
The H1 Lead/Scintillating{Fibre CalorimeterH1 SPACAL GroupAbstractThe backward region of the H1 detector has been upgraded in order to provide im-proved measurement of the scattered electron in deep inelastic scattering events. Thecenterpiece of the upgrade is a high{resolution lead/scintillating{�bre calorimeter.The main design goals of the calorimeter are: good coverage of the region close tothe beam pipe, high angular resolution and energy resolution of better than 2% for 30GeV electrons. The calorimeter should be capable of providing coarse hadronic energymeasurement and precise time information to suppress out{of{time background events atthe �rst trigger level. It must be compact due to space restrictions.These requirements were ful�lled by constructing two separate calorimeter sections.The inner electromagnetic section is made of 0.5 mm scintillating plastic �bres embeddedin a lead matrix. Its lead{to{�bre ratio is 2.3:1 by volume. The outer hadronic sectionconsists of 1.0 mm diameter �bres with a lead{to{�bre ratio of 3.4:1.The mechanical construction of the new calorimeter and its assembly in the H1 detectorare described. To be submitted to NIM
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1 IntroductionThe electron{proton collider HERA at DESY is a unique facility that has opened a new kine-matic range in lepton{nucleon scattering. The measurement of the proton structure function atvery small values of the Bjorken scaling variable x has become an area of key interest at HERA.This requires a precise measurement of the energy and the polar angle of electrons scatteredinto the backward region of the H1 detector | the angular region opposite to the direction ofthe incoming proton beam.To ful�l this task optimally, the H1 collaboration undertook an extensive upgrade programby constructing and installing three new detectors: a silicon tracker, a planar drift chamberand a lead/scintillating{�bre calorimeter [1]. The existing detectors [2] in the backward regionof the H1 detector were replaced.This paper describes the design, construction and assembly of the new calorimeter, whichwas installed into the H1 detector in the winter shutdown 1994/95. More speci�c informationon the hadronic section may be obtained from [3]. A detailed review of the electronics and ofthe calorimeter performance in test beam measurements can be found in [4]{[7].2 Physics RequirementsThe construction of the new backward calorimeter aims for enlarged angular acceptance andbetter control of systematic errors in the determination of the proton structure function at lowvalues of x. The detailed physics requirements are motivated below and are summarized inTable 1.The acceptances of the new and the old calorimeter are compared in Figure 1. The newcalorimeter extends to x values of the order of 10�5 by detecting electrons with scatteringangles as large as 177.5� with respect to the incident proton direction. Even lower values of xare accessible by shifting the interaction points of the electron{proton collisions.An important contribution to the systematic error of structure function measurements comesfrom the determination of the kinematical variables x, y and Q2, which can be reconstructedfrom the electron energy and scattering angle [8]. At small values of y, the x resolution isstrongly a�ected by energy resolution. Similarly at large scattering angles the Q2 resolu-tion is very sensitive to the angular resolution. The energy resolution of the electromagneticcalorimeter should therefore be better than 2% for electron energies of 30 GeV, and the angularresolution should be 1{2 mrad which corresponds to a position resolution of a few millimeters[1]. Besides entering the kinematic variable reconstruction, a particle's impact position at thecalorimeter may also be compared to track extrapolations. Since the kinematic variables canalso be calculated using hadronic particles only, the detector should also provide a hadronicenergy measurement for redundancy.An important experimental challenge is the reliable separation of electrons and chargedhadrons at low energies. This is required to suppress fake electrons from photoproductionevents where the scattered electron escapes in the beam pipe. Photoproduction events areseveral orders of magnitude more abundant than deep inelastic scattering events. The designgoal of the calorimeter is a �� rejection factor �e=(1� ��) larger than 100, where �e and �� arethe electron and the charged pion identi�cation e�ciency, respectively.At HERA the rate of beam{gas and beam{wall background events caused by the protonbeam is large. E�cient reduction of these events at the �rst trigger level is essential. We wantto veto upstream beam{related background events by exploiting their time{of{
ight di�erence3



Figure 1: The acceptance of the new and the old calorimeter in the x{Q2 plane. The acceptanceregion of the new calorimeter is given by the two full lines. The minimumx{Q2 values accessiblewith the old calorimeter are given by the dotted line.of � 10 ns compared to events originating from the nominal interaction point. Thus a timeresolution of the order of 1 ns independent of the particle energy, i. e. for high{energy electrons,interacting pions and minimum ionizing particles, is required. In addition, a sophisticatedelectron trigger of high granularity is needed to be able to cope with the expected increase ofthe HERA luminosity. The trigger concept is described in more detail in [4].Important practical constraints were imposed by the limited space that was available forthe new calorimeter, which must �t into the existing H1 detector. In addition, the detector hasto operate within a strong magnetic �eld of 1.0 Tesla.Table 1: Design requirements of the calorimeterAcceptance 153� < � < 177:5�� /E 7%=pE � 1%e/� separation �e=(1 � ��) > 100Time resolution < 1 nsPosition resolution a few mm4



