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1. General considerations

To expand its physics program PHENIX experiment will need to decommission and remove currently operating central magnet and some mid-rapidity detectors. As a replacement, a compact solenoid magnet will be installed, together with barrel electromagnetic and hadronic calorimeters. Among the requirements for sPHENIX calorimetry detectors are their complete azimuthal and extended rapidity acceptances. Particularly, pseudorapidity acceptance range will have to increase from approximately +/-0.35 units provided by currently installed lead-scintillator and lead-glass electromagnetic calorimeters to +/- 1.0 units or slightly less than +/-1.0. 
PHENIX EMCals were designed and built to detect electrons and photons through reconstruction of electromagnetic showers. Also, the existing detectors allow some complimentary measurements of hadrons through analysis of time of flight with knowledge of a path length of a charged hadron. Thickness of the PHENIX electromagnetic calorimeters is such that only a fraction of all hadrons created in the collisions can be stopped. Thus measurements of the energy of an individual hadron or of a hadronic jet cannot be accomplished, unless one applies special offline algorithms that reconstruct the total energy from its measured fraction, taking in consideration a design of the calorimeter, profiles of the showers generated in the material, modeled signal fluctuations, etc. Such algorithms are not developed at PHENIX, and not well developed up to date in general; relevant R&D projects are still ongoing. One of the factors that make the task of developing such offline algorithms difficult is in the fact that the phenomenon of hadron shower creation and evolution has still not been studied and described in its entirety, thus existing simulation packages do not provide an accurate representation of detector response. A majority of reference data used in new detector design still come from tests of fabricated prototype calorimeters at hadron and electron beams. 

PHENIX will have to conduct extensive beam studies with several prototypes for the future HCal, in order to better understand controls of the detector performance parameters. Of course, energy resolution of the hadronic calorimeter is the most important parameter that eventually defines the design of the detector, choice of the materials and geometry, and a performance-to-cost ratio. The sampling hadronic calorimeter made of stacks of metal absorber and plastic scintillator tiles has been considered as a preferred choice for the sPHENIX detector, primarily because of low costs and reliability of the technology.

In sampling calorimeters the energy resolution is affected by such factors as light yield of scintillator, light attenuation in wavelength shifting fibers, gain coefficients of readout devices, electronic noise. But, on the most basic level, the energy resolution is controlled by

· sampling frequency and

· sampling fraction.

Sampling frequency can be defined as how thin the individual scintillator layers are when the total amount of the scintillator material in detector is given. If one makes the scintillator layers thin, the number of the layers increases. Then it can be said that the sampling frequency has increased.

Sampling fraction is defined as a ratio of the energy deposited by a minimum ionizing particle in a single scintillator layer to the energy deposited by the minimum ionizing particle in one scintillator layer and one absorber layer:
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where

dscint = thickness of one scintillator layer,

dabs = thickness of one absorber layer,

(dE/dx)scint = 2.0 MeV/cm for polystyrene,

(dE/dx)abs = 12.7 MeV/cm for lead,

(dE/dx)abs = 11.4 MeV/cm for iron.

To improve the energy resolution of the calorimeter one has to either

· increase the sampling frequency, while keeping the sampling fraction intact, i.e. increase the number of scintillator and absorber layers while reducing their thicknesses,
· increase the sampling fraction, i.e. increase the thickness of the scintillator or reduce the thickness of the absorber (radiation and nuclear interaction lengths will increase, so the detector will have to become thicker).

However, one has to remember that the sampling fraction and frequencies cannot be varied arbitrarily. For example, the scintillator tiles cannot be made too thin, because it will result in low scintillation light yield, which depends on the amount of the scintillator material and surface roughness of the tile. Also, the absorber layers made too thick in regard to the layers of scintillator will cause low light yield, as well. And the low light yield will result in a more pronounced effect of signal fluctuations on the energy resolution. That is why, ultimately, the sampling frequency and fraction will have to be studied and optimized at the test beams. It is worth to note that in a hadronic calorimeter sampling frequency and fraction do not have to be constant. As long as the sampling frequency and fraction provide the best energy resolution, they can be variable in the direction where hadronic showers develop in the material.

