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Abstract 

The new lead/scintillating-fibre calorimeter (“SpaCal”) for the backward region of the Hl experiment at HERA 

(DESY) is equipped with fine mesh phototubes which operate in a magnetic field close to 1 T. A large sample of these 

tubes of the types Hamamatsu R5505 and R5506, and Hamamatsu R2490-06, have been tested in fields of up to 1.2T. We 

have investigated the cathode homogeneity with and without magnetic field, the gain loss under the influence of the 

magnetic field, and stability with time. For a subsample of tubes, we have performed additional studies on stability with 

respect to temperature changes, variation of gain as a function of the magnetic field, high voltage discharges, single 

photo-electron response, and linearity. We finally summarize the experience with these tubes after one year of operation 

in the experiment. 0 1998 Elsevier Science B.V. All rights reserved. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1. Introduction 

The storage ring HERA at DESY where posit- 

rons of 27.5 GeV collide with protons of 820 GeV is 

devoted to the investigation of deep inelastic scat- 

tering (DIS) processes, with the main emphasis on 

the high Qz regime. Recently, the low XBjorken region 

attracted growing interest which led to the re-de- 

sign of the “backward” (with respect to the proton 

direction) region of the Hl detector. In order to 

ensure a precise measurement of the scattered 

positron’s energy and momentum vector, the old 

backward electromagnetic calorimeter BEMC [l], 

a coarsely segmented lead/scintillator sandwich 

calorimeter, was replaced by a new finely seg- 

mented lead/scintillating-fibre calorimeter (“SpaCal”) 

consisting of an electromagnetic and a hadronic 

’ Supported by GA CR, grant no. 20219312423, GA AV CR, 

grant no. 19095 and GA UK, grant no. 342. 

8Supported by the Polish State Committee for Scientific 

Research, grant No. 204209101. 

9 Supported by the Swedish Natural Science Council. 

section which covers a larger angular range than 

the BEMC [2-4]. In addition, the former Back- 

ward Proportional Chamber (BPC) was replaced 

by a Backward Drift Chamber (BDC). While the 

BEMC was read out via photodiodes, the new 

calorimeter uses photomultipliers so that the noise 

level is much lower and the timing resolution is 

considerably improved. 

The new calorimeter covers the polar angular 

range from 153” to 177.5”. The polar angle is mea- 

sured w.r.t. the proton beam direction so that large 

polar angles indicate small physical scattering 

angles of the positron. 

The electromagnetic section of the SpaCal [2-41 

is 28 radiation lengths deep. It is segmented into 

1192 cells with a cross-section of 40.5.40.5mm’. 

Each cell is read out by a 1” photomultiplier. The 

scintillating fibres exiting a single calorimeter mod- 

ule are bundled and glued onto a plexiglass light 

mixer which in turn is glued onto the cathode 

window of the phototube. Two cells form a “sub- 

module” which is the smallest construction unit of 

the calorimeter. Eight submodules form one square 
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shaped “supermodule”; the supermodules form the 

logical units of the SpaCal. 

The hadronic section [S], placed behind the elec- 

tromagnetic one, is 1.1 nuclear interaction lengths 

deep. Its segmentation is coarser: it consists of 128 

cells with a cross-section of 119.3.119 mm’. This 

choice of cross-section is matched to the transverse 

size of hadronic showers. Each cell is read out by 

a 2” phototube. 

Using phototubes for the light read-out circum- 

vents the noise problem connected with the use of 

photodiodes and their preamplifier. The detection 

of minimum ionizing particles (MIPS) becomes pos- 

sible, and the separation of electromagnetically in- 

teracting particles from hadrons is significantly 

improved. For operation in high magnetic fields, 

however, there exists only a limited choice of tubes. 

We have chosen Hamamatsu phototubes with “fine 

mesh” dynodes oriented perpendicular to the tube 

axis. 

The paper is organized as follows: after a descrip- 

tion of the fine mesh phototubes, we will describe 

the experimental set-ups for test measurements 

with and without magnetic field and discuss their 

results. 

Based on investigations made with a selection of 

tubes, we will further discuss some special aspects 

such as the influence of temperature changes, the 

variation of gain as a function of the magnetic field, 

the occurrence of high voltage discharge effects 

(“sparking”), the single photo-electron response, 

and linearity for various operating currents. We 

will finally review the first year of running in 

SpaCal under real operating conditions. 

2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHamamatsu “fine mesh” phototubes 

Specially constructed phototubes are needed 

for operation in high magnetic field environments. 

A suitable choice is the “proximity fine mesh 

dynode” tube from Hamamatsu Photonics [6]. 

Its main feature is the tight arrangement of dynodes 

which consist of fine gratings with “meshes”: 

a stack of 15 or 16 dynodes with an inter-dynode 

distance of roughly half a millimeter are oriented 

perpendicular to the tube axis. If the tube is aligned 

with the magnetic field, secondary electrons emitted 

from a dynode stage and accelerated towards the 

next one, drift with no or only a small velocity 

component perpendicular to the magnetic field. 