3 Calorimeter DesignThe main detector alternatives considered to ful�l the requirements listed in section 2 were alead/scintillating{�bre calorimeter (SPACAL) and a lead 
uoride crystal calorimeter. An R&Dprogram for both options was started. Prototype studies with four 21 � 21 � 170 mm3 lead
uoride crystals showed encouraging results in electromagnetic resolution [9]. We opted for alead/scintillating{�bre calorimeter, however, due to the anticipated high cost of the crystalsand their inferior hadronic energy resolution.The concept of lead/scintillating{�bre calorimeters came up with the advent of suitable opti-cal �bres. Since then considerable experience with this new technique has been gained [10]{[14].A large scale scintillating{�bre calorimeter with excellent electromagnetic energy resolutionwas built by the JETSET experiment at LEAR [15], and an electromagnetic scintillating{�brecalorimeter for operation at DA�NE is currently being constructed by the KLOE collaboration[16]. Besides these experiments with moderate particle energies compared to electron{protoncollisions at HERA, intensive research programs were started at CERN to investigate the useof scintillating{�bre calorimeters at LHC [17, 18]. These e�orts resulted in various prototypes,with di�erent choices of �bre diameters and lead{to{�bre volume ratios adapted to the speci�cdesign goals.

Figure 2: Partial side view of the H1 detector showing the position of the new calorimeters(SPACAL). The �gure also shows the new Backward Silicon Tracker (BST) and the BackwardDrift Chamber (BDC). The electron beam direction is from left to right.Our detector layout is illustrated in Figure 2, showing a side view of the backward part ofthe H1 detector. The calorimeter consists of two separate sections, an inner electromagnetic andan outer hadronic section. The hadronic section is completed by the backward plug calorimeterwhich is located in the iron return yoke of the H1 magnet.5



The separation into two calorimeters allows optimization of the electromagnetic energyresolution while maintaining coverage of hadronic particles and longitudinal segmentation. Thecomparison of the energy depositions in the two sections enhances the electron{pion separationcapability. In addition, independent trigger information is provided by the hadronic calorimeter.The �bre diameter of the electromagnetic section is 0.5 mm, with a lead{to{�bre ratio of2.3:1 by volume. Due to the small �bre diameter a high sampling frequency is obtained, whichallows us to obtain the design energy resolution with a sampling term close to 7%/qE(GeV)[6]. The choice of the lead{to{�bre ratio is a compromise between aiming for an even smallersampling term or for a more compact calorimeter. Our choice of these parameters is a novelapproach which has not been adopted before.The active volume of the electromagnetic calorimeter is 250 mm deep, corresponding to28 radiation lengths. Test beam measurements have shown that longitudinal energy leakageis negligible for 30 GeV electron showers [6]. The cell cross section is 40:5 � 40:5 mm2. Thehigh granularity is well matched to the Moli�ere radius of 25.5 mm to ensure good electron{pionseparation and good position resolution.The scintillation light is read out by photomultipliers to achieve 1 ns time resolution and alow noise level. We chose mesh{type photomultipliers capable of operating within the strongmagnetic �eld. More details on the photomultipliers are given in section 4.For the hadronic section, the �bre diameter is 1 mm and the lead{to{�bre ratio is 3.4:1. Thehadronic calorimeter section adds 1.02 interaction lengths of material to the electromagneticsection, which is 1.0 interaction lengths deep. Its weight was required not to exceed 4 tons tokeep the load put on the H1 liquid argon cryostat reasonably small. In addition, the depth ofthe hadronic calorimeter is constrained by the iron return yoke of the H1 magnet. A cell crosssection of 119:3 � 119:0 mm2 was chosen, corresponding to the lateral dimensions of hadronicshowers. Again, mesh{type photomultipliers are used.A summary of the main construction parameters is given in Table 2.Table 2: Construction parameters of the calorimeter.Electromagnetic section Hadronic sectionFibre diameter 0:5 mm 1:0 mmLead/�bre ratio 2:3 : 1 3:4 : 1Number of channels 1192 136Size of standard cell 40:5 � 40:5 mm2 119:3 � 119:0 mm2Active length 250 mm 250 mmRadiation length 9:0 mm 8:5 mmInteraction length 250 mm 246 mmMoli�ere radius 25:5 mm 24:5 mmLead{�bre density 7:3 g/cm3 7:7 g/cm34 Electromagnetic SectionThe cell structure of the electromagnetic calorimeter is illustrated in Figure 3. The calorimeteris centered around the beam pipe. The smallest construction units of the detector are 2{cell6



