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Abstract  

This document discusses electron-optics studies of the pixel-HPD, the photon detector used in LHCb-RICH 
detectors. These studies have been carried out on a production HPD. They provide input parameters to the 
analysis of the 25ns test-beam data. 
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1. Introduction 

The pixel Hybrid Photon Detector (pixel-HPD) is based on a cross-focussing tube design (Fig. 1), de-
magnifying by a factor of ~5 the photo-cathode image onto a small silicon detector array with 256×32 
pixels each 62.5μm×500μm in size. This detector is in turn bump-bonded to a fast, binary readout chip with 
matching pixel electronics integrated inside the vacuum envelope of the tube, which results in a high signal-
to-noise ratio and a limited number of feed-throughs from the tube. The photo-cathode has an active 
diameter of 72 mm, precisely defined by a chromium layer coated on the inner surface of the quartz 
window periphery. For illumination parallel to the tube axis, the lensing effect of the window increases the 
active diameter by ~3 mm. The hexagonal close-packing of the tubes and the tube-to-tube pitch of 89.5mm 
correspond to an overall surface coverage of ~64%. 
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2. HPD electron-optics settings and simulation 

The high active-to-total area fraction of the HPD has been achieved by minimizing the dead space at the 
tube periphery, and by using a cross-focusing electron optics based on a tetrode (4-electrode) structure. The 
4 electrodes are the photo-cathode (at -20kV), the focus electrode, the zoom electrode and the anode (at 
ground). The values of the focus and zoom electrode voltages have been optimized while taking into 
account the following factors: 

• The size of the de-magnified photo-electron image on the pixel detector chip. This image size must be 
~20% smaller than the chip size (16×16mm2) to account for possible magnetic distortion effects (stretch, 
rotation and shift) that can affect the HPD electron-optics in its real environment. 

• The point-spread-function (PSF) or spatial resolution of the electron-optics at the pixel detector level. 
This PSF must not dominate when compared to the intrinsic pixel error and the chromatic and emission 
point errors (appropriately scaled by the de-magnification factor) from the Cherenkov detectors. 

• The system implementation of the high voltage divider chain. This implementation required the use of 
specific high voltage resistor values. 

The optimization was carried out by modelling precisely the electrode structure, calculating the electric 
field distribution and simulating the photo-electron trajectories. The best compromise was found for a focus 
electrode voltage of -19.7kV, and a zoom electrode voltage of -16.4kV. These voltage values deviate from 
the original design values that were optimized for an anode size of 18mm and a magnetic-free environment 
[1]. The corresponding de-magnification function is shown in Figure 2. The standard deviation of the point 
spread function (PSF) at the pixel detector level is simulated to be ~170μm on-axis and ~200μm at 30mm 
cathode radius. These estimates assume a photon energy of 4eV (λ≅310nm). A simple model is used for the 
photo-electron emission process at the photo-cathode in which a Lambert angular distribution and a 
Maxwell velocity spectrum are assumed. This velocity spectrum extends from zero up to the difference 
between the photon energy and the photoelectric threshold (work function) of the multi-alkali photo-
cathode. This threshold is estimated to be 1.5eV (λ≅830nm) from the measured photo-cathode quantum 
efficiency. 
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3. Imaging properties 

The imaging properties of a production HPD tube have been precisely measured following a protocol 
already described elsewhere [1-2]. The tube is supplied using a high voltage resistive bleeder chain 
providing the optimized voltage values (see previous section). A DC blue LED source is mounted on a XY 
translation table system with micrometric precision. The LED peak wavelength is 460nm (E ≅ 2.7eV). The 
source is 60mm from the quartz window of the tube. A cylindrical collimator (20 mm long, 200μm in 
diameter) limited the source divergence to ~5 mrad, resulting in a light disk ~600μm FWHM on the 
window axis. The translation tables were moved over the full active diameter of the tube (75 mm), along the 
direction normal to the pixel size of 62.5μm in order to use the best pixel spatial precision available. The 
readout mode of the pixel chip was in this case changed accordingly to the ALICE mode [1] in order to read 
out all of the 256×32 small rectangular pixels. 

The result of the scan is shown in Figure 3, together with the simulated design points. Each translation table 
position has been assigned a spatial coordinate xt relative to the tube axis, following an appropriate 
calibration to locate precisely the position of this axis. Since the entrance face of the window is spherical, a 
refraction effect occurs off-axis, and the resulting spatial coordinate on the photo-cathode, xc, is smaller. 
For a collimated light beam parallel to the tube axis, the relation between xt and xc can be calculated 
analytically. The coordinate xc corresponds to the horizontal axis on the figure. The arrival points of the 
photoelectrons on the silicon pixel detector are denoted xp. This coordinate corresponds to the vertical axis 
of Figure 3. More precisely, xp was determined by fitting the pixel cluster, created by the light spot image, 
with a 2-dimensional Gaussian function. The first centre coordinate of the Gaussian is xp. The experimental 
values are in good agreement with the design curve, except for radial cathode coordinates larger than 25mm 
where a slight deviation is visible. 

