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Abstract

Energy resolution of small NaI(T1), Csl(Tl), BGO, GSO,
YAP and LSO crystals was studied using 16 mm diameter large
area avalanche photodiodes (LAAPD) and a 52 mm diameter

photorultiplier. The best result of 4,8% for the 662 keV y-rays

from a 37Cs source was obtained for a 9 mm in diameter by 9
mm high CsI(Tl) scintillator coupled to an LAAPD. Measured

number of primary electron-hole pairs produced in the LAAPD

and photoelectrons in the phototnultiplier, as well as, noise
contribution of the LAAPD, allow for quantitative discussion of
the results. It has been shown that the energy resolutions

measured with LAAPDs are comparable, or significantly better

(at certain emission wavelengths), than those obtained with the

photomultiplier. We observed that at energies, above 100 keV,

the energy resolution measured with majority of crystals and the
LAAPDs was weakly affected by photodiode noise contribution.

The advantages and limitations of the LAAPDs in energy

spectrometry with scintillation detectors are also discussed here.

I. INTRODUCTION

A growing interest in applications of avalanche photodiodes

in physics experiments [I] and nuclear medicine [2] prompted us
to study energy resolution obtainable with different scintillators

in y-ray spectroscopy. This was stimulated by the excellent
energy resolution obtained in the previous study [3] using a YAP
crystal coupled to a beveled-edge LAAPD produced recently by
Advanced Photonix, Inc. (API) [4,5]. The energy resolution of
5.9% measured for the 662 keV y-rays from a 7Cs source was
better than that observed with the Philips XP2O2OQ

photomultiplier. The study confirmed high quantum efficiency
and a low noise of the LAAPDs. It is worth adding that the
LAAPDs allowed getting also a very good time resolution of
570 Ps, as measured with an LSO crystal [6], for y-rays from a
60Co source [7].

The aim of this work was to study energy resolution of
various scintillators coupled to LAAPDs and the XP2O2OQ
PMT. Since the energy spectrometry with the PMT light readout
is well known, the data on the figures are presented for LAAPDs
only. The energy resolution is defmed here as the full width at
halfmaximum (FWHM) of the peak in the pulse height spectntm
divided by its mean position. Measured numbers ofelectron-hole
pairs Ce-h) and photoelectrons determined for the LAAPDs and

PMT, respectively, as well as noise contribution of the LAAPD

make possible a quantitative discussion of the observed energy
resolution. In conclusions, the advantages and limitation of the
LAAPD in energy spectrometry with scintillation detectors are
discussed.

II. ExPERIMENTAL DETAILS

All the measurements were done with small NaI(Tl), CsI(Tl),
BGO, GSO:Ce, YAP:Ce and LSO:Ce crystals. The crystals were
wrapped with several layers of white Teflon tape, except for the
NaI(Tl) crystal, which had been assembled by the manufacturer.
An overview of all the crystals used is given in Table I.

Table I
Tested scintillators

Ce conc. Size Manu- Surface
Crystal [mol%] [mm] facturer finish

NaI(T1) - ølOxlO Amcrys-H ground

CsI(TI) - 09x9 Bicron ground

BOO - 09x9 Bicron ground

GSO IOxlOx5 Russia ground

LSO 0.22% 4x5x14i Russia polished

YAP 0.56 IOxlOxS Preciosa ground

The crystals were fitted to the XP2O2OQ PMT [8] and to

three 16 mm diameter LAAPDs produced by API [5]. The

XP2O2OQ PMT no. 40978, with the quantum efficiency of

25.6% at 400 nm, operated with a type C voltage chain, as

recommended by the manufacturer [8]. The main characteristics

of the diodes under tests are listed in Table 2. These blue

enhanced LAAPDs feature a high gain of 140 (at about 2600 V

bias voltage) and a low dark current below 300 nA. High

quantum efficiency of about 70% at 400 nm is another excellent

feature of these LAAPDs, which is invaluable when working

with fast scintillators.

