appeared in literature [Selling], though the reported light yield was not encouraging 
(only few thousand photons/MeV).  In recent years, this class of materials has been largely 
ignored for scintillation studies.   

We have recently undertaken an investigation of alkaline earth iodide compositions, 
particularly, SrI2 doped with Eu2+ [Shah 09, van Loef 08, Wilson, Cherepy, Burger].  The 
hypothesis in this exploration is that since CaI2:Eu has already shown excellent light yield (but 
faces difficulties in large volume growth due to its hexagonal structure that is prone to cleavage), 
upon optimization, other alkaline earth iodides such as SrI2:Eu (which do not have layered 
crystal structure and therefore, do not cleave readily), may show scintillation performance 
similar to CaI2:Eu without the associated difficulties in crystal growth.  Crystals of SrI2:Eu were 
grown at RMD by Bridgman method and their scintillation properties were evaluated, as 
discussed in detail in the next section.  Limited evaluation of other binary and ternary alkaline 
earth halides with Eu2+ doping has also been performed and the results are summarized in a later 
section of this chapter. 
6.5.2 Evaluation of SrI2:Eu 
6.5.2.1. Crystal Growth Aspects 

SrI2 is an orthorhombic composition (see Figure 12) 
belonging to alkaline-earth iodide family with density of 
4.6 g/cm3.  The melting point of SrI2 is 540 °C. In view of 
congruent melting of SrI2 at relatively low temperature, 
we have produced crystals of this material using the 

Bridgman process at 
RMD.  Evacuated 
quartz ampoules were 
used as crucibles.  SrI2 
crystals (~1 cm3 and 
larger, doped with 0.5% 
to 10% Eu2+ on molar basis) were initially produced in our 
study.  Figures 13a & 13b show photographs of SrI2:Eu2+ 
crystals grown at RMD.  Due to the hygroscopic nature of 
these materials, they need to be protected from prolonged 

exposure to moisture.  Most of our studies were 
performed in moisture free chambers or with 
protected crystals.  The scintillation properties of 
SrI2:Eu are discussed here.  Few crystals of SrI2 with 
Ce3+ doping were also grown and evaluated in our 
study. 
6.5.2.2. Scintillation Properties of SrI2:Eu2+ 

Small crystals of SrI2:Eu (0.5 to 1 cm3 size, 
doped with 0.5 to 8% Eu2+ on molar basis) were cut 
and polished from Bridgman grown boules.  These 
crystals were characterized using X and γ-rays to 

Figure 12.  Illustration of orthorhombic 
crystal structure of SrI2 (a = 15.22 Å, b = 
8.22 Å, c = 7.9 Å, all angles between axes 
equal 90°).  View down A-axis is shown. 

Figure 13a. Photograph of a SrI2:Eu 
crystal grown at RMD with 1 cm 
diameter, 2.4 cm length. 

Figure 13b. Photograph of a SrI2:Eu crystal grown 
at RMD with 1” diameter, ~2” length. 
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measure their emission and decay spectra as well as light output [Shah 09, van Loef 08, Wilson].
Emission Spectra

Optical emission spectra of the SrI2:Eu scintillators were measured at RMD. Each crystal
was excited with radiation from a Philips X-ray tube having a copper target, with power settings of
30 KVp and 15 mA.  The scintillation light was passed through a McPherson 0.2-meter
monochromator and detected with a Hamamatsu C31034 PMT with a quartz window.  The
system was calibrated with a standard light source to
correct for sensitivity variations as a function of
wavelength.  Figure 14 shows the normalized
emission spectrum for the SrI2:Eu crystal (0.5% Eu2+

doping) grown at RMD.  As seen in the figure, the
emission from SrI2:Eu occurs over a single, narrow
band (420-480 nm), which is due to d→f transition of
Eu2+.  The wavelength of maximum emission (λmax) is
430 nm for SrI2:Eu.  Emission studies of SrI2 crystals
with higher Eu2+ doping (up to 10% Eu) were also
conducted and the results were similar to that in
Figure 14, though a slight shift to higher wavelengths
was observed as the Eu2+ concentration increased (see
Table 5).  For example, the peak emission wavelength
for SrI2 with 10% Eu doping was measured to be ~435 nm (see Table 5).  Emission spectra of
Ce3+ doped SrI2 crystals were also measured in similar manner and luminescence due to d→f
transition of Ce3+ was observed with emission peaks at 405 and 430 nm.  The emission spectra in
Figure 14 are normalized but in the raw data the emission intensity of Ce doped SrI2 was
substantially lower.
Decay Time Spectra

The fluorescent decay time spectrum
of a SrI2 crystal (with 5% Eu2+ doping)
under 511 keV gamma-ray excitation (22Na
source) was measured at RMD [Bollinger].
The result is shown in Figure 15. From an
exponential fit to the data, the principal
decay time constant was estimated to be
~1.1 µs, which is attributed to Eu2+

luminescence.  A single component fit is
sufficient to cover much of the recorded
emission.  Decay studies were also
conducted for small SrI2 crystals with a
fairly wide range of Eu2+ concentrations
(0.5% to 10% Eu2+ doping) and the decay-times were found to increase with the increasing Eu2+

concentration as shown in Table 5.  Decay time studies were also conducted with 0.5% Ce3+

Figure 14. X-ray excited optical emission spectra
of SrI2:Eu and SrI2:Ce crystals.
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doped SrI2 crystal (see Figure 15). The response shows a fast component with a decay constant 
of ~23 ns and a longer component with ~160 ns 
time constant.   
3. Light Output Measurements 

The light output of RMD grown SrI2:Eu 
crystals was measured using pulse height 
analysis.  First, the photopeak position for 
thermally generated single photoelectrons in the 
PMT was measured for energy calibration.  
Next, a SrI2:Eu scintillator (with 5% Eu2+), 
wrapped with several layers of Teflon tape, was 
coupled to the PMT using mineral oil and was 
irradiated with 60 keV gamma-rays.  The PMT 
signal was shaped with Canberra spectroscopy 
amplifier (#2020) and shaping time of 4 µs was 
used.  The pulse height spectra for single 
photoelectrons as well as 60 keV gamma-rays 
were then recorded with the Amptek MCA 
8000-A multichannel analyzer under same 
operating conditions (see Figure 16).  By comparing these photopeak positions, the light output 
of the SrI2 crystal with 5% Eu2+ doping was estimated using the known value of the quantum 
efficiency of the PMT for SrI2:Eu2+ emission.  Using this approach, we estimate the light output 
of SrI2:Eu2+ to be ≥100,000 photons/MeV, which is remarkable.  This light output is ~2.6 times 
higher than NaI:Tl and about 50% higher than LaBr3:Ce and is amongst the highest reported 
values for inorganic scintillators.  High light output is important because in combination with 
proportionality of response, it governs energy resolution of the scintillator.  Similar 
measurements were conducted for SrI2 crystals with varying Eu2+ concentration and the results 
(shown in Table 5) indicate that the highest light output is achieved in SrI2 at ~5% Eu2+ doping.   

It is important to note that the response of SrI2:Eu has been observed to become slower as 
the crystal size increases (for fixed Eu2+ doping level) and as the Eu2+ doping level increases (for 
similar crystal sizes) due to light trapping associated to the Eu2+ activator [Glodo 09].  The time 
constants reported below are for relatively small crystal sizes. The effect of this light trapping on 
the energy resolution can be corrected using digital pulse processing and dedicated algorithms 
[Burger].   

Table 5. Scintillation Properties of SrI2 with Different Eu2+ Concentrations 

Eu2+ 
Concentration(%) 

Light Output 
(photons/MeV) 

Decay Time(s) 
(ns) 

Emission Peak (nm) 

0.5 78,000 620 429 
2 
5 

92,000 
100,000 

900 
1100 

431 
433 

10 84,000 1650 436 

Figure 16. Estimation of light output of SrI2 crystal 
(5% Eu2+ doping) coupled to a PMT by comparing its 
60 keV peak position (241Am source) with that for 
single electrons generated in the PMT photocathode. 
Knowning PMT quantum efficiency for SrI2:Eu 
emission, the light output of SrI2:5% Eu was estimated 
to be ≥100,000 photons/MeV. 
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Gamma-Ray Energy Resolution 
137Cs spectrum was recorded with SrI2:5% Eu2+ crystal (≤1 cm3 in size) coupled to a PMT 

(Hamamatsu R6233S), which is shown in Figure 17.  The measured photopeak was fit to a 
Gaussian to evaluate the full-width-at-half-maximum (FWHM) to estimate the energy resolution.  
The energy resolution of SrI2:5%Eu2+ crystal at 662 keV was estimated to be ~2.7% (FWHM) as 
shown in Figure 17.  This energy resolution is more than two times higher than NaI:Tl and is 
very similar to for the state-of-the-art LaBr3:Ce crystals.  At 122 keV γ-energy (57Co source), the 
energy resolution of SrI2:Eu (~5.3% FWHM, see Figure 18) is better than that for all the 
scintillators that we have evaluated at RMD.  Since the energy of gamma-rays emitted by 99mTc 
(the most common radioisotope used in SPECT) is 140 keV, very similar to the 122 keV gamma-
rays emitted by 57Co, the results presented in Figure 18 confirm the promise of SrI2:Eu in 
SPECT. 

Proportionality Studies  
In addition to high light output, a scintillator needs to exhibit highly proportional response 

in order to demonstrate high energy resolution.  As discussed here, we have characterized 
proportionality of response of SrI2:Eu. 

We have measured light output of SrI2:5%Eu under excitation from isotopes such as 241Am 
(60 keV γ-rays), 57Co (122 keV γ-rays), 22Na (511 keV and 1275 keV γ-rays) and 137Cs (662 keV 
γ-rays).  Pulse height measurements were performed using standard NIM equipment with the 
scintillator exposed to different isotopes.  Same settings were used for PMT and pulse processing 
electronics for each isotope.  From the measured peak position and the known γ-ray energy for 
each isotope, the light output (in photons/MeV) at each γ-ray energy was estimated.  The data 
points were then normalized with respect to the light output value at 662 keV energy.  Figure 19 
shows the relative light yield as a function of electron energy for SrI2:Eu, compared to that of 
NaI:Tl, CLLB and LaBr3:Ce.  The proportionality of the light yield is excellent for SrI2:Eu, and 
thus the contribution to energy resolution due to nonproportionality is expected to be small for 
SrI2:Eu.  It is important to note that SrI2:Eu is even more proportional than LaBr3:Ce, particularly 
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Figure 17. 137Cs spectrum recorded with a SrI2:5%Eu 
crystal coupled to a PMT. 

Figure 18. 57Co spectrum (122 keV gamma-rays) 
with a SrI2:5%Eu crystal coupled to a PMT. 
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at low energies.  This in combination with very high light yield of SrI2:Eu indicate that as 
crystals with adequate quality become available, further improvement in the energy resolution of 
SrI2:Eu should be possible.  Addressing the light-
trapping issues associated to Eu2+ activator will be 
important in achieving high energy resolution with 
large SrI2:Eu crystals. 
6.5.3. Summary of Scintillation Properties of 
Other Alkaline Earth Halides 

We have also analyzed other similar alkaline 
earth halide compositions, BaI2:Eu, CaI2:Eu, 
SrBr2:Eu, BaBr2:Eu, as well as a ternary 
composition, BaxSr1-xI2:Eu.  Small crystals (≤1 
cm3) of these compositions were grown using the 
Bridgman method.  These crystals were cut and 
polished.  Scintillation properties such as emission 
spectrum, light yield, and decay time were 
measured using the techniques described in the earlier sections. The results, presented in Table 
6, indicate that while the light output of BaI2:Eu, SrBr2:Eu and BaBr2:Eu is rather low, CaI2:Eu2+ 
shows bright luminescence, though its hexagonal layered crystal structure makes the growth of 
large crystals difficult. The ternary, BaxSr1-xI2:Eu, has an orthorhombic structure and shows 
reasonable scintillation properties including bright luminescence.   

 
Table 6. Properties of Other Alkaline Earth Halide Scintillators 

Material 
Light Output 

[Photons/MeV] 
Wavelength of Maximum 

Emission [nm] 
Principal Decay Time [ns] 

SrI2:5% Eu 100,000 433 1100 
BaI2:0.5%Eu 26,000 430 450 
CaI2:0.5%Eu >100,000 470 1150 
SrBr2:0.5%Eu 26,000 415 720 
BaBr2:0.5%Eu 11,500 410 560 
BaxSr1-xI2:Eu ~100,000 435 >1000 
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Chapter 7: Position Sensitive Avalanche Photodiodes 
7.1 OVERVIEW 

This chapter covers design and implementation of position sensitive avalanche 
photodiodes.  This chapter is based on the following publication: (i) K.S. Shah et. al., Position 
Sensitive Avalanche Photodiodes for Gamma-Ray Imaging, IEEE Transactions on Nuclear 
Science V. 49(4), (2002).  A partial version of this publication is presented in this chapter. 

7.2 INTRODUCTION 
Current and next generation experiments in nuclear and elementary particle physics require 

detectors with high spatial resolution, fast response, and accurate energy information [1-3].  Such 
detectors are required for spectroscopy and the imaging of optical and high energy photons.  
Additionally, they are of interest in areas such as medical imaging, diffraction, astronomy, 
nuclear treaty verification, nondestructive evaluation, geological exploration, and nuclear and 
high-energy physics research.  Traditionally, scintillation crystals coupled to imaging detectors 
such as position sensitive or multi-anode photomultiplier tubes (PMT) are used for spectroscopy 
and imaging of high energy photons.  However, PMTs have low optical quantum efficiency, are 
relatively bulky and fragile, and are sensitive to magnetic fields. 

