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Abstract: 
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The current status of the GEM detector cost estimate is 
•marized and reviewed. The estimating methodology, current 
agn status, estimate basis and assumptions are presented. Areas 
ti future work and opportunities for cost reductions are identified. 
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4.0 COST AND SCHEDULES 

The GEM collaboration is committed to a "design 

to cost and schedule" approach. As stated in the 

EOI, the requilcd physics performance sought by 

this collaboration appears to be achievable within 

the cost targets that have been adopted. The SSC 

Laboratory, with the advice of the Program 

Advisory Committee, has recommended a 

maximum total cost of 500 M$ as guidance for the 

design of a major detector. The SSC Laboratory 

has further stated that the collaboration should 

assume an initial budget of DOE funds of 225 M$ 

for each major detector, with a 100 M$ sum 

available to address the combined needs, as they 

emerge, of the planned two major detectors. The 

Laboratory has urged that early and firm 

identification be made of nonfederal funding 

sources to supply the shortfall. 

This guidance has been followed, by taking several 

major actions. With the support of the SSC 

Laboratory, an initial engineering team was 

organized which includes the experienced 

estimators active in the EMPACT/fEXAS and L* 

collaborations. An initial set of cost targets for 

each GEM subsystem was defined [1]. Table 4.0-1 

shows these targets. The targets were based upon 

the knowledge gained in the EMPACT/fEXAS 

and L • cost estimates, the reports of the L • and 

SDC cost reviews chaired by Dennis Theriot, and 

the ongoing design studies. The targets are in 

FY1991 dollars and include all EDI&A and 

contingency, and assume that all electronics costs 

which can be associated with a subsystem are 

included in the subsystem target. Thus, the Trigger 

and Computing targets apply only to items that 

stand outside of all subsystems. The Structures 

category applies to the large central membrane and 

support tube, and other large structures which 

involve large costs and highly engineered 

elements. Elsewhere in the Letter of Intent, the 

structures costs are reported with the magnet 

system. 

This set of targets defines the initial cost discipline 

to be included in all GEM system designs. At 

periodic points in the design, the individual targets 

may be adjusted, preserving the total, as part of a 

comprehensive review of the design status, 

physics priorities and cost information. 

Table 4.0·1 Initial GEM Subsystem COlit Targets 

Subsystem 
Magnet 
Structures 
Muon system 
Calorimeters (all) 
Tracker 
Trigger 
Computing 
R&D 
Total GEM Detector 

Cost Target 
(M$) 

100 
20 

130 
150 
40 
10 
10 
40 

500 

Another major part of the design-to-cost approach 

has been the inclusion of subdetector cost 

estimates in the basis of each of the technology 

choices that the collaboration has made since the 

GEM EOI. The calorimeter selection process, for 

example, used detailed cost estimates for all major 

options; reference [22] is an example of the 

estimate used in the hadron calorimeter selection. 

As the system definitions advance, these estimates 

will play an increasingly important role in guiding 

the design. However, as several major choices of 

technology have been made only recently, and the 

technologies for preradiators, forward calorimetry, 

and outer tracker are undergoing study, the 



subsystem cost targets have not yet been updated 

or refined. 

To make the use of the estimates effective and 

reliable, a detailed uniform cost estimating 

methodology bas been developed to be applied by 

all GEM designers (3). This plan includes detailed 

guidance on estimating, and reporting standards 

designed to incorporate the lessons learned in 

previous SSC reviews. This will yield an estimate 

with the most reliable basis possible and aid in 

future reviews by accommodating the analytical 

tests used in the review process in a natural way. 

For example, all labor rates have been defined; 

engineering, design, inspection and administration 

estimates have been separately identified; the basis 

of contingency estimates have been documented; 

and standards for estimate backup reports have 

been set. A hierarchy of estimate bases has been 

defined; at each level the goal is that the cost of a 

high percentage of elements be estimated on the 

basis of vendor responses to GEM design 

drawings. 

For several GEM subdetectors with the most 

developed designs, the estimates are within, or 

close to, our targets. For example, the combined 

magnet and structures, budgeted for 120 M$ plus a 

portion of the R&D funds, is now estimated at 

105 M$. This includes the structures and the 

R&D. 

As the cost estimates are developed to reliable 

levels, any excess over the 500 M$ target for the 

entire detector will be addressed by refining 

designs to reduce costs, or identifying subsystem 

staging options. We will present a report on the 

GEM cost estimate at the presentation of this LOI 

before the Program Advisory Committee. 

The GEM detector schedule has been studied in the 

context of the single-shaft underground hall and 

with the guidance of the GEM Magnet Technical 

Panel. The critical path in the GEM schedule is 

the magnet design and fabrication, which must be 

completed prior to installation of the detector 

elements in the underground hall. This portion of 

the critical path extends to early 1996. The final 

portion of the critical path is the underground 

installation of the subdetectors. Figure 4.0-1 

shows the schedule under these assumptions. 

However, additional slack in this schedule is 

being sought with the multiple-shaft option, with 

design studies which are attempting to redefine the 

order of the subdetector installation and 

integration, and with continuing studies of magnet 

fabrication options. 

