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Abstract

We have used simulations and measurements to investigate the feasibility of using slanted 

scintillator crystal geometries as means to provide depth-of-interaction (DOI) information for a 

pixelated gamma ray imaging detector. The simulations were performed to estimate the fraction of 

scintillation light detected by the photodetector as a function of interaction location along the 

height of crystals with different geometries. In addition, physical measurements of the light output 

for these crystal geometries were obtained from individual crystals coupled to a solid state 

photodetector (Philips digital-SiPM DPC-3200). In agreement with previous work, we found a 

change in light output in the slanted region of the crystals compared to the rectangular region. The 

results from this study indicate the potential of using slanted crystals to gather DOI information 

based on light output changes as a function of the location of interaction. An examination of the 

measured energy spectra for the geometries evaluated here, suggests that for BGO crystals 

somewhere between 2 or 3 DOI bins could be implemented. Based on these results, we conceived 

a design for a DOI detector module that consists of two slanted crystals, each read-out by separate 

SiPM pixels.

Keywords

BGO; detector; scintillation crystal; optical photons; DOI; GATE; PET

I. Introduction

POSITRON Emission Tomography (PET) is commonly based on detection of the 

annihilation gammas through their interactions with scintillator crystals. In order to 
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simultaneously achieve high sensitivity and high transverse spatial resolution, pixelated 

scintillation detectors are designed with long and narrow elements with increasingly large 

aspect ratios. However, designing long and narrow crystal pixels introduces two challenges. 

Firstly, it increases the detector parallax error [1], [2] and secondly it reduces the fraction of 

scintillation light available for readout by the photodetector [3]. Typically, a considerable 

fraction of the scintillation light never exits the crystals, getting trapped or absorbed after 

undergoing multiple reflections on the internal surfaces of the crystals. Furthermore, the 

BGO scintillation material, which is often used in PET due to its high effective atomic 

number Z and high attenuation coefficient [4], generates considerably less overall 

scintillation light than crystals made of LSO and its variants. Event positioning and detector 

triggering is dependent on the total amount of light collected. Therefore, it is crucial that the 

small amount of scintillation light produced by BGO exits the crystal in order to be detected 

by the light detector.

The effect of the parallax error can be reduced or eliminated if information on the depth of 

interaction (DOI) in the crystal was available. Ideally this DOI information should be 

provided without significantly compromising the fraction of scintillation light reaching the 

photodetector. Considerable effort over the past several years has gone into developing DOI 

detectors. Examples of such efforts are in [2], [5]–[20].

Previous studies with rectangular crystal pixels having different surface treatment 

configurations showed that crystals with five or six sides of rough treatment introduce 

variations in light output depending on the location of interaction of the annihilation gamma 

along the crystal [21]–[24]. However, in this case there is an overall degradation of light 

output which becomes progressively worse as the interaction occurs further up in the crystals 

and away from the readout side. In this work we search for a crystal geometry that offers 

enough difference in light output along its length while still providing a good amount of 

light output using BGO.

Besides material properties such as index of refraction and optical absorption length, there 

are several other factors affecting the probability of optical photons to exit scintillation 

crystals and reach the photodetector. In addition to surface treatment and the use of 

reflectors, one such factor is the macroscopic geometry of the crystal. Consequently, these 

factors pose an upper limit to the overall detector performance. In the case of scintillators 

coupled to photomultiplier tubes (PMTs), potential solutions to this problem have being 

examined before, based on the use of diffusive wrappings, optical contact agents, and crystal 

geometries [1], [21]–[31].

In this study, with the view of designing dense and contiguous crystal arrays coupled to solid 

state photodetectors with DOI capabilities for high resolution PET, we examined the 

performance of different scintillator geometries for BGO crystals, coupled to solid state 

photodetectors. Simulations of these geometries were performed by a Monte Carlo based 

software GATE [32], in which the crystal surfaces were defined using data acquired from 

physical samples measured with an atomic force microscope (AFM). To validate the 

simulation results, the energy spectra for different crystal geometries were obtained through 

measurements of individual crystals coupled to a solid state photodetector (Philips digital-
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SiPM sensors DPC-3200) [33]–[35]. Based on our results, a suitable geometry for a DOI 

detector module was proposed for polished BGO crystals.