Thus, Lorentz forces are low and cause only a lim- 

ited perturbation of electron trajectories which 

maintains a substantial gain even in strong mag- 

netic fields. The origin of gain variations as a 

function of the magnetic field applied is dicussed in 

Ref. [7]. 

Due to the grid structure, some of the electrons 

accelerated between mesh dynodes get lost before 

they can reach the anode. This can be described by 

a geometrical transmission factor c1 of the tubes 

which is about 0.45. This value follows roughly 

from the geometrical conditions: the grid bar struc- 

ture has a width of 6 pm while the mesh hole dia- 

meter is 12pm. The parameter a influences the 

voltage dependence of the phototube’s gain which 

is of the form 

G(U) cc (U - U,,)an. 

Here, G is the gain as a function of the voltage U; 

U0 is a parameter close to 0 V, and n is the number 

of dynode stages [S,9]. 

The phototubes chosen for the SpaCal electro- 

magnetic section are the Hamamatsu R5505 and 

R5506 tubes. They have a cathode diameter of 

roughly 1” (2.54cm) and will be labelled 1” tubes. 

The tubes for the hadronic section are of the type 

Hamamatsu R2490-06. They have a cathode dia- 

meter of about 2” (5.08 cm) and will be labelled 2” 

tubes. The R5506 tube has a UV hard instead of 

a boron silicate window which the R5505 tube has; 

it is less sensitive to radiation and therefore instal- 

led in the region close to the beam pipe which is 

exposed to higher radiation doses. Throughout the 

paper, we will refer to both types as R5505. Cath- 

ode and dynode materials are of the bialkali type. 

According to the manufacturer’s data sheets, the 

typical high voltages range to 2300V. At Hl, the 

tubes are operated at voltages between 1600 and 

2000V. In the tests described below, the perfor- 

mance of 1390 R5505 and 144 R2490-06 tubes has 

been investigated. 

Fig. 1 shows a photograph of a Hamamatsu 1” 

tube whose highly resistive conducting coating has 

been removed. Clearly visible is the parallel 

arrangement of the dynodes, perpendicular to the 
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tube axis. The characteristic features of the fine 

mesh tubes discussed in this paper are listed in 

Table 1. 

Fig. 1. Photograph of a Hamamatsu R5505 fine mesh photo- 

tube, showing the typical parallel arrangement of the dynodes. 

Table 1 

Survey of fine mesh phototube parameters 

R 5505 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR 2490-06 

Length 

Outer diameter 

Effective diameter 

of cathode at 0 T 

Number of dynodes 

Gain at 0 T 

Dark current 

(40.0 f 1.5) mm (50.0 + 2.0) mm 

(25.8 f 0.7) mm (52.0 f 1.0) mm 

17.5 mm 36.0 mm 

15 16 

5 x lo5 lo7 

5 nA 10 nA 

3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADescription of the test set-up 

3.1. Set-up for tests without magnetic field 

The general arrangement for measurements 

without magnetic field is such that the tubes to be 

tested are mounted in a matrix which can be scan- 

ned over by a light source with the help of two step 

motors. The matrix is made of aluminium and 

accommodates 8 x 8 1” tubes with their faces in 

parallel to the matrix front plane. On top of the 

matrix, an additional set of four 2” tubes can be 

mounted. The entire set-up is housed inside a light 

tight wooden box. 

The two step motors, for movements in the hori- 

zontal and vertical directions, are mounted in par- 

allel to the aluminium matrix and thus allow 

a movement in x and y across the PM cathodes. 

The entire range of a single motor is 300mm in 

steps of 0.001 mm, with a positioning accuracy of 

0.003 mm. The range of the step motors allows the 

scan of 64 1” tubes [2”: 41 in one measurement 

cycle. (We will use the square bracket notation 

throughout the paper to indicate corresponding 

quantities for the 2” tubes.) During the test 

measurements the orientation in space of all tubes 

is kept fixed. 

The two light sources carried by the step motors 

illuminate the phototubes via two plastic fibres 

with diameters of 1 mm. One fibre is positioned at 

a distance of 1Omm from the cathode in order to 

illuminate its entire surface. The second one is 

located close to the cathode surface at a distance of 

only 0.2 mm in order to illuminate a single spot on 

the cathode surface with a diameter of about 

1Smm. The first one serves to calibrate the tube, 

the second one is used for a cathode homogeneity 

scan. 

Each fibre is connected to its own light emitting 

diode (LED), and in turn, each LED feeds its light 

into three fibres: The scanning/calibrating fibre, 

and two fibres, each illuminating a reference tube 

(Philips AVP 150 and Philips SRC 75 BOl). The 

LEDs are fired by a specially developed pulser 

system. The two light pulser systems are triggered 

by pulses generated via a CAMAC output register. 