Availability of the magnet fabrication hall in 1993 
and beneficial occupancy of the underground hall 

in early 1996 are the two most critical milestones 

in this schedule. 





(1) GEM Engineering Meeting, July 29, 1991. 

(2) MJ. Rennich, C.L. Claffey, M.K. Singhal. C.C. Eberle, 
Oak Ridge National Laboratory, "GEM Detector Cost 
and Design Study for Scintillating Hadron 
Calaimeters", GEM TN-91-20, Seplembs 22, 1991 

(3) Richard Sawicki, Lawrence Livermore National 
Laboratory, "GEM Cost Estimating Plan", GEM TN· 
91-17, Seplembs 30, 1991. 



Overview and Summary Cost Estimate 

A review of the current status of the GEM cost estimate was held at 
the SSCL on December 11 and 12. This was the second major review 
of GEM costs. At this review, all detector subsystems were 
represented by the lead physicists, lead design engineers, and by the 
estimators. In addition, the review was attended by representatives 
of the LeCroy Corporation, who presented an independent estimate of 
the individual channel costs of major GEM subsystem electronics. The 
degree to which the estimating practices conform to the GEM Cost 
Estimating Plan (attached in chapter 3 of this report) was reviewed 
and several variances were noted. The maturity of the design basis, 
and the component estimate bases were reviewed. Comparisons were 
made to known internal and external benchmarks. Following this 
review, several corrections were made to the estimate, and 
deficiencies, areas requiring additional work, opportunities for cost 
reductions, and future plans were identified. 

Table 2-1 summarizes the current GEM cost estimate with the liquid 
argon integrated calorimeter and limited streamer drift tube (LSDT) 
barrel muon chamber options. The table is presented in a format 
consistent with the practices used in past external SSC Laboratory 
cost reviews by the panel chaired by Dennis Theriot. 

The total detector cost is estimated, for this option, to be $510 
million. This estimate exceeds the GEM cost target of $500 million. 
The total costs for other GEM subdetector options are higher. 
Additional breakdowns of these options are presented in Table 2-2, 
2-3, and 2-4. Table 2-5 illustrates the general organization of the 
GEM WBS cost matrix follows as well. For details of these matrices, 
and the estimating methodology consult the GEM Cost Estimating Plan 
following in chapter 3 of this document. 

Chapters 4 through 13 provide brief narrative and tabular overviews 
of each subsystem or functional component of the GEM cost estimate. 
It should be noted that, at this time, the cost estimate is considered 
to be preliminary, and considerable evolution of the estimate basis 
can be expected. As the estimate is developed, it will be used to 
constrain the detector design within the cost target of $500 million. 
However, to date, we have not exercised cost discipline as the design 
and estimate basis are not yet considered sufficiently reliable to 
govern major design variations. We expect that this discipline can be 



exercised in the first quarter of calendar 1992. Options for cost 
reduction are described in the last chapter of this report. 

Finally, it should be noted that this report is a working document and 
that minor typographical and numerical inconsistencies are expected. 



TABLE 2-1 

GEM COST REVIEW SUMMARY 

December 15, 1991 

(with Liquid Argon, LSDT Option) 

(Costs in millions of dollars) 

Procurements/Fabrication 19 6 

Installation/ Assembly 73 

Subtotal (Procurements and Labor) 269 

EDIA 

Direct Costs 

Contingency 

Subtotal 

R&D 

Total Detector FY91 $M 

93 (34%)* 

362 

112 (31%) 

474 

37 (14%)* 

510 

* % of subtotal (Procurements and Labor) 
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Construction 
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EDIA 

Conting Total 

.................. . . .. . . . . . . . . . . . . . 

. ............... . . . . . .. . . . . . . . . . . . . 

R&D 
R&D % = -------------­

Construction 
EDIA % = Contingency % = 

Contingency 

Construction Contstructlon + EDIA 

TABLE 2-5 
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1.0 Scope 
The GEM collaboration will submit to the Superconducting Super 
Collider Laboratory (SSCL) a Letter of Intent (LOI) proposing the 
construction of a large high PT detector at the SSC .site. In support 
of this document a detailed cost estimate of this detector shall be 
provided to identify all expenses required to complete the 
construction of all equipment defined in the LOI. This Cost 
Estimating Plan (CEP) delineates the method, personnel, and 
schedule that will be used in the development of the cost. 

Since GEM is truly an international collaboration of many 
participants spanning a broad spectrum of resources from numerous 
universities and laboratories around the world, clear and decisive 
guidance is required from the beginning of the cost estimating 
process to assure that the final product is complete and consistent. 
All participants shall perform their work in full compliance with 
the CEP. Any changes required shall be amended to this plan only 
after approval from the signatories of this document. 

2.0 Objectives 

2.1 The primary objective is to develop a comprehensive cost 
estimate of the total GEM project. This includes costs for the 
necessary research and development activities as well as for the 
engineering, design, analysis, procurement, fabrication, assembly, 
installation and management of the construction project itself. 
Contributions of all collaborating institutions shall be included and 
implemented in consistent content and format. Costs shall be 
accumulated starting from the beginning of the project, defined to 
be the time when the LOI is accepted, to the completion of the 
project, defined to be the commencement of experimental activities. 

