5.	Mechanical Design and Structure

5.1 	OVERVIEW AND REQUIREMENTS

5.1.1	Introduction: Physics aims

The very forward calorimeter (HF) covers the pseudorapidity range 3.0 ≤ |h| ≤ 5.0. The font face of HF  is located at ± 11.1 m from the interaction point.  There are two main objectives with this detector: to improve the measurement of the missing transverse energy (Etmiss) and to enable identification and reconstruction of very forward jets.  In some cases, these jets are the distinguishing characteristic of several important physics processes, in others, they are background signatures.

The central (|h| < 3) calorimetry of CMS, complemented with the HF calorimeters up to |h| ª 5, reduces the fake (instrumental) Etmiss by an order of magnitude in the 20-120 GeV energy range [Reference].

The measurement of Etmiss is essential for the study of top quark production and for Standard Model (SM) Higgs searches for mH ª 80 - 140 GeV and mH ≥ 500 GeV in the H -> WW -> lnjj channels.  It is also important in SUSY Higgs searches for A -> tt -> em + Etmiss and A -> tt -> l±h± + Etmiss , allowing the A mass reconstruction.

Forward jet detection is critical in the search for a heavy Higgs boson (mH ª 1 TeV), with the decay H -> WW -> lnjj, H -> ZZ -> lljj, at luminosities in the 1034 cm-2s-1.  The production of the Higgs boson in this mass range, through the WW or ZZ fusion mechanism, is characterized by two forward tagging jets.  The jets are energetic (<pL> ª 1 TeV) and have a transverse momentum of the order of 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 [Reference].

In the search for direct Drell-Yang (DY) slepton pair production or the associate direct DY chargino-neutralino production, leading to final states with two or three isolated leptons, no jets and Etmiss , it is essential to have the capability to recognize and veto jets at forward angles.  This is need to suppress the SUSY and SM backgrounds.

Already with a coverage up to |h| ª 4.5, the vetoing events containing a forward jet of Etjet ª 25 - 30 GeV will reject SUSY background by a factor 350 - 400 (SM background by a factor 9 - 10), with a 7% of signal loss.

In the case of slepton searches in two-lepton final states, the corresponding SUSY (SM) rejection factor, by veto on same type of forward jets, will be 30-50 (8 -10) with a loss in signal acceptance in the order of 10%.

On the other hand, the study of longitudinal intermediate boson (VL) scattering (whether resonant or not) will require the detection of forward tagging jets.  This study will gain further significance 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 (Y, Y', Y'') as a function of the global energy density in nucleus-nucleus interactions, will be measured and the energy density can be estimated from the transverse energy flow measured in the calorimeters.

5.1.2 The HF environment: Physics requirements

The physics aims outlined in the previous section have to be fulfilled in a very demanding and hostile environment.  To start with, a bunch crossing every 25 ns implies the use of a very fast technique. In addition, with LHC operating at a luminosity of 1034 cm-2 s-1, and assuming a total pp cross section of 100 mb (25 pp collisions per bunch crossing), the average particle multiplicity at the interaction point (IP) per crossing is about 5700 (RMS = 1200).  This corresponds to a rate of 2.3 x 1011 s-1, equivalent to 280 part./crossing/rapidity unit, or 1.1 x 1010 part./s/unit of rapidity.

From the 5700 particles produced at IP, 1050 (RMS = 450) reach any of the two HF (located at ± 11.1 m from the IP), so: 4.2 x 1010 s-1, equivalent to 525 part./cross./rap. unit, and 2.1 x 1010 s-1/rap. unit. The most populated region is the inner part of the HF (4.5 < h < 5), with an incoming rate of particles of about 9.6 x 109 Hz equivalent to a flux of about 6.0 x 106 cm-2 s-1.

The above particle flux will produce absorbed doses that, in the inner parts of the calorimeter, will reach values close to 100 Mrad/year. Therefore, the detection technique must be radiation resistant.

Particles incident on HF will initiate showers leading to large neutron fluxes in the calorimeter absorber (close to 109 cm-2 s-1 in the shower maximum) and to the activation of material in the absorber.  Thus the technique is required to be as much as possible insensitive to neutrons and low energy particles originating from the decay of activated radionucleids.  As a result of this activation, some parts of the HF will be a source of radiation (after 60 days of LHC operation and 1 day of cooling down) up to about 10 mSv/h.  Thus the detector must be robust and require minimal maintenance.

5.1.3 The technique: quartz fiber calorimetry

A charged particle, traversing a quartz fiber with a velocity greater than the speed of light in quartz, emits photons due to the Cherenkov effect.  The opening angle of the Cherenkov cone, Qc, is related to the speed of the particle, b, by the relation:

	cos Qc = 1/nb	               (1)

where n is the refraction index of the fiber. There is a threshold value (bmin = 1/n), below which there is no Cherenkov radiation.

The light yield, in photons, due to the Cherenkov effect [R], is given by:

d2N/dxdl = 2paz2(sin2 Qc /l2) = 2paz2/l2 [1-1/b2n(l)2] 	(2)

where a is the fine structure constant, Qc is the Cherenkov angle, l is the wavelength of the emitted light, x is the path of the particle through the medium and z is the charge of the incident particle.

The amount of light observed by a detector positioned at one end of the fiber depends on the velocity of the particle (eq. (2)), on the incident angle, and on the distance between the particle trajectory and the center of the fiber.  It also depends on the fiber core and cladding refraction indices, on the spectral transmission range of the fiber and on the spectral quantum efficiency of the light detector [R].

The particles entering the absorber of a calorimeter make showers of particles.  Those among them which enter a quartz fiber with b close to 1 are essentially electrons.  The electrons producing light in a quartz fiber are roughly those entering the fiber with an angle of ª 45o ± 10o [R].

The implication is that the apparent shower development in fiber calorimeters is dramatically different from the one observed in dE/dx  calorimeters: the showers appear to be very narrow and, in the case of hadrons, short.  For electromagnetic and hadronic showers, the figure of merit is the Moliere radius of the absorber.

By nature, the Cherenkov effect is insensitive to neutrons (because they have no charge) and to activation products (because they lie below the b threshold).

The Cherenkov effect can be considered instantaneous and therefore there is no other limitation than the electronics which slows down the detector response but still the charge collection time is much less than 25 ns.

HF will be constructed as a block of copper with embedded quartz fibers, running parallel to the beam axis.  Both materials are radiation resistant.  Photodetectors and associated electronics will be located at the outer parts of the calorimeter, where the radiation doses are low and easily accessed.

5.2 HF-Radiation ENVIRONMENT

5.2.1	Shielding requirements and constraints

The large amount of hadronic energy absorbed in the HF inevitably leads to the generation  of an immense neutron flux inside of the HF.  We observe hadronic leakage from the rear face even after 10 interaction lengths.  Fortunately, most of the punchthrough is contained within the shielding or is directed towards the end  wall of the cavern and does not directly hit any other subdetector. Some of these particles will cross the photomultipliers and front-end electronics. The protection of these devices is the primary reason for quite substantial  shielding at the back of the HF. This shielding is also beneficial to the endcap muon system,  since the energy carried by the punchthrough particles is converted into neutron and photon  albedo at the end wall of the experimental hall, and so indirectly influences ME4.

For ME4, radial leakage from the HF is of more concern than punchthrough. Particles emerging  from the HF side faces could directly impinge on the CMS endcap. A substantial effort has  been recently devoted to optimizing the shielding configuration around HF.

The neutron albedo from the HF front face has been shown to be of no importance for the  central tracker but, if unshielded, would be an important source of background in the  high h region of the endcap muon spectrometer. A 20 cm thick polyethylene slab lining the HF front face is sufficient to suppress the  neutron albedo below the level of the neutron flux generated by interactions in the beam pipe. 

An important channel for neutron leakage from the HF directly into ME4 has been blocked by  introducing a 10 cm thick borated polyethylene slab into the endcap/HF interface. The  interface itself is designed to be flat, with a clearance not exceeding 3 cm. The lateral  faces of the HF are surrounded by 70 cm of shielding elements, of which the innermost 30 cm are steel, followed by 30 cm magnetite concrete with a density of 3.65 g/cm3.  The shielding is finished off with a 10 cm thick layer of borated polyethylene. Close to cylindrical shape shielding is advantageous because of savings in total weight and a shielding with square cross section would leave in the corners some parts of ME4 directly  exposed to the HF.

