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Abstract 

The photodetectors which will read out the scintillation light generated in the lead tungstate crystals in the barrel 
part of the CMS electromagnetic calorimeter are avalanche photodiodes (APDs). Scanning the APD’s active area 
with a collimated light spot, the spatial uniformity of their quantum efficiency and gain has been measured at 
four different operating gains. Details of the APD surface structure are examined by scanning with a fine light 
spot. These details help to explain the difference between the bias voltage for a given gain when the full APD 
area is illuminated and when only the central part is illuminated.  
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1 Introduction 

   The design of the Compact Muon Solenoid (CMS) and the operating conditions at the Large Hadron 
Collider (LHC) require specially developed photodetectors to read out the lead tungstate (PbWO4) crystals in the 
barrel part of the CMS electromagnetic calorimeter (ECAL) [1]. Avalanche photodiodes (APDs) were developed 
for this purpose by Hamamatsu Photonics in close collaboration with CMS .  The APDs have an internal gain 
and an optimized area to cope with the modest light yield of the PbWO4 crystal; their properties are described 
elsewhere [3-7]. 

  Until recently it was difficult to produce APDs with a sensitive area bigger than 1 mm2 due to the 
increasing probability of defects in large dimensions and the resulting low production yield. Technology 
improvements in the last decade have enabled the production of large area APDs [2]. Those which will be used 
in the CMS ECAL have an area of 5x5 mm2.  

  Measurements of the photocurrent as a function of the position of a collimated DC light source across the 
APDs quantify the level of the spatial uniformity of the APD response. Any significant non-uniformity of the 
photodetector response with position will increase the effective excess noise factor of the diode. The 
measurement of the spatial uniformity also provides information about the quality of the production process.  

  In this paper measurements of the spatial uniformity of quantum efficiency and gains are reported in 
Section 3.  Section 4 discusses how the illumination affects the measurement of the bias voltage for a given gain.  

 

2 The set-up for uniformity measurements 

 
The apparatus used to measure the APD uniformity is shown schematically in Figure 1. It consists of a  

 

 
 

Figure 1. Schematic of the apparatus for uniformity measurements. 

 

moveable table with stepping motors mounted on micrometers screws, which move the table along two 
perpendicular directions, each with a range of 10 mm. Specially developed software written with Labview 
controls the stepping motors via a parallel port. LED light is transported to the APD faceplate by an optical fibre 
mounted on the moveable table. The APD is fixed and the collimated light spot of 200 microns diameter scans 
across its faceplate. The software allows the choice of different ways of scanning and variation of the step size as 
a multiple of 2.5 µm. A voltage source (ORTEC 451) was used for the APD bias. The photocurrent was 
determined by measuring the voltage drop across a 1MΩ resistor (0.1% precision) in series with the APD, using 
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a multimeter Keithley 2000. The multimeter and the temperature, measured by a PT 100 temperature probe (Pico 
Technology  0.1 oC precision), were read out through two RS232 ports.  

 

3 APD uniformity at different gains 
 
The uniformity of the responses of a five APDs at different gains have been measured with this apparatus. An 
area of 8x8 mm2 was scanned in a steps of 200 microns, giving in total 1600 measurement points for each APD. 
These measurements were carried out at a temperature of 25 oC, stabilized to ±0.2 oC. Repeated scans at the same 
gain but with different scanning rasters showed reproducibility at the level of ±1 %. Variations at this level may 
be due to light source or residual temperature instabilities. 

The uniformity measured at gain 1 is a measure of the spatial uniformity of the quantum efficiency. 
Figure 2 shows the illuminated current from the APD (Iph) at gain 1, measured with a  200 micron diameter light 
spot from  a blue LED with maximum emission at 480 nm. Applying a cut on the measured currents (Iph>0.75 
nA) selects the currents measured when the light spot was inside the APD photosensitive area.  The variation of 
the current over the APD photosensitive area is shown on the right-hand plot in Figure 2, giving a spatial 
uniformity of the quantum efficiency at about 2 %, which is the level of the measurement’s precision.  

 
Figure 2. The current from an APD measured at gain 1 with an illumination spot of 200 microns diameter and 
scan steps of 200 microns. The plot on the right shows the distribution of the currents over the APD 
photosensitive area. 

Figure 3 shows the uniformity of the APD measured at four different gains (M=50, M=100, M=250 and 
M=490) with the same illumination and scan steps. Figure 4 shows the current distributions over the 
photosensitive area of the APD at the four gains, obtained by applying a cut on the measured currents  (Iph>75 
nA for gain 50, Iph>90 nA for gain 100, Iph>350 nA for gain 250 and Iph>700 nA for gain 490). The mean value 
of the current and the r.m.s. of the distribution over the photosensitive area of 5x5 mm2 are indicated in each 
plot. The r.m.s of the current distribution as a percentage of the mean photocurrent, summarised in Table 1, 
quantifies the level of the spatial non-uniformity of the gain. The r.m.s. non-uniformity measured with the 200 
microns steps at gain 50 (the working gain of the APDs in the CMS ECAL) is 1.8 %, again  comparable to the 
precision of the measurements. At a gain of 100 the non-uniformity is 2.1 %,  also very good. At higher APD 
gains, M=250 and M=490,  significant non-uniformities appear, of 5.8 % and 7.8 %, respectively. 