In our experiments, signal from LAAPDs was fed to an Ortec

142AH preamplifier and then to a TC244 spectroscopy

amplifier. For all the crystals, an optimization of the signal

shaping time constant was carried out. This operation is

particularly important for such slow scintillators as CsI(Tl) or

BGO



Table 2
The main parameters of the tested LAAPDs

Model 630-7043-510

Serial No. 103-1-3 103-1-6 105-23-3

Diameter 16 mm

Window none

Q.E. at 400 nm 69% 68% 77%

Gainat2600V 132 140 130

Dark current 269.4 nA 2194 nA 110.0 nA

Capacitance IlOpF

. Rise time 14.7ns 16,2ns Ii ns

In the measurements with the PMT, the signal collected
across I Mfl was passed to an Ortec 113 scintillation
preamplifier and then to a Tennelec TC244 spectroscopy.
amplifier.

III. RESULTS

A. Number ofElectron-Hole Pairs and Photoelectrons

The number of electron-hole pairs in the LAAPDs was
measured by comparing the 662 keV full energy peak position
from a‘37Cs source detected in the scintillator to that of the 16.6
keV X-rays from a 93Mo source detected directly by the LAAPD
[3]. The number of photoelectrons in the XP2O2OQ was
determined by a standard method [9] comparing the 662 keV
peak position from a ‘“Cs source with that of the single
photoelectrons. All the measurements were carried out at 3 is
shaping time constant in the amplifier.

Table 3
Number of e-h pairs and photoelectrons

measured with LAAPD’ and XP2O2OQ PMT

Crystal LAAPD XP2O2OQ - Harnamatsu PD
[e-h/MeVJ [phefMeV] [e-WMeV]

CsI(Tl) 37000±1100 3840±110 36800±740

NaI(Tl) 26900±790 8900±260 -

BOO 5300±155 980±40 4750±140

050 6670±195 1800±53 4770±140

LSO 21000±615 5490±160 18300±360

YAP 11500±340 4270±125 immeasurable

Serial No 105-23-3

Table 3 summarizes the results of the measurements carried
out for all tested crystals with one of the LAAPD (Ser. No 105-
23-3) and XP2O2OQ PMT, For comparison, in the last column
the numbers of e-h pairs measured with the Mamarnatsu pin
photodiodes (S3590-03 and S2744-03) for the tested crystals are

listed too, according to Ref. [9]. All the photoelectron numbers
compare well with those reported recently in Ref. [9]. In
contrast, a high number of e-h pairs was measured with the 050
and LSO crystals, and it was significantly higher than that
observed with the Hamamatsu pin photodiodes [9]. Note also
that in case of the YAP crystal its emission at 365 nm was
immeasurable with the Hamamatsu devices [9]. All that
confirmes a high quantum efficiency of the studied LAAPDs in
the blue region of light.

B. Energy Resolution Study

The main part of the energy resolution study was carried out
for the 662 keV y-rays from a ‘“Cs source. To get the best
possible energy resolution, the gain of the LAAPD and the
shaping time constant on the amplifier were optimized for each
scintillator. The LAAPD gain of 100 was chosen finally to get
the lowest possible contribution of the noise. The shaping time
constant was optimized depending on the decay time of the light
pulse. It was equal to 0.25 jis for LSO, 050 and YAP, which
feature a fast decay time constant below 50 ns, and as much as
6 us for CsI(Tl) crystal. In the measurements with PMT a
shaping time constant of 1 to 3 j.is were chosen.

TUKAN PC-based multichannel analyzer was used to record
all the energy spectra. The FWHM and position of the
full-energy peak corrected for the background were determined
by a computer program. To increase the accuracy of the
measured quantities all measurements were made three times and
the mean values were used for a further discussion.

Fig. 1 presents the energy spectrum of y-rays from a ‘“Cs
source measured with the CsI(T1) crystal. Note the excellent
energy resolution of 4.8%, one of the best ever observed with
scintillation detectors. Energy threshold is below KX-ray peak
of 31 keV reflecting a large dynamic range of measured
energies. The same test done with the XP2O2OQ PMT showed
the energy resolution of 6.6%.
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Figure 1: Energy spectrum ofy-rays from a ‘“Cs source measured with
a CsI(Tl) crystal coupled to a LAAPD.
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Figure 2: Energy spectra of y-rays from a‘37Cs source measured with

NaI(T1), BOO and YAP crystals. -

In Table 4, the results of the determined energy resolution for,

all the studied crystals are presented, as measured with LAAPI)

and PMT, respectively. The shaping time constants used for each.

test are listed too. Proper choice of shaping time constant was

particularly important for the measurements carried out with the

LAAPD.