2.2 During the cost estimating process it is desired to develop the 
detailed backup information that will substantiate the estimate and 
make it easily defensible. The intent is to provide SSCL with 
sufficient information that the project may be started with high 
confidence that the GEM costs are well understood. Therefore, this 
necessarily will include an appropriate risk/contingency analysis 
that accounts for unavoidable uncertainties and inevitable 



unexpected factors that usually emerge during projects of the size 
and complexity of the GEM detector. 

2.3 Subsequent to the acceptance of the GEM LOI a comprehensive 
cost control and monitoring effort will be established. An important 
objective of this present cost planning exercise is to provide a 
sound basis on which this future effort can be built. The two 
dimensional system/task hierarchy used in the CEP establishes 
costs in a format that can be easily translated to a computerized 
planning system. That system could then be quickly implemented to 
track the the actual cost against the projected costs determined by 
the exercise. It is thus vital that the guidelines established by this 
CEP be strictly followed so that subsequent project monitoring 
activities may be facilitated. 

3.0 Basis 

3.1 The basis for the cost estimate developed according to this CEP 
will be a detailed bottoms up estimate for each subsystem. These 
estimates shall be based on FY 91 dollars. Escalation factors will 
be applied at the top level by the CEP coordinator using the temporal 
cost distributions defined by the subsystem estimators. 

3.2 Cost estimates will be developed according to a preapproved 
two dimension cost matrix, shown in Table 1, and will be based on a 
system wide Work Breakdown Structure (WBS). The vertical 
dimension of the matrix will be the WBS hierarchy which delineates 
all subsystems and divides each of those into multiple levels of 
component parts. The second dimension of the matrix defines the 
labor and material required in each of five functional activities for 
each WBS element. These activities are engineering/design, 
material and supplies, inspection/administration, 
procurement/fabrication and assembly/installation. 

3.3 In addition to providing cost matrix information each estimator 
shall develop his/her own cost book. This document shall contain 
supporting information which substantiates each cost data item. 
This information will be used during both the internal and external 
defense of the system costs. 

4.0 Work Breakdown Structure 



The WBS is a hierarchy of elements which identifies all components 
of a system and their mother/daughter relationships. Costs for all 
systems and activities will be accumulated in a single WBS list. 
Cost estimators will develop the subsystem WBS hierarchies which 
will be collected via e-mail and collated into the GEM detector WBS. 

4.1 Level 1 and 2 
The guideline WBS hierarchy is listed in Table 2. The top level 
elements are listed below: 

1.0 GEM 
1.1 Research and Development (R&D) 
1 .2 Conceptual/Preliminary Design 
1.3 Construction 
1.4 Options 

level 1 
level 2 

4.1.1 Research and development tasks are those engineering and 
scientific tasks that are performed to advance the design of a 
particular subsystem or demonstrate the feasibility of a new 
concept. They can be analytical or experimental in nature. After a 
particular design concept is baselined and approved by SSCL at the 
Engineering Design Report (EDR) all future development activities 
are considered part of the construction project unless they advance 
the state of the art of that design. Costs for R&D will clearly be 
heaviest in the early phase of the project and declining rapidly after 
the EDR process is complete. 

4. 1.2 Conceptual/ preliminary design activities include all 
engineering design tasks from the Expression of Interest (EOI) to the 
EDR. Analysis, tradeoffs studies, design engineering, planning, and 
costing activities that are exercised to establish a baseline design 
are part of this WBS element. 

4.1.3 The construction WBS element consumes the bulk of the GEM 
project costs. It includes all engineering activities between the EDA 
and project completion. All engineering, analysis, design, 
procurement, fabrication, assembly and installation costs are 
accumulated under this element. Facility, utility and subsystem 
project management costs that are unique to a particular subsystem 
are included under that subsystem's WBS element. 

4.1.4 Baseline systems will be established and costs for all of 
those systems are identified in the previous subelements. Optional 



designs of each detector system , where appropriate, shall be 
identified in subelement 4. These costs will not be rolled up into 
level 1 or 2 costs. They will be used for comparison purposes at 
level 3 only 

4.2 Level 3 

4.2.1 Each of the four level 2 items will have seven subelements 
corresponding to the seven major subsystems of the GEM project. 
These are 

x.1 Magnet subsystem 
Muon subsystem x.2 

x.3 
x.4 
x.5 
x.6 
x.7 
x.8 
x.9 
x.10 

level 3 

Hadron calorimeter subsystem 
Electromagnetic calorimeter subsystem 
Central tracker subsystem 
Trigger and data acquisition subsystem 
Computers and control 
Liquid argon calorimeter 
Forward calorimeter 

Pre-radiator 

4.2.1.1 Subsystems 1 through 5 shall include all hardware within 
the detector itself, all utilities and facilities specific to that 
subsystem and electronic channel costs. Electronic channel costs 
begin in the detector and ends at the first crate. 

