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Abstract 

Wavelength-shifting fiber readout of scintillator crystals 
permits efficient discrete event localization over large 
scintillator areas, by flexibly interfacing position-sensitive 
photosensors or photosensor arrays to scintillator crystal 
surfaces. We describe techniques for localizing gamma-ray 
interactions within large crystals, and for determining the 
crystal of interaction within multicrystal arrays. Measurements 
carried out with NaI(Tl) coupled through fibers to 
photomultipliers confirm the technique's expected light yield, 
and measurements with BGO coupled through fibers to 
avalanche photodiodes demonstrate the usefulness of this 
method for crystal-of-interaction determination. We use a 
block detector geometry, combining fiber localization with 
direct energy measurement by large photomultipliers. 
Potential applications for gamma cameras and for high 
resolution PET systems are discussed. 

I. INTRODUCTION 

We have performed initial studies on the readout of 
inorganic crystal scintillators with wavelength shifting fibers 
for gamma-ray imaging. This technique can locate gamma-
ray interactions within large scintillator crystals, or can 
identify_;the crystal-of-interaction within scintillator crystal 
arrays. Localization within large crystals relates to potential 
gamma camera applications, while crystal-of-interaction 
identification may be pertinent to high-resolution PET 
systems. In either version, we separate the function of 
localization from that of total energy measurement and timing, 
using fiber readout for the former purpose and single-PMT 
readout for the latter purpose. For gamma cameras, 
waveshifting fiber readout ·may' decrease the number of 
photomultipliers required, or may decrease the required 
position-sensitive photosensor area. For PET detectors, it may 
permit the use of fewer photomultipliers with larger 
photocathode area, while simultaneously allowing the use of 
smaller crystals for better spatial resolution. Our preliminary 
measurements confirm our rough expectations from first 
principles. but optimal designs will require further work in our 
choice of scintillator materials, scintillator geometry and 
coupling, selection of wavelength-shifter fiber characteristics, 
and choice of photosensor. 

II. MATERIALS AND METHODS 

A. Fibers and Scintillator Crystals 

Scintillator-based gamma-ray imaging systems determine 
the location of gamma-ray interactions by sensing the 
distribution of light that emerges from scintillator surfaces. 

For example, the classic Anger camera [l] finds interaction 
coordinates from the ratio of light seen by adjacent 
photomultipliers (PMTs) in a surface PMT array. Within the 
pa~t d~cade, se~~ral ga~~a cameras have been developed 
usmg smgle pos1t1on-sens1tive photomultipliers (PS-PMTs) as 
substitutes for the Anger PMT array (2-5]. These new 
systems su_ffer, however, from the PS-PMT's relatively high 
cost per umt photocathode area, in comparison to conventional 
photomultipliers. This cost has also prevented high-resolution 
PET designs !ncorporating PS-PMTs [6-8] from displacing 
more conventional block detectors, where the latter use Iioht 
sharing to determine the crystal-of-interaction [9-11 ]. 
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Some recent PET designs have used photodiodes to 
identify the crystal of interaction within a block geometry, at 
the cost of instrumenting one photodiode channel for each 
crystal [12]. One group has used large-area avalanche 
photodiodes both for crystal identification and for energy 
measurement, at a relatively high cost per channel [13]. We 
have explored the potential of fluorescent flux concentration 
using wavelength shifting fibers, to couple from large-are~ 
scintillators to smaller-area photosensors. Optically 
multiplexing the crystal-of-interaction information from 
crystal arrays through wavelength shifting fibers reduces the 
number of instrumented channels, without increasing the level 
of electronic noise. 

Waveshifters are widely used in high-energy physics to 
concentrate light from large areas onto smaller photosensors. 
In waveshifters, a fluorescent organic molecule (a dopant 
within the waveshifter material) absorbs a short-wavelength 
incident photon, then isotropically emits a secondary longer-
wavelength photon. One can use this re-emission process to 
elude Louisville's theorem by effectively injecting light into a 
light pipe through the sides of the pipe. In recent years, low-
cost plastic wavelength-shifting fibers (WSF) have become 
available (14], and have been incorporated into a variety of 
detector designs [15]. These devices combine the 
waveshifting effect with the compactness and optical 
transmission efficiency of an optical fiber, as illustrated 
schematically in Figure 1. 
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Figure 1: Schematic illustration of light absorption and re-
emission within a wavelength-shifting optical fiber. 

