6.	The Very Forward Calorimeter�tc  \l 1 "6.	The Very Forward Calorimeter"�


6.1	Introduction�tc  \l 1 "6.1	Introduction"�


The very forward calorimeter (VF) covers the pseudorapidity range 3.0 £ |h| £ 5.0. It is located at ± 11 m from the interaction point as shown in Fig. 1.3 in Chap. 1. For reasons explained in Chap. 1, a recent decision was made to extend the coverage of the HF from |h| ≤ 2.6 to |h| ≤ 3.0, which now establishes the transition from HF to VF in pseudorapidity. The VF improves the measurement of missing transverse energy (�EMBED Equation.2���) and enables very forward jets to be identified. These jets are a distinguishing characteristic of several important physics processes.


The measurement of �EMBED Equation.2��� is important for the study of top quark production and for Standard Model (SM) Higgs searches for mH ≥ 500 GeV in the H Æ ZZ Æ llnn and H Æ WW Æ lnjj channels. It is also important in SUSY Higgs searches for A Æ tt Æ eµ + �EMBED Equation.2��� and A Æ tt Æ l± h± + �EMBED Equation.2���, allowing one to reconstruct the mass of A. Studies of WWg and WWZ gauge boson couplings and searches for supersymmetric particles are also improved by the presence of the VF. Many of these processes are accessible at low luminosities (L ≥ 1032 cm–2 s–1).


The search for a heavy Higgs boson (mH ª 1 TeV), with the decay H Æ WW Æ lnjj, H Æ ZZ Æ lljj, requires high luminosity, L ª 1034 cm–2 s–1. The production of the Higgs in this mass range, through the WW or ZZ fusion mechanism, is characterised by the appearance of two forward tagging jets. The jets are energetic (<pL> ª 1 TeV) and have a transverse momentum of order mW. They are emitted in the pseudorapidity range 2.0 ≤ |h| ≤ 5.0. The detection of these tagging jets is mandatory in order to suppress the large QCD W, Z + jets background [1]. Detecting forward tagging jets is also useful for the 80 to 140 GeV mass range of the Higgs (see Chap. 12).


The study of longitudinal intermediate boson (VL) scattering (whether resonant or not) will require the detection of forward tagging jets. This study will be important if VL scattering becomes strong, particularly if the SM Higgs does not exist or if it is extremely massive.


In heavy ion collisions, the production rate of heavy vector mesons as a function of the global energy density in nucleus-nucleus interactions will be measured. The energy density can be estimated from the transverse energy flow measured in the calorimeters. Coverage up to pseudorapidity values of ª 5.0 is necessary.


The VF is required to have moderate energy resolution, with a constant term £ 10% for single hadrons, and sufficiently fine granularity to tag forward jets. The granularity is needed to reject fake jets formed by particles coming from superimposed minimum bias events and for adequate tagging jet angular resolution in the transverse plane. The VF is required to have a very fast response time and to be radiation hard.


This chapter describes two options for the VF detector. The first is based on parallel plate chambers (PPCs). The VF/PPC option is considered to be the baseline VF detector. However, some critical issues still need to be addressed experimentally. These include the sparking rate in the PPC cells, the response to neutron and g radiation fields and electronics signal baseline restoration. For these reasons, a second option based on quartz fibres (QFs) is being considered. It is referred to as the VF/QF option. Further R&D is required before a choice can be made between the two detectors.


6.2	The VF/PPC baseline OPTION�tc  \l 1 "6.2	The VF/PPC baseline OPTION"�


The proposed baseline VF is a modular, iron/gas sampling calorimeter based on PPCs [2-6]. The VF/PPC is intrinsically radiation hard, since the active medium is a circulating gas. The structural elements, mainly ceramics and iron, are radiation resistant. The chambers have a fast signal response.