modules. Sets of eight 2{cell modules are combined to form square 16{cell modules whichrepresent the main building blocks of the detector.The innermost module, which contains the opening for the beam pipe, is called the insertmodule. It is used to measure electrons at small scattering angles with respect to the incomingelectron beam and to detect shower leakage into the beam pipe. Another set of specially tailoredmodules is positioned at the outer border of the detector to approximate the circular shapeof the 800 mm diameter aluminium frame which encloses the calorimeter modules. The four16{cell modules on top of the insert module must not put pressure onto the HERA beam pipe.These modules are therefore held by a loop of four 2 � 25 �m thick steel bands �xed at thetop of the aluminium frame.The construction of the 2{cell modules, of the 16{cell modules, of the insert module, andthe detector assembly is described in detail in the following subsections.

Figure 3: r�� view of the electromagnetic calorimeter. The borders of the 16{cell modules aregiven by bold lines. The arrangement of the 2{cell modules, which is motivated in section 4.3,is indicated by thin lines.4.1 Lead Plate ProductionThe small lead{to{�bre ratio of 2.3:1 and the groove dimensions and tolerances which are givenby the �bre diameter of 0.5 mm made the production of the lead plates a di�cult task. The7



lead pro�le chosen for the electromagnetic section is shown in Figure 4. Each plate contains90 grooves of 0.52 mm diameter. The height of the lead plates is 0.78 mm. The minimal leadthickness below a �bre groove is 0.24 mm. The grooves were made only in the top of the plate,which simpli�ed the insertion of the �bres.
Figure 4: Cross section of two lead plates.The main plate production techniques that have been utilized in lead/scintillating{�brecalorimetry are extrusion, machining and rolling [15]{[18]. Extrusion was excluded in our casebecause the lead plates were too thin, while machining is expensive and slow. Therefore wechose rolling and constructed a rolling machine. The raw material is soft lead without anyadded antimony. A drawing of the rolling machine is displayed in Figure 5. The �rst pair ofrollers de�nes the thickness of the lead plates, and the second pair of rollers makes the groovepro�le. After passing the rollers the lead plates are cut and are cleaned in an ultra{sonic bath.The mechanical precision of the lead pro�le is essential for the quality of the detector. Thenominal lead sheet height of 0.78 mm is reproduced with a precision of better than 10 �m. Thisprecision is required to keep within the mechanical tolerances of the 16{cell modules, whichconsist of 208 stacked plates, close to 0.1 mm and to avoid resulting inhomogenities at themodule borders.4.2 Scintillating FibresThe quality of the scintillating �bres has considerable impact on the detector properties. Wetherefore started an extensive test program investigating �bres from various companies. Finally,we chose BICRON BCF{12 [19] �bre, which emits blue light with an emission peak near 430nm. The �bre consists of a polystyrene{based core doped with scintillator and of a 20 �mthick acrylic cladding. The refractive indices of the core and the cladding are 1.6 and 1.49,respectively. Light transport occurs by total re
ection either on the core{cladding surface oron the cladding{air surface, depending on the emission angle of the scintillation light.Among the �bre properties which we studied in our test program were the scintillation lightyield, the �bre attenuation length and the radiation hardness of the �bres [20]. Most of theseproperties were measured by illuminating a sample of �bres with a 90Sr �{source and recordingthe scintillation light with a photomultiplier placed at one �bre end. The cladding light, which8



Figure 5: Drawing of the rolling machine. The table gives the height and the width of the leadafter each pressing are cutting step.has a very short attenuation length, was suppressed by blackening the outer surface of the �brenear the photomultiplier.
Figure 6: Determination of the light yield and attenuation length for mirrored and unmirroredBCF{12 �bres.In Figure 6, the measured light yield is shown as a function of the �{source position for bothmirrored and unmirrored �bre ends. The mirrors consist of a thin layer of vacuum{vapourizeddeposited aluminium. It is clear that both the light intensity and the attenuation length are9



considerably increased by the mirroring. The attenuation length for 25 cm long mirrored BCF{12 �bres is found to be larger than 3 m. This ensures that 
uctuations of the electromagneticshower position as well as the logarithmic energy dependence of the shower{maximum positiondo not in
uence the detector response signi�cantly. All calorimeter �bres were consequentlymirrored. Before mirroring the �bre ends were machined with a diamond tool to ensure a 
atoptical surface. We did not polish the �bre in order to avoid possible long{term damage relatedto the polishing medium.During construction, a sample of 30 �bres per delivered �bre batch was measured routinely[21]. Fibres belonging to one batch are drawn from the same source material and so have similaroptical properties. Thus we took care not to mix �bres from di�erent batches for a given cell.If mixing could not be avoided batches with similar properties were mixed.We �nd that typical �bre{to{�bre 
uctuations of the light yield within a batch of �bres arebelow 5%. Our detector simulations have shown that a 
uctuation of 10% results in a constantterm to the energy resolution of the order of 1%. Similarly an attenuation length of 1 m wouldcontribute 1% to this constant term. Thus the �bre properties, in terms of both light yield
uctuations and attenuation length are fully acceptable for our purpose.