In order to overcome these limitations in the traditional imaging detectors, we have 
investigated imaging detector designs based on deep diffused, high-gain silicon avalanche 
photodiodes (APDs), which are discussed in this paper.  Our new approach involves developing 
an APD design with inherent imaging capability.  Such position sensitive avalanche photodiodes 
(PSAPDs) are similar to the planar APDs that have been developed at RMD [4], but incorporate 
a resistive layer on the back-face on which multiple contacts can be fabricated.  These devices 
provide position information based on charge sharing amongst the contacts on the back face of 
the device.   We have investigated a PSAPD design with four corner contacts on the back face of 
the APD.  These devices have shown spatial resolution of about 0.3 mm over a device area of 14 
mm x 14 mm.  High energy and timing resolution have also been measured with such PSAPDs.   

The main advantage of the PSAPDs is that the electronic readout requirements with these 
devices are minimal. It should be noted that the high gain of our APDs is an important factor in 
the PSAPD design, because it provides high signal to noise ratio for signals at the corner 
contacts, even when charge is shared amongst them.  This enables accurate estimation of the 
event location.  The PSAPDs can be fabricated using the planar processing method that RMD 
recently  has developed. 

7.3 POSITION SENSITIVE AVALANCHE PHOTODIODES 
7.3.1 Design and Fabrication  

We have been investigating a new approach to produce position sensitive avalanche 
photodiodes by using the high-gain planar APD technology.  This involves the modification in 
the design of the back contact structure of the APD in order to enable determination of the 
position of interaction.  A variety of anode structures, all of which involve charge sharing, has 
been explored with other detectors such as microchannel plates and silicon p-i-n detectors to 
provide position sensitivity [5], [1], [6-8].  For our investigation, we have selected a simple 
design where four contacts are placed on a resistive layer at corners as shown in Figure 1 and 
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geometric considerations are used to compute position based on signal collected at each corner 
contact.   

Such a PSAPD was fabricated using the planar process that has been developed at RMD 
for APD array fabrication [4].  The PSAPD area was 14 mm x 14 mm and the device was 
packaged on a ceramic substrate.  Figure 2 shows a photograph of a packaged PSAPD.  The 
device was initially evaluated by connecting the four back contacts together and its gain, noise, 
and quantum efficiency were measured.  The maximum gain of the device was measured to be 
~5000, with operating gain (where the signal to noise ratio is maximized) of about 1000.  The 
noise of the device was measured to be about 130 electrons rms.  The quantum efficiency of the 
device was measured to be ≥70% in the 350 to 700 nm region.  The gain, noise, and quantum 
efficiency of the PSAPDs were found to be similar to that of standard planar non-imaging APDs. 

 
Figure 1. Schematic diagram of a position sensitive avalanche photodiode (PSAPD) with four corner 
contact design. 
 

 
 

Figure 2. Photograph of PSAPD (with four-corner anode design). 

  x 

    y 
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7.3.2 Operational Scheme for Position Sensing and Energy and Timing Resolution of PSAPD 
In order to collect accurate energy and position information, the PSAPD was operated as 

shown in Figure 3.  The top contact of the APD acted as the entrance face and was connected to 
high voltage as well as a preamplifier using AC coupling.  In addition, separate preamplifier 
channels were provided for each of the corner contacts on the back face.  In this arrangement, the 
preamplifier channel connected to the top contact provided the sum of signal from each of the 
bottom corner contacts and was used to determine energy and timing information for a given 
interaction [1].  The signals collected from the four bottom contacts were analyzed using the 
equations summarized in Figure 1 to compute the position of interaction [1].   This operational 
arrangement is illustrated in the 22Na γ-ray spectra (511 keV photons) collected at all five 
channels (see Figure 4) upon coupling the PSAPD to a CsI(Tl) scintillator (1x1x1 cm3). The 
scintillator was placed close to the center of the front face.   

 
 

Figure 3. Schematic of the PSAPD test setup to obtain energy and time information from the top contact 
and position information from the bottom four contacts. 
 

The spectra shown in Figure 4 confirm that the signal from the front face is indeed the sum 
of the signal collected from all four corner contacts on the back face.  Also, as expected, the 
signal amplitude (as represented by the 511 keV pulse height) is very similar for all four corner 
contacts because the point of interaction is close to the center of the device.  It is important to 
note that the operational arrangement shown in Figure 3 does not compromise the energy or time 
information of the APD.  This was confirmed by recording a 511 keV spectrum in a similar 
manner but with all four corner contacts connected to ground, which is the traditional manner of 
operation for a conventional APD (without position sensing capability).  The resulting 511 keV 
peak was very similar to that shown in Figure 4, confirming that no degradation in energy 
resolution and peak amplitude occurs upon incorporating the position sensing capability to an 
APD.  The energy resolution for the 511 keV peak recorded by the top channel (representing the 
sum signal) in both cases was <10% (FWHM).  Direct X-ray detection of 5.9 keV photons (55Fe 
source) with a PSAPD was also performed with an energy resolution of 1.5 keV (FWHM).  
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Figure 4. 22Na  spectra recorded with each of the five channels of the PSAPD upon coupling a CsI(Tl) 
scintillator to the PSAPD near the center of the device. 

 
The timing properties of the PSAPDs have been measured.  The risetime of a PSAPD was 

measured by irradiating its top surface with 5.5 MeV α-particles and recording the resulting 
signal from the top contact directly (without amplification) on a digital oscilloscope.  The 
risetime was found to be ~1 ns, confirming the fast operation of the PSAPD.  Coincidence timing 
resolution with a PMT coupled to one LSO crystal as the start channel and a PSAPD coupled to 
another LSO crystal as the stop channel has been measured to be 4 ns (FWHM), as shown in 
Figure 5.  The PMT-LSO contribution is <1 ns (FWHM). 

 

 
Figure 5. Timing resolution of the PSAPD in coincidence with a PMT (both coupled to LSO), with FWHM 
of 4ns. 

 

7.3.3 Position Sensing Capabilities 
The position sensing capability of the PSAPD has been characterized.  In this experiment, 

an optical fiber with 1 mm diameter was placed at different locations on the PSAPD to create 7 x 
8 rectangular pattern (1.85 mm spacing between adjacent points in both x and y directions).  The 
other end of the optical fiber was coupled to a blue LED (controlled with a pulser).  The optical 
pulse reaching the PSAPD face was about 10,000 photons which is comparable to light emission 
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from an LSO crystal upon interaction with 511 keV photons.  The signal collected from each 
corner contact was fed to a shaping amplifier, and then sent to a multi-channel analyzer to 
produce a pulse height spectrum.  The peak position was recorded for each contact (for a given 
fiber position) and this information was used to compute the event location.  Figure 6 shows the 
resulting 7 x 8 array plot depicting the event location estimated with PSAPD for each position of 
the fiber on the PSAPD.  Some pincushion type distortion is observed in the plot shown in Figure 
6, which is expected for the simple four corner contact geometry.  Such distortions can be 
corrected in most cases using a previously measured response map for the PSAPD.  For imaging 
with segmented scintillators, these distortions have limited impact as long as the crystal of 
interaction can be located unambiguously.  Despite the pincushion distortion, Figure 6 confirms 
the position sensing capability of the PSAPD, and indicates that the position resolution of the 
device is much less than 2 mm since the data points can be readily distinguished in the figure. 

 

  
Figure 6. Estimated optical fiber position map with the PSAPD for fiber placement in a rectangular 7 x 8 
pattern on the PSAPD.  The spacing between the adjacent fiber positions was 1.85 mm in both directions. 

 
An experiment was then conducted to acquire a flood histogram for a 4 x 4 array of 

segmented CsI(Tl) crystals placed on a PSAPD.  The pixel size of the CsI(Tl) array was 2 mm x 
2 mm x 5mm and a 137Cs (662 keV γ-rays) source was used.  The resulting flood histogram, 
which is shown in Figure 7, clearly demonstrates that the PSAPD can provide unambiguous 
identification of crystal of interaction.  A line profile through one of the rows in the flood 
histogram is also shown in Figure 7, and the average peak to valley ratio is ~20.  We are in 
process of instituting an algorithm to correct for the distortions in the flood histogram using a 
previously generated response map, and a corrected histogram for the 4 x 4 CsI(Tl) array is also 
shown in Figure 7.  

Next, we conducted experiments to determine the spatial resolution capability of the 
PSAPD.  In this experiment, a 635nm laser was focused onto the PSAPD with a spot size of 
approximately 25 µm and with an optical intensity of about 10,000 photons/pulse.  The laser was 
pulsed at a high frequency and the output voltages of the four bottom contacts were recorded 
directly out of the preamplifiers by a digital oscilloscope.  This was repeated until 100 
measurements were taken at the same laser position on the PSAPD.  The x- and y-positions were 
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calculated and plotted and the FWHM of the event histogram provided the position resolution of 
the PSAPD at the location of laser exposure.  These measurements were performed at two laser 
positions on the PSAPD: near the center of the device and near one of its corners.  The results are 
shown in Figure 8 for one co-ordinate.  The FWHM was ~240 µm and ~280 µm at center and 
corner, respectively.  This shows that the position resolution of our PSAPD is excellent over the 
14 mm x 14 mm active area.  Position resolution was found to be comparable for the y co-
ordinate in our measurements. 

 
 

 
 

 
 

 
 

Figure 7.  Flood field image of a 4 x 4 CsI(Tl) array (2 mm pitch) mounted on a PSAPD using 662 keV γ-
rays (top), a line profile through one row of the histogram (middle), and a histogram corrected to minimize 
distortions (bottom). 

These results indicate that PSAPDs are indeed promising for gamma ray imaging.  These 
devices have high quantum efficiency, low noise, and high gain.  They have demonstrated high 
energy, timing, and position resolution.  An important aspect of the PSAPDs is the reduction in 
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the electronic readout requirements.  As discussed earlier, for a 14 mm x 14 mm device, only 
five readout channels were required and a spatial resolution < 1 mm (FWHM) was observed.  
For a multi-element array with discrete pixels and individual readout per pixel, the electronic 
readout channels are significantly larger.  For example, in the case of an array with 14 mm x 14 
mm area and 1 mm pixels, the number of readout channels would be 196.  Thus, PSAPDs would 
provide a multiplexing factor of almost 40 in the electronic channels.  

 
Figure 8. Position resolution of PSAPD near center and corner of the device for x-direction.  FWHM of the 
histograms is ~240 µm and  ~280 µm at center and corner, respectively.  Based on device symmetry, 
spatial resolution is similar for y-direction. 
 

7.3.4 Simulation Studies 
We have conducted modeling studies to understand, predict, and minimize the distortions 

observed in PSAPDs.  The distortions (see Figure 6) arise due to majority carrier transport 
effects within the resistive layer on which the anodes have been constructed. We have used 
circuit simulation techniques to understand the majority carrier transport using SPICE 
(Simulation Program with Integrated Circuit Emphasis) for the PSAPDs.  Figure 9 shows a unit 
circuit cell that was used to perform a SPICE simulation of the majority carrier transport for a 
PSAPD with four corner contact design. 

 

FWHM = 0.24 mm 

FWHM = 0.28 mm 
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Figure 9. Unit cell for a SPICE simulation of a PSAPD with four corner contacts. 

 
A square array of 22 x 22 unit cells was simulated to be connected together with rows 

being connected by contacts 1 and 2 and columns being connected by contacts 3 and 4 and each 
of the four outermost contacts in such chains was connected to a load resistance.  Contact 5 was 
connected to a common ground plane.  The imaging performance of such a device was simulated 
by assuming that photocurrent was injected from a point source into one of the unit cells. By 
varying the position of the point source over the device in a square 8 x 8 pattern (1.9 mm spacing 
between adjacent points in both directions for 14x14 mm2 PSAPD), the imaging performance of 
the PSAPD was simulated and the result is shown in Figure 10.  This simulation result is in 
reasonably good agreement with the experimental results shown in Figure 6 and both cases show 
pincushion type distortion with the data points in the middle of each row or column pushed 
towards the center.   

 
Figure 10. Simulation results showing imaging performance of PSAPD with four corner contacts when the 
charge input test pattern (from a point source) is an 8 x 8 square array (1.85 mm spacing between 
adjacent points in both directions) covering the entire device area. 

It should be noted that while the pincushion type of distortion may be detrimental in some 
applications, it is not a problem for γ-ray imaging using individual or segmented scintillation 
elements.  This is because the spatial resolution of the PSAPD is very good, and even if the 
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device provides a distorted image of the scintillator segments, as long as the correct crystal of 
interaction is located, software corrections can be applied using a previously generated 
calibration map. 

7.4 SUMMARY 
Position sensitive avalanche photodiodes have been investigated for spectroscopy and the 

imaging of high-energy photons.  A PSAPD design with four corner contacts has been fabricated 
using a planar process with device area of 14 mm x 14 mm.  Such PSAPDs have shown high 
gain, low noise, and high quantum efficiency, which are characteristic of deep diffused APDs.  
Good energy, timing and position resolution have been observed with such PSAPDs.  
Furthermore, the electronic readout requirements for such PSAPDs are minimal.  Simulation 
studies (using SPICE) also have been performed to understand distortions in the imaging 
response of these devices.  In our research, new PSAPD designs with minimal distortions, and 
large area PSAPDs (~2.5 cm x 2.5 cm) are now being explored. Our investigation has shown that 
PSAPDs are promising devices for nuclear and high energy physics research, medical imaging, 
non-destructive evaluation, materials science studies, and geological exploration. 
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CHAPTER 8: POSITION SENSITIVE APDS FOR SMALL ANIMAL PET 

8.1 OVERVIEW 
This chapter covers evaluation of position sensitive avalanche photodiodes (PSAPDs) for 

small animal PET imaging.  This chapter is based on the publication: K.S. Shah et. al., Position 
Sensitive APDs for Small Animal PET Imaging, IEEE Transactions on Nuclear Science V. 51(1), 
(2004).  Complete version of this publication is presented in this chapter. 

8.2 INTRODUCTION 
Positron Emission Tomography (PET) is an in vivo analog of autoradiography and has the 

potential to become a powerful new tool in imaging biological processes in small laboratory 
animals. With the ever increasing number of human disease models (including cancer) in the 
smaller animals such as mice and rats, high resolution PET imaging of small animals can 
contribute unique information.  The critical advantage of PET is that it allows functional 
information to be obtained non-invasively, so each animal can be studied repeatedly.   

