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Modern avalanche photodiodes with high gain are excellent device candidates for the light readout
from detectors used for the high energy physics experiments. We report the results of the APDs
radiation hardness study. Properties of APDs manufactured by Ketek and Hamamatsu companies
has been studied in terms of internal defects accumulation. Test setups for offline and online
APD irradiation measurements are described. Simplified models estimating contribution of var-
ious noise components are discussed in comparison with data achieved by static and dynamic
characteristics analysis. The results of the APDs investigations after irradiation using secondary
neutrons from the cyclotron facility U120M at the Nuclear Physics Institute of CAS in Řež are
presented.
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1. Introduction

The idea of the very forward calorimeter which provides high and uniform energy resolu-
tion was already successfully applied as the Projectile Spectator Detector at NA61 experiment in
CERN [1]. The very similar calorimeters are being designed and built for the future high en-
ergy nuclear physics facilities, such as the Projectile Spectator Detector for the CBM experiment
at the future FAIR facility [2], the Forward Wall Detector for the Baryonic Matter Spectrometer
(BM@N) [3] and the Multi Purpose Detector at the future NICA facility [4]. Those calorimeters
allow the detection of the non-interacting nucleons and fragments emitted at very low polar angles
in forward direction in heavy-ion collisions. It will be used to determine the collision centrality and
the orientation of an event plane by measuring of the spatial position and energy of these nucleons
and fragments.

As an example, we can discuss the Projectile Spectator Detector being built for the CBM ex-
periment. It is a full compensating modular lead-scintillator calorimeter comprising 44 individual
modules, each consists of 60 lead/scintillator layers with a surface of 20×20 cm2 [5]. The scintil-
lation light is read out via wavelength shifting fibers by Avalanche PhotoDiodes (APD). The main
advantages of APDs are: very compact sizes, low bias voltage, gain comparable to PMT, relatively
low price, insensitivity to magnetic field and absence of nuclear counter effect (due to the pixel
structure). Generally, APDs have the following properties: pixel density about 104−2×104 mm−2,
size of 3× 3 mm2, high dynamical range from 5 to 15000 photo electrons, photon detection effi-
ciency of about 15 %, high counting rate of about 105 Hz.

Figure 1: Distributions of the neutron flux through the PSD calorimeter at various radius [6].

The motivation of radiation resistance tests for hadron calorimeters at the current and future
experiments is the very high intensity of the ion beams. The overall radiation dose deposited in the
PSD and the neutron flux (Fig. 1) were simulated by FLUKA [6] for CBM and PSD geometry and
material budget for SIS100 and SIS300 [5]. The simulation shows that radiation dose is not critical
for scintillators itself. However, the most crucial effect could be the APD degradation caused by
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the neutron flux trough the rear side of PSD calorimeter. According to FLUKA simulation the
flux near the beam hole might achieve 1012 neutrons/cm2 for beam energy 4 AGeV and about
4× 1012 neutrons/cm2 for beam energy 35 AGeV and two months of CBM run at the beam rate
108 ions/sec. Therefore, the main requirement for APDs for PSD CBM is the radiation hardness to
neutron fluxes up to 1013 neutrons/cm2.

2. Tests of irradiated APDs with LED and cosmics

Modern investigation of single-photon detectors is not possible without single-photon sources.
The common laboratory source of photons is Light Emitting Diode (LED). Main advantage of LED
is the possibility to apply the method of synchronous detection of the APD test signal. It allows
to investigate the APD after irradiation in the close to single-photon mode of operation, when
signal to noise ratio is very low and can be calculated using big statistics of single photon events.
The method allows to investigate threshold variation of APD photon detection. Cosmic rays are
considered as the low cost replacement for conduction of an experiment with APDs involving
accelerator facilities. It allows to employ high energetic muons (MIP particles) to test APDs in
generally any experimental laboratory with the similar source of particles. The disadvantage of
this method is low data rate, which is not important on stage of R&D.

The APDs produced by Ketek and Hamamatsu manufacturers were irradiated at the Cy-
clotron facility of NPI Řež with 35 MeV secondary neutron beam [7]. Neutron absorbed doses
are F = 2.5× 1012 neq/cm2 for Ketek APD and F = 6.5× 1010 neq/cm2 for Hamamatsu APD.
Doses were measured by the special online dosemeter device based on PIN diode calibrated for
1 MeV neq/cm2; the temperature during the irradiation and measurements was 22 ± 0.5 ◦C [8].

Figure 2: Test results of Ketek APD with LED (left) and cosmic muons (right).

Figure 2 shows the results of the studies of the APD PM3350 produced by Ketek [9] with
LED (left) and with cosmic muons (right). The noise signal after the irradiation was measured
when the LED or cosmics triggers were turned off. The noise before irradiation is visible as the
very first peak pedestal on the signal before irradiation histogram. The multiple signal peaks around
0.05 V represent the clear individual single, double and higher orders photon peaks within the LED
measurement before irradiation (Fig. 2, left). The Ketek APD is unable to resolve single photons
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after irradiation due to high noise level of ~ 15 photo electrons (p.e.). Figure 2 (right) shows that
the averaged value of the detector signal amplitude is ~ 0.4 V corresponding to ~ 20 p.e. The signal
and noise peaks for irradiated Ketek APD are very close to each other which makes difficult the
signal from noise separation.