Figure 7: Average �bre diameters as function of the batch production order.Additional studies showed that the light transmission in the �bres is seriously reduced bymechanical pressure [22]. To avoid any pressure on the �bres, the �bres have to �t well intothe lead grooves. The speci�ed variation of the �bre diameters was restricted to 0.5+0:00�0:02 mm.The �bre diameters were routinely checked during module production. In Figure 7 the averagemaximum diameter of various �bre batches is shown as a function of the batch number, whichcorresponds to their production order. Starting with average �bre diameters exceeding thenominal diameter, considerable progress was subsequently made by the producer such that thebulk of the delivered �bres had diameters �tting well into the speci�ed range.10



4.3 2{Cell Module ConstructionThe smallest construction unit is a 2{cell module. It consists of a stack of 52 lead plateseach equipped with 90 �bres. The �bre ends form two 70 mm long �bre bundles ending in analuminium collar. The cross section of each cell is 40:5�40:5 mm2. A sketch of a 2{cell moduleis shown in Figure 8.
Figure 8: Drawing of a 2{cell module showing lead{�bre matrix, �bre bundles and light mixers.Each �bre bundle contains 2340 �bres.The �rst step of the 2{cell module construction is the insertion of the �bres into the groovesof the lead plates. Close to the front of the lead plate the �bres are �xed in the grooves by athin strip of acrylic glue running perpendicular to the �bres. Without glue the handling of thelead plates during the 2{cell module assembly turned out to be extremely di�cult. Since theshower maximum is typically positioned at a depth of 5 cm, possible light attenuation e�ectsdue to the in
uence of this glue on the scintillating �bres is negligible. At the photomultiplierend a 1 cm wide strip of black epoxy glue | again running perpendicular to the �bre direction| absorbs the light in the cladding of the �bres and gives mechanical stability to the stackedplates.The plates with �bres are then stacked in a form, which is pressed horizontally and verticallywith a weight of 1.5 tons. This procedure avoids any subsequent uncontrolled deformation ofthe assembled detector due to its own weight. It also partially removes remaining air gapsand helps to keep within the speci�ed dimensions of the 2{cell modules. Note that there is nopressure on the �bres, which are protected by the lead structure.After pressing, the mechanical tolerances of a 2{cell module are typically 0.1 mm in bothwidth and height. An enlarged view of the front of a module in Figure 9 shows the regularpattern of the lead{�bre matrix illuminated by a light source. The di�erent brightness of some�bre ends is an artifact of minimal di�erences in the �bre orientation, which is irrelevant forthe detector performance. For some �bres the thin acrylic cladding can be seen. Note that the�bre diameter is only 0.5 mm.Next, the �bre ends belonging to the two cells are sorted into two �bre bundles held by analuminium frame and are glued with a blackened epoxy glue. The �bre bundle end was latermachined to ensure homogeneous light readout.11



Figure 9: Front view of the lead{�bre matrix seen through a microscope.Finally, the stacked lead plates of the 2{cell modules are stabilized by a layer of 60 �m thicktape surrounding the module.4.4 16{Cell Module ConstructionThe main part of the detector consists of sixty 16{cell modules, formed by eight 2{cell moduleseach. The 16{cell module cross section is 162:6 � 162:6 mm2 with a mechanical precisionof typically 0.1 mm. This value | similar to that of the 2{cell modules | is obtained bycombining 2{cell modules of matching geometrical sizes.The mechanical stability of a 16{cell module is provided by connecting the bundling framesof adjacent 2{cell modules and by wrapping the module with two layers of 60 �m thick tape.The �bre bundles are protected by a 50 �m thick rectangular steel tube connected to thebundling frames.The front face of the 16{cell modules is protected by a cushion made of foam material,placed over a 50 �m thick aluminium foil molded on the lead{�bre matrix. The foam is �lledwith glue which adapts to the shape of the front face before hardening. The cushion is coveredby a 50 �m thick steel cap. This protection allows us to put the modules onto their front faceand move them easily during assembly without risking deformation of the lead{�bre structure.The bundle end of the 16{cell module with its 16 �bre bundles is machined to form a 
atoptical surface. In spite of the di�erent materials of bundling frames and glued �bres, theaverage surface variation is less than 0.3 �m in height after machining. This ensures wellde�ned optical transmission to the light readout chain that follows.The 2{cell modules within a 16{cell module are orientated with their lead plates runningeither horizontally or vertically. Their orientation depends on the 16{cell modules' detectorposition. It is chosen to minimize `channeling' | the signal dependence on a particle's impactposition caused by the lead{�bre structure which leads to a reduced energy resolution. Chan-neling e�ects are an intrinsic property of all lead/scintillating{�bre calorimeters [23]. They arelargest if the incident particle direction is parallel to the �bre orientation. Due to the limitedgeometric acceptance of the calorimeter, this case does not occur for particles originating fromthe H1 interaction point. Higher{order channeling might, however, be present to some extentfor particles traversing the lead{�bre matrix parallel to its symmetry planes. This happens for12



