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Summary 

 
In this work, original studies of the properties of large area avalanche 

photodiodes (LAAPD), used as X-ray detectors as well as photosensors for vacuum 

ultraviolet (VUV) and visible light, are presented.  

The operational characteristics of four LAAPDs manufactured by Advanced 
Photonix Inc. (API) were investigated at room temperature for detection of X-rays. The 

energy resolution for 5.9 keV X-rays, obtained in the four investigated photodiodes, is 

found in the 10-18% range for the optimum gain of each LAAPD due to the dark 

current differences between the several used LAAPDs. The dark current contributes to 

the electronic noise, affecting the energy resolution and the minimum detectable energy. 

Photodiodes with lower dark current can detect minimum energies of about 1 keV. 

Despite the LAAPD limited area, previous characteristics together with its simplicity, 

compact structure, absence of radiation window and high counting rate capability (up to 

about 105/s) turn it out to be useful in varied applications, mainly in low energy X-ray 

detection. LAAPDs with lower dark current are able to achieve better performance than 

proportional counters. 

The non-uniformity of the silicon resistivity originates gain variations due to the 

local absorption of X-rays, degrading the energy resolution. The non-uniformity effect 

was investigated and gain relative variations of 2-3% (standard deviation) were 

measured. Further than this effect, the peaks in the energy spectra present some 

asymmetry due to a low-energy tail. This background results from X-ray absorptions in 

different regions of the LAAPD, generating pulses with different amplitudes. The 

application of digital discrimination techniques, based on pulse risetime, allows a 
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significant background reduction, improving the energy resolution and leading to better 

discrimination between low-amplitude signals and noise.  

LAAPDs have been used as VUV-light photosensors in gas proportional 

scintillation counters, where they present advantages compared to photomultiplier tubes. 

The LAAPD characterization in light detection requires the use of X-rays as a reference 

to determine the energy deposited in the silicon. However, for higher gains, space 

charge effects resulting from X-ray local absorptions originate a non-linearity between 

the gains obtained for X-rays and light pulses. The gain ratio between 5.9 keV X-rays 

and VUV light was determined. For a gain of 200, 10 and 6% variations were observed 

for VUV light produced in argon (~128 nm) and xenon (~173 nm), respectively. The 

non-linearity was also investigated for visible light and a variation significantly lower 

was observed (less than 1% for a gain of 200).  

The LAAPD gain and dark current dependence with temperature was 

investigated. The gain was determined for X-rays, VUV light and visible light, being 

observed relative variations with temperature of about -5% per ºC for the highest gains. 

The obtained values are significantly higher than the ones stated in the literature (-3% 

per ºC). The strong reduction of the dark current when the LAAPD is cooled originates 

significant improvements on the energy resolution and minimum detectable energy. The 

excess noise factor, another contribution to the energy resolution, was also determined, 

having been obtained values of 1.8 and 2.3 for gains of 50 and 300, independently on 

temperature. The results show that the energy resolution variation with temperature is 

not related to the excess noise factor, but is mainly related to the dark current.  

LAAPDs have been used as 1.9 keV X-ray detectors in the muonic hydrogen 

Lamb shift experiment. The LAAPD was selected because its response in X-ray 

detection practically does not vary with the presence of magnetic fields of intensity up 

to 5 T, required for the experiment. Moreover, its compact structure and fast time 

response constitute additional advantages in comparison with the tested gaseous 

detectors. The disadvantage of the LAAPD is associated to its limited area. This was 

partially eliminated using two series of LAAPDs. The several parts of the experimental 

system are described and the results of the experiment are presented.  
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Introduction 

 

Avalanche photodiodes have been used as radiation detectors in an increasing number 

of applications. This is mainly due to its simple operation and sensitivity to different 

radiation types, being able to detect light in the whole visible spectrum, from the 

infrared to the vacuum ultraviolet region, and also low and average energy X-rays (up to 

about 25 keV).  

The main objective of this thesis is to evaluate the use of large area avalanche 

photodiodes (LAAPD), manufactured by API*, as detectors for X-rays and vacuum 

ultraviolet (VUV) light, where their compact structure and wide dynamic range are 

advantages. The potentialities and limitations of avalanche photodiodes are evaluated 

and compared to other X-ray detectors. The application of LAAPDs to X-ray 

spectrometry is evaluated and their performance in the detection of low energy 

fluorescence X-rays is investigated. In addition, the application of LAAPDs to the 

muonic hydrogen Lamb shift experiment, where they are used as 1.9 keV X-ray 

detectors operating under a 5 T magnetic field, is investigated.  

The high quantum efficiency of avalanche photodiodes in a wide spectral range makes it 

possible to use LAAPDs as photosensors. In particular, the appearance of photodiodes 

sensitive to the scintillation light produced in rare gases has provided their incorporation 

in gas proportional scintillation counters (GPSC) as a VUV-light photosensors. A study 

of a LAAPD as VUV photosensor, integrated in a GPSC, was performed in previous 

works [Lopes et al. 2000, Lopes et al. 2001, Monteiro et al. 2001]. The study is here 

complemented by the investigation of the effect of temperature on the LAAPD gain and 

                                                 

* Advanced Photonix, Inc., 1240 Avenida Acaso, Camarillo, CA 93012, USA. 

   Internet: http://www.advancedphotonix.com  
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performance, the effect of strong magnetic fields in its response to VUV light detection 

and the non-linearity between X-ray and VUV-light gains.  

The behaviour of LAAPDs under intense magnetic fields was investigated during the 

tests performed in order to evaluate their application to the muonic hydrogen Lamb shift 

experiment. The LAAPD was used as a photosensor integrated in a GPSC as well as an 

X-ray detector, both being tested as alternatives for application to the experiment. The 

LAAPD response to VUV-light and X-ray detection was investigated for magnetic 

fields up to 5 T.  

The strong dependence of the LAAPD gain on temperature leads to the necessity of 

temperature control during the measurements. The knowledge of the gain variation with 

temperature is important because it provides corrections in cases where a precise 

temperature control is not possible. Additionally to the gain, temperature also affects the 

dark current and consequently the LAAPD performance. The effect of the temperature 

on the LAAPD gain and performance is evaluated for X-ray and light (VUV and 

visible) detection.  

 

The present thesis is subdivided in four chapters:  

In Chapter 1, a theoretical analysis of avalanche photodiodes is made. The operation 

principle is described and the main operational parameters are evaluated. The 

potentialities of avalanche photodiodes used as photosensors or X-ray detectors are 

evaluated and compared to other detectors. Finally, an analysis of the energy resolution 

contributions is made, leading to a prediction of the LAAPD operational parameters. 

In Chapter 2, the study of large area avalanche photodiodes as X-ray detectors is 

presented, including its operational characteristics and the effect of dark current on the 

LAAPD performance, the spatial non-uniformity, the counting rate capability and space 

charge effects. The application of LAAPDs to X-ray spectroscopy is evaluated by 

obtaining fluorescence spectra and evaluating the energy linearity and resolution. The 

application of digital signal processing techniques, based on risetime discrimination, to 
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X-ray induced LAAPD pulses is studied in order to improve the LAAPD performance. 

The LAAPD non-linear response to X-rays is presented by comparison with its response 

to VUV light.  

Chapter 3 describes the effect of the temperature on the LAAPD operational 

characteristics for detection of X-rays, VUV and visible light. The non-linearity 

between the LAAPD response to X-ray and visible light detection is studied as a 

function of temperature. The excess noise factor is experimentally determined for 

different temperatures and the effect of the temperature on the energy resolution is 

evaluated by the analysis of different contributions, in particular the electronic noise. 

The advantages of the LAAPD cooling for X-ray spectrometry applications are 

mentioned, being evaluated the effect of the temperature on the obtained energy spectra 

and on the minimum detectable energy. 

Chapter 4 describes the application of avalanche photodiodes to the muonic hydrogen 

Lamb shift experiment. The principle of the experiment and the different parts of the 

experimental system are described. Some tests had been performed in order to select the 

1.9 keV X-ray detector more suitable to the experiment. The results of these tests are 

described and a comparison with other tested detectors is established. The LAAPD 

behaviour under intense magnetic fields is analyzed for light and X-ray detection. The 

LAAPD capability to detect X-rays from muonic atoms is evaluated and several 

discrimination techniques for background reduction in the energy spectra are analyzed. 

Finally, the results of two phases of the experiment, carried through in 2002 and 2003, 

are discussed. 

 

The works described in this thesis were carried out in the Atomic and Nuclear 

Instrumentation Group (GIAN) of the Physics Department of the University of Coimbra 

(Portugal) and in the Paul Scherrer Institute (Switzerland). 

The studies described in this thesis gave origin to the following publications: 
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Chapter 1  

Avalanche photodiodes 

 

In many applications, for example spectrometers, remote sensors and medical imaging, 

a photodetector capable of quantitative response to low light levels is necessary. For a 

long time, only photomultiplier tubes (PMT) and conventional photodiodes provided 

quantitative detection for the whole visible light spectrum. However, both photosensor 

types present some disadvantages, as it will be shown next. In reply, large area 

avalanche photodiodes (LAAPD) have been developed in order to keep some 

advantages of both photosensors, attenuating their limitations.  

Figure 1.1 illustrates the working principle of the PMT and a conventional photodiode, 

the PIN (positive-intrinsic-negative) diode, a device made of a silicon semiconductor 

with a large depletion region, a neutrally doped intrinsic zone between two 

semiconductor regions with p and n-type doping, composed of impurities acceptor and 

donor of electrons, respectively. The concentration of impurities in the diode intrinsic 

region is very low. 

The PMT operation takes place in vacuum. The photon enters the tube through a 

window and is absorbed in a photocathode, producing an electron. This photoelectron is 

accelerated towards a dynode (an electrode with a positive electric potential relatively to 

the photocathode). The electron energy is high enough to produce in average more than 

one secondary electron by collision with the dynode. This process is repeated through a 

number of dynodes, originating a gain in the final electrode (the anode) that can reach 

about 106. In the PIN diode, the photon absorption in the depletion region creates a 

number of electron-hole pairs that depends on the diode quantum efficiency and on the 

incident radiation energy. A low intensity electric field in the photodiode leads to the 

migration of the produced charge carriers (electrons and holes) in opposite directions 
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towards two external electrodes. The amplitude of this signal is proportional to the flux 

of incident photons.  

(a)  

(b)  
 

Figure 1.1 – Working principle of the PMT (a) and the PIN diode (b). In the PMT, electrons are 

accelerated between the dynodes inside a vacuum tube and the gain is obtained by electron 

impact in the successive dynodes. In the PIN diode, the incident photons are converted into 

charge carriers (electrons and holes) [Koren et al. 1998].  

The PIN photodiode is a monolithic and compact device, in general much smaller than 

the PMT. Although not having internal gain, the PIN diode constitutes a low cost 

detector for applications with high light levels. The PMT is the preferable detector for 

applications with very low light levels due to its high gain, providing single photon 

detection. The electronic noise level in the photodiode is typically three orders of 

magnitude higher than the one in the PMT [Koren et al. 1998], restraining the detector 

capability at low light levels.  
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The avalanche photodiode (APD) combines the benefits of both photosensors presented 

in Figure 1.1 since it is a silicon photodiode with internal gain, although considerably 

lower than the one that can be obtained with the PMT, reaching less than 103. The gain 

is obtained applying a high reverse bias voltage to the photodiode, which establishes an 

intense electric field inside the APD, accelerating the electrons. The collision of these 

electrons with silicon atoms produce secondary electrons and the electronic avalanche 

then produced constitutes the APD gain. 

The noise associated to a photodiode results from two different contributions. The first 

one is produced in the input stage of the preamplifier and increases with the capacitance 

of the detector, leading to high noise levels for photodiode areas higher than 1 cm2. The 

second one is mainly attributed to the fluctuations in the photodiode dark current and 

also tends to increase with the photodiode size, what makes it difficult to use PIN 

diodes with more than 1 cm2 area. The APD internal gain constitutes an advantage 

relatively to conventional photodiodes. For this reason, the photodiode-preamplifier 

system is about 10 to 100 times more sensitive to light detection in the case of the APD 

for gains around the optimum one [Koren et al. 1998].  

In this chapter, the structure and working principle of avalanche photodiodes are 

described and their operational parameters are discussed. The advantages of LAAPDs 

for VUV-light detection are analyzed in comparison with PMTs and its applicability to 

X-ray detection is investigated. The LAAPD response is discussed as a function of the 

operational parameters. Finally, a theoretical analysis of the several contributions to the 

energy resolution is made, mainly the noise sources. Based on theoretical models, a 

prediction of the APD functional parameters is obtained. The optimum gain and the 

energy resolution dependence on gain are estimated. 
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1.1. Avalanche photodiodes: basic principles 

Although simple in theory, a photodiode design capable to sustain the high voltage 

required to produce gain presents several problems. Such a high voltage can generate 

huge leakage currents through the APD surface and volume. On the other hand, the 

volumetric dark current is dependent on the number of defects in the silicon substrate.  

For many years, avalanche photodiodes with small dimensions (less than 1 cm2 area) 

and gains of about 50 had been used in applications limited to its reduced area. The first 

generation of large area avalanche photodiodes was demonstrated in research 

laboratories in the end of the 1980 decade [Koren et al. 1998]. The mass production of 

practical prototypes was achieved by Advanced Photonix Inc. (API) in the beginning of 

the 1990 decade, constituting the second generation of LAAPDs.  

Several techniques had been introduced in order to eliminate some problems in the APD 

manufacture. For example, when a reverse bias voltage is applied to the photodiode, the 

maximum electric field is reached around the p-n junction and at higher voltages the 

field would be strong enough to induce rupture of the junction edges. This problem was 

avoided by using a bevelled edge geometry. This procedure reduces the electric field 

strength in the junction edges, avoiding their rupture. The developed techniques 

provided the production of prototypes with diameters up to 15 mm, with gains of a few 

hundreds and rupture voltages higher than 2 kV [Koren et al. 1998].  

The analysis of the typical failure mechanisms on the prototypes production and the 

development of new manufacture processes lead to the appearance of a third generation 

of LAAPDs with better performance and longer lifetime. A specific goal was to reduce 

the number of defects and local non-homogeneities in the several silicon layers, pointed 

out as the main causes of failure in the LAAPD performance. Another innovation was 

the inclusion of lower resistivity silicon, leading to obtain similar gains at voltages of 

about 1 kV lower. These and other factors provided the repetitive production of 

LAAPDs with long lifetimes (more than 100 thousand hours) and active areas with 5 to 

20 mm diameter.  
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The API technology was compared to the one developed by other manufacturers 

[Moszynski et al. 2001], showing that API LAAPDs present higher quantum efficiency, 

higher gains and lower noise levels. On the basis of this technology is the development 

of silicon crystals with n-type doping obtained by neutron transmutation, with more 

uniform resistivity, what provides larger avalanche regions with more moderate electric 

fields and therefore lower dark current. 

The resistivity uniformity around the p-n junction is very important for the gain 

achievement in the LAAPD, preventing the occurrence of local avalanches that could 

originate discharges in the photodiode. According to API, only crystals with resistivity 

variations lower than 5% are used in the fabrication of LAAPDs.  

1.1.1. Operating principle of the APD 

Figure 1.2 represents the structure of a bevelled edge LAAPD, illustrating its working 

principle. Light photons, X-rays or charged particles incident in the photodiode p-zone 

are converted into electron-hole pairs. The primary electrons cross the depletion region, 

being accelerated by the electric field. The electric field, generated by an applied 

positive voltage to the photodiode cathode, is high around the p-n junction. In this zone, 

electrons obtain enough energy to ionize silicon atoms, producing new electron-hole 

pairs. The generation of secondary electrons by successive collisions of the primary 

electrons is similar to the electron multiplication process in a proportional counter. The 

produced secondary electrons are also accelerated by the field, originating an avalanche 

process. The electric signal is multiplied by a factor that defines the LAAPD gain.  

Figure 1.3 represents schematically a LAAPD section, showing the different regions 

and the electric field profile inside the photodiode. When a voltage is applied to the 

LAAPD only a small part of the p-zone remains undepleted, the drift region (A). The 

electric field is very weak in this region, but in the depletion region (B) it increases with 

depth, reaching a maximum near the p-n junction. The electron avalanche is formed in 

the region where the electric field reaches the highest values (E > E0 in Figure 1.3), the 

multiplication region (C). For API LAAPDs, the drift region is 5-10 µm thick, while the 
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multiplication region thickness is 10-20 µm [Gullikson et al. 1995]. The depletion 

region thickness is about 170 µm for intermediate bias voltage values (1600 to 1800 V) 

[Moszynski et al. 2001].  

 

Figure 1.2 – Working principle of a bevelled edge avalanche photodiode. Electrons produced by 

the incident radiation are accelerated under the influence of a strong electric field in the APD, 

ionizing the silicon atoms and originating an electron avalanche [Koren et al. 1998].  

 

Figure 1.3 – Schematic of a LAAPD section and electric field profile (E) inside the photodiode. 

The drift, depletion and multiplication regions are represented by (A), (B) and (C), respectively. 
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The timing properties of avalanche photodiodes can be quite good for keV X-rays. For 

the ideal case, the limiting factor corresponds to the variation of the electron drift time 

with the interaction point of the incident photon in the photodiode. These variations lead 

to a typical variability of about 1 ns in the avalanche trigger time [Knoll 2000]. In 

addition, the noise superimposed to the signal leads to a timing uncertainty that often 

dominates the achievable time resolution. Typically, a time resolution of a few ns can 

be obtained [Knoll 2000]. Due to the superior signal to noise ratio generated by the 

gain, shorter time constants can be used for processing APD signals in comparison with 

conventional photodiodes, leading to higher counting rates and better time resolution.  

1.1.2. The p-n junction  

The depletion region presents some very attractive properties as a medium for radiation 

detection. The electric field inside that region induces the migration of the electrons 

towards the n-type material, at the same time that holes drift towards the p-type region. 

Thus, the concentration of electrons and holes in the depletion region is largely 

suppressed. Only the stationary charges (donor and acceptor impurities) remain in the 

region. As these charges do not contribute to the conductivity, the depletion region 

presents much higher resistivity than n and p-type materials. Electron-hole pairs created 

by radiation absorption in the depletion region move away from this region by the 

electric field, and this current constitutes the electric signal. 

Even in the absence of ionizing radiation, photodiodes present some conductivity as the 

thermal generation of mobile charges induces a steady-state leakage current. The 

concentration of these charges is very low in the depletion region because the collection 

time of the produced charges (a few ns) is several orders of magnitude shorter than the 

time necessary to establish the thermal equilibrium [Knoll 2000]. As a result, the 

number of mobile charges produced by an ionizing particle is easily detected above the 

number of thermally generated charges. Subsequently, the reversely polarized p-n 

junction constitutes an attractive radiation detector since the charges produced inside the 

depletion region can be fast and efficiently collected.  
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In a non-polarized junction, the contact potential spontaneously created across the 

junction, of about 1V [Knoll 2000], is insufficient to produce an electric field strong 

enough to generate a fast flow of charge carriers. Therefore, charges can be quickly lost 

by recombination or captured by the material impurities, originating an incomplete 

charge collection. The noise performance of a non-polarized junction, connected to a 

preamplifier input stage, is limited by the small thickness of the depletion region and by 

the junction high capacitance [Knoll 2000]. 

When a junction is reversely polarized (the p-side voltage is negative relatively to the n-

side voltage), the potential difference between both sides of the junction is strengthened 

by the applied voltage. In these circumstances, the minority carriers (holes in the n-side 

and electrons in the p-side) are attracted towards the junction and, as their concentration 

is relatively low, the reverse current across the diode is very low. As a result, the p-n 

junction acts as a rectifying element, causing a relatively free current flow in a direction 

and inhibiting the flow in the opposite direction.  

For reduced bias voltages, electron recombination or capture by impurities may take 

place, originating an incomplete collection of the produced charges. The fraction of 

non-collected charges decreases as the electric field increases since the time available 

for recombination is reduced. For voltages high enough, charge collection becomes 

complete and the amplitude of pulses produced by radiation interactions in the APD 

increases exponentially with the voltage once charge multiplication arises. After the 

multiplication process, electrons continue to drift towards the cathode, while holes are 

attracted in the opposite direction. For electric fields high enough, holes can also 

undergo multiplication. This process also produces free electrons, contributing to the 

photodiode gain. In these conditions, the gain exponential dependence on the applied 

voltage does not take place anymore.  

The thickness of the depletion zone varies with the reverse bias voltage. For this reason, 

the detector capacitance also varies with the voltage, so its operation stability requires 

the use of charge-sensitive preamplifiers to convert the collected charge (electrons 

resulting from the avalanche) into a voltage signal. A quantitative analysis of the 

properties of a reverse-polarized junction can be reviewed in [Knoll 2000].  
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1.1.3. Dark current 

When a voltage is applied to a photodiode in order to polarize reversely its p-n junction, 

a low-intensity current, typically about a fraction of µA, is observed. The current might 

be originated in the detector volume or surface.  

The volumetric dark current (generated inside the semiconductor volume) can be 

attributed to two different mechanisms. Due to the electric field direction in the 

depletion region, majority carriers created in the p and n-regions are repelled by the 

junction towards the depletion region edges. However, minority carriers are attracted to 

the junction, being conducted through it. These charges are continuously generated in 

both sides of the junction, being able to freely spread out and originating a stationary 

current approximately proportional to the junction area. For most of the cases, the 

contribution of minority carriers to the dark current is not significant. The second source 

of volumetric dark current is the thermal generation of electron-hole pairs in the 

depletion region, which increases with the volume of that region and decreases with the 

cooling. For silicon diodes, the thermal generation current is sufficiently low (less than 

1 nA) to provide their use at room temperature.  

The superficial dark current is generated in the p-n junction edges due to high voltage 

gradients nearby. The produced dark current may undergo large variations, depending 

on factors like the type of detector packaging, humidity and any surface contamination 

with fingerprints, oil or condensed vapours.  

The dark current monitoring is an important procedure that can also notice the 

appearance of an abnormal behaviour in the detector operation. Any abrupt change or 

increase of dark current may point out a variation of the detector performance, being 

able to degrade the energy resolution. It is also useful to monitor the dark current when 

voltage is applied to the photodiode. The dark current usually increases with bias 

voltage. However, an unexpected increasing may correspond to detector breakdown. In 

this case, the voltage must be reduced to a lower value in order to prevent the 

photodiode destruction. At last, the dark current long-time behaviour often indicates the 

radiation damage degree of the detector when used in extreme conditions.  
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Dark current affects the APD performance, being a determining factor of the obtained 

energy resolution. Dark current fluctuations constitute a noise source, as it was stated 

before for PIN photodiodes. In section 1.3 a more detailed analysis of the energy 

resolution contributions in avalanche photodiodes will be made.  

Beyond its effect on the energy resolution, dark current involves another practical 

influence on the photodiode operation. The bias voltage is applied in series with a high 

resistance for power supply protection. This way, the real value of the applied voltage is 

lower than the supplied value. The difference between these values is equal to the 

product of the dark current by the series resistance. If the dark current is high enough, 

the voltage drop across the resistance may lead to a considerably reduction of the 

photodiode applied voltage. That loss can be corrected by increasing the voltage in the 

power supply.  

As stated before, the noise depends directly on the dark current, which increases 

considerably with temperature [Lopes et al. 2003, Fernandes et al. 2004A]. As a result, 

electronic noise levels can be reduced by cooling the APD. In Chapter 3, the effect of 

the dark current variation with temperature will be evaluated in VUV-light, visible-light 

and X-ray detection by analysing the LAAPD response at different temperatures. 

 

1.2. Potentialities and response of LAAPDs 

Avalanche photodiodes present attractive properties in the detection of low amplitude 

signals due to their fast time response. The high electric field assures that the transit 

time of the electrons across the multiplication region is very short, generating pulses 

with short risetimes (a few tens of ns) and time resolutions of about 1 ns [Knoll 2000]. 

This combination of properties permits the use of APDs with a good signal-to-noise 

ratio. Part of this sensitivity results from the use of very short time constants, which 

reduce the noise level. 
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The LAAPD provides the detection of low intensity light pulses, covering the spectrum 

regions from the ultraviolet, passing through the visible, to the infrared. It can also 

detect charged particles and X-rays, which makes it competitive in various applications. 

The most common employ of LAAPDs is as optical photosensors associated with 

scintillators for X-ray and γ-ray detection in calorimetry and high energy physics 

applications [Pansart 1997, Karar et al. 1999], nuclear physics [Farrell et al. 1997] and 

medical instrumentation for PET (positron emission tomography) [Chen et al. 1999]. 

Recently, they have been applied as vacuum ultraviolet (VUV) light photosensors in gas 

proportional scintillation counters [Lopes et al. 2001, Monteiro et al. 2001] and as X- 

ray detectors for spectrometry [Fernandes et al. 2001].  

In VUV light detection, photon absorption takes place in the first silicon layers due to 

the reduced absorption length of those photons, of about 5 nm [Barnard et al. 1993]. In 

visible light detection, the photon absorption takes place deeper but even before the 

multiplication region. In these cases, the LAAPD response does not significantly vary 

from event to event. In opposite, X-rays can interact in different regions of the LAAPD, 

producing pulses with different energy and time responses, as it will be seen afterwards. 

Moreover, in VUV and visible-light detection the effect of non-uniformity is not 

significant considering that radiation is distributed over the whole LAAPD area, while 

in X-ray detection the LAAPD response depends on each photon interaction point.  

1.2.1. Light detection  

The employ of LAAPDs as optical photosensors has emerged as compensation for the 

disadvantages of the traditional photomultiplier tubes. The most obvious advantage of 

the LAAPD is its monolithic compact structure, commonly useful in applications where 

the space is critical and the detector is subjected to crashes or vibrations. Opposite to the 

LAAPD, a typical PMT is a relatively voluminous and mechanically fragile glass tube 

with considerably higher power consumption. Figure 1.4 shows a photograph of a 

typical PMT and a 16 mm diameter LAAPD. The physical differences between both 

photosensors are obvious. 
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Figure 1.4 – Photograph of a 16 mm diameter LAAPD manufactured by API (to the left) and a 

51 mm diameter traditional PMT (to the right) [Lopes 2002].  

An additional advantage of solid state technology is the wider dynamic range. The 

linear response of a typical PMT is limited to a range of about 4 orders of magnitude, 

while the LAAPD makes possible a linear response in a range of about 6 orders of 

magnitude [Koren et al. 1998].  

Another advantage of the LAAPD is the quantum efficiency, which corresponds, in 

practice, to the number of electron-hole pairs created in silicon per incident photon. In a 

typical PMT, only 10 to 25% incident photons (with 300 to 500 nm wavelengths) are 

converted into photoelectrons in the photocathode. Figure 1.5 presents the quantum 

efficiency as a function of the incident light wavelength for PMTs with different 

photocathodes and several LAAPDs from API. Depending on the wavelength range 

intended to detect, several photodiode types can be used, with maximum efficiencies in 

the ultraviolet, blue or red zone. For each presented LAAPD, the quantum efficiency 

reaches significantly higher values (up to about 90%) and broadens throughout a wider 

spectral range compared to the traditional photocathodes of PMTs. This extensive 
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spectral response is particularly important in the case of scintillators with emission 

spectra which present a significant yield at higher wavelengths. 

 
Figure 1.5 – Quantum efficiency of three typical PMTs, with different photocathodes, and three 

APDs from Advanced Photonix Inc. [Koren et al. 1998]. 

The necessity to find substitutes for traditional PMTs in VUV-light detection in gas 

proportional scintillation counters (GPSC) lead to the development (by API) of a series 

of LAAPDs (Deep-UV windowless series) particularly sensitive in the VUV spectral 

region. The high quantum efficiency in that region results from a demanding quality 

control in the entrance layer of the photodiode and in the interface between that layer 

and the silicon crystal. Figure 1.6 presents the quantum efficiency variation with 

wavelength for the VUV light sensitive series of LAAPDs. In that region, the quantum 

efficiency is high, reaching more than 100% for a wavelength range. The maximum 

value reaches 120% at 160 nm.  

The quantum efficiency is determined by two factors: the fraction of photons incident in 

the APD which enter the silicon (transmission) and the number of electron-hole pairs 

produced per absorbed photon (intrinsic quantum efficiency). If there are no internal 

losses in the photodiode, quantum efficiency can be defined as the product of those two 

factors. The transmission depends on the silicon refractive index and on the refractive 

index and thickness of the anti-reflecting layer.  
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Figure 1.6 – Quantum efficiency as a function of wavelength for the VUV light sensitive series 

of LAAPDs from Advanced Photonix Inc. [Zhou et al. 1999].  

In the VUV region, the transmission reaches the maximum value of 0.5 at 160 nm. In 

this zone, the photon energy is high enough to generate more than one electron-hole 

pair, meaning that the intrinsic quantum efficiency is higher than 1. Its value at 160 nm 

is 2.5 [Zhou et al. 1999], justifying the maximum quantum efficiency of 120%. The 

intrinsic quantum efficiency increases continuously below 160 nm. However, the anti-

reflecting layer becomes gradually gloomier, what explains the fast drop of the 

efficiency at wavelengths below 160 nm.  

The LAAPD presents other less obvious advantages in comparison to the PMT, which 

can be critical in some applications. One of them is related to the radiation window 

between the photocathode and the exterior. For a PMT, the window is essential since it 

is a part of the vacuum enclosure. The hermetic structure of the LAAPD prevents any 

air entrance, turning out optional the window. The absence of window provides the 

connection of the photodiode directly to a scintillator, what is particularly useful in the 

case of gaseous scintillators under high pressure.  

On the other hand, both photosensors benefit from cooling. In the PMT, the temperature 

reduction lowers the photocathode thermal emission, decreasing the dark current. 
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Cooling the LAAPD also reduces the dark current due to the lower number of thermally 

generated charge carriers. Furthermore, the cooling increases the gain for a given bias 

voltage. This happens because at lower temperatures the mean free path of the 

photoelectrons is higher and the electrons get more energy from the electric field, 

increasing the conversion efficiency [API 1999]. The temperature drop also reduces the 

rupture voltage (about 2V per ºC for API photodiodes) [Koren et al. 1998].  

In addition to the larger detection area, the PMT presents a great advantage compared to 

the LAAPD, its high internal gain (up to 106), which leads to the detection of single 

photons. For this reason, the PMT is the only detector used for photon counting and in 

very low light level applications at room temperature. This presents only about 10% of 

the applications [Koren et al. 1998]. For most of the applications there is no need of 

such high gains and quantum efficiency is more important than gain in determining the 

total performance. In these cases, the LAAPD is more advantageous, preserving the 

input signal more than the PMT. 

1.2.2. X-ray detection  

Having been developed as visible-light photosensors, soon the use of APDs to directly 

detect X-rays was recognized [Webb et al. 1976, Farrell et al. 1991, Baron et al. 1994, 

Ochi et al. 1996, Moszynski et al. 2002A].  

X-rays incident in the LAAPD are absorbed in silicon with an average absorption length 

that varies with the X-ray energy according to Figure 1.7. The majority of X-rays 

absorbed originate a fast electron whose energy is approximately equal to the incident 

photon energy. This electron is stopped in successive collisions, originating an electron-

hole pair per each 3.62 eV of energy deposited in silicon [Knoll 2000]. Each event 

corresponding to an absorbed X-ray can be considered as a local deposition of Ex/ε 

electron-hole pairs, where Ex is the incident X-ray energy (in eV) and ε the average 

energy required to generate an electron-hole pair.  
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Figure 1.7 – Average absorption length for X-rays in silicon, as a function of the X-ray energy. 

The K-edge energy is 1.83 keV. The presented values were derived from the linear attenuation 

coefficients (http://physics.nist.gov/PhysRefData/FFast/html/form.html). 

The absorption length in silicon is about 30 µm for 6 keV X-rays, increasing rapidly 

with the energy and reaching about 70, 130 and 450 µm for X-ray energies of 8, 10 and 

15 keV, respectively. The high probability of an X-ray interaction taking place at 

different depths in the multiplication region leads to partial amplification pulses, 

affecting the LAAPD energy linearity. This effect is more significant at high gains and 

will be studied in Chapter 2.  

The X-ray absorption length dependence on energy also affects the LAAPD detection 

efficiency, which is defined by the ratio between the number of pulses obtained in the 

LAAPD output and the number of photons incident in the photodiode surface. The 

efficiency decreases rapidly for X-ray energies above 6 keV, presenting values of about 

45, 25, 8 and 4% for energies of 8, 10, 15 and 20 keV, respectively, for API 

photodiodes [Farrell et al. 1991, Baron et al. 1994]. The corresponding silicon active 

thickness for those photodiodes is about 50 µm [Baron et al. 1994]. The active thickness 

extends from the photodiode surface to the multiplication region edge in the n-type side. 

The minimum detection limit at low energies is imposed by the electronic noise.  
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The LAAPD response in the detection of X-rays absorbed in the silicon active thickness 

depends on the position where the absorption takes place. The active zone can be 

divided in three different regions, with different responses to the absorbed X-rays: 

(i) the drift region; 

(ii) the part of the depletion region where the electric field is not enough to provide 

electron multiplication;  

(iii) the multiplication zone.  

To understand the differences on the LAAPD response to X-rays absorbed in each one 

of the regions (i), (ii) and (iii), Figure 1.8 shows the doping profile (a), the electric field 

intensity (b) and the electron ionization coefficient (c) inside the LAAPD. The doping 

profile is the difference between acceptor and donor concentrations. The ionization 

coefficient is defined as the inverse of the average distance required for an electron to 

originate an electron-hole pair.  

The frontal part of the p-zone presents a residual electric field of about 50 V/cm [API 

1999] due to the high acceptor concentration in this region, as Figure 1.8 (a) illustrates. 

According to Figure 1.8 (b), the maximum value of the electric field is achieved close to 

the junction, reaching about 1.8×105 V/cm [API 1991], a value high enough to cause 

ionization by electron impact. The distribution of the electron ionization coefficient, 

shown in Figure 1.8 (c), is a measure of the gain experimented by an electron bypassing 

the LAAPD volume. In silicon, the ionization coefficient of holes is much lower than 

for electrons. The ratio between those coefficients is about 0.002 [API 1991]. Thus, the 

amplification of holes can be neglected as first approximation. 

X-rays absorbed in the region (i) produce electrons that drift slowly towards the 

depletion region edge due to the weak electric field. Once in the depletion zone, the 

field increases and the electrons are quickly conducted to the multiplication region, 

where they are amplified. The resulting pulses present longer time response due to the 

time that electrons need to cross the region (i). In this region, electrons can also be 

captured for long times, from tens to thousands of ns [Baron et al. 1994], leading to an 
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amplitude reduction of the current pulse that drifts towards the strong electric field zone 

and originating lower amplitude pulses at the LAAPD output. 

 
Figure 1.8 – Doping profile (a), electric field intensity (b) and electron ionization coefficient (c) 

as a function of depth in silicon, for API LAAPDs. The vertical lines divide the different 

regions of the silicon active thickness, the xp and xn abscissas represent the depletion zone edges 

and xj corresponds to the p-n junction position [Baron et al. 1994]. 

X-rays absorbed in the region (ii) originate fully amplified pulses with faster time 

response comparatively to the pulses produced by X-ray interactions in the region (i). 

Electrons are rapidly carried to the high electric field region, undergoing an average 

amplification equal to the photodiode gain. The local absorption of X-rays originates 

events with different gains depending on the interaction point in the photodiode due to 

the non-uniformity of the silicon crystal. The relative standard deviation associated to 

the gain variation at different positions in the LAAPD is about 2% [Fernandes et al. 

2001]. On the other hand, even for a fixed average gain, there is a statistical variation 

associated to the avalanche multiplication process.  

X-rays absorbed in the multiplication region (iii) produce electrons that will be partially 

amplified, originating pulses with lower amplitude than the pulses created by X-ray 
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absorptions in the region (ii). The amplitude of these pulses may vary continuously 

down to zero.  

In the same measurement, X-rays with the same energy can be absorbed in any of the 

regions (i), (ii) or (iii). The amplitude distribution of the resulting pulses deviates from a 

Gaussian curve due to the presence of a tail in the lower energy side. The tail is 

associated to the lower amplitude pulses produced in regions (i) and (iii).  

The LAAPD time response also depends on the region where X-rays are absorbed. For 

X-rays absorbed in the region (i), the time response of the resulting pulses is longer than 

the one of fully amplified pulses produced by X-ray interactions in the region (i), while 

X-rays absorbed in the multiplication region originate faster pulses. Since these 

differences should be observable in the pulse risetime distributions, the discrimination 

of the anomalous pulses in order to improve the detector performance is possible. The 

application of digital discrimination techniques, based on pulse risetime, to LAAPDs 

will be investigated in Chapter 2. 

 

1.3. Energy resolution in avalanche photodiodes 

The fluctuations associated to radiation detection in avalanche photodiodes is originated 

by several factors. Generally, energy resolution contributions are:  

1)  statistical fluctuations associated to the number of electron-hole pairs produced in 

silicon and to the avalanche process (∆ES); 

1) the gain non-uniformity within the APD detection volume (∆EU); 

2) the detector noise, associated to the dark current, and the electronic system noise, 

mainly related to the preamplifier (∆EN). 

The broadening (∆E) in the energy distribution corresponding to APD pulses results 

from the quadratic addition of those three contributions:  
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NUS EEEE ∆+∆+∆=∆  (Eq. 1.1) 

The relative contribution of the mentioned factors depends on the type of detected 

radiation. There is a clear difference between light detection and direct detection of 

ionizing particles, such as X-rays. In particular, the non-uniformity contribution is 

different in both cases, being negligible in light detection if the whole APD area 

contributes to the electric signal amplification. In this case, there are no significant 

differences from pulse to pulse and the final pulse results from the average response to 

the entire number of photons interacting in silicon. In X-ray detection, each pulse is 

locally produced and the final distribution is affected by the local variation of the gain.  

1.3.1. Intrinsic resolution  

The intrinsic resolution is a characteristic inherent to the APD and corresponds to the 

energy resolution without the electronic noise contribution (Equation 1.1). 

The intrinsic resolution is mainly attributed to statistical fluctuations associated to the 

number of electron-hole pairs produced by the incident radiation and to the avalanche 

process associated to each primary electron. The error propagation formula determines 

the output signal variance associated to the statistical limitation, in number of primary 

electrons, as [Knoll 2000]:  

  2222 /GN AnS σσσ +=  (Eq. 1.2) 

where N is the number of primary electrons, 2
nσ  its variance, G  the APD gain and 2

Aσ  

the variance of the avalanche gain.  