4.2.1.2 The trigger and data acquisition system connects the 
detector to the computer system. It is defined as all electronic 
equipment after the first crate up to and including the cable 
connection to the computer system. 

4.2.1 .3 The computer and control system is defined as all electronic 
and computer equipment starting from the on-line level 3 filter and 
ending at the interface with the bulk data storage system. This 
includes on-line computing capability, slow-control systems for 
process utilities, workstations and storage devices. SSCL shall 
provide tape storage equipment and off-line computing facilities. 



4.2.1 .4 The magnet subsystem shall include all structural support 
systems required for the magnet and the detectors such as the 
central membrane, detector cradle, and end supports. 

4.2.2 Project management will be included in each of the the three 
level 2 entries as follows: 

1.0 GEM 
1 .1 Research and Development (R&D) 

1.1.9 R&D Project Management 
1 .2 Conceptual/Preliminary Design 

1.2.9 C/P Design Project Mgmt 
1 .3 Construction 

level 1 
level 2 

level 3 

level 3 

1.3.9 GEM Constr. Project Mgmt level 3 

4.2.2.1 Project management encompasses all administrative and 
management efforts required to direct the GEM project through 
completion. This includes management personnel and technical 
staff, resource management, safety, and QA personnel, ancillary 
support contracts, travel, and supplies and expenses. Costs that are 
required to manage the detector project as a whole are included 
here. Subsystem management costs are defined at the subsystem 
level. 

4.2.3 Interface Systems will be included within the level 2 
Construction element (1.3) as follows: 

1.3 Construction 
1 .3.8 Interface Systems 
1.3.9 GEM Constr. Project Mgmt 

level 2 
level 3 
level 3 

4.2.3.1 Interface systems are facilities, installation equipment and 
non-standard utilities that are not provided by SSCL. They are not 
subsystem specific and are used by the collaboration as a whole. 
Items that are required for a single subsystem are listed under that 
subsystem WBS element. Examples of interface systems are 
compressed air systems, scaffolding, installation fixturing, 



transport systems, non-conventional cooling, detector emergency 
power, and detector safety systems. 

4.3 Level 4 and below 

4.3.1 Levels at 4 and below will be defined by each subsystem 
estimator as required. In general most subsystems should be listed 
down to level 5 or 6 to provide sufficient detail for a meaningful 
estimate. At this final level costs should be in the 100K$ to 500k$ 
range in most cases. 

4.3.2 Each level 3 element shall be subdivided into its logical 
subsystem components. The last subelement at this level shall be 
subsystem project management costs as shown below. 

x.1 Subsystem component 1 
x.2 Subsystem component 2 

x.n Subsystem component n 
x.n+1 Subsystem project management 

x.n+ 1.1 Project management and administration 
x.n+ 1.2 Resource management 
x.n+ 1.3 ES&H 
x.n+ 1.4 Quality assurance 
x.n+ 1.5 System integration 

4.3.3 Subsystem project management includes manpower for 
planning and control, Group or Division administrative personnel 
including supervisors and clerical support. ES&H and QA planning 
and controls, meetings, travel, reviews, developing plans and 
controls for detector subsystems and facility interfaces are also 
included. Procurement costs must identify office supplies, 
engineering service equipment and operating charges. 

4.3.4 Interface Systems and Project Management will not be 
subdivided into the previously listed level 3 subsystems since they 
defined tasks that are common to all subsystems. Instead they are 
subdivided as follows: 

1.3.8 Interface systems 
1.3.8.1 Experimental hall 
1.3.8.2 Surface facilities 

level 2 
level 3 



1.3.8.3 Process utilities 
1.3.8.4 Safety systems 

1.3.9 Construction Project Management 
1.3.9.1 Administration 

5.0 Cost Matrix 

1.3.9.2 Resource management 
1.3.9.3 Environment, Safety and Health 
1.3.9.4 Quality Assurance 
1.3.9.5 System Integration 

5.1 The cost matrix is the data set that will collect all information 
for the GEM cost estimate. All data will be input by each subsystem 
estimator in a format described below using the EXCEL computer 
spreadsheet. Each of the subsystem data bases will be compiled into 
a single spreadsheet that will be used to calculate total system 
costs and provide a mechanism for system-wide data analysis. 

5.2 Tables 3 and 4 show that the cost matrix is actually divided 
into two separate data sets, a cost table (CT) and a supporting data 
table (SOT). This splitting of data is required to maintain legibility 
of the printed information when displayed on a single standard sheet 
of paper. The SOT shall be located in the EXCELL spreadsheet next to 
the CT and vertically synchronized with the CT so that the WBS 
elements line up horizontally, 

5.2.1 The CT contains the basic cost information for the WBS 
elements. Material and labor costs are identified in each of 4 main 
functional categories: engineering/design, 
inspection/administration, procurement/fabrication and 
installation/assembly. Costs are estimated in FY 91 dollars. Roll 
ups of total costs from subelements to higher level elements are 
performed by equations imbedded in the EXCELL spreadsheet written 
by each subsystem estimator. Labor rates, material estimating 
strategies, and contingency methodology are defined in subsequent 
sections. 

