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1. Project overview
We propose to prove the viability of the concept of a digital hadron calorimeter equipped with a gaseous active element and to test its performance in particle beams. To accomplish these goals, we request funds to construct a 1m3 prototype of a hadron calorimeter consisting of 40 steel plates, each 20 mm thick, interleaved with Resistive Plate Chambers (RPCs) and Gas Electron Multipliers (GEMs), as the active media. 
This project is part of the design effort of a detector for the International Linear Collider (ILC) and is being carried out in the context of the CALICE collaboration [1]. The CALICE collaboration is currently assembling prototypes of a Silicon – Tungsten electromagnetic calorimeter and of a scintillator – based hadron calorimeter. Our contribution to the collaboration is the development, construction and testing of a digital hadron calorimeter using gaseous active elements. 
At the ILC, in order to disentangle on an event-by-event bases W and Z bosons via their hadronic decay into a pair of jets, jet energy resolutions of the order of 30%/√Ejet ​or better are required [2]. Simulation studies have shown that with the help of Particle Flow Algorithms (PFAs) this order of resolution can be achieved [3]. Contrary to conventional methods relying solely on the calorimeter to measure hadronic jets, PFAs measure each final state particle in a jet individually utilizing the detector component able to provide the best momentum/energy resolution. Charged particles are measured by the tracking detectors situated in a strong magnetic field, photons are measured with the electromagnetic calorimeter and neutral hadrons, i.e. neutrons and KL0, are measured with the combined electromagnetic and hadronic calorimeters. The major challenge of this approach is the separation of energy clusters in the calorimeter originating from charged and neutral particles. In order to keep this contribution, commonly named the ‘confusion term’, to the resolution small, the readout of the active element needs to be finely segmented, of the order of 1 cm2 or finer laterally and layer-by-layer longitudinally. The optimal segmentation for the ILC detector will be determined after evaluation of the test beam results (as obtained with the proposed prototype calorimeters) and the subsequent tuning of the simulation of hadronic showers. 
The electronic readout of the hadronic calorimeter is reduced to a single bit per readout channel (digital readout). Simulation studies have shown that a) the number of hit pads is linearly correlated in a wide range of the energy of the incoming particle and b) a digital readout of finely segmented pads is able to preserve, if not improve, the energy resolution of single hadrons, traditionally measured with analog readout of calorimeter towers. The electronic readout system will be identical for both gaseous detectors in this proposal, i.e. RPCs and GEMs.
This novel idea of a digital hadron calorimeter (DHCAL) will be tested thoroughly in test beams at Fermilab. The tests will be in stand-alone mode together with a prototype of an electromagnetic calorimeter (not part of this proposal) placed in front of the DHCAL. The proposed technology of a digital hadron calorimeter with gaseous active elements is equally applicable to all three ILC detector design efforts, namely the SiD [4], the LDC [5], and the GLD [6] concepts.
Constructing a prototype of a DHCAL and its subsequent test in particle beams have been identified as arguably the most important R&D project related to the development of an ILC detector by the R&D panel of the World Wide Linear Collider Study Group. The main purposes for this effort are summarized in the following:
· Test of a calorimeter with RPCs: even though RPCs have been employed in a large number of HEP experiments, to date no calorimeter with finely segmented readout using RPCs as active medium has been built and tested. Our tests will validate the use of RPCs in calorimetry and the performance of this type of calorimeter.
· Test of a calorimeter with GEMs: same argument as given above for RPCs.