There is yet another factor that affects the energy resolution of the HCal: compensation. Through experiences gained by a multitude of calorimetry detectors, it is known that the best energy resolution is easier to achieve, if the calorimeter is compensating.

Response to hadrons in an HCal is lower than its response to electrons. It is because a fraction of the shower energy does not contribute to the calorimeter signal; that invisible energy is spent to release nucleons from nuclei. One can compensate that missing energy by

1) boosting non-electromagnetic response, and that is usually done by using a hydrogen-reach material in the calorimeter (organic polymers, which are used for plastic scintillators, have enough amount of hydrogen atoms),

2) reducing electromagnetic signal, and that is achieved by using high-Z absorber materials, like Pb or U, or, rarely, by increasing thickness of the absorber layers.
During beam tests the compensation is measured as a ratio of the amplitude of the signal from an electron beam to the amplitude of the signal from a pion/proton beam. e/h = 1 means that the compensation is achieved. 

Past experiences showed that compensating sampling HCals can be built not only with Pb or U, but with Fe, as well. However, using a high-Z material significantly simplifies tuning the sampling frequency and fraction. Also, in general, HCals with high-Z absorbers have better energy resolutions.

In this note a mechanical concept for a module of the barrel sPHENIX HCal is presented. The figures are sketches and not technical drawings, because some of the requirements for engineering technical drawings are missing. Dimensions are shown in millimeters.   

2. Geometry of sPHENIX barrel HCal

The following considerations were made for a model sPHENIX hadronic calorimeter:

· projectivity, i.e. every scintillator tile or absorber plate is perpendicular to the line drawn from the vertex to the geometrical center of that tile or plate; that minimizes dependence of sampling frequency and fraction, and thus energy resolution, on pseudorapidity and azimuth, 

· ease of assembly and access for service and repairs,

· some limited capability of geometrical realignment of the modules in regard to the vertex,

· possibility for longitudinally segmented readout,
· maximization of light output,

· minimization of light attenuation in wavelength shifting fibers.

A model barrel hadronic calorimeter is shown in Figures 1 and 2. The HCal has an inner radius of 1.2 m and it is assembled from 1200 modules. The rapidity coverage of the barrel is from -1.05 to 0.95. It is made asymmetric to accommodate the North Muon Arm in its current position. If one cuts the barrel by x-y plane in the PHENIX coordinate system, 60 modules will be seen at the beamline from away of the vertex (Figure 1). Thus every module covers approximately 0.1 rad in azimuth. 
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Figure 1. Azimuthal arrangement of HCal modules.

A cut of the barrel by the plane A that contains the beamline and passes through a geometrical center of some module results in seeing 20 modules adjacent to each other on each side away from the beamline (Fugure 2). Pseudorapidity acceptance of every module is 0.1 units. The maximum dimension of the barrel along the beamline is 4.103 m. The combined longitudinal length of the detector material components in each module equals 844 mm.
[image: image2.emf]
Angles (degrees):
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M

	38.6
	42.3
	5.7
	5.7
	5.6
	5.5
	5.3
	5.0
	4.8
	4.6
	4.3
	4.0
	3.7


Figure 2. Arrangement of the modules along the beamline.

