A Proposed Program of Calorimetry Investigations

This note describes a potential coordinated program of investigations aiming at acquiring the capability of designing high-resolution hadron calorimeters.  Several principle investigation areas are described; some or all of them can be pursued, depending on lab choices.    (Investigations occupying part of the time of a single Fermilab scientist, with a bit of technical support, are currently happening in most of these areas.  This note is concerned with potentially expanding some or all of those efforts.)  

Here we assume that the level of activity for any investigation pursued will be a modest-sized team of Fermilab scientists and support personnel, perhaps as part of a somewhat larger effort including outside scientists and/or technical experts.  These investigations would include PPD and/or CD or TD personnel; this note is concerned with those areas in which there potentially would be significant participation by members of the CD’s Accelerator and Detector Simulation and Support Department and specifically the Simulation Support for Experiments group in that department.
The time scope of the programs mentioned is 2-4 years.  Thus for example, actual construction and operation of definitive test-beam experiments proving and comparing total absorption calorimetry ideas is too large-scale to include in this note; but investigations to gather information leading to sensible initial designs for such an experiment are not.  However, at the end of this document we include a sketch of the scope and nature of a potential full-scale R&D program centered around a facility with a serious model calorimeter, test beam or beams, and significant instrumentation.
The principle scientific decision makers for these projects are currently Bob Tschirhart in his capacity involving general FNAL Detector research, and Marcel Demarteau, in his role of leading a detector research project.  (It goes without saying that higher management will be involved in decisions that commit significant effort.)  Input to these decisions will come from various scientists including Adam Para (who composed the key content of this note).
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This version is a preliminary draft and has not yet incorporated vetting by Bob Tschirhart and Spentzouris Panagiotis, nor directional input by Marcel Demarteau and others in PPD.  
Motivation
1. 
Lepton colliders will be the next generation of the high energy machines, built to explore and elucidate new physics phenomena discovered at the LHC.

2. 
Jet/hadron calorimetry will be of critical importance to exploit the full physics potential of these future lepton colliders. We do not know what this new physics will be, but it will likely involve the spectroscopy of new heavy particles decaying via jet and/or W/Z emission.

3. 
Precise jet calorimetry requires a detector which has identical (or very nearly identical) linear responses to hadrons and to electrons.  It also requires the best achievable hadron energy resolution. The inequality of the response to electrons and hadrons is caused by the nuclear binding energy losses inherent in the hadron cascades. The fluctuations of the latter are one of the main contributions to the energy resolution. 

4. 
Any calorimeter which can actually be constructed is inevitable of a sampling nature.  This introduces contributions to the non-linearity and degradation of the resolution of the hadron calorimeter, as the 'sampling fractions' depend on the particle types and their energy, and statistical sampling fluctuations contribute to the energy resolution. In particular the so called 'neutrons' problem is an artifact of the sampling calorimeters.

5. 
A precise hadron calorimeter must be placed inside the magnet and not behind it. Any realistic detector is will be therefore limited in overall thickness (to avoid requiring an economically unfeasibly large magnet).  Therefore leakage fluctuations will likely be a limiting factor of the calorimeter’s resolution.

We can say when precise calorimeters will be needed, and this sets a rough time scale for when research needs to enter a serious phase:
Observation 1: 
The detector needs to be built in time for the future lepton collider. This time scale is of the order or 15-20 years.

Observation 2: 
Development of any new technology and construction of the detector of the required scale takes about 15 years.  (The development of the CMS ECAL is a good example.)
Thus the time to commence serious investigation of key issues which will dictate design considerations is already upon us.
High Precision Calorimetry
  The best approach we know to address the sampling fraction issue, the 'neutrons' problem, the affect of sampling fluctuations, and the size limitation issue, is via a total absorption homogeneous hadron calorimeter based on heavy scintillating crystals with dual readout. This addresses all of the known and understood limitations of the hadron/jet calorimeter:

1. 
Heavy crystals with compact silicon-based readout offers by far the largest number of interaction length packed inside the magnet, hence keeping the leakage fluctuations at the achievable minimum.

2. 
Total absorption nature eliminates all the problems related to the sampling fractions.

3. 
Correlation between Cerenkov and scintillation light enables correction, on the event-by-event basis, of the energy lost due to nuclear binding energy, thus providing a handle for dealing with the sampling fraction and the 'neutrons' problem.
The initial simulation studies [1]  indicate that the energy resolution with the stochastic term of the order of 10-15% for single hadrons and 20-25% for jets should be achievable.
This is, of course, not to imply that the final answer for how to construct the best possible calorimeter is determined.  Techniques including exploiting segmentation (along the lines of PFA) may improve matters, and tuning of every aspect of the design and the algorithm to determine energy needs to be explored.
The Strategy: Path to the Future High Resolution Calorimeter
There are several areas which must be advanced in order to construct a successful high resolution jet calorimeter. They have different timescales and they involve a broad spectrum on efforts and constituencies. They are listed below in an approximate order of their importance/perceived difficulties. It is important that they are pursued in parallel, though, as the expected timescales for the progress in the most critical areas are very long.