At the back of the HF we have to deal with the interface to the rotating shielding and with the issue of accommodating and shielding the photomultipliers. Its inner radius is assumed to be 12.5 cm. Behind the HF we have a relatively massive shielding block starting at z=12.95 m.  The inner boundary of this block is conical and follows the h=5.31 line. The block has  an outer radius of 100 cm and consists of steel and magnetite concrete. Its outer surface  is covered by 10 cm of borated polyethylene.  The interface to the rotating shielding is provided by having the last 40 cm of this shielding  block as a separate entity which would be inserted after both the HF, including its shielding and the rotating shielding, are in place.  The crack between the HF shielding and the rotating shielding shown to be critical. A flat  connection is possible if the clearance does not exceed 3 cm; assuming these 3 cm clearance, the rotating shielding starts at z=1496 cm. In addition to its main task of reducing the background in the experimental cavern and ME4, the thin section of the rotating shielding plays a non-negligible role in shielding the HF photomultipliers. The optimization of the rotating shielding design in view of ME4 is still in progress. Here we use the best design encountered so far, consisting of three radial layers: 30 cm of steel starting at R=20 cm, followed by 30 cm of magnetite concrete and a further 10 cm of borated polyethylene, giving an outer radius of 90 cm.

The photomultipliers are stacked between the cylindrical shielding block and the outer lateral  shielding described above. To suppress the fluence of punchthrough particles, a special shielding consisting of 5 cm steel, 25 cm borated polyethylene and 10 cm steel is placed between  the HF and the photomultipliers. The fibers from the HF will be fed to the photomultipliers  through small holes in this shielding. Support of the photomultipliers is in addition to the last 10 cm of shielding steel.



Table 5. � SEQ Table_5. \* ARABIC �1�   

Particle fluences in cm-2 sec-1 and dose in Gy in the position of the photomultipliers of the HF. All values are for 5 x 105pb-1.



�FLUKA�MARS��All neutrons�2.8 x 1012�-��Neutrons E>100 keV�2.3 x 1012�2.9 x 1012��Thermal neutrons�8.3 x 109�-��Charged hadrons�3.8 x 1010�2.0 x 1010��Dose�70�-��

5.2.2 Results of Radiation Simulations

We have calculated the particle fluences and radiation dose in a glass plate representing the photomultiplier windows.  The results are collected in � REF _Ref387200171 \* MERGEFORMAT �Table 5. 1� and the radial dependence of fluences and dose is shown in � REF _Ref387200864 \* MERGEFORMAT �Fig. 5. 1� and � REF _Ref387201140 \* MERGEFORMAT �Fig. 5. 2�.  Alongside the FLUKA results we provide some values obtained with the MARS code. In general, we observe very good agreement. The increase of the MARS neutron fluence estimate with respect to FLUKA at large radii is probably explained by the significantly longer scoring bins (along z) used in MARS.



Fig. 5. � SEQ Fig._5. \* ARABIC �1�:  Fluence of different particle types in the position of the photomultipliers as a function of radius.  Values are for 5 x 105 pb-1.



Fig. 5. � SEQ Fig._5. \* ARABIC �2�:  Radiation dose in the photomultiplier windows (glass) and just behind the absorber (air) as functions of radius.  Values are for 5 x 105 pb-1.

� REF _Ref387201140 \* MERGEFORMAT �Fig. 5. 2� and � REF _Ref387202605 \* MERGEFORMAT �Fig. 5. 4� shows the photon and neutron spectrum in the position of the photomultipliers.  We observe that, as expected, the polyethylene has removed a significant amount of the neutrons around 1 MeV and therefore lowered the potential bulk damage to silicon devices.  When interpreting the photon spectra of ( � REF _Ref387202480 \* MERGEFORMAT �Fig. 5. 3�, � REF _Ref387202759 \* MERGEFORMAT �Fig. 5. 5� and � REF _Ref387203864 \* MERGEFORMAT �Fig. 5. 8�) it should be remembered that photons emitted in radioactive decays are not included in the simulation.

� REF _Ref387201140 \* MERGEFORMAT �Fig. 5. 2� and � REF _Ref387202605 \* MERGEFORMAT �Fig. 5. 4� show the dose and particle fluences as a function of radius just behind the HF absorber.  We can observe a variation by several orders of magnitude between the innermost and outer radii.

� REF _Ref387202759 \* MERGEFORMAT �Fig. 5. 5� shows the photon and neutron spectrum just behind the HF absorber averaged between radii of 20 cm and 60 cm.  The neutron spectrum shows the typical shape inside or on top of pure metal, with very few thermal neutrons (probably backscattered from the polyethylene on the shielding plug) and a very pronounced 1 MeV ‘evaporation peak’.  The smaller peak around 100 MeV is the more significant one, since these neutrons are very penetrating.  Note that the increase of the absolute values with respect to � REF _Ref387202480 \* MERGEFORMAT �Fig. 5. 3� is not an effect of the polyethylene shielding of the photomultipliers alone, but mostly caused by the different radial range considered.



Fig. 5. � SEQ Fig._5. \* ARABIC �3�:  Energy spectra of particles in the position of the photomultipliers.  Values are for LHC peak luminosity.



Fig. 5. � SEQ Fig._5. \* ARABIC �4�:  Fluence of different particle types just behind the absorber as a function of radius.  Values are for 5 x 105 pb-1.  The muon contribution in the charged fluence, quoted for FLUKA, is only a few tens of a percent so the pure charged hadron curve would be almost indistinguishable from the present one.



Fig. 5. � SEQ Fig._5. \* ARABIC �5�:  Energy spectra of particles just behind the HF absorber averaged over radii R=20 cm to R=60 cm.  Values are for LHC peak luminosity.

One important issue is where to place the electronics racks needed by the HF.  Since the cable length from the photomultipliers to these racks has to be minimized, the most suitable position is just outside the lateral shielding of the HF.  � REF _Ref387203686 \* MERGEFORMAT �Fig. 5. 6� shows the fluence of different particle types in this position as a function of the longitudinal (z) coordinate.  The large increase of fluence at z=1080 cm is caused by the 3 cm wide crack between the endcap and the HF shielding.  An inspection of the curves shows that most of the bulk damage in silicon devices will be caused by neutrons with energies above 100 keV.  The contribution by other hadrons is relatively small.

Radiation dose is probably the more important parameter for the electronics racks.  The dose as a function of z is shown in � REF _Ref387203894 \* MERGEFORMAT �Fig. 5. 7�.  The dose just inside the borated polyethylene shielding is shown alongside the dose in the air just outside the shielding.  As expected the dose in the polyethylene is higher, which can be attributed to recoils from (n,p) reactions.  The dose in silicon itself should be close to that in air.  But in the racks we can expect a certain amount of cables and other plastic items to accompany the silicon devices.  Therefore, the two values should provide a proper estimate of the uncertainty in dose due to the material composition of the racks.

Both the fluence and dose have a minimum between z=12 m and z=12.5 m which thus is the preferred position for the racks.  Beyond z=13 m we observe a clear increase of fluences and dose, which is caused by the end of the absorber and therefore significantly reduced lateral shielding.

� REF _Ref387203864 \* MERGEFORMAT �Fig. 5. 8� shows the energy spectra of photons and neutrons on top of the lateral shielding of the HF.  While nothing unusual can be observed in the photon spectrum, the neutron spectrum is remarkably hard. The deficiency of thermal neutrons is explained by the borated polyethylene which forms the top part of the shielding.  The fact that the 1 MeV ‘evaporation peak’ has almost disappeared tells that the shielding provides very efficient neutron attenuation in the energy range where hydrogen is effective.  The neutrons at about 100 MeV cannot be stopped, except with very massive shielding for which we have neither the space nor the possibility of support.



Fig. 5. � SEQ Fig._5. \* ARABIC �6�:  Fluence of different particles on top of lateral shielding of the HF as a function of z-coordinate.  Values are for 5 x 105 pb-1.