In the analysis of the signal statistical uncertainty, it is common to use the excess noise 

factor (F), defined as:  

 22 /1 GF Aσ+=  (Eq. 1.3) 
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As a result of electronic avalanche fluctuations, F is higher than 1 and varies with the 

gain. One cause of those fluctuations is the discrete nature of the multiplication process, 

where an electron (or hole) with high speed causes an ionization and the subsequent 

production of an electron-hole pair, leading to statistical fluctuations of the gain.  

In silicon, the ionization probability by holes is much lower than the one induced by 

electrons, as it was stated before. However, the ionization induced by holes becomes 

significant for high gains. If a hole resulting from a primary avalanche originates an ion 

pair, a new electronic avalanche begins. If the hole-induced ionization occurs next to the 

entrance of the multiplication zone, the resulting avalanche undergoes a gain almost as 

high as the one of a primary avalanche. This positive feedback mechanism explains the 

fast increase of the gain with bias voltage, causing rupture at a critical value of the 

voltage. The positive feedback is an intrinsically noisy process and, near the rupture 

voltage, F increases linearly with the gain [API 1991].  

The excess noise factor variation with gain depends on the ionization coefficients of 

electrons and holes, and will be derived from the McIntyre model in the next section.  

The variance of the APD output signal, associated to the statistical limitation, can be 

described as a function of F: 

 )1(22 −+= FNnS σσ  (Eq. 1.4) 

The first term of Equation 1.4 symbolize the statistical error associated to fluctuations in 

the number of primary electrons and the second one is related to avalanche gain 

fluctuations.  

For light pulse detection, the variance in the number of primary electrons (N) is 

described by Poisson statistics: 

 Nn =(light)2σ  (Eq. 1.5) 

Combining Equations 1.4 and 1.5, the statistical error associated to light detection, in 

number of primary electrons, is given by: 
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 FNS =(light)2σ  (Eq. 1.6) 

The intrinsic resolution of avalanche photodiodes in light detection is basically 

determined by the statistical contribution: 

 
N
F
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R S 36.236.2(light)int ==

σ
 (Eq. 1.7) 

For X-ray detection, the peak broadening process is more complex than the one 

described for light pulses. The statistical fluctuations associated to the primary electrons 

are now attenuated by the Fano factor f, which describes the relative variance in the 

process of creation of primary electrons in comparison to a purely Gaussian process 

[Santos 1994]. In silicon, the f value is about 0.12 for keV X-rays [Perotti et al. 1999]. 

Thus, the variance in the number of primary electrons takes the form: 

 fNn =rays)(X2σ  (Eq. 1.8) 

The statistical contribution to the energy resolution is now: 

 )1(rays)(X2 −+= fFNSσ  (Eq. 1.9) 

The energy resolution for X-rays can be seriously degraded due to the gain non-

uniformity in the detection volume [Moszynski et al. 2002A]. This happens because 

each pulse results from an X-ray locally absorbed, experiencing a gain that varies with 

the X-ray interaction point. The gain local variation is mainly attributed to the non-

homogeneity of the silicon resistivity.  

Being GU /σ  the relative standard deviation associated to the non-uniformity of the 

APD gain, the intrinsic resolution for X-rays can be described by: 
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The number of primary electrons produced by X-rays with energy E interacting in the 

LAAPD is ε/EN = , where ε is the average energy required to produce an electron-

hole pair (3.62 eV in silicon). For light detection, the light pulse equivalent energy can 

be determined comparing the amplitude of the corresponding LAAPD signal with the 

one produced by X-rays, as it will be shown in Chapter 3.  

Equations 1.7 and 1.10 make possible a comparison between the intrinsic resolution for 

light pulses and X-rays. The variation of the intrinsic resolution with energy can be 

estimated for typical values of the indicated parameters. Figure 1.9 represents the 

intrinsic resolution as a function of energy, considering a non-uniformity %2/ =GUσ  

and 2=F . The figure also shows the statistical contribution for X-rays, which was 

obtained excluding the non-uniformity effect in the intrinsic resolution. The statistical 

contribution is slightly lower for X-rays since the variance in the number of primary 

electrons is smaller.  
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Figure 1.9 – Intrinsic resolution of the APD as a function of the energy, for light and X-rays, 

considering a non-uniformity σU/G = 2% and F = 2. The dotted curve corresponds to the 

statistical contribution for X-rays.  
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For low energy X-rays, the intrinsic resolution is mainly determined by the statistical 

contribution, while for higher energies it is strongly affected by the non-uniformity. For 

this reason, in the case of Figure 1.9, the intrinsic resolution is higher for X-rays with 

energies above 8 keV than for light pulses with the same deposited energy.  

The non-uniformity of avalanche photodiodes depends on the manufacture process, 

varying from prototype to prototype. For the detection of high energy X-rays, a good 

LAAPD uniformity is important. The relative standard deviation used in Figure 1.9 

describes a LAAPD with good uniformity, being 2% a typical value for API 

photodiodes. In the worst case, corresponding to 5% non-uniformity, the intrinsic 

resolution for X-rays is obviously higher. In that case, the X-ray intrinsic resolution 

would be higher than the one corresponding to light pulses for energies above 1.3 keV.  

Due to the intrinsic energy resolution dependence on the excess noise factor F, the 

knowledge of the variation of F with gain, which will be derived in the next section, 

provides a theoretical prediction of the APD operational parameters, such as the energy 

resolution and the optimum gain.  

1.3.2. Noise analysis in avalanche photodiodes 

The contribution of the electronic noise to the energy resolution results from two 

different sources: the detector dark current and the associated electronic system.  

Dark current is constituted of two different components. One of them (IDS) is not 

dependent on gain and corresponds to the superficial current and to a small fraction of 

the volumetric current resulting from the thermal generation of electron-hole pairs in the 

n-region. The other component (IDV) is amplified by the APD gain and corresponds to 

the volumetric current resulting from the generation of electron-hole pairs in the p-

region. The total current at the APD output can be described as: 

 0IGIGII DVDS ++=  (Eq. 1.11) 
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where G is the APD gain and I0 is the non-amplified signal current, corresponding to 

electron-hole pairs produced by the absorbed radiation.  

A detailed noise analysis in avalanche photodiodes, in terms of noise spectral density, 

was discussed by McIntyre [McIntyre 1966]. The noise current density can be described 

in terms of the dark current and the amplifier components: 

 AD
N

f
i

φφφ +==
d

d 2

 (Eq. 1.12) 

The dark current contribution can be represented by [Webb et al. 1976]: 

 )(2 2 FGIIq DVDSD +=φ  (Eq. 1.13) 

where q is the electron charge and F is the excess noise factor.  

The parameters G and F for signal amplification and dark current amplification are not 

exactly equal since the spatial distribution of the thermally generated electron-hole pairs 

is not equal to the distribution of pairs created by the incident radiation [Pansart 1997]. 

However, if the majority of the signal and the noise amplified component result from 

electrons generated in the drift region [API 1991], the values of G and F are supposed to 

be approximately equal for both signal and dark current amplification.  

The noise associated to the electronic system is mainly determined by the FET (field 

effect transistor) at the preamplifier input. The major noise source is related to 

fluctuations in the FET channel current. As this current is essentially due to majority 

carriers, that contribution is similar to thermal noise and can be represented by a noise 

equivalent resistance (Req) in the preamplifier input. The corresponding noise current 

density can be represented by [Nicholson 1974]: 

 eqBA RTk /4=φ   (Eq. 1.14) 

where kB is the Boltzmann constant (1.38×10-23 J/K) and T is the temperature (in K). 
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The noise equivalent resistance for a junction FET (JFET), commonly used in charge 

sensitive preamplifiers for semiconductors, is given by: 

 
m

eq g
R

3
2

=      (Eq. 1.15) 

where gm is the FET mutual conductance.  

Fluctuations in the channel current also lead to a floating current through the FET 

capacitance Cgs (gate-source capacitance). As this capacitance is usually small (a few pF 

in a JFET), the contribution of that current to the noise is neglected [Nicholson 1974].  

The FET input current also contributes to the noise. However, that current is of the 

order of 10-12 A in a JFET and its corresponding contribution to noise can be ignored if 

compared for example to the detector dark current contribution.  

Beyond the described noise sources, the FET presents a low-frequency component 

(excess noise). For a JFET this contribution is not significant and will not be considered 

in the electronic noise analysis. 

An additional preamplifier noise source results from the resistor applied in series with 

the detector bias voltage. That resistance is generally high, typically 100 MΩ, and its 

contribution to noise may also be neglected. 

The relevant contribution for the preamplifier noise is the one described by Equation 

1.14. Thus, the total noise current density (Equation 1.12) can be approximated by:  

 ( )FGIIq
R

Tk
DVDS

eq

B 224
++=φ  (Eq. 1.16) 

Being CT the total effective capacitance in the preamplifier input (including the detector 

and the FET input capacitances) and considering that the preamplifier is connected to a 

linear amplifier with equal differentiation and integration constants, the noise voltage 

(RMS value) is given by [Webb et al. 1976]: 
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 (Eq. 1.17) 

where τ is the value of the shaping constants in the linear amplifier.  

Considering that the detector time response is fast in relation to the shaping time 

constants in the linear amplifier, the signal voltage can be written as: 
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where Q is the deposited charge, 718,2≅e  is the number of Nepper and E is the energy 

corresponding to the absorbed radiation. 

The electronic noise contribution to the peak broadening (in units of energy) is: 

 E
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N
N 36.2=∆  (Eq. 1.19) 

Substituting VN and VS as defined by Equations 1.17 and 1.18 [Webb et al. 1976]:  
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The first term in Equation 1.20 describes the noise of the electronic system associated to 

the detector (input capacitance and noise equivalent resistance of the preamplifier), 

while the second one corresponds to the dark current contribution. Both of the terms 

depend on the shaping time constants used in the linear amplifier. The noise 

contribution also depends on the gain and on the excess noise factor. The dependence 

between F and G can be derived from the McIntyre model.  

Excess noise factor  

The McIntyre model describes an avalanche photodiode extending from x = 0 (the n+ 

electrode) to x = L (the p+ surface). Photoelectrons are injected next to the p-zone 
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surface, being accelerated towards the n+ electrode, where they are collected. Near the 

p-n junction, the electric field is high and ionization may take place. Consequently, 

electron-hole pairs are created, originating an avalanche. Being α(x) and β(x) the 

ionization probabilities per unit of length for electrons and holes, respectively, an 

electron-hole pair produced at the interaction point x undergoes a gain [McIntyre 1972]: 
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For electrons injected at x = L, their corresponding gain is G(L). In these conditions, the 

excess noise factor is given by [API 1991]:  

 ∫+−=
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2 )()(22 α  (Eq. 1.22) 

Thus, expressions defined by Equations 1.21 and 1.22 are equivalent to: 
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where the specified coefficients are: 
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The parameter δ is the ionization coefficient for electrons. Factors k0, k1 and k2 are 

different measures of the ratio between the ionization coefficients for holes and 

electrons. 

In a low noise APD, the k factors are very small compared to 1 and more or less equal. 

Thus, equation 1.24 takes a simpler approximated form:  

 ( )efef k
G

kGF −





 −+≅ 112  (Eq. 1.26) 

where )1/()( 2
2

12 kkkkef −−=  is the effective ratio between the ionization coefficients. 

For high gains, the variation of the k factors with voltage is very low. Since kef << 1, for 

lower gains (not below a few tens) GF /12 −≈ , meaning that F practically does not vary 

with kef. Thus, considering kef constant is a good approximation. For API photodiodes, 

the kef value is about 0.0015 [API 1991]. The dependence of F on gain was estimated 

for kef = 0.0015, as Figure 1.10 shows. For the useful gain range, F increases linearly 

with the gain, as represents the linear fit at gains above 30.  
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Figure 1.10 – Excess noise factor as a function of gain according to Equation 1.26, considering 

kef = 0.0015. The variation of F with G is linear between the vertical lines (for gains above 30).  
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The results obtained for API avalanche photodiodes are in accordance with Figure 1.10 

[API 1991, Moszynski et al. 2002A]. The excess noise factor has been experimentally 

determined as a function of gain for different temperatures. The results obtained will be 

presented in Chapter 3.  

1.3.3. Prediction of the APD operational parameters  

The correlation between the excess noise factor and the gain makes possible to predict 

the noise contribution to the energy resolution. However, the estimation depends on the 

APD dark current, which depends extremely on each individual photodiode. Using 

typical values of the parameters, Equation 1.20 can be used to obtain an estimate of the 

noise contribution to the energy resolution.  

Typical values of the dark current in API avalanche photodiodes, with 16 mm diameter, 

are IDS = 100 nA and IDV = 0.3 nA, at room temperature (294 K), while the typical 

capacitance of those photodiodes in the useful gain range is about 130 pF [API 1999]. 

Considering the use of a charge sensitive preamplifier, with a JFET mutual conductance 

of 20 mS and an input capacitance of 1 pF, in Equation 1.20 we find Req ≅ 33 Ω and 

pF130≅TC . Figure 1.11 represents an estimate of the noise contribution (in keV), 

defined by Equation 1.20, for different shaping time constants.  

While the gain increases, the noise contribution initially decreases, reaching a minimum 

value, and then increases. For reduced gains, the noise is mainly determined by the 

preamplifier, decreasing as the time constants increase. For higher gains, the dark 

current contribution dominates and the noise increases with the shaping time constants, 

as Figure 1.11 shows. The gain corresponding to the minimum value of the noise 

contribution depends on the time constants, being about 80 for 1µs and 240 for 100 ns. 

The use of lower time constants benefits the detector performance against noise but may 

cut the pulse risetime, leading to partial signal loss.  
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Figure 1.11 – Estimate of the electronic noise contribution (Equation 1.20) as a function of gain, 

for different shaping time constants. The results of Figure 1.10 and typical values of the APD 

and preamplifier parameters have been used.  

The choice of the optimum gain must take into account not only the noise contribution 

but also the total energy resolution behaviour as a function of gain. As shown before, 

the intrinsic resolution varies with the type of detected radiation and depends on the 

excess noise factor and on the incident radiation energy.  

In X-ray detection, the APD intrinsic resolution is described by Equation 1.10 and its 

variation with gain depends on the relationship between F and G. Considering a 2% 

non-uniformity, results of Figure 1.10 provide the estimate of the intrinsic resolution as 

a function of gain, for different energies, using Equation 1.10. The total energy 

resolution was then derived for different energies combining the estimated intrinsic 

resolution and the noise contribution (Figure 1.11). Figure 1.12 represents the energy 

resolution as a function of gain for shaping time constants of 200 ns. The figure shows 

that the optimum gain, corresponding to the minimum value of the energy resolution, 

decreases slightly as the energy increases, being about 120, 100 and 80 for X-ray 

energies of 3, 6 and 12 keV, respectively. 
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Figure 1.12 – Estimate of the energy resolution as a function of gain for X-rays with energies of 

3, 6 and 12 keV, considering 2% non-uniformity and 200 ns shaping time constants.  

The non-uniformity depends on each individual photodiode and the same happens with 

the dark current, which varies considerably from prototype to prototype, leading to 

differences on the intrinsic resolution and noise contribution for different photodiodes. 

Since these parameters are inherent to the fabrication process of each photodiode, the 

energy resolution may vary significantly between different photodiodes, as it will be 

seen later.  

The choice of the best value for differentiation and integration constants depends on the 

type of radiation proposed to detect due to the differences in the duration of the 

corresponding pulses. For example, the signal resulting from an X-ray interaction in the 

photodiode is shorter than a light pulse signal since the last one depends on the time-

width of the incident light pulse, while the X-ray signal results from a single photon 

interaction. Thus, the analysis of the electronic noise contribution is valid for light 

pulses if their time-width is small in comparison to the shaping time constants.  

The APD optimum gain depends on factors like the nature and energy of the incident 

radiation, shaping time constants, dark current and input capacitance. The optimum gain 

can be derived taking into account that it corresponds to the local minimum of the curve 
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representing the energy resolution as a function of gain, R(G). The minimum takes place 

at 0/ =∂∂ GR . The derivation is simpler using the square of the energy resolution: 
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The first term of the previous equation corresponds to the intrinsic resolution while the 

second one is the electronic noise contribution expressed by Equation 1.20. The 

intrinsic energy resolution depends on the nature of the incident radiation, being defined 

by Equations 1.10 and 1.13 for light pulses and X-rays, respectively. Considering that 

the gain non-uniformity is constant for each LAAPD, in Equations 1.10 and 1.13 only F 

depends on gain. Like so, the derivative of the first term in Equation 1.27 is equal for 

light pulses and X-rays:  
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int 36.2=   (Eq. 1.28) 

Substituting this result in the derivative of Equation 1.27, the optimum gain is the 

solution of the equation 0/2 =dGdR . This equation can be simplified leading to: 
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In the LAAPD useful gain region, the dependence between F and G must be linear, as 

Figure 1.10 illustrates. In this case efkdGdF ≈/  and Equation 1.29 is equivalent to: 
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The solution of this equation corresponds to the optimum gain, given by:  
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Equation 1.31 proves that the optimum gain depends on factors inherent to the APD, as 

kef and the dark current components, depending also on the preamplifier characteristics 

and on the shaping time constants used in the linear amplifier. Equation 1.31 shows that 

the optimum gain decreases slightly with the energy deposited in the APD by the 

incident radiation.  

The optimum gain can be estimated using typical values of the parameters in the 

Equation 1.31. Considering a LAAPD with kef = 0.0015 and dark current components of 

IDS = 100 nA and IDV = 0.3 nA, connected to a preamplifier with Req = 33 Ω and 

pF130=TC  in its input, the optimum gain for 6 keV is about 100 for 200 ns time 

constants, presenting higher values at lower constants (about 130 for 100 ns). In the 

next chapter these estimates will be compared to the experimental results. 
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Chapter 2  

Large area avalanche photodiodes for X-ray 

detection at room temperature 

 

The major limitation on the application of large area avalanche photodiodes (LAAPDs) 

is related to the spatial non-uniformity of the silicon resistivity, what leads to local gain 

variations. However, the development of LAAPDs with better spatial uniformity, 

providing higher gains for lower biasing voltages, has contributed to the widening of the 

range of LAAPD applications (API, RMD*).  

LAAPDs have been mainly used as photosensors connected to scintillators for detection 

of X-rays and γ-rays, in substitution of photomultiplier tubes [Moszynski et al. 2002A]. 

The viability of using LAAPDs to directly detect X-rays was already demonstrated 

[Webb et al. 1976, Farrell et al. 1991, Gullikson et al. 1995]. The useful thickness of 

the LAAPD for X-ray detection is about a few tens of µm, limiting the photodiode 

efficiency, which decreases quickly for X-rays with energies above 5 keV [Farrell et al. 

1991], as it was shown in the previous chapter. The techniques for low energy X-ray 

detection with LAAPDs had been mainly developed to study the properties of charge 

carriers produced in the photodiode, using X-rays as a reference for light measurements. 

Nevertheless, the use of LAAPDs as X-ray detectors in the 0.5 to 20 keV range was 

early suggested [Farrell et al. 1991, Gullikson et al. 1995, Ochi et al. 1996].  

In this chapter, the performance of large area avalanche photodiodes manufactured by 

Advanced Photonix, Inc. (API) is investigated for application to X-ray spectrometry at 

                                                 

* Radiation Monitoring Devices Inc., 44 Hunt Street, Watertown, MA 02472, USA. 

   Internet: http://www.rmdinc.com 
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room temperature. The operational characteristics of the investigated LAAPDs are 

presented, including the obtained gain, the effect of dark current on the energy 

resolution and minimum detection limit, the spatial non-uniformity, space charge effects 

and counting rate capability. The energy linearity and resolution are studied as functions 

of the energy of the fluorescence X-rays emitted by several samples, and energy spectra 

of multi-elementary samples are registered. The application of digital discrimination 

techniques to LAAPD pulses is evaluated. The discrimination is based on pulse risetime 

and its effect is evaluated measuring the energy resolution, the peak-to-background ratio 

and the peak distortion in the amplitude spectra. Finally, the non-linearity of the 

LAAPD gain is evaluated in X-ray and light detection. The gain nonlinear behaviour 

was already investigated for visible light detection with LAAPDs [Pansart 1997, 

Moszynski et al. 2002A], being now extended to the vacuum ultraviolet (VUV) region. 

The effect of non-linearity is assessed comparing the amplitude of the pulses produced 

in the LAAPD by X-rays directly absorbed and by VUV scintillation light produced in a 

GPSC.  

 

2.1. Operational characteristics of LAAPDs for 

application to X-ray spectrometry 

The four investigated avalanche photodiodes belong to the windowless UV-enhanced 

series, manufactured by API, presenting 10 or 16 mm diameters. The operational 

characteristics of those LAAPDs have been studied, being presented in the paper: 

“Application of large area avalanche photodiodes to energy dispersive X-ray 

fluorescence analysis”, published in X-Ray Spectrometry, vol. 30 (2001), pages 164-169 

[Fernandes et al. 2001] and attached at the end of this chapter (page 61). 

Figure 2.1 represents a typical amplitude spectrum of the LAAPD pulses produced by 

5.9 keV X-rays. The distribution includes a peak with shape approximately Gaussian 

and a background in the low-energy side. This tail is mostly attributed to the absorption 

of X-rays in the multiplication region of the LAAPD, leading to partial signal 
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amplification. Moreover, X-rays absorbed in the drift region, where the electric field is 

very weak, originate a partial loss of charge carriers, which can be lost through the 

LAAPD surface or captured for long periods of time, as described in the previous 

chapter. Both of the described event types originate lower amplitude pulses. The 

amplitude of the pulses produced by X-ray absorptions in the multiplication region 

should vary between zero and the amplitude of fully amplified pulses, leading to the 

characteristic background between the noise distribution and the peak.  

The noise distribution limits the minimum detectable energy, defined as the energy 

corresponding to the amplitude at which the noise tail raises above the background level 

in the amplitude distribution (Figure 2.1).  
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Figure 2.1 – Typical amplitude spectrum of the LAAPD pulses produced by 5.9 keV X-rays 

emitted by a 55Fe radioactive source (Mn Kα line). The Mn Kβ line (6.4 keV X-rays) was 

efficiently reduced by means of a chromium filter.  

The shaping time constants in the linear amplifier have been determined in order to 

optimize the LAAPD performance for X-ray detection, using a LAAPD (serial number 

129-17-05) polarized with 1830 V. The amplifier has been tuned for a fixed gain of 

5×64 and the shaping constants have been varied while keeping equal values for the 

differentiation and integration constants.  
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Table 2.1 shows the energy resolution for 5.9 keV X-rays and the minimum detectable 

energy for different shaping time constants. For constants longer than 200 ns, the 

degradation of the energy resolution is clear and a significant increase of the minimum 

detectable energy is observed. Since the error in the energy resolution measurements is 

± 0.1%, the optimum value for the shaping constants is found to be in the interval 50-

200 ns. However, the use of shorter constants (less than 100 ns) originates partial signal 

loss, cutting the risetime of the pulses at the preamplifier output. The choice of shaping 

time constants between 100 and 200 ns seems reasonable and is in agreement with the 

theoretical prediction made in the previous chapter, where the use of lower constants 

was found to improve the detector performance against noise.  

Table 2.1 – Energy resolution for 5.9 keV X-rays and minimum detectable energy for different 

shaping time constants used in the linear amplifier. 

 

Shaping time constant (ns) 50 100 200 500 1000 

Energy resolution (%) 12.6 12.7 13.2 14.6 16.7 

Minimum detectable energy (keV) 0.90 0.89 0.96 1.18 1.52 

 

The effect of using different values for the integration and differentiation constants was 

studied by keeping fixed the differentiation constant (200 ns) and varying the 

integration constant. The minimum values of the energy resolution and minimum 

detectable energy were obtained for integration constants between 50 and 200 ns, 

increasing significantly above 200 ns.  

The energy resolution and the minimum detectable energy are slightly higher for 200 ns 

shaping time constants compared to shorter constants. In order to prevent partial signal 

loss by using shorter time constants, the choice of 200 ns shaping constants is more 

appropriate. 
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2.1.1. Gain and dark current  

The amplitude of the signal produced by a 5.9 keV X-ray collimated beam (with 1 mm 

diameter) was determined as a function of the bias voltage for the different investigated 

photodiodes. Shaping time constants of 200 ns were used in the linear amplifier. The 

gain was normalized to the one specified by the manufacturer for low gains, where non-

linearity effects are neglected. 

Figure 2.2 represents the gain and dark current as specified by the manufacturer (API) 

and the gain measured for 5.9 keV X-rays as function of the bias voltage, for the 

LAAPD with serial number 129-02-27. Measurements were carried out at a temperature 

of 20 ºC. As the figure shows, the gain dependence with bias voltage is approximately 

exponential. However, for higher gains the contribution of holes to avalanche becomes 

significant and that dependence turns out to be supra-exponential. In this region, the 

difference between the gain measured for 5.9 keV X-rays and the one specified by API 

is significant. The gain determination by the manufacturer was carried out with visible 

light, what confirms the non-linearity between X-ray and visible-light gains. 
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Figure 2.2 – Gain and dark current for an API LAAPD, according to the manufacturer, and gain 

measured for 5.9 keV X-rays as functions of the bias voltage, at room temperature (20 ºC).  
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The dark current contributes to the electronic noise, disturbing the detector 

performance. To evaluate the effect of dark current, the energy resolution for 5.9 keV 

X-rays and the minimum detection limit were determined as functions of the applied 

bias voltage. Results are presented in [Fernandes et al. 2001]. The optimum gain was 

found to be about 50-70 for all investigated photodiodes, resulting from a compromise 

between gain and dark current. Below the optimum gain the energy resolution reduction 

with gain is associated to the increase of the signal-to-noise ratio. For higher gains, the 

increase of dark current with bias voltage is more pronounced and the electronic noise 

increases more than the gain, leading to a degradation of the energy resolution and the 

minimum detection limit.  

The obtained energy resolution can be compared to the values estimated from the 

theoretical analysis made in the previous chapter. The theoretical estimate requires the 

knowledge of some parameters of the LAAPD and the associated electronic system.  

The intrinsic resolution for X-rays, defined by Equation 1.10, depends on the energy, 

the excess noise factor F and the gain non-uniformity. As the used X-ray beam is 

collimated, one assumes that the energy resolution is not significantly affected by the 

gain non-uniformity. The dependence of F on the gain is assumed to be described by 

Equation 1.26 considering kef = 0.0015.  

The electronic noise contribution (Equation 1.20) depends on the dark current, the 

excess noise factor, the total capacitance and equivalent noise resistance in the 

preamplifier input, and on the amplifier shaping time constants as well. The dark current 

components can be determined through a linear fit (ID = IDS + G IDV) when dark current 

in represented as a function of gain. The typical capacitance of API avalanche 

photodiodes is 65 or 130 pF for LAAPDs with 10 or 16 mm diameter [API 1999]. The 

FET input capacitance in the preamplifier (Canberra 2004) is 1 pF*, negligible when 

compared to the LAAPD capacitance. Thus, the total capacitance in the preamplifier 

                                                 

* B-17369 Schematic Preamplifier Model 2004, Canberra Industries, Inc. 
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input is practically determined by the detector. Since the preamplifier JFET* presents a 

mutual conductance of 20 mS, the equivalent noise resistance in the preamplifier input 

is Req ≅ 33 Ω. In the previous conditions, the energy resolution can be estimated as a 

function of gain for 5.9 keV X-rays, considering shaping time constants of 200 ns.  

Figure 2.3 represents the energy resolution, measured for 5.9 keV X-rays with the 

LAAPD with serial number 121-02-27, and the estimated value assuming 2% non-

uniformity, as a function of gain. The dark current specified by the manufacturer is also 

represented. The linear fit to the dark current values (doted line) determines the 

components IDS = 24.2 nA and IDV = 0.64 nA. The fit is not valid for the highest gains.  

I D  = 0.64 G  + 24.2 (nA)
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Figure 2.3 – Energy resolution for 5.9 keV X-rays (experimental values and theoretical 

estimate) and dark current specified by the manufacturer as functions of gain. The linear fit to 

the dark current values determines the components IDS and IDV.  

                                                 

* 2N5434 N-Channel JFET Switch, Calogic Corporation. 
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Figure 2.3 evidences some differences between the estimated and experimental values 

of the energy resolution. However, for gains around the optimum (about 50), the 

differences are very small. Thus, the energy resolution estimate, considering 2% non-

uniformity, is reasonably adjusted to the set of experimental measurements. Although 

the X-ray beam is collimated (with 1 mm diameter), X-rays interact locally in the 

LAAPD and are able to be absorbed at different depths, experiencing partially the effect 

of non-uniformity.  

Above the optimum gain, the measured energy resolution is higher than the estimated 

one and this difference increases with gain. In this region, the resolution is mainly 

affected by the dark current. In Figure 2.3, the linear fit to the dark current values do not 

include the points corresponding to the highest gains. Moreover, the presented values 

have not been experimentally measured, being able to originate significant differences. 

In the used experimental system, the dark current measurement was not possible since 

the available power supplies were not able to measure current values below 1 µA. 

Beyond the dark current dependence, for high gains the energy resolution is also 

affected by the excess noise factor, which was not measured, also contributing to the 

differences between experimental and theoretical values. In Chapter 3, the excess noise 

factor will be reported for different temperatures, what together with dark current 

measurements will provide a more effective comparison between the theoretical model 

and the experimental results.  

The estimated value for the optimum gain is about 80 for the present LAAPD, 

independently on the assumed non-uniformity. Despite the difference between this 

theoretical value and the experimental one, around the optimum gain the energy 

resolution variation is very small. The measured energy resolution varies between 11.4 

and 12.0% for gains between 30 and 80, while the estimated resolution reaches a 

variation of only 0.1% for gains between 50 and 120. In this case, the choice of the 

optimum gain is not critical since the LAAPD performance practically does not vary in 

a reasonable range of gains.  

The energy resolution and the minimum detectable energy were determined as functions 

of the bias voltage for the several investigated photodiodes. The best energy resolution 
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for 5.9 keV X-rays varies significantly between the different LAAPDs, from 10.3% to 

17.9%. The corresponding minimum detectable energy varies from 0.9 to 2.2 keV. 

These differences are mainly determined by the dark current. Higher dark current 

corresponds to higher noise levels associated to the LAAPD, affecting the achievable 

minimum detectable energy and energy resolution.  

2.1.2. Spatial non-uniformity 

The non-uniformity of the silicon resistivity induces local variations of the gain, 

affecting the achieved energy resolution. This effect has been investigated for different 

API photodiodes and the obtained results are described in [Fernandes et al. 2001], 

attached at the end of this chapter.  

The non-uniformity was investigated for two different LAAPDs and the relative 

standard deviation obtained was found to be 3 and 2%, respectively. The effect of non-

uniformity is perceptible through the energy resolution variation for different 

collimation conditions, which can be assessed by comparing the energy resolution 

obtained for a collimated beam (1 mm diameter) and for the total irradiation of the 

LAAPD area. The energy resolution increased from 11.8 to 14.9% when beam 

collimation was removed in the first case (σU/G = 3%). In the second case (σU/G = 2%), 

the energy resolution absolute variation is lower than 1% (from 17.9 to 18.8%).  

The LAAPD spatial non-uniformity originates gain variations, being able to influence 

the optimum gain. The LAAPD gain was measured as a function of the bias voltage for 

X-ray beams with different diameters. Table 2.2 presents the optimum gain and the 

corresponding LAAPD performance characteristics for the detection of 5.9 keV X-rays. 

The optimum gain decreases from 52 to 38 as the X-ray beam diameter increases from 1 

to 16 mm. However, for collimation diameters larger than 10 mm, the variation of the 

energy resolution for gains between 38 and 52 is lower than the experimental errors (± 

0.2%), leading to the conclusion that the choice of the optimum gain is not critical since 

the energy resolution variation is very small in the optimum gain vicinities. Table 2.2 
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also shows that the energy resolution varies with the collimation diameter, increasing 

from 17.1 to 18.8% as the beam diameter increases from 1 to 16 mm.  

Table 2.2 – Optimum gain and corresponding operational characteristics for 5.9 keV X-rays 

detected in the LAAPD, for X-ray beams with different collimation diameters. 

Collimation 

diameter (mm) 

Optimum 

gain 

Minimum detectable 

energy (keV) 

Energy resolution 

(%) 

1 52 2.0 17.1 ± 0.2 

5 52 1.9 17.7 ± 0.2 

10 44 1.8 18.3 ± 0.2 

14 38 1.7 18.7 ± 0.2 

16 38 1.8 18.8 ± 0.2 

 

2.1.3. Counting rate capability and space charge effects  

The counting rate capability and space charge effects were studied, as described in 

[Fernandes et al. 2001]. The results show that LAAPDs are able to work at counting 

rates as high as 104/s without significant degradation of the relative amplitude and 

energy resolution. This counting rate capability is even better for shorter shaping time 

constants due to the shorter pulse duration. Decreasing the shaping constants from 200 

to 100 ns provides the detection of counting rates up to 2×104/s without significant 

performance degradation.  

The non-linear response of LAAPDs for X-rays with different energies, described in 

[Fernandes et al. 2001] for 5.9 and 22.1 keV X-rays, was also investigated for X-rays 

with higher energy using a 241Am radioactive source emitting 59.6 keV X-rays. The 

source also emits X-rays with lower energies, 13.9 and 17.6 keV, corresponding to the 
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Np fluorescence lines Lα and Lβ. The ratio of the pulse amplitudes of 59.6 and 17.6 keV 

X-ray signals was determined as a function of gain, as presented in Figure 2.4.  
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Figure 2.4 – Ratio of the pulse amplitudes for 59.6 and 17.6 keV X-rays emitted by a 241Am 

radioactive source as a function of gain. 

The pulse amplitude ratio between 59.6 and 17.6 keV X-rays presents a variation with 

gain more significant that the one obtained for 22.1 and 5.9 keV X-rays, mainly at low 

gains, where the variation seems more pronounced. The variation of the amplitude ratio 

between both signals resulting from the 241Am source is about 6, 10 and 17% for gains 

of 50, 100 and 200, respectively, being considerably higher than verified for the 

preceding case. 

The previous results show that the non-linearity between X-rays with different energies 

can be significant, especially for higher energies. This happens because X-rays of 

higher energy deposits more energy in silicon, leading to larger avalanches and larger 

current densities in the photodiode. In Chapter 3, the non-linearity between X-rays with 

different energies will be investigated as a function of temperature.  

The non-linearity of avalanche photodiodes, resulting from space charge effects, is also 

noticeable in light detection for comparison with X-ray detection. In light measurements 
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X-rays are frequently used as a reference to determine the energy equivalent to light 

pulses. This determination is valid as long as space charge effects are negligible. Thus, 

the use of high energy X-rays or high gains is not recommended since the non-linearity 

effect can be significant. It is common to use X-rays with energy of about 6 keV and 

gains up to about 100. 

In light detection, photons are generally absorbed before reaching the multiplication 

region since they present a shorter absorption length in comparison to X-rays. This 

difference originates different gains for light pulses and X-rays. The ratio between these 

gains quantifies the LAAPD non-linearity. In section 2.3, the non-linearity effects will 

be studied relative to the use of X-rays as a reference in VUV light detection comparing 

the amplitude of the signals produced in the LAAPD by X-rays and VUV scintillation 

light produced in a GPSC.  

2.1.4. Application of LAAPDs to X-ray spectrometry 

The application of avalanche photodiodes to X-ray spectrometry was investigated by 

detecting the fluorescence X-rays resulting from several samples irradiated by 55Fe and 
109Cd radioactive sources. Good energy linearity was observed in the energy range from 

1.7 to 25 keV for the LAAPD optimum gain [Fernandes et al. 2001]. The variation of 

the energy resolution with the X-ray energy E was also determined. A linear 

dependence on E-1/2 was not demonstrated, especially for higher energies, due to peak 

distortion. At these energies, a higher fraction of photons interact in the multiplication 

region, leading to more events partially amplified and pulses with lower amplitude. 

Comparatively to typical proportional counters, LAAPDs may achieve better energy 

resolution, especially at lower energies if the dark current is low enough in order to 

originate lower noise levels. The X-ray energy distributions obtained with LAAPDs are 

similar to those obtained with proportional counters [Fernandes et al. 2001]. The choice 

of a LAAPD with low dark current is desirable for X-ray spectrometry applications, 

providing better performance than a proportional counter.  
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2.2. Application of pulse risetime discrimination 

techniques to LAAPDs 

The application of digital discrimination techniques to LAAPDs was investigated. The 

method, based on pulse risetime discrimination, and the obtained results are described 

in the paper: “Digital risetime discrimination of large-area avalanche photodiode signals 

in X-ray detection”, published in IEEE Trans. Nucl. Sci., vol. 49 (2002), pages 1699-

1703 [Fernandes et al. 2002B], attached at the end of this chapter (page 67).  

The effect of pulse risetime discrimination was studied for 5.9 keV X-rays, operating 

the LAAPD at the optimum gain. Several energy distributions, corresponding to pulses 

within different risetime windows, were considered. The effect of the discrimination 

originates an improvement on the energy resolution and peak-to-background ratio for 

the obtained partial distributions. It was also shown that the centroid position (for 5.9 

keV X-rays) increases slightly with the risetime due to the ballistic deficit.  

The ballistic deficit measures the signal amplitude loss due to incomplete signal 

integration. This happens because, during the creation of the voltage signal in the 

detector, some charge is lost through the polarization resistance in series with the 

detector. Thus, the ballistic deficit depends on the shape and duration of the current 

pulses produced in the detector. In a detector, the charge collection time determines the 

risetime of the resulting signal. In a LAAPD, X-rays interact at different depths in the 

silicon, originating pulses with different shapes and risetimes.  

The effect of ballistic deficit variation on the signal amplitude can be somewhat 

corrected normalizing the centroids in the partial distributions obtained for different 

risetime intervals. For pulses with risetime in the 128-160 ns range, the centroid of each 

partial distribution (corresponding to time windows of 8 ns width) was normalized to 

the average value for the distribution resulting from the addition of those distributions. 

Table 2.3 presents the peak characteristics of the 5.9 keV X-ray signal for three 

different distributions: the total distribution and two partial distributions for pulses with 



Application of pulse risetime discrimination techniques to LAAPDs 

 54 

risetimes between 128 and 160 ns (corresponding to about 90% of the pulses in the total 

distribution), obtained before and after the ballistic deficit correction.  

Table 2.3 – Peak characteristics of 5.9 keV X-ray signals for the total pulse distribution and two 

partial distributions obtained before and after the ballistic deficit correction. 