 

 

 

3 



GAIN (M) )(nAI Ph  )(nA
phIσ  (%)... smr

 

50 81  1.5 1.8 

100 110  2.3 2.1 

250 438  25 5.8 

490 850 66 7.8 

 

Table 1. Average current over the photosensitive area of an APD, its standard deviation and percentage of non-
uniformity, defined as the ratio of the two, at four different gains.  

 

 
 
Figure 3. The current from an APD at four different gains measured with a blue LED (maximum emission at 480 
nm), a spot size of 200 µm and scan steps of 200 µm. The currents do not scale with gain because the 
measurements were done with different light intensities. 
 
 
 

4 



 
 

Figure 4. Distributions of the current over the photosensitive area of an APD shown as isometric plots in Figure 
3.  

The gain is determined by the internal electric field of the APD, which is a function of the applied bias voltage, 
the device structure and doping profile. Inhomogeneities in the electric field in the avalanche region will lead to 
non-uniformities of the gain. The excellent uniformity at gains 50 and 100 indicates a high level of control of the 
doping profile over the APD area, no significant defects in the crystal lattice and a proper design of the device 
structure. Imperfections in the device only become apparent at gains well above the gain (M=50) to be used in 
CMS. 

 

3.1      Discussion  
The noise property of avalanche multiplication processes is characterized by the effective excess noise 

factor (F), defined by F=1+(σM/<M>)2, <M> is the mean gain for single photoelectron and σM is the 
corresponding r.m.s. variation [1]. Generally the excess noise factor accounts for fluctuations due to the random 
nature of the avalanche process, but also for  other variation of the gain. However the spatial non-uniformity of 
the gain can give a contribution to the value of F only if there is a non linear dependence of the excess noise 
factor on gain. The measured value of the excess noise factor for the CMS APD  is F=2.1±0.2 at gain 50 and the 
observed linear rise in F with gain for gains bigger than 20 [4], imply a negligible contribution to F.  

 

4 The correlation between mean gain and the way of illumination 
Most of the APD surface outside of the active area is covered with aluminium. However, there are two small 
regions without aluminium, where the APD is light sensitive but with an unknown response. An understanding 
of the photo-response in these regions is relevant to the determination of the mean gain of the APDs. Figure 5 
shows a photograph of the corner of an APD taken through a microscope. A light sensitive region starts 250 
microns from the active region and is 90 microns wide. After a further 70 microns wide aluminised region a 
second light-sensitive region, the 100 microns wide groove, starts 410 microns from the active area.  The edge of 
the APD also has a narrow exposed strip.  

To understand the APD response in detail over the full surface, it was scanned with a fine light spot at two 
different gains, 1 and 50, with a scan step of 25 microns. Blue LED light was transported to the APD by a single 
mode fibre, 10 microns diameter to give a light spot of approximately 25 microns diameter. The measured 
current of an APD with gain 1 and 50 as a function of the spot position, are shown in Figure 6 over an area 
extending to the edge of the APD. Figure 7 shows the current at the two gains as a function of the spot position 
along a line traversing the APD. The figures for gain 1 show that the first light sensitive region is as sensitive to 
illumination as the active 5 x 5 mm2 part of the APD, and that the exposed groove also has substantial sensitivity 
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to light. In the figures for gain 50 on the other hand, these exposed regions at the edge of the diode are barely 
visible, indicating that there is very little or no amplification of the signal in these regions. Hence with full 
illumination of the diode there is some contribution to the average gain from the exposed edge regions at gain 1, 
that is negligible when the APD is operated with a gain of 50.  

 

 
Figure 5. Photograph of the corner of an APD taken with a microscope 

 

 
Figure 6. The current from an APD at gain 1 (left) and gain 50 (right) measured with a blue LED (peak emission 
at 480 nm) with an illumination spot of 25 microns and scanning step of 25 microns. 

 

 
Figure 7. The measured current at gain 1 (left) and at gain 50 (right) as a function of the light spot position along 
a line traversing an APD. 
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In the determination of the bias voltage for gain 50, we define the current for gain 1 as that observed with a low 
bias voltage, 20V. The voltage for gain 50 is then defined as that which gives 50 times the current observed at  
20V. Since with full illumination the edge regions contribute to the observed current at gain 1 but negligibly at 
gain 50, the determination of the operating voltage at gain 50 gives different results depending on whether the 
edge regions are illuminated or not. A difference of about 3 V in the value of the operating voltage for the mean 
gain 50 was observed when the method of illumination was changed from full illumination to one with the edge 
regions covered by a mask. A simple estimation of gain difference for two methods of illumination at same 
operating voltage can be obtained calculating the effective increase in the photosensitive area which according to 
Figures 5 and 7 is about 10 %. Since the gain sensitivity to the bias voltage variations is 3.3 %/V at gain 50 [4], 
it follows that the expected operating voltage difference for gain 50 is 3 V, in good agreement with the observed 
one. 

 

5. Conclusion 
The APDs have excellent spatial uniformity of the gain and of the quantum efficiency when operated at a gain of 
50, as they will be used in the CMS ECAL detector. This precludes any potential contribution to the excess noise 
factor and indicates very good quality control during their production. 

We have found a non-negligible sensitivity to light in the exposed edge regions of the diode, where there is little 
or no  amplification compared to the operating gain of 50. This sensitivity must be taken into account when 
determining the mean APD response. 
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