· Tests of the novel idea of a DHCAL: in simulation studies of a DHCAL the energy resolution obtained for hadrons is comparable to that obtained with analog readout. Experimental verification of this result and validation of the concept of a DHCAL are needed.
· Study of design parameters: measurements with different configurations of the prototype section will provide a better understanding of the dependence of the response on the various design parameters, such as the choice of absorber, the size of the active gap, the segmentation of the readout, etc.
· Measurement of hadronic showers: traditional calorimeters measure energy with a coarse segmentation, thus integrating over large volumes or calorimeter towers. The DHCAL prototype will measure hadronic showers with unprecedented spatial resolution and provide new and detailed information on hadronic showers.   
· Validation of Monte Carlo simulation of hadronic showers: the measurements obtained in particle beams will be essential to validate the Monte Carlo simulation of hadronic showers. Differences of up to 60% are observed when comparing the results on shower shapes based on current MC models of hadronic showers, see Figure 1.1 [7].  Design of a detector for the ILC is driven by the application of PFAs for the measurement of hadronic jets. A realistic simulation of hadronic showers is a prerequisite for the development of a reliable design of such a detector.
· Comparison with an Analog Hadron Calorimeter: Currently the CALICE collaboration is assembling a prototype section of a hadron calorimeter (AHCAL) using scintillator tiles and analog readout. The lateral size of the tiles is about a factor of 10 larger than the readout pads of the DHCAL.  A technology choice for the hadron calorimeter of an ILC detector will be based on a detailed comparison of the performance of the AHCAL and DHCAL prototypes. The assembly of the AHCAL is expected to be completed by October 2006.
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The proposed construction and test program is important far beyond the immediate needs for the ILC. Calorimeters with the fine granularity proposed here have never been built and have never been exposed to particle beams. The proposed extended test program will provide unprecedented insight into hadron showers and further the understanding of calorimetry per se. 
2. Studies of the performance of a digital hadron calorimeter 

Detailed Monte Carlo studies based on GEANT4 are being performed to understand the response of calorimeters, develop PFAs and to optimize the design of an ILC detector for the measurement of hadronic jets. The studies summarized in the following are based on the SiD concept [4].

In August 2005 the SiD concept study defined a baseline design for their detector as a starting point for subsequent studies. The baseline design features a six layer vertex detector, a five layer silicon tracking detector, a Silicon-tungsten electromagnetic calorimeter with 0.16 cm2 readout cells, a RPC-Steel hadronic calorimeter with 1 cm2 readout pads, a superconducting coil providing a 5 Tesla fields and an instrumented return yoke. 
The single particle response for 5 GeV π+ is shown in Figure 2.1 a) using analog readout and b) using 1 cm2 pads with digital readout. Comparison of the two results indicates that a digital readout is able to preserve the single particle resolution obtained with analog readout. In addition, due to its insensitivity to Landau fluctuations, the response measured with digital readout is close to symmetric and does not feature a Landau tail towards larger values.  The response with digital readout is linear for single particle energies up to [image: image5.jpg]
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Several groups are involved in the development of PFAs using the SiD baseline design. First results have already been presented at conferences and workshops [3,8]. As an example, Figure 2.2 shows the reconstructed mass obtained in e+e- → Z0 → 2 jets. The central part of the response is fit to a Gaussian with a width of 3.2 GeV, corresponding to approximately σ/E = 33%/√Ejet, and containing 60% of the events. Even though further improvements are necessary to primarily reduce the tails of the distributions, these results demonstrate, within the credibility of the simulation of hadronic showers, that jet energies can be measured using PFAs with a resolution significantly better than the 50 – 100%/√Ejet obtained with purely calorimetric measurements.  
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3.  Description of the 1m3 Prototype Section
  3.1 General description
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The planned prototype section features 40 layers each with an area of 1 m2. The physical extent is approximately one meter in depth. Simulation studies showed that 98% of the energy of a 10 GeV π+ is contained in the prototype section, see Figure 3.1.1 for a visual impression of the spatial distribution of the energy deposition of a hadronic shower. 
  3.2 Mechanical structure

The mechanical structure consists of a movable table and 40 absorber plates. The latter are made of stainless steel with a thickness of 16 mm and an area of 1 m2. They are suspended such that the gap between neighboring plates can be adjusted from 5 to 10 mm, depending on the actual thickness of the active elements.  

The table provides all the flexibility of positioning necessary in a test beam, such that e.g. every cell in the prototype section can be exposed to a muon beam without having to steer the beam. In addition, the table can be rotated about a vertical axis for studies of the response of particles entering the calorimeter at an angle (up to 450). Figure 3.2.1 shows the three-dimensional design of the absorber stack and the scanning table. 
The design and construction of the table and absorber stack are the responsibility of DESY in Hamburg, Germany, as part of their contribution to the CALICE collaboration [1]. The stack will be equipped in turn with scintillator tiles (effort being lead by DESY), Resistive Plate Chambers (lead by Argonne) and Gas Electron Multipliers (lead by University of Texas in Arlington).[image: image11.jpg]Front End Back End
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 No funds are requested to support the construction of the mechanical structure.