The LED pulses have a triangular shape with 10 ns 

rise and 40ns fall time. 
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High voltage is applied to the phototubes by 

a LeCroy HV4032A device which is controlled via 

an interface and programmed via the CAMAC 

system. Voltages for individual channels were 

equalized to a precision of better than + 1%. Read- 

out of the phototubes is performed by a LeCroy 

2249 ADC. 

The measuring cycle is performed as follows: 

after a warm-up time of one hour at 2OOOV, the 

high voltages applied to all tubes are varied in 

order to determine the HV dependence of the gains. 

This is done in steps of lOV, starting at 15OOV for 

the 1” tubes [2”: 12OOV]. At each HV value, a ped- 

estal determination of the ADC is made with 100 

“empty” pulses, i.e. without illuminating the photo- 

tube, followed by a second run with 100 light pulses 

onto the cathode. The resulting mean ADC signal 

has an accuracy of better than 1%. The cycle is 

stopped when the ADC shows an overflow, or 

when the high voltage reaches its limit of 2300V. 

This procedure delivers an individual “calibration 

voltage” for each phototube which is defined as the 

voltage where its ADC value equals that of the 

reference tubes within a few percent. 

After determination of the calibration voltage, 

a position scan over the cathode surface of the tube 

is performed in steps of OSmm, with 100 light 

pulses per spot. Another pedestal run as described 

above precedes the scan. For the 1” tubes, the scan 

illuminates a square array of 49 x 49 spots [2”: 

60 x 601. This corresponds to roughly 1000 spots 

covering the sensitive area of a 1” cathode. The 

results of two such scans, one for a nicely homo- 

geneous and one for a rather non-homogeneous 

tube, are shown in Fig. 2. 

After the homogeneity scan, the tubes are tested 

for stability at their calibration voltages. They are 

illuminated every 30min. This is done 72 times 

(R5505) [2”: 20 times]. The total time needed for 

a complete testing cycle is about 5 days [2”: 12 h]. 

3.2. Set-up for tests in a magnetic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$eld 

The performance of the phototubes under the 

influence of a strong magnetic field was tested at 

DESY with the help of a large dipole magnet (Oer- 

likon MA l-11) which provides a homogeneous 

field of up to 2 T, with a precision of k 0.001 T. The 

space available for tests is about 200cm in length, 

48.3 cm in width, and 16.8 cm in height. The field 

direction is vertical, the axes of the tubes to be 

tested have to be aligned with the field. 

Fig. 2. Cathode scan profiles of two 1” tubes, with step size of 0.5 mm. The plots show the pedestal corrected ADC values as a function 

of the scan position. Left: uniform cathode. Right: cathode with high degree of inhomogeneity. One hundred pulses were taken per point. 
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The set-up used for the field tests of the 1” tubes 

is a matrix of 32 fixed voltage dividers with four 

rows and eight columns, housed in a light tight 

brass box so that 32 tubes can be tested at a time. 

Illumination of the tubes is done via a movable 

aluminium sleigh which carries the light fibres. In 

this way, one row containing four tubes can be 

tested at a time. For the next measurement, the 

sleigh is moved manually to the neighbouring row 

of phototubes as electrical step motors cannot be 

operated in such high fields. Accurate positioning 

(within 0.1 mm) is guaranteed through a precise 

mechanical locking device. 

supply which is controlled by a CAMAC controller 

via a CAEN interface. 

Each phototube in a row of four tubes can be 

illuminated via a fibre bundle which contains 25 

fibres with a diameter of 0.5mm. The 25 fibres 

are mounted in a fixed arrangement of three con- 

centric circles around one central fibre fitting 

onto the cathode. The diameter of the outer circle 

is 15 mm which corresponds to the guaranteed 

effective cathode diameter for the R5505 tube 

at 1.2T. The fibres are fed by 25 LED pulsers 

similar to those described above. Each pulser drives 

five fibres: four of them are connected to four 

corresponding spots at the illumination masks 

which are carried by the sleigh. The fifth one is 

guided to the cathode of a reference tube (Philips 

SRC 75 BOl) outside the field. In total, there are 

25 x 4 fibres fed to the sleigh, plus 25 fibres fed to 

the reference tube. 

The testing procedure is similar to that one with 

no magnetic field: first, a calibration run is made by 

firing successively all 25 LEDs (100 pulses per spot, 

and pedestal measurement for each LED), then the 

averages of the pedestal corrected ADC values are 

stored. The cycle starts at 1400V [2”: 122OV] and 

proceeds in steps of 30V. It is stopped when the 

ADC shows an overflow, or the high voltage 

reaches 2300V. For the homogeneity scans 100 

pulses per spot are fired, for each of the 25 spots on 

a 1” tube cathode. Three measurement cycles are 

performed at fields of 0 T, 0.95 T [2”: 0.88 T], and 

1.2 T. Testing one set of 4 x 8 1” tubes takes 3 h. 

Testing one 2” tube requires 10min. 

The set-up used for the 2” tubes is much simpler. 

It consists of a light tight aluminium box contain- 

ing a voltage divider. One blue LED illuminates the 

entire cathode and the reference tube. No homo- 

geneity scan is made. The read-out is identical to 

that one used for the 1” tubes. 