Time window Centroid Resolution Peak/Background Ballistic deficit 

TOTAL 379.1 16.5 % 23.4 Not corrected 

128-160 ns 378.6 16.1 % 26.5 Not corrected 

128-160 ns 378.8 15.1 % 26.3 Corrected 

 

As Table 2.3 shows, the ballistic deficit correction leads to a significant improvement of 

the energy resolution (from 16.1 to 15.1%) for pulse risetimes between 128 and 160 ns. 

The peak-to-background ratio practically is not affected by the correction.  

The application of pulse risetime discrimination techniques was also investigated for the 

LAAPD with 10 mm diameter. Since this LAAPD presents lower dark current than the 

one described in [Fernandes et al. 2002B], it provides lower noise levels and 

consequently better performance in X-ray detection. Therefore, the discrimination 

effectiveness is smaller for this LAAPD. In Table 2.4 the characteristics of the 5.9 keV 

X-ray peak are presented for the total distribution and partial pulse distributions for 

risetimes between 136 and 152 ns. 

For both discrimination intervals considered in Table 2.4, the improvement on the 

energy resolution is not significant. The peak-to-background ratio variation is more 

pronounced since the background in the amplitude distributions does not depend on the 

noise but on X-ray interactions inside the LAAPD.  
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Table 2.4 – Characteristics of the 5.9 keV X-ray peak, obtain in the 10 mm diameter LAAPD, 

for the total distribution and two partial distributions with different risetime windows. 

Time window Centroid Resolution Peak/Background Relative area 

TOTAL 343.3 11.0 % 26.0 100 % 

136-144 ns 340.6 10.4 % 31.7 39 % 

144-152 ns 345.9 10.6 % 39.4 39 % 

 

In order to verify if the pulse risetime depends on gain, the 10 mm diameter LAAPD 

was operated with gains of 45, 95 and 190. Figure 2.5 represents the corresponding 

risetime distributions of pulses produced by 5.9 keV X-ray interactions in the LAAPD. 

The figure shows small variations of the risetime distributions with gain. However, the 

average pulse risetime tends to decrease slightly with the gain.  
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Figure 2.5 – Risetime distributions of pulses produced by 5.9 keV X-rays interacting in the 10 

mm diameter LAAPD, for different gains.  
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The effect of risetime discrimination in the pulses produced by 5.9 keV X-rays was 

measured for the different gains. Table 2.5 shows the variation of the energy resolution 

and peak-to-background ratio before and after the discrimination for pulses with 

risetimes between 128 and 144 ns, using different gains in the photodiode. The fraction 

of pulses with risetimes in the 128-144 ns range is indicated by the relative area of the 

corresponding peak.  

Table 2.5 – Variation of the energy resolution and peak-to-background ratio for 5.9 keV X-ray 

pulses, from the total distribution to the one with risetimes between 128 and 144 ns, for 

different LAAPD gains. 

Gain Energy resolution Peak/Background Relative area 

45 12.3 → 11.9 % 38 → 55 84 % 

95 13.5 → 13.2 % 27 → 34 89 % 

190 17.7 → 17.2 % 27 → 32 79 % 

 

Table 2.5 shows that the discrimination of pulses with risetime between 128 and 144 ns 

does not result in a significant improvement on the energy resolution for the used gains. 

However, the increase of the peak-to-background ratio is more significant for a gain of 

45. Thus, the use of gains close to the optimum value also improves the pulse risetime 

discrimination when compared to higher gains. 

The risetime of LAAPD pulses was measured for different X-ray energies, obtained by 

fluorescence of some elementary samples. No significant dependence of the risetime 

distribution on the energy was observed. However, the average value of the distribution 

tends to decrease as the energy increases. For higher energies, X-rays tend to be 

absorbed more deeply in the silicon and charges produced in the LAAPD cover a 

smaller distance until being collected. As a result, the collection time of those charges is 

shorter, the same happening with the risetime of the resulting pulses.  
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The effect of risetime discrimination was evaluated in the LAAPD response to low 

energy fluorescence X-rays emitted by sulphur and silicon samples irradiated by a 55Fe 

source. Since lower energy X-ray signals are closer to the noise level, the effect of the 

discrimination is greater. The main advantage of the risetime discrimination is the 

significant improvement of the peak-to-background ratio. The electronic noise can be 

efficiently discriminated since the corresponding pulses present longer risetimes than 

the X-ray pulses. However, if the threshold in the digitizer board is set below the noise 

level, the data-acquisition throughput is reduced due to the additional time needed for 

the analysis of noise pulses.  

Further than the risetime discrimination, other techniques of background reduction can 

be used in order to improve peak discrimination in the amplitude spectra. In particular, 

other techniques will be discussed in Chapter 4, such as the X-ray discrimination by 

coincidence with electrons resulting from muon decay.  

 

2.3. Non-linearity of the LAAPD response to X-

rays compared to VUV-light detection  

For long times, the photomultiplier tube was considered the preferred photosensor to 

convert into a charge signal the scintillation light produced inside a scintillator or a gas 

proportional scintillation counter. The incorporation of a silicon photodiode in the 

GPSC volume in order to detect the VUV light there produced was tested, providing a 

system more compact, robust and simple to operate comparatively to the GPSC with 

PMT [Lopes et al. 2000A].  

In general, the detection of the scintillation light of rare gases in a GPSC requires 

special windows to separate the photosensor from the GPSC volume. The use of these 

windows limits the photosensor applications since a significant part of scintillation 

photons is absorbed by the window and the greater distance between the photosensor 

and the window leads to a reduction on the solid angle. As a result, the number of 
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collected photons decreases. The need for a window becomes particularly 

disadvantageous in high pressure (a few atm) applications. The LAAPD does not need a 

window, being able to be integrated in the gaseous volume of a GPSC [Lopes et al. 

2000B]. The advantages of the LAAPD in comparison to the PMT had already been 

discussed in Chapter 1. The development of LAAPDs with a very thin entrance layer, 

transparent to VUV radiation, has provided high quantum efficiencies for VUV light, 

reaching about 115% at 170 nm [Canfield et al. 1998]. More recently, a series of 

LAAPDs with quantum efficiencies close to those values were produced by API (the 

windowless UV-enhanced series). Being robust, compact and not requiring a radiation 

window, the VUV-sensitive LAAPD can be integrated in a GPSC in direct contact with 

the gas, leading to a more efficient conversion of the scintillation light into charge 

carriers. Such a LAAPD was tested as photosensor in a GPSC containing xenon [Lopes 

et al. 2001] and argon [Monteiro et al. 2001]. 

The characterization of avalanche photodiodes used as photosensors requires the 

determination of the number of electron-hole pairs produced by the scintillation light 

per unit of absorbed energy, providing a quantitative analysis of the number of photons 

emitted by the luminous source, the noise sources contributing to the energy resolution 

and the quantum efficiency of the LAAPD. The number of electron-hole pairs can be 

determined by comparing the amplitude of the signal produced in the photodiode by 

direct absorption of X-rays and the signal produced by light. The comparison is valid 

assuming linearity between the initial number of electron-hole pairs and the amplitude 

of the resulting pulse throughout the range of gains. However, the non-linearity reported 

at high current densities and attributed to space charge effects originates reduced 

localised electric fields and heating in the avalanche region [Allier et al. 1998]. 

The non-linear response of a LAAPD manufactured by API for detection of VUV light 

with wavelength about 128 and 173 nm, produced by 5.9 keV X-rays absorbed in a 

GPSC containing argon and xenon, respectively, was investigated. The results are 

presented in the paper: “Non-linear behaviour of large-area avalanche photodiodes”, 

published in Nucl. Instr. Meth. A, vol. 478 (2002), pages 395-399 [Fernandes et al. 

2002A], attached at the end of this chapter (page 73).  
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X-rays incident in the GPSC window are mostly absorbed in the gas, originating 

scintillation light, which is collected by the LAAPD. However, a fraction of X-rays is 

transmitted through the gas, being directly detected in the photodiode. Since the X-ray 

transmission through xenon is much lower than the one for argon, the GPSC containing 

xenon was made without drift region. The LAAPD non-linearity can be evaluated by 

the simultaneous detection of both signals produced in the LAAPD, in each case.  

Figure 2.6 represents the ratio of the pulse amplitudes corresponding to 5.9 keV X-rays 

and VUV scintillation light produced inside the gas volume (argon and xenon) of a 

GPSC instrumented with a LAAPD, as a function of the light gain. The deviation from 

linearity increases with gain. The variation of the relative amplitude is approximately 

linear, reaching 7 and 10% for xenon and argon, respectively, for gains of about 200. 

These values are considerably higher than the ones reported for visible light (3% for 

maximum gains) [Moszynski et al. 2002A].  
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Figure 2.6 – Amplitude ratio between the pulses produced in the LAAPD by 5.9 keV X-rays 

and VUV scintillation light of argon (~128 nm) and xenon (~173 nm) as a function of gain.  

The non-linearity study was also extended to higher energy X-rays, more precisely 22.1 

keV X-rays emitted by a 109Cd radioactive source. The variation of the amplitude ratio 
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between X-ray signals and VUV-light pulses was found to be significantly higher than it 

was measured for 5.9 keV X-rays, reaching about 13% for a gain of 200. This confirms 

the LAAPD non-linearity for X-rays with different energies, already stated before and 

attributed to space charge effects. In addition, the X-ray absorption length increases 

rapidly for energies above 2 keV, reaching more than 1 mm for 22.1 keV. As a result, 

the number of interactions in the multiplication zone increases and the pulse amplitude 

distribution becomes more asymmetrical in the low-energy zone, leading to a reduction 

of the average amplitude of the obtained signals.  

The present study confirms the non-linear behaviour of avalanche photodiodes 

manufactured by API in VUV-light detection. The results suggest a dependence of the 

non-linearity on the light wavelength. The non-linearity is more significant for argon 

scintillation (~128 nm) comparatively to xenon scintillation (~173 nm) and visible light 

(~600 nm). These results lead to the conclusion that non-linearity cannot be exclusively 

attributed to space charge effects resulting from the local absorption of X-rays at high 

gains, being related to the average absorption length of each type of light in silicon.  

For both types of light, VUV and visible, photons are absorbed in the drift zone of the 

LAAPD, where the electric field is very weak and the effect of capture of the produced 

charges is more significant. Since the absorption is much more superficial for VUV 

light (~5 nm), the capture effect is greater in this case, but decreases with gain due to 

the increase of the electric field. Therefore, the VUV-light gain increases slightly 

relatively to the visible-light gain, whose photons interact more deeply in the LAAPD. 

Subsequently, the ratio between X-ray and light gains is higher for VUV light.  

An accurate determination of the number of charge carriers produced in the LAAPD by 

VUV scintillation light may be compromised by the stated non-linearity effect. 

However, for the LAAPD optimum gain, the effect is very small and X-rays (with 

energy of about 6 keV) can be used as a reference to determine the number of charges 

produced by the scintillation light.  
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The performance of several large-area avalanche photodiodes (LAAPDs) for application to x-ray
spectrometry at room temperature was investigated. Optimum detector performance was obtained for
gains of about 50–70. Good energy linearity of the LAAPDs’ response to x-rays was observed up to
energies of about 25 keV. For this energy range the space charge effects are negligible for gains below
100–150. The energy resolutions obtained with LAAPDs can be better than those obtained with proportional
counters. Our results indicate that the energy resolution of an LAAPD is better than that of a proportional
counter only when the LAAPD maximum dark current is <300 nA. For this case, minimum detectable x-ray
energies of about 1 keV are possible. Spatial non-uniformity is responsible for an absolute increase of
1–2% in energy resolution at 6 keV when illumination of the LAAPD is broadened from 1 mm diameter to
full area. Counting rates up to 5 × 104 counts s−1 are possible without significant degradation of detector
performance. Copyright  2001 John Wiley & Sons, Ltd.

INTRODUCTION

Avalanche photodiodes (APDs) are compact, monolithic
devices made of a silicon p–n junction where the internal
electric field can reach values high enough to allow electron
multiplication by impact ionization.1 – 3 When a high voltage
is applied to the APD, only a small region of the p layer, at
the front of the diode, remains undepleted—the drift region
(Fig. 1). The electric field in this region is low but, in the
depleted region, increases with depth, reaching a maximum
around the p–n junction. An incident photon absorbed in the
drift region or in the p-depleted layer produces electron–hole
pairs. The resulting electrons are accelerated towards the nC

contact and undergo avalanche multiplication owing to the
high electric field around the junction. Charge gains of a few
hundred are typical and increase exponentially with applied
voltage, resulting in a significant improvement of the signal-
to-noise ratio. Detailed operation principles of this device
have been discussed in the literature.1 – 3

Non-uniformity has been a major drawback in the manu-
facture of large-area APDs and has limited their applications.
Recently, large-area avalanche photodiodes (LAAPDs) have
been developed with improved spatial uniformity, deliver-
ing higher gains at lower bias voltages3 (Advanced Photonix,
Camarillo, CA, USA; Radiation Monitoring Devices, Water-
town, MA, USA). Windowless LAAPDs with extended
sensitivity to UV and soft x-ray regions are also commercially
available.

Interest in applications of LAAPDs has been increasing
over the last several years. They are used mostly as optical

ŁCorrespondence to: J. M. F. dos Santos, Physics Department,
University of Coimbra, P-3004-516 Coimbra, Portugal.
†Presented at the European Conference on EDXRS, Krakow,
Poland, 18–23 June 2000.
Contract/grant sponsor: CERN; Contract/grant number:
CERN/P/FIS/15200/99.

photodetectors coupled to scintillators for x- and �-ray detec-
tion in substitution of photomultipliers3 – 5 (M. Moszynski,
M. Kapusta, J. Zalipska, M. Balcerzyk, D. Wolski, M. Szaw-
lowski and W. Klamra, presented at the 1999 IEEE Nuclear
Science Symposium, 24–30 October, Seattle, WA, USA;
M. Kapusta, M. Moszynski, M. Balcerzyk, K. Lesniewski,
and M. Szawlowski, presented at the 1999 IEEE Nuclear
Science Symposium, 24–30 October, Seattle, WA, USA).
The feasibility of using LAAPDs as x-ray detectors
has been demonstrated2 (M. Moszynski, M. Szawlowski,
M. Kapusta, M. Balcerzyk and D. Wolski, presented at the
1999 IEEE Nuclear Science Symposium, 24–30 October,
Seattle, WA, USA). Since the useful thickness for x-
ray detection is only a few tens of micrometers, the
LAAPD detection efficiency decreases rapidly for ener-
gies above 5 keV, being about 45, 25, 8 and 4% for
8, 10, 15 and 20 keV, respectively.1,6 Although their use
as x-ray detectors in the 0.5–20 keV range has been
suggested6 – 8 (M. Moszynski, M. Szawlowski, M. Kapusta,
M. Balcerzyk and D. Wolski, presented at the 1999 IEEE
Nuclear Science Symposium, 24–30 October, Seattle, WA,
USA), low-energy x-ray detection techniques with APDs
were mainly developed to measure charge-carrier prop-
erties of the device, using x-rays as a reference for
light measurements3,6,8,9 (M. Moszynski, M. Szawlowski,
M. Kapusta, M. Balcerzyk and D. Wolski, presented at the
1999 IEEE Nuclear Science Symposium, 24–30 October, Seat-
tle, WA, USA).

In this work, the performance of LAAPDs, working at
room temperature, for energy-dispersive x-ray fluorescence
analysis is presented. Energy linearity, energy resolution
and count-rate capability were studied as a function of x-ray
energy. The effects of detector dark current and gain on the
minimum detectable x-ray energy and on the detector energy

DOI: 10.1002/xrs.481 Copyright  2001 John Wiley & Sons, Ltd.
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Figure 1. Schematic diagram of typical avalanche photodiode
section.

resolution are discussed. Space charge effects for high gains
and high-energy x-rays were investigated.

EXPERIMENTAL

Several LAAPDs were investigated. All diodes were of
the windowless, UV-enhanced type, produced recently
by Advanced Photonix. Three of them are of 16 mm
diameter and one of 10 mm diameter. Table 1 lists the main
characteristics for each diode according to its data sheet.

The LAAPD was operated in a light-tight box to shield
it from ambient light. The LAAPD signals were fed through
a low-noise charge preamplifier (Canberra 2004, with a
sensitivity of 45 mV MeV�1) to a spectroscopy amplifier
(HP5582A, with a gain of 32–256) and sorted in a 1024-
channel multi-channel analyser (Nucleus PCA II). For
pulse-amplitude and energy-resolution measurements, the
x-ray pulse-height distributions were fitted to a Gaussian
function superimposed on a linear background, from which
the centroid and the full width at half-maximum were
determined.

OPERATIONAL CHARACTERISTICS

The detector characteristics were evaluated with 5.9 keV Mn
K˛ x-rays from a 55Fe source. The 6.4 keV Mn Kˇ x-rays
were removed by absorption in a chromium filter. These
characteristics included determinations of the optimum
LAAPD operating voltage and gain, energy resolution, dark
current effect, spatial uniformity, lowest detectable x-ray
energy and count rate capability. The incident x-ray flux
was limited to few thousand photons per second except
for the count-rate behaviour study. Optimum shaping time

Table 1. LAAPD parameters just before breakdown, from the
data sheets

LAAPD Diameter Voltage Dark current
No. (mm) (V) Gain (nA)

1 16 1840 317 201
2 16 1851 312 336
3 16 1849 303 499
4 10 1873 314 222
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Figure 2. Typical pulse-height distributions for the LAAPDs
used in this work for 5.9 keV x-rays, illustrating the
low-energy-noise-tail limit.

constants used in the amplifier were found to be about
0.1–0.2 µs.

Figure 2 shows a typical pulse-height distribution for
the 5.9 keV x-rays for the different photodiodes. The peak
departs from a Gaussian shape, presenting a tail towards the
low-energy region. This tail results from x-ray interactions
deep within the photodiode multiplication region (Fig. 1),
generating pulses that are only partially amplified, resulting
in reduced pulse amplitudes.1 Similarly, x-ray interactions
that occur in the weak electric field of the undepleted p-
region may result in primary electrons being lost to the front
pC contact or to traps, again leading to smaller amplitude
pulses.1 The electronic noise tail in the low-energy limit
depends on the photodiode dark current and sets a limit to
the lowest detectable x-ray energy.

LAAPD gain
Figure 3 depicts the detector gain, energy resolution and
low-energy noise tail limit as a function of LAAPD 4 bias
voltage, for 5.9 keV x-rays. The relative pulse amplitude was
normalized to the value obtained at 1400 V, corresponding
to a gain of 3.5 according to the manufacturer. The variation
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Figure 3. LAAPD 4 relative pulse amplitude, energy resolution
and low-energy noise tail limit as a function of reverse bias
voltage, for 5.9 keV x-rays. Relative pulse amplitude and
energy resolution experimental uncertainties fall within the
symbol size.
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Table 2. Optimum performance characteristics for the LAAPDs in this work, for 5.9 keV
x-rays

LAAPD Measured Low-energy noise Energy resolution Energy resolution
No. gain tail limit (keV) (1 mm collimation) (%) (full area) (%)

1 72 0.9 10.3 12.3
2 53 1.1 11.8 14.9
3 52 2.2 17.9 18.8
4 46 1.2 11.4 12.3

of detector gain is in good agreement with the exponential
gain of the LAAPD specified by the manufacturer. However,
the best detector energy resolution is achieved for gains
of only 50–70 and degrades with gain at higher values.
At these gains, the low-energy noise tail limit has already
stabilized around its minimum and increases slightly at
higher gains. Table 2 presents the best energy resolutions,
low-energy noise tail limit and gains obtained for the
different LAAPDs for both 1 mm diameter and full-area
x-ray beam illumination.

Dark current effects
Figure 2 and Tables 1 and 2 illustrate the effect of the dark
current on LAAPD performance. Higher dark currents result
in reduced performance for both detector energy resolution
and lowest detectable x-ray energy. The degradation in
detector energy resolution with detector bias voltage, for
gains above ¾50–70, as shown in Fig. 3, is mainly due to the
greater increase in dark current.10 The optimum operating
gain depends on the individual LAAPD, and a compromise
between gain and dark current has to be obtained for
each one.

We note that all the 16 mm diameter LAAPDs used in
this work are within the manufacturer’s specifications for
a maximum dark current of 600 nA at a gain of 200. Still,
photodiode performance can be significantly different.

Spatial uniformity
Non-uniform material resistivity of the LAAPD results in
gain fluctuations due to localized electric field variations.
Thus, the LAAPD response can vary with the x-ray incidence
point on the LAAPD surface. Spatial uniformity was studied
using a 0.5 mm collimated x-ray beam positioned at 17
equally distributed points over the area of the photodiode:
one point at its center and eight points at radial distances of
3 and 6.5 mm for the 16 mm diameter LAAPDs.

The distributions of the gains of LAAPDs 2 and 3,
normalized to the average value, are given in Table 3. A
š4% variation of the x-ray pulse amplitude due to non-
uniformities was observed. For LAAPD 2, only 50% of
the amplitudes are within š1.5% of the average. The same
trend was noted for the different LAAPDs and the results
do not suggest any correlation between dark current and
non-uniformity. On the other hand, detector non-uniformity
increases with increasing gain. This effect is related to the
photodiode bias voltage increase, which results in larger
local differences of the electric field within the depletion
region, leading to larger differences on the avalanche
multiplication gain.

Table 3. Distributions of pulse amplitudes normalized to the
average value for a 0.5 mm collimated 5.9 keV x-ray beam,
measured at 17 points, equally distributed over the photodiode
area: one point at its center and 8 points at radial distances of
3 and 6.5 mm for both LAAPD 2 and LAAPD 3

Normalised amplitude

LAAPD
No. 0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04

2 1 1 3 6 1 2 1 2 0
3 1 1 0 6 4 2 1 0 2
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Figure 4. Energy resolution (ž, LAAPD 2; �, LAAPD 4) and
relative amplitude (°, LAAPD 2; �, LAAPD 4) as a function of
the x-ray collimation for 5.9 keV x-rays.

As a consequence of the LAAPD non-uniformity, energy
resolution degrades with the collimating diameter at the
front of the device. In Fig. 4, the detector energy resolution is
presented as a function of the x-ray collimation for LAAPDs
2 and 4. A small degradation of the energy resolution is
observed, reflecting the small spatial non-uniformity of the
diodes.

Count rate capability
The detector pulse amplitude and energy resolution as a
function of count rate was investigated for collimated 5.9 keV
x-ray beams, 8 mm in diameter, for LAAPD 4. Figure 5
presents the results obtained for LAAPD 4. Count rates of
about 4 ð 104 counts s�1 are possible without significant
degradation of LAAPD performance. At this count rate, a
reduction of 3% in the pulse amplitude and a degradation
from 12% to 13% in the energy resolution were measured.
This behaviour results from the short pulse duration (a few
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Figure 5. LAAPD 4 relative pulse amplitude and energy
resolution as a function of count rate for 8 mm diameter
collimated 5.9 keV x-rays.
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Figure 6. Typical pulse-height distribution for 8 ð 104

counts s�1 count rate, for 8 mm diameter collimated 5.9 keV
x-rays.

hundred nanoseconds), making it possible to count at rates as
high as 105 counts s�1 without significant degradation of the
pulse-height distributions. Figure 6 presents the measured
pulse-height distribution of x-rays from a 55Fe source for a
count rate of 8 ð 104 counts s�1 and a shaping time of 0.1 µs.
No distortions of the peak shape are observed except for the
small tail due to pulse pile-up. The same trend was observed
for LAAPD 2.

Space charge effects
Space charge effects can be caused by high signal current
densities produced by either high-energy x-rays and/or
high gains, resulting in a decrease in the electric field
and local heating in the avalanche region (M. Moszynski,
M. Szawlowski, M. Kapusta, M. Balcerzyk and D. Wolski,
presented at the 1999 IEEE Nuclear Science Symposium,
24–30 October, Seattle, WA, USA). These result in a non-
linear response of the LAAPD.

We investigated the detector linearity by comparing the
LAAPD pulse amplitudes for 5.9 and 22.1 keV x-rays as a
function of gain. The results obtained are depicted in Fig. 7.
The 22.1-to-5.9 keV pulse amplitude ratio decreases with
increasing gain. However, this effect is negligible for gains
below 100, and is only noticeable for gains above 150. A
decrease of <1% is found for gains up to 100, whereas for
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Figure 7. 22.1/5.9 keV x-ray pulse amplitude ratio as a
function of LAAPD 4 gain.

gains of about 200 and 250 this decrease is about 3 and 6%,
respectively.

Temperature dependence
LAAPD gain and dark current depend significantly on
temperature.8,10 Dark current can be reduced by about one
order of magnitude and the minimum detectable energy can
be reduced by a factor of two when the LAAPD temperature
is reduced from room-temperature to 0 °C.8 LAAPDs with
built-in Peltier cooling devices for controlled-temperature
operation are commercially available (Advanced Photonix).
During our experiments, room temperature was stabilized
at 20 š 0.3 °C, and gain fluctuations of <1% were observed.

X-RAY SPECTROMETRY APPLICATIONS

Energy linearity and resolution
The energy linearity and energy resolutions of the LAAPDs
were determined in the 2–25 keV x-ray energy range using
the fluorescent radiation induced in single-element samples
(Si, S, Cl, Ca, Ti, Cr, Mn, Fe, Ni, Zn, As, Se, Rb, Nb and
Cd) and using direct irradiation of the detector with 55Fe
and 109Cd x-ray sources. The measurement geometries are
depicted to scale in Fig. 8 for direct irradiation (a) and for
fluorescence measurements (b). To delimit the incident x-ray
beam, 1 and 5 mm lead collimators were used for (a) and (b),
respectively.

LAAPD 4 was used for this study and was operated in
the optimum gain region with total count rates of the order
of 103 –104 counts s�1. The centroids and relative full width
at half-maximum values of the pulse-height distributions are
plotted in Fig. 9 as a function of x-ray energy. Good energy
linearity is observed throughout the energy range.

The detector energy resolution does not demonstrate a
linear dependence on E�1/2 but decreases slowly in the high-
energy range limit. This behaviour can be attributed to peak
distortion due to an increasing number of x-ray interactions
in the multiplication region. Fig. 10 plots the LAAPD energy
resolution as a function of E�1/2. For comparison, a typical
energy resolution (14% at 6 keV) of a proportional counter
is also depicted. For x-ray energies below 4 keV, the LAAPD
energy resolution is worse than the PC. Also, in the high-
energy limit above 17 keV, the energy resolution tends to be
higher than the PC.
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Figure 8. Set-up used for the measurements: (a) direct x-ray source irradiation; (b) fluorescence x-rays.
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x-ray energy for LAAPD 4. The experimental uncertainties fall
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A typical x-ray spectrum obtained for the 109Cd source
is presented in Fig. 11 for an applied reverse bias voltage of
1750 V in the LAAPD at a count rate of 500 counts s�1 for a
period of 500 s.
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Figure 11. Typical x-ray spectrum obtained for the 109Cd
source.

Multi-element target samples
Using the same geometry, x-ray fluorescence spectra were
measured for thick samples of gypsum (CaSO4), non-
homogeneous pyrite/chalcopyrite and SAES ST707 getter
(70% Zr, 5.4% Fe and 24.6% V), excited with a 109Cd x-ray
source. The resulting pulse-height distributions are depicted
in Fig. 12(a), (b) and (c), respectively. Spectral features
include the elemental K-lines, the source backscattered
radiation and the Pb L-lines from the source shielding and
collimator [Fig. 12(b) and (c)]. The spectra are similar to those
achieved with a conventional proportional counter, except
for the soft x-ray region, where the windowless LAAPD
detector can have an advantage if the device dark current is
low enough to allow the detection of the x-ray pulses above
the low-energy noise tail.

DISCUSSION

The performance characteristics of the room-temperature
response of several LAAPDs to x-rays have been investi-
gated. The results obtained demonstrate the applicability of
LAAPDs to x-ray spectrometry in the 2–25 keV range. The
optimum detector operating gain, the influence of the dark
current on the detector performance, the uniformity of the
spatial response and the count rate capability were evaluated.
Energy resolution and linearity and also space charge effects
were determined for x-rays in the range 2–25 keV.
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Figure 12. X-ray fluorescence spectra obtained with a 109Cd
x-ray source for thick samples of (a) gypsum (CaSO4);
(b) non-homogeneous pyrite/chalcopyrite; (c) SAES ST707
getter (70% Zr, 5.4% Fe and 24.6% V).

Compared with proportional counters, the LAAPD is
more compact and may provide improved energy resolutions
for x-ray energies from a few up to about 20 keV. However,
both energy resolution and minimum detectable x-ray energy
depend on the LAAPD dark current, and LAAPDs within
the manufacturer’s specifications may present significantly
different performances. For x-ray spectrometric applications,
LAAPDs with low dark currents are desirable in order to
obtain better energy resolutions than proportional counters.

The LAAPD cost, limited area, limited detection
efficiency for medium- and high-energy x-rays, and
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Figure 12. (continued).

sensitivity to light and temperature are drawbacks com-
pared with proportional counters. However, its windowless
feature may be crucial for the detection of soft x-rays. Addi-
tionally, its superior count-rate capability may be crucial for
applications at high count rates.
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Digital Rise-Time Discrimination of Large-Area
Avalanche Photodiode Signals in X-Ray Detection

L. M. P. Fernandes, P. C. P. S. Simões, J. M. F. dos Santos, and R. E. Morgado

Abstract—The response of a large-area avalanche photodiode
to X-rays was investigated by applying pulse-shape discrimination
techniques based on rise time. The method employed analog
preshaping with time constants of 200 ns followed by digital signal
processing in a commercial 125-MHz digitizer. Pulse rise-time
discrimination was applied to improve detector energy resolution,
background level, and peak distortion. Electronic noise pulses
can be efficiently removed at the expense of data-acquisition
throughput.

Index Terms—Avalanche photodiode, pulse-discrimination effi-
ciency, rise-time discrimination, X-ray detection.

I. INTRODUCTION

I NTEREST in the use of avalanche photodiodes (APDs) has
increased recently with the appearance of commercially

available large-area APDs that deliver higher charge gains at
lower bias voltages, with improved spatial uniformity. Window-
less large-area APDs with extended sensitivity in the ultraviolet
and soft X-ray regions are also commercially available.

Large-area APDs are used mainly as optical photosensors
coupled to scintillators for X- and -ray detection, as a replace-
ment for photomultiplier tubes [1]–[4]. Applications include in-
strumentation of the large electromagnetic calorimeter of the
CERN CMS detector for high-energy physics [1], [5], [6] and
the photosensor readout of crystals and plastic scintillators for

-ray spectrometry in nuclear physics [7], [8] and for positron
emission tomography instrumentation in medicine [9], [10]. Al-
though their use as X-ray spectrometers in the 0.5–20 keV range
has been suggested [11]–[13], low-energy X-ray detection tech-
niques with APDs were mainly developed to measure charge-
carrier properties of the device, using X-rays as a reference for
light measurements [1], [13], [14].

The application of large-area APDs (LAAPDs) to energy-dis-
persive X-ray fluorescence (EDXRF) analysis has been inves-
tigated, and energy resolutions similar to those of proportional
counters have been achieved [15]. Additionally, the use of
LAAPDs in an experiment to measure the Lamb shift of the

Manuscript received November 23, 2001; revised April 5, 2002. This work
was supported by Project FIS/13140/98-13140. The work of R. E. Morgado was
supported by the Gulbenkian Foundation and the Foundation for Luso-Amer-
ican Development (FLAD).

L. M. P. Fernandes, P. C. P. S. Simões, and J. M. F. dos Santos are with
the Physics Department, University of Coimbra, P-3004-516 Coimbra, Portugal
(e-mail: jmf@gian.fis.uc.pt).

R. E. Morgado is with Los Alamos National Laboratory, Los Alamos, NM
87545 USA.

Digital Object Identifier 10.1109/TNS.2002.801518

2 –2 atomic states in muonic hydrogen ( p) is being con-
sidered [16]. The experiment, to be carried out at the Paul
Scherrer Institute (PSI), Switzerland, in collaboration with nine
institutions, consists in obtaining long-lived p atoms in the
2 -metastable state by stopping a low-energy beam in
a small volume of low-pressure hydrogen in a 5-T magnetic
field. A pulsed beam from a tunable laser induces the 2 –2
transition in p, and the 1.9-keV X-ray photons resulting from
the 2 –1 deexcitation will be detected. Measuring the co-
incidences between the laser pulse and the 1.9-keV X-rays
as a function of the laser wavelength, the Lamb shift can be
determined. Low counting rates are expected, and the 1.9-keV
X-ray background will be reduced by gating its coincidence
with the signal resulting from the high-energy electron pro-
duced in the subsequent muon decay.

However, improvements on the performance of LAAPDs for
X-ray detection, mainly in the low-energy range, are needed.
One way to improve this performance may be through the ap-
plication of pulse discrimination techniques. Fully developed
X-ray pulses can be effectively distinguished from noise, dis-
torted X-ray pulses, and pulses resulting from charged-particle
interactions.

Digital signal-processing techniques and, in particular, dig-
ital rise-time discrimination have been proved to be a simple
but effective method to improve detector performance through
peak enhancement and background suppression [17]–[20]. In
this paper, we investigate the application of digital signal-pro-
cessing techniques to LAAPDs to improve their response to
X-rays by means of pulse rise-time discrimination.

II. RATIONALE

APDs are compact monolithic devices made of a silicon p–n
junction where the internal electric field can reach high enough
intensities to produce electron multiplication by impact ioniza-
tion [1], [21], [22]. When high voltage is applied to the APD,
only a small region of the p-layer in the front part of the diode re-
mains undepleted—(I) the drift region, Fig. 1. The electric field
in this region is low, but in (II), the depleted region, it increases
with depth, reaching a maximum near the p–n junction. An inci-
dent photon absorbed in either the drift region or the p-depleted
layer produces electron–hole pairs. The resulting electrons are
accelerated toward the n -contact, undergoing avalanche mul-
tiplication in the high electric field near the junction. Charge
gains of a few hundred are typical and vary exponentially with
applied voltage.

0018-9499/02$17.00 © 2002 IEEE
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Fig. 1. Schematic diagram of typical avalanche photodiode section: (I) drift
region; (II) depleted region; (III) multiplication region.

For the LAAPD used in this paper,1 the thickness of the drift
region is about 10 m, while the charge-multiplication region is
about 20- m deep into the depleted region and has a thickness
of about 20 m [21]. Thus, the detection efficiency decreases
rapidly for X-ray energies above 5 keV, and a significant number
of X-rays interact deep into the multiplication region.

Fig. 2 depicts a pulse-height distribution measured with the
LAAPD for 5.9-keV X-rays. The distribution deviates from a
Gaussian due to a low-energy tail. This tail results from two
possible sources: 1) X-ray absorptions that occur deep in the
photodiode, within the avalanche multiplication region (III),
undergo only partial amplification, and 2) X-rays that interact
in the reduced electric field, in the undepleted p-region, lose
primary charge carriers to either the p -contact or to traps.
Both types of events result in smaller amplitude pulses. For the
former type, amplitudes should decrease continuously to zero.
The electronic-noise tail in the low-energy region limits the
lowest detectable X-ray energy.

X-ray absorption in the undepleted p-region gives rise
to pulses with long time-responses because traps may hold
electrons for tens to thousands of nanoseconds [21]. The time
response for events that occur in the multiplication region is
faster than for fully amplified events. These different time
responses may result in measurable pulse rise-time differences,
allowing for discrimination and rejection of such anomalous
pulses and, consequently, for improved detector performance.

III. EXPERIMENTAL SETUP

The LAAPD was installed inside a light-tight box to shield it
from ambient light. Experimental studies were performed using
direct irradiation of the detector with Fe X-ray source or X-ray
fluorescence from samples positioned in front of the LAAPD in
90 excitation-detection geometry. To delimit the incident X-ray
beam, 2- and 10-mm lead collimators were used for each case,
respectively.

LAAPD signals were fed through a low-noise charge pre-
amplifier (Canberra 2004, with a sensitivity of 45 mV/MeV)
and a spectroscopy amplifier (HP5582A, with gains of 16 to

1Advanced Photonix, Inc., Camarillo, CA.

Fig. 2. Typical pulse-height distribution for the LAAPD used in this paper for
5.9-keV X-rays.

64) to a digital pulse-height analyzer (DPHA) for further pro-
cessing. Integration and differentiation shaping-time constants
of 200 ns were used in the main amplifier for optimum detector
performance [13], [15].

The DPHA was composed of a commercially available dig-
itizer PCI board2 and the data-processing host computer. The
digitizer board has a 12-bit analog-to-digital converter (ADC),
and its maximum 125-MHz sampling frequency was used in
this work. It has complex triggering capabilities, including data-
burst acquisition after or before a certain time interval mea-
sured from the instant when the trigger threshold is reached.
The input-voltage range is 0–1 V, but only 90% of the ADC full
scale is used, as a dc offset is added to the signal prior to digiti-
zation. The trigger threshold is set just above the characteristic
photodiode electronic noise level for the chosen amplifier gain
to avoid dead-time losses analyzing noise pulses.

Pulse-height analysis is performed with a peak-search algo-
rithm, an eighth-order polynomial fitting algorithm, and a mod-
ified Newton-tangent method [23]–[25] to determine the peak
maximum. If the pulse amplitude is outside of a predefined
range, or if more than six iterations are needed for the Newton
method to converge, the pulses are rejected. Pulse rise time is
defined as the time required for the pulse to increase from 10 to
90% of its maximum amplitude. The different algorithms have
been developed for former applications [25] and fine-tuned for
this LAAPD X-ray detector—e.g., the eighth-order polynomial
fitting and the maximum number of iterations allowed, before
convergence is achieved, were chosen for the best pulse discrim-
ination performance and/or for good compromise between pulse
discrimination performance and processing time.

The pulse-height and the rise-time distributions are stored
simultaneously. The pulse-height distribution is divided into
a series of partial distributions on the basis of rise time. The
rise-time range of each partial distribution is 8 ns, limited
only by the digitizer sampling frequency. For pulse-ampli-
tude, peak-area, and energy-resolution measurements, the
pulse-height distributions were fitted to a Gaussian function
superimposed on a linear background from which the centroid,
the area, and the full-width at half-maximum were determined.
The peak-to-background ratio was defined as the Gaussian area

2PDA12A-1997, Signatec, Corona, CA.
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Fig. 3. Pulse rise-time distributions for 5.9-keV X-rays using 200-ns shaping
time constants.

Fig. 4. Pulse-height distributions of different rise-time windows together with
the raw spectrum for 5.9-keV X-rays.

divided by the area under the fitted linear background for the
peak region.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In Fig. 3, we present the pulse rise-time distributions of the
5.9-keV X-rays detected by a 16-mm-diameter LAAPD for the
conditions described above. The dashed lines delimit two time
windows of 128–160 and 136–152 ns.