electrons impinging on the calorimeter at azimuthal angles of 0�, 60� and 120� with respect tothe lead plates. As can be seen from Figure 3, the 2{cell modules are arranged in such a waythat those critical angles are avoided.Beside the 16{cell modules described above, �ve di�erent types of special modules havebeen built to approximate the circular shape of the aluminium frame surrounding the detector.Some of these modules have reduced cell sizes and some of them are of non{rectangular shape.The corresponding bundling frames, the number of �bres per bundle and the position of thephotomultiplier housings are slightly modi�ed as well.Similarly, special modules approximating the shape of the beam pipe were built. Thesemodules are of major importance since they cover the interesting kinematical region of verylow x and Q2 values. Their construction is described in detail in the next section.4.5 Insert ModuleThe innermost module of the electromagnetic calorimeter which surrounds the beam pipe iscalled the insert module. The insert module has the same outer size as a 16{cell module and italso consists of 16 cells. The insert cells are not rectangularly shaped in order to allow for thespace needed for the beam pipe. An r�� view of the insert module is sketched in Figure 10.
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Figure 10: r�� view of the insert module.The four inner cells surrounding the beam pipe | the veto layer cells | are 8 mm thick.Their purpose is to detect energy leakage of the neighbouring cells into the beam pipe. Fur-thermore they allow us to identify events where the scattered electron hits the beam pipe inside13



the calorimeter. The outer radius of the veto layer is 65 mm measured from the center of thebeam pipe. This corresponds to a scattering angle of approximately 177.5� at normal runningconditions.Mechanically, the insert is divided into four quadrants. This allows convenient assembly ofthe insert modules after the main part of the calorimeter is already installed in its �nal positionin the H1 detector. Each quadrant consists of a stack of lead plates. The separation of thequadrants is indicated by the dotted lines in Figure 10. Note that each veto layer cell consistsof two lead/scintillator parts belonging to di�erent quadrants. It is, however, read out by onephotomultiplier.The special shape of the insert cells is achieved by cutting normal size lead plates to therequired dimensions, �lling them with �bres and stacking the equipped plates in a suitablestacking form. The procedure is similar to the production of 2{cell modules. The small size ofthe insert cells implies that the photomultiplier housing, the shape of the light mixers and thesize and form of the �bre bundles are modi�ed compared to the normal 2{cell modules.A 2 mm thick tantalum layer protects the active detector elements from synchrotron radi-ation. Tantalum was chosen because it combines high shielding density with good mechanicalstability.4.6 Quality Control of Detector ModulesTo control the quality of the detector modules we built a �{source test station [24, 25]. Thefront of the modules was irradiated by a collimated 90Sr �{source of 40 MBq activity. Thesource was mounted on a stepper motor of 10 �m precision which was typically moved in1{2 mm steps in the vertical and horizontal direction, covering an area of 120 � 120 mm2.For each scan position, the scintillation light produced by the �{electrons was measured by adigital ammeter measuring the photomultiplier current. The set{up and the measurement werecontrolled by a computer.Due to the limited range of the �{electrons, which probe the surface of the modules only,scintillation light is produced close to the front end of the �bres. The scan then providedvaluable information on the homogeneity of light transport along the �bres. As a typicalexample, a contour plot of the detector response is shown in Figure 11. The number of contourlines characterizes the deviation below the average detector response. Deviations above theaverage detector response are not shown. Each contour line corresponds to a deviation of 4%.The plot shows no signi�cant inhomogeneities at the cell boundaries within 2{cell modules.There are inhomogeneities over a zone of a few mm around the vertical border of di�erent2{cell modules. These inhomogeneities are of the order of 10% for the 16{cell module shown.Note that the homogeneity of modules probed with a �{source can not be directly comparedto that seen by an extended electromagnetic shower. In general, a decrease of 10% detectorresponse along 2{cell module boundaries corresponds to an e�ect of less than 2% for an electronbeam of a few GeV energy, which can easily be corrected in o�{line analyses.All 16{cell modules were checked in the test station. The �rst four modules that wereproduced showed poorer homogeneity than the following ones and were rejected. The testresults of the other 16{cell modules were used to optimize their position in the detector, e.g.the best modules were placed at small radii from the beam, where the deep inelastic scatteringcross section is largest. For a module of high quality, the RMS of the detector response averagedover an area of 120 mm � 120 mm is typically 7%. We also measured the light yield averagedover the cell centers for all cells. The average light yield per cell shows a typical cell{to{cell14



