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1 Introduction

Decaying emission of 511 keV annihilation X-rays from
materials activated by >3 MeV photons can be used to
diagnose laser-plasma interactions [I]. Low-voltage op-
erable silicon-photomultipliers (SiPM) coupled to scintil-
lators are a favourable alternative to large, high voltage
photomultiplier tube (PMT) detectors for measuring 57
annihilations in typically crowded laser target interac-
tion chambers. To improve X-ray collection efficiency
and suppress Compton scattering, greater scintillator
volumes are required. To optimise its design, the per-
formance of scintillators of varying size is explored, and
a simple model is presented which achieves good agree-
ment with the spectra obtained from bismuth germanate
(BGO) - SiPM detector combinations tested. In addi-
tion, manipulation of the bias voltage of SiPM sensors
is shown to readily enable tuning of detector dynamic
range, while preserving energy resolution.

2 Energy resolution and scintillator surface area

Large scintillator crystals can increase X-ray collection
efficiency, and suppress Compton scattering contribu-
tions to spectra by increasing the fraction of X-ray pho-
tons which are completely absorbed. However, increas-
ing a scintillator’s surface area results in weaker optical
signals from a coupled sensor, due to an increase in the
average number of internal reflections undergone before
detection.

Table[I] gives the resolution and range achieved with
a variety of detector systems, and fig. [1| illustrates the
design of a SiPM coupled scintillator detector. Increased
amplifier gain is required with larger volume detectors to
make signals observable with the Kromek Multi-Channel
Analyser (MCA) used. Previous work by the author re-
ported in References [2] [3] has identified Cremat charge-
sensitive preamplifiers (CSPs) which operate optimally
with SiPM-MCA systems.

Weaker SiPM signals correspond to fewer detected
optical photons, and the Poissonian nature of photon de-
tection dictates that the average signal resolution there-
fore deteriorates with increased scintillator size. fig. [2]
shows that the resolution achieved with BGO scintilla-
tors deteriorates with an increasing ratio of scintillator
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Figure 1: Quarter cut-out design image of a BGO - SiPM
detector, with a 25x25x60 mm? crystal, ~ 0.3 mm of
PTFE reflective wrapping and a 12x12 mm? coupled
SiPM array. The detector is housed in vacuum compat-
ible EMP shielding.

surface area to coupled SiPM area.

Ideal detector resolution

The energy resolution of an ideal scintillator detector is
primarily dependent on the number of measured opti-
cal photons, due to the Poissonian statistical nature of
photon detection. In this ideal case the variance in the
number of photons is equal to its expectation value, and
hence, the resolution is given by

2.355
% FWHM = 100 - ——

\/N )
where N is the expected number of photons detected at
a given X-ray energy.

The number of optical photons detected by a scintil-
lator - SiPM detector is given by the energy deposited by
an incident X-ray beam, the scintillator light yield, the
photodetection efficiency of the SiPM, €, and the geom-
etry of the scintillator. Ignoring second order scattering
effects, the deposited X-ray energy can approximated by

Beer’s law:
E=Ex(1—e T, (2)

where Ex is the energy of an incident X-ray, p is the
scintillator density, p,, is the X-ray mass-attenuation

(1)



Seintillator Face area Length Surface area SiPM bias Amplifier FWHM (%) Range

(mm?2) (mm) (mm?) (V) gain 511keV  1274keV (MeV)
BGO 10 x 10 10 600 30.0 3x 10.2 7.0 0.24 - 8.2
BGO 10 x 10 40 1800 30.0 3x 18.6 12.7 0.38 - 14
BGO 10 x 10 40 1800 30.0 27x 15.6 9.6 0.08-1.4
BGO 10 x 10 60 2600 30.0 27x 18.4 10.4 0.085 - 1.8
BGO 25 x 25 60 7250 30.0 27x 17.8 10.9 0.25-2.4
BGO 25 x 25 60 7250 29.0 27 % 21.7 10.8 0.25- 3.9
BGO 25 x 25 60 7250 28.0 27 % 17.7 11.0 0.29 - 6.6
BGO 25 x 25 60 7250 27.0 27 20.7 12.2 0.31-12.9