Fig. 4 depicts the pulse-height distributions corresponding
to those time windows together with the raw spectrum (total
pulse-height distribution without any discrimination). For each
partial spectrum, energy resolution and signal-to-background
ratio show small improvements from 16.5% and 23 (raw spec-
trum) to 16.1% and 27 or 15.4% and 29, respectively. However,
the relevant feature is the significant reduction of the low-energy
tails. This is an important advantage when weaker low-energy
lines are superimposed on the tail. For these analyses, rise-time
discrimination will result in a significant improvement in the de-
tection sensitivity due to background reduction.

In Fig. 5, we present the raw distribution and three partial
pulse-height distributions for time windows outside and inside
the 128- to 160-ns rise-time interval. It is observed that a
significant number of events with both short and long rise times
correspond to events with lower amplitudes than those within
the time window. In Table I, the features of the raw spectrum and
the relevant partial spectra are characterized according to peak

Fig. 5. Raw spectrum and partial spectra for time windows outside and inside
the 128- to 160-ns rise-time interval.

TABLE I
PARAMETERS OF THE RAW SPECTRUM AND THE RELEVANT PARTIAL SPECTRA

OBTAINED WITH DPHA FOR 5.9-keV X-RAYS

Fig. 6. Pulse rise-time distributions for different X-ray energies using 200-ns
shaping time constants.

centroid, energy resolution, peak-to-background ratio, and peak
relative area. A slight increase of the peak centroid position of
the partial pulse-height distributions with rise time is noticeable
due to ballistic deficit. This effect could be corrected after
processing the partial spectra, thereby improving the energy
resolution and distortions of the final spectrum that result
from the sum of several partial spectra. A compromise has
to be made between the peak counting efficiency and the
pulse-discrimination efficiency. A digital sampling rate higher
than 125 MHz would improve the discrimination technique by
dividing the partial spectra into narrower rise-time windows.

Fig. 6 depicts several pulse rise-time distributions for dif-
ferent X-ray energies, using the same trigger threshold above
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Fig. 7. Pulse rise-time distributions for 5.9-keV X-rays using 200-ns shaping
time constants and two different trigger thresholds in the DPHA: just above and
below the electronic noise level.

Fig. 8. Pulse-height distributions for the sulphur K-line using 200-ns shaping
time constants.

the noise level. The distributions were normalized to the total
area. No significant dependence of the rise-time distribution on
the X-ray energy is observed.

Pulse rise-time discrimination allows a lowering of the min-
imum detectable X-ray energy. Fig. 7 depicts two rise-time dis-
tributions obtained for 5.9-keV X-rays using different trigger
thresholds in the DPHA: just above and below the electric noise
level. The figure shows that the electronic noise pulses have
longer rise times and, thus, can be efficiently discriminated from
the X-ray pulses. However, lowering the trigger threshold in the
DPHA results in a reduced data-acquisition throughput due to
the time required for analyzing the noise pulses.

We have analyzed the LAAPD response to fluorescence
from sulphur and silicon samples excited with a Fe X-ray
source. In Fig. 8, we present the sulphur total spectrum and two
partial spectra obtained for rise-time discrimination windows
of 120–192 and 120–152 ns. The energy resolution and the
peak-to-background ratio have improved from 32.1% and 8.6
to 31.9% and 53 (81% efficiency) or 30.6% and 51 (57%
efficiency), respectively.

The total spectrum and several different partial spectra are de-
picted in Fig. 9, spanning the full rise-time range. Table II details
the features of the total spectrum and the relevant partial spectra
for the sulphur K-line. It is observed that ballistic deficit cor-
rection could improve the detector energy resolution to values
below 29% with an acquisition efficiency of about 90%.

In Fig. 10, the silicon raw spectrum and two partial spectra
obtained for rise-time discrimination windows of 120–192

Fig. 9. Raw spectrum and pulse-height distributions of different rise-time
windows for sulphur fluorescence.

TABLE II
PARAMETERS OF THE RAW SPECTRUM AND THE RELEVANT PARTIAL SPECTRA

OBTAINED WITH DPHA FOR THE SULPHUR K-LINE

and 120–152 ns are depicted. For the raw spectrum, the noise
behavior on the peak region is complex and not well known
and, thus, the areas corresponding to the K–Si peak and the
respective background cannot be determined with a reasonable
precision. The energy resolution and the peak-to-background
ratio of the silicon K-line achieve 38% and 4.6 or 36% and 6.1,
respectively. The calcium line on the pulse-height distribution
is due to the plasticine used to hold the Fe source. Table III
details the features of the relevant partial spectra for the silicon
K-line. Fig. 11 depicts the total spectrum and several relevant
partial spectra.

V. CONCLUSIONS

We have shown that the X-ray response of large-area
avalanche photodiodes can be improved by pulse rise-time
discrimination. Both measured energy resolution and
peak-to-background ratio show some improvements. Low-en-
ergy tails are reduced, decreasing the overall background
level in the pulse-height distributions. Electronic noise can be
efficiently discriminated, but reducing the trigger threshold
in the DPHA below the noise level results in longer times
for the analysis of noise pulses and reduces the data-acquisi-
tion throughput. The discrimination efficiency improves by
narrowing the rise-time discrimination windows. However,
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Fig. 10. Pulse-height distributions for the silicon and calcium K-lines using
200-ns shaping time constants.

Fig. 11. Raw spectrum and pulse-height distributions of different rise-time
windows for silicon fluorescence.

TABLE III
PARAMETERS OF THE RELEVANT PARTIAL SPECTRA OBTAINED WITH DPHA

FOR THE SILICON K-LINE

a compromise has to be made between the peak counting
efficiency and the pulse-discrimination efficiency.

Future work will include the information contained in the
midpoint of each pulse for improvement of pulse-discrimina-
tion efficiency.
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Abstract

The characterisation of photodiodes used as photosensors requires a determination of the number of electron–hole
pairs produced by scintillation light. One method involves comparing signals produced by X-ray absorptions occurring
directly in the avalanche photodiode with the light signals. When the light is derived from light-emitting diodes in the
400–600 nm range, significant non-linear behaviour is reported. In the present work, we extend the study of the linear

behaviour to large-area avalanche photodiodes, of Advanced Photonix, used as photosensors of the vacuum ultraviolet
(VUV) scintillation light produced by argon (128 nm) and xenon (173 nm). We observed greater non-linearities in the
avalanche photodiodes for the VUV scintillation light than reported previously for visible light, but considerably less

than the non-linearities observed in other commercially available avalanche photodiodes. r 2002 Published by Elsevier
Science B.V.

PACS: 29.40.M; 07.85.F; 85.60.D

Keywords: Scintillation detectors; X-ray detectors; Avalanche photodiodes

1. Introduction

Avalanche photodiodes (APDs) have assumed
increasingly important instrumentation roles in
broad areas of physics where their high quantum
efficiency and low noise characteristics compete
favourably with photomultiplier tubes. These
include large electromagnetic calorimeters for
high-energy physics at CERN [1–3], inorganic
and plastic scintillator g-ray spectrometers for

nuclear physics [4], and PET scanners [5] for
medicine.

These applications have stimulated efforts to
characterise the performances of several types of
APDs that are now commercially available. An
important characterisation is the number of
electron–hole pairs produced per unit of absorbed
energy, the knowledge of which enables a quanti-
tative analysis of the noise sources contributing to
the observed energy resolution. The number of
electron–hole pairs is often determined by a
comparison of the relative pulse amplitudes
produced in the APD by the direct absorption of
X-rays with that produced by the scintillation light
from a detector. The comparison is valid provided
strict linearity between the initial number of
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electron–hole pairs and the resulting pulse ampli-
tude is assumed throughout the range of avalanche
multiplication gains.

Non-linearities have been reported, however, at
high current densities and attributed to the space-
charge effects, reduced localised electric fields, and
heating in the avalanche regions [1,3,6,7] of the
APD structure. As a result, the efficacy of using X-
rays to determine the number of charge carriers
produced in light measurements has been com-
promised to some degree.

The light sources used in these studies were
light-emitting diodes in the 400–600 nm range,
excluding the deep and vacuum ultraviolet (VUV)
regions. With the commercial availability of
windowless VUV-sensitive APDs, their instrumen-
tation as photosensors of the scintillation light
from noble gases and liquids for PET, X-, and g-
ray spectroscopy is under investigation [8–10].

In this work, we present for the first time, the
results of a study to determine the non-linearities
in large-area APD1 responses to the argon and
xenon scintillations at B128 and B173 nm,
respectively, from gas proportional scintillation
counters. We compared the signals due to X-ray
interactions occurring directly in the APD with
signals from the scintillation light produced by X-
ray absorptions in the gas medium of the counter.
The non-linearity is determined by comparing the
amplitudes as a function of the APD reverse bias
voltage.

2. Description

2.1. Argon scintillation measurements

2.1.1. Detector and operation
The argon gas proportional scintillation counter

(GPSC) instrumented with a large-area APD is
schematically depicted in Fig. 1. Its operational
characteristics were described in Ref. [9]. X-rays
entering the entrance window are absorbed pri-
marily in the drift region by the photoelectric effect
in argon. The cloud of primary electrons drifts

toward the scintillation region under the influence
of the electric field established between the
entrance window and grid G1. The reduced electric
field in this region is chosen well below the
scintillation and ionisation thresholds in argon.

In the scintillation region, the electrons are
accelerated in the stronger electric field between
G1 and G2, chosen above the scintillation thresh-
old but below the ionisation threshold in argon.
Each primary electron produces a number of
VUV photons in the scintillation region. Propor-
tionality between the incident X-ray energy, the
number of primary electrons, and the number of
scintillation photons is maintained throughout the
process.

The scintillation photons incident on the sensi-
tive area of the APD produce electron–hole pairs
in silicon that are multiplied by the avalanche
process. The APD reverse bias voltage determines
the multiplication gain in the avalanche process.

Concurrent with the acquisition of the detected
signals from the absorption of X-rays in argon, a
transmitted fraction of the X-rays are detected
directly in the APD. The number of electron–hole
pairs produced by direct absorption in the APD is
determined from the energy of the X-ray and the
w-value in silicon.

The total charge for each multiplication gain is
integrated in a 1.5V pC�1 charge-sensitive pre-
amplifier (Canberra 2006), followed by linear
amplification (Hewlett Packard 5582A) with a

Fig. 1. The schematic of the GPSC with a large-area APD

photosensor.

1Advanced Photonix, Inc., 1240 Avenida Acaso, Camarillo,

CA 93012, USA.
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2-ms shaping time. Pulse height analysis is per-
formed with a 1024 channel multi-channel analy-
ser (Nucleus PCA-II).

The pulse-height distribution is fit with a
Gaussian function superimposed on a linear
background. The pulse amplitude for each ava-
lanche gain is determined from the centroid of the
fitted Gaussian.

2.1.2. Experimental results
The measured pulse-height distribution for

the 5.9 keV X-rays from 55Fe with the Kb line
filtered by chromium is depicted in Fig. 2.
Approximately 10% of the 5.9 keV X-rays are
transmitted through the intervening 3.3 cm of
argon and 40% of these are absorbed in the
depletion region of the APD.

The salient features of the pulse-height distribu-
tion include the 5.9 keV X-ray peak from absorp-
tions in the GPSC, the 5.9 keV X-ray peak from
direct absorptions in the APD, the escape peaks
from the argon K-lines fluorescence, and the
system electronic noise.

A direct comparison of the relative amplitudes
from the argon scintillation and from the X-ray
interaction in the APD can be made for each value
of the APD gain.

In Fig. 3, the argon results are plotted as a ratio
of the pulse amplitudes from X-ray interactions in

the APD and in the GPSC, normalised to the
maximum value, as a function of the APD reverse
bias voltage. The deviation from linearity is
greater than 10% for the APD gains above 200,
4 times larger than what was previously reported
for visible light (around 600 nm) [7]. For gains as
low as 100, deviations from linearity already
exceed 4.5%. Nevertheless, the non-linearity in
the Advanced Photonix APD is still smaller than
what has been observed with other types of APDs
for visible light [7].

2.2. Xenon scintillation measurements

2.2.1. Detector and operation
The xenon GPSC instrumented with the large-

area APD is schematically depicted in Fig. 4. The
GPSC is a driftless design with a 1.1 cm deep

Fig. 2. The pulse-height distribution from an argon GPSC

instrumented with a large-area APD for 5.9 keV X-rays. E=p of
0.2 and 5.0V cm�1 Torr�1 were used in the drift and scintilla-

tion region, respectively; the multiplication gain in the APD

was approximately 40.

Fig. 3. The ratio of the pulse amplitudes in an argon GPSC

instrumented with a large-area APD as a function of the APD

reverse bias voltage.

Fig. 4. A xenon driftless GPSC instrumented with a large-area

APD.
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scintillation region. The APD is positioned just
below the electron-collection grid G. The entrance
window is maintained at negative potential while
grid G and the APD enclosure are maintained at
ground potential.

The operation of the xenon driftless GPSC is
similar to what has been previously described
above with the notable exception that X-rays
are now absorbed primarily in the scintilla-
tion region. The total number of scintillation
photons produced by the primary electron cloud,
however, will now depend on how deep into the
scintillation region the X-ray-absorption event
occurs.

Although the driftless design results in degraded
energy resolution for scintillation events, it allows
higher transmission of the 5.9 keV X-rays through
the xenon and, therefore, more direct X-ray
interactions in the APD. The charge collection
and processing of the signals generated in xenon
and directly in the APD are the same as already
described above for argon.

2.2.2. Experimental results
Fig. 5 depicts the pulse-height distribution of

5.9 keV X-rays from chromium-filtered 55Fe mea-
sured in the xenon driftless GPSC. Approximately
0.2% of the 5.9 keV X-rays are transmitted
through the 1.1 cm of xenon, of which 40% are
absorbed in the depletion region of the APD.

The salient features of the pulse-height distribu-
tion include the 5.9 keV X-ray full-energy peak
from absorptions in the xenon GPSC, the xenon
La and Lb escape peaks from 5.9 keV X-ray
absorptions in the xenon GPSC, the 5.9 keV X-
ray peak from absorptions in the APD, the 4.1 and
4.8 keV xenon La and Lb fluorescence peaks from
absorptions in the APD, and the system electronic
noise.

The distribution enabled a comparison between
the pulse amplitudes resulting from the xenon
scintillation interaction and the X-ray interactions
in the APD as a function of the APD gain.

To extend the determination of non-linearity to
higher energy X-rays, the pulse-height distribu-
tions for the 22.1 keV X-rays from 109Cd were also
measured and analysed in the xenon driftless
GPSC.

In Fig. 6, we plot the ratio of the pulse
amplitudes from the X-ray interactions in the
APD and from the GPSC, normalised to the
maximum value, as a function of the APD
reverse-bias voltage. For 5.9 keV X-rays, the
variation is only B6% for the APD gains of
200 and B3.5% for gains of about 100. These
values, though less than those measured for the
argon scintillation, are a factor of 2 larger than for
visible light (around 600 nm) [7]. The results for
22.1 keV X-rays demonstrate even greater non-
linearity.

Fig. 5. Pulse-height distribution of 5.9 keV X-rays from xenon

driftless GPSC instrumented with a large-area APD. An E=p of
5.5V cm�1 Torr�1 was used in the scintillation region; the

multiplication gain in the APD was approximately 100.

Fig. 6. The ratio of the pulse amplitudes in an xenon driftless

GPSC instrumented with a large-area APD as a function of the

APD reverse-bias voltage for 5.9 and 22.1 keV X-rays.

L.M.P. Fernandes et al. / Nuclear Instruments and Methods in Physics Research A 478 (2002) 395–399398



3. Analysis and conclusions

We have confirmed the non-linear behaviour of
the Advanced Photonix large-area APDs for the
VUV scintillations from argon and xenon. The
results suggest a dependence of the APD linearity
on wavelength as well: the scintillation light from
argon (128 nm) demonstrated the largest non-
linearity of 10% at a gain of 200, compared to
6% for xenon (173 nm), and 3% for visible light
(600 nm) [7].

An accurate determination of the number of
charge carriers produced in an APD by the VUV
scintillation light may be compromised if strict
linearity is assumed with direct X-ray interactions.
Nevertheless, the non-linearity reported here for
the VUV light in Advanced Photonix large-area
APDs is less than what is observed in other types
of APDs for visible light [7].
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Chapter 3  

Effect of temperature in the LAAPD response 

to X-ray, VUV and visible-light detection  

 

The gain of an avalanche photodiode depends significantly on temperature, what may 

represent a drawback in many applications. In these cases, temperature control and 

stabilization during measurements is necessary. One method to stabilize the temperature 

consists on the use of Peltier devices coupled to photodiodes. In the majority of the 

cases this procedure is not used and the knowledge of the gain variation with 

temperature becomes necessary in order to make corrections due to the temperature 

variation during measurements.  

Beyond the gain, also the dark current depends on temperature. As stated in previous 

chapters, dark current limits the LAAPD performance, influencing for example the 

obtained energy resolution. Dark current can be reduced about one order of magnitude 

when temperature varies from the room temperature down to 0 ºC. Then, the noise 

contribution to the energy resolution decreases and the photodiode performance may 

improve significantly with the LAAPD cooling.  

LAAPDs constitute valid alternatives in the detection of visible light, VUV radiation 

and X-rays. Up to now, the gain variation with temperature of avalanche photodiodes 

manufactured by API had been investigated only for visible light. According to the 

manufacturer, the variation reaches about -3% per ºC for the highest gains [API 1999]. 

However, some LAAPD characteristics vary with the type of radiation detected, such as 

the effect of non-linearity [Fernandes et al. 2002A] and the behaviour under intense 

magnetic fields [Fernandes et al. 2003A]. Thus, the knowledge of the gain variation 

with temperature in the detection of the three radiation types is important.  
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A LAAPD with an integrated Peltier cell, manufactured by API, was incorporated in a 

GPSC in order to study the LAAPD response to the detection of VUV photons 

produced in the detector gas volume (xenon) as a function of temperature. The 

performance of the GPSC thus composed was investigated by [Lopes 2002], being now 

complemented on the perspective of the LAAPD as a VUV-light detector. The same 

LAAPD was used to study the response in X-ray detection. The gas was removed from 

the GPSC, providing direct absorption of X-rays in the LAAPD. However, the system 

was not able to operate below -5 ºC due to a significant increase of the electronic noise.  

In order to characterize the LAAPD performance in a wider temperature range, an 

alternative cooling system was assembled, providing temperature stabilization from the 

room temperature down to about -40 ºC. The LAAPD response was studied in that 

temperature range for X-ray and visible-light detection. In particular, visible-light 

detection leads to the determination of the excess noise factor, a contribution to the 

energy resolution. The several contributions were determined as functions of the 

temperature and compared to the theoretical models described in Chapter 1.  

Beyond the LAAPD from API, with a circular area with a 16 mm diameter, another 

LAAPD, manufactured by RMD, was also investigated. This prototype has a planar 

structure and a square surface with a 14×14 mm2 area. Both types of photodiodes have 

been used in the muonic hydrogen Lamb shift experiment. LAAPDs from API have 

been used in the first phase of the experiment (2002), having been substituted by planar 

LAAPDs in the second phase (2003).  

In this chapter, the response of LAAPDs is characterized as a function of temperature 

for X-ray, VUV-light and visible-light detection. The experimental procedures are 

described and the obtained results are discussed.  
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3.1. Characterization of the LAAPD with integrated 

Peltier cell for VUV-light detection  

The LAAPD with an integrated Peltier cell, from the 571 cooled head series of API 

photodiodes was used as VUV-radiation photosensor in the gas volume of a GPSC 

containing xenon. The system includes a temperature sensor (thermistor), providing 

temperature stabilization in the LAAPD within ± 0.1 ºC. The photodiode presents a 

circular active area with 16 mm diameter and a quantum efficiency of 105% for the 

VUV radiation produced in xenon (~173 nm) [API 1999]. In the base of the photodiode 

six metallic pins are located: two for the LAAPD anode and cathode, two for the Peltier 

cell and two for the thermistor. The thermistor presents a resistance of 7650 Ω (± 12%) 

at 0 ºC and a negative temperature coefficient. The LAAPD temperature is established 

by the voltage and current values applied to the Peltier cell. The maximum voltage and 

current values set in the power supply are 4.3 V and 2 A.  

The experimental system description and the obtained results are presented in the paper: 

“VUV detection in large-area avalanche photodiodes as a function of temperature”, 

published in Nucl. Instr. Meth. A, vol. 504 (2003), pages 331-334 [Lopes et al. 2003], 

attached at the end of this chapter (page 105). The results include the LAAPD gain and 

performance characteristics evaluated for 5.9 keV X-rays absorbed in the GPSC, 

corresponding to 3.2×104 VUV photons detected in the LAAPD. The gain relative 

variation with temperature was found to be about 2 times higher than the one suggested 

by the manufacturer for visible light [API 1999]. Due to the significant reduction of the 

dark current as temperature decreases, the electronic noise level is reduced, improving 

the minimum number of detectable photons in the LAAPD, which was found to be 

0.5×103 and 1.3×103  VUV photons for temperatures of -5 and 25 ºC, respectively.  

Figure 3.1 shows a typical energy spectrum of the pulses produced in the LAAPD, for a 

temperature of 25 ºC and a bias voltage of 1815 V, corresponding to a gain of 175. The 

counting rate of the detected pulses is 120/s. The minimum number of detectable 

photons is determined by normalization of the minimum detectable energy.  
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Figure 3.1 – Typical energy spectrum of the pulses produced in the LAAPD by 5.9 keV X-rays 

absorbed in the GPSC, for a bias voltage of 1815 V and a temperature of 25 ºC. The peak 

corresponds to 3.2×104 VUV photons detected in the LAAPD. 

The energy resolution variation with temperature was also investigated. In a GPSC, the 

statistical fluctuations associated to the light amplification process are negligible in 

comparison to the fluctuations associated to the creation of the primary electron cloud 

and to the photon detection and signal amplification in the photosensor.  

The fluctuations associated to the creation of primary electrons are well known [Santos 

1994] and describe the GPSC intrinsic resolution:  

  
xE

WfR 36.2)(GPSCint =  (Eq. 3.1) 

where f is the Fano factor, W is the average energy required to ionize a gas atom and Ex 

is the incident X-ray energy. For a GPSC containing xenon, f = 0.17 and W ≅ 22 eV 

[Conde 2003]. As follows, Equation 3.1 establishes an intrinsic resolution of 6% for 5.9 

keV X-rays interacting in the GPSC.  



Effect of temperature in the LAAPD response to X-ray, VUV and visible-light detection – Chapter 3 

 83

The statistical fluctuations associated to light detection in the LAAPD have already 

been analyzed in Chapter 1 (Equation 1.6). The LAAPD intrinsic resolution for light 

detection (Equation 1.7) depends on the excess noise factor (F) and the number of 

primary electrons, which is determined by the energy deposited in silicon by the light 

pulse (E). The LAAPD intrinsic resolution can be written as: 

  
E

F
R

ε
36.2(LAAPD)int =  (Eq. 3.2) 

The determination of the energy equivalent to the light pulse (E) requires the 

comparison of the VUV-light signal with the signal induced by direct X-ray absorptions 

in the LAAPD. This is not possible in the present experimental system since practically 

there is no X-ray transmission through the GPSC volume.  

The intrinsic resolution variation with gain depends only on the relationship between F 

and the gain (Figure 1.10), which is assumed linear in the useful gain region. In section 

3.3, the value E is determined and the variation of F with the gain is investigated for 

visible light, making it possible to obtain a better approximation for the LAAPD 

intrinsic resolution.  

Besides the statistical fluctuations associated to the GPSC and the LAAPD, the energy 

resolution also depends on the electronic noise, which varies with gain according to 

Equation 1.20. The electronic noise contribution to the energy resolution can be 

expressed by: 
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The total energy resolution obtained with the GPSC results from the quadratic addition 

of the three cited contributions: 
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The fluctuations associated to VUV-light detection in the LAAPD, including the 

electronic noise contribution, have been determined excluding the GPSC intrinsic 

resolution (Equation 3.1) from the total energy resolution (Equation 3.4). For the 

investigated temperature range, the minimum energy resolution is reached for gains 

between 100 and 150 [Lopes et al. 2003]. The energy resolution degradation for high 

gains is mainly attributed to the increase of the excess noise factor, which affects the 

intrinsic resolution (Equation 3.2) and the electronic noise (Equation 3.3). The statistical 

fluctuations tend to increase with temperature. However, the LAAPD operation at 

temperatures below 5 ºC does not improve its performance in VUV-light detection, 

except for higher gains. The system used (LAAPD with a Peltier cell) was designed to 

operate in the temperature range between 0 and 40 ºC. Therefore, the system does not 

provide conclusive results for temperatures below 0 ºC. 

 

3.2. Characterization of the LAAPD with integrated 

Peltier cell for X-ray detection  

The effect of temperature on the operation of avalanche photodiodes has particular 

importance in the detection of X-rays. The dark current reduction for low temperatures 

leads to an improvement on the minimum detection limit, what presents advantages in 

X-ray fluorescence applications since lower energy X-rays can be detected. The 

LAAPD energy resolution at low temperatures may be better compared to proportional 

counters.  

To study the LAAPD response to direct X-ray detection as a function of temperature, 

the same photodiode investigated for VUV-light detection (571 cooled head series from 

API) was used. The enclosure of the detector previously investigated was used to 

support the new experimental system, protecting the LAAPD from the ambient light. 

The gas inside the detector was removed and dry nitrogen, at atmospheric pressure, was 

put in its place in order to avoid condensation problems for temperatures close to 0 ºC.  
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The LAAPD gain and performance characteristics were evaluated for 5.9 keV X-rays 

for different temperatures, being presented in the paper: “X-ray spectrometry with 

Peltier-cooled large area avalanche photodiodes”, published in Nucl. Instr. Meth. B, vol. 

213 (2004), pages 267-271 [Fernandes et al. 2004A], attached at the end of this chapter 

(page 109). The LAAPD application to X-ray spectrometry is also presented.  

The gain variation with the LAAPD bias voltage is presented in Figure 3.2 for different 

temperatures, showing a significant gain raise as the temperature decreases. The gain 

was determined by normalization to VUV-light measurements, where the unitary gain 

was assessed for voltages as low as 500 V. The relative gain variation with temperature 

was found to be about -4.5% per ºC for the highest gains [Fernandes et al. 2004A], 

being less significant than the one obtained for VUV light.  
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Figure 3.2 – Gain obtained for 5.9 keV X-rays as a function of the LAAPD bias voltage, for 

different temperatures. 

The unitary gain determination using VUV light was possible since the signal-to-noise 

ratio is significantly higher as a result of the light amplification inside the GPSC. Each 

5.9 keV X-ray absorbed in the detector gas generates 3.2×104 VUV photons incident in 

the LAAPD and approximately the same number of primary electrons (the quantum 
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efficiency is about 100%). The number of primary electrons produced per X-ray with 

energy E absorbed directly in the LAAPD is ε/EN = , being ε the average energy 

required to produce an electron-hole pair in silicon. Therefore, each 5.9 keV X-ray 

directly absorbed in the LAAPD originates approximately 1.6×103 primary electrons, 

about 20 times less than obtained for VUV-light detection.  

Figure 3.3 shows typical energy spectra of the pulses produced in the LAAPD by 5.9 

keV X-rays, obtained for temperatures of 0 and 25 ºC. The same gain of 130 was used 

for both temperatures, corresponding to 1793 and 1720 V bias voltages, respectively. 

The X-ray counting rate in the photodiode is about 103/s. By comparing Figures 3.3 and 

3.1, it is observed that the signal-to-noise ratio is considerably lower for X-ray detection 

comparatively to VUV-light detection. Figure 3.3 also confirms the improvement on the 

LAAPD performance when temperature decreases from 25 to 0 ºC. A dark current 

reduction from 130 to 22 nA improves the energy resolution from 16.3 to 12.8% and the 

minimum detectable energy from 1.5 to 1.0 keV. 
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Figure 3.3 – Energy spectra of the pulses produced by 5.9 keV X-rays in the LAAPD, for 

different temperatures, 0 and 25 ºC. The same gain of 130 was used in the LAAPD. 
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The effect of dark current on the LAAPD performance for X-ray detection was 

evaluated by determining the energy resolution and the minimum detectable energy as 

functions of gain for different temperatures. In general, the temperature reduction 

improves the energy resolution and the minimum detectable energy as a result of the 

significant reduction of the dark current (Figure 3.4).  

10

100

1000

0 100 200 300 400
Gain

Da
rk 

cu
rre

nt 
(n

A)

30ºC
25ºC
15ºC
 5ºC
 0 ºC

 

Figure 3.4 – Dark current as a function of the LAAPD gain for different temperatures. 

For each temperature, the optimum gain, corresponding to the minimum energy 

resolution, was found to be around 130. According to the theoretical estimate, defined 

by Equation 1.31, some temperature dependence should occur:  

  

3/1

22

2

opt
422


















 +











+=

εττ
E

e
qI

CR
q
TkI

k
G DV

TeqB
DS

ef

 (Eq. 3.5) 

The optimum gain should increase with the superficial component (IDS) of the dark 

current and decrease with the volumetric component (IDV). However, both components 

increase with temperature. For 500 ns shaping time constants and for 0 ºC:  

  nA100)/(2 22 ≅τqCRTk TsB   
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For temperatures in the range investigated, the previous factor undergoes a variation of 

only 12%, considering that the remaining parameters do not vary with temperature. 

Moreover, for 5.9 keV X-rays: 

  nA3.0)/(4 2 ≅ετeqE .  

The influence of dark current on the optimum gain described by Equation 3.5 is 

significant only for higher temperatures, where the dark current components are close to 

the previous factors. As temperature decreases, the influence is less significant, 

explaining the weak dependence of the optimum gain on temperature. The gain 

estimated by Equation 3.5 is about 100 if the dark current components are neglected. 

Due to the experimental errors in the energy resolution determination, a good agreement 

between the theoretical estimate and experimental results should be obtained.  

The LAAPD behaviour as a function of the X-ray energy was studied using the 

fluorescence produced in several samples by 55Fe and 109Co radioactive sources. Good 

energy linearity was established in the 2-20 keV range, independently on temperature. 

However, the energy resolution tends to improve as the temperature decreases since the 

electronic noise contribution is reduced [Fernandes et al. 2004A]. The electronic noise 

effect on the energy resolution is higher for lower energy X-rays due to the greater 

proximity between the corresponding signals and the noise. As expected, the energy 

resolution decreases as the X-ray energy increases. However, it tends to stabilize for 

higher energies due to the greater distortion of the X-ray peak, resulting from a larger 

number of interactions in the multiplication region.  

The cooling system based on the Peltier cell is not useful to investigate the LAAPD 

response for temperatures lower than -5 ºC due to the presence of very high leakage 

currents between the several electrodes, resulting from water condensation effects. In 

the next section, an alternative system is used, providing temperature stabilization for 

temperatures below 0 ºC. Thus, the LAAPD characteristics may be evaluated in a wider 

temperature range.  
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3.3. X-ray and visible-light detection with LAAPDs as 

a function of temperature (down to -40 ºC) 

During the muonic hydrogen Lamb shift experiment, described in Chapter 4, a cooling 

system was assembled at the PSI in order to test the behaviour of avalanche photodiodes 

at low temperatures. The system, based on liquid nitrogen, was adequate to study the 

performance of LAAPDs as a function of temperature, providing LAAPD cooling down 

to about -40 ºC. 

Figure 3.5 shows a schematic view of the cooling system based on liquid nitrogen. The 

detection system includes the LAAPD, a support structure for the photodiode irradiation 

and a thermocouple to measure the LAAPD operation temperature. The system was 

placed, together with the preamplifier, inside a box that provides thermal isolation from 

the exterior. The faces of the box are covered by gloomy plastic plates to protect the box 

volume against the ambient light. The cooling of the box volume is made through a 

continuous flow of cooled nitrogen gas. The gas enters the box through a plastic tube 

that connects the box to a liquid nitrogen reservoir and leaves through a tube placed on 

top of the box. Temperature stabilization is obtained through a heating resistor, with 

regulating power up to the maximum value of 200 W, which provides cooling down to 

about -40 ºC. The controller associated to the thermocouple indicates the LAAPD 

temperature with a precision of ± 0.5 ºC, not as good as for the LAAPD with integrated 

Peltier cell, where a ± 0.1 ºC precision was achieved. 

The system presented in Figure 3.5 was used to study the LAAPD response to X-ray 

detection as a function of temperature, widening the temperature range used in the 

previous section to values below 0 ºC (down to about -40 ºC). The LAAPD response to 

the detection of visible-light pulses produced by a LED, with a peak emission at 635 

nm, was also investigated.  
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Figure 3.5 – Experimental system used for the LAAPD cooling through liquid nitrogen. 

The LED was initially placed inside the box, together with the X-ray source, in order to 

irradiate the active area of the LAAPD. However, the amplitude of the light pulses 

emitted by the LED varies significantly with temperature. Afterwards, the LED was 

placed in the exterior in order to avoid great fluctuations on its temperature. The light 

emitted by the LED is guided to the detection system inside the box through a light 

guide, as shown in Figure 3.6.  

Beyond a typical LAAPD, manufactured by API, a planar LAAPD from RMD was also 

tested. This type of photodiodes was used to substitute the API LAAPDs in the Lamb 

shift experiment since a significantly larger detection area is possible due to their 

compact shape. Both photodiodes were simultaneously irradiated by X-ray and visible-

light sources (Figure 3.6). APD1 (from API) presents a circular area with 16 mm 

diameter, while APD2 (from RMD) presents a square shaped area of 14×14 mm2.  
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Figure 3.6 – Detail of the experimental system, showing the relative position of the investigated 

photodiodes (APD1 and APD2) and the radiation sources (X-ray source and LED).  

The intensity of the visible-light pulses is determined by the LED current, which is 

defined by the resistance in series with the LED and the amplitude of the applied 

voltage pulse. The pulse generator used to polarize the LED (LED pulser PSI LP103) 

requires a 50 Ω output resistance and generates pulses with 6 to 500 ns width and 

amplitude up to 10 V. The width and amplitude of the pulses determine the amplitude of 

the signal produced in the LAAPD. 

The performance characteristics of the LAAPD from API (APD1 in Figure 3.7) were 

evaluated for 5.9 keV X-rays and visible-light pulses, for different temperatures, being 

presented in the paper: “LAAPD low temperature performance in X-ray and visible-

light detection”, published in IEEE Trans. Nucl. Sci., vol. 51 (2004), pages 1575-1580 

[Fernandes et al. 2004C], attached at the end of this chapter (page 115). In addition to 

gain and energy resolution measurements, non-linearity effects and the several 

contributions to the energy resolution have been discussed, as well as the application of 

LAAPDs to X-ray spectrometry.  
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3.3.1. Gain measurements and non-linearity effects 

The LAAPD gain was determined for 5.9 keV X-rays and visible-light pulses as a 

function of the bias voltage, for different temperatures. Since the signal-to-noise ratio is 

reduced for X-ray detection, the unitary gain was assessed by light pulses with 100 ns 

width. For visible light, the relative gain variation with temperature was found to be 

about -5% per ºC for the highest gains [Fernandes et al. 2004A,C], somewhat higher 

than the one obtained for X-rays but considerably higher than the value suggested by 

the manufacturer [API 1999].  

Gain non-linearity was observed between X-rays and VUV light [Fernandes et al. 

2002A] and between X-rays with different energies [Fernandes et al. 2001], as 

discussed in Chapter 2. The non-linearity measured for VUV light is more significant 

than the one reported for visible light [Moszynski et al. 2002A], showing that the non-

linear behaviour cannot be attributed only to space charge effects as it happens for X-

rays with different energies.  

The non-linearity between the gains for X-rays and visible light was evaluated as a 

function of the light gain, for different temperatures, by means of simultaneous 

measurements of the amplitude of the signals produced by 5.9 keV X-rays from a 55Fe 

source and light pulses emitted by the LED (Figure 3.6). It was shown that the ratio 

between the gains obtained for X-rays and visible light presents variations lower than 

2% for gains up to 250, in the temperature range from -12 to 23 ºC, and increases with 

temperature [Fernandes et al. 2004C].  

The average absorption length of visible-light photons in silicon is about 1 µm [Barnard 

et al. 1993] while for 5.4 keV X-rays it is 22 µm [Birks et al. 1981], approximately 

equal to the distance between the LAAPD surface and the multiplication region. Thus, 

practically all light photons leave their energy before that region, while a number of 5.4 

keV X-rays are absorbed there, originating partial signal amplification. As the 

temperature increases, the avalanche zone also increases, worsening the previous effect 

and originating a higher number of pulses with lower amplitude. As a result, the ratio 

between X-ray and visible-light gains decreases.  
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Despite the variation with temperature, the deviation from linearity observed between 

X-rays and visible light is significantly lower than the one demonstrated for VUV-light 

pulses [Lopes et al. 2003]. As discussed in the previous chapter, those differences are 

related to the superficial absorption of VUV photons in the LAAPD.  

The LAAPD non-linearity was also investigated for X-rays with different energies by 

determining the amplitude ratio between the signals produced by 14.4 and 6.4 keV X-

rays emitted by a 57Co source as a function of gain for different temperatures. The ratio 

decreases with gain, reaching a 3% variation for gains of about 300 [Fernandes et al. 

2004C]. This result agrees with the one obtained for 16.6 and 5.9 keV X-rays (4% 

variation for a gain of 250) [Moszynski et al. 2002A] and for 22.1 and 5.9 keV X-rays 

(6% variation for the same gain) [Fernandes et al. 2001].  

Considering that the relative amplitude for X-rays with different energies (E1 and E2) 

decreases linearly with gain, as the previous results indicate, the non-linearity (NL) of 

the gain obtained for X-rays with energy E2 relatively to the gain (G) obtained for X-

rays with energy E1 (being E1 < E2) can be determined by:  

  







−≅ 1

114 1

2

E
EGNL   (Eq. 3.6) 

The previous equation leads to the estimate of the relative gain variation for X-rays with 

energies E2 and E1 (being E1 about 6 keV) for LAAPDs manufactured by API. 

