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1. Introduction
Measurements performed with the MPPC (3x3 mm2) coupled to the LYSO crystal have showed a
surprisingly long rise time2 for the MPPC output, despite the quick rise time observed when the
MPPC is exposed – for example – to direct light from a LED. The ETH students Georg Kucsko and
Philipp Eller reported about this finding and a set of control measurements in the AX-PET meeting of
27 June 08. The rise time measured for 511 keV photons was found to be of the order 30 ns, the
peaking time close to 40 ns. Similar observations were reported by Chang L. Kim et al. (General
Electrics) at the NDIP08 conference (Aix-les-Bains). They claim that the observed long rise time was a
direct consequence of the MPPC pulse shape and the LYSO decay time.
To investigate further this topic, we performed several measurements to assess the time
characteristics of the MPPC response under different conditions. In particular, the response of the
MPPC to short light pulses from a blue LED source was studied. In the following, we’ll refer to this as
“bare” MPPC output (i.e. not coupled to the LYSO crystal). Calculations (analytical and Monte-Carlo)
have been performed to predict the MPPC/LYSO output. Finally, the measurements of the MPPC
response with LYSO crystals and tagged annihilation photons from a 22Na source were repeated.
All measurements reported in this note are done using one single MPPC (Hamamatsu MPPC-33050C; 3x3 mm2; 60 x 60 pixels; Serial Nr 10; Vb = 68.74 V; G = 7.5·105), equipped with a 100 m thick
glass window. The cell capacitance for the MPPC is Cc = 80 fF; the quenching resistor RQ = 200
k (measured by forward biasing the MPPC). The MPPC is supplied at a bias voltage Vb = 68.75 V, as
proposed by the supplier.

1

CERN Summer Student in PH/DT
We call the transition time of the leading edge ‘rise time’, independent if the signal is of positive or negative
polarity. In the same way, the ‘fall time’ will be the transition time of the falling edge of the signal.
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2. Characterisation of the direct MPPC response (no amplifier)
The direct output of the bare MPPC exposed to pulsed LED light has been studied. The LED source
emits in the blue region (~400 nm). It is used with a 50 resistor in parallel, and is driven with a
pulse of 17 ns width (FWHM), 5 ns rise and fall time. Its precise pulse characteristics are not known.
We measured the emitted pulses with a conventional photomultiplier (H8443) and observed a rise
time of 3 ns. The LED starts to produce light if the pulse amplitude exceeds about 2.8 V. The light
intensity of the LED is progressively increased, from single to many detected photons, and the
resulting MPPC signals are acquired on the scope (Lecroy Waverunner LT584, input impedance 50 )
and analysed.
A simple circuit provides the bias for the MPPC; the output is directly acquired on the digital scope,
without using any amplifier between the MPPC and the scope. In order to get reasonable signals,
relatively high light intensities (several hundreds of photons) are used.
Two MPPC load resistor cases have been explored:
The MPPC output is directly connected to the scope i.e. a 50

MPPC load resistor is used.

A 10 resistor is added in parallel to the scope termination, thus resulting in a global load
resistor of 8.3 for the MPPC.
Figure 1 and Figure 2 show the typical pulse shapes of the direct MPPC output signal for a 50 and
8.3 load resistor, respectively. A quick scan of the MPPC output at different light intensities show
that the signal shape is independent on the pulse amplitude.
In both cases the pulse shape is parameterized (right plots) with the following function:

where the “a” and “b” represent the time constants of – respectively – the fall and rise times, both
parameterized by exponentials.
A common structure, with a very fast rise time and a long fall time appears in both cases, but
differences in the time constants (especially concerning the fall times) are evident. In a simple
model, the fall time of the MPPC is driven by the cell capacitance and the quench resistor f = RQCc.
Inserting the values (Cc = 80 fF; RQ = 200 k ) a fall time constant of 16 ns is expected, in agreement
with the one obtained with a low load resistance for the MPPC. When the MPPC is terminated on
the scope (i.e.50 load) a much longer fall time (~ 35 ns) is observed, showing how the load
resistance can affect the timing properties of the MPPC response.