4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATest results 

The light from the LED is coupled to the fibres 

via a small piece cut from a 1.5 mm diameter fibre 

which is glued to the LED. It works as a light mixer 

and distributes the blue LED light as homogene- 

ously as possible to the five fibres which are glued 

to its other end. During the glueing procedure, the 

light output of each individual fibre was monitored 

by a photodiode. The outputs were found to be 

roughly the same within a factor of two. 

Using the set-ups described above, a total of 1390 

phototubes of the type R5505, and of 144 tubes of 

the type R2490-06, have been subjected to a series 

of test measurements: high voltage dependence of 

gains, homogeneity of cathode response, stability 

with time, dark current, and change of gain and 

cathode homogeneity under the influence of 

a strong magnetic field. In the following, we will 

discuss the results of these investigations in some 

detail. 

4.1. Results of tests with no magnetic field 

The phototubes are read out by a LeCroy 2249 For each individual tube a calibration measure- 

ADC. To accommodate the expected large differ- ment was performed in which the amplitude S of 

ences in pulse height from measurements with and the output signal as a function of the high voltage is 

without a magnetic field, we apply a calibrated determined. The shape of this curve which reflects 

39 dB attenuator (resulting in an attenuation factor the dependence of gain on the high voltage U is 

of 90 with a 3% accuracy). parametrized by the expression 

The pulsers are triggered via a CAMAC output 

register. The high voltage is delivered by a 

programmable four channel CAEN 470 N power 
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where S means ADC counts, U,, is a parameter 

close to OV, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn is the number of dynodes, and a de- 

notes a factor depending mainly on the shape and 

geometrical arrangement of the dynodes (see Sec- 

tion 2). A is a normalization factor. 

The mean value of the exponent an was found to 

be 6.1 for the 1” tubes, and 7.0 for the 2” tubes 

(Fig. 3). The slightly larger value for the 2” tubes 

can be explained by the additional (16th) dynode in 

b 

I3 
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1 

250 1 

200 
1 

5.2 5.4 5.6 5.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 3. Distribution of exponents cw for the high voltage de- 

pendence of the gain, derived from a power law fit (see text). Top: 

Distribution for the 1” tubes. Bottom: Distribution for the 2” 

tubes. 

that type, together with a somewhat larger geomet- 

rical transmission factor which is of the order of 0.4 

for the 1” tubes. (It should be noted that the para- 

meter a for phototubes with the standard linear 

focusing arrangement of dynodes is around 

0.7-0.8.) 

The homogeneity of the photocathode response 

can be characterized by two quantities: the ratio of 

the values of highest and lowest response, the so- 

called max-to-min ratio, and the (relative) standard 

deviation of all ADC values available for an indi- 

vidual cathode. The distributions of these para- 

meters are shown in Fig. 4, top and bottom. The 

mean value of the max-to-min distribution is about 

1.4 (top). Thirty tubes out of 1390 show a max-to- 

min ratio larger than 2.5 [2”: 12 out of 1441 and 

have been rejected. For an ideally homogeneous 

cathode, the value r.m.s./mean should be zero. The 

mean of this ratio for the R5505 tubes tested 

amounts to 7% (Fig. 4, bottom) [2”: 13%]. 

From the stability measurements, two quantities 

are extracted: first, the ratio of signals of the 

Hamamatsu tube to be tested to those of the refer- 

ence tube is determined as a function of time. A typ- 

ical behaviour is shown in Fig. 5 (top). By fitting 

a linear curve we define a drift parameter as the 

slope of this curve. According to this procedure 

only 0.9% of the tubes show a drift of more than 

0.2% per hour. It should be mentioned that the 

errors on the slope parameters fit are generally 

larger than the slope values themselves, i.e. the 

tubes do not exhibit significant drifts during the test 

measurements (less than 0.3% per hour). 

A measure for the response fluctuations with 

time is given by a projection onto the ordinate and 

a subsequent fit with a Gaussian shape. Fluctu- 

ations, defined as (Gaussian) o/mean, larger than 

0.2 are unacceptable. In total, 3.6% of the tubes 

exhibit a value larger than 0.2 (Fig. 5, bottom). 

The dark current measurements, performed in 

a small dark box, resulted in a total of 20 R5505 

tubes showing a dark current larger than 10nA 

(Fig. 6). 

4.2. Results of tests in a magnetic jeld 

In a previous series of test measurements with 

Hamamatsu R5506 tubes it was observed [lo] that 
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Fig. 4. Top: Max-to-min ratio of the cathode response for the 1” 

tubes without field and at 1.2T (hatched area). One observes 

a shift towards higher inhomogeneities. Bottom: Distribution of 

relative response fluctuations (r.m.s. divided by mean). Each 

entry is based on all data points from an individual cathode scan 

without magnetic field. 

the effective cathode area shrinks under the influ- 

ence of a high magnetic field. Determination of the 

max-to-min ratio was therefore restricted to the 

cathode area inside a circle of 15 mm diameter. 