Table 1: Range and FWHM of detector systems able to resolve the 511 and 1274 keV photopeaks of a ?2Na
calibration source. Systems vary by scintillator, crystal size, SiPM bias voltage and charge amplifier used (varying
only in gain). All scintillators are coupled to a 12x12 mm? 16-pixel SiPM, except for the LYSO crystal, which
is coupled to a 6x6 mm? 4-pixel SiPM. All SiPM pixels are connected in parallel. Spectra are observed using a

Kromek K102 Multi-channel Analyser.
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coefficient of the scintillator at a given energy Ex, and
7 is the path length of the X-ray inside the scintillator,
i.e. the scintillator thickness along the X-ray beam path.
Assuming a linear response, the number of scintillation
photons produced is then

Ngcint = KE, (3)
where k is the light yield of the scintillator in optical
photons per MeV deposited. A coupled sensor will only
detect a fraction of the total emitted scintillation light,
due to imperfect reflectivity of the scintillator coating.
A simple model for the fraction of detected light is pre-
sented in §4] and gives the number of detected photons

3 as )

% 15 7 ‘l’ Naer = El‘ééma (4)

. I; I T L ™ % where R is the reflectivity of the scintillator surface coat-
10 ¥ ’,,—'i r ; ing, € is the sensor detection efficiency, and X’ is a pa-

rameter dependant on the scintillator refractive index,
surface area of the crystal and coupled detector area (see

. Section .
Substituting the final number of detected optical
0 photons into Eq. , we can predict the optimum reso-
0 10 20 30 40 50 60 lution of a scintillator detector at a given energy. For a

Scintillator surface area / SiPM detector area

Figure 2: Resolution of 511 and 1274 keV photopeaks
of ?2Na calibration source by BGO detectors with vary-
ing scintillator surface area, with 12x12 mm? SiPMs.
Dashed lines are power law fits to the data to guide the
eye. Error bars are an estimated 10% uncertainty.

25%25x60 mm? crystal and a 12x12 mm? SiPM array,
around 15% of the total scintillation photons are incident
to the SiPM array. For a Ketek 25 pm microcell SiPM
array, the photodetection efficiency at the peak emission
of BGO (480 nm) is around 37%, and a BGO scintillator
has a light yield of around 9 photons per keV. Assuming
511 keV X-rays deposit completely, the number of de-
tected photons from a 511 keV X-ray can be calculated
as

Nger = 511 x 9 x 0.15 x 0.37 = 255 photons. (5)

The theoretical minimum resolution is then

% FWHM = 100 - ~ 14.7%.

(6)
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Figure 3: Schematic of scintillator - SiPM detector for gamma counting diagnostic using activation of 27Al
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Figure 4: Measured resolutions of 511 and 1274 keV 2?Na
peaks with BGO crystals of sizes from 10x10x10 mm?
to 25x25%x60 mm? as a function number of photons de-
tected (calculated using absolute calibration of 25 um
microcell Ketek SiPM at 30 V bias voltage by A. Das-
gupta [6]). The Poisson statistical resolution limit (see
Eq. (1)) is the solid yellow line, and the solid orange line
is this limit multiplied by a coefficient of 2. Fitting to the
measured data yields a coefficient of 1.54, where the data
has a sample deviation from the fit of s = 1.67%, and
90% of the measured points lie within 1-2x the Poisson
resolution limit.