3. Assembly of one module
Once assembled, one module resembles a truncated pyramid with rectangular bases. The main load bearing elements of the module are 4 hardened steel rods. In this presented model the diameter of each rod is equal to 3 cm. The absorber plates and scintillator tiles are strung on the rods. The stack of the absorber plates and scintillator tiles is fixed by front and back steel plates. Besides being a mechanically bearing element, the front steel plate also works as a “zeroth” absorber layer. Thickness of the front plate, as well as of the back plate, is equal to 4 cm. The mechanisms of fixing front and back steel plates to the rods can be designed in a variety of ways. For example, the front plate can have internal threads, so the rods can be screwed through the plate. During the assembly process the whole stack has to be pressed against the front steel plate. Then, having threads on the back sides of the rods, the back steel plate can be attached to the stack by screwing nuts on the rods. Each stack is packed in a steel skin made of 5 mm think sheets. Support brackets (not shown in Figures) are attached to the front and back ends of the rods. The brackets allow placement and attachment of the module on the HCal support frame; they will also allow individual alignment of the module on the frame in regard to the collision vertex, since the attachment mechanisms of the frame can be designed to provide limited x-y-z movement for the brackets.

Figure 3 shows a cut side view of the Module 10 (see Figure 2 for numbering, this is the farthest module from the vertex along the beamline). The cut side view is a “polar (pseudorapidity) view”, i.e. the cutting plane contains the beamline and passes through geometrical centers of large sides of the front and back steel plates. Figure 4 shows a cut view of the Module 0 seen “azimuthally”, i.e. the cut plane is x-y plane in the PHENIX coordinate system. The “azimuthal” dimensions shown in Figure 4 are identical for all modules. To get such dimensions from every module, the cut planes have to pass through the geometrical centers of the largest sides of the front and back steel plates and contain x-axis of the PHENIX coordinate system.      
[image: image3.emf]
Figure 3. “Polar” cut side view of Module 10.

[image: image4.emf]
Figure 4. “Azimuthal” cut side view of Module 0.

Both Figure 3 and Figure 4 show an absorber-scintillator configuration that has a “large” sampling fraction: every scintillator layer is 4 mm thick while the thickness of every absorber layer is 16 mm. Such a configuration has 39 scintillator tiles in one module and 38 absorber plates (front and back steel plates are not counted). This or similar sampling fractions would be expected if high-Z material (i.e. Pb) is used to make the absorber plates. If only steel is used in the HCal, then smaller sampling fractions are more likely. Figure 5 shows a “polar” cut view of the Module 10 that has a “small” sampling fraction (Fe is, presumably, used for the absorber plates). In that configuration, the thickness of each scintillator tile remains 4 mm, but the thickness of the absorber layer is increased to 36 mm. This module has 20 scintillator tiles and 19 absorber plates (front and back steel plates are not counted).
[image: image5.emf]
Figure 5. “Polar” cut side view of Module 10 that has a “small” sampling fraction. 
For the front and back steel plates, dimensions that correspond to the azimuthal bins are the same for all modules. For the front plate the (minimum) dimension of the side, parallel and the nearest to the beamline, is 116 mm. For the back plate the (maximum) dimension of the side, parallel and the farthest from the beamline is 204 mm. Dimensions that correspond to the pseudorapidity bins change as pseudorapidity changes. The minimum pseudorapidity-corresponding dimension can be assigned to the dimension of the side of the front plate, which is the nearest to the vertex. The maximum pseudorapidity-corresponding dimension can be assigned to the dimension of the side of the back plate, which is the farthest from the vertex. Table 1 lists the pseudorapidity-corresponding minimum and maximum dimensions; the used module numbering scheme is shown in Figure 2.
	Module
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Minimum (mm)     
	110
	111
	111
	112
	112
	113
	114
	114
	114
	114
	115

	Maximum (mm)
	195
	195
	194
	192
	190
	188
	185
	181
	177
	173
	170


Table 1. Pseudorapidity-corresponding minimum and maximum dimensions of the front and back iron plates.

Excluding steel rods, the Module 10 weighs approximately 175 kg, if it is assembled with a “large” sampling fraction and the absorber plates are made of lead. Same module weighs 130 kg, if steel is the material for the absorbers (also excluding the weight of the steel rods). The Module 10 made with only steel absorbers and a “small” sampling fraction weighs about 140 kg, without steel rods. Four steel bearing rods add approximately 20 kg to the weight of the module. 