5.2.1.1 Engineering/design 

5.2.1 .1.1 Engineering/design includes only labor for all engineering 
design, engineering analysis, reliability analysis, design layout, and 
detailing and checking of fabrication drawings. Documentation for 



performance and fabrication specifications, safety analysis reports, 
design reviews, assembly procedures and testing or system checkout 
procedures are also included in this category. 

5.2.1 .1 .2 Materials and Supplies 
Material and supplies costs covers all procurements required to 
support the EDIA activity in general. Material costs for travel, 
supplies and expenses, office and engineering service equipment and 
operating charges for that equipment are included. 

5.2.1.1.3 Inspection/Administration 
Inspection/Administration collects all labor costs to administer 
fabrication and procurement contracts, scheduling of production, 
production inspection, pre and post assembly inspection of 
individual components of the detector subsystem. Also included is 
engineering administration labor associated with supervising both 
onsite and offsite assembly, installation and system checkout. 
Quality assurance planning, inspection, oversight, and documentation 
costs are also accumulated in this category. In addition, this 
functional category collects all costs associated with administering 
the project at either the subsystem or detector level. This includes 
project management, scheduling, planning, costing, and activities 
associated with implementing ES&H requirements. 

5.2.1.1.4 Procurement/fabrication 
Procurement/fabrication includes costs for detector component 
material, fabrication, tooling, and equipment, necessary to construct 
the GEM detector and supporting facilities. Purchased labor 
contracts to perform tasks associated with engineering, 
installation, or assembly are not included in this category but rather 
in the specific category that they are associated with. 

5.2.1.1 .5 Installation/assembly 
Installation/assembly includes labor and material necessary for the 
assembly and installation of the detector subsystem into the 
experimental hall. Fixturing, handling equipment and test equipment 
are included in this category. Supervision and inspection of the 
activities performed in this category are included in EDI/QA. 

5.2.1 .1 .6 Contingency 
Contingency for the GEM detector cost estimate shall be based on a 
standardized risk analysis. Each estimator shall perform the risk 
analysis identified in Section 8.0 and enter the associated 



contingency in the CT. Depending upon the particular subsystem 
being analyzed contingency may be applied at the lowest WBS level 
or at a higher subassembly level. It is the responsibility of the 
estimator to make this determination. In any case, the estimators 
are responsible for assuring that each and every component has 
appropriate and defensible contingencies applied. · 

5.2.2 Support Data Table 
The SOT, which is divided into two matrixes (Table 4a and 4b), 
provides important supporting data to the cost estimates. 
Estimators are required to provide all input in this table as well as 
the CT. The information contained in the SOT is essential for 
interpreting the cost estimates, defending them and temporally 
distributing the costs to permit accurate cost projections to the end 
of the project. Data columns for this table, shown in Table 4, are 
defined below. 

5.2.2.1 No./units 
The number and units columns identify the basic cost unit that was 
used to determine the cost and the total number of the unit that was 
assumed. Typical values used for units are tons, meters"2, channels, 
system, assembly, and fibers. Almost anything can be used but the 
more descriptive it is the more helpful it will be to a reviewer. 

5.2.2.2 Estimate type 
Each WBS element shall be tagged with a cost basis descriptor 
which characterizes the type of estimate that was used. Acceptable 
data entries are as follows: 

1) Bottom-up (BU) 
2) Specific analogy (SA) 
3) Parametric study (PS) 
4) Review and update (RU) 
5) Trend analysis (TA) 
6) Expert opinion (EO) 

5.2.2.3 Risk factors 
The risk analysis described in Section 8.0 is used to calculate 
contingency. In the three columns provided in the SOT, technical, 
cost and schedule risk factors are input. Standard ranges for these 
parameters are 1 to 15 for technical and cost risk, 2 to 8 for 
schedule risk. In some cases the standardized risk parameters may 
not be appropriate. Higher values may be used as described in 
Section 8. 



5.2.2.4 Risk percentages 
Depending upon whether risk factors are applicable to both design 
and manufacturing or both material costs and labor rates a different 
risk percentage is applied as shown below. These percentages are 
multiplied by the corresponding risk factor to determine the total 
contingency which should be applied. Acceptable values, ranging 
from 1 % to 4%, are described in Section 8. 

5.2.2.5 Contingency total 
This parameter is the sum of the products of the individual risk 
factors and corresponding risk percentage. 

5.2.2.6 Dates 
Start dates and completion dates for all activities must be assigned 
to permit appropriate application of escalation factors to the base 
cost estimates. The month and year (numerical) shall be identified 
for the end dates of the four main functional categories, 
engineering/design, inspection/QA/administration, 
procurement/fabrication, and installation/assembly. These dates 
need only be input at WBS level 4. Costs at only this level will be 
used to escalate costs. 

6.0 Labor rates 

6.1 Estimators shall use their best discretion in selecting the labor 
rates that should be used for their GEM cost estimates. In making 
their decision, the estimators should determine where the work 
shall be performed and use the most accurate information available 
regarding the labor rates for that particular institution. Detailed 
backup information shall be provided in the cost book supporting any 
non-standard labor rate used. Rates used shall be fully burdened 
with all associated costs. 