1. 
Development of crystals and their production facilities for the purpose of hadron calorimetry. The principal requirements are:

- 
low production cost for large scale production (not exceeding $1-$1.50 per cc) 

- 
efficient separation of the scintillation and Cerenkov light component by a combination of time and wavelength cuts

- 
adequate Cerenkov light yield for the optimal Cerenkov-scintillation separation

- 
adequate mechanical properties

The optical requirements are likely to be reduced to a combination high UV transmission cutoff, low scintillation light yield and long scintillation time constant.
1a.
A related, but separate challenge involves the necessary large scale production facilities, as the total volume of the crystals involved is by an order of magnitude larger than that of CMS ECAL. Investigation into prospects for production, and anticipated costs, will need to be done before any sort of baseline design for an actual calorimeter will become credible.
2. 
Development of compact photodetectors for scintillation and Cerenkov light. These photodetectors must be able to operate in high magnetic field, have large sensitive area (at least for the Cerenkov component) and occupy very small volume (the overall thickness being the most critical requirement). They must operate over an adequate dynamic range, and provide adequate linearity (if necessary after the appropriate corrections) and resolution. Their spectral response must be adequate for the both light components, with a possible bifurcation into scintillation- and Cerenkov-oriented detectors.

The emerging class of photodetectors based on Geiger mode avalanche photodiodes offer a promising solution, but they are at the very early stage of development and a dedicated effort to characterize their performance and optimize their design is necessary. This is particularly true for their use to detect and measure the Cerenkov component.

3. 
Simulation studies of physics principles underlying homogeneous hadron calorimetry. These studies must extend up to the techniques of  jet finding and measurement in a realistic 4π detector, and to the analysis of some putative new physics phenomena. Such studies are critical for the full understanding of the role of various systematic effects (leakage in particular) inevitable in the realistic detector, and for the optimization of the detector design.

In parallel, such studies must provide guidance for the design and construction of a full-scale prototype of the detector to be evaluated in test beams.

4. 
Preparation for proof of concept R&D studies: demonstration of the performance of the crystal calorimeter in a test beam.  Before a future large-scale project involving a nearly hermetic detector section in a test beam, it is necessary to perform a series of preliminary test-beam-based R&D studies on the components of the system: light collection, response uniformity, calibration, photodetectors characterization, etc.  The sequence of studies would likely start with single instrumented crystals, followed by mid-scale multiple-crystal setups; in each case, various combinations of light collection and readout techniques might be explored.  The test beam prototype may not necessarily involve the ultimate crystals  and photodetectors, as its smaller scale can be realized by a brute force approach with technological choices not affordable for the ultimate detector. 

Beyond the identification of suitable crystal and photodetector components, the practical realization of a test beam prototype – even on this scale – is likely to require a dedicated development of the front-end and data acquisition electronics.  
Studies of Crystal Properties:  A Tactical Plan and Broad Aims
The following describes our plan for executing (or more precisely, influencing the execution of) item 1 of the strategy presented above: Development of crystals and their production facilities for the purpose of hadron calorimetry. In general, three aspects of crystals ought to be addressed for successful design of high-precision hadron calorimeters:

1. Developing an organized, uniform, and efficient mechanism for characterizing the important properties of a given crystal.

2. Exploration of a wide variety of crystals to expand the space of potential candidates.
3. Learning about, and potentially influencing, affordability considerations for promising crystals.
We have at FNAL a good start toward the first of these objectives, and are acting as a seed for coordinated efforts by other organizations dealing with the other two.

Systematic Measurement of Relevant Crystal Properties

Work in this direction is proceeding in the SiDET lab at FNAL. There, preparations are made for systematic measurements of crystal transmission properties, of scintillation and Cerenkov light yields, and of scintillation spectrum and delay.  These are to be characterized as functions of (among other things) direction relative to the crystal axes.  (A remaining extremely relevant property is interaction length in the crystal, but that can be determined from the density and atomic makeup of the crystal, so there is no focus on measuring it directly.)  With these measurements and functions, one can hope to establish simulations of configurations of crystals, to obtain reliable estimates of the performance of a given calorimeter geometry.