6.2.1	VF/PPC Construction and Design�tc  \l 1 "6.2.1	VF/PPC Construction and Design"�


The PPC is a gaseous detector with planar electrodes working in the avalanche mode. The gas gap is formed by electrodes which are kept 1.5 mm apart by a spacer. The gap is filled with CO2 or a mixture of CF4 and CO2 at atmospheric pressure. A high voltage is applied across the electrodes to provide a high uniform electric field of 40 - 50 kV/cm.


The PPC signal is generated in less than 1 ns. The chambers can work in charged particle fluxes of 108 - 109 cm–2 s–1 with negligible effect on the electric field. Gas gains ranging from 102 - 105 are possible. At low gains (ª 500), the spark probability is estimated to be of order 10–14 per charged particle crossing a gap. The fraction of the shower energy deposited in the active medium is less than 10–5.


The VF/PPC consists of four large modules of transverse size 165 ¥ 135 cm2, arranged as shown in Fig. 6.1, on each side of the interaction point. A module comprises 60 planes of parallel plate chambers interleaved with plates of 35 mm thick iron absorber. The modules can be placed in different positions, so that the hermeticity (|hmax|) can be changed according to the luminosity expected from the LHC in a given running period. For low luminosity running (1032 - 1033 cm–2 s–1), radiation conditions will allow the VF coverage to be extended to |h| ª 5.5. For high luminosity running (1034 cm–2 s–1), it will be necessary to retract the VF/PPC to |h| ≤ 5.0. There are no projective cracks between the endcap HF and the VF calorimeters.


Each PPC plane in a module contains ª 652 PPC cells and is ª 2 cm thick. Towers closest to the beam (4  ≤ |h| ≤ 5) have lateral size 5 ¥ 5 cm2, while the outer towers (3 ≤ |h| ≤ 4) are 10 ¥ 10 cm2. This granularity is adequate for jet finding and keeps the occupancy due to the minimum bias pileup [6,7] down to the requisite level. The VF/PPC has three-fold segmentation in depth.


The total depth of the VF/PPC is about 3.3 m. For pions of 1 TeV, simulations show that the shower leakage is less than 2% for 12 l, a depth which is considered to be sufficient [8]. Each iron plate weighs 570 kg, and the VF/PPC on each side of the interaction point weighs about 140 tonnes.


A PPC cell [9] consists of two metallised ceramic plates that serve as electrodes, separated by a ceramic frame whose thickness (1.5 mm) determines the gas gap. The gas gap can be controlled to within 4 mm during large-scale PPC production. Flatness and parallelism can be controlled to within 5 mm. This ensures that local gain variations will be less than 7%.�
�


Fig. 6.1: Layout of the VF/PPC.�
�
6.2.2	Alternative PPC Design�tc  \l 1 "6.2.2	Alternative PPC Design"�


A similar but alternative design [3,5] for the VF/PPC uses 35 mm thick iron plates for the electrodes. The plates also act as the absorber for the calorimeter. In this design, each module is housed in a stainless steel box and consists of 21 iron planes interleaved with ceramic spacers to provide the 1.5 mm gas gaps. Alternate planes are made of eight separate iron plates measuring 97 ¥ 97 ¥ 35 mm3 which serve as electrodes. The module is filled with gas. The high voltage is applied to the small plates, and the large, continuous plates are grounded [10]. A given electrode reads the signal from the gas gaps on its front and back sides. The weight of such a module is about 460 kg. A module has a depth of ª 4 l and 40 Xo. The total VF depth of 12 l requires three modules. Twelve modules are used for the VF on each side of the interaction point.


6.2.3	The Front-End Electronics�tc  \l 1 "6.2.3	The Front-End Electronics"�


The front-end preamplifier is designed to have a dynamic range which accommodates an input charge of up to ª 2 pC. A gain of about 5 mV/mA matches this requirement. Due to the high neutron flux in the very forward region, the preamplifiers of the VF/PPC will be located at the sides of the detector, requiring cable lengths of about 2 m. The resulting electronics noise has been measured as a function of cable length using a 7 ns risetime preamplifier prototype. In the range 1 - 2.5 m, an ENC ª 12000 electrons was measured [1]. Electronics noise at this level is acceptable since comparable or greater levels of noise arise from the traversal of background particles. The electronics noise is equivalent to less than 1 GeV per tower.


