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ABSTRACT

The design of the photomultiplier bases for the surface detectors of the Pierre Auger Observatory is
presented. The bleeder is purely resistive. The base comprises two outputs: one from the anode, and
ancther one from the last dynode followed by an amplifier. The charge ratio between the anode and
the amplified dynode is around 30. The design ensures alow consumption (less than 100 pA at 2 kV),
a stability of the gain and of the base line during the whole period of measurement (20 ps per event)
and for the whole dynamic range (max. 1 to 3 10* in amplitude). First measurements with a prototype
base on the Hamamatsu R5912 photomultiplier tube are presented.

1. INTRODUCTION

The surface detectors of the Pierre Auger Observatory [1] are designed to measure particle showers created
by cosmic rays with energies of up to 10** eV. The surface array is composed of 1,600 Cerenkov water tanks
placed on a grid with a spacing of 1.5 km. The ground particles of the shower (mainly photons, e ectrons and
muons) are detected through the emission of the Cerenkov light induced by these particles in the water. The
Cerenkov light is detected by three photomultiplier tubes (PMTs) placed on the top of each tank. The PMTs
have to measure signals over a wide dynamic range of amplitude and charge because of the large variation of
the particle density with the primary energy and the distance between the shower core and the tank [2].
Since the surface detectors are supplied with solar cell batteries, the PMT bases have to fulfill stringent con-
straints on the power consumption.

This document briefly presents the requirements that guided and constrainted the base design. A description
of the base with justifications of the technica choices, and the results of the first measurements with a base
prototype are also presented.

2. REQUIREMENTS

Based on the shower smulations of Ref. [2], the largest signals to be considered correspond to a peak photo-
cathode current ixmax Of around 300 nA, a 10-90 % rise time of around 100 ns, a 90-10 % fall time of around
500 ns, for atotal charge of 6 10° photoelectrons. The minimal signal to be measured is that of afew photo-
dectrons. The smulations and measurements on a tank [3] show that the average of a single muon signal has
an exponential shape with a decay time constant of around 50 ns and a number of photoel ectrons around 30.
The rate of events in a tank is around 2kHz, coming mainly from individual muons. As a consequence, the
mean photocathode current is very low: 10 fA.
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The maximum signal to handle and the expected limit of the PMT linearity (60 mA) lead to a standard oper-

aing gain of Z 10°. In the PM T specifications, the operation mode is required to be extended to 10° in order

to have more flexibility in the adjustment of the dynamic range. With the standard gain of 2 10° the average

amplitude for a single photoelectron anode signa on a 50 W impedance is around 200 pV (for a standard

pulse shape with a 10 ns FWHM). In order to ensure a good signal to noise ratio after the transmission
through the cables to the front-end electronics, aloca amplification is mandatory.

The PMT cathodes are placed near the water and therefore the PM Ts have to be supplied with apostive high
voltage. The maximum high voltage will be 2 kV and has to be provided locdly from a module powered
with a+12 V DC. The power for the amplifiers is taken from +3.3 and -3.3 V regulated supplies. The tota
power budget for one PMT base is limited to 500 mW i.e. 1.5 mW per tank. The specifications for the high
voltage supplies are given in gppendix A.

3. BASE DESIGN

In order to match the dynamic range, the PMT base has two outputs. one from the anode, and the other one
from an amplifier connected to the last dynode. The final choice of the PMT is foreseen on summer 2001.
Three companies are ddivering prototypes. R5912-MOD (8 dynodes) by Hamamatsu, XP1805 (8 dynodes)
by Photonis, and D731 (10 dynodes) by ETL. The principle of the base design is the same for the different
kinds of PMTs. The mgor change between the different bases is the voltage distribution that is given by the
constructors. The parameters that determine the design are the gain and the base line stahility during the oc-
curence of large pulses. We have made bases for two of the prototypes delivered for the Engineering Array:
Photonis XP1802 (11 stages) and the Hamamatsu R5912 (10 stages). The design presented here concerns the
R5912.

3.1 Description

The schematics of the base is presented in Figure 1. The design relies only on resistors and capacitors. The
voltage distribution on the eectrodes of the PMT is tapered in order to improve the linearity of the
PMT [4-6]. The signa pickup of the last dynode relies on the standard scheme [4], but with a higher value
for the isolation resistance Ry, which will be justified below.

B. Genaolini et d.
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Figure 1 Schematics of the base developped for the R5912. Decoupling capacitors have a semi-parallel geometry to facilitate the
implementation on the printed circuit board. Damping resistors (Rox) are placed on the last stages to reduce the ringingduetotheparastic
inductances of the PMT inner leads.

For our tests the bias current was chosen to be 60 pA at the operating gain. This value is considerably larger
than the standard recommandations (bias current greater than 100 times the anode current at al the operating
gains and taking into account the voltage dispersion [4, 5]). However an important reduction of the bias cur-
rent would mean to use resistances above 10 MW to define the dynode potentials. At this order of magnitude,
the circuit is more sengtive to leakage currents that would create non negligible fluctuations of the dynode
potentials and there is less choice in the values of components.