Comparing with the results obtained in Table [1} it
is evident that this resolution is not achieved for 511
keV X-rays using a 22Na source. This is due to the addi-
tional noise contributions from the intrinsic scintillator
yield variance, and the variance in the SiPM gain and
digitisation electronics. The achieved resolutions with
various size BGO crystals are shown as a function of
number of detected photons, along with the ideal Pois-
sonian resolution, in Fig. [

Figure[5]shows the limit imposed by the optical light
yield on the resolution achieved by different scintillator
materials. In practice, detectors are unlikely to achieve
this limit, due to additional variance in the final signal
caused by multiple factors. These include, but are not
limited to: variance in the light yield of the scintillator,
caused by thermal and non-proportionality effects (scin-
tillator intrinsic resolution); optical scattering or absorp-
tion in the scintillator; variation in the gain of the optical
sensor; noise contributions by the amplification and digi-
tisation electronics; and dark counts in the optical sensor
due to thermal excitations.

Resolution of 583 keV X-rays from a 232Th source
using a 25x25x60 mm?® BGO - SiPM detector at 18.6°C
and -11.9°C are shown in fig. [f] A small improvement in
resolution achieved by reducing the temperature. This
is largely due to the strong temperature dependence of
the yield of the BGO scintillator used, resulting in bet-
ter photon statistics at lower temperatures [4], reducing
the Poisson limit. The increased signal at lower tem-
peratures is evident in the raw spectra shown in fig. [7}
Reduction in thermal noise in the SiPM will also con-
tribute a small amount to the improved resolution at
lower temperatures.

3 Tuning dynamic range with SiPM bias voltage

The intrinsic gain of SiPMs scales linearly with ‘over-
voltage’; the amount by which the applied bias voltage
is greater than the breakdown voltage [5]. By reducing



18

+ Hygroscopic

16 Contain Lu

©® Non-hygroscopic
14
——Poisson limit of resolution

‘‘‘‘‘ Typical expected resolution

-
N

"-_, BaF; (slow)
R - - -Real detector resolution limit

._.
S
®
-l
oD
o

[

Lil(Eu) ¢>._ ® CWO,

\

+ Csl(Na)

Resolution (% FWHM at 662)

« CaFsten)

o CsI(TI)
GLO and GAGG(Ce)

0 20000 40000 60000

Light Yield (photons per MeV)

80000 100000

Figure 5: Measured resolutions at 662 keV by X-ray
scintillators from References [, [THI9]. Solid line is Eq.
with N = Ng¢int, the scintillator light yield per de-
posited X-ray energy in MeV. Dashed line is Eq.
with N = N, using a 50% sensor efficiency, ¢, and a
50% cavity efficiency (i.e. the fraction of X’ in Eq. )
The dotted line is 1.8x the dashed line, to guide the eye
through surveyed resolution data.

the bias, and subsequently the overvoltage, the size of
the output signals can be lowered, without affecting the
number of detected photons. For digitisation electronics
with a finite dynamic range, this means that the bias
voltage applied to the SiPM can be used to tune the
output of the detector to optimise the observed range of
X-ray energies for a given configuration.

The charge amplifiers used in this work saturate at
output amplitudes in excess of 1.50 V. A 16-pixel SiPM
at 30 V bias becomes significantly non-linear above 530
mV output pulse amplitudes, so with the amplifier gains
> 3X, the upper signal range is constrained by the am-
plifier saturation.