Figure 1: Direct MPPC output (no amplifier used), with a 50 Ohm load resistor, when the MPPC is illuminated by blue
LED light. On the left is the signal acquired on the scope, on the right is the fitted shape.

Figure 2: Direct MPPC output (no amplifier used), with a 8.3 Ohm load resistor, when the MPPC is illuminated by blue
LED light. Compared with the previous figure, a much higher light intensity from the LED has been used here in order to
get similar pulse heights.

3. MPPC / amplifier system response
As next step we performed measurements with a blue LED, where the MPPC was followed by an
amplifier. Two different types of amplifiers have been used. In appendix are reported their technical
designs.
The first one is the OPA846 voltage amplifier (VA), see Figure 22, with a linear gain of 10, which
represents the baseline design for the AX-PET demonstrator project. When the VA is used, a 50
load resistor is seen by the MPPC. Most of the measurements and studies – that will be detailed in
the following – have been done in these conditions.
The other tested amplifier is the OPA846 amplifier in transimpedance design mode (TA), see Figure
23, characterized by a very low input impedance (few Ohms). The voltage amplifier and the
transimpedance amplifier have the same frequency response.
The results obtained with the two amplifiers – detailed in the next two sections – are perfectly
compatible with the ones presented in Section 2 for different load resistors for the MPPC.

a. MPPC / amplifier system response
Figure 3 represents the single photons response of the MPPC (amplified signal, VA), obtained with
very low light intensity from the LED. The ADC spectrum acquired on the scope is also displayed; the
0, 1, 2, 3 and 4 pe peaks are easily recognized. The fit of their positions (mainly the average
separation between two adjacent peaks) provides the calibration for the present setup: single
photon response from the MPPC corresponds to an equivalent collected charge of 0.070 nVs (in ADC
units), including the amplification factor. From this we calculate the gain of the MPPC as
GMPPC = Q1pe / (Zscope · Qe · Gamp ) = 0.07·10-9 Vs / (50

· 1.602 10-19 C · 10) = 8.74 105 ,

in good agreement with the expected value.
Figure 4 represents a few examples of the screen shots acquired on the oscilloscope at different LED
light intensities. For each point, the amplitude, the area, the rise and the fall time of the signals are
measured directly from the scope3. When the amplifier is used, saturation is observed for pulse
heights of about 3 V, corresponding to about 1300 pe (Figure 4, b). For higher light collection, the
MPPC signal output is recorded without the amplifier (Figure 4, c and d). Saturation of the MPPC –
where higher light intensities from the LED do not correspond anymore to higher output signals – is
reached around 2400 pe.
The dependence of the measured rise time versus the pulse height (i.e. number of pe) is summarized
in Figure 5, both for the amplified (i.e. up to saturation of the amplifier) and the un-amplified signals.
A linear trend is observed in both cases, but the slope is small. An average risetime of 5 ns can be
assumed over the full range of pulse heights, much lower than the one recorded when the MPPC is
coupled with a LYSO crystal.
An example of an output signal of the MPPC / voltage amplifier system for an intermediate intnsity
(about 20 pe) is given in Figure 6, where the usual fit is applied to derive the typical time constants:
rise time ~ 5 ns; fall time ~ 30 ns.
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The rise and fall time measurements performed on the scope are defined as the 10% – 90% transition time of,
respectively, the rising and falling edge of the signal

Figure 3: Single photons response of the MPPC (amplified signal, voltage amplifier) illuminated by a low intensity short
LED pulse. The first peak on the right is the pedestal. The 1 pe peak corresponds to Q1pe = 0.07 nVs.

Figure 4: A few screenshots in the oscilloscope of the typical signal outputs of the MPPC. The plots correspond to
different intensities of the LED (approximately 20, 1300 and 2400 pe). (a) and (b) refer to the MPPC connected to the
voltage amplifier, (c) and (d) are the direct MPPC signal, without amplifier. Above 1300 pe, we saw indications of
amplifier saturation (output voltage cannot exceed 3V). When removing the amplifier for measurement (c), we tried to
maintain the same light intensity, but there is a non-negligible uncertainty.