While the attractions of small animal imaging with PET are obvious, the challenges are 
also very significant.  A new generation of very high resolution, high sensitivity and inexpensive 
PET scanners need to be developed for these demanding, but exciting applications. The main 
barriers to using PET in studies of laboratory animals have traditionally been poor spatial 
resolution, cost and accessibility.  A number of groups have recently started to challenge these 
barriers [1]-[6] with the result that small dedicated animal PET scanners with improved 
resolution and lower cost than clinical PET scanners are now available.  Most contemporary 
designs have opted for the use of very small scintillator elements, read out by position sensitive 
or multi-channel photomultiplier tubes to achieve high spatial resolution, using high light output 
scintillators such as lutetium oxyorthosilicate (LSO), or yttrium aluminum pyrovskite (YAP). 

Other readout technologies such as silicon avalanche photodiodes (APDs) are also being 
considered in small animal PET designs.  One of the primary motivations for using APDs is that 
these silicon-based detectors could ultimately be made very cheaply in high volumes.  APDs also 
offer high optical quantum efficiency (up to a factor of 4 higher than PMTs), wide spectral 
response, and insensitivity to magnetic fields.  Due to these factors, APDs are being actively 
investigated for small animal PET [3], [7]-[9].  In all such efforts, individual APD pixels are 
coupled to scintillation crystals to determine the crystal of interaction and provide energy and 
timing information and there is no multiplexing of signal. 

In this paper, an APD design that provides intrinsic position sensing capability and 
therefore can provide significant reduction in the number of electronic channels that are required 
is discussed.  This is particularly important now, because newer design of high resolution, small 
animal PET systems have a large number of LSO crystals (10,000 to 20,000), which can have 
severe impact on the electronic readout requirements for APD-based PET system.  The new 
position sensitive avalanche photodiodes (PSAPD) would simplify the readout requirements in 
such PET designs and thereby reduce cost as well as complexity of small animal PET systems.   
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8.3 POSITION SENSITIVE AVALANCHE PHOTODIODES 
A new approach of using the high gain planar APD technology to produce position 

sensitive avalanche photodiodes has been explored.  This involves modification in the design of 
the back contact structure of the APD in order to enable determination of the position of 
interaction.  A variety of anode structures, all of which involve charge sharing, have been 
explored with other detectors such as microchannel plates and silicon p-i-n detectors to provide 
position sensitivity [10]-[14].  For our investigation, we have selected a simple design where four 
contacts are placed on a resistive layer at corners as shown in Fig. 1 and geometric 
considerations are used to compute position (based on signal collected at each corner contact).  
In this design, the signal from the top contact is the sum of the signal from the four bottom 
contacts.  The top contact is used to generate energy and timing information for an event while 
the bottom four contacts provide the position of an event. 

 
Such PSAPDs were fabricated with areas of 8 x 8 mm2 and 14 x 14 mm2 using the planar 

process and were packaged on ceramic substrates.  We have characterized gain and noise 
properties of these devices.  The operating gain (where the signal to noise ratio is optimized) was 
~1000 for both PSAPD sizes, while the corresponding noise was 200 and 300 electrons (FWHM) 
for 8 x 8 mm2 and 14 x 14 mm2 devices, respectively.  The quantum efficiency for these devices 
was measured to be ≥70% in the 350 to 700 nm region.  The intrinsic spatial resolution of these 
devices was measured to be < 1 mm (FWHM) and their risetime was ~1 ns [15].  The imaging 
response of these devices shows pincushion distortion, which is an intrinsic property of a device 
with four corner anode design.  This distortion can be corrected by processing the image using a 
previously generated spatial response for the device [15].  For imaging segmented scintillation 
arrays, this distortion is not critical as long as individual scintillation segments are correctly 
identified.  Thus, PSAPDs are attractive for PET imaging and these devices have been evaluated 
for PET imaging by coupling them to LSO crystals and arrays. 

 
Figure 1. Schematic diagram of a position sensitive 
avalanche photodiode (PSAPD) with four corner 
contact design. 
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8.4 EVALUATION OF PSAPD-LSO PET DETECTOR MODULES 
 
PET detectors and modules were constructed by coupling PSAPDs to single LSO crystals 

and arrays and their energy resolution and timing resolution were measured when irradiated with 
511 keV γ-rays.  Flood histogram studies were also conducted with PSAPDs coupled to LSO 
arrays (under illumination with 511 keV γ-rays).  Finally, depth of 511 keV γ-ray interaction in 
LSO crystals was measured by comparing the signal measured with two PSAPDs coupled to 
opposite faces of the LSO crystals. 

For PSAPD evaluation, a five-channel readout system was used.  Each channel consisted 
of a pre-amplification stage (Cremat #101D), a shaping stage (Canberra #2020), and a sample-
and-hold stage.  The static detector signals were sampled by a 12-bit analog conversion card.  
Upon a lower-level-discriminator trigger on the 5th input (top contact), the digitizer 
simultaneously captured and converted all 5 signals from the PSAPD readout sample-and-hold 
circuitry.  Four of the signals (from bottom 
contacts) were used to generate position 
and the fifth, the trigger signal, was used 
for pulse-height and timing analysis.  The 
digitizer was installed in a laboratory 
computer running Microsoft (MS) 
Windows 98.  MS Visual BASIC and 
DriverLINX were used to control the I/O 
card, and to manipulate, display and store 
the results. 
8.4.1 Energy Resolution Measurements 

 
Initially a 14 x 14 mm2 PSAPD was 

coupled to an LSO crystal (3 x 4 x 20 mm3) 
and the energy resolution for 511 keV 
gamma rays was measured.  The resulting 
energy spectrum collected from the top 
contact of PSAPD is shown in Fig. 2.  As 
seen in the figure, an energy resolution of 
12% (FWHM) was recorded at room 
temperature.  Encouraged by this result, we 
coupled 8 x 8 element LSO array (1 x 1 x 
20 mm3 pixels) to the 8 x 8 mm2 PSAPD 
and acquired 22Na spectrum (see Fig. 3) at 
room temperature.  The energy resolution 
of the 511 keV photopeak was 19% 
(FWHM) at 20° C. Overall, these results 
are promising and indicate that high energy 
resolution is achievable with LSO crystals 
coupled to PSAPDs including LSO samples 
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Figure 2. 511 keV γ-ray energy spectrum recorded at 
20° C with LSO crystal (3 x 4 x 20 mm3) coupled to 
14 x 14 mm2 PSAPD. 
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Figure 3. 22Na spectrum collected with 8 x 8 element 
LSO array (1 x 1 x 20 mm pixels) mated to 8 x 8 mm2

PSAPD at 20° C. 
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having 1 mm2 cross-section.  The difference in the energy resolution in Fig. 2 and 3 is probably 
due to differences in the quality and the aspect ratio of the LSO crystals.  Similar energy 
resolution results were obtained with the 14 x 14 mm2 PSAPDs coupled to 1 x 1 x 20 mm3 LSO. 
8.4.2 Timing Resolution Studies 

Coincidence timing resolution studies have also been performed with the PSAPDs coupled 
to LSO samples.  Two 8 x 8 mm2 PSAPDs, each coupled to 1 x 1 x 20 mm3 LSO samples were 
operating in a coincidence timing circuit.  Signal from each channel was processed with a timing 
filter amplifier (TFA), constant fraction discriminator (CFD) and gate/delay generator and then 
fed to a time-to-amplitude converter (TAC).  These detectors were irradiated with 511 keV 
positron annihilation γ-ray pairs and a coincidence-timing spectrum, with resolution of 3.2 ns 
(FWHM) acquired at 20° C is shown in Fig. 4. 
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Figure 4.  Timing resolution with two 8 x 8 mm2 
PSAPDs (each coupled to 1 x 1 x 20 mm3 LSO) 
operating in coincidence at 20° C. 

8.4.3 Flood Histogram Studies 
Imaging studies have been conducted by coupling 8 x 8 mm2 PSAPD to segmented LSO 

arrays with 1 mm pixels that were 20 mm thick.  The LSO array had 8 x 8 element format.  The 
pixel pitch of the LSO array was ~1.2 mm and as a result, the PSAPD covered 6 x 6 elements of 
the LSO array.  511 keV gamma rays (22Na source) irradiated the LSO array and the resulting 
flood histogram, acquired at room temperature is shown in Fig. 5 in a three-dimensional 
representation.  As seen in the figure, all pixels of the 6 x 6 LSO array are well identified and the 
average peak to valley ratio for the imaging data is ~6. Pincushion distortion can be seen in the 
histogram, which is an inherent property of the device with four-corner anode design.  Such 
distortion can be readily corrected using previous calibration map of the device. 

Overall, these γ-ray imaging studies confirmed that PSAPDs are capable of providing very 
high spatial resolution.  This result, in combination with their high-energy resolution and 
excellent timing resolution, makes PSAPDs very attractive for high resolution PET applications 
such as small animal imaging.    
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8.4.4 Depth of Interaction Measurements 

It is challenging to design high efficiency gamma ray detectors for use in small diameter, 
very high resolution positron emission tomography (PET) systems for small animal imaging.  To 
fulfill the requirements of high efficiency and high resolution simultaneously suggests the need 
for long and very narrow scintillation crystals.  Such long crystals in a small diameter gantry lead 
to significant depth of interaction (DOI) or parallax errors, resulting in progressive worsening of 
image resolution as the imaging location is moved away from the center of the scanner.   

One approach to estimate the depth of interaction involves collecting optical signal from 
both ends of the LSO crystals and comparing their relative magnitude [16].  This can be 

 
Figure 5.  Three dimensional plot of the flood 
histogram data collected upon coupling a 8 x 8 
mm2 PSAPD to an LSO array (1 mm pixels, 20 
mm tall) at 20° C.  22Na source (511 keV gamma 
rays) was used. 
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Figure 6. Schematic representation of the experimental setup used to collect DOI data with two 
PSAPDs. 
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Figure 7.  511 keV energy spectra collected with two PSAPDs coupled to opposite ends of a test LSO 
crystal (1 x 1 x 20 mm) at room temperature.  Gated spectra are collected at different DOI (which 
represents distance from PSAPD2).  For DOI location near center, peak positions for both PSAPDs 
are similar, while the peak position is higher for both PSAPDs when the DOI location is closer to them, 
confirming that our approach can provide high DOI resolution.

accomplished by placing two PSAPDs on opposite ends of the LSO crystal. The thin cross-
section of PSAPDs ensures that there is minimal attenuation of the incoming gamma-ray flux.  
The ratio of the PSAPD signals can be used to determine DOI, where the high gain and high 
signal-to-noise characteristics of these PSAPDs are very important. Fig. 6 shows a schematic 
representation of the experimental setup that was used to perform DOI measurements.   

A special holder was used to perform these measurements which required very careful 
alignment of the detectors and the source.  Both ends of the test LSO crystal (1 x 1 x 20 mm3) 
were coupled to PSAPDs which were read out by charge sensitive pre-amplifiers (Cremat 
#101D). A second LSO crystal (2 x 2 x 10 mm3) was coupled to a 1.5” diameter single channel 
PMT for electronically collimating the interactions at different DOI positions. This second 
detector was mounted on a translation table for 3D positioning with respect to the test LSO 
crystal that was coupled between the PSAPDs.  A 22Na point source (1 mm diameter), which was 
located inside a source holder attached to the translation table, was placed between the two 
crystals, 35 mm from each crystal.  The holder ensured reproducible positioning of the detectors 
and source for test crystals.  By moving the translation table, interactions at different DOI 
locations in the test LSO crystal were selected by acquiring coincidence events between the two 
LSO crystals. The energy thresholds were set just above the noise level.  The data acquisition 
trigger was generated from coincidences between the PSAPD signals and the PMT signal. 
During the measurement, all electronics settings, including amplifier gains, were kept the same 
in order to measure the signal change due to scintillation light collection. Data were collected at 
five DOI locations (2.5 mm, 5 mm, 10 mm, 12.5 mm and 16 mm) on the test LSO crystal at 20° 
C.  These DOI locations represent distances from PSAPD2. Energy spectra were acquired from 
both PSAPDs (in coincidence with the PMT) for each DOI location.  Such energy spectra at 
three central DOI locations (5 mm, 10 mm, and 16 mm) are shown in Fig. 7. The peak 511 keV 
positions for both PSAPDs at all five DOI locations are plotted in Fig. 8.   

The trends in the plot clearly indicate that this approach would allow estimation of DOI 
with good accuracy.  Quantification of DOI resolution has been performed using the data shown 
in Fig. 7 and 8.  The DOI location is proportional to the parameter - APD1/(APD1+APD2), 
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Figure 8.  511 keV peak position with two PSAPDs versus 
DOI location for 1x1x20 mm LSO crystal.  Data are shown 
for five DOI locations and the solid lines are linear 
regression fits to the data points.

where APD1 and APD2 refer to the signals from two PSAPDs. The error in the parameter - 
APD1/(APD1+APD2) has been estimated using measured 511 keV peak positions and peak 
broadening for both PSAPDs at all five DOI locations.  Gaussian fits to the 511 keV peaks were 
used to estimate broadening for each spectrum.  By performing propagation of error analysis, we 
estimate the DOI resolution to be < 4.5 mm (FWHM) over the measurement range, which is 
consistent with the data shown in Fig. 7 and 8.  

Overall, these studies indicated that the approach of coupling an avalanche photodiode at 
either end of a LSO crystal allows accurate estimation of depth of interaction, even for LSO 
samples with 1 mm cross-section.  This in conjunction with high energy, timing, and position 
resolution obtained with PSAPDs indicates that these devices can be used to build a high 
resolution, high sensitivity PET system.  

8.5 SUMMARY 
Position sensitive avalanche photodiodes have been investigated for PET imaging 

applications.  A PSAPD design with four corner contacts has been fabricated using planar 
process with device area of 8 x 8 mm2 and 14 x 14 mm2.  Such PSAPDs have shown high gain, 
low noise, and high quantum efficiency, which are characteristic of deep diffused APDs.  Good 
energy, timing, DOI, and position resolution has also been observed with such PSAPDs.  
Furthermore, the electronic readout requirements for such PSAPDs is minimal.  In addition to 
PET and other nuclear medicine imaging applications, PSAPDs are also promising for nuclear 
and high energy physics research, non-destructive evaluation, materials science studies, and 
geological exploration. 