The dynamic range of the detector at different bias
voltage is shown in fig. [8] (inset), as limited by the 27
x gain CR-112 amplifier’s saturation limit. While the
range is greatest at 27 V bias, operating the SiPM this
close to the breakdown voltage (= 24.5 V at ~ 20 °C)
causes it to respond non-linearly, resulting in signal in-
hibition shown in the energy spectrum at 27 V bias in
fig. [8} Despite this, significant tuning of the range is still
possible without excessive loss of signal, and it is evident
in fig. [§| that energy resolution is excellently preserved
across 3 - 5.5 V overvoltage.
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Figure 6: Resolution of 583 keV X-rays from 232Th to
208T1] decay, using a 25x25x60 mm? BGO - SiPM detec-
tor at 18.6°C (1040 sec acquisition) and -11.9°C (101 sec
acquisition). FWHM obtained by fitting a Gaussian su-
perposed on a linear background, shown with estimated
uncertainties.
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Figure 7: Raw Th-232 spectra using a 25x25x60 mm?
BGO - SiPM detector at 30 V bias voltage. Spectra mea-
sured at 18.6°C (1040 sec acquisition) and -11.9°C (101
sec acquisition). X-ray photopeaks can be seen to shift to
lower voltage readouts as the bias voltage of the SiPM in-
creases with the temperature, subsequently reducing the
overvoltage and SiPM intrinsic signal gain.The higher
temperature acquisition has larger apparent peaks due
to smaller signal dispersion across digitisation channels,
and increased background signal.
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Figure 8: ?2Na spectra obtained with 25x25x60 mm?
BGO crystal coupled to 12x12 mm? SiPM array at four
bias voltages. Grey shaded region illustrates lower-level
discriminator (LLD) suppressed region, set in different
channels for different bias voltage acquisitions to best
suppress noise, which lead to mismatched spectral data
< 300 keV. 511 keV and 1274.5 keV 2?2Na peaks are
shown with close to identical resolution for bias voltages
in the range 28 - 30 V, and response appears to fall off
at 27 V. 15 hr acquisitions using CR-112 amplifier and
Kromek MCA. Inset shows detector energy range due to
limiting amplifier and noise floor at bias voltages.
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Figure 9: Raw 22Na spectra obtained with 25x25x60
mm? BGO crystal coupled to 12x12 mm? SiPM array
at four bias voltages, showing the shift in the 1274 keV
photopeak as the bias is varied. Lower channels of 28 -
30 V spectra are omitted for clarity. Note that the y-axis
is logarithmic.

4 Modelling scintillator detectors as cavities

For a given area of optical sensor (i.e. SiPM), signal
amplitudes are observed to fall across scintillators in-
creasing size. Considering the first five BGO detectors
in Table |1| with identical SiPMs at 30 V bias, we can
determine the physical parameters contributing to this
effect, by fitting a model of detected signal amplitude
with varying scintillator size.

To construct our model, we consider the evolution of
the number of photons in a spherical cavity with Lam-
bertian scattering surfaces of some reflectivity, R, and
total surface area, Agqn:. This represents the scintilla-
tor and its reflectively wrapped surfaces. There is some
area of the cavity surface which corresponds to the trans-
missive ‘exit face’ with an area, A..;:, which is coupled
to our SiPM optical sensor. For an ideal scintillator, the
initial number of photons in the cavity, Negv,0, is pro-
portional to deposited X-ray energy, with some constant
of proportionality, x, representing the efficiency of the
scintillator, in units of photons per MeV;

Ncav,O = Nscint =rE. (7>

Assuming isotropic scintillation from the centre of
a spherical scintillator, the optical flux incident to the
surfaces of a crystal can be considered to be uniform.
Hence, the fraction of photons in the cavity which will
be incident on the exit face is the ratio of the surface
areas:

Aewit

Ascint

X = ) (8)
and the number of photons which initially exit the cavity
is

Nemit,O = XNcav,O = XNscint (9)

The fraction of photons which are not lost through
the exit face is the quantity 1— X . These photons are in-
cident to the reflective cavity surfaces, and either trans-
mitted through with probability T', or diffusely reflected
back into the cavity with probability R = 1 —T. The
number of photons remaining inside the cavity after one
internal reflection is

Ncav,l = RNcav,O(]- - X) - RNscint(l - X) (10)
Assuming these photons are also isotropic and omnidi-
rectional, the same fraction, X, will be incident to the
exit face, and the subsequent exiting number of photons

is )

Once again, the fraction 1 — X of photons which
remain in the cavity will either be transmitted and lost,
or internally reflected with probability R. The number of
photons remaining in the crystal after a second internal
reflection (n = 2), is