Work at FNAL is at the start looking at three specific types of crystal, Bismuth-Germanium Oxide (BGO), Lead Tungstate (PbWO​4), and Lead Flouride (PbF2), but the idea is to be able to handle measurement of a wide variety of crystals.  In general, the goal is to develop a solid routine for characterizing any crystal with regards to properties relevant to building a calorimeter and simulating performance.  These include:
1. Uniform mechanism and recipe for instrumenting the crystal sample with photodetection devices.  The SiDET lab has started exploring techniques over the past two years.  
2. Develop a standard readout for these devices, and means and format for getting this data into a computer for recording and analysis.

3. Light transmission properties, measured by illuminating the sample with precisely characterized beams of light, and observe output via photodetection devices.  This is presently done in the lab 6 optics lab, where they have spectroscopic equipment.

4. Illuminate the sample with beams of charged particles, to determine the scintillation and Cerenkov yields.  Currently, scientists at FNAL are doing this via cosmic ray muons.  It may be better to use more precisely characterized particle beams.   Work is needed to determine what sort of setup is practical, what set of illumination measurements will provide which properties, and how sophisticated the nature of the beam must be (and how extensive the collection of separate measurements must be) to yield the desired information.

5. Learn to separate, using timing, spectrum, and/or directionality considerations, the Cerenkov light from the scintillation light.  Significant progress in this direction is occurring in the SiDET lab.  Quantify how precisely this can be done (probably as a function of particle type, energy, and angle relative to the crystal orientation), and determine whether one can obtain a quantitative relation based only on the measured crystal transmission and scintillation properties, or whether a dedicated set of separation measurements would be needed for each crystal.

The intention is to set up a “crystals evaluation station” (possibly consisting of steps at multiple locations, and possibly in conjunction with one or more test beams), and a recipe for applying the suite of measurements to a given sample.

Establishment of a Standard Crystal Properties Description

The foundation for meaningful explorations of designs for a calorimeter, and for choice of crystals to use, is accurate knowledge of those crystal properties which affect the performance of a given configuration.  In order for systematic investigation to proceed, this information must be available in a uniform format for the variety of crystals to be considered.  A prerequisite for that is determining what precisely information is relevant. 
What is needed is a set of measurements and measurable functions, such that with this input one can reliably estimate, via simulations, the performance of any crystal or crystals in a given calorimeter geometry.  The standard information must also include data pertaining to the mechanical and readout properties.  For example, if some crystal is particularly structurally delicate or reacts strongly to stress, this is relevant to practical calorimeter design and should be part of the standard description.  Similarly, it may be best to include crystal degradation properties (“radiation hardness”) in the important characteristics.
To do this right, it necessarily must be done in tandem with a lab-based program of systematic measurement of crystal properties, as described above.  Feedback in both directions is important.  For example, unexpected behaviors or dependencies uncovered in the course of exploring properties may add to the appropriate set of numbers and functions needed to characterize the crystal.
Having determined the information needed, the next step is to define a uniform format for that information.  This provides a connection to simulation programs for investigating and tuning multiple possible calorimeter designs.  Ultimately, one can envision a database of crystal properties, made available world-wide, enabling several serious independent calorimeter design projects. 
The work done in the FNAL SiDET laboratory, along with simulation work already in progress in the SSE group, is providing an excellent start to this sort of standard.  What is needed is a year or so of further experience in doing measurements, flavored with more input from experts around the world.  We are beginning to establish the necessary international and national contacts and collaborative efforts.  
Characterization of Large Sets of Potentially Superior Crystals
The program of crystal studies cannot be done by one group at a single lab.  For one thing, the ability to create and produce the crystals is situated at various places.  For example, several groups have the capability of creating samples of various crystal structures, while Fermilab is not planning to get into that area.  With suitable collaborative arrangements, one could hope for a steady stream of promising candidates to be characterized at the properties-measurement lab.

Another important aspect of the program to identify and obtain the best crystals is the matter of large-scale production.  In the end, the nature of a large-scale calorimeter will be profoundly influenced by crystal cost considerations, and it is important to investigate where those costs are heading and if possible to favorably influence the types of crystals heading for mass production.  Here, the expertise is scattered world-wide, and the FNAL program can only aim to help seed efforts, and initiate and coordinate collaborations trying to accomplish this.  
Studies of Compact Photodetectors:  A Tactical Plan

The following describes our plan for executing item 2 of the strategy presented above: Development of compact photodetectors for scintillation and Cerenkov light.  Several central issues ought to be addressed for the photodetector aspects of designing of high-precision hadron calorimeters:

1. How to model the output behavior of a generic photodetector, to provide a framework for describing components and analyzing their outputs.

2. How to characterize and measure the features of pixelized photodetectors that will affect calorimeter performance; that is, how to measure the parameters going into the output model.
3. Obtaining cutting-edge devices to test and characterize, and encouraging development of superior devices for the purpose of hadron calorimetry.