Two previous articles examined light collection from BGO scintillators of various 

geometries [26], [31]. In reference [26], a Monte Carlo simulation method was implemented 

to study small BGO crystals with similar geometries as the crystals in this work. 

Measurements of the total light output and limited measurements of the dependence of the 

light output as a function of position along the length of the crystals were reported. In 

reference [31], simulations and measurements were performed for examining long (24cm) 

tapered BGO scintillators. As far as we know, our measurements and simulations are the 

first to examine in more detail the DOI effects of a non-standard geometry on small crystals 

for use in PET systems. This work is based on, and a substantial extension of, parts of the 

results and experiments found in conference record, reference [36].

II. Materials and methods

A. Simulation: Characterizing the Crystal Surface

The unified model in GATE was used to define the surfaces of all elements in the detector 

setup, with parameters describing surface roughness and reflectivity. In this model, a 

measure of surface roughness is given by the probability of an angle α for any given micro-

facet (Fig.1a). This probability is proportional to the value of “sigma-alpha” (σα), given in 

degrees, where σα is the standard deviation of the Gaussian distribution of angles for micro-

facets around the average surface normal [37].

To accurately describe the polished surface of a real crystal in GATE, a BGO sample crystal 

with dimensions 3 × 3 × 16 mm3 (Proteus Inc. Chagrin Falls, OH) was characterized in 

terms of surface roughness. The sample crystal had its sides cut to size on a diamond ID 

(inner diameter cutting edge) sawblade and then all of its faces were polished with a Cerium 

Oxide Polish until optically clear. Two 50 × 50 μm areas from 4 sides of the crystal were 

scanned (Fig. 1b) with an atomic force microscope (Bruker Dimension Icon Scanning Probe 

Microscope, Santa Barbara, CA). The scans were performed at ScanAsyst in Air mode using 

a Silicon Nitride cantilever (ScanAsyst-Air, Bruker Corporation, USA) at a frequency of 

0.25 Hz and a pixel size of 0.098 × 0.098 μm.

Oscillations in the tip of the AFM caused some pixels (less than 10%) to have unreliable 

values. Each pixel was traced in two directions. If the values of these traces differed by a 

nominal amount the pixel was considered “bad” and their value was replaced using Laplace 

interpolation [38]. This was implemented by recursively replacing every bad pixel value by 

the average of its 4 nearest neighbors until the image did not change further (about 10 

iterations). From these scans, the angular distribution of the surface α (Fig. 1a) from pixel to 

pixel in the x and y direction, was obtained. By fitting a Gaussian curve to the angular 

distribution, the standard deviation σα was measured to be 1.97° for the mechanically 

polished crystal samples in this work.
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B. Simulation: Modeling the Detector Setup with GATE

To estimate the fraction of scintillation photons detected by the photodetector (SiPM) from 

the total generated inside a BGO crystal (optical absorption length 4.0 m), several 

combinations of crystal geometries were simulated using GATE. In all simulations, 4500 

light photons from a point source inside the crystal at a wavelength of 480 nm were 

generated. The isotropic emissions assumed that the light yield of BGO has a value of ~4500 

photons/511 keV [39]. Each photon was tracked starting at the emission site within the 

scintillator crystal, up to its absorption either by loss or via detection.

The effects of the scintillator geometry were evaluated by placing this light source at several 

locations along the height of the BGO crystals (Fig. 2). For every location along the height 

(z-direction) of the BGO crystals, a total of 1000 gammas with 511 keV were assumed to 

interact by the photoelectric effect. At each z-step, the x- and y-positions of the 1000 

gammas were chosen at random along a transverse plane confined within the edges of the 

crystal. The simulations recorded the number of optical scintillation photons that reached the 

SiPM out of the 4500 photons produced inside the crystal for each gamma.