Fig. 5. � SEQ Fig._5. \* ARABIC �7�:  Radiation dose around the lateral shielding of the HF as a function of z-coordinate.  The large error bars in the air values are caused by the low density, which reduces the number of energy deposition events. Values are for 5 x 105 pb-1.



Fig. 5. � SEQ Fig._5. \* ARABIC �8�:  Energy spectra around the HF lateral shielding where electronics racks will be positioned.  Values are for LHC peak luminosity.

5.3	Transporter Table

The transporter table is designed to fulfill the following functions and meet the listed requirements:



1.	transportation of the HF between the garage position and the foot of the elevation system;

2.	adequate strength in supporting the weight of the HF and its shielding elements (~310 tons) as it is raised/lowered to/from beam position;

3.	25 cm motion on the horizontal plane for each half of the HF to facilitate installation of the HF around the beam pipe and eventual maintenance of the HF itself when in the garage position;

4.	30 cm motion along beam direction when the HF is raised to the beam height to ease installation of the detector between the endcap muon system and the rotating shield arms;

5.	sufficient surface for the installation of the HF endplug shielding and 40 cm shielding collar between the HF shielding and the rotating shielding;

6.	mechanical interface elements between the hydraulic jacks and support frames;

7.	rolling mechanism that is consistent with the construction, assembly and installation plans of the HF detector;

8.	mechanical structure that conforms to the radiation shielding requirements;

9.	alignment system that is integrated to the HF detector system and the rest of the experiment.

The details of the transporter table are shown in figures 1-4.  Figure 1 shows the detector positioned on the transporter table.  The transporter table is equipped with four airpad feet.  This type of airpad is also used for the CMS magnet elements and has been successfully tested recently.  Figure 2 illustrates the details of the horizontal motion of the detector on the table.  A pair of channels is located on top of the table to guide the rollers that are shown in Figure 3.  The motion along the beam direction is accomplished in a similar manner along the channels at the bottom of the table shown in Figure 2.  Figure 4 shows both side view details of the transporter table.





Figure 1:  The bottom view of the transporter table is shown above.  The half of the HF detector and the endplug shielding are positioned on the table.  The motion of the table is accomplished by four airpad feet located at its corners.



Figure 2:  The top view of the transporter table shows the channels for the horizontal motions; left and right movement of each detector half (channels located on top of the table) and the motion along the beamline (channels positioned at the bottom of the table).



Figure 3:  Four heavy-duty rollers are located at the bottom of each detector half.  These rollers move along the channels for left/right motion.



Figure 4:  The details of the transporter table are illustrated above.  The top drawing shows the view along the beam line and the bottom drawing is normal to the beamline.

5.4	HF Elevation System

The beamline is 8.6 meters above the floor level in the experimental area.  The very forward calorimeters need to be elevated and secured in position before data taking commences.  Since the HF detectors are located outside of the main body of CMS, they will be installed into the beam position towards the end of the entire CMS assembly sequence.  If access to the inner components of CMS is required during a shutdown, at least one of the HF detectors needs to be lowered and put in garage position.  In order to make installation and deinstallation of the HF possible, an elevation system is designed as shown in Figure 1.  This system is required to handle the entire weight of HF including its shielding (310 tons), and to vertically position the detector within 2 mm of the beam center.

A set of four hydraulic jacks is located under the floor surface to raise the detector with the transporter table.  Figure 2 shows the locations at the corners of the platform where the jacks will be located.  This is the same location as the airpads.  The detector is raised and a frame is slid under it.  The frame would support the table on the flats shown at four corners.  The rollers for the motion along the beam line are located just above these flats.  The lifting flaps that are attached to the columns of the frames are used to further elevate the detector as shown in Figure 1.

The raising and lowering operations will have to be performed by a team of crane and rigging operators.  It is expected that it would take about a day to position the HF in the beam.  A 10 cm thick lead shielding element is planned to be located in the front part of the HF during these operations to reduce the radiation background originating from the HF absorber to acceptable safety levels.  Further studies are underway to understand the nature of the activation radiation to facilitate optimal shielding.







Figure 1:  The elevation system is shown above where three frames are used to support the weight of the HF and its shielding.







Figure 2:  Bottom view of the HF and the transporter table.  Note that the airpads are removed and the four flats are shown where the upright columns of support frames mate the table.

5.5	HF Garage Position

The HF garage is designed to meet multiple requirements and provide flexibility in HF manipulation and maintenance in general.  Figures 1-3 show the details of the HF garage.

1.	During the assembly and installation phase of CMS, the HF can be located away from the usable floor space of the experimental hall in the garage.  This provides room for the endcap systems (muon chambers and calorimeter) to be fully pulled out of the barrel, e.g. for tracker installation in the beginning and later, other maintenance needs.

2.	HF PMT and electronics installation, testing and maintenance activities can be carried out in the garage position without interference with any other CMS subsystem.

3.	The garage dimensions are 6 m high, 7.3 m deep and 7 wide.  The optimization of the transporter platform design, commensurate with the shielding requirements, provided minimization of the total height of the detector.  This makes installation of a crane in the garage possible.  The width of the garage is sufficient to open the two halves of HF by almost a meter apart for maintenance.  The depth provides ample floor space for storage of spare modules, shielding elements and other equipment.

4.	The entrance door to the garage from the side walls is at elevation of 3 meters which makes access to the upper electronics racks rather convenient.  A walkway at this elevation is foreseen towards the back of the garage.

5.	A 5-ton crane is planned for the garage.  This would make manipulation of absorber modules (2.7 ton max) and other shielding elements possible in this location if it proves necessary.

6.	A temporary lead shielding against the radioactivated HF absorber will be in place when the detector is in motion between the garage and the data taking position.  In addition, when the detector is in its garage position, the sliding doors of the garage (20 cm lead) will provide additional shielding.



Figure 1:  The HF detector is shown in garage position (front view).



Figure 2:  The HF detector is shown in garage position (side view).



Figure 3:  The layout of the garage (top view)..





5.6	Forward Calorimeter Design

5.6.1	Overview, Constraints, Specifications and Requirements

The main requirements for HF are the following:



1.	Phase space to be covered by the HF spans h = 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 the HF is located, the active radius 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 h > 4, the towers are 5 cm by 5 cm, and for h |< 4, towers are larger, 10 cm by 10 cm square (see Figure 5.9).  The dead-zones are kept to absolute minimum in order not to adversely affect the missing energy measurement.





�

Fig. 5. � SEQ Fig._5. \* ARABIC �9�:  The 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 h<4.



2. 	HF must maintain its intended functionality even at the 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� The accumulated dose from all sources and types of radiation at the PMT location does not exceed 10 krad/year, and at the electronics racks that are located outside the shielding elements, the total dose per year is about 3 krad.  These doses are acceptable for satisfactory detector performance.  Extensive radiation background studies resulted in the shielding configuration shown in Figure 5.10.

�

Fig. 5. � SEQ Fig._5. \* ARABIC �10�:  The HF is surrounded effectively by 30 cm thick steel, 30 cm thick magnetite concrete and 10 cm thick borated polyethylene.  In front, the HF is covered by a 20 cm thick polyethylene, and in the back,  a plug structure shields the PMTs and 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 total neutron fluence immediately behind the copper absorber and closest to the beam pipe, for 5 x 10^5 pb^-1, is about 2 x 10^15 n/cm^2.  The fiber bundles will be located in this region.  140 cm away from the beam, the neutron fluence drops by an order of magnitude.  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 fluence here is reduced to ~ 2 X 10^12 n/cm^2 for 5 x 105 pb-1.  The HF PMT window will be made of silica glass with superior radiation resistance properties.  No appreciable transmittence loss is observed up to a total dose of 1.4 X 10^14 neutrons/cm^2 in the wavelength range of operation with these types of window materials.  

4.	HF is being designed such that it integrates well with the rest of the CMS subsystems.  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 the 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 shielding 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 foreseen 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 stainless steel beam pipe goes through HF.  The thickness of the beampipe is about 1.5 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.  