6.2 In many cases the exact source of labor will not be known. In 
these cases standard labor rates are provided below and should be 
used selectively as required. Hourly rates have been translated into 
yearly rates assuming 2080 hours in a year. 

6.2.1 National Laboratories 
It is anticipated that the US National Laboratories will participate 
in many of the GEM subsystems. The following rates are average 



rates that may be used for work performed for any of these 
institutions. These rates include general overhead, support and 
payroll burden. 

Type 

Manager 
Secretary 
Engineer/physicist 
Designer/coordinator 
Senior technician 
Junior technician 
Craft 

6.2.2 National average rates 

Bate (k$/yr) 

216 
62 
154 
93 
103 
77 
67 

National average rates may be used for cases where the source of 
labor is completely unknown. 

Type 

Engineer/physicist 
Senior technician 
Junior technician 
Craft 
Machinist 

6.2.3 SSC employees 

Bate ($/hr> 

63.59 
51.28 
38.97 
26.15. 
26.15 

Bate Ck$/y) 

133 
107 

82 
55 
55 

Work performed by SSC employees shall be charged at the following 
rates which are fully burdened. 

Type 

Manager 
Engineer/physicist 
Analyst/adm in istratio n 
Senior technician 
Technician/draftsman 
Clerks 

6.2.4 Job/shop in Dallas area 

Type 

Bate ($/hr) 

63.13 
37.02 
23.72 
23.72 
17.71 
13.61 

Bate ($/hr) 

Bate (k$/.y) 

132 
78 
50 
50 
37 
29 

Bate lk$/.y) 



Engineer/physicist 
Software engineer 
Draftsman 
Junior technician 
Senior technician 
Average machinist 
Precision machinist 

6.2.5 Contractor installation 

48.20 
48.20 
26.77 
18.46 
25.64 
30.77 
40.00 

1 01 
1 01 

56 
39 
54 
65 
84 

For installation of equipment at the SSC site in Texas the 
appropriate Davis-Bacon wage rates are as follows. Rates are fully 
burdened. 

Type Bate ($/hr) Rate (k$/y) 

Crane operator 27.42 58 
Bigger 24.99 52 
Laborer 13.62 29 
Millwright 23.00 48 
Electrician 20.63 43 
Welder 24.99 52 
Pipefitter 22.13 47 
Carpenter 23.00 48 
Painter 15.76 33 

7.0 Material costs 

7 .1 Material costs shall include all hardware costs for the entire 
GEM project. WBS elements shall be listed to comprehensively cover 
projected requirements for each subsystem and for systems that 
span the needs of more than one subsystem. All costs shall be based 
on FY 1991 dollars and shall have backup details included in the 
subsystem cost books. 

7.2 Material costs include all procurement and fabrication for all 
GEM assemblies and facilities. This includes detector hardware, 
equipment, fixturing, tooling, utilities, test equipment, assembly 
equipment, computer hardware, raw material, and material 
processing. 

7.3 Detector costs must also include facility and utility costs not 
provided by SSCL. These include, but are not limited to, gas 



systems, access and structures in the experimental hall and surface 
facilities, non-conventional cooling, power distribution exceeding 
the baseline, and emergency power. Safety systems costed by GEM 
include fire extinguishing systems, fluid spill control system, 
radiation monitoring systems, oxygen deficiency system and 
nitrogen inerting system. 

7.4 SSCL will cost the following facilities: 

1) Underground detector facilities 
Collision hall, shafts and tunnels 
Power and electrical cabling• 
HVAC* 
Cooling• 

CPN 
CHN 
LCW 
ICW 

2) Surface facilities 
On-site assembly buildings 
Shaft headhouses 
Utility buildings 
Operations buildings 
Storage areas/hardstands 
General purpose machine shops 
Power and electrical cabling, routing and 

distribution 
HVAC 
Cooling• 

CPN 
CHN 
LCW 
ICW 

3) Site infrastructure 
Roads 
Parking 
Water and waste water 
IR power distribution 

*but not internal distribution to and thru the detector. 

8.0 Risk Analysis/Contingency 



8.1 Risk analysis shall be performed for each WBS element. Results 
of this analysis will be related to a contingency which shall be 
listed for each WBS element. Risk analysis parameters shall be 
listed in the SOT; contingency values shall be listed in the CT. Risk 
analysis/contingency methodology shall, in general, comply with the 
SSCL recommended technique. 

8.2 SSCL methodology 
This method is based on estimator evaluation of technical, cost and 
schedule risk for every WBS element. For technical risk, the value 
of 1 implies "normal industrial supplied off the shelf item" and 15 is 
reserved for components "way beyond the current state-of-the-art.• 
For cost risk values, 1 is used to indicate "vendor quote or catalog 
price for a specific item" and 15 is used for guestimates where no 
data is available. Schedule risk factors range from 2 to 8. The 
technical risk factor is multiplied by a risk percentage which is 
categorized below The resulting percentages are added together to 
establish the total contingency allocation for a particular WBS 
element. The minimum contingency percentage under this approach 
is 5o/o and the maximum is 98%. 

