5.7 	Forward Calorimeter Design





5.7.1	Overview, constraints, specifications and reqirements





	The main requirements for HF are the following:





1.   Phase space to be covered by HF spans |\eta| = 3 to 5.  This is nearly half of the available phase space of CMS.  HF covers this region with good hermeticity, fine transverse granularity, adequate energy resolution and a sufficient depth.  At z=11.1 m, where the front face of HF is located, the active radius of HF is 1.40 m with a depth of 1.65 m or 10 nuclear interaction lengths.  The tower structure is chosen to be in a square geometry; for |\eta| > 4, the towers are 5 cm by 5 cm and for |\eta| < 4, towers are larger, 10 cm by 10 cm square (see Figure HF-Front-Face).  The dead-zones are kept to absolute minimum in order not to adversely affect the missing energy measurement.











	FIGURE INSERT


	Figure HF-Front-Face.ieps  HF front face is shown with the tower structure as described in text.  The smaller (5 cm by 5 cm) are closer to the beam pipe region and the coarser towers are located at |\eta|<4.





2.   HF must maintain its intended functionality even at exceptionally high levels of radiation expected at LHC.   The radiation doses of up to a gigarad over ten years are anticipated in the hottest region of HF.  The choice of quartz as the active medium serves this purpose well since it can withstand doses up to 30 gigarads with only a few percent loss in transparency in the wavelength range of 300-425 nm [Goro93].  The accumulated dose from all sources and types of radiation at the PMT location do not exceed 10 krad/year and at the electronics racks that are located outside the shielding elements, the total dose per year is about 1 krad.  These doses are acceptable for satisfactory detector performace.  Extensive radiation background studies resulted in the shielding configuration shown in Figure HF-Parameters.











	FIGURE INSERT


	Figure HF-Parameters.ieps  HF is surrounded effectively by 30 cm thick steel, 30 cm thick concrete and 10 cm thick borated polyethylene.  In front, HF is covered by a 20 cm thick polyethylene and in the back a plug structure shields the PMTs and the fiber bundles.  PMTs are located around a ring at 100 cm < r < 140 cm.





3.   The neutron rates in the vicinity of this detector will be exceptionally high.  One of the fundamental features of this kind of a detector is that neutrons do not produce Cherenkov light and therefore do not contribute to noise in the detector.  The neutron rate immediately behind the copper absrober where the fiber bundles are located is about 10^5 n/cm^2 sec.  The PMTs are well shielded behind a 40 cm thick matrix of steel and borated polyethylene slabs against the radiation emerging from the absorber region.  Thus, the neutron rate here is reduced to ~ 3 X 10^ 4 n/cm^2 sec.





4.   HF is being designed such that it integrates with the rest of the CMS subsystems well.  These subsystems are:





	a.   Endcap Muon System: ME4/HF interface region is redesigned based on the results of the radiation background simulation results.  The general difficulty has been to isolate the higher eta regions of the farther muon systems from high neutron rates that originated from HF and other sources.  This problem is solved to a large extend by introducing a 25 cm thick steel and a 10 cm thick borated polyethylene in this interface region.  The steel section is part of the HF sheilding and radially covers from r=110.8 cm to r=175.0 cm.  A 10 cm thick polyethylene slab is attached to the backplane of ME systems such that it conforms to the HF projection onto the back of the muon system.  This slab radially covers from r=110.8 cm to r=215.0 cm.  A 3 cm air gap is forseen in this region to facilitate the z-motion of HF when being installed/deinstalled in the beam position.  In addition, a 20 cm polyethylene shielding is located in the front face of HF to reduce the backsplash albedo.





	b.   Beam pipe and the vacuum pumps:  A straight 20 cm diameter aluminium(?) beam pipe goes through HF.  The thickness of the beampipe is about 3 (?) mm.  Although a conical pipe inside HF might seem desirable at first sight, the background simulations do not indicate an appreciable difference between these two geometries.  





	HF is designed to separate in two halves such that it can envelope the beam pipe when installed in its final position.  The beam pipe will remain in position when HF is installed/deinstalled.  HF design respects 2 cm stay-clear beam pipe zone.  The vacuum pipe will be located behind the HF shielding, perhaps between 14.50 and 14.96 m where access to the pumps may prove easier.





	c.   The rotating shielding:  The rotating shielding is located in the back of the HF shielding end-plug.  Figure (Rotating-Shield) shows the details of the rotating shieding and its interface with the HF system.  The rotating shield ends at z=14.96 m and a 40 cm long collar interfaces the rotating shielding with the back of the HF end-plug.











	INSERT FIGURE


	Figure Rotating-Shield





5.   In the location of the PMTs, the magnetic field is a few hundred gauss.  The shielding material and a 1 mm thick mu-metal are adequate for this purpose.