Newit,l = XNcavJ = XRNscint(l - X)

Ncav,Z = R(Ncav,l - Nezit,1)~ (12)
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Figure 10: Schematic of simple cavity model to predict scintillator output signal behaviour

Substituting Eqs and ,

Nccw,2 = NscintR2(1 - X)27 (13)
and the output signal is
Nemit,2 = XNca'u,Z = XNscintR2(1 - X)2 (14)

By comparison of Eqs @D, and , we obtain
the geometric series
X Nscint + X Necint R(1 — X)
+ X Necint R2(1 — X)? 4 ...
o+ X Nyeine RH1 — X)) 1
+ X Nycine R"(1 = X)"

= X Nygint i (R(1 — X))™.

m=0

(15)

As M — oo, we obtain the total number of photons
transmitted through the exit face,

o0

Ntrans = XNscint Z (R(l - X))m (16)
m=0
XNscint
= —-—h——mhh _—€m--—— 1
1-R(1-X) (17)
XNscint
= ——, 1
1-R+RX (18)

Equation gives a simple vacuum model for the
optical output from a reflective cavity, based on the sur-
face areas of the cavity and the exit face, and assuming
perfect transmission through the exit face. However, a
real system is composed of a coupling of two materi-
als at the exit face, with finite optical densities. If we
assume the surfaces are anti-reflective coated, we can ig-
nore Fresnel reflection effects, and this boundary is then
described by the refractive indices of the scintillator, nq,

and SiPM glass window, nsy. Snell’s law states that rays
incident to a boundary of media with differing refractive
index are only transmitted when their angle of incidence
is smaller than the critical angle, defined as

SinYepit = no/n1 (19)
A first order approximation gives
Verit = n2/n1, (20)

which underestimates .-+ by 5-10% at large angles (due
to Fresnel losses at these angles in a real system, this is
acceptable for this simple model). Equation gives
an acceptance cone for exiting photons, such that the
fraction of isotropic incident photons which are trans-
mitted is the solid angle of the acceptance cone, over the
hemispherical solid angle, 2,

chit o 27T(1 — COS 1/1)

2 2m (21)
~ (1= (1= =51) (22)
~ 2"72% (23)

We can describe the equivalent optical surface area of
the exit face as

2
o A2 94
exit t 2774% ) ( )
and the cavity,
, n2
scint = Ascint — Acrit(1 — 72) (25)
2n7

Now, with our effective optical surface areas, the
fraction of photons in the cavity which are incident to
the effective exit face is

Ale:m'
X=

scint

(26)



140

® 511 SiPM peak voltage (mV)
120 » 1275 SiPM peak voltage (mV)
511 keV fit
_. 100
E 1274 keV fit
& 80
I
°
>
= 60
(]
o
=
F 40 L
20 e
0
0.001 0.01 0.1 il

X'

Figure 11: Fitting of equation to the 511 and 1274
keV signals obtained with the five BGO detectors at 30
V bias listed in Table [I} with obtained values for the
reflectivity, R, labelled. Signals were corrected for the
gain of the amplifiers used.

and the total number of photons transmitted through
the exit face is

/
X Nscint

Nrans = T 5 Dv/
K 1— R+ RX'

(27)
A SiPM has a linear response for low intensities, so the
peak voltage output in milli-volts is

X/Nscint €g

1- R+ RX" (28)

Vpeak =
where € is the photodetection efficiency, and g is signal
gain in mV per detected photon.