variation of 6%. The observed spread is consistent with the variation of the average light yieldfor di�erent �bre batches.

Figure 11: Homogeneity pro�le of a 16{cell module with �{electrons. Each contour line corre-sponds to a deviation of 4% from the mean detector response. The hatching indicates di�erent2{cell modules. Boundaries between 2{cell modules are indicated by the bold lines. The cellboundary inside each 2{cell module is shown as a dotted line.4.7 Light Readout Chain and Gain Monitoring SystemE�cient light transport and readout without any losses or inhomogeneities is of major impor-tance for the energy resolution of the calorimeter. In this section, the photomultiplier, thechoice of light mixer and the photomultipler gain monitoring system is described.The core of the light readout chain is the �ne{mesh photomultiplier, Hamamatsu R5505[26]. This photomultiplier provides a gain of the order of 104 in the magnetic �eld of 1.0 Teslawhere the detector is operated. The cathode sensitivity is maximal for a wavelength of 420 nm,which is well matched to the peak of the emission spectrum of BCF{12 scintillating �bres at430 nm. The transit time spread of 0.35 ns is well below the 1 ns time resolution we aim for.The outer diameter of the photomultipliers is 1 inch for the electromagnetic calorimeter and 2inches for the hadronic one. This is small enough to allow placing each photomultiplier directlybehind its corresponding lead/�bre matrix. 15



Each of the 1192 photomultipliers of the electromagnetic section and of the 136 photomul-tipliers of the hadronic section were subjected to detailed quality control checks. Photomul-tipliers with insu�cient gain, poor photocathode homogeneity or other defects were identi�edand exchanged [27]. Measurements of photocathode homogeneities of the photomultipliers ofthe electromagnetic calorimeter showed that the variation of the photomultiplier response cor-responds to an RMS of the order of 10% in a magnetic �eld of 1.0 Tesla. The correspondingvalue for the larger photomultipliers of the hadronic calorimeter is 15%.The impact of photocathode non{uniformities is considerably reduced by mixing the scin-tillation light from the �bres in an acrylic light mixer, which in addition concentrates the lightonto the photocathode. The optimal light mixer dimensions were studied by simulations andtest beammeasurements [28]. We chose a tapered light mixer of square cross section, 26:5�26:5mm2 at the �bre bundle end and 14:5 � 14:5 mm2 at the photomultiplier end. The smallercross section at the photomultiplier end is due to the reduced e�ective size of the photocathodein the magnetic �eld. The length of the light mixer is 68.6 mm. The optical coupling of the�bre bundle to the light mixer is provided through a 0.3 mm thick air gap, while the lightmixer and the photomultiplier are connected by optical glue. For the inner 36 detector cells, weconservatively use the Hamamatsu R5506 photomultiplier, which has a UV glass entry window,and radiation hard quartz light mixers [29].Each group of 16 photomultipliers, together with bases and light mixers, is contained in alight{tight 16{tube aluminium housing which was blackened by anodization. A drawing of thehousing showing one tube in detail is presented in Figure 12.

Figure 12: Housing with light mixer, photomultiplier and integrating printed circuit.In order to achieve a precise energy measurement it is important to monitor any short{term
uctuations and long{term drifts of the photomultiplier gains with a precision of a few permil. We perform this task by means of a light{emitting diode (LED) monitoring system. Thisconsists of a set of LEDs which are connected via optical �bres to the light mixers and thus16