The gain non-linearity for X-rays with different energies is practically independent on 

temperature, in opposite to the non-linearity between X-rays and visible light. The 

increase of the X-ray absorption length with the energy reflects in a significant 

efficiency reduction for energies above 6 keV since a higher number of X-rays cross the 

LAAPD depletion zone without being absorbed. For X-ray energies higher than 6 keV, 

the average absorption length is greater than the distance between the LAAPD surface 

and the multiplication region. Thus, the effect of temperature in the avalanche size does 

not vary significantly with the energy. In this case, the deviation from linearity results 

only from space charge effects, which obviously increases with energy.  
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3.3.2. Energy resolution analysis   

The energy resolution of the LAAPD was determined as a function of the gain for 5.9 

keV X-rays and visible light for different temperatures. For both types of radiation, the 

minimum energy resolution is achieved for gains in the 60-80 range for the temperature 

range investigated. The optimum gain practically does not depend on temperature and is 

in accordance with the theoretical estimate defined by Equation 3.5. In this equation, for 

200 ns shaping constants and for T = 293 K: 

  nA700)/(2 22 ≅τqCRTk TeqB  

The previous factor does not vary significantly with the temperature. Additionally, for 

5.9 keV X-rays: 

 nA7.0)/(4 2 ≅ετeqE  

As the dark current components are negligible when compared to the previous factors, 

the optimum gain does not depend significantly on temperature.  

According to the estimate of Equation 3.5, the optimum gain for visible-light pulses 

with 9.3 keV of energy deposited in the LAAPD is lower than the one for 5.9 keV X-

rays by a factor 16.15.99.33 ≅ . Due to the errors in energy resolution measurements, 

such a small difference could not be recognized. 

The optimum gain of the present LAAPD is lower than the one of the LAAPD with 

Peltier cell. However, the optimum gain estimate defines a higher value for the present 

LAAPD due to the use of lower shaping time constants. Additionally, the experimental 

system associated to this photodiode was installed in an environment without 

electrostatic shielding, where the presence of parasite capacitances contributes 

significantly to the electronic noise, increasing its contribution to the energy resolution 

and affecting the optimum gain.  
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It was shown that the energy resolution for X-rays and visible light improves with the 

LAAPD cooling. However, its variation is less significant for temperatures lower than 0 

ºC [Fernandes at al. 2004C]. To understand the energy resolution variation with 

temperature an analysis of the several contributions is necessary, mainly the dark 

current and the excess noise factor.  

As discussed in Chapter 1, below the optimum gain the energy resolution decreases 

with the gain due to the increase of the signal-to-noise ratio. Above the optimum gain, 

the resolution slightly increases due to the raise with gain of the dark current and the 

excess noise factor. For X-rays, an additional contribution results from spatial non-

uniformity. However, considering σU/G to be constant, the effect of the non-uniformity 

is not responsible for the energy resolution degradation with gain. 

The dark current was registered for each voltage applied to the LAAPD and it was 

represented as a function of gain for different temperatures [Fernandes at al. 2004C]. 

For each temperature, the dark current components can be determined from a linear fit 

to the obtained curves: 

  GIII DVDSD +=   (Eq. 3.7) 

Figure 3.7 shows the dark current components (IDS and IDV) as functions of temperature. 

The variation of each component with temperature was determined from an exponential 

fit to the two series of points shown. The fit shows that both components have 

approximately equal dependences on temperature. For temperatures below -7 ºC, dark 

current measurements were not possible due to the minimum limit imposed by the 

power supply (1 nA). In the temperature range from -7 to 27 ºC, the dark current may be 

approximately described by (with the temperature T in K): 

  ( ))273(0.1exp)026.05.9( −+= TGI D  [nA] (Eq. 3.8) 

The electronic noise contribution to the energy resolution (Equation 1.20) depends on 

dark current as well as on the excess noise factor, which also affects the intrinsic 

resolution of the LAAPD in light and X-ray detection, as determined by Equations 1.10 
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and 1.13. In order to estimate the energy resolution, based on the different contributions, 

the knowledge of the dependence of F on temperature is necessary. 

I DV  = 0.026 e0.1 T
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Figure 3.7 – Dark current components (IDS and IDV) as functions of temperature. The exponential 

fit provides the determination of the dependence of each component on temperature T (in ºC).  

The excess noise factor was determined as a function of gain, for different temperatures, 

by measuring simultaneously the signals produced in the LAAPD by 5.4 keV X-rays 

from a 54Mn source and visible-light pulses from the LED. The used method and the 

obtained results are presented in: “Excess noise factor in large area avalanche 

photodiodes for different temperatures”, published in Nucl. Instr. Meth. A, vol. 531 

(2004), pages 566-568 [Fernandes et al. 2004B]. The letter is attached at the end of the 

chapter (page 121). The results show that F practically does not vary with temperature 

and increases linearly with gain, according to: 

  ( ) ( )011.0715.10001.00021.0 ±+±= GF  (Eq. 3.9) 

The obtained values are in accordance with the previous measurements carried out at 

room temperature [Moszynski et al. 2002A] and at liquid nitrogen temperature 
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[Moszynski et al. 2002B] for API photodiodes. The experimental values are lower than 

the theoretical estimate (Equation 1.26) and this difference is higher for lower gains. 

The energy resolution dependence on temperature is not related to the excess noise 

factor, being the dark current its main limiting factor. The excess noise factor variation 

is reflected on the energy resolution degradation for high gains.  

Electronic noise contribution 

In the performed measurements, the noise contribution was determined as the full-

width-at-half-maximum of the peak corresponding to the signal produced in the 

LAAPD by a pulse generator. The obtained values can be compared to the theoretical 

estimate for the electronic noise contribution, defined by Equation 1.20, taking into 

account the dark current components determined from Figure 3.7: 
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Taking into account that the typical capacitance of API avalanche photodiodes with 16 

mm diameter is 130 pF [API 1999] and that a Canberra 2004 preamplifier was used, 

then CT ≅ 130 pF and Req ≅ 33 Ω. In this manner, the previous equation can be used to 

estimate the noise contribution (in keV) as a function of gain for different temperatures, 

with F being defined by Equation 3.9. 

Figure 3.8 shows the noise contribution, obtained from signals produced by the pulse 

generator, as a function of gain for different temperatures. The two hatched curves, also 

represented in the figure, correspond to theoretical estimates for temperatures of 0 and 

23 ºC and for 200 ns shaping time constants. Due to the strong dependence of dark 

current on temperature, the electronic noise increases with temperature according to 

Figure 3.8, being the main factor responsible for the energy resolution variation with 

temperature.  
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Figure 3.8 shows that the noise behaviour as a function of gain depends on temperature. 

For higher temperatures, the electronic noise level initially decreases with gain, reaches 

a minimum value and increases slightly for higher gains. For 23 ºC, the increase takes 

place at gains above 200, being confirmed by the theoretical estimate for that 

temperature. For lower temperatures (0 ºC and below), the noise level decreases always 

with the gain, what is also confirmed by the theoretical estimate for 0 ºC. 
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Figure 3.8 – Electronic noise contribution to the peak broadening of the signals produced in the 

LAAPD as a function of gain, for different temperatures. The hatched curves represent 

theoretical estimates (Equation 1.20) for temperatures of 0 and 23 ºC. 

For each temperature, the difference between theoretical estimates and experimental 

values of the electronic noise is greater at lower gains, what may be related to the 

presence of parasite capacitances in the experimental system, as it was suggested before. 

This phenomenon is responsible for the increase of the noise associated to the 

preamplifier, which is more significant at reduced gains (Equation 1.20). For high gains, 

the noise is mainly determined by the dark current and the excess noise factor and that 

difference is smaller.  
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Intrinsic resolution 

From excess noise factor measurements, described by Equation 3.9, the LAAPD 

intrinsic resolution may be determined. Additionally, from electronic noise estimates 

(Figure 3.8) the total energy resolution can be estimated and compared to the 

experimental values.  

The intrinsic resolution was determined according to Equation 1.10 for 5.4 keV X-rays 

considering a 3% non-uniformity. Then, the total energy resolution has been estimated. 

Figure 3.9 presents the intrinsic resolution and the total energy resolution estimated for 

5.4 keV X-rays as a function of gain for a temperature of 0 ºC. The measured energy 

resolution is also represented.  

8

10

12

14

16

0 100 200 300
Gain

En
er

gy
 re

so
lut

ion
 (%

)

Measurements
Estimate
Intrinsic resolution

 

Figure 3.9 – Energy resolution (estimate and measurements) for 5.4 keV X-rays and intrinsic 

resolution as a function of gain, for a temperature of 0 ºC, assuming 3% non-uniformity. 

The intrinsic resolution does not depend on temperature and increases with gain due to 

the excess noise factor, which limits the total energy resolution for high gains. Figure 

3.9 shows that the energy resolution estimate for 3% non-uniformity is in agreement 

with the experimental values for gains below the optimum. For higher gains, the energy 
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resolution degradation is significant. As discussed previously, this behaviour is verified 

since lines Kα and Kβ overlap in the same peak, originating a deficient fitting of the 

obtained amplitude distribution.  

Although the energy resolution estimate agrees with measurements for lower gains, 

Figure 3.8 shows that at these gains the electronic noise estimate presents a greater 

deviation from the experimental values. The difference is nevertheless less significant 

for 0 ºC. This suggests that the LAAPD non-uniformity must be slightly lower than 3%, 

the value considered for the energy resolution estimate.  

In addition, the advantages of the LAAPD cooling in its performance are evidenced in 

the energy spectra [Fernandes et al. 2004C] by the reduction of the electronic noise 

level and the improvement on the energy resolution as the temperature decreases. For 

temperatures below 0 ºC the energy resolution variation is nevertheless much lower. 

The effect of the temperature reduction is more significant for fluorescence X-rays with 

lower energies, closer to the noise level.  

3.3.3. The planar LAAPD (from RMD) 

The use of planar manufacture techniques, typical in semiconductor materials, lead to 

the development by RMD of avalanche photodiodes with different forms and larger 

areas at reduced costs. The edges of the silicon wafers used in the manufacture of APDs 

tend to have a high concentration of defects, which can cause electric discharges for 

lower electric fields. To correct this problem, the previous photodiodes (from API) 

presented bevelled edges, which required the use of special manufacture techniques, 

limiting the yield and increasing the cost of the APDs. Moreover, photodiodes obtained 

through that technique presented necessarily a circular shape. The technique developed 

by RMD eliminated the bevelled edge requirement, varying the doping profile in the 

several silicon layers. The width of the doped layers varies in order to originate a sloped 

profile as a replacement for the bevelled edge. This change provides a larger area for the 

electric field and locates the photodiode active area away from the defective edges. 
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Photodiodes manufactured through planar techniques, square shaped with a 14×14 mm2 

area, have been used as 1.9 keV X-ray detectors in the second phase of the muonic 

hydrogen Lamb shift experiment (Chapter 4). Besides the square shape, those 

photodiodes present relatively thin edges of inactive material, leading to the 

implementation of a configuration with larger detection area compared to the 

photodiodes previously used, with circular shape. 

As stated in the previous section, the cooling system of Figure 3.5 was also used to 

investigate the performance of a planar LAAPD from RMD (APD2 in Figure 3.6) for 

X-ray and visible-light detection as a function of temperature. This photodiode presents 

relatively high dark current, hindering its use at room temperature, where the dark 

current can reach about 2 µΑ. Therefore, the LAAPD must be conveniently cooled in 

order to reduce sufficiently its dark current. The measurements for APD2 are detailed in 

[Ludhova et al. 2005]. The main results are summarized next. 

Gain 

APD2 unitary gain was determined using visible-light pulses from the LED, by 

measuring the amplitude of the corresponding signals produced in the LAAPD as a 

function of the bias voltage. Measurements were carried out at a temperature of 7 ºC 

because it was impossible to acquire complete measurements at room temperature, 

where the dark current is excessively high. The dark current was also measured for each 

applied voltage. The variation of the amplitude and dark current with the bias voltage is 

significantly higher for APD2 when compared to APD1.  

The gain was measured as a function of the APD2 bias voltage for 5.9 keV X-rays and 

visible light, for different temperatures. As for APD1, for each applied voltage the 

relative gain variation with temperature is practically constant in the temperature range 

between -40 and 16 ºC. The gain drift with temperature increases with the LAAPD bias 

voltage, reaching -3.3% and -6.3% per ºC for 1530 and 1720 V, respectively. For visible 

light, variations of -2.8% and -5.6% per ºC were obtained for 1550 and 1660 V, 

respectively, similar to the results obtained with APD1.  
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Non-linearity  

The non-linearity between the gains obtained in APD2 for X-rays and visible light was 

investigated for different temperatures by irradiating the LAAPD with 5.4 keV X-rays 

from a 54Mn source and visible-light pulses from the LED. These pulses originate 

LAAPD signals with an amplitude equivalent to the one produced by 12 keV X-rays. 

The ratio between the X-ray and visible-light gains was determined as a function of the 

light gain. In the investigated temperature range, between -12 and 10 ºC, the non-

linearity variation with temperature is not observed since there are large experimental 

errors resulting from the high noise level in the photodiode. A 15% reduction in the X-

ray to visible light gain ratio was verified when the light gain was increased from 100 to 

about 700. The deviation from linearity (about 5% for a gain of 250) is considerably 

higher that the one obtained for APD1. However, as the photodiodes present different 

structures, high charge densities produced by X-ray interactions in the LAAPD for high 

gains originate different effects in the local electric field and heating in the avalanche 

zone, leading to different deviations from linearity. 

The APD2 non-linearity was also investigated for X-rays with different energies (14.4 

and 6.4 keV X-rays from a 57Co source). The ratio between the amplitude of the two 

signals was determined as a function of gain, for different temperatures (1 and -20 ºC). 

A reduction of about 12% was obtained when the gain was increased from 50 to 500, 

independently on temperature. This variation is considerably higher relatively to the one 

of APD1, although being independent on temperature for both LAAPDs.  

Energy resolution  

The energy resolution of APD2 was determined as a function of gain for different 

temperatures for 5.9 keV X-rays and visible-light pulses. The energy resolution 

dependence on gain is similar to the one verified for APD1. However, its minimum 

value is obtained for considerably higher gains. This difference can be attributed to the 

dark current differences between the photodiodes, originating different noise levels, 
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considerably higher for APD2. The noise contribution to the energy resolution is greater 

in the low-gain region, affecting the optimum gain.  

An optimum gain of about 200 was measured for 5.9 keV X-rays, while for visible light 

a value of about 400 was obtained, independent on temperature. The energy resolution 

degradation for high gains is less significant for visible light. For X-rays, the energy 

resolution raise above the optimum gain can be attributed to the overlap between Kα and 

Kβ lines (5.9 and 6.4 keV) and to the inability to fit two Gaussians in the resulting 

distribution. This behaviour was also observed for APD1.  

The energy resolution tends to improve with temperature reduction. For 5.9 keV X-rays, 

23, 17 and 16% minimum values were obtained for temperatures of 10, -7 and -40 ºC, 

respectively. These values are considerably higher than the ones obtained for APD1. 

For both photodiodes, the energy resolution variation is less significant for temperatures 

below 0 ºC, although being more significant for APD2.  

The main factors that contribute to the obtained energy resolution, namely the dark 

current and the excess noise factor, were also determined as a function of gain for 

different temperatures.  

In the investigated temperature range, between -33 and 10 ºC, the dark current variation 

with the temperature T (in K) and the gain G can be described by: 

  ( ))273(0.11exp)45.051( −+= TGI D   [nA] (Eq. 3.10) 

For each temperature, the previous equation indicates dark current values considerably 

higher than for APD1, leading to worse energy resolution. On the other hand, the dark 

current relative variation with temperature is somewhat higher than for APD1. A 

reduction of about two orders of magnitude was observed when the temperature was 

decreases from 10 to -33 ºC. As a result, the improvement on the APD2 performance by 

cooling is more significant.  

The excess noise factor was determined by simultaneous measurements of the signals 

produced by 5.4 keV X-rays, visible-light pulses and the signals from a pulse generator. 
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The results are similar to the ones obtained with APD1, despite the experimental errors 

being considerably larger for APD2. As expected, for gains between 50 and 700 the 

excess noise factor (F) increases linearly with gain (G), independent on temperature, 

according to: 

  95.10014.0 += GF   (Eq. 3.11) 

The results for APD2 demonstrate that the energy resolution dependence on temperature 

is not related to the excess noise factor, as verified for APD1. Thus, the electronic noise 

contribution is the main limiting factor of the energy resolution obtained at low 

temperatures.  

Due to the strong variation of the dark current with temperature, the noise level is 

significantly reduced as the temperature decreases. The variation is however less 

significant below 0 ºC. Even though, APD2 variations are higher than the ones observed 

for APD1. As the dark current is higher for APD2, to obtain the same noise level as for 

APD1 considerably lower operation temperatures are required in order to decrease 

sufficiently the APD2 dark current. 

As stated before, planar photodiodes of APD2 type, from RMD, have been chosen as 

substitutes for the photodiodes produced by API in the experiment described in the next 

chapter, where LAAPDs are used as 1.9 keV X-ray detectors. In the experiment, the 

operation temperature of RMD photodiodes should be lowered in comparison with API 

LAAPDs in order to reach the same performance for those X-rays.  
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Abstract

The response of a Peltier-cooled large-area avalanche photodiode to VUV-light is investigated as a function of the
operation temperature. The reduction of the temperature down to 5�C will improve both photodiode light-level

detection limit and statistical fluctuations; further temperature reduction will not result in improved performance.
Optimum operation characteristics are already achieved for gains around 100 and do not depend significantly on the
operation temperature. The relative variation of the gain with temperature increases with the biasing voltage presenting

values that are almost a factor of two higher than for visible light detection.
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1. Introduction

Avalanche photodiodes (APDs) have increas-
ingly assumed important roles in instrumentation
for medium- and high-energy physics. Particularly,
they present alternatives to UV- and visible-
photon detectors, as well as to X-ray detectors.
They are compact, have low-power consumption
and are simple operation devices. Operational
characteristics as high quantum efficiency, rela-
tively high internal gain and insensitiveness to
strong magnetic fields, combined with relatively

low response to ionising particles, make them
competitive for using in the electromagnetic
calorimeter of the CMS detector at the LHC
[1,2]. Also, their application to PET devices is
under investigation [3,4]. Recently, their applica-
tion as the VUV photosensor in gas proportional
scintillation counters (GPSC) has been investi-
gated [5,6]. It was shown that VUV large area
APDs (LAAPDs) can replace the photomultiplier
tubes with advantages.

The dependence of photodiode gain on the
temperature requires temperature stabilisation
and/or compensation during measurements, which
is a drawback for many applications. In particular,
the knowledge of the gain variation with the
temperature is important to allow for corrections

*Corresponding author. Tel.: +351-239-410667; fax: +351-

239-829158.

E-mail address: jmf@gian.fis.uc.pt (J.M.F. dos Santos).

0168-9002/03/$ - see front matter r 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0168-9002(03)00763-0



due to small drifts in the operation temperature.
This variation has been studied for visible-light
detection reaching values about 3%/�C for max-
imum gains [7]. However, it has been proved that
some LAAPD characteristics are different for
visible- and VUV-light detection, namely linearity
effects [8] and the response under intense magnetic
fields [9]. While visible photons interact deeper in
the diode, VUV photons interact within the first
few atomic layers: penetration depths in Si are
about 5 nm and 1 mm for 172- and 520-nm photons
[10], respectively.

In the present work we will use a Peltier-cooled
LAAPD [7] as the VUV scintillation readout
of a xenon-GPSC to study the photodiode
response to VUV as a function of the temperature.
The photodiode gain and overall statistical fluc-
tuations will be studied for different diode
temperatures.

2. Description

The LAAPD is used as the VUV photosensor of
a GPSC. Through the last decades GPSCs have
been studied in detail and its use was mainly
directed to X-ray spectrometry. However, the
electroluminescence mechanism characteristic of
the GPSC operation can be used for VUV
production with known photon output (e.g. [5,6]).

The GPSC integrated with the LAAPD is
depicted schematically in Fig. 1. It features a 3.1-
cm deep absorption region, a 0.9-cm scintillation
region, and is filled with pure xenon at 825Torr
(B1.09� 105 Pa) continuously purified by a getter-
ing device. G1 and G2 are highly transparent
stainless-steel wire mesh grids used to establish the
electric fields inside the detector. The LAAPD has
a 16-mm active diameter and presents 105%
quantum efficiency at 172 nm [7].

To produce a fixed amount of VUV photons
incident on the LAAPD, 5.9-keV X-rays Mn Ka

X-rays from a 55Fe radioactive source, with the
Ka-line absorbed by a chromium foil, were
allowed to interact in the GPSC. The 5.9-keV X-
rays interact in the drift region producing a cloud
of Ne ¼ Ex=w ¼ 269 primary electrons, where
Ex ¼ 5900 eV and wB22 eV/ion pair. The primary

electron cloud drifts towards the scintillation
region, under the influence of a weak electric field
between the entrance window and grid G1, chosen
to be below the xenon scintillation threshold. In
the scintillation region, the electrons gain energy in
the high electric field between grids G1 and G2
that is chosen to be above the scintillation thresh-
old but below the electron impact ionisation
threshold. The radiation window is biased at
negative high voltage and electric fields of 0.8
and 6.2 V cm�1Torr�1 were used in the drift and
scintillation regions, respectively.

For the described conditions about 118 VUV
photons were collected in the LAAPD for each
primary electron traversing the scintillation region
[5], resulting in a total of about 3.2� 104 detected
photons per X-ray interaction. The scintillation
photons incident on the LAAPD produced photo-
electrons that were amplified by the avalanche
process. The signals were fed through a Canberra
2004 preamplifier and a HP5582A amplifier, with
2-ms shaping time constants, to a Nucleus PCA-II
MCA. The 5.9-keV X-ray pulse-height distribu-
tions were fitted to a gaussian function super-
imposed on a linear background, from which the
centroid and the full-width at half-maximum were
determined.

Fig. 1. Schematic of the GPSC with the Peltier-cooled LAAPD

photosensor.
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3. Experimental results and discussion

In Fig. 2 we depict the LAAPD gain as a
function of the biasing voltage for different
LAAPD operation temperatures. The gain in-
creases with decreasing temperature, with max-
imum achievable gains increasing from 300 to
values above 700 as the temperature decreases
from 25�C to �5�C. For each measurement, the
diode temperature was stabilised within 70.1�C.

From the data of Fig. 2 we obtained the
LAAPD gain as a function of the temperature,
for different biasing voltages, Fig. 3. For each
voltage, the gain relative variation is almost
constant through the measured temperature range,
increasing from 2.7% to 5.6%/�C as the LAAPD
bias increases from 1633 to 1826V. For gains
around 200 and for room temperature, the results

show relative amplitude variations that are almost
a factor of two higher than the B3%/�C obtained
for visible light [7].

The electronic noise-tail limits the minimum
number of detectable VUV-photons (MDP),
defined as the number of photons corresponding
to the amplitude-limit where the electronic-noise
tail rises above the background level. This value is
a measure of how effective the LAAPD gain is in
separating a VUV-light signal from the noise.
Fig. 4 depicts the MDP as a function of the gain
for the different operation temperatures. The
MDP stabilises for gains around 100 and improves
with decreasing LAAPD temperature but, below
5�C, the observed improvement is not significant.

The statistical fluctuations associated with the
light amplification process in GPSCs are negligible
compared to those associated with the primary
electron cloud formation and with the photon
detection and signal amplification in the photo-
sensor. The statistical fluctuations associated with
the primary electron cloud formation in a gaseous
detector are well known [11] and, thus, we can
estimate the statistical fluctuations associated with
the LAAPD VUV detection from the measured
statistical fluctuations observed for the 5.9-keV X-
rays in the GPSC. Fig. 5 presents the relative
fluctuations estimated for the LAAPD detection of
VUV photons as a function of the diode gain, for
different diode temperatures. The correlation
between Figs. 4 and 5 is noticeable: for each
temperature, the minimum energy resolution is
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achieved for the lowest gains where the MDP
stabilises, and operation temperatures below 5�C
will not result in a significant improvement of the
statistical fluctuations.

4. Conclusions

The VUV photon detection with LAAPD
improves with decreasing photodiode operation
temperature. However, for temperatures below
5�C the improvement is not significant. Optimum
operation characteristics are already achieved for
gains around 100 and do not depend significantly
on the operation temperature. The significant
increase of the excess noise factor [12] (a factor
that is related to the gain fluctuations in the
multiplication process) for high gains becomes
dominant, resulting in degraded performance of
the photodiode.

The relative variation of gain with temperature
increases with the biasing voltage, presenting
values that increase from 2.7%/�C to 5.6%/�C

when the voltage is increased from 1633 to 1826V.
These values are almost a factor of two higher
than for visible light detection.
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X-ray spectrometry with Peltier-cooled large area
avalanche photodiodes
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Abstract

Performance characteristics of the response of a Peltier-cooled large-area avalanche photodiode are investigated.

Detector gain, energy linearity, energy resolution and minimum detectable energy are studied at different operation

temperatures. Detector energy resolution and lowest detectable X-ray energy present a strong improvement as

the operation temperature is reduced from 25 to 15 �C and slower improvements are achieved for temperatures below
10 �C.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Large-area avalanche photodiodes (LAAPD)

are compact, simple to operate monolithic devices

made of silicon p–n junctions. When a reverse high

voltage is applied to the LAAPD the internal
electric field increases with the depth, presenting a

maximum around the p–n junction. The electric

field can reach values high enough to allow elec-

tron multiplication by impact ionisation [1–3]. An

incident photon produces electron hole pairs and

the resulting electrons are accelerated towards the

nþ-contact, undergoing avalanche multiplication
due to the high electric field around the junction.

LAAPDs have been used mainly as optical

photosensors coupled to scintillators for X- and c-
ray detection in applications such as the electro-

magnetic calorimeter of the CMS detector in the

LHC at CERN [4], nuclear physics [5] and PET

instrumentation for medicine [6]. The application
of LAAPDs to direct X-ray detection has also

been investigated [7]. Since LAAPDs useful

thickness for X-ray detection is only a few tens of

micrometers, their detection efficiency decreases

rapidly for X-ray energies above 5 keV, being

about 45%, 25%, 8% and 4% for 8, 10, 15 and 20

keV, respectively.

The performance of LAAPDs for energy-dis-
persive X-ray fluorescence analysis was studied [8].

Energy resolutions similar to those of proportional

counters were obtained and the minimum detect-

able X-ray energy (MDE) was in the 1–2 keV

range. The LAAPD dark current affects the
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239-829158.
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achieved detector energy resolution and limits the

MDE. However, the LAAPD gain and dark cur-

rent depend significantly on the temperature, a

drawback for many practical applications. This
dependence requires temperature control and sta-

bilisation during measurements. Temperature sta-

bilisation can be achieved by Peltier-cooling.

LAAPDs with built-in Peltier-cooled devices are

commercially available. On the other hand, the

operation of LAAPDs at reduced temperatures

may result in improved performance and lower

X-ray energy detection limit: the LAAPD dark
current can be reduced by about one order of

magnitude when its temperature is reduced from

room temperature to 0 �C.
In this work we investigate the performance of a

Peltier-cooled LAAPD for X-ray detection as a

function of the temperature. The photodiode gain,

energy resolution and MDE will be studied for

different photodiode temperatures.

2. Operational characteristics

The Peltier-cooled LAAPD [9], with 16-mm

diameter active area, was operated in a light-tight

box to shield it from ambient light. The LAAPD

signals were fed through a low-noise charge pre-
amplifier (Canberra 2004, with a sensitivity of 45

mV/MeV) to a spectroscopy amplifier (Tennelec

TC 243, with gains of 32–256 and 500 ns shaping

time) and were pulse–height analysed by a 1024-

channel multi-channel analyser (Nucleus PCA II).

For pulse amplitude and energy resolution

measurements, the X-ray pulse–height distribu-

tions were fitted to a Gaussian function superim-
posed on a linear background, from which the

centroid and the full-width at half-maximum were

determined. The electronic noise tail at low ener-

gies limits the MDE, which we define as the energy

limit where the electronic-noise tail raises above

the background level.

The operational characteristics of the LAAPD

at different temperatures were evaluated with 5.9-
keV X-rays, using count rates of the order of 103 c/

s. For X-ray spectrometry applications, fluores-

cence X-rays were induced in single and multi-

element samples by 55Fe and 109Cd collimated

sources, as shown in Fig. 1.

The LAAPD gain was calibrated with 170 nm

UV light, chosen for being fully absorbed in

the LAAPD before the multiplication region.

The operating temperature was stabilised within
�0.1 �C.
In Fig. 2 we depict the LAAPD gain as a

function of the operation temperature for different

biasing voltages. For each voltage, the gain rela-

tive variation is almost constant through the

measured temperature range, increasing from 2.4%

to 4.5% per �C, as the LAAPD biasing increases
from 1633 to 1807 V. This ratio is somewhat
higher than that measured for visible light, which

is only about 3% for the highest gains [10].

Si detector
(200 mm2 area)

target

collimated source

Peltier module

X-raysN2 (1 atm)

Fig. 1. Experimental setup for X-ray spectrometry applica-

tions.
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different bias voltages.
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In Fig. 3 we present the detector energy reso-

lution and the MDE as a function of the gain for

different temperatures. The data clearly show the

advantages of operating the photodiode at low

temperatures. Best detector energy resolutions are

achieved at gains of about 130, almost indepen-

dent from the operation temperature, while the

minimum detectable energy stabilises for gains
above 200.

Table 1 presents the LAAPD optimum opera-

tional characteristics for 5.9-keV X-rays as well as

the best MDE achieved, for the different studied

temperatures. For temperatures below 5 �C both
energy resolution and MDE do not improve sig-

nificantly. At 5 �C, the MDE is about a factor of
2 and 3 less than that achieved at 20 and 25 �C,
respectively.

Fig. 3 reflects the effect of the dark current on

the LAAPD performance. Higher dark current

will result in worse device performance for both

detector energy resolution and MDE. Detector

energy resolution degradation with increasing de-

tector biasing, for gains above �130, cannot be
related to the dark current only, since MDE sta-

bilises. In fact, for gains above �130 the contri-
bution of the excess noise factor [10,11] becomes

dominant. This factor is related to the gain fluc-

tuations in the multiplication region and increases

significantly for high gains [7].

The optimum operation gain depends on the

individual LAAPD, and for each one a compro-
mise between the gain and the device�s dark cur-
rent has to be established [8]. We note that, for low

energy X-rays, this compromise is achieved for

increasing gains since the noise contribution to the

detector energy resolution becomes more signifi-

cant as the X-ray energy approaches the MDE.

For these cases, a higher gain will result in a lower

MDE with a lower contribution of the noise to the
energy resolution.

3. X-ray spectrometry applications

The energy linearity and energy resolution of the

LAAPD were determined in the 2–20 keV X-ray
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Fig. 3. LAAPD energy resolution and minimum detectable

energy as a function of gain for different operating tempera-

tures.

Table 1

LAAPD optimum operational characteristics for 5.9-keV X-rays and best MDE achieved for temperatures in the )5 to 35 �C range

Temperature (�C) Voltage (V) Gain En. Res. (%) MDE (keV) Best MDE (keV)

)5 1700 122 13.3 0.9 0.5

0 1720 131 13.1 0.9 0.5

5 1740 141 13.1 0.8 0.6

10 1747 126 14.6 1.0 0.7

15 1760 127 15.2 1.1 0.8

20 1770 124 15.7 1.2 1.0

25 1794 130 16.8 1.5 1.3

30 1820 128 18.5 2.0 1.9

35 1847 115 21.5 2.6 2.6
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energy range using the fluorescence radiation in-

duced in single-element samples. The centroid and

relative full-width at half-maximum values of the
pulse–height distributions are plotted in Fig. 4 as a

function of the X-ray energy for different temper-

atures. At each temperature the LAAPD was op-

erated with a biasing voltage corresponding to the

gain of 130.

While the detector energy linearity presents the

same slope for all temperatures, the energy reso-

lution improves with decreasing temperature. This
is due to the decrease with temperature of the

electronic noise which is more significant for lower

energy values.

Fig. 5 depicts typical pulse–height distributions

obtained for sulphur and biotite samples for dif-

ferent operation temperatures, excited with 55Fe

and 109Cd X-ray sources. The spectra are similar to

those obtained with a conventional PC.
Table 2 presents the LAAPD optimum opera-

tional characteristics for 2.3-keV X-rays for each

temperature. As discussed, best energy resolutions

for 2.3-keV X-rays are achieved for higher gains

than for 5.9-keV X-rays and best results are

reached for lower operation temperatures. The

MDE is about a factor of 2 higher than achieved

for the conditions at which 5.9-keV X-ray peaks
were obtained due to the much lower count rate

reached for the sulphur peak, 4 c/s.

4. Conclusions

Detector energy resolution and lowest detect-

able X-ray energy present a strong improvement as

the operation temperature is reduced from 25 to
10 �C and much slower improvements for tem-
peratures below 10 �C. While for 5.9-keV X-rays
the performance does not improve significantly for

temperatures below 5–10 �C, for lower energies
lower operation temperatures may further improve

the detector performance. Additionally, while for

5.9-keV X-rays optimum gains, around 130, are
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Table 2

LAAPD optimum operational characteristics for 2.3-keV X-

rays achieved for temperatures in the )5 to 25 �C range

Tempera-

ture (�C)
Volt-

age

(V)

Gain En.

Res.

(%)

MDE

(keV)

)5 1766 345 22.4 1.1

0 1780 335 22.8 1.2

5 1793 325 23.3 1.1

10 1807 307 23.8 1.3

15 1815 282 24.1 1.3

20 1820 247 27.4 1.4

25 1838 235 29.9 1.7
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only slightly dependent on the operation temper-

ature, for low energy X-rays optimum perfor-

mance is obtained for increasing gains, reaching

values above 300 for operation temperatures be-
low 10 �C and for 2.3-keV X-rays.
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LAAPD Low Temperature Performance
in X-Ray and Visible-Light Detection

L. M. P. Fernandes, J. A. M. Lopes, J. M. F. dos Santos, P. E. Knowles, L. Ludhova, F. Mulhauser, F. Kottmann,
R. Pohl, and D. Taqqu

Abstract—The performance of a large area avalanche photo-
diode (LAAPD) has been investigated for X-ray and visible-light
detection as a function of temperature. Energy resolution im-
proves significantly with decreasing temperature down to 0 C
and, below that value, at a much slower rate, achieving 9.6%
for 5.9 keV X-rays at 0 C and for a gain of 60. The gain drift
with temperature increases with the reverse bias voltage and is
almost constant for temperatures above 15 C, reaching rates
higher than 5% per degrees Celsius, for a bias voltage of 1770 V.
Similar results were obtained for X-ray and visible-light detection.
LAAPD nonlinearity between X-ray and light gains is less than
2%, even for gains around 300, and decreases with temperature,
being less than 0.5% at 0 C, for gains up to 200. For X-rays,
the minimum detectable energy is about 0.7 keV at operation
temperatures around 16 C, for gains above 100, decreasing to
about 0.3 keV at temperatures less than 0 C, for gains above 200.

I. INTRODUCTION

LARGE-AREA AVALANCHE PHOTODIODES
(LAAPD) are compact, simple to operate, mono-

lithic devices, made of silicon p-n junctions. When a reverse
high voltage is applied to the LAAPD, the internal electric
field increases with depth presenting a maximum around the
p-n junction and reaching values high enough to allow electron
multiplication by impact ionization [1]–[3]. An incident photon
produces electron-hole pairs and the resulting electrons are
accelerated toward the contact, undergoing avalanche
multiplication due to the high electric field around the junction.
Gains of several hundred can be achieved in this process.

The growing interest in applications of LAAPDs triggered
the development of industrial production of such devices, and
the study and characterization of the different commercially
available APDs is being carried out (e.g., Hamamatsu [4]–[6],
EG&G [6]–[8], API [4], [9], [10], and RMD [11], [12]).

LAAPDs have been used mainly as optical photosensors cou-
pled to scintillators for X- and -ray detection, in applications
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such as the electromagnetic calorimeter of the CMS detector
in the LHC at CERN [3], [5], [6], nuclear physics [10], [11],
PET instrumentation for medicine [8], [13], [14], and in X-ray
spectrometry with gas proportional scintillation counters [15],
[16], delivering a performance similar or even better than PMTs.
High quantum-efficiency, low power-consumption, ruggedness,
compactness, and insensitivity to intense magnetic fields [17]
are the main advantages of LAAPDs over conventional PMTs,
while the lower gain, higher noise, reduced sensitive area, and
susceptibility to radiation damage present the main limitations.

The application of LAAPDs to direct X-ray detection has also
been investigated [1]–[4], [9], [18]–[22]. Low-energy X-ray de-
tection techniques with APDs were mainly developed to mea-
sure charge carrier properties of the device, using X-rays as a
reference for light measurements [3], [6], [9], [10], [22], [23].
Since the LAAPD thickness that is useful for X-rays is only
a few tens of micrometers, their detection efficiency decreases
rapidly for X-ray energies above 5 keV, being about 45, 25, 8,
and 4% for 8, 10, 15, and 20 keV, respectively.

The LAAPD dark current affects the achieved detector en-
ergy resolution and limits the minimum detectable energy. As
dark current is strongly reduced with decreasing temperature,
the operation of LAAPDs at reduced temperatures may result
in improved performance [5], [18], [19], [24]–[27]. However,
a systematic and detailed study of the different characteristics
for different operation temperatures has not been carried out. A
detailed study of LAAPD characteristics at 100 K temperature
is reported in [24], [25]. In [26], [27] the gain, energy resolu-
tion, and minimum detectable energy in X-ray and VUV de-
tection was investigated for temperatures down to 5 C, for
an LAAPD with a built-in Peltier cooling-element [28]. Below

5 C, it was not possible to operate the LAAPD correctly, due
to leak currents between the different electrodes.

In this work, we investigate the performance of a standard
LAAPD [28] for X-ray and visible-light detection as a func-
tion of the temperature. Photodiode dark-current, gain, gain drift
with temperature, energy resolution, minimum detectable en-
ergy, and nonlinearity effects are measured and compared for
both radiation types for different temperatures in the 40 to
27 C range.

II. EXPERIMENTAL SETUP

The LAAPD used in these experiments is a “Deep UV 500
Windowless series” from Advanced Photonix Inc. (API) [28]
with a 16 mm diameter active area and was operated in a light-
tight box to shield it from ambient light. The box also provides

0018-9499/04$20.00 © 2004 IEEE
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thermal insulation and temperature is controlled through a con-
tinuous flow of cooled gaseous nitrogen. The temperature sta-
bilization was achieved within 0.5 C.

The X-ray detection was studied for energies up to 15 keV,
using Mn, Fe and Co radioactive sources. The response
for the light signal was measured with pulses from a LED with
peak emission at 635 nm. The LED was connected to a 50
resistance and supplied by a “LED-pulser” providing pulses of
6 to 500 ns width and amplitude up to 10 V. A light guide was
used to carry the light pulses to the LAAPD window.