6.   The trace elements in the composition of the absorber material (C110, 99.5% Cu) should not contain elements that are readily activated.  One such element is Co and the typical levels in industry produced plates are low, 0.005 to 0.006 %.  (Are activation results ready?).  Activation of copper in time ???





	HF is constructed such that there are three different lengths of fibers inserted into the absorber.  The long fibers that run the entire length of the absorber (165 cm) are called “Long” fibers.  The “Medium” length fibers are shorter by 21.5 cm (15 X_0) from the front face of HF.  The “Short” fibers are inserted 30 cm (2 interaction lengths) from the back face of HF.  Consequently,  “Long” fibers constitue the electromagnetic (EM) section, “Medium” fibers, the hadronic (HAD) section and the “Short” fibers, the tail cather (TC) sections.  Each section is readout by an individual photomultiplier.  The tower structure is chosen to be of square geometry, close to the beam pipe (\eta > 3.8), the tower size is 5 cm by 5 cm square and everywhere else it is 10 cm by 10 cm square as shown in Figure HF-Front-Face.  Table I summarizes the HF tower structure parameters.








	Table I.  HF tower sizes and other parameters.  The number in parantheses indicate the number of fibers for that tower.





Tower type�
Size


(cm x cm)�
Quan./Side�
EM Length


(cm)�
HAD Length


(cm)�
TC Length


(cm)�
�
Small�
5 x 5�
320�
165 (313)�
143.5 (313)�
�
�
Large�
10 x 10�
564�
165 (1250)�
143.5 (1250)�
�
�
TC Tower�
20 x 20�
221�
�
�
30 (1250)�
�






	INSERT FIGURE


	Figure HF-Side-View.  The side view of HF schematically shown above where EM, HAD and TC sections are identified.





	The results of the test beam work with the hadronic and electromagnetic prototypes in the past two years specify the following main features and forms the basis of the HF design;





a)   the electromagnetic energy resolution is 110%/sqrt(E) where E is the particle energy in GeV,





b)   the light yield is 0.87 photoelectrons/GeV for electromagnetic showers.  For hadronic showers the light yield depends on the energy.  For example,  100 GeV pions give on the average 52 photoelectrons.  For 1 TeV, the extrapolated data suggest that the average signal will be 610 photoelectrons,





c)   the hadronic energy resolution contains an intrinic component due to the fact that the Cherenkov mechanism responsible for the signal generation essentially selects only the pi-zero component of the developing showers.  This irreducible component amounts to 25% at 100 GeV and if extrapolated from the test beam data, at 1 TeV, this component is 10%.





d)   the calorimeter response was found to be dependent on the impact position of the incident particles.  In a vertical scan with a narrow electron beam, the period of oscillation was found to correspond to the thickness of the grooved copper plates of which the prototypes were constructed.  Due to very narrow showers, the effective sampling is slightly different when the particles enter the calorimeter at the position of the fiber (signal maximum), compared to where they enter between two fibers (signal minimum).  This effect leads to a constant term in the energy resolution of about 1%.





e)   the energy resolution of the quartz calorimeter contains contributions from the following components;





	-   Photoelectron statistics:  For electromagnetic showers, this contribution scales like a/sqrt(E) where the coefficient a is determined by the sampling fraction.  For the prototypes this equalled 1.05.  This term is almost entirely responsible for the energy resolution.  If the sampling fraction is doubled (i.e. 3% fibers in the absorber), then a goes down to 1.05/sqrt(2)=0.74.  If on the other hand, the fiber volume is half of what was in the prototypes, then the a would be 1.05*sqrt(2)=1.49.  For hadron showers, the situation is a little bit more complicated because of the nonlinear response, but straightforward to calculate.





	-   Sampling fluctuations:  According to [Liva95], these contribute to the resolution of fiber calorimeters as follows: \sigma/E = a/ \sqrt(E), with a = 0.03 * \sqrt{d/f}, in which d is the diameter of the fibers in mm and f is the sampling fraction for minimum ionizing particles.  For the tested HF prototypes, (d=0.3 mm and f=0.00488), the scaling constant a is thus about 24%.  This formula allows to calculate the changes in the sampling fluctuations when the amount of fiber (f) and/or their thickness (d) are changed.





	-   A constant term, which results from the fact that the characteristic lateral shower dimension is of the same order of magnitude as the fiber pitch.  This term can be estimated as follows.  Using the measured lateral shower profile, one can determine the faction of the singal producing shower contained in a cylinder with the fiber pitch as its radius.  For hadronic showers in our prototypes, this fraction is 27%.  The largest and smallest signal differ by 12 % in the fiber matrix arrangement of the prototypes.





[Liva95]	M. Livan, V. Vercesi and R. Wigmans, Scintillating-Fibre Calorimetry, Yellow Report CERN 95-02 (1995).