to the photomultipliers. Each LED is linked to eight photomultipliers and to one photodiode.A set of �ve LEDs and the corresponding photodiodes are contained in a small brass box. Intotal, 68 boxes are mounted at the back of the electromagnetic calorimeter.The photodiode measurement is used to identify instabilities of the LED intensity. Thus,any change in photomultiplier gain can be detected and corrected o�ine.The system provides redundancy by connecting each photomultiplier to two di�erent LEDs,which can be �red independently. Each box of �ve LEDs is linked by a serial bus connectionto an external VME module. For each box, a common pulse length can be selected from eightdi�erent options. In addition, any of the �ve LEDs in a given module can be selected to givelight pulses.Typically the system is operated at a rate of 1 Hz. The shortest pulse length has a rise timeand a decay time of 10 ns. More details on the LED calibration system can be found in [30].4.8 Photomultiplier Bases and High Voltage SupplyThe photomultiplier signal is integrated at the output capacitance of the photomultiplier. Adouble emitter{follower printed circuit placed near the base of the photomultiplier drives thesignal via a coaxial cable to the front{end electronics outside the detector. The printed circuitis powered via the same coaxial cable.The high voltage for the photomultipliers is distributed by high voltage distribution boardswhich are mounted at the back of the photomultiplier housings. The design of the high voltageboards follows the description in reference [31]. Each board is connected to an external highvoltage line and supplies a group of at most 16 photomultipliers with high voltage. The highvoltage of these 16 photomultipliers can then be varied individually within a range of 350 Vusing opto{couplers. For each group the photomultipliers were selected such that equal gainscan be adjusted within the available high voltage range. The desired high voltage values aretransmitted by a serial bus system from an external VME module to the high voltage boards.With this system only 75 external high voltage channels are required to operate the calorimeter.Most high voltage values are in the range of 1700 to 1900 V when the magnetic �eld is on.4.9 Assembly of the Electromagnetic SectionThe assembly of the calorimeters was performed in three steps. First the 16{cell modules andspecial border modules were arranged in an 8 mm thick aluminium frame. For convenienthandling of the modules, the calorimeter was not oriented vertically as in its �nal detectorposition but horizontally, and the modules were put on their front faces. A double layer of 50�m thick Kapton foil was put between the 16{cell modules. The four 2 � 25 �m thick steelbands carrying the four modules above the beam pipe were then inserted.Next, the remaining empty areas between the outer modules and the aluminium frame were�lled with tailored Rohacell blocks and epoxy glue. Thus the detector blocks and the aluminiumframe formed a solid mechanical unit.The second major task in detector assembly was the mounting of the photomultiplier hous-ings and the cabling work on the detector. To access the back of the detector, the detector wasturned into a vertical position. Due to the modular structure of the detector, the preassembledphotomultiplier housings could easily be mounted onto the bundling frames. The space betweenthe tubes of the photomultiplier housings contains a water cooling system and houses the signalcables, high voltage cables and the cables of the light calibration system. The cooling system17



consists of 6 mm diameter copper tubes which are connected with bronze clips to the housings.The high voltage supply boards and the light calibration modules are �xed at the back of thephotomultiplier housings.In order to install the electromagnetic calorimeter section in the H1 detector, the fourdetector modules directly above the beam pipe were removed, and the detector was raised toits �nal vertical position. The removed modules were reinstalled and the assembled calorimeterwas moved on rails into its �nal position, inside the H1 detector. Last, the quadrants of theinsert modules were installed.5 Hadronic SectionThe structure of the hadronic calorimeter section is similar to that of the electromagnetic one.The calorimeter consists of 136 detector modules surrounding the beam pipe. The cross sectionof the 120 inner modules is 119.3 � 119.0 mm2. The sixteen edge modules are specially shapedto approximate the circular shape of the aluminum frame which contains the calorimeter. Thesix modules above the beam pipe are held by four 2 � 25 �m thick steel bands �xed at thetop of the aluminium frame. These modules can be lifted and removed to install the hadroniccalorimeter into the H1 detector as is done for the electromagnetic calorimeter. An r�� viewof the hadronic calorimeter is shown in Figure 13.

Figure 13: r � � view of the hadronic calorimeter. The small circles inside the cells symbolizethe photomultipliers to mark active cells. 18