For the simulations, all the crystal faces were polished and the value of the parameter σα 
from the AFM surface characterization in section II.A was used. The refractive index and 

optical absorption length of the materials used in the simulation are shown in Table I.

For all geometries, the exit face of the single BGO crystal was 3 × 3 mm2 and the volume 

was 144 mm3. This was selected to match the dimensions of the crystals used in the physical 

measurements for validation (Fig. 3).

C. Measurements: Evaluation of Crystals with Different Geometries

To validate the results obtained by the simulations, measurements were taken using the setup 

illustrated schematically in Fig. 4. The same crystal geometries as those simulated in GATE 

for scintillators with all the faces polished were used. Coincidence collimation was 

established between the BGO crystal of interest and an LYSO crystal (0.2 × 0.2 × 1.0 cm3) 

which was placed at a distance of 7 cm. This electronic collimation controlled the location 

of interaction along the length of the BGO crystal. A positron emitting source (22Na) with 

active volume of diameter 0.3 mm was used in all the measurements.

All crystals (Proteus Inc., Chagrin Falls, OH), were covered in VM2000 reflector with 

reflectivity of 0.98 (3M, St. Paul, MN), except at the exit face towards the photodetector. For 

all BGO crystals, the exit face had dimensions 3 × 3 mm2 and the volume was 144 mm3, to 

approximately maintain the same overall detection efficiency. These crystals were coupled 

with BC-630 optical grease to approximately the center of a 7.15 × 7.875 mm2 “die” of a 

Philips digital-photon-counting array (model:DPC-3200). Each die of the array included 

four pixels with each pixel consisting of 3200 microcells. The discharged cells were 

summed to produce the detected photon count [40]. The DPC was equipped with a digital 

readout board that provided the number of cells triggered per die.

Details of the operation of and parameter settings of the DPC-3200 arrays are given in [33]. 

Because of the low light output and long decay time of the BGO scintillator, the trigger 
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threshold was set to 2 microcells while the validation level required was 4 microcells within 

a validation time of 40ns. The integration time for validated events was set to 645ns. The 

corresponding parameters for the DPC-3200 array reading the LYSO crystal were trigger 

threshold 4, validation level 8 and an integration time of 165ns. Neighbor logic was not 

required since only a single die was read from the two arrays.

All measurements were acquired inside an environmental chamber providing a constant 

temperature ~19°C for the DPC sensors. Four measurements were performed with each 

crystal and the same 15γ Ci 22Na point source. Assuming that the low light output of BGO 

was not saturating the SiPM causing non-linearities [41], the number of microcells triggered 

was proportional to the number of scintillation photons detected in that specific die [34]. An 

energy spectrum like those observed in Fig. 8 was obtained for every location of the 22Na 

source. The centroid of each photo-peak region was computed and plotted versus the known 

geometric source location.

Each coincidence measurement was acquired for ~2 hr. To ensure repeatability of 

positioning the crystals on a photo-sensor die, a black plastic holder was created using a 3D 

printer (Bukobot, Deezmaker, Pasadena, CA). This holder tightly covered the DPC, and the 

crystals were placed in the holes of the holder (Fig. 4). Also, to ensure any differences in the 

spectra were not due to poor coupling to the DPC die or to the efficiency of a certain die, 

repeat measurements were acquired by re-coupling the crystals with optical grease to two 

different dies (two measurements per die). The variation of light output for these repeated 

measurements was within 1% difference (data not shown).