6.2.4	Calibration and Monitoring�tc  \l 1 "6.2.4	Calibration and Monitoring"�


Several techniques for the relative calibration of the VF/PPC modules and PPC cells are being investigated. Under consideration are incorporated radioactive sources, radioactive gases, and cosmic rays. The absolute calibration of the VF/PPC modules will be carried out in a test beam. Methods using data are described in Sect. 6.5.5.


A number of VF/PPC parameters will be monitored including the gas density (via the temperature and pressure), the gas composition and purity. Voltages, currents and temperatures will be monitored throughout the detector and the associated electronics.


6.3	The expected performance of the VF/PPC�tc  \l 1 "6.3	The expected performance of the VF/PPC"�


6.3.1	Tests and Tools�tc  \l 1 "6.3.1	Tests and Tools"�


Tests of individual chambers and calorimeter prototypes have been carried out with cosmic rays and radioactive sources and at test beams (CERN SPS H2, H4 beams and the PS at ITEP). The MGC�20 cyclotron at ATOMKI has been used for radiation tests.


ISAJET and PYTHIA have been used to simulate physics events. GEANT has been used for shower simulation in the detector. FLUKA has been used for hadronic collisions and MICAP for neutron interactions. The avalanche mode of PPC operation has been simulated. This enables the number of electrons collected at the electrodes to be calculated as a function of the deposited energy in the gas. The CMS magnetic field map was used to track particles from the interaction point to the VF.


6.3.2	Transverse Granularity, Jet Tagging and Spatial Resolution�tc  \l 1 "6.3.2	Transverse Granularity, Jet Tagging and Spatial Resolution"�


The transverse granularity was determined by the requirements of forward jet tagging [11]. A luminosity of 1034 cm–2s–1 was assumed with �EMBED Equation.2��� = 14 TeV and a bunch spacing of 25 ns. A pp cross section of 100 mb was used. Events were taken to be composed entirely of minijets with �EMBED Equation.2��� > 5 GeV. 139 H Æ qq events were generated with mHiggs = 800 GeV. The minimum bias background was superimposed on each event. The energy-weighted radial distribution of particles is shown in Fig. 6.2. The jet structure stands up over an almost flat background arising from the superposition of the minimum bias events. 


A complete cascade simulation in the VF shows that a transverse granularity of 5 ¥ 5 cm2 (Dh ¥ Df ª 0.1 ¥ 0.1 at |h| ª 4) is sufficient for jet tagging. The angular resolution in the transverse plane is better than 2 degrees, when averaging over the h range covered by the VF. The corresponding spatial resolution is about 1 cm for a typical tagging jet.�
�


Fig. 6.2: The energy weighted radial distribution �of particles with respect to the jet axis. �The background is from seventeen �superimposed minimum bias events.�
�
6.3.3	Hadron and Jet Energy Resolution�tc  \l 1 "6.3.3	Hadron and Jet Energy Resolution"�


The expected energy resolution for single pions [12] and jets [13] is parametrised by:


	�EMBED Equation.2���	(6.1)


with Eπ, Ejet in GeV. The expected e/p ratio is ª 1.2 [2,12]. The above resolution values were obtained by assuming an average PPC gain of 103 and CO2 as the PPC gas.


6.3.4	Missing Transverse Energy Resolution�tc  \l 1 "6.3.4	Missing Transverse Energy Resolution"�


The expected missing transverse energy resolution in the CMS detector with VF coverage 2.5 ≤ |h| ≤ 4.7 is st/SEt = 0.55/�EMBED Equation.2��� (Et in GeV), [14]. In the absence of the VF, the missing transverse energy resolution would be nearly three times worse.