The refractive index of the fiber core is typically about 
I.60. while that of the cladding is about 1.49. For a fiber with 
this numerical aperture. 4% of the re-emitted light is piped 
toward each of the two fiber ends, while the remaining 92% of 



the re-emitted light exits through the sides of the fiber. The 
fraction of incident light that is absorbed and re-emitted varies 
with fiber thickness and dopant concentration, and this 
concentration is typically set to obtain 90% absorption across 
a 1mm diameter wavelength shifting fiber. 

Wavelength shifting fibers can be used to encode the 
crystal of interaction within segmented arrays of optically 
isolated crystals, such as have been used in some high-
resolution PET detectors. Perpendicular WSF ribbons 
coupled to a 2-D crystal array carry information on the 
interaction crystal's address in two dimensions, as indicated 
schematically in Figure 2. 
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Figure 2: Schematic illustration of crystal-of-interaction 
identification within a scintillator crystal array, using 
perpendicular wavelength-shifting fiber ribbons. 

By determining which fibers deliver light to a set of 
position-sensitive or segmented photosensors, one may then 
determine the crystal of interaction within the array. Because 
not ail the scintillation light is absorbed in passing through a 
ribbon of WSF, some scintillation light may be sensed by a 
large-area photomultiplier on the opposite side of a fiber 
ribbon from the crystal. This large-area photomultiplier may 
also sense some of the re-emitted light which is not piped in 
the WSF, and which therefore emerges through the sidei of 
the fibers. This geometry separates the functions of 
localization (performed with optically multiplexed readout 
through fibers) and energy measurement (performed with the · 
large-area photomultiplier). 

It is also possible to use wavelength-shifting fibers, in 
conjunction with position-sensitive photosensors, to determine 
the location of gamma-ray interactions from the profile of 
light emerging at a large crystal face. Photons striking a 
polished crystal face at oblique incidence are totally internally 
reflected, while most photons on trajectories more normal to 
the crystal face ("direct" light in Figure 3) escape from the 
crystal. 
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Figure 3: Schematic illustration of interaction localization 
within a large scintillator crystal. using perpendicular 
wavelength-shifting fiber ribbons. 

Two perpendicular ribbons of wavelength-shifting fibers 
can then give the position of the gamma-ray interaction in two 
dimensions, while information on the third coordinate is 

contained in the width of the fiber hit distribution. An 
advantage of this technique over direct readout with a position 
sensitive photosensor is the much smaller position-sensitive 
photosensor area required for fiber readout 

Because a wavelength shifting fiber couples to a crystal 
all along its length, it optically multiplexes the signal from the 
crystal into a photosensor. The photosensor area required is 
thus the fiber thickness times the ribbon width. The 
disadvantage with respect to direct readout is the small 
fraction of re-emitted photons which are piped along the 
fibers. As noted earlier, however, secondary photons that are 
not captured in the fibers emerge through the sides of the 
fibers and may be usefully detected with a large-area 
photosensor. Finally, while a single large crystal and an array 
of optically isolated small crystals constitute limiting cases for 
fiber readout, arrays of optically coupled crystals constitute 
interesting intermediate cases. 

Wavelength shifting fibers are available from a number of 
vendors [16], with a variety of absorption and emission 
spectra. Technically, scintillating fibers are a subset of 
wavelength shifting fibers, although the term "waveshifting 
fibl!r" or "fluorescent fiber" commonly refers only to fibers 
which do not scintillate. Within scintillating fibers primary 
UV light is produced through the recombination of ionized 
substrate molecules, then absorbed and re-emitted as visible 
light by a primary fluor. Scintillating fibers incorporating 
secondary and sometimes tertiary fluors are also available, 
cascading photons from near UV to blue and then to green, 
yellow or red wavelengths. Fluor concentrations are adjusted 
to make this cascade efficient across the fiber diameter. 

The final fluorescent absorption and re-emission in a 
wavelength shifting fiber should have a large Stokes shift in 
order to avoid self-absorption. Self-absorption results in a 
shorter attenuation length for the shorter wavelengths of re-
emitted light, and for this and other reasons wavelength 
shifting fibers do not exhibit a single attenuation length. Fiber 
attenuation curves are typically fitted to the sum of two 
exponentials, which empirically fit attenuation lengths of 
order 30cm and 200cm. In the applications discussed below. 
our fiber lengths are typically short in comparison with either 
scale, and we may therefore neglect fiber attenuation effects to 
first order. · 