The exact value of the Photon Detection Efficiency (PDE) for the digital SiPM was not 

given by the manufacturer, but could be estimated by comparing the measured number of 

microcells triggered from one crystal to the number of collected photons estimated from the 

Monte Carlo simulations of a crystal with the same geometry. To compare the measurements 

with the simulations, the PDE was estimated using equation (1):

As a reference location for doing this normalization, we chose the 0 mm position from the 

90° crystal, making use of the conventional rectangular crystal geometry. Based on this, the 

calculated value of PDE was ~45%. Another group has reported a value of 40% for this 

sensor [42].

In the case of the simulations, the average number of photons collected per event in equation 

(1) corresponds to the centroid of the collected scintillation photons. The collected 

scintillation photons per event are a fraction of the 4500 isotropic emissions of scintillation 

photons generated in a specific location along the length of the BGO crystal. This simulation 

was repeated 1000 times corresponding to ~1000 gamma events interacting in the 

scintillator.
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III. Results and Discussion

A. Light Output Dependence on Scintillator Geometry

In this section we present the results from the simulations and measurements performed 

from crystals with all their faces mechanically polished, including the exit face. The 

configuration setup for the simulations is described in Fig. 2 and the configuration for the 

measurements is described in Fig. 4.

1) GATE Simulations: The number of light photons exiting the crystal as a function of 

location of the emission is shown in Fig. 5, for the crystals with different geometries. To 

simplify representation of the results, the output of the simulations was normalized as 

described in equation 1, which assumes a PDE for the SiPM of 45%. The results show that 

the conventional 90° geometry has a light output that is not affected by the location of the 

interaction inside the crystal, in agreement with results reported by other research groups 

[21]. On the other hand, for the slanted crystals the simulations showed significant changes 

in light output compared to the rectangular crystal, especially when the interaction occurs in 

the slanted region of the crystal. To analyze our data, the conventional 90° geometry crystal 

was used as reference for the other simulations and measurements. For the 165° and 145° 

slanted crystals there was an up to ~60% increase in light collection at the far end of the 

crystals. For the 165° case, a decrease in light output was observed when interaction occurs 

in the rectangular region of the crystal. The 120° slanted crystal showed a ~20% increase in 

light output compared to the rectangular crystal over most of its length. The main source of 

light loss recorded in the simulations is due to absorption of light during reflections. A 

potential cause of the reduction in light output for the 165° -slant crystal in the rectangular 

region is that light generated in the lower part of the crystal and directed into the slanted 

region may go through more reflections leading to more light absorption compared to the 

90° slant crystal.

To obtain support for this idea, we extracted the photon his-

Estimated PDE = # Microcells triggered at Photoelectric peak (measurement)
# Photons reaching sensor at Photoelectric peak (simulation) (1)

tories from GATE for a limited set of the simulation runs and examined what processes led 

to absorption of the undetected photons. For the same data we also ascertained the 

distribution of the number of reflections for each detected photon. Table II shows the 

percentage of photons that were indicated by GATE to be absorbed in either the epoxy or 

reflector during a reflection. These results are for a single point at 2mm height (rectangular 

region) and at 14mm height (slanted region) and represent percentages out of 4500 

generated photons.

The additional photons absorbed on reflection at 2mm for the 165° crystal is apparently a 

cause of the extra photon loss in the rectangular region.

The distributions of the number of reflections for photons eventually detected in the SiPM 

are shown in Fig. 6 for the 2mm positions and the 90° and 165° crystals. In both histograms, 
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there is a cluster of events at 1, 2 and 3 reflections which represent photons directed 

downward towards the SiPM. As expected, in this rectangular region there are about the 

same number of photons in this group for both crystals (582 for the 90° and 569 for the 165° 

crystal). For those photons not directed towards the SiPM, the photon must incur many 

reflections before detection. For the 90° crystal there is a broad distribution from about 4 

reflections to 18 reflections before detection. These upward directed photons produce a 

similar but broader distribution for the 165° crystal and in addition, this distribution is 

shifted and ranges from 10 to 28 reflections before detection. It is the additional required 

reflections for the 165° crystal that apparently accounts for the increased absorption shown 

in table II. An unanticipated result is that the majority of the absorption on reflection (>75%) 

is due to attenuation in the epoxy and not in the VM2000 reflector. This is due to the 

relatively high absorption coefficient for the epoxy.