6.3.5	Measurements with an Iron/PPC Prototype Module�tc  \l 1 "6.3.5	Measurements with an Iron/PPC Prototype Module"�


A VF/PPC prototype made of eight PPC layers, interleaved with 30 mm iron plates, has been exposed to high energy electrons. The total depth of the prototype was about 15 Xo. The collected charge for 150 GeV electrons was measured as a function of high voltage (5200 - 5500 V, CO2 gas). The response to electrons from 20 to 150 GeV at a fixed voltage (5400 V) was also measured. The collected charge as a function of high voltage showed the expected exponential behaviour. The collected charge as a function of electron energy exhibited a linear dependence. The energy resolution for electrons was of order 70%/�EMBED Equation.2��� with a constant term ª 3% (Fig. 6.3) due to the limited depth.


�


Fig. 6.3: Electron energy resolution.�
6.3.6	Measurements with an Iron/Gas Prototype Module�tc  \l 1 "6.3.6	Measurements with an Iron/Gas Prototype Module"�


A prototype module was constructed which contained five iron planes, 20 ¥ 40 ¥ 1.7 cm3, separated by 1.5 mm gas gaps, and housed in a stainless steel box. Every second plane had eight iron plates acting as electrodes with dimensions 97 ¥ 97 ¥ 17 mm3. The depth was about 5 Xo. This prototype was tested using electrons with energy ranging from 15 to 150 GeV. The data were taken at different voltages (5450 - 5600 V). The gas used was a mixture of CF4�CO2 (80�20). The module was arranged to be at the electromagnetic shower maximum by installing 10 cm of iron in front of it.


The collected charge as a function of high voltage was measured and the expected exponential behaviour was observed. The response was linear with electron energy. The energy resolution of the setup was measured to be 160%/�EMBED Equation.2���. Monte-Carlo simulations predict that this value would correspond to an e.m. energy resolution of ª 50%/�EMBED Equation.2��� for a full sized e.m. module. The results are in good agreement with those found with the iron/PPC prototype.�
�
6.3.7	Chamber Operating Characteristics�tc  \l 1 "6.3.7	Chamber Operating Characteristics"�


The performance of PPC units remained unchanged when working with particle fluxes in the range 104 to 106 cm–2 s–1 [15,16]. The expected flux at the position of the shower maximum at the design luminosity is a few times 107 cm–2 s–1.


The spark probability (ratio between the number of sparks and the number of charged particles crossing the gas gap) was measured [15] using a pion beam giving 5 ¥ 106 pions/spill. For gains of (1 - 3) ¥ 104, the spark probability ranged from 10–7 - 10–5 when using CO2 and followed an exponential law (M4.3) where M is the gain. The spark probability with a mixture CF4-CO2 (80-20%), at a gain of 3 ¥ 104, was two orders of magnitude smaller than that for pure CO2. Extrapolating to M ª 500 leads to a spark probability ª 10–14 using the CF4�CO2 mixture. The sparking rate at the LHC design luminosity should be less than 0.1 s–1 for the entire VF/PPC (both sides). New measurements at low gains and higher particle fluxes are planned to check the validity of the extrapolations.


A total of 3.7 ¥ 107 sparks have been induced at a constant frequency of 103 Hz in a prototype chamber (CO2 gas). The collected charge was measured as a function of the high voltage before and after the test and no change were observed. No increase in the dark current and no change in the signal shape were observed during the test.