Risk Factor Table 

Bjsk factor TechnjcaJ ~ Schedule 

1 Existing design and Off the shelf or not used 
off-the-shelf catalog item 
hardware 

2 Minor modifications Vendor quote from No schedule impact on 
to an existing design established drawings any other item 

3 Extensive Vendor quote with not used 
modifications to an some design sketches 
existing design 

4 New design within In-house estimate for Delays completion of 
established product item within current non-critical path 
line product line subsystem item 



6 New design different In-house estimate for not used 
from established Item with minimal 
product line. Existing company experience 
technology but related to existing 

capabilities 

8 New design. Requires In-house estimate for Delays completion of 
some R&D item with minimal critical path 
development but does company experience subsystem Item 
not advance the and minimal in-house 
state-of-the-art capability 

10 New design. Top down estimate not used 
Development of new from analogous 
technology which programs 
advances the state-
of-the-art 

15 New design way Engineering judgement not used 
beyond the current 
state-of-the-art 

Risk Percentage table 

Condjtjoo Bjsk perc1ntage 

Technical Design w: mfg concerns only 2% 
Design ilJll. mfg concerns 4 % 

Cost Material cost w: labor rate 1 % 
concern 
Material illl.d. labor rate 2 % 
concern 

Schedule 1% 

8.3 Good judgement 
There may be special cases where the parameter limitations defined 
above are inappropriate. Some high risk elements may deserve 
contingencies greater than 98%. In these cases, at the discretion of 
the the estimator and the approval of the cost review team, higher 



values may be used. Justification for these cases must be provided 
in the estimator's subsystem cost book. 

9.0 Escalation 

Escalation factors will be applied to the base FY 1991 costs 
identified in each estimators cost table. Factors to be used will be 
supplied at a later date and will be implemented into the GEM 
detector cost by the cost coordinator. Subsystem estimators do not 
need to take any action except to include activity start and end 
dates for level 4 elements. 

10.0 Subsystem Cost Books/Supporting Documentation 

10.1 Each cost estimator shall provide a subsystem cost book. The 
books shall contain all information necessary to defend all data 
presented in the cost table. The cost books shall be available in 
preliminary form at the internal cost review and in final form at the 
time of the LOI presentation. 

10.2 Contents of the cost book are as follows: 

1) Cost Table 
2) Supporting Data Table 
3) System description 

Brief narrative describing subsystem, 
performance, assumptions, 
and key technical issues 

4) System drawings 
Top level assembly drawings which define 
system general configuration and interfaces 
with other subsystems 

5) Parameter list 
List of key parameters (minimum of 20)which 
define the subsystem in sufficient detail to 
uniquely identify it to reviewers and to 
enable revision tracking of the design 

11.0 Responsibilities 

Cost estimating responsibilities are as follows: 



Subsystem 

Magnet subsystem 
Muon subsystem 
Hadron calorimeter subsystem 
Electromagnetic calorimeter subsystem 
Central tracker subsystem 
Trigger and Data acquisition 
Computers 
Liquid Argon calorimeter 
Forward Calorimeter · 
Pre-radiator 
Interface systems 
Project management 

12.0 Review process 

Responsjble person 

G. Deis 
F. Nimblett 
M. Rennich 
M. Rennich 
A. Barber 
D. Marlow 
K. MacFarlan 
J. Coulon 
J. Coulon 
M. Rennich 
C. Johnson 
A. Chargin 

12. 1 Prior to the submission of the LOI detector costs will be 
comprehensively reviewed to assure consistency, accuracy and 
completeness of all costs. Each subsystem estimator will defend 
his data before a review group of GEM collaborators. The review 
process is expected to last two days. 

12.2 A chairman of the review process shall be selected and shall 
coordinate the meeting. Each subsystem estimator shall be present 
for all presentations to assure that all interfaces and subsystem 
interactions are considered. In addition several technical 
representatives of the collaboration shall be present to validate the 
assumed design basis and costing integrity. The chairman shall 
select these reviewers and coordinate their participation. 

12.3 Subsystem cost estimators shall present their costs at this 
review. Vugraphs shall be prepared and presented to facilitate the 
discussion. The cost table, supporting data table, parameter list, 
and design description documents shall be discussed in detail. 

13.0 Schedule 

13.1 The schedule for the cost estimating effort is shown in Table 
5. Scheduling of cost estimating efforts after the submittal of the 
LOI shall be submitted at a later time. 

13.2 Key milestone dates taken from the schedule are as follows: 



Milestone 

Subsystem WBS submitted 
WBS finalized 
Subsystem costs submitted 
Cost review commencement 
Initial costs complete 

14.0 Percentage calculations 

pate 

9/27 
1 0/11 
10/1 8 
10/25 
11 /15 

14.1 Research and development, Engineering/Design/Inspection/ 
Administration (EDIA), and contingency are often presented in 
reports as a percentage of some base cost. For GEM, these 
percentages shall be calculated as defined below. 