Table 4
Energy resolution for 662 keV y-rays from a ‘“Cs

source measured with the LAAPI) and XP2O2OQ PMT

LAAPD Pff
Crystal

t E/E ±E1E

[js] [%] [jis] [%]

CsI(Tl) 6 4.8±0.14 3 6.5±0.19

Nalcfl) 1 6.5±0.19 1 6.6±0.19

BGO 0.75 7.8±0.23 1 102±0.20

GSO 025 7.4±0.22 1 8.5±025

ISO 0.25 10.6±0.31 1 10.0±0.29

YAP 025 5.5±0.16 1 5,7±0.17

LAAPI) light readout is better than those observed with the PMT
for all tested crystals, except for NaI(Tl) and LSO. These
crystals, however, are known to exhibit a large contribution of

an intrinsic resolution [10]. A better energy resolution is

particularly evident for the crystals with a long wavelength
emission as Csl(T1) and BGO, but it is also pronounced for GSO
and YAP with the peak emission at 420 tim and 365 tim,

respectively. Energy resolutions listed in the Table 4, particularly
those measured with the LAAPD belong to the best published
elsewhere.

Energy resolution, AE/E, measured with the PMT light

readout can be presented quantitatively as:

(t.EIE)2
— (,i2 + (.NíThJ)2 (1)

where & represents the intrinsic resolution of the crystal and

is.N/N the photoelectron statistic contribution.

The intrinsic resolution of a crystal is connected with many

effects such as inhomogeneities in the scintillator causing local

variations of the light output, non-uniform reflectivity of the

reflecting covering of the crystal, as well as recently reported the

non-proportional response of the scintillator [10]. The

contribution of the photoelectron statistics can be calculated as:

SN/N = 2.36 x 1/N112 x (1+ E (2)

where N is the number of photoelectrons and E is the variance of

the electron multiplier gain, typically equal to 0.1 for the

XP2O2OQ PMT [10].

Table S
Energy resolution and its components for the XP2O2OQ PMT

Crystal Phe E/E ±NIN. 6, [10]

number” [%] [%] [%] [%]

Cslcn) 2540±74 6.6±0.19 4.91 4.4 - 3.9±0.4
±0.07 ±0.35

Nal(Tl) 5890±172 6,6±0,19 3.22 5.8 5.7±02

±0.05 ±0.25

BOO 650±26 10.2±0.20 9.72 3.1 4.2±0.6
±0.13 ±1.7

GSO 1190±35 8.5±0.25 7.17 4.6 4.2±0.5
±0.10 ±0.60

ISO 3630±106 10.0±0.29 4.11 9.1 &6±0.4
±0.06 ±0.35

YAP.. 2830±56 5.7±0.17 4.66 3.3 3.5±0.5
±0.05 ±0,37

“for 662 kcV and the optimal shaping, see Table 4.

Based on the eq. (1) one can estimate contribution of the

intrinsic resolution of the crystals as the geometrical difference

of the measured energy resolution and that from the

photoelectron statistics. Thus, to discuss quantitatively the

energy resolution measured with the PMT it is sufficient to know

the number ofphotoelectrons and to calculate the contribution of

photoelectron statistics according to eq. (2). Results of the

ENERGY k.VJ

It is worth noting that energy resolution measured with the analysis are presented in Table 5.



The last two columns of Table S contain the intrinsic energy

resolution of scintillators calculated according to this study and

the same quantity as listed in Ref. [10], respectively. Note a good
agreement, except for LSO. The LSO crystals, however, are

known to show energy resolution limited by the quality of the

crystals [3,111. The data reported in Ref. [10] are exceptional in

this respect.

In case of avalanche photodiodes, the energy resolution,

E/E, of the full energy peak measured with a scintillator
coupled to an APD can be expressed as:

(tE/E)2 ()2 + (4ftç)2÷ (\JNh)2 (3)

where ANfN,h represents the e-h pair statistic contribution and
the noise contribution.