  3.3. Active medium I: Resistive Plate Chambers
Resistive Plate Chambers (RPCs) with small readout pads are an ideal candidate for a hadron calorimeter designed to optimize the application of PFA. They can provide the segmentation of the readout pads, of the order of 1 to 4 cm2, which is necessary to keep the ‘confusion term’ small. They can be built to fit small active gaps (less then 10 mm) to maintain a small lateral shower size and to keep the longitudinal size of the hadron calorimeter as short as possible. Glass RPCs have been found to be stable in operation over long periods of time [9], especially when run in avalanche mode, and their rate capabilities are adequate for the ILC and for test beam studies of hadronic showers. RPCs are inexpensive to build since most parts are available commercially. Signals in avalanche mode are large enough (in the range of 100 fC to 2 pC) to simplify the design of the front-end electronics. 
Figure 3.3.1 shows a schematic diagram of a single-gap RPC. The chamber consists of two plates with high electrical resistance. Readily available window glass of thickness 0.8 to 1.1 mm is used to construct the RPCs.  High voltage is applied to a resistive coating on the outside of the glass plates.  The resistance of this coating must be low enough to allow for a quick local re-charge of the glass plate after a hit, and high enough to not screen the electric field of the electron avalanche in the gas from the readout pads located on the outside of the chamber.   The glass plates enclose a gas volume in which ionization and electron multiplication takes place. Particles traversing the gas gap ionize the gas, creating an avalanche of electrons drifting towards the glass plate at positive high voltage. The signal is picked up inductively with pads located on the outside of the glass.

For the prototype section each layer with an area of 1 m2 will be equipped with three chambers with the dimensions of 32x96 cm2. Each chamber contains 3072 readout pads. 
Groups at Argonne National Laboratory and University of Chicago have built and tested a number of prototype RPCs. Chambers based on different designs, such as featuring one or two gas gaps, two or one glass plate, high and low resistivity coatings, etc. have been investigated in detail, both in streamer and avalanche mode and also with a variety of gas mixtures. Measurements of the signal charge with a high-resolution analog data acquisition system have been performed. A digital (one-bit) readout system capable of reading out multiples of 64 channels was developed and built at ANL. This system was used in detailed measurements of the MIP detection efficiency, the hit pad multiplicity, the noise rate and the rate capability. Measurements were performed with cosmic rays, radioactive sources and in the MT6 test beam at FNAL. These measurements involved either one, two or three RPCs at a given time, each read out with 64 pads with an area of 1 x 1 cm2.
All above measurements were consistent with expectation and confirmed the viability of RPCs as active medium of a digital hadron calorimeter. For more details on the measurements see [10] and the links therein.
Beyond the prototype section, further R&D on the chambers and the readout system will be necessary to propose the best possible hadron calorimeter for the ILC detector. The following areas will need further exploration, where the experience gained in the mean time with the RPC stack in the Fermilab test beam will be crucial to define the details of this future research program:
1. Chamber design: test of thin chambers with only one glass plate or of other ‘exotic’ chamber designs.

2. Long term tests: testing and monitoring of chamber performance over long periods (several years) to ensure stability over the expected life time of the ILC detector.
3. Neutron sensitivity: explore the possibility of increasing the sensitivity to low energy neutrons (if results from test beam show a need for this)

4. Finer segmentation of the readout (if results from test beam show a need for this)

5. Higher multiplexing of the readout system, to reduce cost and real estate.

6. Thinner readout boards, to reduce overall thickness of the active element.

7. Power pulsing of the front-end to eliminate the need for active cooling.

8. Anything else which might be recognized as important from the experience gained in the test beam.
  3.4. Active medium II: Gas Electron Multipliers (GEMs)
The University of Texas at Arlington HEP group develops GEMs as active medium of a digital hadron calorimeter. GEM’s [11] have a demonstrated record of success in other detector applications, they are robust and allow flexibility in design, operate with a simple gas mixture and at modest voltages, have a demonstrated stability against aging, have a fast response, and offer an attractive alternative to calorimeter designs based on RPC’s and scintillators.