We have also examined the degree of trapping of photons by these crystals since we initially 

hypothesized the increased light output of slanted crystals was due to de-trapping of the 

light. We use the absorption of photons by the BGO as a rough measure of degree of 

trapping. Because of its long attenuation length (4m), trapped photons will tend to have 

undergone many internal reflections before being absorbed in the BGO.

If we set the σα parameter to 0° in the simulations, representing optically perfect polishing, 

for the 90° crystal approximately 16% of the original photons are absorbed in the BGO at 

both the 2mm and 14mm positions, while only a 5% are absorbed in BGO for the 165° 

crystal at both positions. This does represent de-trapping in the slanted crystals; however, 

when we use the experimentally determined value of σα (1.97 °), the percent of absorbed 

photons for the 90° crystal becomes only 1% at both positions. For the 165° crystal the 

values are ~2% at both positions, indicating little trapping. Only when the σα parameter is 

set to less than 0.1 ° does light trapping appear to become significant. At least as determined 

by this simulation model (the unified model), the depth dependence and light output 

difference between the rectangular crystal and the slanted ones seems to be due to the high 

attenuation coefficient of the epoxy and the number of reflections the photons must go 

through before exiting the crystals. These considerations are currently under further study.

2) Measurements: The results of the physical measurements plotted in Fig. 7 are 

qualitatively consistent with the simulations in the observed trends. For the 90° geometry, 

the same independence of light output with respect to the depth of the interaction in the 

crystal is shown as reported by other research groups [21]. Matching trends as those 

observed in the simulations are apparent in the measurements, but the effects are far less 

dramatic than in the simulations. To examine our data, the measurements from the 90° 

crystal were taken as reference. The measured 165° and 145° crystals showed an increase in 

light output in the slanted region but it was only by ~25% and ~20%, respectively. The 120° 

crystal and the 90° crystal had similar overall light output, and in the slanted region the light 

output from the 120° crystal was 5% higher than in the rectangular crystal. For direct 

comparison, the simulations and measured data are shown on the same plot in Fig. 8, for the 

90° and the 165° crystals. A possible explanation of the difference in light output between 

simulations and measurements is the variability in manufacturing and imperfections in 

processing these small crystals, as is also noted in [31]. A small difference in the cut and 
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surface treatment of the crystals or in the reflector coupling has a potentially significant 

effect in the measured light output. In order to obtain a measure of this systematic error, the 

light output measurements in Fig. 7 were repeated using a second separate batch of crystals 

from the same manufacturer whose geometries and surface treatment are the same as in the 

crystals in Fig. 7. These measurements showed a systematically higher light output of ~12% 

compared to the results shown in in Fig. 7 (with a standard deviation of 3.9%), but followed 

the same trends, providing additional evidence to the source of variability of physical 

measurements.

B. Depth of Interaction (DOI) Encoding from Energy Spectra Using Only One Crystal

From the measurements of light output with the slanted polished crystals, it was observed 

that the light output depends on the location of interaction of the annihilation gamma within 

the crystals. There was an increase in light output for locations further in the slanted region 

of the crystals and this effect could potentially be translated into depth of interaction 

information. Since the slanted crystal with 165° geometry provided the most extreme change 

in light output compared to all the slanted geometries evaluated here, the possibility of DOI 

detection was explored using this geometry.