	The 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.

c.	The rotating shielding:  The rotating shielding is located in the back of the HF shielding end-plug.  Figure 5.10 shows that the rotating shield ends at z=14.96 m, and that a 40 cm long collar interfaces the rotating shielding with the back of the HF end-plug.  This collar is the very last shielding element that is installed after the HF is positioned in its final beam position.

d.	Transporter:  The transporter consists of two fundamental elements; the table that HF is mounted upon and the elevation mechanism.  The details of these systems are already outlined in sections 5.3 and 5.4, respectively.  The transporter table is designed such that each half of HF is able to move by 25 cm on the horizontal plane and that 30 cm motion along the beam is also required for final positioning of the calorimeter.  HF is elevated to the beam height by hydraulic jacks and frames and positioning tolerance of about 2 mm is expected.  The total weight of the detector is 310 tons, including the shielding.  The beam center is 8.6 m above the floor level.



5.	In the location of the PMTs, the magnetic field is a few hundred gauss.  The shielding material combined with a 0.5 mm thick mu-metal is 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 ???























INSERT FIGURE HERE





Figure (Fibers-Perspective.eps)Three different length fibers are located in the copper absorber in 2 mm square geometry.  EM fibers that run the entire length of the absorber (165 cm) are schematically shown next to the TC fibers (inserted 30 cm into the absorber from the back of the calorimeter at every other plane) and the HAD fibers are shown as single fibers that are located at every other groove and plane and they are shorter by  22 cm with respect to the EM fibers.

HF is constructed such that there are three different lengths of fibers inserted into the absorber (see Figure(Fibers-Perspective.eps)).  The long fibers that run the entire length of the absorber (165 cm) are called “Long” fibers.  The “Medium” length fibers are shorter by 22 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 constitute the electromagnetic (EM) section, “Medium” fibers, the hadronic (HAD) section, and “Short” fibers, the tail catcher (TC) sections.  The detailed simulation results are presented for the choice of above parameters in chapter 1. � REF _Ref387464754 \* MERGEFORMAT �Table 5. 2� summarizes the HF tower structure parameters.

Each section is readout by an individual photomultiplier.  The tower structure is of square geometry, close to the beam pipe (h > 4); 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 5.9.  

Total HF depth is chosen to be 10 interaction lengths, which is more than sufficient for the required physics performance.  The reduction in radiation and particle fluence behind the calorimeter is aimed by a thicker absorber.  For example, ncreasing the absorber from 8 to 10 interaction lengths, a factor of 2 to 3 reduction is gained, on average, in all particle flux.



Table 5. � SEQ Table_5. \* ARABIC �2�

  HF tower sizes and other parameters.  The number in parentheses 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 (313)���Large�10 x 10�564�165 (1250)�143(1250)���TC Tower�20 x 20�164���30 (2500)��



	INSERT FIGURE

	Figure HF-Side-View.  The side view of the 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 107%/sqrt(E), where E is the particle energy in GeV using a quartz window PMT and the electromagnetic energy resolution is 137%/sqrt(E) if a glass window PMT is used;



b)	the light yield is 0.87 photoelectrons/GeV for electromagnetic showers in the case of quartz window PMT, and 0.53 p.e./GeV for glass window PMT.  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 intrinsic 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 equaled 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: s/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 25%.  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 signal 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.

5.6.2	Absorber Matrix

The basic construction element of the HF absorber is a module with holes for quartz fibers.  The quartz fibers will laterally form a square matrix where the closest neighboring fibers are equidistant, 2 mm. Each hole will contain one (for EM section) or two (for HAD and TC sections) fibers of 345 micron diameter (including cladding and buffer thickness). Four different types of modules will be used in construction of the HF absorber. The main features of each of the module types are listed below. 
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Four different types of modules will be used in constructing the HF absorber.  The main features of each of the module types are listed below.



Module Type�Size (w x h)

(mm x mm)�Weight

(ton)�Quantity��I�600 x 300�2.66�32��II�500 x 300�2.22�32��III�300 x 300�1.33�16��IV�600 x 200�1.77�8��	Modules will be made of copper plates with grooves.  Plates will be stacked together using diffusion welding such that the modules will be self-supporting structures.  The dimensions of the grooves are shown in � REF _Ref387209542 \* MERGEFORMAT �Table 5. 4� below:
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Dimensions of grooves in the absorber plates.



Groove center-to-center (mm)�2.00 +/- 0.10��Groove depth (mm)�0.5 + 0.2 - 0.1��Single groove width (mm)�0.5 + 0.2 - 0.1��Double groove width (mm)�0.9 + 0.2 -0.1��We used photochemical etching to produce grooves in the copper plates for prototypes.  Our experience indicates that the required dimensions and tolerances can be achieved with this technique.  The cold rolling seems more advantageous for mass production.  The rolling technology is currently refined for production of full size copper plates to the required groove dimensions and tolerances.  This technique will be adapted for grooved plate production if it proves compatible with the construction procedures and requirements.

The module will be machined to size after the plates are welded.  Top and bottom plates have allowance of 1±0.4 mm for achieving linear dimension accuracy and surface flatness.  After machining, the tolerances of ± 0.1 mm on the height and on the width will be achieved for each block.  The edges will be flat and parallel within ± 0.1 mm.  

The following inspections will be used for the quality control during the manufacturing cycle of the absorber modules:

a) 	inspection of copper plates -- dimensions and flatness of 5% of plates will be measured;

b) 	inspection of grooved plates -- dimensions of grooves for 5% of plates will be measured;

c) 	inspection of the welded modules -- the welding quality of each module will be tested at the vibration stand and with ultrasonic and/or x-ray techniques when appropriate.  The dimensions of the holes will be checked using steel wires.

d)	inspection of machined modules -- outer dimensions and flatness will be measured using a rolling pass, the weight of the module will be measured to control the average density of the absorber.
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 Dimensions and tolerances of copper plates are shown below.  The flatness tolerance is 0.1 mm and the squareness is 90^0 +/- 1’.



Plate Type

�Width

(mm)�Thickness

(mm)�Length

(mm)�Quantity��I�602.0 +/- 0.5�2.00 ± 0.20�1650 ± 0.5�5,600��II�502.0 +/- 0.5�2.00 ± 0.20�1650 ± 0.5�4,800��III�302.0 +/- 0.5�2.00 ± 0.20�1650 ± 0.5�1,200��









The tolerances on the modules are listed below.  The flatness is 0.1 mm, edge-to-edge angles is 90^0 +/- 3’, and parallelism is 0.1 mm

Module Type

�Width

(mm)�Thickness

(mm)�Length

(mm)��I�600.0 - 0.5 + 0.0�300.0 - 0.1 + 0.0�1650 ± 0.5��II�500.0 - 0.5 + 0.0�300.0 - 0.1 + 0.0 �1650 ± 0.5��III�300.0 - 0.5 + 0.0�300.0 - 0.1 + 0.0�1650 ± 0.5��

	

The quadrant tolerances will be -0.5 mm for the width and the height.  The flatness of the top, bottom and the side surfaces will be within 0.5 mm.  The angle between the side and top/bottom surfaces will be within 3’.  The flatness of the side surfaces of the half of the HF is within 1 mm.  The parallelism of the side surfaces for the entire HF is 0.5 mm.

5.6.3	Structural Elements

The calorimeter will be built in quadrants. The reasons are that it is more convenient to assemble both in terms of mechanics and, later, in terms of transportation, testing in a test beam, lifting/lowering and final assembly in the assembly area. 

One quadrant consists of 11 absorber modules, as described in the previous section, and mounted on a steel shell which provides structural support.  The steel shell is also a part of the radiation shielding when installed in the shielding case.  Before the assembly of a quadrant, the quality control of the necessary modules will have been performed and appropriate selections and modifications, if necessary, of modules will have been made in order to conform with the required tolerances for a given quadrant.

The quadrant structure will be assembled in layers starting with the outer modules, i.e. those closest to the steel support shell.  The possible gaps between the last absorber module and the support shell will be compensated for by shims.  Several passes may be required in order to level the top and side of the quadrant.  The expected deviation from the plane on the top and outer side does not exceed 0.5 mm.

Fastening of absorber modules relative to each other is still being investigated.  The absorber modules are not allowed to move with respect to each other or the support structure while quadrants are transported, or a half of the HF assembled, or when the HF moves in and out of the garage.  Among the options that are currently being discussed are attaching the modules to the side wall of the shell with thin steel belts or bolting them together, at the expense of sensitivity loss, or they are just glued together.  Modules are held together from the side and top with 2 cm steel plates which encase the entire absorber matrix except the back where the fibers emerge. 