B.) Photosensors 

A wide range of techniques has been developed for the 
readout of scintillating and wavelength shifting fibers in high-
energy physics applications, employing a variety of 
photosensors. Some photosensors which have been tested for 
these applications include discrete photomultiplier (PMT) 
arrays [ 17], position-sensitive photomultipliers [ 18-19], 
multianode photomultipliers [20-21], avalanche photodiodes 
(APDs) [22], hybrid APD/PMT devices [23], and APD arrays 
[24-25]. In typical applications fewer than 50 photons are 
incident from the fibers onto the photosensor. It should be 
noted that the light emission efficiency for the plastic 
scintillator in a typical scintillating fiber is about 4 photons 
per KeV of energy deposited; this is an order of magnitude 
below the 40 photons per Ke V produced by gamma ray 
interactions in NaI(Tl). About 200 KeV is deposited in a 
I mm fiber by the passage of a single minimum ionizing 
particle, which combines with the 4% trapping fraction per 



end and the above scintillator efficiency to yield about 32 
photons per minimum ionizing particle. When collected by a 
PMT with a bialkali photocathode, this generates fewer than 8 
photoelectrons (even before allowing for fiber attenuation 
effects). Despite these low light levels, fiber tracking 
technology is being extensively developed for high-energy 
physics applications [26], thereby contributing to demand for 
low-cost fiber readout photosensors with low noise. 

In our technique of coupling crystal scintillators to 
wavelength shifting fibers for gamma-ray imaging, we begin 
with the advantage of a higher intrinsic scintillation efficiency 
in the crystal scintillator relative to scintillating fibers. This 
advantage is partially mitigated by some inefficiency in 
coupling scintillation light from the crystal to the fibers. The 
net result is light levels well within the reach of new and 
developing scintillating-fiber sensor technologies. 

Low-noise avalanche photodiodes and APO arrays 
represent an emerging technology which is particularly 
interesting for fiber readout generally, and for this technique 
in particular. Bialkali photocathodes such as those usually 
used with photomultipliers have a peak quantum efficiency of 
about 25% for blue (410nm) light, typically falling to about 
15% for green (500nm) light and below 5% for yellow 
(570nm) light.[27] Although one may obtain conventional 
photomultipliers with enhanced spectral sensitivities at longer 
wavelengths (green extended and multialkali red extended 
PMTs), position-sensitive and multianode PMTs are currently 
only available with normal bialkali photocathodes. By 
contrast, semiconductor photosensors such as avalanche 
photodiodes can have a quantum efficiency as high as 50% for 
blue light, increasing to 60% for green light and reaching 70-
80% for red light.[24] Avalanche photodiodes, when operaed 
with an internal gain of several hundred, can significantly 
improve signal-to-noise at low light levels relative to PIN 
photodi6des and other unity gain photosensors. The increase 
in leakage current and capacitance noise with device active 
area initially kept the size of commercially available APDs to 
< lmm2, bu·t advances in fabrication technology have resulted 
in relatively low-noise devices of up to 2.5cm diameter. 
These large-area APDs have recently been incorporated into 
segmented arrays with up to 94 pixels (each 3mm x 3mm) on 
a single device [23-24], giving rise to the prospect of 
dramatically reduced costs per APD channel. 

Leakage currents result in shot noise from an APO, with 
the rms fl;ctuation in this leakage current of order 140 
electrons/ l 00 nanoseconds for a typical device operating at 
room temperature. This noise increases like the square root of 
the shaping time, and is very sensitive to the APD 
temperature. A typical device will show a IO-fold reduction 
in rms leakage (noise equivalent power) for a 40° C decrease 
in temperature. APDs may be readily cooled to -50° C, which 
reduces the noise equivalent power by two orders of 
magnitude below its room temperature value (28]. With WSF 
fiber readout. it is possible to cool APDs while leaving the 
scintillator crystals at room temperature, because of the low 
thermal conductivity and small cross-sectional area of the 
fibers. 