1) GATE Simulations: The energy spectra corresponding to the light output simulations 

when using the 165° slanted geometry are shown in Fig. 9. The spectra acquired anywhere 

in the range 0 mm to 10 mm overlap because those positions of interaction are all in the 

rectangular region of the crystal. From examining these energy spectra, several of the photo-

peaks from different interaction depths can be clearly distinguished, yielding in principle 4 

or 5 DOI bins. However, the number of possible bins in real measurements is expected to be 

much smaller. In the case of the physical measurements, the DOI resolution and spread of 

the photo-peak will be affected by the total length along which full energy deposition takes 

place as well as the physical width of the collimated beam in the experiment. The probability 

for a photoelectric effect in the first interaction in BGO at 511 keV, is approximately ~44% 

[43]. As a result, a large fraction of gammas will be completely stopped after two, or three 

interactions, thereby increasing the range of depth where the energy was deposited. This 

complication is not unique in this methodology, but shared also with other DOI capable 

detectors, such as phoswich or continuous crystal approaches [44], [45].

2) Measurements: A sample of the energy spectra at a few interaction sites is presented 

in Fig. 10. Spectra are shown at three different depths of interaction along the length of the 

crystal (10 mm, 14 mm, and 18 mm). The spectra at 10 mm was chosen to represent the 

spectra acquired anywhere in the range 0 mm to 10 mm. As with the simulations, the spectra 

in this rectangular region of the crystal overlap since the light output in this region does not 

change as a function of depth. An examination of the measured energy spectra, suggests that 

for these crystals somewhere between 2 or 3 DOI bins could be implemented based on this 

information.

From the energy spectra in the slanted region of the crystal (locations 10 mm to 18 mm), the 

energy FWHM was calculated as the spread of the number of collected scintillation photons. 

A linear fit was used to quantify the correlation of DOI position in the slanted region of the 
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crystal (10mm to 18mm) and light output (Fig. 11). From the curve, the following equation 

was obtained:

DOI(mm) = a × #microcells at photoelectric peak − b,
where a = 0.0468; b = 13.256 (2)

Using this equation and the value of triggered microcells at the FWHM energy limits, the 

corresponding positions of interaction were calculated. By subtracting the location of 

interaction, the DOI FWHM in units of millimeters was obtained. (Table III).

C. Concept of Dual-readout Detector

Based on the results from the experiments performed above with the available crystals, the 

geometry with the largest slant angle (165°) provides the largest change in light output with 

position and would therefore be the best choice for a detector with DOI implementation. 

Following this, we conceived a dual readout detector configuration that provides DOI 

information as shown in Fig. 12. Two slanted crystals are positioned opposite each other and 

readout separately by SiPM sensors while DOI would be assigned by the magnitude of the 

signal in the sensor. Such a detector would have the potential to provide higher transverse 

spatial resolution compared to a dual ended detector that relies on crystals with roughened 

sides, since that approach degrades the overall amount of light that exits the crystal.

Like other DOI detectors, the operation of this detector is complicated by the presence of 

Compton scattering. In a practical detector the gamma rays would interact after traversing 

through an end SiPM. A photoelectric interaction in the lower portion of crystal 1 would be 

indistinguishable from some Compton scattered events in the upper portion of the same 

crystal. While some of the Compton scatters could be identified when they interact in part in 

crystal 2, ambiguity will remain concerning the DOI for these events. For this reason, we 

plan to determine the proportion of photoelectric versus Compton interaction at each crystal 

depth through simulation. Each of the bins based on signal magnitude, will then correspond 

to a probability distribution that the event occurred at a given depth along the crystal. This 

DOI information could be incorporated in to the reconstruction scheme. Simulation studies 

of such a detector are underway to both determine the probability distributions and to 

optimize the lengths and angles of the two crystals.

IV. CONCLUSIONS

In this work, we examined with simulations and measurements the effect of scintillator 

geometry on light extraction for BGO crystals coupled to the glass envelope of a SiPM. 

However, the effects seen in the simulations are significantly enhanced over those in the 

measurements, even though we obtained realistic values for the parameters used in the 

simulations by using AFM. Nevertheless, important information remains missing from the 

unified model used in this GATE simulation. It is possible that this information can account 

in part for the observed differences between our simulations and measurements. Some of the 

missing characterization refers to the description of the surfaces, for example the orientation 

of the micro-facets is included in this description, but not their height. Also, the reflectance 
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properties of the surface do not take into account the photon incidence angle on the surface. 