The steel shell serves also as support for the segments in the back of the quadrant where the PMTs are located. The shielding matrix consists of 25 cm of polyethylene sandwiched by two layers of steel (5 and 10 cm thick, correspondingly).  These segments have dual purpose. They also work as a shielding component protecting PMTs and the experimental hall from the background.  The air-core mixers inside the through holes transport the light from the fiber bundles to PMTs located on the other side of segments.  The rear steel layer also shields the PMT against the magnetic field.

The entire structure (absorber and its steel shell) has rollers mounted on both bottom and side walls, for it can be moved during assembly and installed onto the transporter platform.  This design allows for the quadrants to be rotated by 90o and moved to assemble half of the HF as discussed in the next section.



�



Fig. 5. � SEQ Fig._5. \* ARABIC �11�: One of the HF quadrants is shown schematically above.  The steel plates cover the top and the side of the absorber.  The back shielding and the through holes for the air-core light mixers are also indicated.

5.6.4 	HF Assembly and installation

HF and all of its shielding elements weigh 310 tons on the transporter platform.  Naturally, assembly and installation of these massive components require adequate lifting and rigging capabilities.  The construction, assembly and installation of these components need to be precisely planned in order not to exceed the limits of the existing cranes and other rigging equipment.

Static load due to the copper absorber alone per HF is 99.4 tons.  The details are shown in � REF _Ref387210090 \* MERGEFORMAT �Table 5. 6� below.  The detector must open in half to clear the beam pipe during installation.  Thus, each half of the detector (~50 tons) must be structurally independent.
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The static load due to the copper absorber per HF side is shown below.



Module Type�Weight/Module

(ton)�Quantity/Side�Total

(ton)��I�2.66�16�42.56��II�2.22�16�35.52��III�1.33�8�10.64��IV�1.77�4�7.08��TOTAL���99.4��Static load for shielding material is summarized below  in � REF _Ref387210179 \* MERGEFORMAT �Table 5. 7� (Nikitin ?) for each element.  Note that each element is a sandwich of steel, concrete and polyethylene.  Please check numbers (Oleg and/or Nikitin ?)--update please...
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  The static load due to the shielding elements per HF side is shown below.



Shielding 

Component�Weight/Block

(ton)�Quantity/Side�Total 

(ton)��Top�9�2�18��Top-side�9�2�18��Side�15�2�30��Side-bottom�9�2�18��Platform+shielding�10�2�20��Endplug�5�2�10��TOTAL���114��The dynamic loads are small when the HF is in motion to and from the garage position.  HF will be moved with a speed of ~ 5 mm/sec.  

What happens to dynamic loads when the quadrants are being assembled?  Especially when the two quadrants are being put together (Nikitin ?) and rotated?

The installation plan calls for lowering the HF+ through the main shaft (PX56 with a 20.4 m diameter) when the 2500 ton gantry becomes available in early 2003.  This minimizes the time spent on the experimental floor for assembly and shortens the general CMS assembly and installation schedule.  The effective dimensions of the smaller shaft (PM54) are 3.8 x 7.2 m^2 and do not readily accommodate the entire HF on the transporter platform.  We expect that at least one the of the HF calorimeters (HF+) must be assembled/installed before other subsystems of CMS in the collision hall, i.e. YE + 3, +2, +1 and muon system.

The absorber matrix (11 modules) and support structure are shipped to the assembly area (Building 168) in eight quadrants (a), each with mounted rollers on the bottom and side of the steel shell.  Quadrants are rotated by 90o when a half of the HF+ or HF- needs to be put together.  By this time, each quadrant has already been tested in a test beam and calibrated.  Two quadrants are positioned relative to each other, and connected with 2 cm thick steel plates in the front and back (b).  The rear plate is auxiliary and can be removed as soon as the calorimeter is set into position on the transporter in the experimental hall. The half of the HF is rotated into vertical position (d) and, with the aid of rollers moved upon the transporter platform (e).  The remaining half is also rigged on top of the platform at this stage as well (f).  The shielding components are assembly tested (g and h).  

All the steps shown in � REF _Ref387210366 \* MERGEFORMAT �Fig. 5. 12� are performed in the assembly area.  The shielding components after the assembly tests may be removed for transportation and lowering into the experimental all.

If either HF construction schedule or the CMS general assembly is rescheduled, the lowering of HF into the experimental hall will be altered.  80 ton crane limit over the main shaft (PX56) would require that HF is installed in pieces on the collision hall floor which would require a considerable amount of time.
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Fig. 5. � SEQ Fig._5. \* ARABIC �12�:  The schematic illustration of the HF assembly is shown above.

5.6.5	Fiber layout

The fiber bundles that emerge from the back of the absorber are bundled into ferrules in order to couple to PMTs.  The ferrules are connected to the 5 cm thick steel plate which is located in a ring structure between r=100 cm and r=140 cm.  This connection is made using a pressure fitting.  A conical hole is drilled into the steel plate and a slotted thin fitting over the cylindrical steel ferrule provides the necessary pressure to fix the bundle in place.  The advantage of such a system is that the bundles do not need to be twisted during assembly and this mechanism provides sufficient strength, in addition to quick mount and dismount.  

Fig.5.13 shows the coupling between the ferrule, steel plate and the light guides that transport light to the PMTs.  5 cm steel plate holds the ferrules.  This piece will be made in sections to make room available for fiber insertion work.  As the fiber bundle are made, they are attached and secured to the steel ring.  The ferrules are stainless steel cylindrical tubes, 7 cm long with an outer diameter of 2.5 cm.  The inside diameters of the ferrules are different for smaller and larger bundles, corresponding to the tower sizes.  The largest ferrule ID is about 1.9 cm which holds 2500 fibers for the tail catcher towers.  The ferrules will penetrate through the steel plate into the borated polyethylene by 1 cm.  A hexagonal cross-section  air-core light guide is positioned inside this 25 cm thick shielding element to transport the light from the end of the ferrules to the PMTs.  PMTs mounted on PMT boxes are located at the outer side of the second shielding (10 cm thick steel slab) and mate with the light mixer via plastic fitting washer.





INSERT FIGURE HERE (lightguide.eps)





Fig. 5. � SEQ Fig._5. \* ARABIC �13�: The ferrules are coupled to steel plate via fittings as described in the text and light is transported through light mixers to the PMTs located at the outer side of the second steel shielding slab.

There are 32 PMT boxes per quadrant as shown in � REF _Ref387210678 \* MERGEFORMAT �Fig. 5. 14�.  16 PMTs are mounted inside each box along with the calibration and monitoring components (laser and LED light distribution system and an input fiber for the quartz fiber radiation damage monitoring).  The PMT boxes are located radially around the beam line between 100 and 140 cm and are geometrically arranged such that quartz fiber bundle lengths from the towers are minimized and the allocated space is efficiently utilized.  Each PMT box is identical.  They are mounted to the back of the steel shielding plane with the use of two quick release positioning screws.  There is a 6 mm space between the PMT boxes.
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Fig. 5. � SEQ Fig._5. \* ARABIC �14�:  The PMT boxes are arranged such that 512 PMTs are available per quadrant.  Each PMT box is constructed identically and they are mounted to the back of the steel slab with the aid of two quick release screws for ease in installation and maintenance.

5.6.6		Photomultiplier layout/Mechanics

The photomultiplers couple to the fiber bundles via air-core light mixers as described in the previous section.  The PMTs are housed in a box as shown in � REF _Ref387464228 \* MERGEFORMAT �Fig. 5. 16�.  There are 16 PMT/box.  Two quick-release screws attach the PMT box to the steel plate.  Each PMT box is identical, and in addition to the PMTs, it houses the calibration and monitoring, Cockroft-Walton high voltage components and nitrogen gas fittings.