The sensitivity of an avalanche photodiode to low light 
levels is ultimately determined by noise within the APD, 
given a sufficiently low-noise charge-sensitive preamplifier. 
Given a typical APD capacitance of 130 pF/cm2, a charge-

sensitive preamplifier with feedback capacitance of lpF and 
capacitance from input to ground of 50 pF may be combined 
with a 0.5 cm2 APD to yield output noise as low as 100 
electrons rms in a 200ns window. [13, 30-32] For an APD 
operating with a gain of several hundred, this would 
correspond to a detector input noise of less than one electron. 
In most implementations, therefore, amplifier noise will be 
dominated by leakage currents and by thermal excitation of 
e/h pairs initiating avalanches within the APO. For a 200 
nanosecond shaping time (appropriate for BGO) and APD 
operation at -50° C, we expect only about 3 photoelectrons of 
rms shot noise and less than 1 photoelectron of amplifier noise · 
for the above parameters. At this noise level, a cooled APD 
can trigger on fewer than 20 photons with good efficiency and 
low accidental rates. This predicted sensitivity agrees with 
that observed by manufacturers of these devices [32], and is 
consistent with our measurements on BGO coupled to APDs 
through red WSF ribbons, as discussed below. 

III. PRELIMINARY RESULTS 

We have performed measurements which confirm the 
light yield expected for WSF readout of Nal(Tl) crystals with 
PMTs, and have measured crystal-of-interaction trigger 
efficiency and noise for WSF readout of BGO crystals using 
APDs. In each instance V{e have not fully optimized system 
parameters such as WSF characteristics (choice of fluor and 
fluor concentration, fiber lengths, and treatment of fiber ends) 
coupling from crystal to WSF, or coupling from WSF to 
photosensor. Our results therefore generally give a lower 
bound on achievable system performance for the 
configurattons which were tested. For the tests involving 
APOs, furthef optimization in choice of APO characteristics 
and operating conditions, plus choice of preamplifier 
characteristics, are expected to yield some performance 
improvements. While our initial results clearly demonstrate 
the feasibility of WSF readout for some choices of scintillator 
and photosensors. and while we can use these results to 
extrapolate to intrinsic limitations on system performance, full 
determination of this technique's practical performance 
limitations must await further optimization. 

A.) Nal(Tl) and PMT Readout 

A key performance parameter for designs based on the 
WSF readout method is the light yield at the fiber ends. We 
have made measurements with Nal(Tl) crystals read out 
through a ribbon of Imm diameter round WSF coupled to a 
PMT with a bialkali photocathode; a rough schematic of our 
apparatus is given in Figure 4 below. 

Figure 4: Apparatus used to measure light yield and 
photosensor response for gamma ray interactions in 
scintillators coupled to waveshifting fibers. 



A Na22 positron source generates pairs of back-to-back 
annihilation gamma rays, where one member of each pair is 
collimated and detected with a trigger scintillator (a thick 
piece of fast plastic scintillator) coupled to a trigger PMT. 
The companion gamma ray enters the scintillator under test, 
where it interacts to produce scintillation light. Most 
wavelength-shifted light emerges through the sides of the 
WSF ribbon, and may be sensed with a direct readout PMT; 
this PMT also measures the direct light production of the 
crystal when the WSF ribbon is removed from the apparatus. 
That light which is piped along the WSF is read out with a 
second photosensor (either a single large PMT or an APD). 
For the NaI(Tl) measurements, pulse amplitudes were 
digitized by a charge-sensitive ADC (LeCroy Research 
Systems model 2249W) with a 1 microsecond gate width, and 
were recorded by a CAMAC-based computer data acquisition 
system (DAQ). Photomultiplier gains were calibrated with a 
light-emitting diode (LED), using the approximation that 
observed pulse height fluctuations at low light levels were 
entirely due to photoelectron statistics. We estimate the error 
in this absolute calibration as I 0% or less. 

Our non-optimized NaI(Tl)/WSF system collected mo.re 
than 60 photoelectrons (PEs) at the fiber readout per 511 MeV 
gamma ray interaction, as shown in Figure 5. This was 
obtained while reading out a single end of the green WSF 
ribbon (the opposite fiber end was cut and polished, but not 
mirrored) using a PMT having about 15% quantum efficiency 
for green light. The Nal(Tl) crystal had 5 surfaces coated with 
diffuse reflective paint, and was sealed behind a 3mm thick 
glass plate. This glass plate was then coupled to the WSF 
ribbon with optical grease, and one polished end of the WSF 
ribbon was coupled to a PMT with optical grease. Direct 
readout of the same crystal's blue light (coupling the glass 
plate to a PMT with grease) gave 2600 PEs. 
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Figure 5: Measured light yield for NaI(Tl) and 511 keV 
gammas: a) coupled directly to photomultiplier, and b) 
coupled through wavelength shifting fibers to photomultiplier. 