8.6 CURRENT STATUS: EXAMPLES OF SMALL ANIMAL PET SCANNERS BUILT WITH PSAPDS 
In last few years, PSAPDs with the four corner anode design have generated considerable 

interest in the field of small volume PET imaging and several high resolution, small animal PET 
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scanners are being built now with the PSAPD technology [17-22].  Dr. Simon Cherry’s team at 
the University of California, Davis (UC-Davis) is actively collaborating with RMD on 
implementation of PSAPD technology for small animal PET imaging.  In this section, a synopsis 
of two small animal PET scanners built at UC-Davis using PSAPD technology is provided. 
8.6.1 MRI Compatible PET Scanner 

UC-Davis team in collaboration with RMD has developed an MRI compatible PET insert 
that can be placed inside a high-field MRI system to 
permit simultaneous PET and MR imaging [22].  The 
system is based on RMD’s PSAPD technology and uses 
short optical fibers (~10 cm long) to couple PSAPDs to 
LSO crystals.  Each detector module (Figure 9a) 
consists of an 8 x 8 array of LSO crystals each 
measuring 1.43 x 1.43 x 6 mm3, arranged with a pitch of 
1.51 mm that are coupled via a 6 x 6 element double 
clad optical fiber bundle to a 14 x 14 mm2 PSAPD.  
Charge-sensitive preamplifiers (CR-110, Cremat, Inc.), 
mounted on printed circuit boards populated with non-
magnetic components, are used to readout the PSAPDs. 
The PET scanner insert (see Figure 9b) consists of 16 of 
these modules arranged in a 12 cm diameter ring. 
Approximately 5 meter long non-magnetic subminiature 
coaxial cables (SM 50, Axon’ Cable, Inc.) connected the 
outputs of the amplifiers to standard NIM electronics are 
used to process the data. A multiplexer was developed to reduce the number of channels from 64 
to 8. Two PowerDAQ-II PD2-MFS-C-UT (United Electric Industries, USA) data acquisition 
boards digitize these channels. Software previously 
developed for these boards [23] is used for data 
acquisition. Example simultaneous PET/MRI images 
acquired with this system are shown in Figure 9c.  To 
date, ~40 phantom and ~50 animal studies have been 
performed with this system.  
8.6.2 Small Animal PET System with Depth-
Encoding Detectors 

UC Davis team in a collaboration with RMD has 
also built a small prototype PET system using the 
dual-ended readout scheme shown in Figure 6 which 
utilized PSAPDs as optical detectors (see Figure 10).  
After detailed optimization and characterization at the 
single crystal and then single detector module level 
[19, 17], two planar detector panels each consisting of 
four detector modules have been built (Figure 10a). 
The scanner consists of two detector plates, each with 

Figure 9:  a) PS-APD detector module and b) 
complete MRI-compatible PET scanner insert. 
c) Simultaneous PET and MRI images of a 
mouse showing FDG accumulation in a tumor. 
Two transverse slices are shown. 

a

b

c

Figure 10:  a) Geometry of prototype system 
with dual-ended readout of LSO arrays with 
PS-APDs. b) Reconstructed images of 
Derenzo phantom from system showing 
results using DOI information (left) and without 
DOI information (right).  

b

a

phantom
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4 detector modules. In each module, there are 7 x 7 LSO arrays, with a crystal size of 0.9x 0.9 
x20 mm and a pitch of 1.0 mm. The arrays are read out by two 8 x 8 mm2 PSAPDs placed at 
opposite ends of each array. This simple system allows tomographic imaging and study of the 
depth-of-interaction capabilities by rotating a phantom between the detectors.  Figure 10b shows 
images of a Derenzo phantom (with rod diameters of 0.75, 1.0, 1.35, 1.70, 2.0 and 2.4 mm) with 
and without the DOI encoding provided by the dual ended readout, demonstrating significant 
resolution improvements from the DOI resolution (which is ~3 mm in these detectors).  With 
DOI encoding, 1 mm diameter rods are well-resolved, which is not the case when DOI encoding 
is not used.   

More recently, UC-Davis team has successfully implemented PET modules that use LSO 
arrays that have sub-mm elements (0.5x0.5x20 mm3) with dual ended readout using RMD’s 8x8 
mm2 and 14x14 mm2 PSAPDs [20], opening up pathways for ultra-high resolution small animal 
imaging.   

One issue with the PSAPDs is the temporal delay in the signal associated to the RC effects 
in the back layer on which the corner anodes are constructed.  This delay is position dependent 
and the interactions closer to the anodes have smaller delay than those father away.  For 
example, in the DOI encoding PET modules used to construct the bench-top PET scanner shown 
in Figure 10, a time delay of up to 12.5 ns has been measured between the events generated in a 
corner scintillation element and one in the center [18].  One consequence of such position 
dependent delay is that if the summed signal from the whole module is used to create timing 
signal, the timing resolution degrades.  For example, taking the case of the modules used in 
Figure 10, the average timing resolution for individual crystals is about 5.5 ns (FWHM), while 
that for the entire array degrades to about 9 ns (FWHM).  It should be noted that this is not a fatal 
drawback and most PET scanner electronics used now have the capability to perform crystal-by-
crystal time alignment.  This approach has been used to correct the observed position dependent 
timing shift for PSAPD based PET modules [24].  
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CHAPTER 9: SOLID-STATE PHOTOMULTIPLIERS AS  PHOTODETECTORS FOR PET 
9.1. INTRODUCTION 

Positron Emission Tomography (PET) is a functional imaging technique with potential to 
quantify the rates of biological processes in vivo [Bushberg].  PET imaging can provide 
diagnosis for symptoms of diseases such as Alzheimer’s disease, head trauma, and stroke 
[Phelps]. PET technology is also playing a prominent and an increasingly visible role in modern 
cancer research, clinical diagnosis and oncology [Phelps, Beyer].  While PET is a powerful 
imaging tool, the performance of current clinical PET systems is limited by the available detector 
technology and there is an urgent need for improvement in PET instrumentation in order to 
exploit the full potential of this promising technique. Modern PET camera designs use inorganic 
scintillator blocks to stop the incoming gamma-rays, coupled to an array of photomultiplier tubes 
(PMTs) to detect the position of the scintillated light.  The overall performance, size, weight, and 
cost of these clinical PET cameras are strongly influenced by the photomultiplier tubes used.  In 
particular, the relatively low quantum efficiency, high cost, inability to function in high magnetic 
fields, and bulkiness of PMTs are limiting factors in clinical as well as small animal PET 
cameras.   
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Figure 1. Schematic of a silicon photomultiplier
(SiPM).
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Figure 1. Schematic of a silicon photomultiplier
(SiPM).  

To overcome the limitations of PMTs in PET imaging, an investigation of an emerging 
photodetector technology, silicon photomultiplier (SiPM), for PET imaging is discussed in this 
chapter.  SiPM is a solid-state photodetector and its schematic representation is shown in Figure 
1.  A SiPM consists of a large number of micro-pixels (see Figure 1) that are joined together on 
a common silicon substrate and are operated with a common output [Buzhan 03, Dolgoshein 03 
& 05, Saveliev].  These micro-pixels are typically 20-30 µm in size and thus, even a 1 mm2 
SiPM consists of a large number of micro-pixels (~500 or more) that are electrically isolated 
from each other.   

These micro-pixels are operated in a Geiger mode where the bias voltage is about 10-15% 
higher than the breakdown voltage.  When a photon strikes the micro-pixel biased above the 
breakdown, it responds with a very high gain (~106), which is independent of the input photon 
energy.  In this mode each pixel is actually a binary device. An entire array of pixels coupled to a 
light emitting detector (such as a scintillator) works as an analog device.  The light output of the 
scintillation detector is proportional to the energy of the radiation, so more intense radiation will 
cause more pixels to trigger.  In the solid-state photomultiplier, the total energy is represented by 
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the number of triggered pixels produced by the scintillation event.  The dynamic range of the 
detector depends on the number of micro-pixels in the SiPM.   

The gain of a micro-pixel of the SiPM in Geiger mode is governed by the charge storage 
capacity of the micro-pixel.  This charge storage capacity is essentially the product of micro-
pixel capacitance (Cpixel with typical value of ~100 fF) and the over-bias applied to the device 
over breakdown (Vbias-Vbreakdown ≈ few volts).  From these parameters, the stored charge is ~200 
fC and the corresponding micro-pixel gain is ~106, comparable to that of the PMTs.  Due to very 
high gain of the micro-pixels and their common output, the electronic readout of SiPMs can be 
simpler compared to other solid-state photodetectors.  Furthermore, the operating bias required 
for these devices is only 25-50 V, which is significantly lower than that for traditional PMTs and 
APDs.  The SiPMs are inherently very fast devices [Buzhan 01, 03 & 06, Dolgoshein 03].  Their 
depletion width is very thin, typically < 1 µm, and the Geiger discharge is a very fast process 
(<500 ps).  These processes govern the device rise time, which is typically faster than 1 ns.  After 
the Geiger discharge, the device, with passive (resistor-based) quenching, recovers with decay 
time constant of Rquench•Cpixel (≈30 ns).  The combination of such fast response and excellent 
signal-to-noise ratio for SiPMs indicates that these devices should be capable of excellent timing 
resolution.  Pioneering research on SiPMs has been carried out in Russia and these devices have 
been fabricated using metal-resistor-semiconductor (MRS) structures [Buzhan 03 & 05, 
Dolgoshein 03 & 05, Saveliev].   

Recently, we have developed a complementary metal-oxide-semiconductor (CMOS) 
compatible design capable of supporting large arrays of Geiger photodiode (GPD) pixels 
[Stapels, Shah 07a] for fabricating analogous SiPMs, which we refer to as solid-state 
photomultipliers (SSPMs).  Such CMOS-SiPMs (or SSPMs) retain all major features of the 
devices fabricated using MRS structures such as high gain and fast response and have 
comparable optical detection efficiency. CMOS processing also provides an option for 
monolithic integration of SSPM structures with other readout elements.  Our prior investigation 
of CMOS GPD pixels has shown that these pixels show gain of up to 1,000 in linear mode, in 
addition to detecting single optical photons when operated in Geiger mode [Stapels].  In Geiger 
mode, the CMOS GPD pixels produce large pulses (with gain of ~106) for each absorbed optical 
photon.  The dark count rate normalized with respect to the GPD pixel area is ~0.3 to 0.7 
MHz/mm2 at room temperature for operating bias of about 1-2 volts above the breakdown value.  
Optical quantum efficiency of the GPD pixels is reasonably high over 400 to 550 nm, where 
many common scintillators emit, though improvement at wavelengths below 400 nm is required.  
By overlapping the emission spectra of LYSO and BGO with the spectral response of the GPD 
pixels, we estimate that the overall quantum efficiency of the GPD pixels to be as high as 47% 
for LYSO and >50% for BGO.  Overall, these CMOS-GPD micro-pixels have shown adequate 
characteristics for construction of CMOS-SSPMs. 

We believe that upon sufficient advancement, these SSPMs will become very attractive 
photodetectors to read out scintillators in PET applications.  They offer very high gain (106) and 
fast response.  Very high timing resolution, expected from these devices, would enable excellent 
rejection of randoms.  The high timing resolution of SSPMs could also offer time-of-flight 
(TOF) capability, which would provide further improvement in the signal-to-noise ratio and 
image quality.  Adequate energy resolution and scatter rejection should be possible with these 
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devices.  Also, because the SSPMs are compact devices, they can be placed on opposite ends of 
the scintillation crystals (see Figure 2) to determine the depth-of-interaction (DOI) of 511 keV γ-
rays in the scintillators.  Such DOI information would reduce the parallax error in the resulting 
PET scanners.  Silicon based sensors such as SSPMs are also expected to be insensitive to 
magnetic fields, which creates possibility of combining PET imaging with MRI to allow co-
registration of functional images (acquired using PET) with high resolution anatomical images 
(acquired using MRI).  There is an emerging interest in such multi-modality imaging [Grazioso]. 

Si Detectors
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array

Figure 2. Schematic of 
a PET module with 
dual ended read out of
scintillators using Si
detectors.
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Figure 2. Schematic of 
a PET module with 
dual ended read out of
scintillators using Si
detectors.  

Our research, presented in this chapter, has focused on construction and evaluation of large 
format arrays of GPD micro-pixels with common output to build SSPMs.  Evaluation of such 
SSPMs for PET imaging has been conducted.   

9.2. LAYOUT AND FABRICATION OF PROTOTYPE SSPMS 
From our prior research, a p on n-well CMOS micro-pixel design was selected and the next 

step was to construct solid-state photomultipliers using a large number of such micro-pixels.  
Two versions of SSPMs were initially built.  The first version was designed to have 100 micro-
pixels in 4x25 layout, with each pixel being 20 µm in diameter with 46-µm pitch.  The effective 
area of this SSPM would be ~0.17x1.1 mm2.  Figure 3 shows the layout of this SSPM.   

In addition, a larger SSPM with 3x3 mm2 area and 785 pixels with 30 µm diameter (in 
28x28 pixel format, 100-µm pitch) was also designed and its layout is shown in Figure 4.  The 
main consideration with the larger device was to choose a relatively safe design (in terms of 
inter-pixel spacing) to enable construction of functional devices, again due to limited fabrication 
runs that can be performed. 

Once the layouts of the selected SSPMs were developed, these devices were fabricated 
using the MOSIS consortium, which is a multi-user service.  MOSIS provides prototyping and 
small-volume production services for VLSI and ASIC circuit development.  Mask generation, 
wafer processing, and device packaging are contracted to leading industry vendors.  MOSIS 
keeps the cost of fabricating prototype quantities low by aggregating multiple designs onto one 
mask set.  This allows customers to share the costs associated with mask making, 
photolithography, wafer fabrication, and assembly.  MOSIS provides access to a wide variety of 
semiconductor processes offered by many different foundries.  A variety of CAD tools and 
libraries, both foundry-specific and vendor-independent, can be used to prepare designs for 
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MOSIS.  Typically, the production run yielded 15 packaged prototype chips.  Figures 5 & 6 
show photographs of prototype SSPMs built by CMOS process [Shah 07a]. 