The simulation indicated that most of the photon absorption is due to attenuation in the 

epoxy holding the reflector to the crystal. Variation in the thickness of the epoxy along the 

crystal could cause discrepancy between the model and the experimental results. Other 

factors causing differences observed between simulations and measurements relate to the 

geometry of the experiment set up and the imperfections of the physical crystal surfaces, 

reflectors and geometry. In the measurements, a collimated beam with a physical width of a 

few millimeters is used, rather than a defined depth in the simulations. Therefore the energy 

spectra from interactions around a specific location include light generated from a broader 

range of positions along the length of the crystal. The resulting width of the energy spectra 

photo-peaks are wider than with a narrower beam. In addition, due to manufacturing 

variability and experimental uncertainty, the crystals might have slightly different geometry 

and surface treatment with respect to those described in the simulations.

A recent alternative simulation model to GATE has obtained excellent results for both 

polished and ground rectangular LSO scintillation crystals [21], [22]. While they indicate 

that the unified model seemed to work well for crystals with all sides polished [21], it would 

be interesting if this new model could reproduce the results we have found experimentally 

for polished slanted BGO crystals. This could help in identifying the missing information in 

the unified model used in GATE.

We have examined two separate batches of crystals for the slanted-crystal studies. Within 

each batch the relative light outputs were consistent, but there was an overall change in the 

light output between batches, possibly due to differences in the surface or reflector treatment 

during manufacturing of the crystals. In addition, scintillation crystals can be damaged by 

exposure to sources of ultraviolet light. This damage might be reversed by annealing the 

crystals [46], [47]. However, crystals whose faces are covered by reflector material such as 

the crystals in this study, cannot be exposed to annealing temperatures without first 

removing the reflector. Careful monitoring of the surfaces of crystals at the manufacturing 

stage would be helpful for future studies of scintillation crystal light output.

This project explored the possibility of obtaining depth of interaction information along the 

length of the scintillator crystal. Both simulations and measurements showed a promising 

potential use of slanted crystal geometry. An examination of the measured energy spectra, 

suggests that for BGO crystals with 165° geometry somewhere between 2 or 3 DOI bins 

could be implemented based on this information, while the simulations indicate a higher 

number of bins (4 to 5 bins). Nevertheless, by implementing even a two bin DOI detector, it 

will offer a significant reduction of the positioning error of the annihilation gammas 

compared to detectors with no DOI estimation. In order to take into account the ambiguity 

posed by Compton scattering we have begun Monte Carlo simulations using detectors like 

that shown in Fig. 12. Tracking the interaction of gamma rays entering from one end of the 

detector we determine the probability that a given light output corresponds to a range of 

DOIs and are currently working on how to incorporate this information into the 

reconstruction algorithm.

Valenciaga et al. Page 10

IEEE Trans Radiat Plasma Med Sci. Author manuscript; available in PMC 2019 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Previous studies with rectangular crystals with different surface treatment configurations 

showed that crystals with five or six sides of rough (as-cut) treatment also provide different 

light output depending on the location of interaction of the annihilation gamma within the 

crystal [21], [23], [24]. However, in this case there was an overall degradation of light output 

which became progressively worse as the interaction occurred further up in the crystals and 

away from the readout end. Future work in this project includes conducting similar 

measurements using a dual-ended-readout design for a higher number of DOI bins (Fig. 12). 

This design will also be tested with a more extreme slanted crystal as such geometry may 

lead to a larger change in light output along the length of the crystal. In addition, similar 

measurements with other scintillators, such as LYSO, will be performed to observe if such a 

DOI scheme can be implemented with a high light output crystal.
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Fig. 1. 
(a) Definition of micro-facets, α and σα in the Unified model used in the GATE simulations. 