Fig. 3.4.1(a) shows the basic arrangement of a double-GEM detector [11]. The essential idea is to create a high electric field in holes in a copper-kapton-copper sandwich (the GEM “foil”). Ionization electrons from incident tracks are accelerated in this field and produce an avalanche of charge, thereby achieving multiplication of the signal. The ionization signal from charged tracks passing through the drift section of the active layer is thus amplified using two successive GEM foils. The amplified charge is collected at the anode, or readout pad, layer, which is at ground potential. This layer is subdivided into the small (~1cm x 1cm) pads needed to implement the digital approach. The potential differences, required to guide the ionization, are produced by a resistor network, with successive connections to the cathode, both sides of each GEM foil, and the anode layer. The chambers are operated with 2100V across the whole structure, which includes 380-400V across each GEM foil. The gas used has been Ar/CO2 premixed in 70/30 and 80/20 proportions. The latter gives a factor of three higher gain than the former while maintaining a very low probability for discharges. The pad signals are amplified, discriminated, and a digital output produced. The GEM design allows a high degree of flexibility for the readout with, for instance, possibilities for microstrips for precision tracking layer(s), variable pad sizes, and optional ganging of pads, if required by cost considerations. Fig.3.4.1(b) shows how the GEM approach is incorporated into a digital calorimeter scheme. Since there are anticipated to be about 40 layers in the digital hadron calorimeter, and the calorimeter system lies radially inside the superconducting coil, there is a premium on minimizing the radial depth of the active layer to keep down costs.


Based on the studies with previous small size prototype GEM chamber equipped with multiple readout pads, the UTA group found that the gain of the chamber is consistent with other measurements.  The efficiency of the chamber is at 94.5% with 40mV threshold and is consistent with the simulation result.  The observed hit multiplicity of the chamber was 1.27 which is at an acceptable level.

The UTA group worked with the 3M Corporation on the development of large GEM foils. 3M have a reel-to-reel etching process that accommodates a window approximately 30cm wide and up to 500 ft long. Since 3M was already set up to produce foils in a 30cm x 30cm area, this size for chosen for the first prototype chambers. UTA designed the details from which 3M produced a mask. A view of one of the new foils is given in Fig. 3.4.2. The new foils have been extensively tested under high voltage. The next stage, currently in progress, is to adapt the 3M process to make 90cm x 30cm foils. These larger foils are expected to be available in fall 2006 and by the end of the year test chambers will be built making use of them.

A prototype GEM chamber with the 30 x 30 cm2 3M GEM foils have been tested with radioactive sources, cosmic rays and in the electron beam of KAERI, the Korean Atomic Energy Research Institute. Each pad in a 2 x 2 pad array received an approximate 2 x 1012 electrons for an accumulated charge of 1.6 x 10-2 mC/mm2/pad. This exposure is more than a pad would receive in ten years of operation at the ILC, but well below the point at which any deterioration of performance is expected based on past GEM tests [12]. 