 

9.3. BASIC SSPM CHARACTERIZATION 
Once prototype CMOS SSPMs were built, their performance was characterized.  Initial 

studies involved measurement of dark count-rate, gain and single photoelectron spectrum.  
Cross-talk and after-pulsing issues were also explored.  Evaluation of SSPMs with 100 micro-
pixels (20-µm diameter micro-pixels with 46-µm pitch) is discussed first. We have measured the 
average dark count-rate (DCR) as a function of over-voltage above breakdown. The 
measurement was performed at 24 °C using the 100-pixel SSPM shown earlier in Figure 5. The 
average DCR was measured by counting the number of pulses with a rate meter during a 
specified time interval at a given over-voltage above breakdown. As shown in Figure 7, the 
average DCR increases linearly with increased voltage and that the average DCR per pixel is low 
(< 1 kHz) over the entire voltage range.  The normalized dark count-rate at over-bias of 1-2 volts 

Figure 4. Layout of a 3x3 mm2 SSPM with 
28x28 Geiger micro-pixels (100 micron pitch). 

Figure 3.  Layout of 4x25 CMOS micro-pixel 
array with 20-micron diameter pixels at a pitch of 
46 microns. The square contact pads around the 
edges of the chip are 100 microns on a side. 

Figure 6. Photograph of 3x3 mm2 SSPM with 
28x28 Geiger micro-pixels (100 micron pitch). 

 
Figure  5 A photograph of a prototype CMOS based, 100 
micro-pixel, SSPM with 4x25 micro-pixel format (46 µm 
pitch).     
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above breakdown is below 1 MHz/mm2, which matches the results measured for single CMOS-
GPD micro-pixel.   

 
Next, we illuminated SSPM with 100 micro-pixels with a low light intensity 632-nm LED 

at room temperature and recorded the resulting pulse height distribution (see Figure 8).  The 
SSPM was operated at over-bias of 1.3 V above breakdown.  No preamplifier was used in this 
study and the output of the SSPM was shaped using a spectroscopy amplifier (Canberra #2020).  
The amplifier signal was fed to a multichannel analyzer (Amptek 8000A) connected to a 
personal computer. The peaks corresponding to single and multiple photoelectrons are clearly 
resolved in the pulse height spectrum with a mean photoelectron value of ~9. The high 
photoelectron resolution is indicative of a low excess noise factor, good micro-pixel gain 
uniformity, and very low electronic noise.  

 
We also measured the gain of the SSPM operating near breakdown (~27 V) by comparing 

the amplitude for the single photoelectron peak with that for a calibrated charge input.  Next, by 

 
Figure  7. The average DCR and average DCR per 
micro-pixel versus over-voltage for the prototype 100 
pixel CMOS SSPM.
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Figure 8. Pulse height spectrum recorded with a CMOS-SSPM 
(with 100 micro-pixels) upon irradiation with a low intensity 
pulsed LED (635 nm) at room temperature.  Detection of single 
and multiple photoelectrons is clearly visible. 
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tracking the position of the single electron peak in the pulse height spectrum as a function of 
applied bias we measured gain versus bias relationship for the SSPM.  The resulting gain versus 
bias plot for the SSPM is shown in Figure 9. As seen in the figure, gain values greater than 105 
are readily achieved with the SSPMs upon applying bias that is few volts (1-3 V) above 
breakdown value of ~27 V.  The operating bias applied to the device is between 27 and 30 V.  
The relationship between the gain of the micro-pixel (Gpixel) and the amount of over-voltage (∆V) 
can be expressed as follows:  

V
e

C
e

Q
G pixelpixel

pixel ∆==  

where e is the electron charge, ∆V is the over-voltage, and Gpixel, Qpixel, and Cpixel are the single 
micro-pixel gain, charge, and capacitance respectively. Since Gpixel increases linearly with 
voltage above breakdown, the slope of a linear fit to the data shown in Figure 9 can be used to 
calculate Cpixel.  Using such an analysis, we estimate Cpixel to be ~26 fF, which agrees reasonably 
well the theoretical value calculated using micro-pixel dimensions. 

SSPMs are expected to be fast devices due to the very thin width of their depletion layer 
and the very short time for a Geiger discharge (~500 ps). In addition, the Geiger discharge for a 
given micro-pixel is quickly quenched in a time span determined by the micro-pixel’s 
capacitance and quenching resistance (Rquench•Cpixel).  Figure 10 is a digital oscilloscope screen 
capture of the SSPM output without a light source present. The response, due to dark counts, 
shows very fast risetime (<1 ns) and rapid recovery time of ≤10 ns. 

We have also investigated optical cross-talk in the new CMOS SSPMs.  The optical cross-
talk in the silicon photomultipliers is due to the light emitted by a micro-pixel undergoing Geiger 
discharge (~10-5 photons/electron) [Dolgoshein 03].  These photons can be detected by other 
micro-pixels causing cross-talk.  In some of our recent SSPMs, the micro-pixels have active 

 
Figure  10. An oscilloscope screen capture of the 
SSPM output (with 100 micro-pixels) showing the 
pulse waveform due to dark counts.  Fast risetime 
(~400 ps) and rapid recovery time (≤10 ns) are 
observed. 
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Figure 9.  Single micro-pixel gain versus bias for a 100 
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diameter of 20 µm with a pitch of 46 µm.  We have evaluated cross-talk in these devices and the 
results are very encouraging.  The cross talk gain (or XTG), which represents the average 
number of pixels that actually fire for a single initiating event, is plotted in Figure 11 as a 
function of excess bias (over breakdown value) for a pixel pitch of 46 µm.  At a reasonable 
operating bias of up to 2 volts above breakdown (where the micro-pixel gain, Gpixel, is >105), the 
cross-talk is ≤6%, which is encouraging.   

Finally, after-pulsing effects in these CMOS micro-pixels has also been studied.  The after-
pulsing effect arises due to delayed release of the electrons that are trapped during Geiger 
discharge [Dolgoshein 05].  Visual inspection of the oscilloscope trace for micro-pixel signal 
from the two prototype SSPMs show very little after-pulsing.  In a more quantitative study for 
the 100-pixel SSPM (20 µm pixels with a pitch of 46 µm), each Geiger event for a passively 
quenched pixel was gated and the gate width was adjusted from 0.2 to 30 µs to examine after-
pulsing.  The results indicated that the contribution of after-pulsing effect was less than 5% over 
several hundred microseconds. Furthermore, because these after-pulses are not time correlated 
from pixel to pixel, these events are generally below the threshold set to eliminate dark counts.  
As a result, the contribution of after-pulsing, when these SSPMs are coupled to scintillators for 
gamma-ray spectroscopy, is expected to be minimal. 

Similar studies of dark count-rate, gain and cross-talk were also conducted for the larger 
3x3 mm2 SSPMs with 785 micro-pixels (30 µm diameter).  The normalized dark count-rate was 
measured to be <1 MHz/mm2, which is similar to the normalized value recorded for individual 
micro-pixels (with 30-µm diameter) operating in Geiger mode.  Gain measurements for the 

larger 3x3-mm2 SSPM were also carried out using the approach similar to that for the smaller 
100-pixel SSPM.  The gain versus bias plot for the 3x3-mm2 SSPM is shown in Figure 12.  As 
seen in the figure, gain values >106 are readily achieved at excess bias of few volts above the 
breakdown value of ~27 V.  From the slope of the gain versus bias plot shown in Figure 12, the 
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   Figure 12.  Single micro-pixel gain versus bias for 3x3 
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Figure 11.  Cross-talk gain (XTG), which 
represents the average number of pixels that 
actually fire for a single initiating event as a 
function of excess bias for a 100 pixel SSPM (20 
µm diameter, 46 µm pitch). 
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micro-pixel capacitance was estimated to be ~86 pF.  The higher gain of the larger SSPM is 
partly due to larger micro-pixel size, which leads to higher micro-pixel capacitance.  Cross-talk 
measurements were also conducted using the larger 3x3 mm2 SSPM.  Due to larger inter-pixel 
spacing used in construction of these devices (100-µm pitch), virtually no cross-talk was 
measurable up to excess bias value of 3 V.  Finally, effect of temperature on the gain of 3x3 mm2 
SSPM was studied over –15 °C to +30 °C temperature range.  The gain variation (at a constant 
applied bias, 29 V) over this temperature range was found to be linear with a slope of ~2.5%/°C.  
An adjustment in bias (of few volts) can be used to maintain constant gain over the expected 
operating temperature range.  

Overall, the measured parameters for the smaller SSPM with 100 micro-pixels and larger 
SSPM with 785 micro-pixels were found to be fairly consistent.  These experiments confirmed 
the basic performance parameters of SSPMs such as high gain, low dark counts and low cross-
talk and after-pulsing effects.   

9.4. EVALUATION OF 3X3 MM2 SSPMS WITH LSO/LYSO CRYSTALS FOR PET 
Once the basic evaluation of the SSPMs was completed, we characterized their 

performance for PET imaging [Shah 07a].  This investigation was conducted using 3x3 mm2 
SSPMs (785 pixels with 30 µm diameter in 28x28 pixel format, 100-µm pitch), which were 
coupled to LSO/LYSO scintillators with 3x3 mm2 cross-section and 15 to 20 mm depth.  Energy 
resolution, timing resolution, and depth of interaction measurements were then conducted with 
these detectors using 511-keV gamma-rays (22Na source).   
Energy Resolution Studies 

The Geiger mode operation of the micro-pixels in the SSPM greatly simplifies the 
necessary readout electronics.  The Geiger mode avalanche signal output from a micro-pixel is 
constant for a given bias and is relatively large (with gain in 105 to 106 range).   Therefore, the 
signal output, or current pulse, from all pixels can be summed.  The amplitude of the summed 
signal output from all micro-pixels is directly related to the energy of the input pulse.  A pulse 
height distribution, therefore, represents an energy spectrum of the radiation seen by the 
scintillation crystal coupled to the SSPM.  We coupled our 3x3-mm2 SSPM to a matching LYSO 
crystal with 3x3-mm2 cross-section and 15-mm depth.  The scintillation crystal was wrapped in 
Teflon tape and optical coupling grease was used at the SSPM-LYSO interface in order to 
enhance overall light collection.  The detector was irradiated with 511-keV gamma-rays (22Na 
source).  Due to large gain of the SSPMs, the common output of SSPM was directly fed to the 
shaping amplifier (Canberra # 2020) without any preamplifier.  The amplifier output (with 250 
ns shaping time) was processed using a multichannel analyzer (Amptek 8000A) connected to a 
PC.  Figure 13 shows the 22Na spectrum collected with the SSPM-LYSO detector.  The energy 
resolution of the 511-keV photopeak is ~22% (FWHM), which is promising considering the very 
early stage of SSPM development.  At this stage, the energy resolution is primarily limited by the 
relatively low fill-factor (9%) of the SSPMs used.  By improving the fill-factor of the SSPMs, 
considerable improvement in energy resolution should be possible. 
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Timing Resolution Studies: 

Timing spectra were measured in order to determine the coincidence timing resolution 
capability of the LYSO/SSPM detector when irradiated with 511-keV gamma-rays emitted by a 
22Na source. As shown in Figure 14, LYSO crystal (3x3x15 mm3) was coupled to a 3x3 mm2 
SSPM, which was operated in coincidence with a fast PMT (Hamamatsu H6533) coupled to 2 
mm x 2 mm x 10 mm LSO crystal.  The SSPM and PMT outputs were shaped with Canberra 
2111 timing filter amplifiers. Each amplifier output was fed to a constant fraction discriminator 
(CFD, Canberra #1428).  The output from the PMT channel was used as the “start” signal and 
the output from the SSPM channel (with an appropriate delay) provided the “stop” signal.  Both 
signals were fed to a time-to-amplitude converter (TAC, Canberra Time Analyzer Model 2043) 
and its output was analyzed by a MCA (Amptek 8000A) connected to a personal computer.   
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Figure 13. 22Na spectrum recorded with a 3x3 mm2 SSPM upon 
coupling it to LYSO scintillator (3x3 mm2 cross-section, 15 mm 
depth).   
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Energy windows were set around the 511-keV peak for PMT and SSPM channels. The 
timing filter amplifier time constants were adjusted to optimize the signal-to-noise ratio and 
pulse rise-time. A timing spectrum obtained with this setup is shown in Figure 15. The 
coincidence timing resolution was estimated to be ~1.6 ns (FWHM), which is encouraging, 
considering the low fill-factor (~9%) of the SSPMs used.  The relatively high timing resolution 
of SSPMs is primarily due their fast response, high gain and high signal-to-noise ratio. The 
timing resolution of two PMT-LSO detectors was measured to be ~300 ps (FWHM).  Further 
improvement in timing resolution is expected upon optimization of the light collection efficiency 
of these SSPMs, which should be possible with the devices having higher fill-factor.   

 
Depth of Interaction Studies:  

Depth of interaction (DOI) measurements were conducted using SSPMs.  The basic 
method involved coupling two SSPMs to opposite ends of a LSO crystal with 3x3 mm2 cross-
section and 20 mm depth.  The crystal was cut with a saw and only its two 3x3 mm2 faces (to be 
coupled to SSPMs) were polished.  Different depths within the LSO crystal were irradiated with 
511-keV gamma-rays (22Na source) using electronic collimation.  By comparing the signal from 
two SSPMs for each depth of interaction, the DOI location was 
estimated.  The signal from each SSPM would depend on DOI 
and as the DOI location moves closer, its signal would be 
expected to increase.  Figure 16 shows a schematic diagram of 
the experimental design used in conducting the DOI 
measurements, while Figure 17 shows a photograph of a 
corresponding experimental setup. 