In addition, several important peripheral issues bear on the practicalities of creating an actual detector using a given photodetector:   
4. Assembly and operation issues including practicalities of affixing the detectors to the crystals in a real calorimeter, exploration of readout schemes, and detector radiation hardness. 
Some aspects of this area of effort have strong resonance with other emerging potential projects at FNAL.  The g-2 people are interested in understanding the profiles of showers in photodetectors, for good background rejection.   

Modeling Photodetector Output Behavior

Latest-generation pixelized photodetectors exhibit behaviors which are absent (or much less important) in conventional, larger, photomultipliers.  The latter benefit from years of efforts to improve robustness and linearity, and to eliminate complex effects such as cross-talk.  New devices with sub-millimeter-scale channels work near the limit of what can be put together at small scale.  They do not have the luxury of adjusting designs for better linearity; cross-talk and after-pulsing behaviors “are what they are,” and sensitivity to bias voltage, ambient magnetic fields, and other conditions are matters which can be measured and accounted for, but probably cannot be “cured”; certainly not without significant long-term development on the part of the device manufacturers.
A first step toward understanding the performance of calorimeters instrumented with these devices, then, is to model the behavior of a collection of photodetector channels.  The model needs to be general enough to fit (though with different values of parameters) a variety of existing devices, as well as newer devices emerging each year.

Scientists at the FNAL SiDET lab have produced [2] a model which appears to fit today’s devices, and which is supported by plausible theoretical understanding of various effects.  They have begun to measure the parameters (defined by this model) characterizing some SiPM chips, and to study the ramifications of this behavior ongoing from SiPM readouts to understanding of light in the calorimeter.  Further work on a wider variety of SiPM’s is desirable, to refine the model and/or gain confidence ensure that all important effects are covered.
Routine for Measurement of Photodetector Properties

Since calorimeter development will ultimately demand characterization of many competing readout schemes based on many competing photodetector devices, it will be very beneficial to develop a routine for measurement of the photodetector properties from which the model parameters can be derived.  Work done at the SiDET lab has taken the first small steps in this direction, but a wider variety of experience must be attained before a successful routine can be developed.   We would aim to create a “SiPM evaluation facility” (which if necessary could be replicated at other sites) so that emerging devices can be characterized in a routine and uniform way.   
The creation of this facility will not be as straightforward as it might seem.  Issues such as what sort of light-producing devices to use for the measurements, what temperature and voltage uncertainties to introduce, and measurements inside magnetic fields, are all relevant to the use of these devices for calorimeters.
Creation and Validation Inverse Response Transforms 

The point of having a model of photodetector response, and characterizing various devices according to that model, is to be able to deduce, from the output of a device, the nature of the light hitting the active surface:  

· Intensity

· Timing

· Possibly spectrum properties

· Possibly Orientation

These should lead to scintillator and Cerenkov intensities, which are the physical quantities of interest for interpreting the calorimeter output.  The formulae developed to connect output to physics will probably contain various heuristics and approximations, and ought to be simple enough for rapid application in an actual device.  Creation of such formulae – “inverse response transforms” – is a first part of this area of effort.  
In this effort, collaboration with chief experts around the world is already beginning.  We have some preliminary functions, but these must be made much more complete.  We are in contact with various groups involved in this area.  
No matter how much confidence we have in our simulation and theoretical analysis leading to these formulae, the complexity and number of steps or reasoning between the raw output of the photodetector devices and the originating physical quantities (of light) in the crystals is great enough that experimental validation of correctness will be important.  Setting up such validation will require some cleverness and creativity, since one must avoid circular reasoning, where the scintillator and Cerenkov light intensities are deduced by the very formulae you are trying to check.  The ultimate validation setup may turn out to be simple and inexpensive, or larger and more complex.

Readout Schemes

Calorimeters employing pixelized photodetectors inherently involve e many times the number of channels as compared to old-style photomultipliers.  This implies that exploration of a new realm of readout issues will be necessary.  Engineers in the Particle Physics Division (14th floor) have already begun work toward an ASIC chip for readout of this sort of device.
Advanced Light Collection Ideas

Although the dominant factor in the cost of a large calorimeter would naively be the expense of the crystals, the small active area per silicon photodetector device can mean that the number of devices (and readout channels) could grow so large as to become a cost driver.  Besides, the photodetectors themselves represent non-active material, so too great a bulk of these and of readout equipment can degrade the sampling fluctuations and hence the calorimeter precision.
Thus it is well worth exploring the viability of techniques for minimizing the number of photodetector devices needed.   Innovative techniques, such as focusing collections of light fibers can be explored. 
Constructing Instrumented Crystal Arrangements
Gaining experience in actually assembling a portion of a calorimeter segment will be invaluable.  Such issues as how to affix the photodetectors to the crystals, when not a few but a few million such connections must be made, are difficult and subtle.  Exploration should start as early as reasonably possible (once the basics of how to read out and understand the photomultiplier output and crystal response are in hand).
Lifetime and Radiation Hardness Characterization