Another general feature is the appearance of a more 

pronounced central dip. This results in a higher 

max-to-min value measured at 1.2T (see Fig. 4, 

6 

4 

2 

0 I 
0.9 1.02 16 

Rati , 

Fig. 5. Example for a stability measurement. Top: Ratio of 

responses of a 1” tube and the reference tube as a function of 

time. The small initial rise is due to warm-up effects. Bottom: 

Projection of the ratios, and the result of a Gaussian fit to 

determine the degree of fluctuation. 

top). The mean value is now 1.6 (compared to 1.4 

with no field). The effect of the magnetic field leads 

to another 14 tubes with max-to-mm ratios larger 

than 2.5 which were rejected. 

The gain loss caused by the magnetic field is 

determined by comparing measurements with and 

without field. A “gain loss factor” is defined as the 

ratio of phototube response with and without field. 

The absolute gain with field is then derived by 

multiplying the gain as given by the Hamamatsu 
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Fig. 7. Gain loss factor at 1.2 T with respect to OT. Left: Distribution for the 1” tubes. Right: Distribution for the 2” tubes. 

data sheet (at 2000 V and 0 T) by the gain loss factor 

from our tests. The distribution of the gain loss 

factors at 1.2T for the R5505 tubes is shown in 

Fig. 7 (left). The average gain loss factor at 1.2T 

compared to no field amounts to 88, with an r.m.s. 

spread as large as 22. This loss factor is valid when 

the tube axis is aligned in parallel to the Geld. The 

typical magnetic field inside the detector Hl, at the 

position where the 1” tubes are operated, is 0.95 T. 

With this field the mean gain loss factor is only 25, 

with an r.m.s. spread of 6. The average absolute 

gain at 1.2T is 1.2 x 104. 

For the 2” tubes, the gain loss factor is even 

higher (Fig. 7, right): At 1.2T the average loss fac- 

tor amounts to 163, with a rather large r.m.s. spread 

of 80. The field in Hl where these tubes operate is 
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Table 2 

Summary of specification tests 

Specification criterion R 5505 R 2490-06 

Max-to-min ratio > 2.5 at 0 T 2.2 8.3 

Max-to-min ratio > 2.5 at 1.2 T 1.0 - 

Dark Current z 10 nA at 20°C 1.4 0.7 

Gain at 1.2 T < lo4 [2”: 2 x 104] 46.8 20.1 

Note: The numbers shown are the percentages of tubes which do 

not fulfil the specification. Tubes with a max-to-min ratio larger 

than 2.5 at 0 T have not been measured in the magnetic field; 

therefore the max-to-min criterion at 1.2 T delivers an additional 

percentage of tubes. The max-to-min ratio for 2” tubes at 1.2 

T was not measured. For a discussion of the gain values see text. 

0.88T at the position of the hadronic SpaCal sec- 

tion. Here the gain loss factor is only 32, with an 

r.1n.s. spread of 11. The average absolute gain at 

1.2T for the 2” tubes is 3.3 x 104, due to the higher 

amplification (16 instead of 15 stages). Table 2 

gives an overview of the percentages of tubes which 

did not meet the specifications. 

5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATest measurements with a selection of tubes 

In the context of the series tests described above, 

a couple of measurements were made with a subset 

of phototubes in order to obtain a deeper under- 

standing of the mechanisms determining their per- 

formance, and to find the limits of operation. We 

investigated the reactions of a small number of 

tubes to substantial and rapid changes of the envi- 

ronment temperature; we measured the change of 

gain as a function of the magnetic field varied in 

small steps between 0 and 1.2T, we investigated the 

phenomenon of spontaneous high voltage dis- 

charges (“sparking”), measured the single photo- 

electron response of an R5.505 tube, and finally 

tested the linearity of gain over a large dynamical 

range. 

5.1. Phototube response under the influence of 
temperature changes 

In the running experiment, the phototubes have 

to operate in an environment with a temperature of 

(32 k 2)“C (electromagnetic section) and (20 + 2)“C 

(hadronic section). Depending on the number of 

power consuming devices switched on or off in the 

Hl detector, this temperature will undergo changes 

of some “C which might influence the gain of the 

tubes. 

We have therefore studied the temperature de- 

pendence of gains under well controlled conditions, 

using a programmable precise temperature cham- 

ber which provides a definite temperature of the 

tube’s environment (air) [ll]. The behaviour of 

four randomly selected tubes was investigated in 

a range between 0°C and 55°C in steps of 5°C. The 

tubes were exposed to a constant temperature for 

several hours. The gain drop after temperature cha- 

nges which proceed with a velocity of z 2”C/min 

takes place rather quickly, within several minutes. 

The new gain level is reached asymptotically after 

an “adaptation time” (see below) of the order of half 

an hour. The result, for a series of measurements 

between 0°C and 55”C, with subsequent steps of 

+ 5”C, is shown in Fig. 8: the data are normalized 

to the output value at 0°C. Up to 20°C the output 

signal decreases with a constant slope of - 0.2%/“C, 

thereafter the slope increases to - 0.4%/“C. 