6.3.8	Radiation Hardness and Activation�tc  \l 1 "6.3.8	Radiation Hardness and Activation"�


Monte-Carlo simulations were performed [17] to study hadron production in the PPC iron plates and the flux crossing the gas gaps. The effect of neutrons in the gas (CO2) and back-scattered fluxes to the endcaps were also studied. It is estimated that the gamma radiation doses will reach 5 MGy (500 Mrad) at |h| ª 5 for an integrated luminosity of 5 ¥ 105 pb–1, corresponding to the first ten years of LHC operation. The neutron flux is ª 108 cm–2 s–1 at |h| ª 5. The electronics must therefore be located at the edges of the detector. The charge induced by neutrons is equivalent to about 1 GeV of deposited energy for a 10 ¥ 10 cm2 tower with full depth (60 gas gaps). 


PPC chambers have been exposed to 1 MGy (100 Mrad) of g radiation and to 5 ¥ 1015 neutrons cm–2. No change was observed in the current which was monitored during the irradiation. The collected charge as a function of the high voltage was measured before and after the g irradiation period and no change was observed [1]. No mechanical deformation of the ceramic electrodes was observed after irradiation. The colour of the ceramic substrate changed from white (before) to yellow (after irradiation).


The iron of the VF/PPC is expected to become highly activated. The most activated region will be the innermost portion (4 £ |h| £ 4.7) of the first sampling in depth (z £ 4 l) [17]. After exposure to the design luminosity for 30 days, followed by one day of cooling down, the activity will reach about 6 mSv/h. The activity in the outer region (|h| £ 3) will be £ 30 mSv/h. The mechanical design will allow access to the outer parts of the VF without exposing the inner area (see Sects. 15.2.7, 16.2 and 17.4). Iron is one of the best materials to use in the very forward region due to its low activation properties [18].


6.4	VF/PPC Detector R&D�tc  \l 1 "6.4	VF/PPC Detector R&D"�


In 1995, test beam studies of a prototype consisting of 30 PPC planes (8 ¥ 8 cells each) with associated electronics will be carried out [5]. Particular attention will be paid to sparking at high particle fluxes and to determining whether energy distributions are well-behaved and without high-energy tails. In 1996 a prototype module with the first full-size PPC planes will be constructed. Fabricating the full VF will require large-scale production of 80 PPC planes (ª 52200 PPC cells) per year, starting in 1997.


6.5	THE QUARTZ FIBRE VF�tc  \l 1 "6.5	THE QUARTZ FIBRE VF"�


An alternative detector technique for the VF is based on the use of quartz fibres, embedded in copper or iron absorber material, in a manner similar to that in scintillating-fibre calorimeters [19]. This type of calorimeter offers some specific advantages [20] that may well prove to be crucial for extracting important parts of the physics for which CMS is designed.


High-purity quartz (suprasil) is one of the most radiation hard substances known. Silica fibres irradiated at doses exceeding 20 MGy (2 Grad) show no measurable sign of deterioration [21]. Such radiation hardness is more than adequate for the VF exposed to the design luminosity for ten years. 


Light in quartz fibres is generated by the Cherenkov effect. Therefore, the VF/QF is only sensitive to relativistic charged particles. This has several important consequences. Only electrons and positrons produced in e.m. showers give rise to an appreciable shower signal. Therefore, hadron showers predominantly register through their e.m. shower core. This has a two-fold benefit. First, the lateral profile of the hadron shower signals is determined by the dimensions of the e.m. shower component and therefore, this profile is considerably narrower than that measured by 'conventional' calorimeters. Measurements done with prototype calorimeters have confirmed this feature [21]. The width needed to contain 90% of the Cherenkov signal was measured to be more than a factor three smaller than the width of the dE/dx distribution. Secondly, the instrumented depth needed is considerably smaller than that required for full containment of the hadron shower (8 instead of 12 l [22]). However, in order to limit the leakage effects from late-developing showers we have chosen a depth of 10.5 l.


The VF/QF is insensitive to low-energy (MeV) neutrons which will traverse it in large numbers. Similarly, the calorimeter is largely insensitive to the effects of induced radioactivity. The VF/QF is also extremely fast. The production of Cherenkov light is an instantaneous process and timing tails resulting from shower thermalisation are absent. This was confirmed by measurements that were recently done at CERN which showed that all the light produced in hadron showers was collected in 12 ns. 