Module 10 made with a “large” sampling fraction has a depth of 4.4 nuclear interaction lengths. Module 10 made with a “small” sampling fraction has a depth of 4.7 nuclear interaction lengths.

Light is collected from the scintillator tiles by wavelength shifting (WLS) fibers glued by optical cement in grooves made in the tiles. In every tile, once glued, the WLS fiber is parallel to the largest surfaces of the tile. It is important to keep reasonable radii of curvature of the glued WLS fibers, since in a bent fiber a coefficient of light transmission decreases with a reduced radius of curvature. To reduce light loss through attenuation, every WLS fiber ends, upon exiting from the tile, with an optical joint, where WLS fiber is coupled with a clear-wave guide (CWG) fiber; the optical cement is used for that. Light attenuation in CWG fibers is lower compared to the light attenuation in the WLS fibers. The light picked up by the CWG fiber from the WLS fiber is brought to the readout device. The CWG fibers are routed through readout conduits. These conduits are made at the corners of the large sides of the module pyramid. Every absorber plate has its corners milled, the dimension of the removed material at each corner is 1 x 1 cm2. Also, all scintillator tiles, except the first, have corners cut; the lateral dimension of the removed material is the same as for the absorber plates. The CWG fibers are run through the corner readout conduits from every scintillator tile toward the rear end of the module. 
The CWG fibers transmit light from every individual scintillator tile. Within one module all fibers can be bundled and coupled to a single readout device. Also, the fibers can be bundled in groups to create longitudinal cells.   
Figure 6 shows a cut section of the Module 10 near its front. The sketch shows the module when the steel skin, the nearest to the viewer, removed. Light can be transferred from every tile by two ends of the WLS fiber, or just by one end. Efficiency of light transmission has to be studied at the test beams. Then one can consider, what particular scheme, 2-end or 1-end, has to be chosen for the barrel HCal. Figure 6 represents the case when the module is built with a “large” sampling fraction (i.e. 4 mm scintillator tiles alternate with 16 mm absorber plates) and the light is picked up from every tile by two ends of the WLS fiber. The CWG fibers are routed from the optical joints through protective conduits toward the corner readout conduits. To place the protective conduits in the module, slots are made in the scintillator tiles. Also, slots are milled in the absorber plates.
[image: image6.emf]
Figure 6. “Polar” view of a section of the Module 10. The section is cut near the front steel plate. For every scintillator tile light is picked up from two ends of the WLS fiber. “Large” sampling fraction.
Figure 7 shows the forth (counted from the front steel plate) scintillator tile viewed from back of the Module 10 that has a “large” sampling fraction. Slots and holes for the steel rods are symmetric in regard to the line drawn from the top-left corner to the bottom-right corner of the tile. From this tile the light is picked up by two ends of the WLS fiber that has a diameter of 1.6 mm. The tile has to be covered by reflective paint, including in areas of the holes.

[image: image7.emf]
Figure 7. Forth (counted from the front steel plate) scintillator tile; light is read out from both ends of the WLS fiber. Module 10, “large” sampling fraction.
Figures 8 and 9 show side and top views of the first absorber plate of the Module 10 when it is assembled with “large” sampling fraction. Figures 10 and 11 show side and top views of the second absorber plate of the same module. The corner, to where the clear-wave guide fibers are routed from the tile, change for every next tile. This, in some way, ressembles “rotation” of a chosen corner around the geometrical center of the tile by 900, as the tiles are counted. That allows using all four corners to place the CWG fibers with the minimized number of the fibers per readout conduit. The geometry of the slots in the tiles and absorber plates follows such “rotation” to accommodate the protective conduits.
[image: image8.emf]
Figure 8. Side view of the first absrober plate. Module 10, “large” sampling fraction.
[image: image9.emf]
Figure 9. Top view of the first absorber plate. Module 10, “large” sampling fraction.
[image: image10.emf]
Figure 10. Side view of the second absorber plate. Module 10, “large” sampling fraction.
[image: image11.emf]
Figure 11. Side view of the second absorber plate. Module 10, “large” sampling fraction.
Figure 12 shows the thirty-seventh (counted from the front steel plate) scintillator tile in the Module 10 with a “large” samplling fraction and with the light read out from both ends of the WLS fiber.  