A slab of LSO (2x2x10 mm3, coupled to a PMT) and a 
22Na point source are mounted on a translation table. This PMT-
LSO detector projects a 2 mm wide beam of 511 keV gamma-
rays on the 3x3x20 mm3 test LSO crystal that is sandwiched 
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Figure 16: Setup for measuring 
DOI resolution.  
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between two SSPMs. Events corresponding to interactions at one depth in the LSO array are 
selected by coincidence measurement of the 511 keV annihilation photons between the LSO-
PMT detector and the test LSO crystal of the SSPM-LSO-SSPM detector. The ratio of the signal 
amplitude (E2) of SSPM-2 to the sum of the signal amplitudes in both SSPMs (E2/(E1+E2) is 
used to calculate the DOI.  As shown in Figure 18, the interaction location was moved from one 
end of the module (near SSPM-1) to the other end (near SSPM-2) by moving the source and the 
LSO-PMT detector using the translation table and the signal amplitude of each SSPM was 
measured as a function of DOI.  As expected, the amplitude of each SSPM decreased as the 
interaction depth moved farther away from it, which confirms that DOI information can be 
estimated by comparing the signal of two SSPMs.   

 

 
                    Figure 17. Photograph of the experimental setup used for DOI measurements. 

 
Depth profiles were generated by recording large number of events with both SSPMs at 

each DOI location and estimating the DOI location (using expression: E2/(E1+E2) on an event-
by-event basis).  Resulting depth profiles at various DOI locations are shown in Figure 19.  By 
estimating the broadening of each depth profile, the DOI resolution was estimated as a function 
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of depth and the results are presented in Figure 20.  From these figures, we estimate the average 
DOI resolution across the detector module to be ~5.4 mm (FWHM). 

Overall, these results are encouraging and indicate that a solid-state photomultiplier, 
fabricated using standard CMOS processing, is a promising new photodetector for readout of 
scintillation crystals in PET imaging.  Reasonably high energy, timing and DOI resolution has 
been achieved with the SSPMs coupled to LSO/LYSO detectors.  One limitation of these 1st 
generation SSPMs, particularly the larger 3x3 mm2 devices, was their relatively low fill-factor.   

 
9.5. SECOND GENERATION SSPMS 

Encouraged by the overall performance of the 1st generation SSPMs with 3x3 mm2 size, 
we have designed and built second generation devices that have up to seven times higher fill-
factor than the 1st generation devices [Shah 07b].  These new SSPMs used square micro-pixels. 
The design approach for these 2nd generation devices is shown in Figure 21 where a CMOS chip 
(3x3 mm2 area) with four separate SSPM designs (each with 1.5x1.5 mm2 area), one in each 
quadrant is shown.  The design parameters for the SSPMs in each quadrant (a, b, c, and d) are 
listed in Table 1.   

 

                                                                                           TABLE  I  
                                           Design and Operating Parameters of 2nd Generation SSPMs 
 

Active area 
[mm2] 

Pixel size/Pixel 
Pitch 

# of 
pixels 

Fill 
factor 

Gain @ 
30 V 

Breakdown 
voltage 

(a) 1.5x1.5 30 µm/56 µm 
(square) 576 29% 1x106 27.5 V 

(b) 1.5x1.5 30 µm/43 µm 
(square) 961 46% 1x106 27.5 V 

(c) 1.5x1.5 50 µm/76 µm 
(square) 324 43% 3.5x106 27.5 V 

(d) 1.5x1.5 50 µm/63 µm 
(square) 441 61% 3.5x106 27.5 V 
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is estimated on an event-by-event basis using expression: 
[E2/(E1+E2)], where E1 and E2 are signals from SSPM-1 
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We have conducted scintillation studies (energy and timing resolution) with these SSPMs 
and the results are reported here for the 1.5x1.5 mm2 SSPM with 30 µm pixels and 46% fill-
factor (design b in Figure 21 and Table 1).  This SSPM was coupled to a matching LYSO 
crystal (1.5x1.5 mm2 cross-section, 10 mm length).  Upon irradiating this detector at room 
temperature with 511 keV gamma-rays (22Na source), energy resolution (FWHM) of ~11% was 
measured (see Figure 22). There was a non linearity between 511 keV and 1275 keV. Therefore, 
the linearity of the detector was studied. It was observed that the detector was almost linear up to 
511 keV.  Energy resolution of the same scintillator was ~ 10.5 % when coupled to a PMT with a 
bialkali photocathode, which is very close to the resolution recorded with SSPM-LYSO detector.  

 
To measure timing resolution, the SSPM-LYSO detector was then operated in coincidence 

with a PMT-LSO reference detector using the setup shown earlier in Figure 14.  Each detector 
was irradiated with 511 keV gamma-ray pairs and upon processing these events using fast 
electronics, timing resolution of 530 ps (FWHM) was measured at room temperature (see Figure 
23). This result is exciting and confirms potential of SSPMs for TOF-PET imaging.  The energy 
and timing resolution results reported in this section (Figures 22 & 23) are significantly superior 
to those reported in previous section (Figures 13 & 15), which is primarily due to much higher 
fill-factor of the new, 2nd generation SSPMs.   

Depth of interaction (DOI) measurements were also conducted using the 2nd generation 
SSPMs (design b in Figure 21 and Table 1).  A detector module was constructed by coupling a 
1.5x1.5x20 mm3 LYSO scintillator with two 1.5x1.5 mm2 SSPMs at either ends. The 1.5x1.5 
mm2 surfaces of LYSO were optically polished while other four lateral surfaces were as-cut. The 
lateral surfaces of the crystal were wrapped with Teflon tape and two polished ends were kept 
open. The experimental design and measurement techniques were same as described in the 
previous section (see Figures 16 & 17). As before, a dual ended readout approach was used to 
determine the DOI. The distribution of the ratio signals, SSPM2/(SSPM1+SSPM2), calculated 
on an event-by-event basis is shown in Figure 24.  Each curve in the Figure 24 corresponds to 
the distribution of ratio signals for interactions at one particular DOI position. The DOI 

 

b d

a c

 
Figure 21. Photograph of 3x3 mm2 CMOS chip which is 
a 2x2 array of 1.5x1.5 mm2 SSPMs.  The design 
parameters for each SSPM is presented in Table 1. 
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resolution was estimated from the broadening of these depth profiles.  Figure 25 shows the 
change in DOI resolution with respect to the depth. The DOI resolution was ~ 2.5 mm along the 
entire length of the scintillator. Once again the DOI resolution shown in Figure 25 is superior to 
that reported in Figure 20 due to much higher fill-factor of the new, second generation SSPMs.  
Even higher performance should be possible upon further optimization of the overall SSPM 
photodetection efficiency and by using brighter and faster scintillators (such as LaBr3:Ce, CeBr3 
and LuI3:Ce). 

 

 

 
9.6. STUDY OF POSITION SENSITIVE SSPMS (PS-SSPMS) 

In the ultimate use of SSPMs for PET imaging, it would be useful to consider signal 
multiplexing schemes in some situations because of large number of scintillation crystals and 
associated electronic channels that are needed in PET systems.  Fortunately, the high gain of 
SSPMs allows the use of a simple resistor network to create charge sharing that allows signal 
multiplexing [Shah 07b, Dokhale].  We have recently performed a feasibility evaluation of such 
a position sensitive SSPM (or PS-SSPM) configuration.  This imaging detector, which is shown 
in Figure 26, consisted of an array of 4x4 SSPMs (each with 1.5x1.5 mm2 size with 30 µm 
diameter micro-pixels, 100 µm pitch).  Each SSPM element was coupled to an LYSO 
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Figure 23. Timing spectrum recorded for 
a 1.5x1.5x10mm3 LYSO coupled to a 
1.5x1.5mm2 SSPM and a LSO-PMT 
detector operating in coincidence at room 
temperature.  The coincidence timing 
resolution was measured to be 530 ps 
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scintillation crystal (1.5x1.5 mm2 cross-section, 15 mm 
depth) as shown in the figure.  In place of individual 
readout of each SSPM, the output of each element was 
connected to a simple resistor network that provided 
charge division and had four outputs.  Comparison of the 
signal collected at each of the four outputs provided 
position information (using the 
equations summarized in Figure 
26), while the sum of the four 
signals provided energy and 
timing information for the event.   
Thus, in this PS-SSPM, the 
charge division provided position 
encoding with only four outputs, 
thereby providing a four-fold 

reduction in the number of electronic channels for the detector shown in 
Figure 26.  In order to test this concept, the SSPM-LYSO array 
illustrated in Figure 26 was irradiated with 511 keV gamma-rays (22Na 
source).  The resulting flood image is shown in Figure 27. Each element 
is well resolved in the image, indicating successful implementation of 
resistive charge division for signal multiplexing to create PS- SSPMs.  

9.7. MICRO-PIXEL LEVEL POSITION SENSITIVE SSPMS 
In addition to the PS-SSPM design with external resistive network (see Figure 26), we 

have also designed, built and 
evaluated other configurations of 
PS-SSPMs, where the individual 
micro-pixels provide position 
information [Shah 09].  Figure 28 
shows one design of such a new 
PS-SSPM, where each micro-pixel 
of the SSPM has two resistive 
outputs, one connected to the row 
bus and the other to the column 
bus.  These row and column buses 
have a resistive network as shown 
in Figure 28 which allow 
identification of the micro-pixel 
where event occurs based on 
charged sharing (using equations 
summarized in Figure 28). CMOS-
technology allows creating the 
resistive network directly on the 

Figure 28. Schematic of a PS-SSPM design that provides 
spatial information at a micro-pixel level.  Each micro-pixel has 
two resistive outputs (see the inset), one connected to a row 
bus and other to a column bus.  These row and column buses 
have resistors for charge division to provide position 
information. For this configuration, we estimate X & Y locations 
using expressions: X = (B-A)/(A+B) and Y = (D-C)/(C+D). 

bias 
A B 
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D 

 

 
Figure 26. Position sensitive detector based 
on 4x4 array of LYSO-SSPM detectors 
readout by a resistive network that provides 
charge division with four outputs (A, B, C 
and D). The event location is determined 
from the signal collected at the four outputs 
using expression: 

X = [(D+C)-(A+B)]/(A+B+C+D) 
Y = [(A+D)-(B+C)]/(A+B+C+D) Figure 27.  Flood image

(22Na source, 511 keV 
photons) with 4x4 SSPM-
LYSO array shown in 
Figure 26. External 
resistive network was used 
between SSPMs for 
charge division and each 
element is well resolved in 
the image.  
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SSPM chip, thereby minimizing the external components required.  The PS-SSPM design shown 
in Figure 28 can provide much higher spatial resolution compared to that shown in Figure 26 
with an external resistive network between the SSPM elements. A small format PS-SSPM with 
design shown in Figure 28 has been designed and built at RMD (see Figure 29).  This 1.5x1.5 
mm2 PS-SSPM had 30 µm (square) micro-pixels, 46% fill-factor with 1 kΩ resistors in the row 
and column buses that are integrated on the PS-SSPM chip itself.   

The intrinsic spatial resolution of this PS-SSPM was measured to 
be ~70 µm by focusing a 635 nm laser spot (15 µm size) on the PS-
SSPM surface, processing 10,000 events at a fixed location to generate x 
and y locations using equations listed in Figure 28 and plotting 
histograms of x and y locations (see Figure 30).  This study confirms 
very high spatial resolution of the new PS-SSPMs.  Successful imaging 
of 500 µm LYSO elements (5 mm thick) with high spatial linearity has 
been accomplished with this new PS-SSPM upon exposure to 511 keV γ-
rays (see Figure 31), confirming its promise.  With the PS-SSPM shown 
in Figure 29, we have also conducted energy and timing resolution 
measurements by coupling it to a 1.5x1.5x20 mm3 LYSO crystal.  Upon 
exposure to 511 keV gamma-rays (22Na source), energy resolution of 

15% (FWHM) and 1-ns timing resolution have been 
achieved with these micro-pixel level PS-SSPMs and 
LYSO scintillators [Shah 09]. 

We have also conducted depth of interaction 
measurements with these new micro-pixel level PS-
SSPMs.  A 1.5x1.5x20 mm3 LYSO crystal was 
sandwiched between two 1.5x1.5 mm2 PS-SSPMs. 
The crystal was cut with a saw and only its two 1.5 x 
1.5 mm2 faces (coupled to the SSPMs) were polished 
to provide depth-dependence of the signal.  Different 
depths (at 2 mm intervals) within this LYSO crystal 
were irradiated using electronic collimation provided 
by a separate PMT-LSO detector.  This PMT-LSO 
detector along with a 22Na 
point source were mounted 
on a translation table and 
projected a beam of 511 keV 

gamma-rays on the 1.5x1.5x20 mm3 test LYSO crystal that was 
sandwiched between two 1.5x1.5 mm2 micro-pixel level PS-SSPMs.  
Events corresponding to interactions at one depth in the LYSO array 
were selected by coincidence measurement of the 511 keV annihilation 
photons between the LSO-PMT detector and the test LYSO crystal of 
the PSSSPM-LYSO-PSSSPM detector.  At each depth, for all events, 
the signals from both PS-SSPMs were collected and processed.  Since 
DOI is represented by the ratio: (PSSSPM1/PSSSPM1+PSSSPM2), at 

Figure 30.  Intrinsic spatial resolution of 
1.5x1.5 mm2 PS-SSPM shown in Figure 29 
(30 µm micro-pixels. 1 KΩ resistors in row 
and column buses) measured using a 635 nm 
laser spot (15 µm size). 10K events were 
processed at a fixed position and a histogram 
of x and y values provided ~70 µm (FWHM) 
spatial resolution. 

Figure 31. Image of  LYSO 
array (500 µm pixels, 5 mm 
depth) with 1.5 mm PS-SSPM 
shown in Figure 29 upon 
exposure with 511 keV γ-rays 
(22Na source). 