All measurements are consistent with the performance requirements of an active medium of a hadron calorimeter. Differences in rate capability and pad multiplicity make GEMs an attractive alternative to RPCs, in particular for use in specific parts of the calorimeter, such as the forward region, where the expected particle rates are high.
  3.5. Electronic readout system
Considerable effort was dedicated to the development of the electronic readout system, a challenge by itself, given the large number of channels, of order 
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5 for the prototype hadron calorimeter. The readout electronics is suitable for both the RPCs and the GEMs. The gain of the front-end is adjustable to accommodate the different signal sizes of the two devices. Particular care was devoted to keeping the cost per channel as small as possible. The concept has been documented in great detail, see reference [13].
The electronic readout system consists of several stages: a) the front-end ASIC; b) the front-end boards, c) the data concentrator; d) the super concentrators, e) a VME-based data collector; and e) a trigger and timing system, see Figure 3.5.1 for the schematic. In the following we briefly describe the individual stages:
a) The front-end ASIC receives signals from 64 individual pads. The signals are shaped, amplified, and discriminated. The resulting hit patterns are time stamped and stored at a speed of 10 MHz. In triggered mode, an external trigger selects the events to be passed on to the data concentrator. In triggerless mode any hit pattern with at least one hit will be transferred to the back-end of the readout system. The ASICs are located directly on, but on the opposite side of the PC boards containing the readout pads of the chambers. The ASIC has been designed, prototyped and tested by a collaboration of ANL and FNAL. The first prototype run was highly successful and the chips were shown to function exactly as expected. A second prototype run with relatively minor modifications has been submitted on July 22, 2006.
b) The front-end boards are mounted directly on the outside of the chambers. Two boards with dimensions of 32x48 cm2 are required per chamber. The boards contain the readout pad and transfer lines to the ASIC (analog signals) as well as the path for the digital output signals from the ASIC. Special care is necessary for proper shielding of the analog circuitry from digital noise. The boards contain 8 – 10 layers. Measurements of digital to analog cross-talk on prototype front-end boards have been performed.
c) The data concentrators receive data from 12 individual ASICs. They mainly consist of FPGAs and will be located on both sides of the 1 m3 prototype section of the hadronic calorimeter. Preliminary designs have been developed.
d) The super concentrator introduces further multiplexing by reading out six data concentrators. Their design is similar to the data concentrators.
e) The data collector is VME–based and receives the output of the super concentrators. Each card connects to 12 individual data concentrators. The system specifications are very similar to the recently developed system for the MINOS test beam effort.

f) The trigger system distributes the trigger information to the data concentrators. The timing system provides the clocks and clock resets of the readout system.
3.6 Slice test
Preparations are ongoing for a vertical slice test of the electronic readout system. The tests are necessary for verifying the viability of the design before committing to the expense of constructing the entire system for the prototype hadron calorimeter. The slice tests are fully funded and are not part of this proposal.
The slice test involves the following components:

a) 8 RPCs each with an area of 20 x 20 cm2. In addition, a small number of GEMs with an active area of 30 x 30cm2 will be tested using the same readout system. 
b) A mechanical structure including steel absorber plates and a scanning table.

c) 40 front-end ASICs from the second prototype run. The run was submitted on July 22, 2006 and features a modified analog front-end with reduced sensitivity and minor changes to the clock distribution circuitry. After verifying the functionality of the chips, additional ASICs will be purchased for the tests with GEMs.

d) 8 front-end boards each with an area of 16 x 16 cm2 and housing 4 front-end ASICs. These boards cover a smaller area, but are otherwise identical to the ones foreseen for the prototype hadron calorimeter.
e) 8 data concentrator boards which will be identical to the ones foreseen for the prototype hadron calorimeter.
f) A VME-based back-end, again identical to the one foreseen for the prototype hadron calorimeter.

After commissioning of the system in the laboratory, the detector and the readout system will be transported to the MT6 test beam at Fermilab. Tests in the MT6 proton and pion beams are planned for January 2007.
4. Planned activities in FY2007
4. 1. Construction of stack with Resistive Plate Chambers
 4.1.1 Assembly of the chambers

To fully equip the 1m3 prototype section with RPCs a total of 120 chambers are necessary. The chambers will be mounted on a strong – back, a 4 mm copper plate, which also serves as heat sink. 
The assembly of the chambers is straightforward and does not impose specific challenges. Even though the glass needs to be sufficiently clean, the assembly can proceed in a regular laboratory room and does not require a clean room. The assembly procedure of the chambers is independent of the fabrication and assembly of the electronic readout system and can proceed in parallel. The front-end boards will be clipped to the chambers, such that they can be easily removed.
A quality assurance procedure to ensure the high quality of the chambers and the uniformity of the response will be devised. The procedure will include tests of the gas tightness as well as measurements of the single particle detection efficiency using cosmic rays. 
  4.1.2. Construction of the electronic readout system

Table 4.1.1 lists the different parts of the readout system and the number of units needed to fully equip the prototype section.  Each unit will be thoroughly tested using computer controlled test fixtures. The latter are currently being designed and fabricated for the planned vertical slice test, see section 3.6.
Table 4.1.1 List of the components of the electronic readout system