Equation is fitted to the 511 and 1274 keV sig-
nals obtained with the five BGO detectors at 30 V bias
listed in Table[I] shown in fig. Refractive index val-
ues used for BGO and the SiPM glass window are 1.79
[4] and 1.52 [5], respectively. Fitting parameter R? val-
ues of unity are obtained to 2 and 3 significant figures
for the 511 keV and 1274 keV signals, respectively. Val-
ues of ~98% for the reflectivity of the PTFE wrapped
crystals are produced by both fits. These are in agree-
ment with expected values for 3-4 layers of the 0.2 mm
thick tape used, from measurements by M. Janecek [20]
made with an integrating sphere set up. The model is
expected to underestimate the real reflectivity due to its
basis on a spherical cavity geometry, with isotropic and
omnidirectional behaviour of optical photons. Crystals
with cuboid or other geometries require further correc-
tions to model their behaviour more precisely. However,
the model is consistent with the signals obtained from
events at two energies, with detectors of various dimen-
sions and amplification, and is a simple predictive tool

which is useful for future detector design, such as in a
pixelated array for X-ray radiography, as discussed in J.
K. Patel et al., CLF Annual Reports 2020 [21].

5 Conclusion

Dynamic range and resolution of scintillator - SiPM de-
tectors has been investigated based on systems which re-
solve the 511 and 1274 keV X-ray emissions from ?2Na.
Resolution is limited by and is generally dominated by
Poissonian statistics, with increased detector size leading
to lower resolution due to less efficient optical detection.
It is demonstrated that the dynamic range of detectors
can be tuned by varying SiPM bias voltage, without sig-
nificant loss of resolution. A simple model is presented
for signal output, which treats a scintillator as a spheri-
cal cavity, achieving a good fit with empirical results and
consistency across the two 22Na photopeaks. However,
more complex modelling is required to better account
for the impact of non-spherical geometries (particularly
sharp vertices) on obtained signals.

6 Appendix

The cavity model presented in §4 makes the assumption
that the photons from the intial emission from a scintil-
lation event behave in the same way to photons which
are subsequently reflected in the cavity. However, if the
exit face of the cavity subtends a significant cone of the
emission, there may be a significantly different contri-
bution to the total fraction of exiting light. Figure
illustrates two conditions: where the cone of transmis-
sion (i.e. with half-angle given by the critical angle of
the boundary) is smaller than the exit face area; and
where it is larger. If we assume that the average depth if
the intial scintillation emission occurs half-way through
the crystal depth, 7/2, then the boundary between the
two conditions is at

2pno

nlﬁ’

where p is the lateral scintillator dimension, as shown in
fig. In the first case, where 7 < Zf";, the fraction of
the initial scintillation emission which directly exits the
cavity is given by the fractional solid angle of the entire

cone:

T

(31)

Nexit,O
Nscint

~27(1 — cos (Yerit.))
Sl le)) ()

~ n%/éln%,

(33)

using Snell’s law and the paraxial approximations of the
sine and cosine functions. In the second case, 7 > Sf—:}%,

the fraction is the fractional solid angle subtended by the



Figure 12: Immediate exit cone for X-ray deposited at 7/2 into crystal, for depth 7 < % (left), and T > %
(right).
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0.1 ity, we arrive at a model which better accounts for the be-
haviour of immediately exiting light, by splitting it into
0 the two regimes outlined above; where the scintillator
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Figure 13: The fractional optical output, Negzit/Nscint.
given by two cavity models, plotted as a function of the
aspect ratio of the lateral dimension, p, to the depth,
tau. A 7 = 1 mm scintillator with refractive index of
LYSO (n; = 1.81), immersed in air (ng = 1), and with
a coating equivalent to 0.1 mm PTFE (R = 0.88) was
simulated across varying lateral size, p, to simulate the
behaviour of a pixel in an array configuration.

thickness is relatively thin compared with its lateral size,
and where it is relatively thick. This ‘two component’
version of the cavity model is given in Eqgs. and (30)),
and is plotted with the original homogeneous scintilla-
tion cavity model in fig. [13]for a specific case. It is clear
that there is a maximum deviation of &~ 0.05N¢;n¢. of the
homogenous scintillation model from the two-component
model when p = 27. This deviation is reduced when the
reflectivity of the coating of the cavity is increased to
98%, so the simpler homogeneous scintillation model is
sufficient in these conditions.
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