A valuable augmentation of any “SiPM evaluation facility” – which fundamentally is charged with measurements affecting calorimeter performance at “day one” – would be equipment and a systematic routine to evaluate device lifetime (error rate/failure rate curves) and the adverse effects of radiation on device lifetime and performance.  An alternative, providing “hookup” to whatever sort of crystal or light-producing device is used in evaluation is reasonably simple, would be to create and utilize a separate evaluation facility (perhaps at a different site) to measure these properties.  However, if one is going to try to characterize the deterioration or drift in parameters of the photodetector model, as devices age or are irradiated, it may be easier if the equipment and setup at the main evaluation facility can be used to make measurements on the “distressed” devices.
In either case, techniques to measure and extrapolated aging effects without waiting for the corresponding time period, and radiation effects without providing long-term radiation exposure, will need to be set up.  Here, collaboration with testing facilities at commercial enterprises will be important, since manufacturers are already familiar with this type of problem, and have a variety of clever techniques available. 
Simulation and Analysis: A Tactical Plan 
Successful R&D efforts require significant advances on several fronts. Major projects involving hardware developments will consume significant effort and resources.  Therefore it is very important to provide adequate input and guidance from reliable simulations of various potential detector configurations.  The following describes our plan for executing item 3 of the strategy presented above: simulation studies of physics principles underlying homogeneous hadron calorimetry.  The Fermilab Detector Simulation group, including Hans Wenzel, Krzysztof Genser and Adam Para, is a center of the development of the simulation and analysis software and provides a repository for the code developed at the collaborating institutions.     

Enhancement of Simulation Framework
The detector simulation code is based on the SLIC framework. Various versions of dual read out/crystal calorimeters (test-beam prototypes with various geometries and materials as well as the collider detectors) are implemented in SLIC, a Geant 4 based simulation program. At present, however, the dual read-out features are not yet completely integrated in the compact xml-based detector description, and some editing work is necessary for each simulation to obtain proper results.  This is a potential source of errors and mistakes, which should be eliminated. We plan to work with SLAC people to integrate the dual read out into the compact description.
Simulation Job Flow and Data Handling

Detailed understanding of the high precision calorimetry requires a multitude of data sets with different detector configurations and different set of particles and/or physics final states. The detailed simulation is very time consuming and requires usage of the grid resources. We plan to develop robust scripts to produce various data sets using grid resources and to provide the catalog of the available data sets to be used at Fermilab and/or at the outside institutions.

Analysis of Simulated Data

Analysis of the simulated data can be carried out within the jas3-based analysis framework org.lcsim or within the standard ROOT environment. We plan to explore and support both directions, to gain first-hand experience and to support outside collaborators.
We plan to develop analysis software within the org.lcsim framework and collect and maintain a library to reconstruct and analyze the data, e.g.

· to obtain calibration, resolution, and other characteristics of a simulated detector
· to do magnetic field corrections

· to study PFA algorithms and hybrid combinations of segmented dual-readout components
In particular, given the need to analyze large data sets we plan to develop the batch version of the analysis, and establish routine use of grid resources for performing analyses.
A corresponding analysis library will be developed within the ROOT environment.

We expect to develop full documentation of the analysis code and eventually publish the results.

Studies and Potential Improvements in Shower Simulation
Total absorption hadron calorimetry provides a particularly sensitive and stringent test of the hadron shower simulation codes of GEANT4. We plan to study the details of spatial and temporal shower development using various GEANT-provided physics lists and catalog their properties. This effort may be a valuable contribution to the validation of the hadronic interactions simulation within GEANT4.

Stand-alone Simulation Code
Whereas the SLIC environment provides a convenient starting point for the detector simulation, its rigid data structures limit somewhat the scope of possible studies. To overcome these limitations we plan to develop a configurable stand-alone GEANT4 simulation of a crystal calorimeter. Such a program will be used to address many detailed questions about the physics principles, performance and optimization of the crystal-based calorimeter. For example:
We have to find the best way to read out and distinguish the two sources of photons: Cerenkov light and scintillation light (dual read-out). The properties of Cerenkov and scintillation light are very different and can be used to distinguish these two components based on:
· wavelength spectrum of Cerenkov versus scintillation light
· time structure of Cerenkov versus scintillation light.

· directionality of Cerenkov and scintillation light.