Given the 40 photons/keV from NaI(TI) and the PMT's 
25% quantum efficiency for blue NaI(Tl) light, direct readout 
therefore collected about 50% of the available light. We 
measured that 80% of the blue scintillation light incident on 
the WSF ribbon was absorbed in a single pass through the 
ribbon: this measurement required using a variety of cutoff 
filters to observe the wavelength distribution of that light 

which was not absorbed, in order to correct for the direct 
PMT's collection of re-emitted green light. The round WSF 
we used has a 4% per end capture fraction, and fiber 
attenuation was not significant for the short ribbons used in 
this test. Combining the above factors, we predict 330 
photons (= 40 x 511 x .50 x .80 x .04) per fiber ribbon end 
with NaI(Tl) and green WSF, corresponding to about 50 
photoelectrons at 15% quantum efficiency. Our 
measurements with this system therefore confirmed this 
prediction at the 20% level. We attribute the slight excess of 
observed over expected light collection to short fiber lengths 
from crystal to photosensors, causing the collection of some 
"un-piped" light.. Reading out through a 30cm long fiber 
ribbon reduced this yield to 40 photoelectrons. 

B.) EGO andAPD Readout 

A similar calculation of the light yield for a given 
scintillator/WSF/photosensor combination may be carried out 
in predicting the expected capability of this technique for 
crystal-of-interaction determination in optically segmented 
systems. For example, BGO produces about 7 photons/keV, 
so that a 5 I I ke V gamma ray photocapture results in the 
production of about 3600 scintillation photons within the 
crystal. Using a BGO crystal wrapped on four surfaces with 
diffuse reflectors, we measured about 200 photoelectrons with 
the BGO coupled directly to a photomultiplier with optical 
grease. Given the roughly 15% average quantum efficiency of 
the PMT across the BGO emission spectrum, this corresponds 
to more than 1300 photons emerging from each unwrapped 
crystal surface. This implies 37% light collection per end, 
roughly consistent with measurements performed on 
similarly-wrapped crystals by other groups [ 12, 33]. To 
wavelength-shift the green scintillation light, we have used red 
WSF (Bicron type R-17). 
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• m m -~--Figure 6: Absorption and emission spectra for Bicron 
RED-17 wavelength shifting fibers used to couple BGO to 
APDs. 

The absorption and emission spectra for these fibers is 
shown in Figure 6, with an absorption maximum near 540nm 
and an emission maximum near 630nm. We measured the 
efficiency for a ribbon of this particular WSF to absorb and re-
emit BGO light traversing a 314mm thick ribbon as roughly 
50%. To boost the light collection, we mirrored one end of 
each fiber in the WSF ribbon, resulting in collection of 
roughly 7% of the re-emitted light. We therefore estimate the 
light emerging from the fibers as about 40 photons. 

The light from the fibers was coupled across an air gap to 
a cooled large-area avalanche photodiode, read out through a 



Canberra 2004 pre-amplifier and a EG&G ORTEC 474 
Timing Filter amplifier with a 200ns time constant. The 
output from this shaping amplifier was then collected with a 
charge-sensitive ADC (LRS 2249W) with a 2-microsecond 
gate width. The APD was operated at a gain of about 100, and 
was cooled with dry ice. APDs from two vendors were tested 
(Advanced Photonics Model #394-70-72-501 and Radiation 
Monitoring Devices Model #SH2S-HG), and the two devices 
performed comparably. Figure 7 shows the APD pulse height 
distribution in response to 511 ke V gamma interactions and to 
background triggers 
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Figure 7: Cooled APD pulse amplitude for: a) 511 keV 
gamma photocapture in BGO crystal (signal), and b) no 
interaction in crystal (background). 

A cut on each distribution at 50 picocoulombs results in 
90% efficiency for signal and less than 5% false triggers from 
rtoise. The width of the noise peak primarily reflects 
electronic noise in the preamplifier and shaping amplifier, 
which dominates over APD noise once the APD is sufficiently 
cooled. The width of the signal peak results from a 
combination of photostatistics, APD multiplication noise. and 
a small contribution from electronic noise; the relative 
contributions to this signal's width are under continuing study. 
Better coupling fro~ the WSF to the APD and higher 
efficiency for absorbing BGO light in the WSF ribbon may 
both .be expected to increase the light yield and thereby 
improve performance. Nonetheless, clean identification of the 
crystal of interaction has already been achieved with this 
simple system, before optimization. 