(b) 2D view of a 50 × 50 μm2 area from a BGO polished crystal surface from an atomic 

force microscope. The height unit is nanometers. The information from these data was used 

in determining the value of σα.
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Fig. 2. 
Generic detector setup for GATE simulations, showing the elements modeled in the 

simulation. “Light source” indicates the selected location along the crystal where a gamma-

ray interacts producing 4500 scintillation photons.The simulation was run 1000 times for 

locations in 2mm steps along the length of the crystals. For each of the 1000 runs, the lateral 

position was chosen at random (within the sides of the crystal).
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Fig. 3. 
Set of four BGO crystals with dimensions. The base of all crystals was 3×3mm2 The 

definition of the “slant” angle is indicated by the white arrow.
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Fig. 4. 
Side-view schematic of the detector setup for observing coincidences between the slanted 

BGO crystals and a small LSO scintillator. DPC1 and DPC2 refer to the two Philips 

DPC-3200 arrays used in the measurements. The arrays provide actively controled detector 

bias, and suppression of noisy microcells to limit dark count rate. A useful feature of the 

arrays is that the microcell count gives a direct measure of the number of photons detected 

by the sensor.
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Fig. 5. 
GATE simulation for polished crystals: Number of photons collected as a function of the 

emission location along the crystal. Position z=0 mm refers to the exit face of the crystal 

(see Fig. 2). The simulations were normalized to measurements by using the PDE described 

in equation. 1.
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Fig. 6. 
Shown are the distributions for the total number of reflections for photons that were 

eventually detected in the SiPM as determined by the GATE simulation for the 90° crystal 

(top) and the 165° crystal (bottom).
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Fig. 7. 
Number of microcells that fired at each location as a function of position along the crystal in 

measurement. Crystals with varying slant angles were evaluated using the experimental 

setup shown in Fig. 4. Position z=0 mm refers to the exit face of the crystal (see Fig. 2).
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Fig. 8. 
Comparison of simulation results and data for the 90 degree and 165 degree crystals. The 

dashed lines represent the simulation results. The simulations were normalized using the 

0mm position of the 90 degree crystal as described in the text.
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Fig. 9. 
GATE simulation spectra obtained at different locations of interaction along the length of the 

crystal with the 165° slanted geometry (2 mm steps). The exit face of the crystal is at 0 mm.
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Fig. 10. 
Measured energy spectra at three different depths of interaction along the length of the 

crystal (10 mm, 14 mm, and 18mm) corresponding to the data in Fig. 7. The maximum value 

of the 14mm and 18mm data have been scaled to the 10mm, to better illustrate the 

photoelectic peak shift.
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Fig. 11. 
Fit to the photoelectric peak position of the measured energy spectra at 5 different depths of 

interaction along the length of the 165° slanted crystal.This fit resulted in the parameters 

shown in equation [2].
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Fig. 12. 
Schematic of the concept for dual-ended readout detector with two layers of interlocking 

slanted crystals. DOI is provided by both layers through the amount of scintillation light 

collected.
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TABLE I

OPTICAL PARAMETERS FOR SIMULATION

Materials Refractive Index Optical
Absorption

Length

BGO 2.15 4 m

Glue(Epoxy) 1.47 .865 mm

Optical Grease 1.56 8 m

Glass 1.50 8 m
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TABLE II

PERCENTAGE OF PHOTONS ABSORBED ON REFLECTION

90° 120° 145° 165°

2mm 64% 60% 66% 71%

14mm 66% 54% 58% 53%
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TABLE III

METRICS OF DOI FEASIBILITY

DOI Spectra FWHM DOI FWHM

10 mm 94.2 μcells 4.4 mm

12 mm 112.0 μcells 5.2 mm

14 mm 120.9 μcells 5.7 mm

16 mm 124.2 μcells 5.8 mm

18 mm 134.0 μcells 6.3 mm
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