The absorber will be copper or iron. The choice depends on the effects of induced radioactivity. The type and lifetime of the radioactive isotopes created will affect both the access to, and handling of, the detector and the level of background signals generated. The choice of the absorber material is a subject of further study. The use of a relatively low-Z absorber material means a major reduction in the total mass that needs to be instrumented. An additional benefit of copper/iron for other parts of the CMS detector is the reduced neutron production, estimated to be a factor three lower than for lead or tungsten.


6.5.1	Detector Geometry�tc  \l 1 "6.5.1	Detector Geometry"�


Because of the directionality of Cherenkov light emission (Fig. 6.4), the shower signals depend on the angle between the incoming particles and the fibres. The signals are largest when this angle is 45 degrees. At zero degrees, the response is reduced by a factor 2-3 (Fig. 6.5), in agreement with Monte-Carlo simulations that include e.m. shower development and details of the Cherenkov production and light capture in the fibres [23]. A zero degree geometry has been chosen, since it allows a simple tower structure and thus straightforward triggering schemes.


To increase the reliability of the measurements, the calorimeter is longitudinally subdivided into three separate segments. The first segment (16 X0 deep) is intended to measure the e.m. energy fraction of jets. �
�


Fig. 6.4: The trapping of Cherenkov light in �an optical fibre.�
�



The third segment (2 l deep) has crude (h,f) segmentation and is primarily intended to flag or correct late-developing showers with a possibly large leakage fraction.


�


Fig. 6.5: Angular dependence of the �signals from e.m. showers in a quartz fibre prototype calorimeter. The curve shows �the Monte-Carlo prediction.�
6.5.2	Expected Performance�tc  \l 1 "6.5.2	Expected Performance"�


The light yield in a calorimeter of this type is small. We estimate that in prototypes tested so far (2-3% packing fraction) about 1 photoelectron was produced per GeV of deposited energy. This estimate is based on GEANT simulations in which the Cherenkov emission and light capture were included. These simulations were also used to verify the angular dependence of the light yield in electromagnetic showers, measured with a small prototype built for this purpose [23]. The Monte-Carlo predictions are in agreement with the observations, as shown in Fig. 6.5. The GEANT calculations predict jet energy resolution parametrised by �EMBED Equation.2���, for a fibre packing fraction of 1.5%.


6.5.3	Radiation Hardness Studies�tc  \l 1 "6.5.3	Radiation Hardness Studies"�


The effect of ionising radiation on different types of quartz fibres was studied with a 60Co source. The transparency of these fibres was measured as a function of wavelength for integrated doses ranging from 10�1000 Mrad. �
�
As a result of these tests, fibres with a core of fused silica and a cladding of fluorinated fused silica were found to be sufficiently radiation hard to be used in the 'hottest' region of the experiment (4.3 £ |h| £ 5.0). For the less demanding region (3.0 £ |h| £ 4.3), cheaper plastic-clad quartz fibres were found to be adequately resistant [24].


6.5.4 	Design of a Quartz Fibre VF�tc  \l 1 "6.5.4 	Design of a Quartz Fibre VF"�


The measurements and simulations described in Sect. 6.5.2 have resulted in this preliminary design. The total depth of the detector, including the 2 l deep tail catcher, is 10.5 l (about 1.7 m). The detector consists of iron or copper absorber filled with 200 mm plastic-clad quartz fibres on a hexagonal grid with a spacing of 1.5 mm (1.5% packing fraction). The detector covers the pseudorapidity region 3.0 £ |h| £ 5.0. On the low h side, it extends 10 cm into the region in which particles from the interaction point would first encounter the HF. This ensures that showers from any particles that just miss the HF are fully contained in the VF.