	Component
	#/chamber
	#/plane
	#channels/unit
	Total # units

	Planes
	0.333
	1
	9216
	40

	Chambers
	1
	3
	3072
	120

	DCAL ASICs
	24
	144
	64
	5760

	Front-end boards
	2
	6
	1536
	240

	Data concentrators
	4
	12
	768
	480

	Super concentrators
	0.667
	2
	4608
	80

	Data collectors
	-
	0.166
	55,296
	7

	VME crates
	-
	-
	387,072
	1


	Argonne National Laboratory
	Construction of RPCs

Quality control of RPCs

Fabrication and assembly of front-end boards

Quality control of front-end boards (with ASIC)

Commissioning of electronic readout system

Transportation of RPCs to test beam

	Boston
	Fabrication, assembly and testing of VME based data collector system

	Chicago
	Fabrication, assembly and testing of data concentrator and super concentrator boards

	DESY*
	Mechanical structure

	FNAL
	Production and testing of front-end ASICs

	Iowa
	Acquisition and testing of high voltage distribution system

Design and production of gas distribution system

	UTA
	Fabrication and testing of timing and triggering system


 * not part of this proposal
4.1.3. Responsibilities as assigned to institutions participating in the project
Table 4.1.2 above summarizes the responsibilities as assigned to the different institutions participating in the project. The project is an integral part of the program of the CALICE collaboration [1], which currently tests a prototype electromagnetic and a scintillator-based hadron calorimeter in the CERN test beam.
4.2. Construction and Operation of larger GEM chambers.

GEM chambers will participate in the slice test described in section 3.6. A limited number of chambers will be constructed and will be read out with the DCAL chip, following a similar test program in early 2007 to that outlined for the RPCs.
Techniques for assembling larger GEM chambers as required for the 1 m2 planes of the 1 m3 stack will be further developed at UTA. Fig. 4.2.2 shows an example of a mechanical assembly for a large area GEM plane. 

                               
[image: image2]
                             Fig. 4.2.2 Large GEM chamber mechanical prototype

Development of these planes will continue in 2007 with assembly of operational 90 x 30 cm2 (and other sizes to be determined later) chambers as soon as the large foils become available from 3M. The goal for late 2007 is to have finalized the size and design of the subunits for construction of the 1m2 planes for the 1m3 stack in 2008.
5. Planned activities in FY2008

5.1. Measurements with the RPC stack in the Fermilab test beam 

In FY2008 the prototype DHCAL section (equipped with RPCs) will be tested in the MT6 test beam at Fermilab. The prototype will be tested both in standalone mode as well as in combination with a prototype electromagnetic calorimeter located in front. The latter will be provided by the CALICE collaboration [8]. A tail-catcher, being assembled by Northern Illinois University (not part of this proposal) consisting of steel plates and scintillator strips will be placed behind the DHCAL prototype. In the following we briefly describe the planned test beam activities:
  5.1.1. Standalone tests of the DHCAL prototype including the tail catcher
Standalone tests of the prototype section of the DHCAL will be performed in the following configurations:


▪ Energy Scans with Pions and Protons: Single pion responses, linearity and energy resolution will be measured using a wide range of energies (1 GeV and up to 66 GeV)[14]. The response to protons over the entire momentum range (up to 120 GeV) will be measured as well. 


▪ Incident Angle Scans: Measurements with at least three different angles of incidence will be performed.  The angles will be changed by rotating the table with respect to the beam and off-setting the calorimeter structure in depth in order to optimize the lateral containment. These tests are foreseen using at least two different energy settings. 


▪ Muon Responses: Measurements with momentum tagged (3 – 20 GeV/c) muons will be performed for muon detection efficiency measurement, testing reconstruction codes and developing calorimeter tracking algorithms. 


▪ Calibration Runs: For calibration purposes (measurement of the MIP detection efficiency and hit pad multiplicity), measurements with defocused muons will be performed at regular intervals during the testing period.

  5.1.2. Combined tests of electromagnetic and hadronic calorimeters including the tail catcher
The following test program is foreseen for the combination of ECAL and DHCAL prototypes:


▪ Electron Energy Scans: These tests require electrons with the highest achievable energy, to provide a data set with combined ECAL and DHCAL information.