The effective photocathode area of the PMT (dia 15 mm min) defines the dimensions of the light mixer and the fittings around the PMT head.  A 0.5 mm thick mu-metal and a soft iron cylindrical housing extend 2 cm over the PMT photocathode  (>2r) for magnetic field shielding.  The soft iron housing is tapped at one end to be screwed into the faceplate of the PMT box.  This minimizes machining and cost  while providing flexibility.  Between the soft iron housing and the mu-metal shielding, a helical coil serves as a spacer and centers the PMT along the symmetry axis.  This arrangement also allows the nitrogen to flow from the box volume towards the PMT head.

�

Fig. 5. � SEQ Fig._5. \* ARABIC �15�:  The PMT and the PMT box cross sections are shown above with the mechanical details.  The PMTs penetrate into the steel shielding by about 4 cm.  Connectors for signals and nitrogen are mounted on the back panel of the box.

Nitrogen is used to keep the He levels as low as possible around the PMTs since He permeability of silica glass window is higher compared to other standard glasses.  This also protects the PMTs from catastrophic loss due to a possible He leak in the experimental area from cryogenic and vacuum systems.

PMT is connected via  a socket to the circuit board (Cockroft-Walton base).  A spring loaded mechanism guarantees good contact between the PMT and the light mixer.  The signals and services are provided through connectors and feedthrough on the backplane of the box where they are easily accessible.

�

Fig. 5. � SEQ Fig._5. \* ARABIC �16�:  The PMT box contains 16 PMTs and the Cockroft-Walton high voltage generation components.  The calibration and monitoring components for laser and LED are shown on the lower left and the upper right of the box.  Two quick release screws position and mount the box onto the back of the steel shielding slab.

5.7	Access, maintenance and operations

During assembly and periods of major maintenance or upgrade of the CMS detector, the HF calorimeters occupy garages at the experimental hall floor level at either end of the hall below the final focus quadrupoles.  In the garage position the detector with its shielding rests on a transporter which is designed to move on airpads.  The transporter consists of a steel structure mounted on four airpads with sufficient load bearing capacity to support the moving 310 ton load of the detector and its shielding.  Guide pins locate and secure the detector to the transporter.  Locomotion between the garage and the location of the support structure is provided by hydraulic come-alongs attached to either end of the transporter in the manner of the CDF transporter at Fermilab.  Guidance for the transporter in moving from garage to the support location is provided by steel cables attached to winches that are located in the garage.

The umbilical cord with the signal and power cables, the slow control cables, and the nitrogen purge and cooling water lines is constrained and moved in the 50 cm x 50 cm utility trench by looping it in a pantograph arrangement similar to the UA2 detector at the SPS.  At the detector the umbilicus splits into two bundles, one each for the left and right halves of the detector.  The bundles enter the detector through the bottom front of the transporter platform and each bundle terminates at either of two racks (one high and one low) mounted on the shielding on either side of the detector.

A total of 15 cm is available below the platform and the floor.  This space accommodates the cables, the main support structure, the components of the transverse drive mechanisms for the (25 cm motion of the two halves of the detector, and the vertical fine-tuning mechanism to center the detector vertically on the beam.  The main support structure, which rests on the transporter when the detector is in its low position, is capable of supporting the 310T load of the shielded detector from the four outboard jacking points which have a transverse separation of 4.4 meters and a longitudinal separation of 3 meters.  Placement of the umbilical connection at the rear of the detector clears the space below the main support structure for insertion of the stacked support modules in the operational configuration at beam elevation.

The garage measures 7 meters wide by 7.3 meters deep by 6 meters in height.  The height of the detector and shield is 3.5 meters including the mounting base for the detector halves.  This leaves about 1.5 meter of vertical clearance in the garage position, sufficient clearance for a limited crane structure.  Maintenance of photomultiplier tubes and other electronics will be done in the garage, but major mechanical assembly and maintenance requiring substantial crane coverage will be carried out using the EH bridge crane or a portable gantry of appropriate capacity.  

The garage and tracks for the calorimeter lie along the beam axis.  When the muon chambers and end cap calorimeter are in their retracted positions, the HF calorimeter is shielded in its garage by massive doors.  When the muon chambers and end cap calorimeter are in their operational positions, the HF calorimeter can be serviced by the hall crane or a suitable portable gantry.  Final shielding of the calorimeter is done at beam elevation using the hall crane.

While resting on the transporter in the low position, the main detector platform is about one meter above the floor of the hall.  This provides access to the lower electronics racks attached to the side of either half of the detector and to the PMT modules at the rear of the detector.  This platform defines the total size of the detector to be 6 meters wide by 4.4 meters along the beam direction.  In garage position the clearance on either side of the platform is 0.55(?) meters, while the clearance in the front and back is 1.45 (?) meters.  



5.7	Forward Calorimeter Design

5.7.1 Overview, constraints, specifications and requirements

5.8.1 Hardware Tools of Calibration and Monitoring of HF

The calibration of individual towers directly affects the overall jet energy scale of the HF and the effective energy resolution at high energies due to the internal tower-to-tower calibration uncertainties.  Here we remind that the HF tower comprises three parts, an electromagnetic-hadronic part with long quartz fibers, a hadronic part with short fibers and an HF tail catcher. The specifications for the HF resolution imply the calibration uncertainty on the tower-to-tower response of  (3%  and on the overall energy scale of  (3%  (these numbers need to be discussed further) .

The hardware system for the calibration and monitoring should cover the following contributions to the calibration with corresponding uncertainties : 

-	light response of the quartz fibers as a calorimeter active medium in a hot radiation environment and the efficiency of a light collection system in the HF calorimeter elements 

-	the light signal amplification (further gain) with the photomultiplier tubes (further PMT) 

-	the performance of a whole chain of front-end and read-out electronics 

As the HF calorimeter systems will work in a severe radiation environment, one should take special care as to the reliability of the hardware monitoring system and should assure redundancy and flexibility of its components. The control and monitoring of the listed above ingredients will be realized by the following hardware subsystems and physical and technological procedures : 

-	quality control of the technology at the mass production stage 

-	beam tests 

-	calibration ’in-situ’, using physics event signatures 

-	light emitting diode (further LED) monitoring system 

-	laser gain monitoring system 

charge injectors - system of electronic pulsers for the monitoring of noise, gain, non-linear terms and for timing adjustments in the whole chain of front-end and read-out electronics 

5.8.2 Quality Control at Fabrication Steps

The control at various technological stages during the mass production is a necessary measure to fulfill the optical and mechanical specifications of the Project. Here we foresee:

-	an effective procedure for the identification of possible assembly faults in the calorimeter towers; 

-	incoming control of both optical and mechanical properties of quartz fibers - the homogeneity of the active media in individual towers have to be kept at the level of  (1% ;

-	control of mechanical tolerances of the copper-quartz fiber matrix - here we keep the copper-to-quartz volume ratio at the level specified.

5.8.3 Beam Tests

The test beam runs serve as a final step of the mass production and asthe first estimate of light yield for every individual tower. Ideally we plan to expose every tower in the pion and electron test beams at the CERN test beam facility. The following points should be addressed:

-	uniformity of the tower responses;

-	response to electrons and corresponding light yield,  Nph.e./GeV  per tower; 

-	intercalibration of tower-to-tower; 

-	response to hadrons;

-	a first approximation to the calorimeter absolute energy scale.

The beam test data suffer from large uncertainties once we try to transfer the absolute scale to the ’in-situ’ position of the detector. Unfortunately, the HF at test beam runs we do not have the natural physical energy signature (e.g. as cosmic MIPs in case of scintillating SPACAL or the signal from the natural uranium radioactivity in case of scintillating calorimeter in ZEUS) to be used as normalization of beam data. The LED signals could serve as normalization factors provided that great care is taken to keep at test beam runs the LED pulser and readout electronics configuration completely identical or scaleable with known factors to the nominal one to be used ’in-situ’. With the beam data we expect to reach an uncertainty of not worse than  5%.

We are investigating the use of moving Cobalt 60 gamma sources to link testbeam calibrations to the installed calorimeter in the collision hall. 

5.8.4 Physical Calibrations

The next iteration of a calibration after the beam tests are the analysis of the LHC data samples taken ’in-situ’ using select event signatures. Such methods afford us calbration of the light yield of every tower and equalization of the relative responses of towers. These changes are expected come from:

-	radiation damage - the most dominant factor;

-	aging of quartz fibers;

-	deterioration of various optical contacts;

-	other similar effects.