The statistical accuracy of the signal from an APD is affected
by the excess noise factor, F, reflecting the statistical fluctuation
of the PD gain, as follows:

= 2.36 F/N) (4)

where Ne.h is a number of primary electron- hole pairs.

In good beveled-edge APDs the excess noise factor of 2 to
2.5 is observed [12] depending on the APD gain:

F=kcnM+(2- lfM)(1 k) (5)

where k is a weighted average ratio of the electron and hole
ionization rates equal to about 0.0017 [12], while M is the APD
gain.
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Figure 3: Noise of the LAAPD system versus shaping time constant of
the spectroscopy amplifier.

The noise contribution was measured by a standard method
of the test pulser booked up to a preamplifier. The charge
injected by the pulser, expressed in the number of e-h pairs, was
calibrated using response from a measured scintillator to the 122
keV y-peak from a “Co source. Fig. 3 shows noise contribution

of an LAAPD versus shaping time constant of the spectroscopy
amplifier measured at the LAAPD gain of 100. Note a very low
noise ofjust 42 rms electrons at 0.25 jis shaping.

The results of the analysis of the energy resolution measured
with the LAAPD light readout are summarised in Table 6. To
evaluate statistical contribution of e-h pairs, according to eq (4),
the excess noise factor, F, of 2.1 was assumed. Noise
contribution, based on the curve in Fig. 3 and expressed as a
percentage fraction in FWHM for 662 keV energy, was
calculated, as follows:

flCISJNC.h = 2.36 Or.ojNe,h

where a,0,, is noise expressed in rms electrons (Fig. 3).

Table 6

(6)

Energy resolution and its components for LAAPD light readout

Crystal c-h 1E/E i.JN,.4
number’ [%] [%]

. [%1

Csl(TI) 27800 4.8±0.14 2.05 1.38 4.1±0.19
±813 ±0.03 ±0.04

NaI(’fl) 17150 6.5±0.19 2.61 0.94 5.9±0.24
±500 ±0.04 ±0.027

BGO 3310 7.8±0.23 5.94 4.1 3.0±1.2
±100 ±0.10 ±0.12

GSO 3910 7.4±0.22 5.47 2.54 4.3±0.56
±114 ±0.08 ±0.074

LSO 13900 10.6±03 2.90 0.87 10.2±0.5
±406 ±0.87 ±0.025

YAP 7654 5.5±0.16 3.9 1,30 3.7±0.33
±223 ±0.06 ±0.038

for 662 keV, measured with the optimal shaping, see Table 4
b) for 662 keV and optima] shaping. -

Table 6 seenis to explain a better energy resolution observed
with APD than that measured with PMT. The contribution of e-h
pair statistic is up to about factor of 2 lower than those found for

PMT (see Table 5). This is due to high quantum efficiency and

the low excess noise factor of LAAPDs. The latter is a big

advantage of beveled-edge APDs, Noise contribution is low and,

except for the BGO, has a week influence on the measured

energy resolution. The result of the analysis is further justified

by the same intrinsic resolution of scintillators found with

LAAPDs as those for PMT (see Table 5). That confirms also

high accuracy of all the measurements.

The study showsalso that energy resolution is strongly

limited by the intrinsic energy resolution of the crystals for

scintiflators with a high light output, such as CsI(T1), NaI(Tl) and

ESO: In this respect, a good energy resolution of the YAP crystal

is due to one of the lowest contribution of the intrinsic resolution

[3,10,13].

The experimerit presented above were carried out for 662

- keV ‘y-rays from a ‘“Cs source. Consequently, the study

characterizes scintillation detectors with LAAPD light readout
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contribution of4l mis electrons (see Fig. 3), and a full charge
collection for the crystal with the decay time constant of 26 ns
[13]. This is an advantage of the new fast Ce doped scintillators
in the work with avalanche photodiodes. Finally, a very good
energy resolution obtained with the YAP crystal for energies
above 500 keV is due to a low intrinsic resolution of this crystal
(see Tables 5 and 6, and Refs. [3], [10] and [13]).
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Figure 5: Energy resolution versus y-ray energy measured with a
NaI(Tl) crystal. The thin continuos lines reflect noise contribution and
statistical spread of the signal.

mainly in the high-energy y-rays domain.