After each temperature change, the time needed 

by the tubes to recover a stable output level was 

measured. This recovering process is well described 

by an exponential whose time constant is called 

“adaptation time”. The distribution of these ad- 

aptation times is displayed in Fig. 9. Adaptation 

after a temperature change is followed by a slight 

linear drift: the output level a few hours after the 

temperature change is somewhat different from 

that one immediately after the change. At lower 

temperatures, these drifts have a positive slope, i.e. 

recovery is accompanied by a slight increase of 

gain, while at higher temperature the drift becomes 

negative. Fig. 10 shows an example for a typical 

drift behaviour. 

5.2. Gain variation as a function of the magnetic field 

The dependence of gain on the magnetic field 

was studied in detail with three tubes. The field was 

varied between 0 and 1.2T in steps of 0.1 T. 

Fig. 11 shows the relative gain normalized to an 

arbitrary value of 100 at 0 T. After a rather modest 
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Fig. 8. Reduction of the normalized output signal as a function 

of temperature, after stabilization (see text). Error bars indicate 

variations between individual tubes. 

decrease for low fields up to about 0.4T, the gain 

starts dropping exponentially with B. The shape of 

the gain behaviour as a function of the magnetic 

field is in agreement with previous measurements 

and Monte-Carlo studies [7]. 

5.3. Spontaneous high voltage discharges 
(“sparking”) 

During the homogeneity measurements it was 

noted that several ADC channels were damaged 
_ mostly by destroying the 34Q input resistors. 

These resistors, coupled to two diodes, serve as 

protections against excessive voltages (The speci- 

fication is + 50 V for a 1,rt.s duration, but the ADCs 

survive even 600 V for 1 ps). We conclude from the 

disruption that for a period of at least some micro- 

seconds a rather high voltage pulse was fed to the 

ADC input. To investigate this effect we coupled 

~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.75 2 2.25 

Adaptation Time [hl 

Fig. 9. Distribution of adaptation times after temperature cha- 

nges in steps of 5°C. 

the output signals of 30 phototubes onto a panel 

with 5OQ resistors, After some time we looked for 

destroyed resistors. 

Any effect of the environment (metal rack, light 

conductor, voltage divider, etc.) could be excluded 

by systematic studies. 

All observations led to the conclusion that vac- 

uum breakthrough inside the tube is responsible for 

the destruction of the resistors. 

Next, we studied the HV dependence of the effect 

with a single phototube. Fig. 12 shows the spark 

rate as a function of HV, where the points below 

2.3 kV result from the above mentioned measure- 

ments with 30 tubes. No destruction of resistors was 

observed below 1900 V. Above 1900 V the spark rate 

R as a function of the high voltage U can be fit by 

R(U) = 1.6 x 10P6exp(3.4 x 10P3U) per hour, 

for U > 1900 V. 
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Fig. 10. Distribution of drift values after temperature changes 

and subsequent adaptation in steps of 5°C. Error bars indicate 

variations between individual tubes. 

The reason for the discharges is field emission 

of electrons inside the tubes, in particular from 

the sharp edges of the thin metal rods which con- 

nect the dynode grids. The light produced in 

the discharges could be observed directly in a 

separate measurement where two phototubes in 

coincidence were used to “look at” the sparks 

from a third one. As a solution for the SpaCal, 

a 2MQ resistor was inserted in the voltage 

divider between the high voltage connector and the 

cathode in order to limit the electrical energy 

available for a breakthrough such that no damage 

occurs. 

5.4. Response to single photo-electrons 

The single photo-electron peak of an R5505 tube 

was measured using the LED pulser system as 

described above. By applying very short pulses at 

a large distance from the tube, the occurrence of 

non-single photo-electron pulses was drastically re- 

duced according to a Poissonian probability den- 

sity. First, the single photo-electron spectrum of 

a Philips XP 2008 tube was measured (Fig. 13, top) 

for normalization. The single photo-electron peak 

is clearly visible. Next we illuminated one of the 

R5505 tubes with a very high gain (4 x lo6 at 

2000V). The tube was operated at 25OOV, and the 

resulting spectrum is shown in Fig. 13, bottom. The 

single electron peak is clearly distinguished, but 

the separation from the noise tail is not as good as 

for the conventional tube. The area between the 

pedestal and the single electron peak contains the 

electrons which missed the first dynode and there- 

fore experienced a lower amplification. This sugges- 

tion is supported by the geometrical argument 

shortly discussed in Section 2, and theoretical stud- 

ies as described in Ref. [12]. From the single elec- 

tron response the absolute gain can be determined. 

However, some care has to be taken in evaluating 

the gain: the common definition of gain is the ratio 

of anode to cathode current measured. In contrast 

to this definition, the gain value determined from 

the single photo-electron peak is based on the mea- 

sured anode current (or charge) alone, and comes 

out by a factor of roughly 2.5 larger than the 

quoted Hamamatsu value. This can be understood 

by geometrical arguments: with the cathode cur- 

rent, one measures directly all the electrons emitted 

from the photocathode. Using the anode informa- 

tion alone, one loses all electrons which, due to the 

geometrical transmission factor of only about 0.4, 

do not reach the anode and thus do not contribute 

to anode current and amplification. The effective 

ratio of anode to cathode current becomes larger 

by a factor of roughly l/0.4, resulting in an appar- 

ently higher gain. 