These simulations will also investigate possible techniques for light collection and/or concentration.
Advanced Simulation Capabilities

Available simulation codes, while representing an incredible collection of scientific and coding experience and encapsulating quite a bit of experimental data, are weak in some areas which are of importance to crystal detector studies.  For example, detailed simulations of a design involving many large crystals, with light guided to photodetectors by internal reflection and transmission along with possible fiber-optic guides, need to be concerned with:  Reflection and inter-crystal transmission properties of polarized light (from Cerenkov radiation); propagation through fibers; realistic responses of silicon photomultipliers. Lab studies involving real crystals need simulation as a tool for understanding results; current simulation tools need to be beefed up so they fill that role more accurately.   

Optimization of Calorimeter Design
Simulation studies will be performed should allow us to optimize the design of the crystals/ readout/ calorimeter, to address the question of the cell granularity, projective or non-projective calorimeter geometry, etc.
Effort Sources for Simulation Studies
To date, the simulation studies and SLIC enhancements we have done have primarily been pushed by computational physics developers in the SSE group, guided by Adam Para (a scientist in the SSE group).  But there is need for much more scientific thought and computational development work, and we are looking toward involvement of external groups. 
In the past two years we have profited from a significant contribution of summer students and we plan to continue this direction. We have many projects suited for summer students and their participation in our efforts provides them a valuable experience in simulation and analysis.
A Caveat Concerning Simulation 

Simulation of calorimeter designs, even the most accurate simulations possible based on the best crystal property determinations available, cannot stand alone as a convincing measure of the anticipated performance of a detector.  The simulation effort will provide the guidance for how a calorimeter can be assembled, but direct comparisons with various test bench and test beam measurements are necessary to validate the veracity of the simulation. We plan to participate in construction and data taking of the test beam prototypes and to compare simulation with actual test beam results.

Proposed Level and Structure of FNAL Involvement

The numbers presented below represent the level of resources appropriate for one plausible vision of activities:  Simulation efforts in parallel with hardware efforts focusing on crystal evaluation station in the first 18 months, and on photodetector evaluation in the next 18 months, and then in the fourth year, ongoing evaluation in parallel to working toward design and proposal for a major testbeam-based experiment/facility.  The numbers do not include management costs, lab overheads, or contingencies in any formal WBS-like sense.

Simulation and Analysis 

The simulation-related work can be considered as two coupled areas:  

· Strengthening the simulation framework and tools so that exploration of ideas (by us or others) will be easy and accurate.

· Simulating designs, either to get ideas for how to build a detector, or for comparisons against lab data.  
The current level of simulation effort from the ADSS department in the Computing Division is about 1.5 FTE, of which about a third is scientific guidance and the remainder computing development.  At this level of activity, we can continue to move toward more complete features in the SLIC simulation framework, and begin to provide grid (or at least local farm) job flow.  We can also continue to do a thin but important stream of exploratory simulation; this is bolstered by acting as a nucleus for collaborative efforts, including student work.  It is hard to tell how much work on dual-readout simulation tools we need to do before “diminishing returns” argues for re-allocating that effort towards simulation and analysis of various ideas (or towards advanced simulation capabilities), but it looks as if the big steps currently identified should be accomplished in a year or so.  (This assumes the same sort of time-mix between strengthening and using the simulation tools as we have had in the past year; the feedback gained from concurrent simulation applications is important, so the pure framework aspect of this effort cannot be accelerated much.  There is a good deal of uncertainty because a big part of the work relies on coordination with SLAC people, and we do not control their priorities.)
The suggested approach to doing influential simulations over the next 2-4 years is to continue along the same path as we are now, ramping up in simulation but attracting, as the tools become more attractive for physicist use, more collaborators simulating a broader spectrum of designs.  Looking out a year or so, there is some advantage in a modest addition to the scientist effort assigned, just to coordinate, organize and make sense of the collection of results.   This approach does not cover the advanced simulation capabilities desired to support more aggressive crystal and readout studies.  If the pace of these is increased over the next year, then additional computing development effort should be assigned so that simulation capabilities can keep up with the needs.
On the 4-year horizon, significant scientific and computing effort should begin to shift towards using the tools and information gleaned from crystal and readout studies, to develop, tune, and characterized an optimized calorimeter configuration.  This would be a suitable strawman for discussing what sort of physics reach various experiment configurations might achieve, and a good starting point if a project to actually build and install a calorimeter is initiated.  However, this phase is not envisioned to require significant additional FNAL CD and other technical effort.  Rather, it represents a re-direction of the existing effort, along with the accretion of collaborative strength from outside the CD.
Studies of Crystals and Photodetectors for Future Calorimeters

In this plan we are presenting just portions which have major contributions from the Computing Division.  We expect that most of the effort in this area, and overall leadership, will be primarily carried out by the PPD.