Because of the cross-focusing design of the electron optics, the de-magnification function can be modelled 
as a 2nd or 3rd degree polynomial: 

rp = α.rc + β.rc
2 (+ γ.rc

3) (1) 

α is the linear de-magnification and β, γ are related to the edge, or barrel, distortion. The radial cathode and 
pixel coordinates rc and rp are expressed in mm. The values for α, β and γ, obtained by fitting the simulated 
and experimental de-magnification points using relation (1), are listed in Table 1.  

In order to estimate the PSF value, the standard deviation σxp of the 2-dimensional Gaussian fit to the light 
spot is used. This is shown on Figure 4 as a function of the photo-cathode coordinate. There are three 
contributions to this standard deviation: the LED finite spot size on the pixel detector, slowly increasing 
with the radial coordinate (~600μm×0.187/2.355≅48μm on the tube axis), the small pixel size 
(~62.5μm/√12≅18μm), and the PSF standard deviation per se. Figure 4 shows the sum in quadrature of all 
three contributions. The full line represents a fit to the data points using a parabolic behaviour symmetric 
about the tube axis, ie a photo-cathode coordinate equal to zero. Deviations from this fit are observed at 
regular intervals, in particular for positive photo-cathode coordinates. They are attributed to quantization 
effects due to the finite pixel size. From the parabolic fitting function, the PSF standard deviation is 
calculated to be ~150μm on the tube axis, a value in good agreement with the estimates from simulation. 
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4. Estimated imaging properties in the 25ns test-beam system 

The previous sections have shown a good agreement between the simulated and measured de-magnification 
properties of the HPD electron-optics. These properties are valid for a single HPD supplied with the 
nominal voltages. Various constraints in the integration process of HPD’s in their final RICH detector 
environment demanded the addition of redundant high-voltage resistive bleeder chains, and the 
implementation of monitoring lines. The addition of both of these components resulted in a slight change 
with respect to the nominal voltage values. These nominal and modified voltage values are listed in Table 2. 

As shown in Figure 5, these changes altered the de-magnification function of the HPD, resulting in a 
slightly larger photo-cathode image on the pixel detector. The corresponding changes in the 
parameterization are listed in Table 3. 

The modified values as listed in Table 3 are those applicable for the 25ns test beam system. These values 
are appropriate only in the absence of any external magnetic field. A different electron-optics behaviour is 
expected when HPD’s are installed in their final location in the LHCb-RICH detectors. In position, the 
HPD’s will be subjected to the stray magnetic field of the LHCb dipole magnet. This will have the 
consequence of distorting and possibly blurring the photo-electron images. Corrections for these effects will 
be required and will be carried out by dedicated in-situ mapping systems. 



Electron-optics studies of the LHCb-RICH pixel-Hybrid Photon Detector Reference:  LHCb RICH 2007-134 
LHCb Technical Note  Revision:  1 
Issue:  1 Last modified:  2nd November 2007 
Figures 
 

  page  5 

5. Figures 

 

 

Figure 1. Design of the pixel-HPD tube. 
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Figure 2. Simulated de-magnification function of the HPD-tube electron optics (black 
squares). The full curve is a 3rd degree polynomial fit to the simulated points. 
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Figure 3. Measured de-magnification function of the HPD-tube electron optics (black 
dots). The full curve is a 3rd degree polynomial fit to the experimental data points. The 
triangles refer to the simulated values. 
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Figure 4. Measured light spot standard deviation (black dots). The full line is a 
parabolic fit to the experimental data points. 
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Figure 5. Simulated de-magnification function of the HPD-tube electron optics for the 
nominal (black squares) and modified (red triangles) voltage values. The full curves are 
3rd degree polynomial fits to the simulated points. 
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6. Tables 

Coefficients  Polynomial degree 

α β γ 

Simulation 0.1960 -0.6367E-03 Not applicable 

Data 

2 

0.1824 -0.1562E-04 Not applicable 

Simulation 0.1869 0.1960E-03 -0.1663E-04 

Data 

3 

0.1867 -0.1260E-04 -0.4919E-05 

 

Table 1. Polynomial fit coefficients for simulated and measured de-magnification functions. 

 

Electrode voltages [kV]  

Photo-cathode Focus electrode Zoom electrode Anode 

Nominal -20.000 -19.700 -16.417 0.000 

Modified -20.000 -19.714 -16.478 0.000 

 

Table 2. Nominal and modified high voltage values used to supply the HPD tubes. 

 

Coefficients Voltage 
values 

Polynomial degree 

α β γ 

Nominal 0.1960 -0.6367E-03 Not applicable 

Modified 

2 

0.1975 -0.6052E-03 Not applicable 

Nominal 0.1869 0.1960E-03 -0.1663E-04 

Modified 

3 

0.1873 0.3215E-03 -0.1846E-04 

 

Table 3. Polynomial fit coefficients for the simulated de-magnification function and for nominal and 
modified supply voltages. 
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