IV. DISCUSSION 

We have performed measurements with the most 
commonly used scintillators for gamma cameras and for PET, 
Nal(Tl) and BGO, coupled to appropriate WSF ribbons and 
photosensors. This technique is capable of more general 
application, however. New, fast scintillators such as YALO 
[33] and LSO [34] are also of interest, as well as other bright 
scintillators like Csl(Tl). The decay times of the fluors within 
WSF are typically less than l0ns, as are the response times for 
either PMT or APD photosensors, preserving the speed of the 
new fast crystals. Many of the fast Cerium-doped crystals are 
UV emitters. permitting wavelength shifting either to blue 
light (for PMT readout) or to longer wavelengths (for APD 

readout). Large-area readout of wavelength shifted light from 
the sides of the WSF ribbons allows relatively efficient UV-
emitting crystal readout without requiring expensive quartz 
window photomultipliers. For potential gamma camera 
applications, use of non-hygroscopic crystals would facilitate 
efficient fiber coupling to the surfaces of large, flat crystals. 

The spatial resolution achievable with this method can be 
no better than the width of the light distribution emerging 
from the crystal, divided by the square root of the number of 
photoelectrons. Unfortunately, Nal(Tl) crystals mounted 
either for Anger cameras or for PS-PMT readout have their 
light distribution broadened by a diffuse reflector on the entry 
window to the crystal. Since the system resolution for these 
devices is limited by their collimator aperture and the distance 
to the patient, very fine spatial resolution for their 
crystal/photosensor system is not needed. However, cameras 
using PS-PMTs (which employ a hardware centroid readout) 
have observed significantly degraded resolution for large 
crystals due to outlying hits from diffusely reflected photons 
[4]. Since WSF readout collects only 8% as many 
photoelectrons as does direct coupling, obtaining spatial 
resolution comparable to the 4mm FWHM achieved with PS-
PMT devices would require narrowing of the light distribution 
exiting the crystal. possibly combined with pixellated 
photosensor readout. Crystals without reflectors and with all 
surfaces polished may have useful optical properties for 
position-sensitive readout of large crystals. The energy 
resolution obtainable for such a configuration is of course also 
a concern. We have been unable to obtain NaI(Tl) crystals in 
this geometry, but measurements which we have begun on 
Y ALO and Csl(Tl) crystals should provide quantitative details 
soon. 

Crystal-of-interaction determination among optically 
isolated crystals is simpler than event localization within large 
crystals, since it only requires triggering on light collection 
above threshold from a set of signal fibers. Fiber readout 
through photosensors with bialkali photocathodes is in 
practice restricted to blue or green WSF, because of the poor 
quantum efficiencies of these devices for yellow or red light. 
To read out a crystal such as BGO, which emits green light 
(which must then be shifted to yellow or red within the fibers), 
semiconductor photosensors such as avalanche photodiodes 
are much more efficient than photomultipliers. 

Since low-noise avalanche photodiodes currently cost 
several hundred dollars each. multiplexing of fibers onto 
readout channels is important for a cost-effective 
implementation. To this end, it is important to note that 
coupling the two opposite ends of fibers to separate 
photosensors may allow 2N photosensors to read out N2 
fibers. If two perpendicular ribbons are read out in this way, 
-iN APDs could in principle read out N4 optically isolated· 
crystals. Achieving this is practice may require more efficient 
absorption of BGO light by WSF ribbons, and will also 
require more careful optimization of optical couplings and 
APD operating conditions. We have recently begun work on 
such an imaging BGO crystal array. The results we have 
reported from our single-channel prototype give us confidence 
that this level of photosensor multiplexing should be possible 
without an excessive number of background hits. for sensing 
511 keV gamma ray interactions in BGO crystals. 



V. CONCLUSIONS 

Readout of inorganic crystal scintillators through 
wavelength shifting fibers shows some promise for gamma-
ray imaging, both in interaction localization within large 
crystals and in crystal-of-interaction determination within 
scintillator crystal arrays. In either implementation, a large 
parameter space remains to be optimized including scintillator 
type, coupling optics, wavelength-shifting fiber 
characteristics, and choice of photosensor. Measurements 
with Nal(Tl) coupled to green fibers and a photomultiplier 
confirm that the light yield of such systems can be simply 
predicted with good accuracy. Measurements with BGO 
coupled to red fibers and APDs have demonstrated the 
potential of this technique for determining crystal-of-
interaction in response to 511 ke V gamma rays. The 
achievable level of spatial resolution and of photosensor 
multiplexing (which drives the system cost) requires further 
system optimization before it can be accurately determined. 
We are continuing work on such optimization with a variety 
of scintillators, wavelength shifting fibers, and photosensors. 
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