The current level of crystal exploration effort from the ADSS department in the Computing Division is about 0.5 FTE, mostly scientific lab activities, with a smattering of computing development support.  At this level of activity, we can “tread water” in both areas, progressing and adding to needed knowledge, but not at a rate suitable for major contributions to a detector on the timescale needed.  Or we can focus on one area, enhancing our lab setup and pace of exploration, and paying minimal attention to the other area. Even these approaches will soon require some equipment expenditures and a modest additional  input of technical support.
We feel that an appropriate effort level goes beyond what we are allocating today.  At a minimum, we should be trying to focus on relatively rapid advances in one area, while maintaining the slow but positive progress in the other.  For the purposes of this note, we will assume we want to push forward on the crystal area at first, and later reverse the focus and concentrate on photodetectors; the order can easily be reversed.

In the crystal area, we can over the next 18 months reasonably shot for solidifying our scheme for systematic measurement of crystal properties, building, so to speak, a crystal evaluation facility.  In parallel to that, we can establish a standard crystal properties description, and initiate a database accessible to us and others containing the (currently scant) collection of relevant crystal data.  (Of course, external collaboration or at least interaction is essential for the standard description development.)  These two steps must go hand-in-hand; it makes no sense to propose the description standard without first attaining the expertise that experience in setting up an evaluation station will impart.

To work at this level toward an evaluation station will require about 0.5 FTE of scientist effort, plus about 0.5 FTE of combined technician and computing support.  To continue our photodetector progress during this time will consume another 0.25 FTE.  Thus, this approach implies adding roughly 0.75 FTE to these activities.  The evaluation station is likely to require, over the next 18 months, about $20,000 of newly obtained equipment – the current activities scavenge unused equipment from PREP, but we can anticipate that not all needs can be met this way (and on a “we keep it” basis) as the station is pushed toward maturity.  Also, in order to establish better collaborative relationships with world experts in this area, we anticipate (over these 18 months) needing to make 6 trips, mostly to working meetings but some for conference presentations, of which 2 or 3 will need to be foreign travel (and at least 1 to Asia).  This works out to an M&S budget of about $24,000 per year.
Per this strawman effort plan, the emphasis would shift in mid-2011 to the photodetector measurements area.  By that point, our slow progress should have in hand good modeling of output behavior, but it will be essential now to hold that model’s feet to the fire by comparison to actual measured data over a wide spectrum of devices and usage modes.  The 18-month plan would shoot for developing the routine for measurement of photodetector properties and creation of the SiPM evaluation facility.  The same level of effort works, as do the same considerations of M&S needs, as were noted for the crystal evaluation station.  However, it will be unreasonable to curtail the crystal area work just when we have an evaluation station and description standard, so we will not want to merely swap the 0.25 FTE “slow progress” effort over from photodetector to crystal.  We will want to keep at least 0.5 FTE on the latter, even after the point when our main focus switches to photodetector studies.  
A sensible plan would be to increase the total FTE level from 1.25 in FY10 to 1.5 in FY11, thus making available some extra effort for ramping up photodetector studies and then when those are given primacy, having 0.5 FTE to continue crystal work.  Note that this represents the dedicated FNAL resources; external collaboration, visiting or guest scientists, and other scientific input is at least as important a component in both the crystal and photodetector areas.  The effort indicated does allow for FNAL to become a nucleus for these activities.  This is the scheme reflected in the profile below.

Movement Toward Test-beam-based Larger-scale Calorimeter Fragment Studies

Once we have crystal and photodetector evaluation stations – and of course the knowledge is transferable so that we won’t necessarily have the only such stations – it becomes time to do preliminary studies and design planning for a test-beam-resident calorimetry experiment.  We envision this as year 4 of our 2-4 year plan. 

There are two components to this.  One is the continual exploitation of our evaluation facilities to study (and hopefully induce improvements in) emerging devices and crystals.  The other is the design, detail work, and proposal preparation leading to a viable proposal for a large-scale test-beam calorimeter facility.  We imagine this to be sited at FNAL (there aren’t all that many institutions in the world with the sort of beam capabilities this will require) but that is not an essential constraint.

Thus in the fourth year, the sensible effort level is at least 0.5 FTE in each of the crystal and photodetector areas to continue use (and improvement) of the facility, plus about 0.5 FTE for experiment design and proposal.  To this we add about 0.5 FTE scientific and 0.5 FTE computing support diverted from other simulation activities, for the purpose of experiment design and simulation of proposed configurations.   The M&S in this year will be of a different nature than in the first three years:  Equipment M&S will largely be acquisition of devices to test and to assemble into larger components, and the travel will include several presumed collaboration setup meetings.  Probably each of these amount to a factor of 1.5 more spending than in the first three years.
Effort and Cost Profile

This plan represents the CD contribution to the calorimetry research.  we are presenting just portions which have major contributions from the Computing Division.  We expect that most of the effort in this area, and overall leadership, will be primarily carried out by the PPD.