Figure 29. Photograph of 
a 1.5x1.5 mm2 PS-SSPM 
with design shown in 
Figure 28 (30 µm micro-
pixels, 1 kΩ resistors in 
row and column buses). 
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each DOI location, a large number of events were 
processed to generate a depth profile.  In Figure 
32, such depth profiles are shown for all DOI 
locations.  The broadening of these depth profiles 
provides an estimation of DOI resolution as a 
function of depth (shown in Figure 33).  As seen 
in the figure, the average DOI resolution for all 
depths is about 3.4 mm (FWHM). The actual DOI 
resolution is possibly better than 3.4 mm given 
that for our geometry, a 2 mm wide band of 
gamma rays irradiated the test LYSO crystal at 
each DOI 
location. 

These 
results confirm the promise of these new micro-pixel 
level PS-SSPMs for small animal PET, including 
combined PET imaging.  Other micro-pixel SSPM 
designs where a 2-D resistive network is created at the 
micro-pixel level or an active source follower 
configuration links the output of the micro-pixels to the 
resistive row and column buses are also being 
investigated for high resolution PET [Shah 09]. 

 

9.8. CONCLUSIONS 
The results of SSPM evaluation are encouraging and indicate that CMOS techniques can 

be used to build silicon photomultipliers with high gain, low dark count-rate and fast response.  
Good energy, timing and DOI resolution as well as position sensitivity (upon signal multiplexing 
with resistive charge division) can also be obtained with these devices.  Compared to other solid-
state photodetectors, the main advantages offered by SSPMs for PET include much higher gain, 
faster response and low bias requirements.  Particularly encouraging aspect of SSPMs is their 
excellent timing resolution (in sub-nanosecond range), which makes it feasible to consider 
SSPMs for TOF PET studies.  On-going research is focusing on further improvement in fill-
factor, blue response and overall photodetection efficiency of SSPMs.  Fabrication of monolithic 
multi-element arrays as well as position sensitive structures (with the resistive network integrated 
on chip itself) is also being carried out.  Simultaneous PET-MR studies are also being conducted 
with CMOS SSPMs [Dokhale 08]. 
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CHAPTER 10: CONCLUSIONS AND FUTURE TRENDS 
 

The field of scintilltators is undergoing a major renaissance at present.  The discovery of 
new materials as well as optimization of already established materials is occurring at a furious 
pace.  This activity is driven by synergy in demands of various applications such as medical 
imaging, nuclear physics, nuclear non-proliferation monitoring, materials research, well-logging, 
non-destructive evaluation and other related fields. While some demands may diverge amongst 
these applications, many desired features are indeed common.  This includes high light output, 
high proportionality, high-energy resolution, reasonably fast response and low cost.   

The intense efforts aimed at search of new scintillation crystals have lead to discovery of 
several compositions that have light output approaching 100,000 photons/MeV.  This includes 
Ce3+ doped compositions such LuI3:Ce and Eu2+ doped compositions such as SrI2:Eu (which 
were reported earlier). In terms of selection of the scintillators covered in this thesis for medical 
imaging as well as other potential applications, in addition to performance parameters, the 
feasibility of producing crystals of these materials in large sizes in a cost effective manner is also 
a key consideration.  

As discussed earlier, growth of large LaBr3:Ce crystals is indeed being carried out by a 
commercial company (Saint Gobain) and these crystals are finding use in homeland security 
monitoring, well-logging and physics research.  A prototype, clinical TOF-PET scanner based on 
LaBr3 (with 5% Ce) doping is under exploration at the University of Pennsylvania (U-Penn) with 
focus being to illustrate the advantage of higher energy and timing resolution of LaBr3 on the 
eventual image quality. On-going U-Penn results appear to validate this expectation [Karp].  U-
Penn team is also exploring LaBr3 crystals with Ce doping of 30% as well as CeBr3 crystals in 
view of their potential to provide higher timing resolution (due to their faster response compared 
to LaBr3:5%Ce) without any major compromise in light output or energy resolution.  The crystal 
growth aspects of LaBr3:30%Ce and CeBr3 are similar to those for LaBr3:5%Ce using the 
Bridgman growth being performed at RMD.  Initial bench-top results at U-Penn do confirm 
faster rise-time performance of LaBr3:30%Ce and CeBr3 [Karp].  A wider set of experiments 
with prototype arrays are now planned to explore the full potential of LaBr3:30%Ce and CeBr3 in 
TOF-PET. 

Regarding LuI3:Ce, while the scintillation properties are exceptional (high gamma-ray 
stopping efficiency, fast response and very high light yield and proportionality), its complex, 
rhombohedral structure with cleavage planes makes growth of high quality, large crystals very 
challenging.  This makes implementation of traditional PET modules using 20-30 mm thick 
scintillation blocks and arrays very difficult.  One recent approach has been to employ LuI3:Ce in 
form of a layered PET detector where each layer is only 2-3 mm thick and has its own optical 
readout.  This concept may allow demonstration of unique capabilities of LuI3:Ce in an actual 
PET module. 

Two new scintillator families, alkaline earth halides doped with Eu2+ and elpasolites 
doped with Ce3+ while not very promising for PET (due to relatively low gamma-ray stopping 
efficiency and slow response), appear to be very attractive for single photon emission computed 
tomography (or SPECT).  Here the high luminosity and excellent proportionality of the 
scintillators allow them to provide high energy resolution at low gamma-ray energies of interest 
in SPECT. For example, at 122 keV gamma-ray energy (similar to 140 keV gamma-ray energy 
for the most common SPECT radioisotope, 99mTc), the energy resolution of selected 
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compositions such as SrI2:Eu and Cs2LiLaBr6:Ce is below 6% (FWHM), an encouraging result 
that should enable better scatter rejection in SPECT.   

Silicon based photodetectors are making in-roads in several small animal PET and PET-
MR imaging systems.  The main challenges they face in getting adapted for clinical PET imaging 
systems are their timing properties (particularly for APDs) and their cost (for both APDs and 
SSPMs).  Because the SSPMs are fabricated using the standard CMOS process, they can benefit 
from the economies of scale offered by this method upon mass production.  Integration of next 
stage of signal processing to the SSPM elements in the same fabrication run is an additional 
advantage.  APDs do provide higher optical detection efficiency than SSPMs at present, which 
can be important in resolving ultra-high resolution scintillation segments.  System designers will 
have to consider the cost, performance, robustness and flexibility aspects in selecting the 
appropriate photodetectors. 

 
References: 
J. Karp, Enabling Technology for Time-of-Flight PET Imaging, Presented at SORMA XII, Ann 
Arbor, MI, May (2010). 
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CHAPTER 11: SUMMARY 
The focus of this thesis is on new detection technologies that can be used in advancing 

nuclear medicine modalities, particularly positron emission tomography (PET).  Several 
detection technologies are covered in this thesis.  First, new Ce3+ doped rare earth trihalide 
scintillators that can be used in advancing PET imaging are discussed.  Here, the particular 
attention is paid to high light output and high proportionality to achieve high-energy resolution 
(for good scatter rejection) and fast response for high timing resolution along with possibility of 
providing time-of-flight data collection (to reduce randoms and to reduce noise in the 
reconstructed image).  In addition to discussion of new scintillators for use in PET, two classes 
of new scintillators (Ce3+ doped elpasolites and Eu2+ doped alkaline earth halides) that provide 
high proportionality as well as energy resolution over a broad range of energies for use in single 
photon emission computed tomography (or SPECT) are also covered. The main scintillation 
characteristics such as light output, peak emission wavelength and decay time constant(s) for all 
the scintillators discussed in this thesis are presented in Table 1. 

In addition to new scintillators, two solid state photodetector technolgies are also covered 
in this thesis.  This includes silicon avalanche photodiodes (APDs) and silicon based solid state 
photomultipliers (SSPMs).  Standard as well as position sensitive versions of these 
photodetectors are covered with particular attention paid to the use of these new devices in small 
volume PET imaging.  PET module designs with an ability to provide depth of interaction (in the 
scintillator element) in order to overcome parallax error in image reconstruction are discussed.  
A comparison of some of the important parameters of APDs, SSPMs and PMTs is provided in 
Table 2.   

In chapter 1 of this thesis, the emerging needs in nuclear medicine modalities, such as 
high energy resolution for PET and SPECT and high timing resolution (including TOF 
capability) and DOI encoding capability for PET are discussed.  These needs are tied to the 
characteristics of the scintillators and photodetectors required to fulfill them.     

In chapter 2, the main techniques for growing LaBr3:Ce, CeBr3 and LuI3:Ce as well as 
Ce3+ doped elpasolite and Eu2+ doped alkaline earth halide crystals are discussed. An overview 
of methods used to measure scintillation performance of these compositions is also provided. 

In chapter 3, the scintillation properties of LaBr3:Ce are covered with particular emphasis 
on the improvement in the timing response of LaBr3:Ce as the Ce3+ doping level is increased 
from 0.5% to 30% (on molar basis).  It is interesting to note that this improvement in timing 
occurs without any significant degradation in the light output.  This is particularly relevant for 
applications that demand high timing resolution (such as PET).  A brief discussion of on-going 
efforts to use LaBr3:Ce in time-of-flight PET imaging is presented. 

In chapter 4, the scintillation properties of CeBr3 are discussed.  In many ways, the 
scintillation properties of CeBr3 are similar those for LaBr3 with high Ce3+ content.  The 
proportionality of response while being high for CeBr3 is not as high as LaBr3:Ce so far.  Due to 
its fast response, excellent timing resolution has been achieved with CeBr3, making it a viable 
alternative to LaBr3 (with high Ce content) in TOF-PET.  Due to lack of any self-activity in 
CeBr3, it can be a useful scintillator in applications demanding high energy resolution with very 
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low intrinsic background.  In such applications, the self activity of LaBr3:Ce (due to 133La) can 
be a problem. 

In chapter 5, the scintillation characteristics of LuI3:Ce are discussed.  In terms of physical 
and scintillation properties, LuI3:Ce appears to be a very exciting scintillator for PET.  It 
combines high gamma-ray stopping power with exceptionally high light output and fast 
response.  The effect of Ce3+ doping level on the scintillation properties of LuI3 is discussed and 
optimal Ce3+ doping level is identified.  The main challenge in the advancement of this 
scintillator for PET (and other gamma-ray spectroscopy applications) is in growth of large 
volume crystals with high optical quality, where the layered rhombohedral crystal structure of 
LuI3 is a disadvantage.  Alternative PET module designs that utilize thin layers of scintillators 
with photodiode readout can be considered until high quality, large volume single crystals 
become available. 

In chapter 6, a discussion of new Ce3+ elpasolite and Eu2+ alkaline earth scintillators is 
provided.  Due to their relatively low density and/or slow response, both these classes of 
scintillators are not appropriate for PET imaging.  However, their gamma-ray stopping efficiency 
and speed are adequate for SPECT imaging.  Very high proportionality demonstrated by both 
these scintillator classes over a broad energy range and their high light output make these 
scintillators very attractive for SPECT.  In fact, over typical energy range used in SPECT (such 
as 140 keV gamma-rays emitted 99mTc), the energy resolution of selected compositions in both 
these classes is superior to that for even LaBr3:Ce.   

In chapter 7 & 8, properties and performance of silicon avalanche photodiodes (operating 
in proportional mode) are discussed.  Particular attention is given to a position sensitive APD 
design where by depositing four corner contacts on a resistive layer on the back face, event 
location can be deduced by comparing the signals collected at the four corner electrodes.  Such a 
device provides position information due to charge sharing and requires only four contacts to 
image very large areas (such as 8x8 mm2 and 14x14 mm2) while successfully resolving ≤ 1 mm 
LYSO scintillation elements.  Evaluation results for PET modules designs based on such 
PSAPDs for small animal PET imaging with DOI encoding capability are presented.  A brief 
discussion of some new small animal PET systems for simultaneous PET-MR imaging as well as 
ultra-high resolution PET imaging with DOI encoding is presented. 

In chapter 9, properties and performance of silicon photomultipliers built using standard 
CMOS process, which are referred to as solid-state photomultipliers (SSPMs) are discussed.  
Fundamental characteristics such as gain, dark count-rate and speed of response for these devices 
are discussed.  Basic evaluation results of energy and timing resolution of the SSPMs coupled to 
LYSO crystals are presented.  Very high timing resolution (in sub-ns range) of SSPMs makes 
them a viable candidate for TOF-PET systems.  Position sensitive SSPM designs based on 
charge sharing between separate SSPM elements as well as between micro-pixels within a single 
SSPM are discussed.  Successful imaging results of high-resolution LYSO arrays using such PS-
SSPMs are presented.  DOI encoding studies using SSPMs as well as PS-SSPMs are also 
presented.  Based on their overall performance, the SSPM technology appears to be well suited 
for high resolution, small volume PET with DOI encoding as well as for future time-of-flight 
PET systems.   
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Table 1. Summary of Scintillation Properties 

Crystal Light Yield 
photons/MeV 

Emission 
nm 

Principal Decay 
Time, ns 

LaBr3:0.5%Ce 
LaBr3:5% Ce 
LaBr3:10% Ce 
LaBr3:20% Ce 
LaBr3:30%Ce 
CeI3 

70,100 
70,500 
64,500 
64,000 
69,000 
≤5,000 

360 
360 
360 
360 
360 
514 

26 
16 
16 
17 

18.6 
- 

CeBr1.5Cl1.5 65,000 370 17 
CeBr3 68,000 370 17 
CeCl3 45,500 355 23 
LuI3:0.5%Ce ≥100,000 475 40 
LuI3:2%Ce ≥100,000 475 30 
LuI3:5%Ce ≥100,000 475 25 
LuI3:10%Ce 70,000 475 28 
LuI3:10%Ce 38,000 525 30 
Cs2NaLaI6:Ce 54,000-60,000 455 50 
Cs2LiLaI6:Ce ≥55,000 450 50 
Cs2NaLaBr6:Ce 12,000 400 55 
Cs2LiLaBr6 35,500 390, 420 2300 
Cs2LiLaBr6:0.5%Ce 56,200 390, 420 55, ≥270 
Cs2LiLaBr6:2%Ce 60,000 390, 420 55, ≥270 
Cs2LiLaBr6:5%Ce 50,000 420 55, ≥270 
Cs2LiLaBr6:10%Ce 55,000 420 55, ≥270 
Cs2LiLaCl6:Ce 36,000 390 90 
Cs2NaCeBr6 32,000 415 115 
Cs2NaGdI6:Ce 21,000 445 55 
Cs2NaLuI6:Ce 27,000 450 35 
Cs2LiLuI6:Ce 12,000 490 45 
Cs2LiYCl6:Ce 20,000 370 37 
SrI2:0.5%Eu 78,000 429 620 
SrI2:2%Eu 92,000 431 900 
SrI2:5%Eu 100,000 433 1100 
SrI2:10%Eu 84,000 436 1650 
BaI2:0.5%Eu 26,000 430 450 
CaI2:0.5%Eu >100,000 470 1150 
SrBr2:0.5%Eu 26,000 415 720 
BaBr2:0.5%Eu 11,500 410 560 
BaxSr1-xI2:Eu ~100,000 435 >1000 