Figure 3: Test results of Hamamatsu APD with LED (left) and cosmic muons (right).

Figure 3 shows the results of the studies of the APD S12572-010P produced by Hamamatsu
[10] with LED (left) and with cosmic muons (right). The marks in Figure 3 are the same as in
Figure 2. We can see the good separation of the LED-induced single photon peaks for Hamamatsu
APD before irradiation as in the case of Ketek APD. The averaged value of the LED signal ampli-
tude from Hamamatsu APD after irradiation is ~ 0.18 V corresponding to ~ 26 p.e. (Fig. 3, left). It is
well separated from the noise peak ~ 6 p.e. The averaged value of the signal amplitude from Hama-
matsu S12572-010P, obtained with cosmics, is ~ 0.12 V corresponding to ~ 20 p.e. (Fig. 3, right).
The signal from APD does not change dramatically and it is well separated from the noise after
irradiation. However, we must note that the LED and cosmics test were done for Hamamatsu APD
after the irradiation with neutron fluence of 30− 50 times less than for Ketek PM3350. It will be
necessary to perform the tests for the Hamamatsu APD irradiated with the dose ~ 1012 as well as
more detailed studies with various doses.

3. Advanced measurement techniques for APD investigation

We carried out two additional APD investigation procedures, namely measurement and anal-
ysis of the Current Voltage Characteristics (I-V) and Capacitance Frequency Characteristics (C-
F). The reverse-biased I-V characteristic of P-N junction provides information concerning the
generation-recombination process in the silicon bulk. This characteristic allows to estimate the
influence of irradiation on noise performance of the detector. Results of C-F measurement are pro-
cessed with help of a simplified model, where the ratio of the average lifetime of minority carriers
to their average concentration is the main parameter characterizing the change in the junction after
irradiation. This parameter provides a qualitative picture of the processes dynamics of the traps
generation in silicon. The second technique based on the switching charge measurement gives an
information about the lifetime of minority carriers in the base of PN junction.
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Figure 4: I-V curves of Ketek (left) and Hamamatsu (right) APDs before and after irradiation.

I-V characteristics of Ketek and Hamamatsu APDs are showing the increase of the dark current
Idark in ~ 103 times right after irradiation by dose of ~ 1012 neq/cm2 (Fig. 4). Due to self-annealing
Idark of Ketek APD decreased a bit in a week after the irradiation (Fig. 4, left). Hamamatsu APD
was initially irradiated with a much smaller dose of ~ 1010 neq/cm2 leading to the increase of Idark
in ~ 10 times near the operating voltage, which is still a significant change (Fig. 4, left).

New method of C-F data analysis is based on the dynamical process describing variation of
nonequilibrium carriers due to recharge of traps’ levels in silicon volume [11]. For the mea-
sured capacitance C variation of nonequilibrium carriersâĂŹ concentration ∆n is with lifetime τ

is described by equation (3.1). Afterwards, one can achieve the equation (3.2) by applying simple
substitutions:

∂∆n
∂ t

=
1
e
· ∂Jn

∂x
+

∆n
τ

(3.1)

1
C
( f ) =

1
e
· 〈τ〉
〈Nt〉
·∆ϕ · f (3.2)

where e is elementary charge, Jn is the current through p-n junction, Nt is traps levels concen-
tration and ∆ϕ - voltage modulation applied to p-n junction at frequency f .

Achieved equation (3.2) describes the dependence of traps’ levels in semiconductor volume
on the capacitance of p-n junction and can be extremely useful for the C-F characteristics analysis
[12].

The C-F characteristics of both Hamamatsu and Ketek APDs show the capacitance increase
for high frequencies and the capacitance decrease for low frequencies after irradiation (Fig. 5).
Considering the 1/C ~ f model, this effect can be related respectively to the increase of short-
living traps amount and the decrease of long-living traps amount. The delimiting value of traps
lifetime to be considered as short- or long-living is 2.5 µs for Ketek APD (Fig. 5, left). Process in
Hamamatsu APD is different, probably due to its very complicated internal structure. Capacitance
and therefore traps amount increased significantly for the whole frequency range right after the
first irradiation by ~ 1010 neq/cm2, while no big impact was observed after increase of the dose by
roughly two orders of magnitude (Fig. 5, right).
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Figure 5: C-F curves of Ketek (left) and Hamamatsu (right) APDs before and after irradiation.

4. Conclusion

The studies of detectors properties for APDs produced by Ketek and Hamamatsu have been
performed before and after irradiation by neutrons from the cyclotron facility U120M at NPI of
ASCR in Řež. Internal noise of APDs dramatically increase after irradiation, that leads to inability
to detect single photons. After irradiation signal and noise peaks are overlapping for Ketek PM3350
(F = 2.5×1012 neq/cm2). For significantly lower dose they are well separated in case of Hamamatsu
S12572-010P (F = 6.5×1010 neq/cm2). Based on C-V and C-F analysis we assume that defects in
Silicon volume produce the increase of high frequency noise. The results are certainly important
to design the detectors with APD light readout for high energy physics experiments.
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