The LAAPD signals were fed through a low-noise charge
preamplifier (Canberra 2004, with a sensitivity of 45 mV/MeV)
to a linear amplifier (HP 5582A, with gain of 16 to 128 and
200 ns integration and differentiation time constants) and were
pulse-height analyzed by a 1024 channel analyzer (Nucleus
PCA II).

For pulse-amplitude and energy resolution measurements,
each X-ray pulse-height distribution was fitted to a Gaussian
function superimposed on a linear background, from which the
centroid and the full-width-at-half-maximum were determined.
The electronic noise-tail in the low-energy end limits the min-
imum detectable energy (MDE), defined as the energy-limit
where the noise-tail raises above the background level.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Gain Measurements

Absolute gain measurements were obtained by determining
the LAAPD unitary gain. Gain was assessed measuring the
amplitude of 100 ns long visible-light LED pulses as a function
of the bias voltage. Results are presented in Fig. 1. The gain de-
pendence with reverse bias voltage is exponential for low gains,
before the contribution of the holes to the avalanche process
becomes significant. However, for voltages approaching 0 V,
the electric field is not high enough to prevent recombination
and only a fraction of the charge is collected. Since below
500 V, the LAAPD has unitary gain [29], and above 300 V,
the effect of recombination is negligible, the unitary gain was
calculated averaging the experimental data within that range
(Fig. 1). An associated error of 4% was obtained using
this crude method, higher than that can be obtained with DC
methods [4], [25]. Additionally, the variation of the APD
capacity with bias voltage affects the measured gain within
about 1% for the present method.

In Fig. 2, we present the detector gain as a function of the tem-
perature for different reverse bias voltages, for 5.9 keV X-rays
[Fig. 2(a)] and visible light [Fig. 2(b)]. As expected, the results
obtained for X-rays and visible light are very similar, since a
good proportionality is observed between the X-ray and vis-
ible-light peaks, as will be discussed in the next section.

For each bias voltage, the relative gain variation is almost
constant above 15 C, increasing from 2.1% to 5.4% per
degrees Celsius, as the LAAPD biasing increases from 1500 to
1770 V. These results are in good agreement with our previous
measurements for X-rays [26] and VUV light [27].

For gains above 100 and for room temperature, the results
show relative amplitude variations that are almost a factor of
two higher than what was previously indicated for visible light,

Fig. 1. LAAPD relative pulse amplitude as a function of the reverse bias
voltage for visible-light pulses. The horizontal line presents the amplitude A
corresponding to the unitary gain.

Fig. 2. LAAPD gain as a function of temperature for different reverse bias
voltages (a) for 5.9 keV X-rays and (b) visible light.

about 3% per degrees Celsius for the highest gains [29]. Com-
pared to other APD types, these results show relative gain vari-
ations with temperature lower than those obtained for EG&G
APDs [6] and similar to those obtained for Hamamatsu [5],

3.5% and 2.3% per degrees Celsius, respectively, for gains
around 50.

B. Nonlinearity Effects

The nonproportionality between APD gains for X-rays and
visible light is well known, as well as between X-rays with dif-
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Fig. 3. Ratio of LAAPD gains for 5.4 keV X-rays and visible-light pulses as
a function of the light gain, for different temperatures.

ferent energies [3], [6], [9], [10], [22], [23]. This is due to space
charge effects caused by high signal current densities produced
by X-rays, mainly at high gains, resulting in a decrease of the
local electric field and local heating in the avalanche region.

The number of electron-hole pairs produced in the APD by
the scintillation light is often determined by comparison of the
relative pulse amplitude with that of the pulses produced by the
direct absorption of X-rays. This comparison is only valid if
strict linearity between the initial number of electron-hole pairs
and the resulting pulse amplitude is observed, which is compro-
mised by this nonlinear response.

The nonlinear response may be significant mainly at high
gains, reaching values as high as a few tens of percent [6], [9].
This effect is less significant for the LAAPD from API when
compared to others, exhibiting a relative gain variation of about
4% for 5.9 keV X-rays, for a gain of 300 [6], [9]. For VUV scin-
tillation, the observed nonlinearity was about 4.5 and 10% for
128 nm light, for respective gains of 100 and 200, and about
3.5% and 6%, respectively, for 172 nm light [30].

To study that effect as function of temperature, the LAAPD
was simultaneously irradiated with X-rays from a Mn radioac-
tive source and visible light from the LED; their gain depen-
dence with the bias voltage was studied for different opera-
tion temperatures. The LED intensity was chosen to produce
a pulse with an amplitude equivalent to 9.3 keV X-rays. Fig. 3
presents the amplitude ratio between 5.4 keV X-ray signals and
visible-light pulses as function of the light gain.

For the present photodiode, a variation of less than 2% was
obtained for gains of about 250. Moreover, Fig. 3 shows that
nonlinear response is reduced with decreasing temperature, pre-
senting variations that are less than 1.0 and 0.5% at 23 and 0 C,
respectively, for gains up to 200. The observed dependence of
the linearity with temperature may be related to the increase of
the avalanche region depth with temperature. This effect is im-
portant when using X-rays as a reference in light measurements.

The detector nonlinear response for X-rays with different en-
ergies was also investigated. Fig. 4 depicts the amplitude ratio
for the 14.4 and 6.4 keV X-rays emitted from a Co source as
function of the gain, for different operation temperatures. Rela-
tive amplitude variations decrease with increasing gain and can

Fig. 4. Ratio of the pulse amplitudes for 14.4 and 6.4 keV X-rays, from a Co
source, as a function of the LAAPD gain, for different operation temperatures.

be as high as 1% and 3% for gains of about 170 and 250, respec-
tively. These results are consistent with those obtained in [20]
for 5.9 and 22.1 keV X-rays, and in [22], for 5.9 and 16.6 keV
X-rays (6% and 4%, respectively, for gains of 250). Opposite
to the nonlinear effect in the LAAPD response between X-rays
and light detection, no dependence was found with the temper-
ature.

Apart from this effect, a good energy linearity response is
observed for X-ray energies up to 20 keV at the optimum gain
[26].

C. Energy Resolution Measurements

In Fig. 5, we present the detector energy resolution as
function of the gain for different temperatures, for Mn
line X-rays [Fig. 5(a)] and visible-light pulses [Fig. 5(b)]. The
measurements were made for full illumination of the LAAPD
active area with both X-rays and visible light. The data show
the advantages of operating the LAAPD at low temperatures.

In the case of X-rays [Fig. 5(a)], the lowest energy resolutions
are obtained for gains in the 50 to 70 range, almost independent
on the operation temperature. The energy resolution improves
from 11% to 9.6 and 9.2% as the temperature decreases from
24 C to 0 and 40 C. The measured significant degradation
of the energy resolution for high gains is mainly due to the in-
correct fitting to two different Gaussian functions for the Mn

and lines, which are superimposed. In fact, when only
the Mn line was used, filtering the line with a chromium
film, only a small degradation of the energy resolution was ob-
served at high gains [20], [26], a behavior also observed for the
energy resolution obtained for the visible-light peak [Fig. 5(b)].

The energy resolution decreases rapidly with the onset of gain
and, for high gains, it begins to increase as the dark current and
the excess noise factor increase. For X-rays, an additional con-
tribution to the resolution degradation results from the spatial
nonuniformity of the LAAPD. Nonuniform material resistivity
of the LAAPD results in gain fluctuations due to localized elec-
tric field variations and the LAAPD response depends on the
X-ray incident point on the LAAPD surface. An increase in the
bias voltage and thus in the gain results in larger local differ-
ences of the electric field, leading to larger differences in the
avalanche multiplication gain, degrading the energy resolution.
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Fig. 5. Measured LAAPD energy resolution as a function of gain for different
temperatures, for (a) Mn � X-rays and for (b) visible light.

Fig. 6. Minimum detectable energy as a function of gain for different
temperatures.

D. Minimum Detectable Energy

In Fig. 6, the minimum detectable energy (MDE), defined as
the energy-limit where the electronic-noise-tail rises above the
background level on the pulse-height distribution, is depicted as
a function of the gain for different operation temperatures. The
MDE presents a fast initial decrease with the gain and tends to
stabilize for high gains. It shows that the LAAPD is useful for

Fig. 7. LAAPD dark current as a function of gain for different temperatures.

X-ray detection down to about 0.7 keV, or even down to 0.3 keV,
if the diode is cooled down to negative temperatures. Taking
into account the value of 3.6 eV for the mean energy required
to produce an electron-hole pair in silicon, the MDE values cor-
respond to a minimum number of primary electron/hole pairs
of about 200 and 80, respectively, to produce a signal above the
noise.

Although the MDE depends on the LAAPD irradiation condi-
tions, such as the counting rate and the presence of high energy
X-rays, these measurements can be taken as a rough estimation.
The MDE measurements were obtained for full irradiation of
the LAAPD active area with Fe X-rays, at count rates of about

c/s.
The LAAPD dark current sets a limit to the electronic noise

tail and, thus, to the lowest detectable energy and affects the
detector energy resolution. In Fig. 7, we present the measured
dark current as function of gain, for different operation tempera-
tures. For a given gain, the dark current is reduced by more than
one order of magnitude as the APD operation temperature is re-
duced from 24 to 0 C, which is in accordance to the manufac-
turer specifications [29]. However, this significant improvement
is not reflected in the obtained energy resolution and MDE. This
indicates that both parameters are not limited by the dark current
at low temperatures. On the other hand, LAAPD nonuniformity
might be one limiting factor for the energy resolution at low op-
eration temperatures.

E. X-Ray Spectrometry Applications

Typical pulse-height distributions are depicted in Fig. 8 for
direct irradiation of the full active area of the LAAPD with
a Co source [Fig. 8(a)] and for the X-ray fluorescence of a
gypsum (CaSO ) sample excited with a Fe radioactive source
[Fig. 8(b)]. The pulse-height distributions are presented for dif-
ferent operation temperatures and for a gain of about 70. The
benefits from reducing the LAAPD temperature are evidenced
by the improved energy resolution and lower electronic noise
level. On the other hand, the temperature reduction shows no
effect on the background level.

Energy resolutions of 28, 12.8, 9.8, and 8.5% were obtained
for 2.3, 4.5, 6.4, and 14.4 keV X-rays, respectively, at operation
temperatures of 0 C.



FERNANDES et al.: LAAPD LOW TEMPERATURE PERFORMANCE 1579

Fig. 8. (a) X-rays from a Co source and (b) the X-ray fluorescence of a
CaSO sample irradiated with a Fe source, at different temperatures.

IV. CONCLUSION

The operational characteristics of a “Deep UV 500 Window-
less series” LAAPD from API was investigated for different op-
eration temperatures.

The performance improves with decreasing temperature.
However, below 0 C, the improvement is not significant.
Energy resolution is better than that observed in proportional
counters, improving significantly with decreasing temperature
down to 0 C and, below that value, at a much slower rate.
Energy resolutions of about 11, 9.6, and 9.2% were obtained for
5.9 keV X-rays at 24, 0, and 40 C, respectively, operating
the LAAPD with gains around 70. For X-rays, the minimum
detectable energy is around 0.7 keV for temperatures around
16 C, decreasing to about 0.3 keV for temperatures below
0 C.

The gain drift with temperature increases with the reverse
bias voltage from 2.1% to 5.4% per degrees Celsius, as the
LAAPD biasing increases from 1500 to 1770 V and, for each
voltage, is almost constant for temperatures above 15 C. The
gain drift with temperature is similar for X-rays and visible light,
and is somewhat higher than previously known for visible light.

The LAAPD nonlinear response between X-ray and light is
less than 2%, even for gains around 250, and decreases with
temperature, being less than 1.0 and 0.5% at 23 and 0 C, re-
spectively, for gains up to 200. The LAAPD nonlinear response
between X-rays with different energies was found to be temper-
ature independent and is less than 1% for gains around 100, but
can be as high as few percent for high gains, depending on the
X-ray energy.
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Abstract

The excess noise factor (ENF) of a large area avalanche photodiode was measured as a function of gain for different
temperatures, in the �40 to 27�C range. Results show that ENF does not depend significantly with temperature
attaining values of about 1.8 and 2.3 for gains of 50 and 300, respectively.
r 2004 Elsevier B.V. All rights reserved.
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Large-area avalanche photodiodes (LAAPD)
are compact, simple to operate, monolithic devices
made of silicon p–n junctions. When a reverse high
voltage is applied to the LAAPD, the internal
electric field increases with depth presenting a
maximum around the p–n junction and reaching
values high enough to allow electron multiplica-
tion by impact ionization [1,2]. An incident photon
produces electron–hole pairs and the resulting
electrons are accelerated towards the n+ contact,
undergoing avalanche multiplication due to the
high electric field around the junction. Typical
gains of several hundred can be achieved in this
process.

The application of LAAPDs to direct X-ray
detection has been investigated [1–4], mainly to
measure charge carrier properties of the device,
using X-rays as a reference for visible light
measurements [2,3,5,6].

The LAAPD dark current affects the achieved
detector energy resolution and limits the minimum
detectable energy. As dark current is strongly
reduced with decreasing temperature, the opera-
tion of LAAPDs at reduced temperatures results
in improved performance [7–9].

The performance of a standard LAAPD for X-
ray and visible-light detection was investigated as a
function of the temperature. Dark current, the
achieved gain, energy resolution, and minimum
detectable energy in X-ray detection were mea-
sured for different temperatures [8,11]. Measuring
at the same time both X-ray and visible-light pulse
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signals, the excess noise factor (ENF) can be
determined [3].

The energy resolution obtained with LAAPDs is
mainly limited by three factors: the statistical
contribution associated with the number of
primary electron–hole pairs and the avalanche
process; gain non-uniformity across the diode
detection area; noise of the diode-preamplifier
system. The variance associated to the statistical
factor can be expressed in terms of the number of
primary electrons as:

s2st ¼ s2n þNs2A=M
2 ð1Þ

where N is the number of primary electrons and sn
2

the correspondent variance, M is the LAAPD gain
and sA

2 the variance of the gain. In this equation,
the first term describes the statistical fluctuation of
the primary electrons and the second one the
fluctuations of the avalanche gain in the LAAPD.
Defining the excess noise factor as

F ¼ 1þ s2A=M
2 ð2Þ

Eq. (1) can be rewritten as

s2st ¼ s2n þN ðF � 1Þ: ð3Þ

In particular, for light pulse detection, the
variance of primary electrons is described by
Poisson statistics

s2n ¼ N: ð4Þ

This way, the statistical limitation of the energy
resolution is given by

s2st ¼ NF : ð5Þ

Since all the diode area is illuminated, local
gains are averaged out and the non-uniformity
contribution to the peak broadening can be
excluded. Assuming a Gaussian shape of the
detected peak, the energy resolution DE of the
peak due to the light pulse can be described by the
following equation, expressed in keV:

DE2 ¼ ð2:355Þ2FEeþ D2
n: ð6Þ

In Eq. (6), F is the ENF, E the energy of the
light peak in keV, e the energy per electron-hole
pair creation (3.6 eV for silicon) and Dn the noise
contribution (FWHM) of the diode-preamplifier
system, in keV. Since X-rays are used as an energy
reference for the light signal, E is normalized to

the energy of the X-ray signal. Dn is determined
with a pulse generator. The ENF is then obtained
measuring at the same time the signals due to X-
rays (for example, 5.4 keV from a 54Mn source),
the light pulse and the test pulse. The present
method was previously used for the ENF determi-
nation at room and LN2 temperatures [3,12].
Fig. 1 presents a typical obtained spectrum,
showing all necessary parameters.

The used LAAPD is a ‘‘Deep UV 500 Window-
less series’’ from Advanced Photonix Inc. [10] with
a 16-mm-diameter active area. It was operated in a
light-tight box to shield it from ambient light. The
box also provides thermal insulation and tempera-
ture is controlled through continuous flow of
cooled gaseous nitrogen. Temperature stabiliza-
tion was achieved within 70.5�C.

The X-ray signal was obtained from a 54Mn
source giving 5.4 keV X-rays. The light signal was
provided by a light emitting diode (LED) with
peak emission at 635 nm.The LED was connected
to a 50O resistance and supplied by a ‘‘LED-
pulser’’ producing pulses of 6–500 ns width and up
to 10V amplitude. A light guide was used to carry
the light pulses to the LAAPD.

The LAAPD signals were fed through a low-
noise charge preamplifier (Canberra 2004, with a
sensitivity of 45mV/MeV) to a linear amplifier
(HP 5582A, with gain of 16–128 and 200 ns
integration and differentiation time constants)
and were pulse-height analyzed by a 1024-channel
multi-channel analyzer (Nucleus PCA II).
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Fig. 1. Typical energy spectrum for the ENF determination.

Three different peaks are shown: the X-ray peak produced by

5.4 keV X-rays from a 54Mn radioactive source, the light peak

produced by a LED pulse and the peak from a pulse generator.

L.M.P. Fernandes et al. / Nuclear Instruments and Methods in Physics Research A 531 (2004) 566–568 567



To measure all quantities at the same time, for
different temperatures, the LAAPD was simulta-
neously irradiated with X-rays and visible-light.
The LED intensity was chosen to produce a pulse
with an amplitude equivalent to about 9 keV X-
rays. The test pulser was fed through the pre-
amplifier test input. Fig. 2 presents the ENF,
calculated according to Fig. 1, as function of the
LAAPD gain for different temperatures.

As shown in Fig. 2, ENF increases almost
linearly with gain and does not have significant
variations with temperature. The present results
are in good agreement with previous measure-
ments, performed at room temperature [3] and
LN2 temperature [12].

In previous works, energy resolution depen-
dence on temperature was observed and could be
related to variation of both ENF and dark
current-derived noise level. It is now clear that
this dependence is not related with the ENF. Thus,
decreasing temperature will significantly improve
the signal-to-noise ratio, leading to lower-energy
resolution.
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Chapter 4 

Application of LAAPDs to the muonic hydrogen 

Lamb shift experiment 

 

An experiment called "Laser spectroscopy of the muonic hydrogen" [Taqqu et al. 1999] 

has been carried out at the Paul Scherrer Institute (PSI), Villigen, Switzerland. The 

experiment involves the contribution of several institutions, including the Atomic and 

Nuclear Instrumentation Group (GIAN) of the Physics Department of the University of 

Coimbra. The purpose of the experiment is to measure the energy difference between 

the 2S and 2P levels of the first excited state (Lamb shift) in the muonic hydrogen atom. 

For the expected conditions, the Lamb shift can be measured with a precision of 40 

ppm, leading to the determination of the mean square value of the proton charge radius 

with a relative precision of 0.1%, about 20 times more precise than presently known.  

In order to perform the experiment, a compact detector able to detect 1.9 keV X-rays 

operating under a 5 T magnetic field is necessary. The GIAN has been responsible for 

the development of such a detector. Some prototypes of gas proportional scintillation 

counters have been developed and tested. However, the LAAPD as direct X-ray 

detector has been chosen due to its excellent performance under the influence of intense 

magnetic fields, among others factors.  

In this chapter, the details of the experiment to determine the Lamb shift in muonic 

hydrogen are described, with particular emphasis on the optimization of the LAAPD 

performance and operating conditions. The response of LAAPDs under intense 

magnetic fields is evaluated in comparison to other X-ray detectors. To evaluate the 

LAAPD performance in the detection of X-rays emitted by muonic atoms under the 

intense radiation environment of the experiment, tests with a muon beam interacting in 
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different gas targets have been carried out. The positive result of these tests has 

determined the LAAPD as the X-ray detector to be used in the experiment. The details 

of this experimental assay are presented and the results of two different phases of the 

experiment are discussed.  

  

4.1. Introduction  

Before presenting the results of LAAPD tests performed in order to validate the 

LAAPD application to the experiment, theoretical considerations on the Lamb shift are 

given, the principle of the experiment is described and the experimental system 

requirements are discussed.  

4.1.1. Lamb shift 

According to the solution of the Schrödinger equation for the hydrogen atom, the 

energy levels of the electron depend only on the main quantum number n [Beiser 1995]: 

  ...,3,2,1,eV6.131
8 2222

0

4

=
−

=−= n
nnh

qMEn ε
  (Eq. 4.1) 

being M the atom reduced mass, q the electron electric charge, ε0 the vacuum electric 

permittivity and h the Planck constant.  

In 1947, Willis Lamb has discovered that the 2s1/2 and 2p1/2 states have a small energy 

difference, the Lamb shift, as Figure 4.1 represents. The 2p1/2 state presents a slightly 

lower energy than the 2s1/2 state. The basis of this process is the "exchange force model" 

of the electromagnetic force. According to this model, charges interact by exchange of 

photons [Rohlf 1994]. This leads to the formulation of quantum electrodynamics 

(QED), which is the theory where electromagnetic fields as well as particles are 

quantized. The electron can suffer a self-interaction by emission or absorption of a 
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virtual photon. The continuous exchange of such photons by electrons smears out the 

electron position over a range of about 0.1 fm and originates a slight weakening of the 

force on the electron when it is very close to the nucleus. This effect slightly reduces the 

absolute value of the binding energy of the 2S state relative to the 2P state since 

electrons in the 2S state are closer to the nucleus.  

   

Figure 4.1 – Energy levels in the hydrogen atom according to Bohr, Dirac and Lamb. The Lamb 

shift (∆E) is the energy difference between the 2p1/2 and 2s1/2 states.  

The Lamb shift in the hydrogen atom is difficult to measure by inducing transitions in 

the visible or ultraviolet regions of the electromagnetic spectrum. The measurement is 

nevertheless possible inducing the 2S-2P transition directly in the microwave region, as 

made by Willis Lamb in his measurements, where an energy deviation of 4.372×10-6 eV 

was obtained [Lamb 1952, Triebwasser 1953].  

The Lamb shift constitutes the most precise measurement of the effect of quantum 

electrodynamics in bound systems. When it was experimentally determined, the Lamb 

shift provided a great precision verification of the predictions of the quantum theory of 

electrodynamics. Up to now, it was possible to make measurements only with the 

electronic hydrogen. However, due to an increasing experimental effort during last 

years in PSI, those measurements can now be extended to the muonic hydrogen.  
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The muonic hydrogen (µp) is a bound system of a proton and a negative muon. Its 

lifetime is finite and essentially determined by the muon decay (τ = 2.2×10-6 s). Since 

the muon mass is about 207 times larger than the electron one and the energy of each 

level is proportional to the reduced mass of the system (Equation 4.1), muonic hydrogen 

levels are about 186 times more energetic than the ones of electronic hydrogen. The 

energy of the ground state in muonic hydrogen is 2.53 keV, against 13.6 eV in 

electronic hydrogen, and the transitions to that state are in the low-energy X-ray region.  

For each energy level, the radius of the electron orbit around the proton is inversely 

proportional to the system reduced mass, being 186 times smaller in muonic hydrogen. 

The overlap between the wave function of the muon and the nucleus in muonic 

hydrogen is stronger relative to the wave function of the electron and the nucleus in 

normal hydrogen by a factor 3)/( emmµ  ≅ 107, where mµ and me are the muon and the 

electron masses [Pachucki 1996]. Thus, the effective potential experienced by the muon 

is much more sensitive to the charge distribution and to the proton magnetic momentum 

when compared to the electron.  

The effect of the proton finite size contributes with 2% for the Lamb shift in muonic 

hydrogen. A precise Lamb shift measurement will provide the knowledge of the mean 

square value of the proton radius with better accuracy. The knowledge of this value is 

very important for the tests of quantum electrodynamics in bound systems, where the 

theoretical predictions are strongly limited by the lack of precision on the nucleus 

structure. The uncertainty of the proton radius dominates largely the theoretical 

uncertainties in the predictions of the Lamb shift in the hydrogen atom. A 0.1% 

precision in the proton radius measurement would cause a 10-7 precision level in the 

electronic hydrogen Lamb shift, one order of magnitude better than the present limit.  

The determination of the Lamb shift in muonic hydrogen will improve the precision in 

the proton radius by a factor of about 20 times in comparison to the currently known 

value. Previous proton radius measurements had been obtained by optical spectroscopy 

[Schwob et al. 1999] and electron scattering [Simon et al. 1980, Rosenfelder 2000]. The 

scattering experiments are however difficult to perform and to analyze, leading to 
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inconsistent results [Pohl et al. 2001A]. One of the values obtained by electron 

scattering was 0.862 ± 0.012 fm [Simon et al. 1980]. Recently, values obtained from 

electron scattering experiments have been revised [Sick 2003] and new corrections have 

been introduced. From the new analysis, the value 0.895 ± 0.018 fm for the proton 

radius was suggested, significantly higher than the previous one and with worse 

precision. 

Several contributions to the Lamb shift in muonic hydrogen have been investigated and 

theoretically calculated. In 1996, Pachucki determined the contribution of the several 

effects of quantum electrodynamics to the energy levels of muonic hydrogen and 

obtained the following value for the Lamb shift (EL) [Pachucki 1996]: 

  22 )fmmeV(197.5meV)010.0932.205( pL rE −−±=  (Eq. 4.2) 

where rp
2 is the mean square value of the proton radius. The uncertainty of EL is widely 

dominated by the imprecision on the proton charge radius. Using the rp value obtained 

by Simon, the Pachucki EL value is 202.070 ± 0.108 meV. 

In 1999, Pachucki made a complete revision of all contributions to the proton structure 

[Pachucki 1999]. All terms have been recalculated with better precision, defining a new 

estimate: 

3322 )fmmeV(0363.0)fmmeV(2256.5meV)003.0085.206( ppL rrE −− +−±=  (Eq. 4.3) 

The new result for the Lamb shift, 202.225 ± 0.108 meV, differs from the previous one 

by a value higher than the error estimated before. This was attributed to an error in the 

addition of the previous contributions [Pachucki 1996] and to the inclusion of new 

terms in the later calculation: the uncertainty in the first term of Equation 4.2 was 

improved by the introduction of new contributions of the vacuum polarization and by 

the proton polarizability correction. Neglecting the terms dependent on the proton 

radius, the theoretical value for the Lamb shift is limited by the uncertainty on the 

proton polarizability shift.  
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In summary, recent calculations set an error of 20 ppm in the theoretical value of the 

muonic hydrogen Lamb shift if the terms dependent on the proton radius are omitted. 

With precise theoretical predictions, the experimental measurement of the Lamb shift 

will lead to a more precise value for the proton charge radius.  

4.1.2. Principle of the experiment 

The principle of the experiment consists on stopping a beam of negative muons in a 

hydrogen gas volume, producing µp atoms highly excited. The majority of these atoms 

decay promptly to the ground state, but a small fraction remains in the 2S metastable 

state. A laser pulse, tuned to approximately 6 µm (the wavelength corresponding to the 

energy difference between 2P and 2S states), is sent to an optical cavity delimiting the 

gas target in order to sweep the whole volume and to induce the 2S-2P transition in 

atoms found in the 2S metastable state. The µp atoms in the 2P state decay to the 

ground state, emitting 1.9 keV X-rays (Figure 4.2), delayed relative to the instant of the 

muon entrance in the target. 

1.9 keV
X-rays

1S

2S

2P

Laser
pulse ∆E

 

Figure 4.2 – Energy levels in the muonic hydrogen atom and transitions associated with the 

experiment for determination of the Lamb shift (∆E).  

The Lamb shift is determined from a resonance curve by measuring the number of 1.9 

keV X-rays detected in time coincidence with the laser pulse as a function of the laser 
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wavelength [Kottmann et al. 2001]. The number of X-rays is determined from the 

corresponding time spectrum (Figure 4.3). 

 

Figure 4.3 – Idealized time spectrum for 1.9 keV X-rays, from which the laser resonance curve 

is obtained, leading to the determination of the Lamb shift in muonic hydrogen [Pohl 2001].  

An essential feature of the experiment is the availability of µp atoms in the metastable 

2S state. Thus, the knowledge of the population and lifetime of this state is necessary. 

The existence of µp atoms in the 2S state was suggested by analysing the kinetic energy 

distribution of µp atoms [Kottmann et al. 1999]. The average kinetic energy of these 

atoms decreases significantly as the gas density is reduced. Earlier studies, based on K-

line yield measurements for X-rays produced when a muon beam is stopped in a low 

pressure hydrogen volume, showed that about 4% of the muons reach the 2S state, 

depending on the gas pressure [Anderhub et al. 1984]. However, the µp atoms can be 

excited to the 2P state by collisions within the gas. For kinetic energies below the 

threshold for 2S-2P transitions (0.31 eV) this process is energetically forbidden and µp 

(2S) atoms have long lifetimes, about 1 µs at 1 mbar pressures [Pohl et al. 2000]. 

Theoretical considerations show that, for µp atoms produced with energies up to a few 

eV, the cross section for quenching (de-excitation) and the one for slowing down are of 
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the same order of magnitude [Jensen et al. 2000]. Thus, atoms created with kinetic 

energies higher than 0.31 eV have an appreciable probability to slow down without 

being de-excited, increasing the final number of long-lived µp (2S) atoms. Therefore, 

the fraction of µp (2S) atoms depends on the kinetic energy distribution.  

The kinetic energy distribution of µp (1S) atoms was determined through the time of 

flight technique. Taking into account that 4% of muons (at 16 mbar) reach the 2S state, 

for each muon interacting in the hydrogen volume about 1% of µp atoms are produced 

in the 2S state [Pohl et al. 2000]. 

The metastability of µp (2S) atoms was investigated at low pressures [Pohl et al. 

2001B]. Measuring directly the signal produced by µp atoms, a high-energy component 

(about 900 eV) in the kinetic energy distribution has been attributed to µp (2S) atoms. 

The observed high-energy component results from the decay of those atoms to the 

ground state through a non-radiative process. It is a collisional process involving the 

formation of a resonant molecule and its subsequent self-dissociation [Wallenius et al. 

2001]. The time distribution of the 900 eV atoms found out a population for the 2S state 

of about 1% and a disappearance rate of 5×105 s-1 pH, where pH is the hydrogen pressure 

(in mbar) [Pohl et al. 2001B]. The previous study was performed for different pressures, 

from 4 to 64 mbar. An optimum pressure of 1-2 mbar was found for the laser 

experiment since the 2S state lifetime has to be of the same order as the time interval 

between the muon interaction in the gas and the laser pulse trigger (about 1 µs).  

4.1.3. Requirements of the experimental system  

The Lamb shift experiment requires an apparatus for the muon beam production, a 

system to detect and stop low energy muons, a hydrogen target at low pressure (about 1 

mbar), a 6 µm laser beam, an optical cavity to concentrate the laser in the whole 

hydrogen volume and a detector for 1.9 keV X-rays with the associated electronics.  
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The muon beam 

The experiment requires a beam of low energy negative muons. A new line was recently 

built at the PSI (πE5 area) in order to stop a sufficiently high number of muons in a 

small hydrogen volume under a few mbar pressures. The line is schematically presented 

in Figure 4.4 and includes an apparatus to collect the high-energy pions and to produce 

low-energy muons (cyclotron trap), a muon extraction channel (MEC) for transport and 

selection of muons and a superconducting (PSC) solenoid with two transmission 

detectors to define the instant of the muon entrance in the gas, which sets the time-zero.  

 

Figure 4.4 – Schematic view of the πE5 area in PSI showing the muon beam line, which 

includes the apparatus for extraction of pions (cyclotron trap), the muon extraction channel 

(MEC) and the superconducting solenoid [Kottmann et al. 2001].  
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Negative pions are driven out from the πE5 beam line with a momentum of 100 MeV/c. 

The muons resulting from pion decay are created with MeV kinetic energies, being then 

slowed down by a thin plastic foil (Formvar) and remaining with keV energies. An axial 

electric field ejects the muons to the cyclotron trap exit, a region with a 4 T magnetic 

field [DeCecco et al. 1997].  

Muons, typically with 20 keV energy (and 2 MeV/c momentum), are carried through a 

curved toroidal magnet (the MEC) operating at 0.15 T, leaving a region with high 

neutron background (near the pion beam exit) towards the solenoid, where the laser 

resonance experiment is carried out. The MEC acts simultaneously as a filter since 

particles with momentum above 4 MeV/c are not carried through the curvature and 

electrons with keV energies are vertically separated from muons due to the toroidal 

field. This makes it possible to remove high electron flows produced when charged 

particles (spiralling in the magnetic field of the trap) cross the extraction foils for many 

times. About 90% of useful muons (with about 20 keV) are carried from the cyclotron 

trap to the solenoid. The vertical deviation of each particle, relative to the magnetic field 

lines, is proportional to its momentum. This way, muon trajectories are deviated by 

about 2 cm. Since the electron deviation is negligible, muons can be separated from the 

intense flow of electrons [Kottmann et al. 2001].  

The superconducting solenoid produces a 5 T magnetic field. Figure 4.5 shows a 

schematic view of the experimental system installed inside the solenoid, illustrating the 

trajectories of the muons and secondary electrons emitted by the muon passage, as well 

as the detectors required to set the laser pulse trigger.  

When the muon beam enters the solenoid, it crosses a stack of ultra-thin carbon foils 

(S1) with 5 µg/cm2 thickness and a voltage difference of 1.8 kV applied between the 

foils to compensate the muon energy loss [Mühlbauer et al. 1999]. The stack of carbon 

foils acts as a transmission detector since the secondary electrons emitted by the muon 

passage through the foils are accelerated towards a plastic scintillator (connected to the 

photomultiplier PM1), where they are detected originating a first muon signal. Between 

the stack of carbon foils and the scintillator, a drift field BE
rr

×  induces a transversal 

shift of charged particles. The shift is greater for muons than for electrons, providing a 
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muon passage underneath the scintillator, towards the hydrogen target. After passing 

underneath the scintillator, muons reach a second stack of carbon foils (S2), placed in 

front of the target. The secondary electrons emitted are accelerated to a few keV, being 

detected by another scintillator (connected to the photomultiplier PM2) and originating a 

second muon signal. The time of flight information obtained from both muon signals 

leads to an optimized detection of muons interacting within the target. The muon time 

of flight between stacks S1 and S2 is typically 150 ns. The laser trigger is originated by 

the simultaneous detection of a muon with the correct time of flight in both detectors. A 

third scintillator (D3), placed behind the target in order to detect muons that do not stop 

in the gas, is used in anticoincidence with the other scintillators for setting the laser 

trigger. The laser light enters the target through a window in one of the mirrors (M1 and 

M2) composing the optical cavity.  

 

 

Figure 4.5 – Schematic view of the experimental system installed inside the PSC solenoid, 

showing the trajectories of the muons and secondary electrons, as well as the detectors required 

to set the laser trigger. 

Laser system and optical cavity 

A laser pulse of energy E, injected in an optical cavity with length L and width d, 

originates an energy density )(/ dLNE ηε = , where η is the laser injection efficiency 

and N is the number of passes in the cavity [Taqqu et al. 1999]. 
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For the experiment, a good probability for the 2S-2P transition in muonic hydrogen 

requires a laser pulse of about 0.2 mJ. This energy was obtained for 6 µm through 

stimulated Raman dispersion in hydrogen [Rabinowitz et al. 1986]. The pumping 

scheme was based on a Nd:YAG (Neodymium-doped Y3Al5O12) laser, which cannot be 

used in this experiment because it does not provide a laser pulse randomly triggered, 

with a maximum delay time of about 1 µs and 50 Hz repetition rate. The laser to be used 

in the experiment is a high power XeCl excimer that provides ultraviolet-light pulses 

with 308 nm wavelength, 28 ns width and 500 mJ energy for the maximum frequency 

of 50 Hz. The laser system is composed by three stages: the excimer, the combination of 

a dye laser and a titanium-sapphire (Ti:Sa) laser, and a Raman cell (Figure 4.6).  

 

 

Figure 4.6 – Schematic of the laser system components, showing how the light wavelength is 

converted into the desired 6.02 µm [Antognini et al. 2004]. 
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The laser is triggered when a muon is detected in time coincidence in both transmission 

detectors, connected to photomultipliers PM1 and PM2, and in anti-coincidence with 

scintillator D3, as described before. Due to the short muon lifetime the laser pulse must 

arrive in the target in about 1 µs. The delay originated by the excimer relative to the 

pulse trigger is of the same order. 

In the second stage, the pulse wavelength conversion from 308 into 708 nm is made in 

two steps. The 308 nm pulses arrive at a dye cell, where they are efficiently converted 

into 540 nm green light. This light is optimum to pump the Ti:Sa laser system, 

composed by a Ti:Sa oscillator and the corresponding amplifier. This system requires 

20 mJ pump energy for the oscillator and 60 mJ for the amplifier. The oscillator has a 

short length (7 cm), assuring short pulses (about 7 ns) with 1 mJ energy and a delay 

shorter than 50 ns. The amplifier provides a multiplication factor of 10. The beam 

quality of the oscillator-amplifier system and the wavelength tuning of the 708 nm 

pulse, as well as the 6 µm final pulse, is controlled by a continuous wave (CW) Ti:Sa 

laser [Antognini et al. 2004].  

In the third stage, the 708 nm light is converted into 6.02 µm by the Raman shift 

[Rabinowitz et al. 1986] in a hydrogen cell working under high pressure (15 bar). It is a 

stainless steel tube with 2 m length, where the frequency of the 708 nm photons is 

converted by three subsequent Stokes shifts to the infrared spectral region, exciting the 

hydrogen molecules from the 0=υ  to the 1=υ  vibrational state. To increase the 

conversion efficiency, the laser pulses cross the tube 33 times, a process controlled by 

two silver coated mirrors placed inside the tube. The final pulse wavelength is 

calibrated by scanning over a water absorption line, λ = 6.01391736 µm, known with a 

precision of 0.04 ppm.  

The infrared laser beam, with 7 ns width and an energy of about 0.3 mJ, is focused 

through a series of mirrors towards the gas target inside the solenoid, being injected in 

the optical cavity surrounding the target in order to efficiently illuminate the whole 

volume. To prevent partial absorption of the beam by water vapour, the laser beam line 

was filled with dry nitrogen.  
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The optical cavity is made up by two highly reflecting mirrors, placed sideways relative 

to the target. Since the light sweeps the target for successive times, the mirrors have 

curvatures to prevent light loss. One of the mirrors contains a small hole (with 0.6 mm 

diameter) where the laser beam enters and, after many reflections, part of the beam 

leaves the cavity. The retro-reflected light is guided to an infrared detector which 

analyses the light that flows in the cavity. The light intensity inside the cavity decreases 

exponentially, with a time constant of about 145 ns, leading to an average number of 

1700 reflections of the laser pulses inside the cavity [Kottmann et. al. 2003]. Under 

these conditions, a laser beam with 0.13 mJ energy at the cavity entrance is sufficient to 

saturate the 2S-2P transition. 

The 1.9 keV X-ray detector 

The X-ray detector to be used in the experiment has to fulfil some requirements. First, it 

has to support intense magnetic fields since the target where muons interact is placed 

inside a solenoid operating at 5 T.  