The fibres are parallel to the beam and are sandwiched between layers of absorber to form wedge-shaped modules as shown in Fig. 6.6. In the first two segments, the fibres are grouped to form a tower structure The granularity of the readout channels, dictated by the physics requirements of jet and missing transverse energy measurements, is Dh = Df = 0.175, matching the segmentation of the neighbouring HF. A side view, showing the longitudinal segmentation, is given in Fig. 6.7. Air light pipes guide the Cherenkov light to an array of photomultiplier tubes as shown schematically in Fig. 6.7.


Figure 6.8 shows the signal pattern of a typical QCD jet detected in the VF/QF. The signals generated by 20 minimum bias events produced in the same bunch crossing are included. The plot reflects the Dh = Df = 0.175 tower segmentation and the axis limits correspond to the VF/QF coverage, 3.0 £ |h| £ 4.75 and 0 £ f £ 2p.


The two innermost layers in Fig. 6.6, which are exposed to an order of magnitude higher radiation than the rest of the sub�system, are constructed such that the fibres can be replaced with more radiation hard fluorinated quartz-clad fibres should that become necessary. A hydraulic jack system allows remote removal of this potentially hot detector. A cap for the entry hole for the beam pipe, inserted after removal, will protect workers during maintenance periods. A finite element analysis of a similar structure for GEM showed that it is self-supporting with deflections smaller than 1 mm.


In total, about 140 tonnes of absorber material are needed for this detector. The manufacturing technique will be chosen to minimise cost.


�


Fig. 6.6: One half of the quartz fibre VF showing the wedge structure.�
�


Fig. 6.7: Side view of the quartz fibre VF.�
�
�


Fig. 6.8: Signal pattern in the quartz fibre VF for a typical QCD jet, with 20 minimum bias events superimposed. The energy deposited in individual towers (Dh ¥ Df = 0.175 ¥ 0.175) is shown. The axes show the tower numbering.�
6.5.5	Calibration and Monitoring�tc  \l 1 "6.5.5	Calibration and Monitoring"�


Satisfactory performance of a VF/QF dictates that the response of the detector be uniform and stable in time at the level of a few percent. The uniformity of response must, to first order, be assured by the construction and the quality control. Absolute calibration of the calorimeter will be established by exposing all the modules to test beams.


For the calibration and the monitoring of the response of each calorimeter segment, several independent procedures will be used. First, the response of each channel is rescaled in terms of the number of photoelectrons, using the measured position of the single photoelectron peak. Each tower is calibrated using QCD 2-jet events, which are produced in large numbers. By requiring that one jet be detected in the VF and the other in another part of the calorimeter system, the intercalibration between these calorimeter systems can be verified on the basis of transverse energy balancing. �
�
The collection of a sample of such events requires no additional trigger or a special run. Finally, the long-term response of each calorimeter channel is monitored using minimum-bias events. This requires random triggers at low-luminosity runs and the availability of independent luminosity measurement data. This method is expected to benefit from the redundancy provided by the f-symmetry of the VF.


Time variations of the PM gain are monitored with a laser test pulse system. This light injection system consists of a splitter box, fibres, a prism, and a frequency-doubled laser diode (blue-green 420-540 nm). Several light injection schemes are investigated as part of the R&D program.


6.5.6	VF/QF R&D Programme�tc  \l 1 "6.5.6	VF/QF R&D Programme"�


The following R&D issues are of critical importance for fine-tuning the design parameters and the detector simulation programs:


1)	the light collection scheme for three segment longitudinal readout,


2)	measurements of the light yield and the shapes of the longitudinal and lateral profiles of high-energy hadrons showering in a full-length prototype, with particular attention to leakage tails,


3)	measurement of the calorimeter response to low-energy neutrons and gammas,


4)	measurement of the time structure, including baseline restoration, of the calorimeter response to hadrons and,


5)	radiation damage studies for doses up to 10 MGy (1 Grad), induced by gammas and neutrons. �A full-length VF/QF prototype intended for these studies is under construction.
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