3.2 Gain stability

The gain is determined by the vaue of each dynode potential, whose variations depend mainly on the current
pulses that flow through the base components. The equivalent model for the base in pulse mode is presented
in Figure 2. Using the standard formulae [4, 5], the relative gain variation g, associated to the k-th dynode (k
ranging from 1 to N, where N is the number of dynodes) for a smal relative variation of the potentia Vi of
this dynode can be calculated from the logarithmic derivatives:

dgk:a av, (1)

g, \2
where a can be considered as constant for all the stages. Depending on the PMT, a ranges from 0.6 to 0.8
[4, 5]. As a consequence, if the relative voltage variation is the same for N stages (e.g. a variation of the high
voltage supply), the globa relative variation will be N times the variation on a single stage, since the tota
gain isthe product of dl the intermediate gains g.
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Figure 2 Equivalent model for the main current pathes in pulse mode. The amplifier is represented by its input impedance Zn.

At the maximum current of 60 mA, the anode potential variation is due to the current pulse crossing the im-
pedance of the cable R, and is 3 V a maximum. This value is less than 5 % of the nominal potentia differ-
ence ketween the anode and the last dynode, and should have a negligible impact on the gain. The voltage
drop due to the total charge of the greatest pulses crossing the capacitor Cc is less than 300 mV, due to the
large value of this capacitor. The effect of the anode current has a minor impact on the PMT gain, since the
anode is a non-amplificating electrode, and because it is isolated from the dynodes by the isolation resistance
R.

The current of the last dynode crosses the damping resistance Ry (50 W), the coupling capacitance Ccy and
the impedance of the amplifier, represented by Z . The main voltage variation is due to the peak current
through the whole impedance (Ron + Z.y in pulse mode), which is around 70 W for the largest pulses because
Z, is reduced to around 20 W by the protection at the input of the amplifier (see below). A small part of the
last dynode current flows through the isolation resistance Ry and is evacuated through the capacitors Cp
and C:. It results in neglible potentid variations in the voltage divider. As a consequence, even if the voltage
variation on the last dynode is estimated to 3V, a caculation using formula (1) leads to an estimate of again
variation less than 1 %.

For the pulses coming from the other dynodes, the path of the pulses depend on the position of the dynode:
for the first dynodes, the pulses go to the ground via the parasitic capacitances which have an order of
magnitude of 1pF. The voltage variation, caused mainly by the charge variation on these capacitances, is
negligible for the these stages. Concerning the last stages, the pulses cross the decoupling capacitors (see
Figure 1) and the capacitor of the voltage supply filter Cr. The filter resistance R- ensures that a negligible
reverse current goes through the high voltage supply. With values of 20 nF for the decoupling capacitors, and
10 nF for the filter capacitor, calculations using formula (1) show that the voltage variations that are due to
the largest pulses have a negligible impact on the gain (less than 1 %).

3.3 Baseline stability

After each pulse, there is arecovery process that compensates the charge variations in the capacitors. Theas-
sociated currents that cross the readout impedances are responsible for the base line variations. A model pre-
senting the main recovery currents is shown in Figure 3. The limitation of these currents is achieved through
large time constants.

B. Genaolini et d.
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Figure 3 Model for the main current pathes in the base during the recovery of the capacitors

The refilling time of the anode coupling capacitor Cc ismainly determined by R and R: and the capacitances
Cc and C:. Thisyields time congstants around 2 ms and a base line variation for the largest pulses less than
0.5 mV. Due to the gain of the amplifier, the recovery current of the coupling capacitance of the last dynode
Ccn has alarger influence on the base line. The recovery process has two time constants: the first one to fill
the Cr capacitor (loop made by Ccn, R, Cn, Cr), and the second one to empty this capacitor through the
whole resistance of the divider. This leads to a time constant of the second process which is seven times
greater than the first one. With the current design, the base line variation is 20 mV for the largest pulses with
a vaue of 100 KWon Ry. The value of Ry should be increased to limit the base line variations to 2 mV on
the largest pulses. However, the pulses to consider on the dynode output have a charge at least ten times
lower which would lead to a base line fluctuation less than 2mV.

3.4 Amplification of the dynode signal

The desired charge ratio between the two outputs of the base is around 30. The gain of the amplifier must
take into account the following relationship between the anode current i, and the last dynode current ipy:

14

lon =8~ — 4

Oy g
where gy is the gain of the last dynode [4, 5]. With the vaues given by the constructor gy is around 3. There-
fore ipny isaround 0.7 . To get acharge ratio of 30 between the two outputs, the transimpedance of the am-
plifier must be around 2 10° V.A™.

The schematics of the amplifier is presented in Figure 4. It comprises two stages, based on the same opera-
tional amplifier, the AD 8011. The transmpedance of the first stage is -Rr;. According to the constructor
recommendations, the value of R:; (500 W) is the minima vaue alowed to operate with the largest band-
width. The capacitors Cr; and Cr, have the minimal value recommended by the constructors (1 pF) to stabi-
lize the amplifier. Capacitors C ; and C,, are needed to suppress the offset of the amplifiers. The base line
variation induced by the differentiation is limited by using large values for these capacitors (4.7 uF). A limi-
tation of the current at then input amplfier is achieved by diodes (circuit BAS70-04). The maximum current
is14 mA, determined by the threshold of the diode (0.7 V) and the input resistor Rs; (50 W).