Figure 5: Measured rise time for different pulse height signals of the MPPC. The left plot refers to MPPC signals
connected with the amplifier (3 – 1400 pe), the right plot is without amplifier (250 – 2500 pe). In both cases, rise times
and errors are derived by the direct measurement on the scope.

Figure 6: Response of the MPPC to a light pulse from the LED corresponding to about 20 photons (amplified signal,
voltage amplifier). The dots represent the measurement, the red continuous line is the fit.

b. MPPC / amplifier system response
The same measurements reported above have been repeated for the MPPC signals amplified by a
transimpedance amplifier. Figure 7 shows the MPPC response to LED light at increasing intensities.
The signals at the output of the TA have positive polarity. The shape of the signal corresponding to a
few pe is fitted in Figure 8. If compared to the results of Figure 6, a different shape, namely a much
shorter fall time (~ 8 ns) is observed now, due – as already pointed out – to the smaller load resistor
for the MPPC.

Figure 7: Typical MPPC responses (amplified signal, transimpedance amplifier), when the MPPC is illuminated with blue
light from a LED, at increasing intensity (from 30 to 680 pe, where saturation of the amplifier is observed).

Figure 8: MPPC response (amplified signal, transimpedance amplifier) for ~ 6 pe LED light intensity. The red continuous
line represents the fit.

4. Expected pulse shape of MPPC/LYSO system based on simple
convolution
The MPPC pulse shape for a single photon has been parameterized (Figure 9) as
)
The parameters a and b have been adjusted to 30 and 5 ns, respectively, to reproduce the measured
pulse shape.
The LYSO decay spectrum is described by a single exponential term

with τ being chosen as 41 ns.
It must be noted that the fall time constant a is comparable to the LYSO decay time. Therefore the
expected pulse shape must be determined by a full convolution of the 1 pe signal with the LYSO
decay curve.
The convolution of the two terms

is performed by numerical integration in MathCad and leads to the result shown in Figure 10,
showing a peaking time for the MPPC/LYSO system ~ 40 ns.
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Figure 9: Parameterization of the MPPC pulse shape by two exponential terms. The time constants for the rise and fall
times were adjusted to 5 and 30 ns, respectively.
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Figure 10: Result of the numerical convolution. The peaking time of the pulse is of the order 40 ns.

Calculations were performed for rise time constants of the single photon response varying from 2 to
10 ns, maintaining the fall time constant at 30 ns, and finally for a rise time constant of 5 ns (as
experimentally measured) with a reduced fall time constant of 10 ns (similar to the TA case). The
single photon and convoluted spectra are shown in Figure 11 and Figure 12.
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Figure 11: Simulated single photon pulse shapes. The rise time constant was chosen as 2, 5, 6 and 10 ns with a fall time
constant of 30 ns. The thick line shows the pulse shape for a rise time of 5 ns and a fall time of 10 ns.
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Figure 12: : Convoluted pulse shapes for the single photon pulse shapes shown in the previous figure. The peaking time
is little affected by the rise time of the single photon pulse but improves significantly if the fall time is reduced (thick
line).

5. Simplified Monte-Carlo model of a LYSO / MPPC system
A Monte-Carlo program has been written (in Fortran) which describes
-

The generation of LYSO scintillation photons for time slices of e.g. 1 ns
The generation of hits on the MPPC matrix (3600 cells)
The signal evolution in time, cell by cell, based on a parameterization of the MPPC response
for single photons
The dead time and recovery of hit cells (before a second hits can be detected)

Contrary to the simple convolution approach described in the previous chapter, the M.C. code is able
to deal with double hits. The dead time and recovery behaviour is taken from K. Burr and G-C.
Wang4.
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Figure 13: Ingredients of the M.C. simulation, from top to bottom: LYSO decay characteristics ( = 41 ns), pulse
shape of the MPPC for single photons (rise and fall time constants were chosen as 5 and 30 ns,
respectively), relative amplitude of the MPPC following at hit att =0.