Fig. 4 shows the energy resolution of various crystals

measured in 30-1200 keV energy range of y-rays. The slope of

the curves for energies below 100 keV is steeper suggesting a

larger importance of a noise contribution. It is particularly
evident for the CsI(TI) crystal. Its best energy resolution
measured for energies above 100 keV is getting significantly

poorer for low energies, and it is starting to be even somewhat

worse than thet measured with the NaI(Tl) crystal. Note, that the

measurements with the CsI(Tl) were carried out with a 6 IJS

shaping, while for the NaI(T1) a I jis shaping was used, Thus, the

absolute noise contribution was lower by a factor of about 2.5

(see Fig. 3) in measurements with Nal(T1).
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Figure 4: Energy resolution versus y-ray energy measured with some
crystals.

This effect is even more pronounced in Fig. S which presents

the dependency of the energy resolution on the y-ray energy

measured with the NaI(Tl) crystal coupled to an LAAPD. The

thin continuous lines reflect noise contribution and a statistical

spread in the signal. Fig. 5 shows that for energies above 100
keV noise contribution (61 mis electrons) has negligible
influence on the measured energy resolution. This is in fact

mainly controlled by the intrinsic energy resolution of the

NaI(Tl) estimated to be equal to 5.9% for 662 keV y-rays (see
Tables 5 and 6), well in agreement with Ref. (10]. In the low
energy region, particularly for the 31 keV X-ray peak from a
‘37Cs source, the energy resolution is strongly affected by the

noise.

Fig. 6 presents similar dependencies for the YAP crystal. In

spite of the fact that the e-h number for the YAP is much lower

than that measured for NaI(Tl) (see Table 3), the noise
contribution for high energies is also almost negligible. This is
due to the 0.25 jis optimal shaping. It assures the lowest noise

ENERGY [keV]

1000

ENERGY[keV]

Figure 6: Energy resolution versus y-ray energy measured with aAP
crystal. The thin continuos lines reflect noise contribution and statistical
spread of the signal.



Although the presented data on energy resolution were based

on the measrements carried out mainly with the LAAPD ser. no

105-23-3, similar results were obtained for the remaining

LAAPDs studied in the course of this work.

IV. CoNcLusioNs

The presented study has shown excellent performances of the

new large area avalanche photodiodes developed recently by

Advanced Photonix, Inc., in application to scintillation detection.

This is reflected by a significantly better, or comparable, energy

resolution obtained with LAAPDs for a number of different

scintillators, to those observed with the XP2O2OQ

photomultiplier. A high number of e-h pairs obtained with

various scintillators allows to get a better statistical accuracy of

the detected light and almost negligible contribution of the noise

for y-rays with energy above 100 keV. For lower energies, the

noise contribution affects the resolution and makes its somewhat

worse than that observed with PMTs.

Due to high quantum efficiency of LAAPD, number of e-h

pairs is up to 2.5 times higher than the photoelectron number

observed with the XP2O2OQ PMT. The beveled-edge structure

of the studied LAAPDs assures also a low estimated excess noise

factor of 2.1.

A low noise level ofjust 41 rms electrons at 0.25 j.ts shaping

allows to get a good energy resolution also with new fast Ce

doped scintillators having a lower light output than the classical

Csl(Tl) and NaI(Tl) crystals.

The analysis of the energy resolution measured with the PMT

and LAAPD light readout allows calculating the intrinsic

resolution of the tested crystals. It shows a good agreement for

both PMT and LAAPD, as well as, when compared to the recent

data reported in Ref. [10]. It is worth noting that for the

scintillators with a high light output such as CsI(Tl), Nal(Tl) and

LSO the intrinsic resolution is the main limiting factor for the

energy resolution. The results of the analysis confirmed also a

good accuracy of all the measurements. In addition, the

estimation of the noise excess factor for the LAAPD at 2.1

turned out to be very well fitted with the values reported in [12].
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