The nice possibility for a calibration of long term changes is provided by the recent study of the energy spectra of the minimum bias events. The requirement of the similar slopes for the energy deposited in individual towers constrains the relative tower-to-tower calibration factors. The final calibration of the overall scale will exploit several physical processes and will rely on the redundancy of the CMS detector. Among the possible candidates are two-jet events with one jet to be detected in other CMS calorimeters and the second one in the HF with balanced transverse missing energy, and the QCD Compton process with the photon to be measured with ECAL and the balancing hadron jet flowing to the HF section. 

5.8.5 Laser Gain Monitor

The HF calorimeter inherits and exploits the precise laser calibration system of CMS HCAL. The laser system enables us to simulate the realistic light pulses practically identical in time duration, spectrum band and amplitude range to Cherenkov light coming from particles in physical events. It serves for:

-	the sophisticated linearity test of the whole tower to PMT up to front-end and read-out low/high gain electronics chain in vast dynamical range 

-	apart from the LHC events, the laser is a source of fast signals which can simulate the calorimeter response to particles and can be efficiently used for a number of timing adjustments on the channel to channel basis; as the laser pulses are injected directly to bundles the timing constants due to differences in the electronic pipelines and in PMT transit times can be followed 

-	the short term monitoring and the measurement of the PMT gains 

The principal scheme of the proposed Laser Calibration System has been successfully tested with a prototype of the Hadron Quartz Calorimeter at CMS Test Beam facility H4 during the ’96 Summer test runs. The analysis of the data collected has proved the feasibility to reach a good light injection uniformity of better than 5% for the UV band. Keeping in mind the advantages of the laser pulser listed above, one should mention few but meaningful drawbacks, namely the variations of the laser intensity from pulse to pulse and the need to monitor them, the complex light transport system from the original source and as a consequence the dependence of the calibration procedure for the particular HF subdetector from the other one, HCAL. The set up of the laser system is schematically drawn in Figure 1.

5.8.6 LED System

Keeping the philosophy of the monitoring redundancy for the HF calorimeter working in extremely hard radiation conditions we propose to install the LED monitoring system. This system is 

-	technically simpler than the laser one ,

-	relatively cheap ,

-	with the good amplitude pulse-to-pulse stability ,

-	easy to trigger ,

-	easy to monitor using stable photodiodes .

We plan to use the fast and bright blue.  The LED part of the monitoring system is also indicated in Figure 1.  The system will be used for 

-	a number of tests during the assembly and installation period as the stand-alone tool 

-	a determination of PMT gains using the method of photo-electron-statistics and the initial HV setting to equalize the gains; here we plan to reach the uncertainty of less than 3 %  

-	the monitoring ’in-situ’ of short term gain drifts for every tower; with LEDs the accuracy of better than 0.5 %  can be reached (see for example ) 

The PMT gains can be checked and the HV adjusted during the short breaks of the collider runs in regular data taking periods. In addition the timing properties and the behavior of the whole readout chain from PMT up to the front-end electronics can be tested at realistic high rates of  1MHz . However we should mention here that LED is getting non-linear at high light intensities and this device can not be used for tests of the dynamical range and linearity. The LED monitor fires the PMTs during the regular data taking runs and could be timed with empty bunches. This affords us to monitor the short term gain variations and to correct the data almost on-line. The processing of such LED triggered events will be done at latest high level triggers. 

5.8.7 Laser Monitoring of the Quartz Fibers

This system has been proposed as a tool for the monitoring of the long term radiation damage of active calorimeter media. It exploits the same laser light pulser as Laser Calibration System but the light is injected to a reference quartz fiber embedded in every calorimeter tower. With the possibility to tune the laser source wavelength we are able to measure the light losses in fibers due to the long term radiation damage. The system is sketched at � REF _Ref387462874 \* MERGEFORMAT �Fig. 5. 17�.

5.8.8 Moving Radioactive Sources

We will investigate the use if Co-60 gamma sources in two systems:

1. 	moving a collimated source across the front face of the calorimeter (x-y or r-phi remotely controlled motion), and/or

2.  wire sources moving in longitudinal channels within the calorimeter.

The former system could provide tower-to-tower relative normalization and carry testbeam calibrations to the collision hall.  The latter system could provide direct scans of the longitudinal distribution of radiation damage to the quartz fibers.  The necessary source strengths need to be determined.  Very intense Co-60 sources carried inside the standard 0.7 mm diameter “wires” can be obtained, relatively inexpensively, from the North American Scientific Company
,
 North Hollywood, CA.



�

Fig. 5. � SEQ Fig._5. \* ARABIC �17�: Figure 1.  The schematic of the HF laser and LED monitoring system is shown above.

5.8.9 Charge Injectors

The Q-injection system will be used for the noise, gain and non-linearity studies of the QIE5 structures to be used as charge sensitive ADCs for the calorimeter signal digitization and readout. We expect also that the system will provide us with the possibilities to trace the time properties of the front-end electronics.

5.9	The Luminosity Measurement at CMS

5.9.1 Absolute Luminosity Measurements

Two techniques are presently foreseen to determine the absolute luminosity. 

5.9.1.1 Counting zeros method 

The counting zeros technique works as follows. Two sets of luminosity monitors, symmetrically located on each side of the IP, count the fraction of times a given bunch crossing results in no detected particles on either side. The luminosity is inferred from the rate of such zeros. The dedicated luminosity counters, described in Section xxx.xxx.3, are especially designed for this measurement, and investigations are underway to determine whether parts of the HF calorimeter can serve as a back-up to the dedicated counters. 

The counting zeros technique is used by the D0 and CDF experiments at the Fermilab Tevatron collider and leads to an uncertainty of order 5%. A modified version of this technique is expected to yield similar precision at CMS even in the presence of large numbers of interactions per bunch crossing. 

The probability of having an empty crossing, a "zero", where  the forward/backward counters detect no particles is given by:

P(0) = [exp(-n2/2)][2exp(-n2/2) - exp(-n1)] 		(__)

where n2 is the average number of forward/backward coincidences and n1 is the average number of one-side hits. n1 and n2 are related to the instantaneous luminosity, L, according to 

n1 = L*tau*[eff_1_sd*sigma_sd + eff_1_dd*sigma_dd + eff_1_hc*sigma_hc]	(__)

and

n2 = L*tau*[eff_2_sd*sigma_sd + eff_2_dd*sigma_dd + eff_2_hc*sigma_hc]	(__)

In these expressions, tau is the LHC machine revolution period, sigma_sd, sigma_dd, and sigma_hc are the cross sections for single-diffractive, double-diffractive, and hard-core scattering, respectively. eff_2_sd, eff_2_dd, and eff_2_hc are the acceptances for forward/backward coincidences from these processes, and eff_1_sd, eff_1_dd, and eff_1_hc are the acceptances for single-side hits. 

The counting zeros technique for measuring absolute luminosity relies on knowing the above components of the total cross section at the center-of-mass energy of 14 TeV. The Roman pot detectors described in Sec. xxx.xxx.3 will aid in these measurements at CMS. Measuring these cross sections is also part of the physics program of the proposed FELIX experiment. 

Figure xxx.xxx shows the average number of interactions per bunch crossing as a function of instantaneous luminosity, assuming a proton-proton total cross section of 100 mb. One sees that for luminosities in the range 10**32 to 10**33, which is the anticipated luminosity range during the first 2 years of LHC operation, there are only 1-2 interactions per crossing, similar to the present situation at the Fermilab Tevatron. Only when approaching the design luminosity of 10**34 does one encounter > 10 interactions per bunch crossing. 

Figure xxx.xxx(a) shows the probability of recording a zero as a function of luminosity. In this figure, "full acceptance" refers to the geometric acceptance of the dedicated luminosity counters described in Section xxx.xxx.3 and assumes that the detectors are 99% efficient for detecting single minimum ionizing particles. Also shown are curves for detector acceptances which are 10% or 1% of full acceptance. Figure xxx.xxx(b) shows the time between zeros as a function of luminosity for full, 50%, and 10% acceptance. At start-up luminosity, a full-acceptance array yields a counted zero as frequently as every microsecond, yielding a luminosity measurement with negligible statistical uncertainty in a fraction of a second. At higher luminosity values, one uses a smaller fraction of the array elements to make the measurement, effectively reducing the geometric acceptance for counting zeros. Hence, the number of counters in the array which are read-out and scaled must be able to change with the LHC luminosity to maintain small statistical uncertainty in the  measurement.