[image: image12.emf]
Figure 12. Thirty-seventh (counted from the front steel plate) scintillator tile; light is read out from both ends of WLS fiber. Module 10, “large” sampling fraction.
If the module is assembled to have a “small” sampling fraction (i.e. 4 mm scintillator tiles with 36 mm absorber plates), like shown in Figure 13, design of the tiles remains almost similar to that for the “large” sampling fraction configuration. The design of the absorber plates changes a bit, because the space between neighboring scintillator tiles increases. (In this module the nineteenth scintillator tile, counted from the front steel plate, has the same metrics as the thirty-seventh tile of the module with a “large” sampling fraction; the view of that nineteenth tile is the mirror image of the Figure 12, the axis of mirror symmetry is parallel to the long edge of the tile). 

[image: image13.emf]
Figure 13. “Polar” view of a section of the Module 10. The section is cut near the front steel plate. For every scintillator tile light is picked up from two ends of the WLS fiber. “Small” sampling fraction.

When the light is collected from just one end of the WLS fiber, the total number of the clear-wave guide fibers in the module is halved. That case is represented by Figures 14 and 15. Figure 14 shows a section of the Module 10 with a “large” sampling fraction, and Figure 15 shows a section of the Module 10 with a “small” sampling fraction.  

[image: image14.emf]
Figure 14. “Polar” view of a section of the Module 10. The section is cut near the front steel plate. For every scintillator tile light is picked up from one end of the WLS fiber. “Large” sampling fraction.

[image: image15.emf]
Figure 15. “Polar” view of a section of the Module 10. The section is cut near the front steel plate. For every scintillator tile light is picked up from one end of the WLS fiber. “Small” sampling fraction.

To collect the light from one end of the WLS fiber, the groove in the tile has geometry of a loop. To reduce loss of light, reflective paint is applied to the fiber end, which is not coupled to the clear-wave guide fiber. Figure 16 shows the fifth scintillator tile of the Module 10 with a “large” sampling fraction. Only one end of the WLS fiber exits the tile. Figure 17 presents thirty-seventh tile of the same module. The mirror image of Figure 17 (with the axis of mirror symmetry being parallel to the longest edge of the tile) would represent nineteenth tile of the Moduel 10 with a “small” sampling fraction.
[image: image16.emf]
Figure 16. Fifth (counted from the front steel plate) scintillator tile; light is read out from one end of the WLS fiber. Module 10, “large” sampling fraction.

[image: image17.emf]
Figure 17. Thirty-seventh (counted from the front steel plate) scintillator tile; light is read out from one end of the WLS fiber. Module 10, “large” sampling fraction.

4. Support frame

The modules are supposed to be placed on a support frame individually, with an opportunity of per-module alignment in regard to the vertex. Once the modules are placed on the frame they somewhat support each other. More importantly, since every module has two, front and back, fixing points, the total load of the HCal components is distributed in space. Per rapidity bin, the modules assemble a “detector ring” that surrounds the beamline. This “detector ring” has 60 fixing points outside the barrel and 60 fixing points inside the barrel. A dedicated “support ring” with 60 attachment mechanisms should surround each “detector ring”. In total, 20 “support rings” will support 20 “detector rings” . A parallelepiped-shaped external frame should surround and support all 20 “support rings”. The attachment of back sides of the modules to the “support ring” will be done with help of fixing mechanisms attached to the steel rods that pass through the modules. Front sides of the modules should be attached to the rails that go parallel to the beamline. One rail would support 20 modules along the beam. In total, 60 rails will be supporting 20 “detector rings” from the front sides of the modules. The rails will be mounted on two “endcap rings” located at opposite ends of the barrel, and those “endcap rings” will be supported by the external frame. 
� EMBED Equation.3 ���
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