Figure 14: Simulated pulse shapes for total charges of 500 to 2500 photoelectrons (in steps of 500). The peaking time is
of the order 40-45 ns. The dashed (red) lines indicate the contribution of second (and more) hits in the same cell.

Figure 15: Zoomed view of previous figure.

Figure 13 shows the ‘ingredients’ used in the simulation. The single photon pulse shape of the MPPC
has been adjusted to the measured one described in section a. Figure 14 summarizes the main
results. The peaking time of the MPPC pulse shape for 500 to 2500 pe is around 40-45 ns, almost
independent of the signal amplitude. The contribution of the second hits has no impact on the rise
time, as second hits are vetoed by the pixel dead time of 25 ns. The probability of a second hit
increases from 8% for 500 hits to 22% for 2500 hits.

6. Measurements of the MPPC/LYSO system output
In the light of the calculations performed above, a long rise time is expected when the MPPC is
coupled to the LYSO crystal for those cases where the fall time of the bare MPPC signal is
comparable to the LYSO decay time.
The MPPC/LYSO system output was measured, for all the cases described above (direct MPPC output
without amplifier, with two different MPPC load resistor values; MPPC with voltage amplifier; MPPC
with transimpedance amplifier). All the measurements – reported in the next three sections –
confirm the expectations.
A 3x3x100 mm3 LYSO crystal bar is used, optically coupled to the sensitive area of the MPPC via a
thin layer of optical grease. Annihilation photons from a 22Na source (photopeak and Compton
continuum) are detected, tagged by the coincidences between the MPPC/LYSO output and the
output of a PMT coupled with a second crystal (20x20x20 mm3), placed opposite to the LYSO on the
other side of the source.
In order to build the coincidence and – at the same time – acquire the signal on the digital scope,
the MPPC signal is duplicated through a linear fanout (Lecroy 428A), used in normal or inverting
mode, depending on the polarity of the output signals of the MPPC. It has been verified that such a
device does not affect the time and amplitude characteristics of the signals.

c. MPPC/LYSO, direct response without amplifier
Photons from a 22Na source are detected by the MPPC coupled to the LYSO crystal bar. The signal is
directly acquired on the scope without any amplifier, for the two different load resistors of 50
(Figure 16) and 8.3 (Figure 17). No coincidence with the PMT could be used here, because the
smallness of the signal pulse heights did not allow to use of a standard NIM discriminator; the full
22
Na spectrum is then acquired.
The results show a peaking time of about 35 ns when the 50 Ohm termination is used (fall time of
the bare MPPC comparable with the LYSO decay), and a shorter peaking time of about 20 – 25 ns
when the smaller load resistor is used.

Figure 16: MPPC/LYSO signal from a 22Na source (without any coincidence with the PMT), with no amplifier used and a
load resistor of 50 Ohm (scope termination). The observed peaking time is about 35 ns.

Figure 17: MPPC/LYSO signal from a 22Na source (without any coincidence with the PMT), with no amplifier used and a
load resistor of 8.3 Ohm (scope termination in parallel with 10 Ohm). Peaking time ~ 20 – 25 ns.

d. MPPC/LYSO, voltage amplifier
A typical screenshot of the amplified (voltage amplifier) output of the MPPC exposed to scintillation
photons from the LYSO crystal bar (22Na source, coincidence with PMT) is shown in Figure 18. The
measurement confirms the long average rise time, with a peaking time around 40 ns.