▪ Energy Scans with Pions and Protons: Single pion responses, linearity and energy resolution will be measured using a wide range of energies (1 – 66 GeV). The response to protons over the entire momentum range (up to 120 GeV) will be measured as well. 


▪ Incident Angle Scans: Measurements with a minimum of three different angles of incidence will be performed.  These tests are foreseen using at least two different energy settings. 


▪ Muon Responses: Measurements with momentum tagged (3 – 20 GeV/c) muons will be performed for testing reconstruction codes and developing calorimeter tracking algorithms. 


▪ Calibration Runs: For calibration purposes, measurements with defocused muons will be performed at regular intervals during the testing period.

These tests will start in 2008 and last until approximately the end of 2009. Other projects within the CALICE collaboration plan to use the same beam line for measurements with their electromagnetic and analog hadron calorimeter prototypes. Comparison of the results of the analog and digital hadron calorimeters using the same beam line (and absorber configuration) will provide the necessary basis for the technology choice for the ILC detector’s hadron calorimeter.

5.2. Construction and testing of stack with Gas Electron Multipliers

This period will see the construction of the subunits for the 1m2 planes, testing and verification of their performance, and integration into a 1m3 stack.

As larger GEM chambers will be developed, a series of mechanical and electrical tests will be designed to verify their performance prior to integration into 1m2 planes, and, ultimately, into the 1m3 GEM digital hadron calorimeter stack planned for 2008. The tests include:
· dimensional checks

· gas volume integrity checks

· high voltage stability and leakage current measurements

· source testing for efficiency and uniformity tests
· verification of DCAL readout
UTA has a clean area and a large detector assembly area available for the construction activities. The GEM foil testing, and all individual subunit assembly will be carried out in the clean area. Once the subunits are assembled, the remaining integration into 1m2 planes and final testing will be carried out in a number of sequential stations in the large assembly area. As in past detector construction work, employing and training a significant number of students in our work is anticipated. This both allows labor costs to be reasonably contained and provides excellent opportunities for students to acquire new skills and take on responsibility for parts of an important project.
The beam tests described in sections 5.1.1 and 5.1.2 include the tests foreseen for both GEM and RPC stacks and are not repeated here.
6. Costs of prototype construction
6.1 Cost of the RPC based DHCAL
Table 6.1.1 summarizes the projected M&S costs for the construction of the prototype DHCAL section with RPCs.

	Item
	Cost
	Contingency
	Total

	RPC mechanics
	32,200
	9,500
	41,700

	Front-end ASIC
	220,000
	11,600
	251,600

	Front-end boards
	110,000
	55,000
	165,000

	Data concentrators
	106,000
	53,000
	159,000

	Super concentrators
	25,000
	12,500
	37,500

	VME data collectors
	46,500
	19,250
	65,750

	Timing system
	20,000
	10,000
	30,000

	Power supplies
	20,000
	10,000
	30,000

	Cables
	27,500
	13,750
	41,250

	Total
	607,200
	194,600
	791,800


Table 6.1.1 Summary of the M&S costs for the RPC based prototype section
The following choices have been made when compiling the costs in Table 6.1.1:

· The cost for the RPC mechanics includes a gas distribution system

· The cost of the front-end ASIC includes the packaging of the chips
· The power supplies include both low and high voltage power supplies

Table 6.1.2 summarizes the expected labor costs based on the current rates at ANL and FNAL.

	Item
	Cost
	Contingency
	Total

	Mechanical assembly
	87,600
	21,900
	109,500

	Front-end ASIC
	16,200
	8,100
	24,300

	Front-end boards
	31,625
	15,800
	47,425

	Data concentrators
	60,950
	30,475
	91,425

	Super concentrators
	11,500
	5,750
	17,250

	VME data collector
	35,200
	17,600
	52,800

	Total
	243,075
	99,625
	342,700


Table 6.1.2 Summary of labor costs based on current labor rates at ANL and FNAL
The total cost of the project, including labor, M&S and contingency, is $1,133,500. The cost of the mechanical structure and beam test table is not included in this estimate, since it will be provided (free of charge) by the DESY laboratory.