5.9.1.2 Van der Meer method

The Van der Meer method is a promising candidate for a measurement of the absolute luminosity. With bunched beams as in the LHC, the Van der Meer method involves calculating the luminosity according to the formula 

L = (N1 * N2* f)/(h_eff * w_eff)

where N1 and N2 represent the number of particles in the two protons beams, f is the LHC machine revolution frequency, and h_eff and w_eff are the effective height and width of the beam overlap region at the interaction point. The two beam currents are determined precisely by the accelerator, and f is known exactly. h_eff and w_eff are measured by displacing the beams with respect to each other, separately in the horizontal and vertical directions, while monitoring the proton-proton interaction rate with one or several relative luminosity detectors as a function of the beam displacement. Difficulties may arise because the small transverse beam sizes (sigmas of order 15 micrometers) will require the control and monitoring of beam displacements with micrometer precision. It is expected that Van der Meer scans would be performed on an occasional basis at relatively low luminosity and would serve to calibrate relative luminosity monitors for continuous measurements. The feasibility of controlled Van der Meer scans is being studied by LHC machine physicists, and discussions between CMS and the LHC machine are being coordinated by LEMIC (LHC Experiment - Machine Interface Committee).

5.9.2 Relative Luminosity Measurements

5.9.2.1 Luminosity monitoring using HF energy

(*** insert text from Nural Akchurin, previous sections 1.6 ***)

5.9.2.2 Luminosity monitoring using Level-1 calorimeter trigger rates

(*** insert text from TRIDAS on this topic ***)

5.9.2.3 Luminosity monitoring using physics processes

5.9.3 Luminosity detectors

The luminosity measurement and beam-condition monitoring require three types of new detector elements: the dedicated luminosity counters, the Roman pot detectors, and the beam-scraping monitors. The baseline designs for these elements are described below. 

The detectors proposed for the luminosity and beam-condition monitoring will also prove useful for triggering and important physics measurements, in particular, elastic and hard-diffractive scattering. The latter physics topic is studied by tagging hard-scattering events in the CMS detector with beam-like final-state protons in one or both arms (called single diffraction and double-pomeron-exchange, respectively). Such measurements were first made by experiment UA8 at CERN, which tagged events in the UA2 detector with protons detected in Roman pot spectrometers. Currently, such measurements are being carried out (or in the planning stage) by the ZEUS and H1 experiments at DESY and by the CDF and DZERO experiments at Fermilab. 

It should be noted that both single diffraction and the double-pomeron-exchange processes will likely only be accessible during relatively low-luminosity running of the LHC, that is, during the first year or two of its life, or later during special low luminosity runs. 

5.9.3.1 Dedicated luminosity counters

The dedicated luminosity counters will be two arrays of fine-grained, thin scintillator tiles, one on each side of the interaction region, covering the pseudorapidity range of approximately 4 < |h| < 5.  The granularity of the arrays is coupled to their longitudinal  placement; however, arrays of fewer than 100 elements each are foreseen. Both hexagonal tiles and concentric half-rings are being considered for the counter layout. The light read-out scheme, presently based on embedded wavelength-shifting fibers carrying light to remote phototubes, is under study and will influence the final counter geometry. The utility of a laser-based or source-based calibration/pulser  system is also under study. 

The luminosity counters are required to have the following characteristics: good and well-determined acceptance for detecting hard-core scattering, very tight (i.e. sub-ns) timing resolution in the high-rate environment, high efficiency for single minimum ionizing particles, a large dynamic range and radiation hardness.

Hits in the arrays will be used to count the number of front-back coincident events, the number of front-only or back-only events, and the number of neither-side-hit events for each of the bunch crossings. These rates, the acceptances of the counters for hard-core scattering, single diffractive and double-pomeron-exchange scattering, and measured (by CMS and other experiments) cross sections for these processes at sqrt(s) = 14 TeV will combine to yield the luminosity for each bunch crossing. The counters will be used for several other purposes. They will monitor interaction rates during separated beam scans (Van der Meer method), which will aid in the absolute luminosity calibration. They will also provide real-time accelerator diagnostics during scraping, beam tuning, and throughout a physics store (run). 

During the first few years of LHC running, the anticipated luminosity will be a factor of 10 to 100 lower than the design luminosity of 10**34} cm**-2 s**-1, although the number of bunches will be the design value of 2835. Rates in the luminosity counters during low luminosity running will calibrate other luminosity tools for transfer to higher luminosities. Other tools include the tower firing-rates which will be accumulated by the Level-1 calorimeter trigger electronics and the rates of easily-identified and reconstructed physics process. Rates for W, Z, and high-pT J/psi production are candidate physics processes for luminosity monitoring. The luminosity group recognizes that a scintillator-based luminosity monitor may experience radiation damage as the average LHC luminosity grows and may need to be replaced by a more radiation-hard detector a few years into LHC running. 

An important step in calibrating the luminosity counters will be to run the LHC at a lower center-of-mass energy where the total pp cross section and its components (hard-core, elastic, single-diffractive, ...) have been accurately measured. For example, it will be possible to run the LHC as low as 2 TeV, albeit with reduced luminosity, so that the luminosity calibration can be cross checked with the measured cross sections at the Tevatron. (Note that the cross sections in proton-proton and proton-antiproton collisions are approximately equal for the above processes at 2 TeV.) 

5.9.3.2 Detectors in Roman Pots

The luminosity group proposes to design and install the only "extreme forward" detectors in CMS, located in Roman pots and placed symmetrically at large distances (> 100 m) from the interaction region. The Roman pot detectors are designed to measure the tracks of particles which emerge from a pp interaction at extremely small angles with respect to the beam. The detection of recoil protons at low-t will be essential for measurements and monitoring of elastic and diffractive cross sections at sqrt(s) = 14 TeV, which will play an important role in the luminosity measurement. The inherent physics interest in these processes in the new energy regime provides additional motivation for the Roman pot detectors. 

Tracking such small-angle particles calls for detectors which can be moved close to the circulating beams (in the machine vacuum) when stable beam conditions are established. A system of at least 6 pots are proposed, 3 on each side of the interaction region. Early studies show that the existing accelerator beam optics in the vicinity of the CMS detector will displace scattered protons with momentum loss in the range 2 x 10**-3 < Delta(p)/p < 0.1 outside the envelope of the unscattered beams. At a distance of approx. 300 m on either side of the interaction point, detectors in Roman pots which are positioned 10 sigma from the beam axis will intercept scattered protons in the above range. 

Roman pot detectors and their associated mechanics (pot movement, position monitoring, vacuum interface, interlocks, ...) have already been used widely at CERN, DESY and Fermilab. Thus, we anticipate using standard technologies. Detectors based on scintillating fibers and silicon pixel devices are being studied. The final design of this system will no doubt be influenced by the experiences of the CDF and DZERO experiments which will be using the latest state-of-the-art Roman pot detectors during Run 2 of the Tevatron. 

Due to the large distance of the Roman pots from the CMS detector, it is foreseen to transmit digitized information from the pots to the central DAQ. The CMS Slow Controls (DCS) group is involved in various mechanical and control aspects of the proposed Roman pots. Feasibility  studies and integration issues for the Roman pots are being  coordinated by LEMIC, the LHC Experiment Machine Interface Committee. 

5.9.3.2 Beam-Scraping Monitors

The luminosity subgroup has responsibility for implementing a system of detectors, surrounding or inside the beam pipe in the vicinity of the CMS detector, for monitoring the beam condition. These detectors will be most useful during beam tuning and scraping. A secondary purpose is to monitor and tag background events from beam-gas and beam halo interactions, made possible by the comparison of particle arrival times at appropriately spaced positions. We consider this a joint CMS -- LHC project, since it will likely be of interest to the accelerator to develop identical monitors at each of the intersection regions. Discussions are underway to enlist the support of the LHC accelerator division in the development and construction of the beam-scraping monitors. 
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