The following represents a slightly aggressive profile, in which we assume that crystal and readout lab R&D are to proceed at a pace necessitating early development of advanced simulation capabilities.  If this pace is not going to happen, corresponding reductions in the simulation areas can be made.  
Also, the “M&S related to Simulation” estimates cover travel (workshop, conference), usual infrastructure (including workstation replacement) and so forth for the people doing simulation.  Similarly, the “M&S related to crystal/photodetector” estimates cover usual infrastructure for that work, but it does not cover travel because those are estimated explicitly in the plan.

Summary of FNAL Computing Division resource allocation:

Year 1   
3.0 FTE 


$39,000 M&S


Year 2   
3.0 FTE


$44,000 M&S


Year 3   
3.0 FTE 


$46,000 M&S


Year 4   
3.0 FTE 


$48,000 M&S


Year 1:

Simulation – tool improvement

0.5 FTE Comp Dev 
Simulation – detector exploration
0.5 FTE Comp Dev 

0.3 FTE Scientific 


1.0 FTE Other scientific and student (Non FNAL)
Grid access for significant simulation
 

Advanced Simulation capabilities
0.5 FTE Comp Dev / Scientist CD starts late

M&S Related to Simulation
$12,000
Crystal properties studies
0.5 FTE Scientist 

0.2 FTE Technical

0.3 FTE Comp Support 


1.0 FTE Other scientific and student (Non FNAL)

M&S Direct Crystal Area
$24,000

Photodetector Studies
0.2 FTE Scientist 

M&S related to crystal/photodetector
$3,000

Year 2:

Simulation – tool improvement

0.2 FTE Comp Dev (ends early)
Simulation – detector exploration
0.8 FTE Comp Dev (ramped up)

0.5 FTE Scientific 


1.0 FTE Other scientific and student (Non FNAL)
Grid access for significant simulation
 
Advanced Simulation capabilities
0.5 FTE Comp Dev / Scientist CD 

M&S Related to Simulation
$16,000

Crystal properties studies
0.5 FTE Scientist


0.3 FTE Comp Support 


1.0 FTE Other scientific and student (Non FNAL)

M&S Direct Crystal Area
$12,000

Photodetector Studies
0.4 FTE Scientist CD and/or PPD


0.2 FTE Technical


0.1 FTE Comp Support CD


0.5 FTE Other scientific and student (Non FNAL)

M&S Direct Photodetector Area
$12,000

M&S related to crystal/photodetector
$4,000

Year 3:

Simulation – detector exploration
0.5 FTE Comp Dev ramped up


0.5 FTE Scientific CD


1.0 FTE Other scientific and student (Non FNAL)
Advanced Simulation capabilities
0.5 FTE Comp Dev / Scientist CD 

Grid access for significant simulation 

M&S Related to Simulation
$13,000

Crystal properties studies
0.3 FTE Scientist 


0.2 FTE Comp Support 


1.0 FTE Other scientific and student (Non FNAL)

M&S Direct Crystal Area
$5,000

Photodetector Studies
0.5 FTE Scientist 


0.2 FTE Technical


0.3 FTE Comp Support


1.0 FTE Other scientific and student (Non FNAL)

M&S Direct Photodetector Area
$24,000

M&S related to crystal/photodetector
$4,000

Year 4:

Simulation – detector exploration
0.3 FTE Scientific 


1.0 Other scientific and student (Non FNAL)
Calorimeter design strawman (simulation)
0.5 FTE Scientific 


0.5 FTE Comp Dev

M&S Related to Simulation
$12,000

Grid access for significant simulation 

Crystal and Photodetector studies
0.7 FTE Scientific


0.3 FTE Technical


0.2 FTE computing support 


2.0 FTE + Other scientific and student (Non FNAL)

Analysis of testbeam data
0.5 FTE Scientific / Computing support 

M&S Direct Crystal Area
$10,000

M&S Direct Photodetector Area
$10,000

M&S related to crystal/photodetector
$4,000

Test-beam experiment design
0.3 FTE Scientific PPD/CD 


1.0 FTE Other scientific (Non FNAL)

Test-beam experiment proposal prep
0.3 FTE Scientific PPD/CD (starts late)


0.5 FTE Other scientific (Non FNAL)

M&S for to test-beam design 
$12,000
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