6.2 Cost of 2​nd prototype stack based on GEMs

Table 6.2.1 gives the M&S costs for the development of large GEM foils and the construction of the 1m3 prototype section of a GEM-based DHCAL. Since most of the electronic readout system built for the RPC stack will be reused, only those items which need to be acquired specifically for the GEM stack are shown.
	Item
	Cost
	Contingency
	Total

	
	
	
	

	Masks for large GEM foils
	30,000
	10,000
	40,000

	GEM foils
	150,000
	50,000
	200,000

	GEM chamber mechanics
	40,000
	20,000
	60,000

	Front end boards
	110,000
	55,000
	165,000

	Power supplies
	20,000
	10,000
	30,000

	Gas system
	30,000
	10,000
	40,000

	Cables/connectors
	20,000
	10,000
	30,000

	Total
	400,000
	165,000
	565,000


Table 6.2.1 Summary of the M&S costs for GEM-based 1m3 prototype section
Table 6.2.2 gives the expected postdoc and student labor costs at UTA for the development of large GEM foils and construction of the prototype section.

	Item
	Cost
	Contingency
	Total

	Postdoc (2 years)
	90,000
	10,000
	100,000

	Students
	50,000
	10,000
	60,000

	Fringe benefits
	49,500
	7,500
	57,000

	Indirect costs
	90,960
	13,200
	104,160

	Total
	280,460
	40,700
	321,160


Table 6.2.2 Summary of labor costs for GEM DHCAL
The total cost of the GEM DHCAL development and prototype construction is $886,160.

7. FY2007 Budget and Schedule
We plan to build the RPC stack in FY2007, such that the test beam program at Fermilab can commence in FY2008. In addition, we plan to complete the R&D on large foil GEMs in FY2007, in preparation for the construction of a GEM stack in FY2008. 

To this effect we request $400k for the construction of the RPC-based stack and $100k for the GEM specific R&D in FY2007.

We realize that the requested funds will not be sufficient to complete the RPC-based stack in FY2007. However, other potential sources of funding, such as (regular) LCRD funds, Fermilab, Argonne’s High Energy Physics Division, and Argonne’s LDRD program, will be approached to provide the missing funds.

In case these additional sources of funding will not provide sufficient funding for the completion of the RPC-based stack in FY2007, funds from FY2008 will be used to complete the stack in early FY2008.
8. FY2008 Budget and Schedule

We plan to test the RPC-based stack in the Fermilab test beam and to construct the GEM-based stack in FY 2008. In addition we plan to continue R&D on RPCs for a second round of prototyping.

To this effect we request $100k for the test beam operation, $100k for continued R&D on RPCs and $300k for the construction of GEM stack. Notice that a large part of the electronic readout system of the RPC-based stack will be re-utilized for the GEM stack. Additional funding sources will be approached to insure the completion of the GEM stack in FY2008. 
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Figure 2.� SEQ Figure \* ARABIC �2� Response of a hadron calorimeter to 5 GeV π+: a) with analog readout of scintillator tiles, σ/μ~ 22% , and b) with digital readout of 1 cm2 pads, σ/μ~ 19%.








Figure 2.2 Reconstructed mass of dijets in e+e- → Z0 → 2 jets events. The width of the central Gaussian is 3.2 GeV and contains approximately 60% of the events





Figure 3.1.1 Average energy deposition from a 10 GeV π+ in the prototype electromagnetic and hadronic calorimeters. The depth of the calorimeter is given in layers





Figure 3.2.1 Three-dimensional design schematic diagram of the CALICE absorber stack and the scanning table for beam tests.





Figure 3.3.1 Schematic diagram of a typical Resistive Plate Chamber





Figure 3.4.1 (a) Schematic of double-GEM detector,  (b) GEM-DHCAL Concept 














Figure 3.5.1 Schematic of the electronic readout system developed for both RPCs and GEMs.





Table 4.1.2 Responsibilities by institutes for the construction and testing of the various subsystems of the RPC-based prototype section





Figure 1.� SEQ Figure \* ARABIC �1� Comparison of the shower radius in a hadron calorimeter as predicted with fifteen different MC models of hadronic showers normalized to the result with G4-FTFP.








Figure 3.4.2 A 30 x 30 cm2 GEM foil produced by 3M
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