B. Genaolini et d.
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Figure 4 Schematics of the dynode amplifier.

3.5 About the possible use of transistors

Due to the very low counting rate and average current, the use of transistors in the base is not necessary.
N type transistors (NPN or NMOS) are typically used to stabilize the dynode potentials when it is necessary
to work with an important average current [4-7]. They are put in parallel with the decoupling capacitors, on
the last stages. In case of applications with a high counting rate, these transistors may reduce the refilling
time of the decoupling capacitors by a factor greater than 10 [8, 9]. The only interest of transistors would
have been to help the evacuation of the charge of pulses, working as common base (or common gate) ampli-
fiers. With an architecture relying on N type transistors on the last stages, this could not work because this
would mean a reverse current through the N-type transistors much greater than the bias current. Therefore,
we would have to use a fully P-type (PNP or PMOS) transistorized base. However the existing PMOS tran-
sistors that could produce a sufficiently high current need a relatively important bias currert, or have band-
width limitations. The other drawback of such a design is the cost and the reliability in comparison with a
purely resigtive base.

4. FIRST RESULTS

First results were obtained on the Hamamatsu R5912 10 stage PMT. All the measurements were performed
with a Tektronix TDS 580D digitizing oscilloscope, sampling the signals with an equivaent 9bit flash ADC
a a maximum sampling rate of 4 GSPS. The base was operated with a bias current of 58 HA and with ahigh
voltage of 1000 V. The gain of the PMT was 2.7 10°. The calibration was performed with a LED pulsed by
a 3ns FWHM wide signal. The single electron signals on the anode have an amplitude of around 3 mV and
a FWHM around 6 ns. The histograms of single eectron response on the two outputs of the base are pre-
sented in Figure 5. Theratio in charge measured on the two outputsis 32.

B. Genaolini et d.
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Figure 5 Single electron response for the Hamamatsu R5912 with the base prototype. The measurements were performed with a digitizing
oscilloscope. The signals were digitized over a 125 ns window comprising 500 points.

The LED was aso used to check the linearity between the anode and the dynode outputs. The results are pre-
sented in Figure 6. A good linearity is observed between the anode and the dynode up to the saturation of the
amplifier which occurs a 1.2V. A non linearity is observed & the same level for the charge. In the linear
range, the charge ratio between the two outputs is 33. The limit of the linear range on the dynode is 2 10°
electrons. The amplitude ratio between the two outputs is only 28 because of the integration performed by
the dynode amplifier.
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Figure 6 Linearity measured on a R5912 PMT operated at a gain of 2.7" 10°. Correlation between the charge measured on the dynode and

the charge measured on the anode with a digitizing oscilloscope. The signals were digitized over a 125 nswindow comprising 500 points

This plot is the collection of measurements with several values on the command corresponding to 1.5, 8, and 21 photoelectronsin average.
This low number of photoel ectrons leads to a charge dispersion which allow to cover the dynamic range.

A second set of measurements was performed to test the behavior of the dynode output after the saturation. A
337 nm Nitrogen laser exciting a CsI(Tl) cristal was used. A filter was placed between the cistal and the

B. Genaolini et d.
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PMT to attenuate the fast laser light and to measure on long time ranges [10]. The measurements, presented
in Figure 7, show the short recovery of the amplifier after a saturation of 5 timesiits linear limit.
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Figure 7 Comparison of the anode and dynode outputs with and without saturation of the dynode amplifier. The PMT isa Hamamatsu R5912
working at a gain of 2.7 10°. The sampling rateis 1 GSPS.

5. CONCLUSION

A purely resistive low power base has been designed. It comprises two outputs: direct anode and last dynode
through an amplifer. The charge ratio between the two outputs is around 32. The measurements performed
with a prototype show a good linearity between the two outputs and a short recovery time of the amplifier af-
ter the saturation which occurs at 1.2'V. In the future, other low-power amplifiers will be considered in order
to increase the saturation limit.
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APPENDIX A:
HIGH VOLTAGE SPECIFICATIONS

Input voltage +12V

Output voltage +2 kv

Output current used bias current: 100 LA max

Tota power consumption < 500 mW, including the output current, the losses and the monitoring

Ripple Better than 2 10°full load

Stability Better than 10*/°C

Remote programing andog (0to +2.5V)

Monitor voltage analog (0to +5 V)

Protection - sho.rt Ci rcuit_ qnd arc protected
- agang humidity

Temperature range - operating: 0to 60°C

- sorage: -10to 70°C

very low EMI/RFI emission

Elect eti ati bili
romagnetic compatibility - one-piece shielding with several connections to the ground

Rdiahility The system has to work continuously for more than 10 years

B. Genaolini et d.
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