Figure 18: MPPC coupled with a LYSO crystal (amplified signal, voltage amplifier) for annihilation photons from a
source, tagged via coincidences between the MPPC and a second crystal read out by a PMT.
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Figure 19 is the histogrammed integrated charge of the above measurement, indicating a
photoelectron yield at the photopeak of around 900 (Q1pe ~ 0.07 nVs). The energy resolution of the
511 keV peak is measured as 13.3% (FWHM).
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Figure 19: Charge spectrum of coincidence annihilation photons from Na, detected by the MPPC coupled with a LYSO
crystal (see Figure 18).

e. MPPC/LYSO, transimpedance amplifier
The same measurements reported above were repeated using the same MPPC and the
transimpedence amplifier. The fall time of the bare MPPC output becomes now significantly shorter
than the LYSO decay time. As a result, a peaking time shorter than before is expected for the
MPPC/LYSO system.
Figure 20 shows the typical signals from annihilation photons from a 22Na source, in coincidence with
the PMT. It confirms the expectations, showing a peaking time around 20 ns. Figure 21 represents
the integrated charge spectrum of the above distribution, with an energy resolution at the
photopeak equal to 12.9% (FWHM), comparable with the one obtained with the voltage amplifier.
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Figure 20: Tagged annihilation photons spectrum for a Na source acquired by the MPPC (amplified signal,
transimpedance amplifier) coupled with the LYSO crystal, triggered on coincidences with a PMT.

Figure 21: Integrated charge spectrum of the above picture (annihilation photons from 22Na source, acquired by MPPC,
amplified with transimpedance amplifier).

7. Summary and conclusions
The time characteristics of the MPPC were assessed. In particular, the effect of the MPPC load
resistor on the pulse shape of the output signal was studied in detailed. For the bare MPPC, fast rise
times (order of a few ns) were observed combined with relatively long fall times
(order of tens of ns). The fall time value is strongly dependent on the MPPC load resistor: smaller
load resistors correspond to faster fall times of the signal.
Two approaches – analytical and Monte-Carlo – to model the MPPC/LYSO system pulse shape were
performed and good agreement between them was found. The dead time and recovery features of
the MPPC are not expected to influence the rise time of the pulse. For the readout of a LYSO crystal,
the two models predict a rise time which is significantly longer than the intrinsic rise time of the
MPPC mentioned above and that is ultimately driven by the fall time of the intrinsic MPPC signal,
combined with the LSYO decay time. Effectively, the rise time of the final MPPC/LYSO system is
produced by summing up pulses from the individual firing cells, where the pulses pile up on the tails
of the preceding ones. This effect becomes significant if the fall time of the pulse shape is
comparable to the decay time of the crystal.
When the voltage amplifier (baseline design for the project; 50 Ohm input impedance) is coupled
with the MPPC, we find a rise time of 5 ns and an exponential decay term of 30 ns for the bare MPPC
output, comparable with the LYSO decay time. The shape of the signals is essentially independent of
the pulse height (i.e. light yield), from few pe collection up to saturation. When the MPPC is coupled
to the LYSO crystal, a peaking time around 35 – 40 ns is observed.
When a smaller load resistor for the MPPC is used (as for example in the case of the transimpedance
amplifier), a different shape of the signal is obtained (fall time shorter than the crystal decay time),
already at the level of a few pe, resulting in a shorter final rise and peaking time of the MPPC/LYSO
signals.
From the above it appears, that the use of a ‘faster amplifier’ will not significantly improve the rise
time of the LYSO signal. Instead one could gain, if one could reduce the fall time of the MPPC signal,
by having a smaller load resistor for the MPPC, as in the case of the transimpedance amplifier.

APPENDIX : Amplifiers Design
The following amplifier schemes (designed by Alan Rudge, based on the OPA846 amplifier, by Texas
Instrument) have been used for the measurements.

Figure 22: Voltage amplifier, Gain = 10, rise and fall times <2ns

Figure 23: OPA 846 transimpedance amplifier; current gain = 0.5V/mA; rise and fall times <2ns. Input impedance < 1 ohm
at the frequencies of interest, mainly determined by the inductance of the input connections.
This type of amplifier is inherently unstable with a capacitive source, and will not tolerate long input leads. The above
amplifier used in the test setup showed instability with a tendency to oscillate at 300 MHz. Stability can be obtained by
adding a capacitor in parallel with R1.