5.5. Linearity of gain 

Another property of interest is linearity. Detailed 

linearity tests undertaken at DESY in the summer 

of 1993 indicate that the Hamamatsu R5505 photo- 

multiplier tubes used in the SpaCal calorimeter 

have excellent linearity properties. Linearity as 

used here refers to the proportionality between 

LED light input and output pulse heights at fixed 
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Fig. 11. The normalized relative gain as a function of the magnetic field strength for three 1” tubes: after a rather modest decrease, an 

exponential drop starts around 0.4 T. The magnetic field is aligned in parallel with the tube axis. 

HV. The tests were made by varying the distance 

between a fixed phototube and a moveable LED. 

The LED was pulsed by an external pulse gener- 

ator so as to give in succession a large pulse (L), 

a small pulse (S), and no pulse (P). The pulse dura- 

tion was 100 ns. This sequence could be repeated at 

various rates ranging from 10 to 1000 Hz. An ADC 

was used to digitize these signals. The digitized 

(L - P)/(S - P) ratio was adjusted to a nominal 

fixed value close to 4, and was very stable for the 

duration of each linearity measurement. Nonlin- 

earities were expected to manifest themselves at 

high pulse heights when the phototubes start to 

saturate and the observed (L - P)/(S - P) ratio 

starts to decrease from its nominal value. Measure- 

ments made on four R5505 tubes, at various high 

voltages, both in a magnetic field of 1.2 T and with 

no field, showed no deviations from linearity 

greater than _t 0.35% over a dynamic range of 

almost 1000, up to anode currents of 100mA (5V 

output pulses across 5OQ) with B = 1.2 T and 

300 mA (15 V pulses across 50 Q) with B = 0 T. 

These were the highest pulse heights attainable 

with the equipment at hand. The value of + 0.35% 

is an upper limit imposed by the stability of the 

pulse generator and the calibration of the at- 

tenuators used in these measurements. Thus, the 

linearity properties of these tubes may actually be 

much better than the limit reported here. It is worth 

noting that similar measurements with photomul- 

tiplier tubes having “squirrel cage” and in-line 

dynode structures showed much poorer linearity 

characteristics at high anode currents [13] than the 

mesh-dynode tube R5505 used in SpaCal. 
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Fig. 12. Spark rate as a function of high voltage. Measurements with HV greater than 2.5 kV have been performed with one single tube. 

No sparks were observed below 1900 V. The constant line indicates a rate of one discharge per 24 h. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6. Summary of experience after one year of 
operation in HI 

6.1. 

The electromagnetic section of the SpaCal uses 

1192 photomultiplier tubes with a 1” cathode dia- 

meter. In total, 1160 tubes of the type R5505 have 

been installed. Since the region near the beam pipe 

suffers from a higher radiation level of up to 

50Gy/yr, the 32 tubes closest to the beam were 

chosen of the type R5506 with radiation hard UV 

glass windows. 

In the hadronic section of the SpaCal, 128 photo- 

tubes of the type R2490-06 with a cathode diameter 

of 2” were installed. In 1996, another 8 tubes of this 

type were added to some cells close to the outer 

circumference of the calorimeter. 

Groups of 16 phototubes, i.e. the equipment of 

one supermodule, obtain their high voltage from 

a common HV board. Before installation, the 

photomultipliers were selected in such groups of 16 

tubes of nearly equal gain at a common high volt- 

age UG, for a magnetic field strength of 0.95T 

CO.88 T]. The grouping of the PMTs was based on 

extrapolations from the test measurements de- 

scribed above. Individual high voltages in these 

groups can be adjusted within a range of 

UG f 160 V. Keeping the photomultipliers at nearly 

equal gain is essential for equal trigger thresholds all 

over the calorimeter. Subsequent sizeable changes 

in gain lead to a serious dispersion of thresholds 

and have to be reduced by modifying the individual 

high voltages. Smaller changes are monitored by 

a LED calibration system [14] (see below) and 

corrected in the offline calibration procedure. 
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Fig. 13. Single electron spectrum for a conventional photomul- 

tiplier tube (Philips XP 2008, top), and for a fine mesh tube 

(bottom). Here, the single electron peak is less clearly separated 

from the noise as roughly 45% of electrons miss the first dynode 

which leads to a lower gain. 

After installing the phototubes and a short 

“burning in” phase, all calorimeter channels were 

tested with cosmic muons penetrating several cal- 

orimeter cells at a time, and the phototube gain 

equalized by adjusting the high voltage appro- 

priately. During these tests, three R5505 tubes were 

found dead due to problems with the vacuum tight- 

ness of the socket pins, and were exchanged. An- 

other four tubes showed gains much smaller than 

determined before. These tubes were also ex- 

changed and sent back to the manufacturer. 