Since only a few laser-induced events per hour are expected, the detector has to achieve 

an energy resolution of about 20% and a time resolution better than 50 ns for 1.9 keV 

X-rays in order to provide a good separation between signal and background.  

After the prompt emission of the 1.9 keV X-ray, electrons resulting from muon decay 

(with MeV energies) generate signals with high amplitudes when they hit an APD. The 

“delayed-coincidence” between an electron signal and the X-ray pulse will substantially 

reduce the background. A pulse risetime shorter than 500 ns makes it possible to 

determine a double-pulse sequence of an X-ray followed by an electron, measured in 

the same APD, which occurs with a relatively high probability.  

The solid angle for X-ray detection has to be as large as possible in order to maximize 

the event rate. Several prototypes of gaseous detectors were also tested, mainly xenon 

gas proportional scintillation counters providing large detection areas [Veloso et al. 

2002]. However, large area avalanche photodiodes used for direct X-ray detection 
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present advantages when compared to those detectors. First, they are practically 

insensitive to intense magnetic fields, as will be shown in the next subchapter. 

Additionally, they have short pulse risetimes (about 25 ns for API photodiodes) and an 

excellent time resolution (lower than 30 ns) for 1.9 keV X-rays. The energy resolution 

fulfils the requirements of the laser experiment. 

The great limitation of LAAPDs is their small detection area. However, as they are 

compact and can be installed in vacuum, without window, the sensitive area can be 

placed closer to the volume where muonic hydrogen is produced, practically 

compensating the solid angle loss and the absorption by the window and its support 

structures in gas detectors. Using a series of photodiodes in the target, the effective 

detection area becomes significant, compensating the reduced area of each APD.  

 

4.2. Behaviour of LAAPDs under intense magnetic 

fields 

Under the work program of other thesis [Veloso 2000, Lopes 2002], some prototypes of 

GPSC had been assembled and tested under intense magnetic fields in order to verify 

their viability to be used in the experiment. For technical reasons, the voltage in the 

scintillation region of these prototypes was applied at the entrance radiation window. 

Since muons stop in the hydrogen volume near the detector entrance, such high negative 

voltage is enough to hinder muons from entering the gas target and often originates gas 

discharges, making it impossible to use the prototypes in the final experiment.  

In order to circumvent the disadvantages of GPSCs for the experiment, the use of 

LAAPDs was considered. The behaviour of LAAPDs under intense magnetic fields was 

investigated and the results are presented in comparison to the results obtained with 

GPSC prototypes, showing the characteristics of the LAAPD as direct X-ray detector 

that lead its application to the experiment. Beyond the energy response, the LAAPD 

time response was also studied.  
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The effect of the magnetic field on the operation of avalanche photodiodes was already 

mentioned in the literature but detailed experimental were not found. Moreover, the 

majority of the studies was carried out for visible-light detection, disregarding the 

detection of ultraviolet light and X-rays. In this way, we considered appropriate to 

extend the LAAPD tests under intense magnetic fields to visible-light and VUV-light 

detection. The study of the LAAPD performance for VUV-light detection was of 

particular importance for the experiment since its use as VUV photosensor in a GPSC 

constituted an alternative for the experiment.  

4.2.1. Gas detectors as alternatives for X-ray detection 

Different GPSC prototypes were tested in magnetic fields. The detectors were built 

without drift region in order to provide a faster time response. The volume of each 

detector was filled with xenon and the scintillation light produced within the gas was 

detected by different photosensors, as Figure 4.7 shows. A microstrip plate coated by a 

CsI film was used as VUV-light photosensor in prototypes A and B, being positioned 

directly in the xenon volume for the prototype A and in a separate chamber with a P-10 

mixture for the prototype B. The P-10 mixture provides considerably higher gains 

[Veloso et al. 2001]. In the prototype C, a LAAPD was used as photosensor.  

The effect of the magnetic field on the electron cloud produced in the GPSC can be 

shown in Figure 4.8, where the relative orientations of the electric field in the detector 

and the magnetic field inside the solenoid are shown. The deviation of the drift direction 

of electrons, defined by the Lorentz angle αL, depends on the ratio between the magnetic 

and electric forces applied to the electrons and on the drift velocity. Under the working 

conditions of the detectors, αL is small, about 4º for a 5 T magnetic field [Lopes 2002]. 

For photosensors based on microstrip plates the avalanche process in the gas depends on 

the magnetic field [Veloso et al. 2002]. For avalanche photodiodes, studies previously 

carried out did not suggest any variation with the magnetic field [Pansart 1997]. 

However, no studies with ultraviolet light were performed up to now and the fact that 
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VUV photons interact in the first atomic layers of the photodiode may introduce some 

dependence of the LAAPD response on the magnetic field intensity.  

 

Figure 4.7 – GPSC prototypes tested under intense magnetic fields as alternatives for detection 

of 1.9 keV X-rays. Different photosensors had been used: a microstrip plate coated to a CsI film 

operating in the xenon volume (A), the same photosensor operating in a separate chamber with 

a P-10 mixture (B), and a LAAPD (C). The thickness of the scintillation region for prototypes 

A, B and C is 0.85, 0.6 and 1.1 cm, respectively [Veloso et al. 2002].  
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Figure 4.8 – Schematic view of the relative orientation of the electric field in the GPSC and the 

magnetic field in the solenoid during the test of the GPSC prototypes [Lopes 2002]. 

The tests of GPSC prototypes in magnetic fields were carried out in the interior of a 

superconducting solenoid composed by a cylindrical cavity with 20 cm diameter and 1 

m length. The maximum intensity of the magnetic field inside the solenoid is 5 T. The 

field is practically uniform (10 ppm) throughout an axial distance of 30 cm from the 

centre of the solenoid.  

For each detector, a sulphur sample irradiated by a 55Fe radioactive source was placed 

above the GPSC window and the characteristic X-rays emitted were detected. The 

amplitude and energy resolution of the resulting signals were determined as a function 

of the magnetic field [Veloso et al. 2002].  

For a 5 T magnetic field, the amplitude of the pulses produced by 2.3 keV X-rays was 

reduced by 25% for the prototype A, while for the prototype B it was reduced by less 

than 2%. Although the Lorentz angle effect is very small in both cases, the trajectory of 

the photoelectrons is changed in the microstrip chamber, leading to dispersion of some 

electrons to the photocathode, which are not collected. The photoelectron backscattering 

is much higher for xenon than for the P-10 mixture [Veloso et al. 2002], explaining the 

discrepancy between the results obtained for prototypes A and B.  

For prototype C, backscattering effects are not present [Lopes 2002] but a reduction of 

11% was measured in the pulse amplitude. However, as the LAAPD area is much 
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smaller than the microstrip plate one, prototype C is much more sensitive to solid angle 

variations. The amplitude variation in this detector can be attributed to the transversal 

shift of the electron clouds (Lorentz angle), which originates an inferior collection of 

scintillation photons by the LAAPD and subsequently signals with smaller amplitudes. 

In addition, since VUV photons are absorbed superficially in the LAAPD, the 

dependence of the LAAPD response on the magnetic field intensity must be considered.  

The magnetic field effect is also perceptible in the energy resolution obtained for 2.3 

keV X-rays, which increases from 27 to 31% for prototype A and from 18 to 26% for 

prototype C, as the magnetic field increases from 0 to 5 T. For prototype B, the obtained 

energy resolution (about 27%) practically did not vary.  

The time response of the several prototypes was also investigated. The pulse risetime 

was determined at the preamplifier output. Average values of 1.1, 0.5 and 1.2 µs were 

measured for prototypes A, B and C, respectively. As the time response of the used 

photosensors is much shorter than the drift time of the electron cloud produced in the 

gas, the pulse risetime is practically equal to the drift time. The variation of the pulse 

risetime with the applied magnetic field is not significant [Veloso et al. 2002].  

The time resolution of the detectors was determined using 5.4 keV X-rays and 835 keV 

γ-rays emitted in time coincidence by a 54Mn source. Each GPSC prototype was used to 

detect X-rays, while γ-rays were detected by a NaI(Tl) scintillator with known time 

resolution. A time resolution above 200 ns was obtained for prototype A, while for 

prototypes B and C values of 25 and 30 ns were registered, respectively [Veloso et al. 

2002]. No measurements were obtained in the presence of magnetic field due to the 

impossibility to put the system inside the solenoid. However, as the time resolution 

depends mainly on the drift time of the electrons in the gas and on the time response of 

the photosensors, a dependence on the magnetic field is not expected.  

Due to its lower sensitivity to magnetic fields up to 5 T, the prototype B is the one more 

suitable to be used in the muonic hydrogen Lamb shift experiment. However, LAAPDs 

present important advantages for direct X-ray detection, as it will be recognized next.  
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4.2.2. Energy response of LAAPDs 

The response of avalanche photodiodes was studied as a function of the magnetic field 

for detection of X-rays, visible light and VUV light. The experimental system used in 

each case and the obtained results are described in the paper: “Behaviour of large-area 

avalanche photodiodes under intense magnetic fields for VUV, visible and X-ray 

photon detection”, published in Nucl. Instr. Meth. A, vol. 498 (2003), pages 362-368 

[Fernandes et al. 2003A], attached at the end of this chapter (page 169). It was proved 

that LAAPDs can operate under magnetic fields up to 5 T without significant 

degradation of their performance for X-ray and visible-light detection, while for VUV-

light detection a significant degradation was observed in the pulse amplitude and energy 

resolution. An amplitude reduction of 24% was measured for 5 T.  

In addition to the presented results, the LAAPD response was studied for lower energy 

X-rays, closer to the 1.9 keV X-rays proposed to detect in the muonic hydrogen Lamb 

shift experiment. A sulphur sample was irradiated by a 55Fe source, emitting 

characteristic X-rays whose main fluorescence line (Kα) corresponds to 2.3 keV. The 

study was performed as a function of the magnetic field by positioning the system 

inside the solenoid with the photodiode axe perpendicular to the magnetic field 

direction. The amplitude and energy resolution of the signals produced by the sulphur 

characteristic X-rays were determined.   

Figure 4.9 shows the relative amplitude and the energy resolution of the 2.3 keV X-ray 

signal as a function of the magnetic field. No significant degradation of the amplitude 

and energy resolution for 2.3 keV X-rays was observed, as it was verified for 5.4 keV 

X-rays [Fernandes et al. 2003A]. When the magnetic field increases from 0 to 5 T, the 

amplitude variation is lower than 3%, approximately equal to the experimental errors, 

and an absolute energy resolution variation of 2% was observed. As energy resolution 

improves significantly for lower temperatures [Fernandes et al. 2004A], the use of 

LAAPDs in the experiment requires the reduction of their operation temperature.  

The previous results show that LAAPDs can operate under magnetic fields up to 5 T 

without significant performance degradation for low energy X-rays.  
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Figure 4.9 – Relative amplitude and energy resolution of the pulses produced in the LAAPD by 

2.3 keV characteristic X-rays from a sulphur sample irradiated by a 55Fe source as functions of 

the magnetic field inside the solenoid.  

4.2.3. Time response of LAAPDs 

The time response is very important in the choice of the detector for 1.9 keV X-rays to 

be used in the experiment. Parallel to the amplitude measurements of LAAPD signals, 

the pulse risetime obtained at the preamplifier output was determined as a function of 

the magnetic field. The time variation of the pulses at the preamplifier output is 

presented in Figure 4.10 for magnetic fields of 0 and 5 T. As shown, the shape of the 

pulses does not depend significantly on the magnetic field.  

The distributions presented in Figure 4.10 lead to the determination of the pulse 

risetime, defined as the time interval corresponding to a relative pulse amplitude 

variation between 10 and 90%. Figure 4.11 shows the risetime of the pulses produced in 

two different photodiodes as a function of the magnetic field. The pulses result from 5.9 

and 5.4 keV X-rays absorbed in the LAAPDs, for different relative orientations of the 

electric and magnetic fields (perpendicular and parallel, respectively).  
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Figure 4.10 – Shape of the pulses obtained at the preamplifier output, resulting from 5.4 keV X-

rays absorbed in the LAAPD, for magnetic field intensities of 0 and 5 T.  
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Figure 4.11 – Risetime of the pulses obtained at the preamplifier output, resulting from 5.4 and 

5.9 keV X-rays absorbed in two different photodiodes, as a function of the magnetic field. 
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For the most unfavourable situation, where the magnetic field is perpendicular to the 

electric field, the risetime of 5.4 keV X-ray pulses practically does not vary with the 

magnetic field, being about 25 ns. For the case where the electric and the magnetic 

fields have the same direction, the risetime of 5.9 keV X-ray pulses undergoes a 

significant variation, from 30 to 15 ns as the magnetic field increases from 0 to 5 T. 

Since the electronic noise affected differently both photodiodes, being much higher in 

the second case, the influence of the magnetic field on the risetime is not clear. 

The risetime was also determined for pulses produced in the LAAPD by 2.3 keV X-rays 

obtained by fluorescence of a sulphur sample irradiated by a 55Fe source. Values 

between 20 and 32 ns were measured for magnetic fields between 0 and 5 T.  

In comparison to GPSCs, which present risetimes of about 1 µs, the response of 

avalanche photodiodes is considerably faster, providing pulses with risetimes in the 

range 20-30 ns, an important advantage when the detection of events in time 

coincidence is necessary.  

The LAAPD time resolution was determined from the coincidence between 5.4 keV X-

rays and 835 keV γ-rays emitted by a 54Mn source. X-rays are detected by the LAAPD 

and γ-rays by a NaI(Tl) scintillator. The relative orientation of the detectors and the 

radioactive sources is represented in Figure 4.12. The time-zero is defined by the instant 

where a γ-ray is detected in the scintillator. The time stops when an X-ray is detected by 

the LAAPD. Selecting the events detected in time coincidence in both detectors, a time 

spectrum is obtained, from which the time resolution is determined. 

Figure 4.13 shows a typical time spectrum of the coincidences between the signals 

produced by 835 keV γ-rays and 5.4 keV X-rays, obtained for 1 and 1.8 kV voltages 

applied to the NaI(Tl) detector and to the LAAPD, respectively. The number of 

coincidences between the pulses obtained in both detectors was registered in intervals of 

2 ns. The full-width-at-half-maximum of the peak in the represented distribution defines 

the time resolution of the system composed by the two detectors, being 10 ns in this 

case. The measurements were repeated and values between 10 and 12 ns were obtained. 

The time resolution of the system is equal to the quadratic addition of the time 
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resolutions of each detector. Since NaI(Tl) detectors present a time resolution of 3-5 ns, 

the LAAPD time resolution is about 10 ns. Compared to other investigated detectors, 

the LAAPD presents the best time response, being the preferred detector for 1.9 keV X-

rays emitted by muonic hydrogen atoms in the Lamb shift experiment. 
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Figure 4.12 – Experimental system used to measure the time resolution of the LAAPD. The 
54Mn radioactive source emits 5.4 keV X-rays and 835 keV γ-rays in time coincidence, detected 

respectively by the LAAPD and a NaI(Tl) scintillator.  
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Figure 4.13 – Time spectrum of the coincidences between the signals produced in the NaI(Tl) 

detector and the LAAPD by 5.4 keV X-rays and 835 keV γ-rays, respectively. 
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4.3. Test of LAAPDs in the intense radiation 

environment of muon experiments 

LAAPDs have been tested in the presence of the muon beam. The tests were carried out 

in the µE4 area of PSI and the main objective was to verify the capability of LAAPDs 

for detection of X-rays emitted by muonic atoms, particularly the muonic hydrogen Kα 

line (1.9 keV X-rays), in the intense radiation environment of these experiments.  

The determination of the Lamb shift in muonic hydrogen requires a very low energy 

muon beam. However, the line of the µE4 area produces an intense muon beam with 

momentum in the range 30-100 MeV/c.  

The environment of intense radiation and low counting rate, typical for muon 

experiments, makes it difficult to identify the peaks in the energy spectra resulting from 

X-ray absorptions in the photodiode, due to the presence of a background caused by 

electrons passing through the photodiode. The time discrimination of X-ray signals 

relative to the signal produced by the muon entrance is used as a technique of 

background reduction. Furthermore, the coincidence between the X-ray signal and the 

signals produced by the electrons resulting from muon decay leads to the improvement 

of the X-ray discrimination against the background. The effect of the discrimination 

techniques on the electron background reduction was investigated for different gases in 

the target. The simultaneous analysis of time and energy spectra is very important for 

selecting the events of interest. 

The LAAPD tests with the muon beam are described in the paper: “Application of 

large-area avalanche photodiodes to X-ray spectrometry of muonic atoms”, published in 

Spectrochimica Acta B, vol. 58 (2003), pages 2255-2260 [Fernandes et al. 2003B], 

attached at the end of this chapter (page 177). In the paper, the experimental system, 

including the gas target and the surrounding detectors, is described and the main results 

of the LAAPD time and energy response to muonic X-rays are discussed.  
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4.3.1. Optimization of the muon momentum 

Low energy muons interact in a gas target under a pressure of 1 atm. Different gases 

have been used in the target: helium, hydrogen and a mixture of hydrogen and methane. 

The target is surrounded by several detectors, required to detect the muons that enter the 

target, the X-rays produced there and the electrons resulting from muon decay. Several 

plastic scintillators have been used as muon and electron detectors. Besides two 

photodiodes used for X-ray detection, two high-purity germanium (HPGe) detectors 

have been used as X-ray and γ-ray detectors for monitoring purposes, specifically to 

register the number of muons that stop in the gas (by the small HPGe detector) and in 

the walls (by the large HPGe detector). This way, the momentum of the muon beam can 

be optimized in order to maximize the number of stops in the gas and to minimize the 

number of stops in the walls of the chamber. 

The HPGe detectors have been calibrated using radioactive sources emitting radiation 

with energies within the sensitivity range of each detector. The small HPGe detector 

was calibrated with 5.9 and 6.5 keV X-rays emitted by a 55Fe source. The large HPGe 

detector was calibrated with a 60Co source, emitting 1.17 and 1.33 MeV γ-rays. The 

calibration of the LAAPDs was performed using 5.4 and 5.9 keV X-rays emitted by the 
54Mn and 55Fe sources, respectively.  

When muons are stopped in a gas volume, muonic atoms are produced in excited states, 

which decay to the ground state emitting X-rays. Moreover, muons stopping in the walls 

create γ-rays and electrons contributing to the background. More electrons are produced 

as a result of the muon decay. Basically, a free muon decays exponentially with a 

lifetime of 2.197 µs in the laboratory frame.  

The capture of negative muons by the nuclei of gas atoms originates a change on the 

muon decay process. In addition to the gas, muons stopping in the walls are captured by 

heavier atoms (gold, aluminium). The muon lifetime depends on the material where it is 

captured, being shorter for atoms with higher atomic number. For example, the muon 

lifetime in gold is only 75 ns [Suzuki et al. 1987]. Since the target was covered by a thin 
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gold layer, muons that reach the walls are promptly captured and practically no 

electrons are emitted.  

The time spectrum of LAAPD pulses must illustrate the exponential behaviour 

characteristic for muon decay. Since the most part of the obtained pulses result from 

electrons, the time spectrum depends on the ratio between the number of muon stops in 

the gas and in the walls. For gas mixtures, the time spectrum depends also on the 

competition between the different atoms of the mixture for the muon capture and on 

muon transfer.  

Several techniques have been used in order to suppress the background produced by γ-

rays and electrons resulting from muon stops in the walls and from the muon decay 

process [Fernandes et al. 2003B]. One condition for electron background reduction is 

associated with the detection of electrons by the scintillators. Only pulses happening in 

the time-interval between 0.2 and 5.2 µs, relative to the instant of the muon entrance in 

the target, have been considered. The minimum limit (0.2 µs) was chosen because 

electrons resulting from muon capture by gold atoms have a very low probability (about 

12%) of being emitted after 0.2 µs (about 3 muon lifetimes in gold). The background 

associated with pulses resulting from muon capture by other materials, as aluminium, is 

not efficiently suppressed since the muon lifetime is longer in these materials.  

An important condition for electron background reduction consists on requiring delayed 

coincidence between the signal produced by the muon entrance and the signal produced 

by the electrons resulting from muon decay, registered by any pair of scintillators. A 

reduction of the electron background can be obtained by selecting only prompt events. 

Events are considered prompt if they occur in the time interval between -30 and 30 ns 

relative to the muon entrance, which sets the time-zero, and delayed if they take place 

more than 30 ns after the muon entrance.  

The momentum of the muons has to be optimized in order to maximize the number of 

muons stopping in the gas. An optimum value of 31 MeV/c has been obtained for a 

helium target through a simulation program, used as the starting point. To determine the 
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real optimum momentum, a scanning in the vicinity of 31 MeV/c is necessary, 

determining the fraction of muons stopping in the gas for each chosen momentum.  

The momentum can be easily optimized using a gas mixture in the target. In a mixture 

of H2 and CH4, besides muonic hydrogen and muonic carbon (µp, µC) atoms produced 

by direct muon capture, also muon transfer from a µp atom to a carbon atom may occur: 

  pµC Cµp +→+   (Eq. 4.4) 

The production of µC atoms is mostly originated by muon transfer [Schellenberg 1993] 

and the resulting pulses are delayed. By looking at the energy distributions for X-rays 

emitted by µC atoms, the muon momentum can be optimized in order to maximize the 

number of delayed pulses relative to the number of muons that enter the target. A 

scanning in the vicinities of 31 MeV/c was made in multiples of 0.5 MeV/c and the 

energy spectra obtained with the large HPGe detector were registered for delayed events 

in coincidence with electrons resulting from muon decay, detected by plastic 

scintillators. Figure 4.14 shows the energy distributions obtained for a mixture of H2 

and CH4 (4%) for different momentum values (in the 31-32 MeV/c range).  
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Figure 4.14 – Energy spectra of the events registered in the large HPGe detector for a mixture of 

H2 and CH4 (4%), for three values of the muon momentum. Only delayed events in coincidence 

with electrons resulting from muon decay were selected.  
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Figure 4.14 shows the Kα and Kβ lines of muonic carbon atoms (with energies around 

75 and 90 keV). The other lines correspond to heavier muonic atoms produced by muon 

transfer to atoms of the chamber walls. The number of delayed pulses produced in the 

HPGe detector by X-rays emitted by µC atoms, normalized to the number of muons that 

enter the target (registered by the scintillator T1), is higher for 31.5 MeV/c. As a result, 

this is the momentum that maximizes the fraction of muons stopping in the gas. 

Figure 4.15 shows the number of pulses registered in the large HPGe detector, delayed 

and in coincidence with electrons resulting from muon decay, with energies between 20 

and 150 keV, as a function of the muon beam momentum. The number of events is 

normalized to the total number of muons that entered the target. The figure shows that 

the optimum momentum is about 31.5 MeV/c.  
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Figure 4.15 – Number of pulses with energies between 20 and 150 keV, obtained in the large 

HPGe detector, delayed and in coincidence with electrons resulting from muon decay, as a 

function of the muon beam momentum.  

4.3.2. Time response  

Different gases were used in the target: pure gases (hydrogen and helium) and a mixture 

of hydrogen and methane. The same muon beam momentum of 31.5 MeV/c was used.  
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A comparison between the muon lifetimes for each gas can be made by analysing the 

obtained time spectra. Several time distributions were considered, using different 

discrimination techniques of the events.  

Pure gases 

Helium was used as the first gas target. Figure 4.16 shows different time spectra of the 

pulses obtained in photodiodes L1 and L2. The distribution of all detected events (total) 

is considerably different in the two LAAPDs due to the use of different noise 

discrimination levels. The ratio between the number of prompt and delayed events is 

lower for L2, what is attributed to a higher noise discrimination level, leading to a 

partial loss of events of interest. Figure 4.16 also shows the distribution of events with 

energies between 1.5 and 9 keV, which is very similar for both LAAPDs. Since the 

noise level is about 1 keV, the use of that energy range eliminates the events associated 

with noise. However, a large amount of pulses in this energy range corresponds to 

electrons resulting from muon decay. The exponential behaviour seen in the distribution 

of events with energies between 1.5 and 9 keV determines a lifetime of 1.25 µs for both 

photodiodes (the time constant is τ = 1.81 µs). This value corresponds to events 

resulting from muon stops in the gas and walls. The distribution of events with energies 

between 1.5 and 9 keV in coincidence with electrons resulting from muon decay is also 

presented. As expected, in this distribution practically all events are prompt and the 

background characteristic for muon decay is not observed. 

The time spectra of LAAPD pulses have been registered for a hydrogen gas target. The 

distribution of the events with energies between 1.5 and 9 keV is similar for both 

photodiodes, defining 1.27 and 1.29 µs lifetimes for L1 and L2, respectively. These 

values are similar to the ones obtained with helium.  

The majority of events with energies between 1.5 and 9 keV corresponds to electrons 

that deposit part of their energy in the photodiodes. A large amount of electrons are 

produced by muons stopping in the walls and not in the gas, making it difficult to 

compare the muon lifetimes for the two gases (helium and hydrogen). However, the 
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proximity between the lifetimes obtained in the two cases anticipates a small difference 

between the muon lifetimes in the two gases.  
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Figure 4.16 – Time spectra of the pulses obtained in photodiodes L1 and L2 for a helium target. 

Different distributions are represented: all detected events, events with energies between 1.5 and 

9 keV, and events in coincidence with electrons resulting from muon decay (bin = 10 ns).  
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Gas mixtures (H2 and CH4)  

A mixture of H2 and CH4 has also been used in the target. As stated before, a µC atom 

can be produced by direct muon capture or by muon transfer from a µp atom to a carbon 

atom. Thus, the time spectrum depends on the competition between hydrogen and 

carbon atoms for capture of muons and on the muon transfer.  

The µC atoms obtained by direct muon capture are created in excited levels with high 

main quantum number (n), about 14, de-exciting within 1 ns. For states with high n, the 

de-excitation occurs mainly by Auger effect. The transitions between levels with a 

difference of secondary quantum numbers ∆l = -1 are preferred, what tends to populate 

the orbits with l = n-1. For states with lower n the transitions with ∆l = -1 dominate and 

characteristic X-rays are emitted. Events resulting from direct muon capture are prompt.  

Muon transfer may also take place. If a neutral µp atom approaches a carbon atom, the 

muon may be captured originating a µC atom. The lifetime of the µp atoms in the 

ground state (1S) is then determined by three processes:  

1) muon decay: eµ   e  µ νν ++→  

2) creation of a pµp molecule: pµpµpp →+  

3) muon capture by a carbon atom: p(µC) µpC * +→+  

The probability of the two last processes depends strongly on the concentrations of 

carbon and hydrogen in the mixture. Consequently, the lifetime of µp (1S) atoms should 

vary with those concentrations. The µC atoms obtained by muon transfer can be created 

in states with lower n relative to the ones originated by direct capture (n ∼ 14). The 

transfer process to carbon atoms occurs at a rate of 0.95(5)×1011/s [Schellenberg 1993], 

originating delayed events. The time spectrum of the corresponding X-rays has an 

exponential shape.  

The time spectrum of the X-rays emitted in mixtures of H2 and CH4 results from the 

overlap of the peak corresponding to prompt events originated by direct capture and the 

exponential shape resulting from muon transfer.  
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Figure 4.17 shows time distributions of events with energies between 1.5 and 9 keV 

produced in the photodiode L1 for two mixtures of H2 and CH4. The distributions 

include X-ray pulses and electron background. Muon lifetimes of 1.23 and 1.27 µs were 

obtained for CH4 concentrations of 4 and 16%, respectively. These values are of the 

same order as the values obtained for the previous gases (helium and hydrogen) since 

the majority of events corresponds to electron pulses.  
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Figure 4.17 – Time spectra of events with energies between 1.5 and 9 keV, obtained in the 

photodiode L1, for two mixtures of H2 and CH4 with CH4 concentrations of 4 and 16%.  

The time distribution of pulses with energies between 1.5 and 9 keV in coincidence with 

electrons resulting from muon decay was measured for the two mixtures, as shown in 

Figure 4.18. For times above 250 ns, the number of events registered is higher for the 

mixture with 4% of CH4. For a higher CH4 concentration in the mixture the muon 

transfer process is more frequent and as a result the lifetime of µp (1S) atoms is shorter. 

Thus, the events of interest occur predominantly at shorter times and the ratio between 

the number of delayed and prompt events is lower.  
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Figure 4.18 – Time spectra of pulses with energies between 1.5 and 9 keV, in coincidence with 

electrons resulting from muon decay, for mixtures of H2 and CH4 (4 and 16%). 

4.3.3. Energy response 

In the analysis of the energy response of LAAPDs, the use of the small HPGe detector 

is important since it provides a comparison to the LAAPD for X-ray detection. Both 

detect low energy X-rays but, while the HPGe detects X-rays with energies above 3 

keV, the LAAPD is more efficient for low energy X-rays. To compare the performance 

of both detectors, a signal-to-noise ratio sufficiently large is necessary. Helium has been 

chosen as the first gas in the target since X-rays from the K-line of muonic helium 

atoms present energies high enough (8-10 keV) to be distinguished from the noise.  

A comparison between LAAPDs and the HPGe detector can be made using the signal 

produced by 8.2 keV X-rays (Kα line). The counting rate expected in each case depends 

on the solid angle for each detector and on the respective efficiency. For 8.2 keV X-

rays, the LAAPD efficiency is about 30%, being 100% for the HPGe detector. 

However, the solid angle is considerably bigger for the LAAPD due to its larger active 

area and higher proximity to the centre of the target. According to the experimental 
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system geometry, the fraction of solid angle is about 2.5% for the LAAPD and 0.06% 

for the HPGe detector. Consequently, the fraction of 8.2 keV X-rays that reaches the 

detectors is about 10 times higher for the LAAPD. This confirms the peaks obtained in 

the LAAPD by comparison to the HPGe detector.  

Table 4.1 presents the main transitions in the different muonic atoms (µp, µHe, µC) 

obtained and the energy of the corresponding X-rays emitted. 

Table 4.1 – Main transitions in different muonic atoms (µp, µHe, µC) and energy of the 

corresponding X-rays emitted. 

Muonic hydrogen (µp) Muonic helium (µHe) Muonic carbon (µC) 

Line Energy (keV) Line Energy (keV) Line Energy (keV) 

Kα  1.9 Lα  1.52 Nα  2.26 

Kβ 2.25 Lβ 2.05 Nβ 3.48 

Kγ 2.37 Lγ 2.29 Nγ 4.22 

  Lδ 2.43 Nδ 4.70 

  Kα 8.23 Mα 4.88 

  Kβ 9.74 Mβ 7.14 

  Kγ 10.28 Mγ 8.36 

  Kδ   10.48   
 

Helium and hydrogen 

The identification of X-ray peaks in the energy spectra is not possible if all events are 

considered, without any discrimination, due to the high electron background. This 

background can be reduced by considering only prompt events. Furthermore, the 

selection of events in coincidence with the electrons resulting from muon decay results 

in a more effective background reduction, as observed in the energy distributions of the 
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events produced in the LAAPDs by muon interactions in helium and hydrogen targets 

[Fernandes et al. 2003B]. For helium, the X-ray peaks corresponding to the K and L 

lines of µHe atoms are not distinguished from the background and the electronic noise 

in the total distribution, the L-line is reasonably discriminated considering only prompt 

events, while the selection of events in coincidence with the electrons provides the 

identification of the Kα and Kβ peaks. For hydrogen, the background reduction is also 

significant in the distributions of prompt events and the events in coincidence with 

electrons resulting from muon decay (Figure 4 in the paper, page 180).  

The discrimination efficiency for events of interest is significant using the coincidence 

with the electrons resulting from muon decay, what leads to a substantial background 

reduction. In these conditions, the counting rate is nevertheless reduced to about 25%.  

Only distributions of pulses obtained in the photodiode L1 were presented [Fernandes et 

al. 2003B]. The noise discrimination level is higher for L2, causing a partial loss of low 

energy X-ray pulses. For this reason, X-ray peaks corresponding to the L-line of µHe 

atoms are different in the two LAAPDs. The same happens to the K-line of µp atoms, 

which is very different in the two LAAPDs. 

For helium, the L-lines (Lα and Lβ) in the distribution of events in electron coincidence 

were fitted to two Gaussians. The proximity between the Lα line (1.5 keV) and the noise 

level provides a deficient discrimination of that line, while the energy resolution 

obtained for the Lβ line (2 keV) was 30%.  

For hydrogen, the fit of two Gaussians in the region corresponding to the K-line of µp 

atoms determines an energy resolution of 33% for 1.9 keV X-rays. The obtained energy 

resolution is higher than the one required for the muonic hydrogen Lamb shift 

experiment. The resolution may be improved by cooling the photodiodes down to 

temperatures below 0 ºC [Fernandes et al. 2004A,C]. The cooling originates a reduction 

of the noise level due to the significant reduction of the dark current, leading to a better 

separation between the signal and the noise. In this way, the noise discrimination level 

can be reduced, avoiding loss of events of interest.  
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Mixtures of H2 and CH4  

The energy spectra obtained for mixtures of H2 and CH4 were also registered for CH4 

concentrations of 4 and 16% [Fernandes et al. 2003B]. In the resulting distributions, the 

effect of time discrimination of the events is relevant, although the identification of 

some peaks is not obvious since the energies of the involved X-rays (emitted by µp and 

µC atoms) are very close (Table 4.1).  

For the distribution of prompt events and events with electron coincidence, the number 

of X-rays emitted by µC atoms increases with the CH4 concentration, while the K-line 

yield for µp atoms decreases slightly. Since the prompt events result from direct muon 

capture by hydrogen and carbon atoms, the results are in accordance with the relative 

concentration of those atoms in the mixture.  

As stated before, µC atoms produced by muon transfer produce delayed events and the 

ratio between the number of delayed and prompt events is lower for a higher CH4 

concentration in the mixture, as observed by analysing the time spectra. The number of 

X-rays emitted by delayed µC atoms can be determined from time discrimination. In 

Figure 4.19 the energy distribution of delayed events in coincidence with electrons 

resulting from muon decay is presented for CH4 concentrations of 4 and 16%. As 

observed, the number of X-rays from the M and N lines of muonic carbon is higher for 

a 4% fraction of CH4, what is in accordance with the results of the time analysis. 

Therefore, the simultaneous analysis of time and energy spectra leads to the 

discrimination of events resulting from muon stops in the target in order to select the 

events of interest. 

The energy distribution of the electrons that reach the LAAPDs extends by the whole 

region of interest of low energy X-rays emitted by muonic atoms. It was demonstrated 

that the background reduction techniques, based on time discrimination, are very 

efficient. In particular, the selection of events in delayed coincidence with electrons 

resulting from muon decay provides a substantial background reduction. However, the 

technique leads to significant reduction of the acquisition rate, a drawback for low 

counting rate experiments, such as the muonic hydrogen Lamb shift experiment. 
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Figure 4.19 – Energy spectra of delayed pulses in coincidence with electrons resulting from 

muon decay, obtained in the photodiode L1, for H2 and CH4 mixtures with CH4 concentrations 

of 4 and 16%. 

 

4.4. Implementation of the experiment 

Two phases of the muonic hydrogen Lamb shift experiment have already been carried 

out, using different types of avalanche photodiodes as X-ray detectors. The several parts 

of the complex experimental system have been kept working during each phase. Figure 

4.20 shows a photograph of the experimental system used. The working principle of 

each part of the system has been described in section 4.1.  

4.4.1. Phase I (2002) 

The first phase of the experiment was carried out in 2002. The target was filled with 

hydrogen under a pressure of 1.4 mbar, the optimum value for the laser resonance 

experiment. The lifetime of µp (2S) atoms is about 850 ns for 1.4 mbar [Kottmann et al. 
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2003]. Therefore the laser has to be triggered approximately 1 µs after the muon 

entrance in the target. The muon beam line (Figure 4.20) has been optimized and about 

120 muons per second have been obtained in time of flight coincidence of the two 

transmission detectors based on stacks of carbon foils. 

 

Figure 4.20 – Photograph of the experimental system placed in the πE5 area of PSI, showing the 

muon beam line and the solenoid where the detection system has been installed.  

The gas target presents several windows: 30 nm thick Formvar foils for the muon 

entrance, polypropylene foils with 1.5 µm thickness and 18 mm diameter for the X-ray 

detectors, and a CaF2 window for the laser beam entrance. Figure 4.21 shows a 

photograph of the structure holding the target, showing a series of photodiodes and the 

mirrors of the optical cavity. Two series of 6 photodiodes were placed on top and 

bottom of the target, at a vertical distance of only 8 mm relative to the centre of the 

muon beam, while the mirrors of the optical cavity for the laser were placed sideways. 

The mirrors, with 19 cm length and 1.2 cm height, have very high reflectivity (99.97% 

for λ = 6 µm). LAAPDs from API, with 16 mm diameter, were used as X-ray detectors.  
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Figure 4.21 – Photograph of the structure holding the target, showing a series of photodiodes 

underneath the target and the mirrors of the optical cavity sideways. 

Several plastic scintillators were placed around the target in order to detect the electrons 

resulting from muon decay. Figure 4.22 shows a photograph of a section view of the 

solenoid where the detection system was installed, showing the target (in the centre), the 

preamplifiers for LAAPDs (on top and bottom of the target), the cooling system for 

LAAPDs and the plastic scintillators. 

The 12 LAAPDs have been cooled down to -10 ºC in order to improve the energy 

resolution for 1.9 keV X-rays and the signal-to-noise ratio [Fernandes et al. 2004A]. 

Figure 4.23 presents the sum of the energy spectra obtained for all LAAPDs. Three 

different distributions are represented. The distribution of all detected pulses (“total”) 

presents a high background due to the electrons resulting from muon decay. The 

distribution of prompt events, which take place in the time interval from -0.2 to 0.4 µs 

relative to the muon entrance, leads to a reduction of the electron background. However, 

the background is practically eliminated considering only events in delayed coincidence 

with electrons resulting from muon decay (detected by the plastic scintillators). In the 
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distribution of events with electron coincidence, practically only the K-lines of muonic 

hydrogen X-rays are visible.  

 

Figure 4.22 – Photograph of the detection system installed inside the solenoid, showing the 

target, the preamplifiers for LAAPDs and the plastic scintillators. 

The discrimination techniques described have been used before (section 4.3). The 

acquisition efficiency for the electron coincidence discrimination is now considerably 

higher since the solid angle subtended by the scintillators is larger.  

The energy resolution obtained for 1.9 keV X-rays, averaged for all 12 LAAPDs, was 

25%. The time spectrum of events with energies between 1.5 and 2.8 keV is shown in 

Figure 4.24. Two different distributions are presented: all pulses with energies in the 

range 1.5-2.8 keV (“total”) and the pulses in coincidence with electrons resulting from 

muon decay.  
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Figure 4.23 – Energy distributions of the pulses obtained in 12 LAAPDs used in the experiment. 