 128

 
    Table 2 Comparison of Photodetectors 

 
Device Gain Excess Noise 

Factor (ENF) 
QE (> 400 nm) Voltage Rise time Magnetic 

sensitivity 
SSPM ~ 106 ~ 1.3  ~20%∗ ~ 30 V ~ 0.5 ns No 
Si APD ~ 103 ~2 ~80% > 1 KV 1-2 ns No 

PMT ~ 106 ~ 1.2    >30%** > 1 KV ~ 0.1 ns Yes 
∗This value is the ‘photon detection efficiency (= geometric efficiency•Geiger probablity•quantum efficiency) 
**-This QE is for super bialkali photocathode, higher QE (>40%) has been reported with ultra-bialkali photocathode 
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HOOFDSTUK 11: SAMENVATTING 
De focus van dit proefschrift ligt op nieuwe detectietechnologieën die gebruikt kunnen 

worden bij de verbetering van nucleaire geneeskundige modaliteiten, met name positron emissie 
tomografie (PET). Verschillende detectietechnologieën worden in dit proefschrift besproken. In 
de eerste plaats worden nieuwe Ce3+ gedoopte zeldzame-aard trihalogenide scintillatoren 
besproken die gebruikt kunnen worden in PET. In het bijzonder wordt aandacht besteed aan de 
hoge lichtopbrengst en de hoge lineariteit om een hoge energieresolutie te bereiken, en aan een 
snelle respons voor hoge timing resolutie, tezamen met de mogelijkheid van het uitvoeren van 
time-of-flight (TOF) datacollectie (ter vermindering van het aantal toevallige coïncidenties en 
van de ruis in het gereconstrueerde beeld). In aanvulling op de bespreking van nieuwe 
scintillatoren voor gebruik in PET, komen twee typen nieuwe scintillatoren (Ce3+ gedoopte 
elpasoliten en Eu2+ gedoopte aardalkali halogeniden) aan bod die een hoge lineariteit alswel 
energieresolutie over een breed spectrum van energieën hebben voor gebruik in single photon 
emission computed tomography (SPECT). De belangrijkste kenmerken zoals 
scintillatielichtopbrengst, de piekemissiegolflengte en de vervalstijdsconstante van alle 
scintillatoren besproken in dit proefschrift zijn samengevat in Tabel 1. 

Naast nieuwe scintillatoren komen ook twee vaste-stof fotodetectietechnologieën aan bod 
in dit proefschrift. Deze omvatten silicon avalanche photodiodes (APDs) en vaste-stof 
fotomultiplicatorbuizen (PMTs) gebaseerd op silicium (SSPMs). Zowel standaard als positie 
gevoelige versies van deze fotodetectoren worden besproken, in het bijzonder met betrekking tot 
het gebruik van deze nieuwe sensoren in klein-volume PET. Ook worden ontwerpen van PET-
modules besproken met het vermogen depth-of-interaction (in de scintillator elementen - DOI) te 
bepalen teneinde parallaxfouten in de beeldreconstructie te voorkomen. Een vergelijking van 
enkele van de belangrijkste parameters van APDs, SSPMs en PMTs is gegeven in Tabel 2. 

In hoofdstuk 1 van dit proefschrift worden de opkomende behoeften in nucleaire 
geneeskundige modaliteiten, zoals hoge energie resolutie voor PET en SPECT, hoge timing 
resolutie (met inbegrip van TOF) en DOI-codering voor PET, besproken. Deze behoeften 
worden gekoppeld aan de kenmerken van scintillatoren en fotodetectoren die nodig zijn om 
hieraan te voldoen. 

In hoofdstuk 2 worden de belangrijkste technieken voor de kristalgroei van LaBr3:Ce, 
CeBr3 en LuI3:Ce alsmede Ce3+ gedoopte elpasoliten en Eu2+ gedoopte aardalkali halogenide 
kristallen besproken. Een overzicht van de gebruikte methoden om de scintillatie prestaties te 
meten wordt ook gegeven. 

In hoofdstuk 3 worden de scintillatieeigenschappen van LaBr3:Ce besproken, met 
bijzondere nadruk op de verbetering van de timing eigenschappen van LaBr3:Ce als de Ce3+ 
concentratie wordt opgevoerd van 0,5% tot 30% (op molaire basis). Het is interessant om op te 
merken dat de verbetering in timing plaatsvindt zonder significante achteruitgang in de 
lichtopbrengst. Dit is met name relevant voor toepassingen die een hoge timing resolutie vereisen 
(zoals PET). Een korte bespreking van lopend onderzoek naar het gebruik van LaBr3:Ce in time-
of-flight PET wordt gepresenteerd. 

In hoofdstuk 4 worden de scintillatieeigenschappen van CeBr3 besproken. In veel 
opzichten zijn de scintillatieeigenschappen van CeBr3 vergelijkbaar met die van LaBr3 met een 
hoge Ce3+ concentratie. De proportionaliteit, alhoewel lineair voor CeBr3, is niet zo goed als die 
voor LaBr3:Ce (tot nu toe). Echter, door de snelle respons wordt een uitstekende timing resolutie 
bereikt, waardoor CeBr3 een goed alternatief voor LaBr3 (met een hoog gehalte aan Ce) in TOF-
PET is. Wegens afwezigheid van intrinsieke radioactiviteit in CeBr3 kan het een nuttige 
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scintillator zijn in toepassingen die een hoge energieresolutie vereisen met een zeer lage 
intrinsieke achtergrond. In dergelijke toepassingen kan de intrinsieke activiteit van LaBr3:Ce (als 
gevolg van 133La) een probleem zijn. 

In hoofdstuk 5 worden de scintillatieeigenschappen van LuI3:Ce besproken. In termen 
van fysieke eigenschappen en scintillatie lijkt LuI3:Ce een veelbelovende scintillator voor PET te 
zijn. Zij combineert een hoge gamma-ray stopping power met een uitzonderlijk hoge 
lichtopbrengst en een snelle respons. Het effect van de Ce3+ concentratie op de scintillatie 
eigenschappen van LuI3 wordt besproken, en de optimale Ce3+ concentratie vastgesteld. De 
belangrijkste uitdaging in de vooruitgang van deze scintillator voor PET (en andere gamma-ray 
spectroscopietoepassingen) is de groei van grote kristallen met een hoge optische kwaliteit. 
Hierbij is de gelaagde rhombohedrische kristalstructuur van LuI3 een nadeel. Alternatieve PET-
module ontwerpen die gebruik maken van dunne lagen van scintillatoren met fotodiode uitlezing 
zouden kunnen worden gebruikt totdat grote kristallen beschikbaar komen. 

In hoofdstuk 6 wordt een discussie gevoerd met betrekking tot nieuwe Ce3+ elpasoliten 
en Eu2+ aardalkali scintillatoren. Door hun relatief lage dichtheid en / of trage scintillatie zijn 
beide type scintillatoren niet geschikt voor PET. Echter, hun gamma-ray stopping efficiëntie en 
snelheid zijn geschikt voor SPECT. De zeer hoge lineariteit over een groot energiebereik van 
beide typen scintillatoren en hun hoge lichtopbrengst maken dat deze scintillatoren zeer 
aantrekkelijk zijn voor gebruik in SPECT. Gezien de energieën die gebruikt worden in SPECT 
(zoals 140 keV gammastralen van 99mTc), is de energieresolutie van beide typen scintilatoren 
zelfs superieur aan die van LaBr3:Ce. 

In hoofdstuk 7 & 8 worden de eigenschappen en prestaties van silicon avalanche 
photodiodes (APDs) besproken. Bijzondere aandacht wordt gegeven aan positiegevoelige APD 
ontwerpen waarbij, door het maken van vier hoek-contacten op een resistieve laag op de 
achterkant van de APD, de locatie van een interactie kan worden afgeleid door het vergelijken 
van de signalen van elke van de vier hoek-contacten. Een dergelijk ontwerp biedt informatie over 
de positie ten gevolge van het delen van lading, en vereist slechts vier contacten om afbeeldingen 
over zeer grote gebieden (zoals 8x8 mm2 en 14x14 mm2) te verkrijgen. Tergelijkertijd kan een 
resolutie van ≤ 1 mm met LYSO scintllatie elementen worden bereikt. Een evaluatie van de 
resultaten van PET-module ontwerpen op basis van dergelijke PSAPDs voor small-animal PET 
systemen met DOI-codering wordt gepresenteerd. Een korte bespreking van enkele small-animal 
PET systemen voor PET-MRI als ultra-hoge resolutie PET beeldvorming met DOI codering 
wordt gepresenteerd. 

In hoofdstuk 9 worden de eigenschappen en prestaties van silicium 
fotomultiplicatorbuizen, gebouwd met behulp van een standaard CMOS-proces (aangeduid als 
vaste-stof fotomultiplicatie buizen, SSPMs), besproken. Fundamentele kenmerken zoals 
versterking, ruis en snelheid van deze sensoren worden besproken. Een evaluatie van de 
resultaten van de energie- en de timing resolutie van de SSPMs gekoppeld aan LYSO kristallen 
wordt gepresenteerd. De zeer hoge timing resolutie (in sub-ns bereik) van de SSPMs maakt hen 
goede kandidaten voor TOF-PET-systemen. Positiegevoelige SSPM ontwerpen gebaseerd op 
ladingsdeling tussen de afzonderlijke SSPM elementen alswel tussen micro-pixels binnen een 
SSPM worden besproken. De succesvolle resultaten van beeldvorming met hoge-resolutie LYSO 
blokken in combinatie met PS-SSPMs worden gepresenteerd. DOI codering studies met behulp 
van SSPMs en PS-SSPMs worden ook gepresenteerd. Op basis van hun algemene prestaties lijkt 
de SSPM technologie goed geschikt voor hoge resolutie, klein-volume PET met DOI-codering 
alsmede voor toekomstige time-of-flight PET-systemen. 
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Tabel 1. Samenvatting van scintillatieeigenschappen 

Kristal Lichtopbrengst 
fotonen/MeV 

Emissie 
golflengte 

nm 

Vervalsconstante  
ns 

LaBr3:0.5%Ce 
LaBr3:5% Ce 
LaBr3:10% Ce 
LaBr3:20% Ce 
LaBr3:30%Ce 
CeI3 

70,100 
70,500 
64,500 
64,000 
69,000 
≤5,000 

360 
360 
360 
360 
360 
514 

26 
16 
16 
17 

18.6 
- 

CeBr1.5Cl1.5 65,000 370 17 
CeBr3 68,000 370 17 
CeCl3 45,500 355 23 
LuI3:0.5%Ce ≥100,000 475 40 
LuI3:2%Ce ≥100,000 475 30 
LuI3:5%Ce ≥100,000 475 25 
LuI3:10%Ce 70,000 475 28 
LuI3:10%Ce 38,000 525 30 
Cs2NaLaI6:Ce 54,000-60,000 455 50 
Cs2LiLaI6:Ce ≥55,000 450 50 
Cs2NaLaBr6:Ce 12,000 400 55 
Cs2LiLaBr6 35,500 390, 420 2300 
Cs2LiLaBr6:0.5%Ce 56,200 390, 420 55, ≥270 
Cs2LiLaBr6:2%Ce 60,000 390, 420 55, ≥270 
Cs2LiLaBr6:5%Ce 50,000 420 55, ≥270 
Cs2LiLaBr6:10%Ce 55,000 420 55, ≥270 
Cs2LiLaCl6:Ce 36,000 390 90 
Cs2NaCeBr6 32,000 415 115 
Cs2NaGdI6:Ce 21,000 445 55 
Cs2NaLuI6:Ce 27,000 450 35 
Cs2LiLuI6:Ce 12,000 490 45 
Cs2LiYCl6:Ce 20,000 370 37 
SrI2:0.5%Eu 78,000 429 620 
SrI2:2%Eu 92,000 431 900 
SrI2:5%Eu 100,000 433 1100 
SrI2:10%Eu 84,000 436 1650 
BaI2:0.5%Eu 26,000 430 450 
CaI2:0.5%Eu >100,000 470 1150 
SrBr2:0.5%Eu 26,000 415 720 
BaBr2:0.5%Eu 11,500 410 560 
BaxSr1-xI2:Eu ~100,000 435 >1000 
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    Tabel 2. Vergelijking van Fotodetectoren 

 
Apparaat Verster-

king 
Excess 

Ruisfactor 
(ENF) 

QE (> 400 
nm) 

Voltage Stijgtijd Magnetische 
gevoeligheid 

SSPM ~ 106 ~ 1.3   ~20%∗ ~ 30 V ~ 0.5 ns No 
Si APD ~ 103 ~2  ~80% > 1 KV 1-2 ns No 

PMT ~ 106 ~ 1.2      >30%** > 1 KV ~ 0.1 ns Yes 
∗Deze waarde is de fotondetectie-efficiëntie (= geometrische efficiëntie Geiger probablity quantum efficiëntie) 
**Deze QE is voor de super-bialkalifotokathodes, een hogere QE (> 40%) wordt verkregen met ultra-
bialkalifotokathodes 
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