The angular coverage of the hadronic calorimeter near the beam pipe is extended by anadditional backward plug lead/scintillating{�bre calorimeter which is situated in the iron mag-netic 
ux return yoke. The backward plug calorimeter and eight of the specially shaped edgemodules of the hadronic calorimeter were implemented during the winter shutdown 1995/96.5.1 Lead Plates and Scintillating FibresThe lead plate pro�le of the hadronic section is shown in Figure 14. Grooves of 1.1 mmdiameterto be �lled with 54 �bres of 1 mm diameter per plate are made on both sides of the lead plates.The thickness of the lead plates is 1.9 mm. Due to their coarser structure and larger tolerances,the hadronic plates were produced by extrusion. This has the advantage of being a simple andfast technique and it allowed us to produce the grooves on both sides of the plates in one step,providing regular spacing and good longitudinal alignment.
Figure 14: Cross section of a lead plate (hadronic calorimeter).The active medium in the hadronic calorimeter is 1 mm thick BCF{12 scintillating �bresfrom BICRON.As in the electromagnetic section, the spectrum of the scintillation light matchesthe photocathode sensitivity and the �bres have an attenuation length greater than 3 m. Again,the �bres are polished and mirrored at one end to enhance the light yield and to improve theuniformity of the detector response.5.2 Module ProductionThe module construction proceeded in the following steps. The �bres were put into the leadgrooves and then covered by a thin layer of epoxy glue of 5 mm width running perpendicularto the �bre direction. The stacked modules were pressed with a weight of 1 ton while theepoxy polymerized. The module of stacked plates is wrapped with a foil of 0.1 mm thickstainless steel, which keeps the module light{tight and mechanically rigid. The steel foil iswelded by an industrial laser{welding machine. A side view of a hadronic module including thephotomultiplier housing is given in Figure 15.A module contains in total 3510 �bres, which are bundled and held by an aluminium frame.The �bre bundles are 90 mm long. They were glued to the aluminium frame and subsequentlymachined and polished. A 1.5 mm thick steel frame covering the �bre bundle gives mechanicalstability and helps to shield from synchrotron radiation.19



Each �bre bundle is coupled via an 80 mm long acrylic light mixer to a 2 inch photomulti-plier. The light mixer and the photomultiplier are contained in a common aluminium housing.We use the Hamamatsu R2490{06 �ne{mesh photomultiplier [26], which provides a gain ofthe order of 105 in the magnetic �eld of 1.0 Tesla where the detector is operated. The lightmixer has a square cross section with 60 mm sides at the �ber bundle end and transforms to acylindrical shape of 32 mm diameter at the photomultiplier end. It is coupled by a 1 mm airgap to the �bre bundle and is glued to the photomultipler entry window.
Figure 15: Side view of a hadronic calorimeter module.The quality of the production modules was measured using cosmic muons triggered by a setof scintillation counters which de�ned three vertical slices parallel to the longitudinal axis ofthe modules. The detector response to the muons in these slices is digitized and read out by acomputer. The set{up provided information on light yield 
uctuations from module to moduleand determined the size of possible inhomogeneities within a single module, which were foundto be typically 3.5%.5.3 The Backward Plug CalorimeterThe backward plug calorimeter consists of 12 modules with a minimum radial distance of 6 cmto the beam centre. It is positioned at a distance of 2620 mm from the nominal interactionpoint, and is shown in Figure 16.The backward plug calorimeter ful�lls several tasks. The large distance of the calorimeterfrom the ep collision vertex ensures a high discrimination power for out{of{time proton beam{related background events. It thus provides additional veto information to the H1 �rst leveltrigger. Furthermore, it extends the acceptance of the electromagnetic and hadronic calorimeterto polar angles of 178.7�, covering a Q2 range of approximately 0.1 { 0.5 GeV2 for events atthe nominal ep interaction vertex. Therefore, the backward plug extends the coverage of themain electromagnetic and hadronic calorimeter sections into the transition region between deepinelastic scattering and photoproduction processes.20



Figure 16: Side view and r�� view of the backward plug calorimeter. The height of the modulesis 51.6 mm. The module in the upper right part of the r�� view is irregularly shaped to leavespace for the feed{throughs of a beam pick{up antenna.The backward plug calorimeter modules were built up in a similar manner to the hadroniccalorimeter modules. Their lead{to{�bre ratio is 3.4:1 and 1 mm thick �bres are used. Themodules have a trapezoidal cross section to ensure full coverage in �. The backward plugcalorimeter consists of two half{shells that are housed in the correponding shells of the ironreturn yoke of the H1 magnet. We use the same photomultiplier type as for the electromagneticsection due to space restrictions. The high voltage supply and the calibration system are setup in the same way as for the main part of the hadronic section.6 SummaryThe design parameters and the construction of the H1 lead/scintillating{ �bre calorimeterhave been presented. The ambitious requirements on energy, timing and position resolution,combined with good electron{pion separation and hadronic energy measurement, led naturallyto the novel combination of 0.5 mm �ber diameter with a lead{to{�ber ratio of 2.3:1 for theelectromagnetic section and to the construction of a separate hadronic calorimeter.Solutions to the technical challenges caused by this choice were found and the calorimeterwas successfully installed in the H1 detector during the winter shutdown 1994/1995. Test beammeasurements as well as the experience of the �rst year of data taking indicate that the designgoals have essentially been reached.7 AcknowledgementsIt is a pleasure to thank all engineers and technicians from the participating institutes for theiroutstanding commitment and their good team spirit. Their excellent work made the successful21
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