Different distributions are represented: all detected events (total), prompt events and events in 

delayed coincidence with the electrons resulting from muon decay.  
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Figure 4.24 – Time spectra of the pulses obtained in all 12 LAAPDs, with energies between 1.5 

and 2.8 keV. The distribution of the events in coincidence with electrons resulting from muon 

decay is also presented (bin = 100 ns).  
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Towards the end of the data acquisition time, the laser worked correctly with pulses of 

0.3 mJ energy and a delay time of about 1.4 µs relative to the muon entrance in the 

target. In the time distribution of events with electron coincidence (Figure 4.24), there 

are only 1-2 events per hour (associated with the background) in the interval 1.3-1.5 µs, 

the time interval where the laser-induced signals will take place. Since the counting rate 

expected for the events in coincidence with the laser is 3-4 per hour and the time 

available for the acquisition is short, the laser resonance curve was not obtained.  

4.4.2. Phase II (2003) 

A second phase of the experiment was carried out in 2003. The essential parts of the 

experimental system (muon beam, X-ray detectors and laser system) have been 

improved relative to the 2002 assay. About 300 muons per second, with kinetic energies 

between 3 and 6 keV, were detected in time of flight coincidence by both transmission 

detectors and in anti-coincidence with the D3 scintillator (Figure 4.5).  

The target where the muons interact is 20 cm long and was filled with hydrogen under a 

pressure of 0.6 mbar. The muons that cross the target without interacting are efficiently 

detected by a LYSO (Lutetium Yttrium Orthosilicate) scintillator connected to a gold 

layer. The lifetime of µp (2S) atoms is 1.3 ± 0.2 µs for 0.6 mbar [Pohl et al. 2001B]. 

The gas pressure and the resulting 2S-lifetime are reasonably adjusted to the 1.4 µs 

delay of the laser pulse. The basic difference in the laser system, in comparison to the 

2002 assay, was the use of two excimers in the first stage of the laser system.   

For the LAAPDs used in 2002 the ratio between the sensitive area and the physical area 

required for each LAAPD is relatively small, limiting the solid angle useful for the 

detection of 1.9 keV X-rays. The development of a planar process on the manufacture 

of photodiodes (by RMD) provided the production of squared photodiodes delimited by 

a thin edge of inactive material [Farrell et al. 2000]. In this way, the arrangement of a 

detector with a significantly larger area has been possible. The LAAPDs now used, 

manufactured by RMD, present squared areas of 14×14 mm2. The X-ray detector is 

arranged in two series of 10 LAAPDs placed on top and bottom of the target. Figure 
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4.25 shows the central part of a series of photodiodes. The detector thus formed 

provides an average solid angle of 30% throughout the whole volume for muon stops.  

 

Figure 4.25 – Photograph of the central part of a series of photodiodes composing the X-ray 

detector. The preamplifiers are positioned behind the surface of each LAAPD.  

LAAPDs manufactured by RMD present dark currents relatively high at room 

temperature (2 µA), hindering their use as low energy X-ray detectors. These LAAPDs 

were therefore mounted in aluminium plates with a stabilized temperature of -30 ºC. 

Thus, the dark current is reduced to about 30 nA and its contribution to the energy 

resolution is small. The performance of the LAAPDs from RMD was described in 

Chapter 3 as a function of temperature by comparison with the LAAPDs from API. 

The detection system has been used inside the solenoid for three weeks, operating under 

a 5 T magnetic field without problems, and about 2×107 laser pulses have been 

triggered. The laser has been operated at 15 different wavelengths, corresponding to a 

range of ± 3σ on the uncertainty of the proton radius. The counting rate expected for the 

events in laser resonance is about 2 per hour, while the background rate is lower than 1 

per hour. A careful analysis of the results is still going on, including 106 K-line 

transitions in muonic hydrogen. So far, a valid resonance curve was not obtained. With 

non conclusive results, a new phase of the experiment is foreseen for 2006 or 2007. 
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Abstract

The behaviour of large-area avalanche photodiodes for X-rays, visible and vacuum-ultra-violet (VUV) light detection
in magnetic fields up to 5T is described. For X-rays and visible light detection, the photodiode pulse amplitude and

energy resolution were unaffected from 0 to 5T, demonstrating the insensitivity of this type of detector to strong
magnetic fields. For VUV light detection, however, the photodiode relative pulse amplitude decreases with increasing
magnetic field intensity reaching a reduction of about 24% at 5T, and the energy resolution degrades noticeably with
increasing magnetic field.
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1. Introduction

Recent advances on the development of large-
area avalanche photodiodes (LAAPDs) with high-
er gains and improved spatial uniformity have
prompted intensive studies of their characteristics
for scintillation detection. LAAPDs have been

mostly used as optical photodetectors coupled to
inorganic scintillators for X- and g-ray detection,
substituting for photomultiplier tubes. Applica-
tions include instrumentation for nuclear physics
[1, 2], high–energy physics [3, 4] and medicine
[5, 6]. Additionally, these devices are fairly good
X-ray spectrometers [7, 8] presenting energy resolu-
tions similar to those of proportional counters [8].

More recently, windowless LAAPDs with sensi-
tivity extended to the vacuum-ultra-violet (VUV)
region became commercially available and their
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application as VUV photonsensors for the scintil-
lation light from noble gases and liquids in
positron-emission tomography, X- and g-ray
spectroscopy is under investigation [9–11].

The use of LAAPDs in an experiment to
measure the Lamb-shift of the 2S–2P atomic states
in muonic hydrogen (mp) is being considered [12].
The experiment, to be carried out at the Paul
Scherrer Institute (PSI), Switzerland, in collabora-
tion with nine institutions, consists in obtaining
long-lived mp atoms in the 2S-metastable state by
stopping a low energy m� beam in a small volume
of low-pressure hydrogen in a 5T magnetic field. A
pulsed beam from a tuneable laser induces the 2S–
2P transition in mp and the 1.9-keV X-ray photons
resulting from the 2P–1S de-excitation will be
detected. Measuring the coincidences between the
laser pulse and the 1.9-keV X-rays as a function of
the laser wavelength, the Lamb shift can be
determined. Low counting rates are expected and
the 1.9-keV X-ray background will be reduced by
gating its coincidence with the signal resulting
from the high-energy electron produced by the
subsequent muon decay. The X-ray detector
should be compact and insensitive to a 5T
magnetic field.

The LAAPD can be used in two detector
configurations: as the VUV photosensor of a
xenon gas proportional scintillation counter
(GPSC) [13] or as a direct X-ray detector [8].
The superior signal-to-noise ratio, large-area cap-
ability and energy resolution of a GPSC are
advantages. However, the compactness and win-
dowless design, the simple operation and the use of
much lower biasing high-voltage, for the LAAPD
operation as a direct X-ray detector configuration,
present important advantages in this application.
In both cases, the LAAPD needs to be operated
under intense magnetic fields, up to 5T.

The very small effect of magnetic field on the
operation of the avalanche photodiodes has often
been referred to in the literature [3, 4, 14].
However, detailed experimental results on this
issue are scarce. Also, the experimental results
available from manufacturers have not been
published, to the best of our knowledge. Addi-
tionally, most of the studies with LAAPDs were
carried out for visible light leaving aside the VUV

and X-ray range. It has been proved that some
LAAPD characteristics are different for visible-
and VUV-light detection [15, 16].

In this work we present an experimental study
on the behaviour of LAAPDs under magnetic
fields up to 5T for X-ray, VUV- and visible-light
detection. LAAPDs were used to detect directly
5.4-keV X-rays, to read the scintillation light of a
xenon GPSC and the scintillation light of a CsI
(Tl) scintillation crystal. Detectors mean pulse
amplitudes and energy resolutions were monitored
as a function of the magnetic field. The experiment
was performed in a cryogenic superconducting
solenoid at PSI [17].

2. Experimental set-up

Avalanche photodiodes are compact, mono-
lithic devices made of a silicon p–n junction where
the internal electric field can reach values high
enough to allow electron multiplication by impact
ionisation [14, 18, 19]. When a high voltage is
applied to the photodiode only a small region of
the p-layer in the front part of the diode remains
undepleted—the drift region (Fig. 1). The electric
field in this region is low but in the depleted region
increases with the depth, presenting a maximum
around the p–n junction. An incident photon,
absorbed in the drift region or in the p-depleted
layer, produces electron–hole pairs and the result-
ing electrons are accelerated towards the n+-
contact, undergoing avalanche multiplication due
to the high electric field around the junction.
Charge gains of a few 100 are typical, depending
exponentially on the applied voltage.

The different detector configurations used in
this work are presented in Fig. 2. In all cases,
LAAPDs 16-mm in diameter,1 biased with 1800V,
were used. For each run, ambient temperature
inside the superconducting bore remained at about
201C within 711C and amplitude corrections of
5.4% per 1C were carried out [16]. The thickness of
the LAAPD drift region is about 10 mm, while the
charge-multiplication region begins at a depth of

1Advanced Photonix, Inc., 1240 Avenida Acaso, Camarillo,

CA 93012, USA.
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about 20 mm in the depleted region and has a
thickness of about 20 mm [14].

For direct detection of X-rays with LAAPD an
X-ray beam from a 54Mn radioactive source was
used (Fig. 2a). The X-ray interacts directly in the
Si and the resulting primary electrons are amplified
by the intense electric field around the junction
producing a pulse with amplitude that is, in
average, proportional to the X-ray energy.

For visible-light detection, 835-keV g-rays
emitted from the 54Mn radioactive source were
allowed to interact in a 1� 1� 1-cm3 CsI (Tl)
scintillation crystal, placed above the LAAPD
used to readout the scintillation (wavelength
around 520 nm) produced by each g–ray interac-
tion (Fig. 2b). The pulse amplitude at the LAAPD
output is proportional to the amount of detected
scintillation and, thus, in average to the g-ray
energy.

For VUV-light detection the LAAPD was
placed inside the gas envelope of a driftless GPSC
[13], which has a 1.1-cm thick scintillation region
filled with xenon at 1140mbar (Fig. 2c). The gas
volume is sealed and uses a small getter for gas
purification (SAES St 172). The 12.5-mm-thick, 10-
mm-diameter aluminised Mylar window is main-
tained at �6 kV. A Macor ceramic insulates the
window holder from the detector body. The
LAAPD was positioned just below the anode grid
(80-mm-diameter stainless steel wire with 900-mm
spacing). The anode grid, the photosensor body,
and the detector body were maintained at ground

Fig. 2. Different detector set-ups for LAAPD-detection of X-rays (a), visible-light (b) and VUV-light (c).
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potential. The Macor, the radiation window and
holder and the detector body were vacuum-sealed
using a low-vapour pressure epoxy, while the
photosensor body was vacuum-sealed to the
detector body by compressing an indium gasket.
A 2-mm collimated X-ray beam from a 55Fe
radioactive source was allowed to interact in the
xenon. The electric field inside the detector is
sufficiently high for the primary electrons resulting
from each X-ray interactions to excite but not
ionise the gas atoms along their path towards the
anode grid. In the de-excitation processes VUV
scintillation photons (wavelength around 172 nm)
are emitted and the average amount of scintillation
light detected by the LAAPD is proportional to
the X-ray energy.

The detectors were installed in a black box to
shield from the ambient light. The LAAPD signals
were fed through a low-noise charge preamplifier
(Canberra 2004, with a sensitivity of 45mV/MeV)
to a spectroscopy amplifier and were pulse-height
analysed by a multi-channel analyser. Shaping
time-constants of 0.2, 1 and 2 ms were used in the
main amplifier for X-ray, visible and VUV detection,
respectively: 0.2ms is optimum for X-ray pulses in
the LAAPD; 1ms corresponds to the time character-
istic of the CsI(Tl) scintillation; 2ms corresponds to
the electron drift time in the xenon gas. For pulse-
amplitude and energy resolution measurements the
pulse-height distributions are fitted to a Gaussian
function superimposed on a linear background, from
which the centroid and the full-width at half-
maximum (FWHM) are determined.

Each detector system was placed in a 1-m-long
and 20-cm-bore-diameter superconducting sole-
noid capable of achieving magnetic fields up to
5T, uniform (10�4) over an axial distance of 30 cm
from the centre. The amount of scintillation light
collected in the LAAPD was kept constant during
the experiment for both visible and VUV cases.
Detector pulse amplitude and energy resolution
were monitored as a function of the magnetic field,
varying the magnetic field intensity inside the
solenoid in 1T steps up to 5T. The detector
orientation inside the solenoid was chosen such
that the LAAPD axis was perpendicular to the
magnetic field direction, the most unfavourable
orientation, Fig. 3.

3. Experimental results and discussion

In Fig. 4 we present pulse-height distributions
obtained for each case, and for magnetic fields of 0
and 5T. For the X-ray detection cases (Figs. 4a
and 4c), spectral features include the Cr or the Mn
K-lines, the respective escape peaks and the tail
due to the electronic noise in the low-energy limit.
For the g-ray detection (Fig. 4b) the pulse-height
distribution depicts the peak corresponding to the
full-energy absorption, the Compton continuum
and the electronic noise tail. As shown in Fig. 4,
there is no significant degradation of the obtained
pulse-height distributions with the magnetic field
intensity for the cases of X-rays and visible light
detection with the LAAPD. On the other hand, for
the VUV-scintillation detection, pulse amplitude
reduction above 20% can be observed. In all cases,
the electronic noise tail in the low-energy limit did
not change with the magnetic field.

Figs. 5a and b present the detector relative pulse
amplitude and energy resolution, respectively, as a
function of the magnetic field intensity for the
three different cases. For X-ray and visible-light
detection with the LAAPD, amplitude variations
are less than 1.5%, being within the experimental

LAAPD

Pre-Amplifier

Detection system
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Incident x- or γ-rays

Fig. 3. Schematic of the detector/LAAPD orientation relative

to the electric and magnetic fields in the experimental set-up.
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error. Also, no significant variations of the energy
resolution are observed for these two cases. For
the VUV-light detection with the LAAPD sig-

nificant variations are noticeable: the relative pulse
amplitude decreases gradually with increasing
magnetic field intensity reaching a reduction of

0

10

20

30

40

50

60

0 100 200 300 400 500

Channel number

C
ou

nt
s/

ch
an

ne
l

0 T

5 T

Compton distribution

Photopeak

(b)

CsI(Tl) visible-light detection 

835-keVγ-rays from 
54

Mn source

0

1000

2000

3000

4000

5000

0 200 400 600 800 1000

Channel number

C
ou

nt
s/

ch
an

ne
l

0T

5T

(c)

xenon VUV-light detection

5.9 keV x-rays from 
55

Fe source

0

100

200

300

0 50 100 150 200 250 300
Channel number

C
ou

nt
s/

ch
an

ne
l

B = 0 T

B = 5 T

Direct x-rays detection in the LAAPD
5.4 keV x-rays from 

54
Mn source 

(a)
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24% at 5T, while the detector energy resolution
degrades from 12.9% to 15.1% as the magnetic
field increases from 0 to 5T.

The effect of the magnetic field on the GPSC
scintillation is negligible [20,21]: since the X-ray
beam is well collimated and aligned with the axis,
possible variations in the solid angle subtended by
the LAAPD relative to the region where the
scintillation takes place, due to Lorentz angle
effect [20], are negligible. Thus, the noticeable
influence of the magnetic field has its origin in the
VUV-light detection in the LAAPD. Although the
dependence of the avalanche photodiode ampli-
tude and the respective statistical fluctuations on
the magnetic field is not significant for X-ray and
visible-light detection, it becomes important for

VUV-detection. Since VUV photons interact with-
in the first atomic layers, the effect of the magnetic
field on the photoelectrons and subsequent sec-
ondary electrons diffusion may be responsible for
increased charge carrier losses to the front
electrode with increasing magnetic field. Penetra-
tion depths in Si are about 5 nm and 1 mm for 172-
and 520-nm photons [22], respectively, and 22 mm
for 5.4-keV X-rays [23].

Presently, the LAAPD manufacturing technol-
ogy is well established and quite good reproduci-
bility is obtained. Thus, it is expected that the
observed behaviour for individual LAAPDs are
representative for any of these devices [24,25]. The
response to VUV could be improved if the electric
field intensity in the drift region would be

6

8

10

12

14

16

0 1 2 3 4 5

Magnetic Field (T)

E
ne

rg
y 

R
es

ol
ut

io
n 

(%
)

16

18

20

22

24

26

E
ne

rg
y 

R
es

ol
ut

io
n 

(%
)

Visible light

Xe-VUV light

Direct x-rays

0.7

0.8

0.9

1.0

0 1 2 3 4 5

Magnetic Field (T)

R
el

at
iv

e 
A

m
pl

itu
de

5.9 keV x-rays

Visible light

Xe-VUV light

(a)

(b)

Fig. 5. Relative pulse amplitude (a) and energy resolution (b) for the different detector systems as a function of the magnetic field
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increased. However, this cannot yet be achieved
due to the increase of discharge probability at the
surface [25].

4. Conclusions

We have shown that large-area avalanche
photodiodes can operate in strong magnetic fields
up to 5T with negligible performance degradation
when used for X-ray or visible-light detection.
However, for VUV-light detection a noticeable
degradation in the avalanche photodiode pulse-
amplitude and in the respective statistical fluctua-
tions is observed. The relative pulse amplitude
decreases with increasing magnetic field intensity,
reaching a reduction of 24% at 5T.
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Abstract

Large-area avalanche photodiodes have been investigated as 1.9-keV X-ray detectors for the muonic hydrogen
Lamb-shift experiment. We report experimental tests carried out for evaluation of the avalanche photodiode capabilities
for X-ray detection in the intense radiation and low counting rate environment of experiments with muonic atoms.
Several muonic atoms were used and it was shown that the electronic background of muonic atom X-ray spectra can
be reduced simply by timing the X-ray signal against the gate signal produced by the muon entrance. Furthermore,
the background can be eliminated using coincidences between the X-ray signal and the signal resulting from the
electron due to the muon decay. This coincidence discrimination results, however, in a reduction of the X-ray
detection efficiency.
� 2003 Elsevier B.V. All rights reserved.

Keywords: Lamb shift; Muonic atoms X-ray spectrometry; Avalanche photodiodes

1. Introduction

An experiment to measure the energy difference
between atomic states 2S–2P (Lamb shift) in

� This paper was presented at the 9th Symposium on Total
Reflection X-Ray Fluorescence Analysis and Related Methods,
held in Madeira, Portugal, September 2002, and is published
in the Special Issue of Spectrochimica Acta Part B, dedicated
to that conference.

*Corresponding author. Tel.: q41-26-3009060; fax: q41-
26-3009747.

E-mail address: francoise.mulhauser@unifr.ch
(F. Mulhauser).

muonic hydrogen (mp) is undergoing at the Paul
Scherrer Institute (PSI) w1,2x. The experiment
consists of obtaining long-lived mp atoms in the
2S metastable state by stopping low energy nega-
tive muons (m ) in a small volume of low-y

pressure hydrogen in a 5 T magnetic field. A
pulsed beam from a tunable laser (;6 mm wave-
length) induces the 2S–2P transition in mp. Muon-
ic atoms in the 2P state decay immediately to the
ground state and 1.9-keV X-rays are emitted (Fig.
1). Since the atomic energy levels of muonic
hydrogen are a factor of 186 more energetic than
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Fig. 1. Muonic hydrogen atomic levels, showing the transitions
taking place in the Lamb-shift (DE) experiment.

those of normal hydrogen, according to the ratio
of reduced masses, the transitions in mp lie in the
soft X-ray region.

The 2S–2P energy difference (DE) can be
determined by measuring, as function of the laser
wavelength, the number of coincidences between
the laser pulse and the delayed 1.9-keV photon.
The contribution of the RMS proton charge radius
to the Lamb shift in mp amounts to 2%. Measuring
the Lamb shift to a precision of 30 ppm will allow
us to deduce the RMS proton charge radius with
0.1% accuracy, 20 times more precise than pres-
ently known w3,4x.

The X-ray detector should be compact and
insensitive to a 5 T magnetic field. To achieve the
attended accuracy, we need an energy resolution
of approximately 20% for 1.9-keV X-rays. To
differentiate between prompt X-rays resulting from
the 2P–1S transition of muonic cascade in hydro-
gen and laser-induced delayed events, a time res-
olution better than 100 ns is also necessary.
Large-area avalanche photodiodes (LAAPDs) are
compact, monolithic devices suitable for soft X-
ray spectrometry w5x and can operate in magnetic
fields up to 5 T with negligible performance
degradation w6,7x. They also match the other exper-
imental requirements: they present good time res-
olution and the energy resolution can be reduced
to the desired values because its performance in
X-ray detection can be improved by decreasing
the operating temperature w8x. Therefore, LAAPDs
of 16 mm diameter w9x will be used during the
first run, in SeptemberyOctober 2002. Because
low counting rates are expected, the LAAPD

limited area (200 mm ) is a drawback. However,2

a series of 12 LAAPDs will be used in the final
experiment.

We report experimental tests carried out for
evaluation of the capabilities of LAAPDs in the
detection of muonic atom (mp, mHe, mC) X-rays
in the intense radiation environment of the exper-
iment. The main aim was to verify the ability of
detecting the 1.9-keV X-rays, corresponding to the
2P–1S transition of mp, and to study the possibil-
ities of reducing the huge X-ray spectra back-
ground present on such muonic atom experiments.

2. Experimental setup

The realization of the mp Lamb-shift experiment
requires a very low energy muon beam line.
However, the reported tests were obtained from a
different muon beam line, the mE4 area at PSI.
This beam line was designed to produce muons in
the 30–100 MeVyc momentum range. To opti-
mally stop the muons in our gas volume, we
selected a beam momentum of 31.5 MeVyc.
Before entering the gas chamber, incoming muons
were detected in a 1-mm-thick scintillator.

Fig. 2 shows a schematic muon view of the
target and detectors. The gas chamber
(100=115=50 mm ) is made of 15-mm-thick3

aluminum covered with 5–7 mm gold. Four 10-
mm-thick and 30-mm-diameter aluminized Mylar
windows were installed to allow muons to enter
the chamber and low energy X-rays to reach the
two LAAPDs and the G1 germanium detector.
Since LAAPDs are light sensitive, we chose alu-
minized Mylar in order to prevent the light to
enter the chamber. The thickness was chosen such
as to hold the slight overpressure in the chamber
and to minimize the X-ray absorption. Apart from
the LAAPDs, we used two germanium detectors
to measure X-rays for monitoring purposes. G1 is
a small volume (0.17 cm ) high purity germanium3

detector, suitable for X-ray detection in the 3–25
keV energy range and was essentially used to
monitor if the muons were mainly stopping in the
gas volume. G2 is a larger volume (75 cm ) high3

purity germanium detector, suitable for 70–1500
keV energy range detection and was used to
monitor the number of muons that interact in the
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Fig. 2. Schematic muon view of the experimental system, showing the target and surrounding detectors.

chamber walls. This way, the muon beam momen-
tum was optimized to maximize the muon stops
in the gas and minimize the muon stops in the
walls. No window was necessary in front of the
G2 detector; however, the target wall thickness
was reduced from 15 to 3 mm.

Surrounding the target and the detectors, four
pairs of scintillators (ES Left, ES Right, ES Up,
ES Down) were installed to detect muon decay
electrons. The scintillators have a planar shape and
cover almost all space around the chamber, maxi-
mizing the solid angle for electron detection. Each
scintillator (eight in total) has its own phototube.
Using coincidence signals between two scintillator
plates allows us to discriminate between heavy
charged particles and electrons. Only the last ones
can leave traces in both scintillator plates.

Different gases, such as hydrogen, helium and
a mixture of hydrogen and methane, were used in
our experiments. In all cases, a continuous gas
flow was used.

LAAPDs, 16 mm in diameter, biased with 1800
V, were used to detect the muonic X-rays produced
in the gas. X-rays interact directly in the Si and
the resulting primary electrons are amplified by
the intense electric field around the junction, pro-
ducing a pulse with amplitude that is, in average,
proportional to the X-ray energy.

The LAAPD signals were fed through the Ruth-
erford Appleton Laboratory (RAL) low-noise pre-
amplifier w10x, model 108-A, to a spectroscopy
amplifier and were pulse-height analyzed by a
multi-channel analyzer. The RAL 108-A preampli-
fier is a charge-sensitive thick ceramic board spe-
cially designed to amplify negative input signals
and to give positive output signals. Short shaping
time constants of 100 ns were used in the main
amplifier to achieve an optimum energy resolution.

Only events taking place in coincidence with
the signal given by the scintillator that monitors
the muon entering the gas chamber (which set the
time-zero) were recorded. For each LAAPD event,
energy and time were recorded. Offline analysis
permits any combination of energy and time from
the different detector types to produce spectra.

3. Results and discussion

When muons are stopped in a gas volume,
muonic atoms are produced in an excited state.
Those atoms decay to the ground state and the
subsequent X-rays can be detected. Muon colli-
sions with the chamber walls produce g rays and
electrons, contributing to the background. Addi-
tional delayed electrons are produced in conse-
quence of the muon decay process. The muon
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Fig. 3. Time spectrum for muonic hydrogen X-rays showing
the exponential behavior of the muon decay process.

Fig. 4. Pulse-height distributions obtained with LAAPDs in
two different pure gases. For hydrogen, the 1.89 keV K anda

2.25 keV K mp X-rays are shown. For helium, the 8.23 keVb

K and 9.74 keV K mHe X-rays are visible, as well as thea b

1.52 keV L and 2.05 keV L mHe X-rays. The big ‘bump’a b

above 3 keV is due to electrons depositing energy in the
LAAPD.

lifetime depends on the gas inside the chamber.
The time spectra of LAAPD events show the
exponential behavior characteristic of the muon
decay, as shown in Fig. 3 for muonic hydrogen.
An exponential fit would give the muon lifetime
in the different elements of the target, namely, the
gas and the walls. The muon lifetime in hydrogen
is 2.2 ms w11x.

Since X-rays are produced just after the muon
capture in a pure gas, we distinguish between
prompt and delayed events, corresponding to
events that take place at times shorter and longer
than 30 ns, respectively, in the attempt to reduce
the X-ray background. The value 30 ns was chosen
looking at energy and time spectra. Selecting only
events in the useful energy range (between 1.5
and 2.5 keV in muonic hydrogen) and checking
the corresponding time, almost all events lie within
"30 ns. Fig. 4 presents different pulse-height
distributions obtained with LAAPDs, for hydrogen
and helium gases. The total distribution includes
all events (X-rays and electrons) without any
discrimination, while the prompt one includes only
prompt events (time between "30 ns relative to
muon entrance). The resulting energy spectra from
prompt events present a considerable background
reduction, showing that the time discrimination is
a powerful tool for effective X-ray background
reduction. The background can be almost totally
eliminated if a coincidence between the X-rays in
the LAAPD and the corresponding electrons result-
ing from the muon decay, detected by scintillators

within a 200–5200 ns time range, are further
considered, as seen in the e-coincidence pulse-
height distribution of Fig. 4. K and K mHe X-a b

rays can be efficiently discriminated from the
electron background only when using coincidence
with the muon decay electrons. However, the X-
ray counting rate drops by a factor of approxi-
mately 5 due to the discrimination parameters and
the solid angle for the electron detection.

Fig. 5 depicts the total, prompt and electron-
coincidence X-ray pulse-height distributions for
the H q4%CH and H q16%CH mixtures,2 4 2 4

obtained using the same discrimination timing
parameters as in Fig. 4. For these mixtures, muons
are captured either by hydrogen or carbon atoms.
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Fig. 5. Pulse-height distributions obtained for H q4%CH and2 4

H q16%CH mixtures. In both cases, K and K mp X-rays2 4 a b

were detected, as well as the 4.88 keV M mC X-rays. As seen,a

mC peak intensities are directly dependent on the relative con-
centration of carbon in the mixture.

When hydrogen atoms capture muons, muon trans-
fer to carbon takes place, with a reduced transfer
rate of 0.95(5)=10 ys (relative to liquid hydro-11

gen density) w12x, producing delayed muonic car-
bon (mC) atoms. Again, the e-coincidence spectra
in Fig. 5 show the capability to identify the unique
signature of muonic atom X-rays that allow to
effectively eliminate the background.

4. Conclusions

LAAPDs are alternative detectors for muonic
atom X-ray spectrometry. Its compactness, insen-
sitivity to intense magnetic fields and ionizing
particles and radiation hardness are advantages to
its use in the demanding environment of such
experiments. However, its limited detection effi-

ciency for X-rays with energies above 10 keV may
be a drawback in that case. Effective background
reduction of the X-ray spectrum is achieved by
discriminating the events taking place few tens of
nanosecond after the muon entrance in the cham-
ber. Additionally, the background can be effective-
ly eliminated by further discriminating LAAPD
events establishing its coincidence with the respec-
tive muon decay electrons.
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Conclusions 

 

The studies performed throughout this thesis show that large area avalanche 

photodiodes can be used as X-ray detectors in the low and medium energy range (up to 

about 25 keV for API photodiodes), being compact and robust detectors with simple 

operation and low consumption. These characteristics make the LAAPDs particularly 

useful in X-ray spectrometry applications, such as the laser spectroscopy of muonic 

hydrogen, described in Chapter 4, where LAAPDs are used as 1.9 keV X-ray detectors 

operating under a 5 T magnetic field.  

The operational characteristics of several avalanche photodiodes manufactured by API, 

used as X-ray detectors, have been investigated at room temperature. The energy 

resolution depends significantly on each individual photodiode since the dark current 

varies significantly among different LAAPDs. The minimum energy resolution obtained 

for 5.9 keV X-rays varies between 10 and 18% for the four investigated photodiodes. 

Similarly, the electronic noise associated with each LAAPD, which determines the 

minimum detection limit, depends on the dark current. The minimum detectable energy 

is lower than 1 keV for LAAPDs with inferior dark current. The choice of LAAPDs 

with lower dark current make them useful in applications of low and medium energy X-

ray spectrometry, where an energy resolution better than the one of typical proportional 

counters can be obtained, but still not as good as the one obtained with gas proportional 

scintillation counters. 

The energy linearity of LAAPDs was demonstrated between 1.7 and 25 keV for the 

optimum gain (about 50), corresponding to the minimum energy resolution. There is 

however a small effect of non-linearity due to the spatial charge distribution of the 

electron cloud produced by the local absorption of X-rays, which weakens the localized 

electric field, decreasing the LAAPD gain. This effect increases with energy and gain 

due to higher concentration of produced charges. For gains below 100, the ratio between 

the amplitude of the signals produced by 22.1 and 5.9 keV X-rays changes by less than 
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1%, originating a LAAPD response practically linear for gains close to the optimum 

gain for the related energy range.  

The non-uniformity of the silicon resistivity originates fluctuations of the LAAPD gain, 

depending on the interaction point of each X-ray in the crystal. The effect of spatial 

non-uniformity on the gain has been investigated for different photodiodes. Relative 

standard deviations of 2-3% have been obtained, typical for API avalanche photodiodes. 

The requirement of good uniformity prevents a significant degradation of the energy 

resolution in X-ray detection when the full area of the LAAPD is used.  

The compact structure of the LAAPD and the possibility to detect X-rays with better 

energy resolution constitute advantages comparatively to proportional counters. The 

absence of a window in the LAAPD is important for the detection of low energy X-rays. 

An additional advantage of the LAAPD results from its high counting rate capability, 

making it possible to detect counting rates up to about 104/s without significant 

degradation of the amplitude and energy resolution. On the other hand, its limited area 

and sensitivity to light and temperature are drawbacks.  

The detection of X-rays in a LAAPD originates peaks in the energy spectra with a tail 

towards lower energies due to X-ray interactions in different regions of the photodiode. 

Digital discrimination techniques, based on pulse risetime, have been used in order to 

reduce the background. It was demonstrated that the risetime discrimination leads to the 

elimination of pulses with smaller amplitude which undergo partial amplification in the 

LAAPD, improving the energy resolution and the peak-to-background ratio. In addition, 

the discrimination provides a better separation between signals of interest and the noise 

since the noise pulses present longer risetimes. Nevertheless, a compromise between the 

acquisition efficiency of the X-ray pulses and the noise discrimination threshold is 

necessary. A lower discrimination level causes more dead time, the fraction of time 

required to analyze noise pulses online.  

The strong dependence of the LAAPD gain on temperature makes it necessary to 

control the temperature during the measurements. The LAAPD temperature is stabilized 

using Peltier elements, which provide temperature control with a precision of ± 0.1 ºC. 
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A LAAPD with integrated Peltier cell has been used in order to investigate the LAAPD 

response as a function of temperature. This system provides efficient LAAPD cooling 

down to -5 ºC. For lower temperatures, the electronic noise increases abruptly, 

hindering a good operation of the LAAPD. The study of the characteristics of LAAPDs 

has been extended to a wider temperature range using a cooling system based on liquid 

nitrogen, which provides a LAAPD cooling down to about -40 ºC. The results obtained 

for both cases are in agreement. The relative variation of the gain for 5.9 keV X-rays 

with temperature has found to be about -5% per ºC for the highest gains. This value is 

considerably higher than the one specified by the manufacturer for visible light (relative 

variation of -3% per ºC). 

The significant reduction of the dark current improves the LAAPD performance at low 

temperatures. For the LAAPD with an integrated Peltier cell, energy resolutions of 21.5 

and 13.1% (for 5.9 keV X-rays) have been obtained for temperatures of 35 and 5 ºC, 

while the minimum detectable energy was 2.6 and 0.8 keV, respectively. For the 

LAAPD cooled by liquid nitrogen, minimum energy resolutions of 11, 9.6 and 9.2% 

have been obtained for temperatures of 24, 0 and -40 ºC. The dark current has been 

measured as a function of gain for different temperatures. A linear dependence on gain 

and an exponential one on temperature have been confirmed. The dependence on the 

temperature is responsible for the improvement of the LAAPD performance for low 

temperatures. However, the variations are not significant below 0 ºC. The excess noise 

factor has been also determined, being independent on temperature and varying linearly 

with the gain. The results demonstrate that the dependence of the energy resolution on 

temperature cannot be attributed to the excess noise factor, being mainly determined by 

the dark current, which affects the electronic noise. 

An important application of API LAAPDs is their use as photosensors of ultraviolet 

light with wavelength down to 120 nm. In this way, avalanche photodiodes have been 

used as VUV photosensors in gas proportional scintillation counters and their response 

has been investigated as a function of temperature. The relative gain variation with 

temperature for VUV light is slightly higher than the one demonstrated for X-rays. As a 

result of the dark current variation, the minimum detection limit varies with the 
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temperature. For VUV radiation produced by xenon scintillation (~ 173 nm), the 

minimum number of detectable VUV photons in the LAAPD is 1.3×103 and 0.5×103 for 

temperatures of 25 and -5 ºC, respectively. Moreover, the energy resolution associated 

with the detection of 3.2×104 VUV photons also improves at lower temperatures, 

presenting values of 5.4 and 4.8% for 25 and 5 ºC, respectively. 

The characterization of the LAAPD in light detection, namely the determination of the 

number of detected photons or the number of produced charge carriers, is made by 

comparison with the pulses resulting from X-ray interactions in the LAAPD. Studies of 

the LAAPD non-linearity in X-ray detection, comparatively to VUV-light detection, 

have been carried out in this work for the first time. The results show variations higher 

than the ones stated in the literature for visible light. The gain ratio between 5.9 keV X-

rays and VUV light decreases with the gain, presenting a variation of about 10% for a 

gain of 200 for the argon scintillation (~128 nm), and about 6% for the same gain for 

the xenon scintillation (~173 nm). The gain ratio between 5.9 keV X-rays and visible 

light has also been investigated, presenting significantly lower variations (1 and 0.5% 

for temperatures of 23 and 0 ºC, for a gain of 200). For the optimum gain, the non-

linearity reaches about 3 and 2% for scintillation light of argon and xenon, respectively, 

and less than 0.5% for visible light.  

The previous results show that the non-linearity does not depend only on space charge 

effects associated with high current densities observed for high gains due to local 

absorption of X-rays, but depends also on the type of light considered. The study also 

shows that the ratio between the gains obtained for VUV and visible light increases with 

the gain, what can be attributed to a superior efficiency (relative to the gain) in the 

collection of charge carriers produced by radiation absorbed closer to the LAAPD 

surface, such as VUV photons. 

As VUV-light photons are absorbed superficially, the LAAPD response varies 

significantly with the magnetic field due to partial loss of primary electrons to the dead 

layer at the photodiode entrance. The response in X-ray and visible-light detection has 

demonstrated a small sensitivity to the magnetic field due to the deeper absorption of 

the corresponding photons.  
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The muonic hydrogen Lamb shift experiment requires the use of a 1.9 keV X-ray 

detector capable to operate under a 5 T magnetic field with energy and time responses 

adequate to the objectives of the experiment. LAAPDs have been chosen as the X-ray 

detectors to be used in the experiment due to several factors: 

• They are compact, easy to operate and its response practically does not vary 

with the application of magnetic fields up to 5 T.  

• An energy resolution of about 20% can be obtained if the LAAPDs are 

appropriately selected, with low dark current, and if they are conveniently 

cooled, leading to an additional decrease of the dark current. 

• They present a fast time response, with risetimes of 20-30 ns and a time 

resolution of about 10 ns for 1.9 keV X-rays (for API photodiodes). 

The small detection area of LAAPDs, considered as a disadvantage in comparison with 

gas detectors, is partially compensated by the use of a series of several LAAPDs. This is 

possible since LAAPDs do not need an additional window and, because they are more 

compact, they may be placed closer to the region where muons interact. 

The LAAPD response has found to be adequate to the intense radiation environment of 

the experiment, making it possible to identify efficiently the desired events by the 

discrimination of X-rays produced in the LAAPD in coincidence with muon interactions 

in the target and the subsequent detection of the electrons resulting from muon decay, 

and by the selection of X-rays with the desired energy.  

In the two phases of the experiment, carried out in 2002 and 2003, LAAPDs from API 

and RMD have been used, operating at temperatures of -10 and -30 ºC, respectively. 

Due to their squared shape, photodiodes from RMD provide larger useful detection 

areas. However, their dark current is considerably higher and a better cooling is 

necessary in order to reach the desired performance. For both phases of the experiment, 

the 2S-2P resonance line was not yet found due to the low counting rate for the events 

in resonance with the laser. A new phase of the experiment is expected for 2006 or 

2007. 
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As future perspectives of large area avalanche photodiodes, their application as position 

detectors is pointed out. Moreover, since the LAAPD quantum efficiency is precisely 

known, the use of LAAPDs as a reference for other detectors may be important, 

providing electroluminescence measurements.  
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