Finally, the calorimeter was installed in the Hl 

pit without any further possibility for access to the 

phototubes for a period of about 10 months. Dur- 

ing the first four months, high voltage for the tubes 

was frequently switched off during electron and 

proton beam injections in order to protect them 

from the enhanced radiation level. In addition, due 

to the high power consumption in Hl and the 

heating effect of the beam radiation, the temper- 

ature at the SpaCal went up to as much as 40°C 

during operation, as measured outside the photo- 

tube housings. At that temperature the high voltage 

was switched off in order to prevent photocathode 

damage and to allow the tubes to cool down to 

about 32°C. This was done twice a week on the 

average. After some weeks, the water cooling of the 

calorimeter was improved, and the maximum tem- 

peratures measured levelled off at zz 35°C. For the 

last three months, the high voltages were kept at 

the selected operation values even during injection 

of the HERA beams. All results presented below 

refer to this period of stable high voltage operation, 

with temperature changes of less than 5°C. 

No further tube was found broken during this 

time. Only three tubes showed a decrease in gain 

too large to be compensated by raising the high 

voltage. 

6.2. Monitoring the phototube gain variations 

The phototube gains were permanently 

monitored with the pulsed light of LEDs (Toshiba 

TLGP 240 [15]). Their signals were sent via 1 mm 

thin flexible light guiding fibres to plexiglass light 

mixers glued onto the surfaces of the photo- 

cathodes. Fluctuations of the light emission of the 

LEDs were recognized by photodiodes directly 

coupled to them. The photodiodes (Siemens SFH 

2030) have a temperature coefficient of 0.18%/C. 

The temperature in the detector was permanently 

monitored with a precision of better than 0.3”C. In 

this way the temperature dependence of the LEDs 

could be unfolded, and the signal response of the 

phototubes could be corrected for gain changes due 
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Fig. 14. Gain change of two selected tubes over a period of 38 h. 
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Two examples for the gain behaviour of 

individual phototubes are presented in Fig. 14. 

Fig. 14 (top) shows, for a standard R5505 photo- 

tube, the signal normalized to the photodiode 

signal over a time interval of 38 h. The gain vari- 

ations are large, up to + 15%. Fig. 14 (bottom) 

shows, for the same period, the corresponding dis- 

tribution for a neighbouring tube in the same cal- 

orimeter module. Here, variations are much 

smaller, below l%, and can be related to small 

temperature or high voltage fluctuations. No cor- 

relation in gain variation with the other tube is 

observed. 

A global description of the gain variations of all 

phototubes in both in the electromagnetic and in 

the hadronic calorimeter section can be read from 

Figs. 15 and 16. Fig. 15 shows the normalized gain 

and the k la contours for the phototubes in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 15. (a) Long-term gain development for all tubes in the electromagnetic section: normalized mean gain and rt lcr contours. The 

lower plots show two projections, one (b) at the very beginning and one (c) at the end of the running period. 
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Fig. 16. (a) Long-term gain development for all tubes in the hadronic section: normalized mean gain and ). la contours. The lower 

plots show two projections, one (b) at the very beginning and one (c) at the end of the running period. 

electromagnetic section of the calorimeter, and two 

projections onto the ordinate, one at the very be- 

ginning of the data taking period, and one 19d 

later. The widening of the distribution of individual 

gains proceeds rather fast for an interval of five 

days and flattens thereafter. The few spikes ob- 

served are produced partially by temperature 

bumps or corrupted calibration events. About 80% 

of all tubes have gain changes of less than 2% [ 141 

within the time quoted. Only 12 PMTs have gain 

variations larger than 10%. The corresponding 

plot for the tubes in the hadronic section is shown 

in Fig. 16. 

These gain changes can be corrected for by using 

the photodiode signals and the temperature 

measurements inside the detector. After these cor- 

rections, the mean value of the reference energy 

from electrons scattered into the “kinematic peak” 

region is found to be rather stable, with deviations 

below 1% [16]. 

7. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAConclusions 

We have performed a series test on a large num- 

ber of Hamamatsu fine mesh phototubes of types 

R5505 and R2490-06 for application in a strong 

magnetic field. The average gain loss factors be- 

tween operation at 0 T and at 1.2T have been 

determined to be 88 for the R5505, and 162 for the 

R2490-06 tube, with large (25-50%) spreads of the 

distributions of individual gain losses. The average 

absolute gains at 2000 V are 1.2 x lo4 and 3.3 x 104, 

respectively. An inhomogeneity of the cathode re- 

sponse present at 0 T is slightly enhanced in a mag- 

netic field of 1.2T. For a subsample of tubes, the 

response with respect to temperature changes has 

been investigated, and a fine step measurement of 

the gain as a function of a magnetic field between 

0 and 1.2 T has been performed. Occurrence of high 

voltage discharges was observed and explained as 

vacuum break-throughs due to field emission, and 
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preventive measures for operation in the SpaCal 

were developed. The single photo-electron peak for 

an R5505 tube was measured which gives a handle 

for an independent determination of the absolute 

gain, and the range of gain linearity was investi- 

gated. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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