14.1.1 The base construction cost is the sum of the 
procurement/fabrication and installation/assembly costs. It is 
essentially the cost of fabricating and installing the detector into 
the experimental hall. 

14.1.2 EDIA costs are the engineering, design, inspection, 
administration, and material/supply costs to support the 
construction (WBS 1.3) and the conceptual/preliminary design (WBS 
1.2) activities. EDIA percentage is this cost divided by the base 
construction cost. 

14.1.3 Research and development (R&D) costs cover engineering, 
design, material/supply, inspection and administration expenses and 
are totaled in WBS element 1.1 . R&D percentage is this cost divided 
by the base construction cost. 

14.1.4 Contingency is applied to each line element in the WBS. When 
cited as a percentage it is determined by dividing the contingency by 
the base construction cost plus EDIA. R&D is not included in this 
calculation. 
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1.0 GEM 
1 .1 Research and Development 

1 .1.1 Magnet subsystem 
1.1 .2 Muon subsystem 
1 .1 .3 Hadron calorimeter subsystem 
1.1.4 Electromagnetic calorimeter subsystem 
1.1 .5 Central tracker subsystem 
1.1.6 Trigger and data acquisition subsystem 
1 .1 . 7 Computers 
1.1.8 Liguid Argon Calorimeters 
1.1.9 Forward calorimeter 
1 .1 .10 Pre-radiator 
1 .1 .11 R&D project management 

1 .2 Conceptual and preliminary design 
1.2.1 Magnet subsystem 
1.2.2 Muon subsystem 
1.2.3 Hadron calorimeter subsystem 
1.2.4 Electromagnetic calorimeter subsystem 
1.2.5 Central tracker subsystem 
1.2.6 Trigger and data acquisition subsystem 
1.2. 7 Computers 
1.2.8 liguid Argon Calorimeters 
1.2.9 Forward calorimeter 
1 .2.1 O Pre-radiator 
1.2.11 Concep/Pre design project management 

1.3 Construction 
1.3.1 Magnet subsystem 
1.3.2 Muon subsystem 
1.3.3 Hadron calorimeter subsystem 
1.3.4 Electromagnetic calorimeter subsystem 
1.3.5 Central tracker subsystem 
1.3.6 Trigger and data acquisition subsystem 
1.3.7 Computers 
1.3.8 Liquid argon calorimeters 
1.3.9 Forward calorimeter 
1.3.1 O Pre-radiator 
1.3.11 Interface systems 
1.3.12 Construction project management 

Table 2. GEM WBS hierarchy 

22 10/29/91 



Ii:: ... 

ll 

" -
... - ll .. .. 
~ -M 

" -M 

, ... 

i :: 
• 
~-OM . " 

J11 :s. -li M 

II!.; 
1:;; 

M 

ll 

~ • 
l i' 
I~ M ..... M 

• 0 .. I• 

" ! • ii ,, 
• 
• .. Ii 

-
i.:: 

2 

-
f :I! 
: 

Ii 
;, 

! M 

'~ 
1. w • 
• ~ 
f 

I 

• 

I 
a 
" 



' ' ! 
1ill 
-~ g ~ 

• r .. .. • 1 
.x 

f_ 
~ g 
l <.> 

l! • 
"'l! .. -.. 

j 
-.x 

i·-· 
~; 

t <.> 
il 

Jl c 
1' • .. -• • E ; .... 

w 

• ~ 
c 

" 
£ 

E 
~ 

s 
I i I 



.. • 

I ·' : 

l~~l 
- ; 

: 
L 

.1 
-1 

; 
1f 

I~ 

; 
1f 

-~ •• - I 

; 
: 

1i i - 9 
; ~ 
f f 

• i 
c~ 

1f. 
8. 
i 
~ 

; • 
! 

: ~ 
I~ I 

-
:~ 

•! • 
; 

1: 

I~ I 

; 
r 

c~ a1 
-

• 
~ 

I 



~ 
CT 
5" 
!" 

I\) g 
"' !! 

..... 
0 --1\) 
co -­co ..... 

.,. 
i 
! 
.5 
~ 

I c 
5" 

9/13 9/20 9127 10/4 10111 

we, 
flm lzed 

Compile 11ubsysten costs 4 .. 

10118 10125 11/1 11/8 11115 11/22 11129 

In tlal subsy tem 
cc stssubml ed , .. 

Coll at subsyste rn costs 

Cost revlc "' complete 

::Ost revle " Subsyst4 In cost 
updates omplete 

Re\ se cost 4 .. 
est I nates .. 

Inc rporate Ill OLOI 

LOlsu ~ltted 

41 .. 



Status of the GEM Magnet Subsystem Cost Estimate 

The solenoidal magnet is the critical path subsystem in the GEM 
schedule. For this reason, we have applied the largest fraction of our 
engineering resources to designing the magnet. A combined team of 
engineers at LLNL, MIT Plasma Fusion Center, and SSCL have 
collaborated in the design studies. 

As a companion to this chapter, the reader should consult GEM IN-
91-001, GEM-Magnet Subsystem LOI Conceptual Design Cost Estimate 
(GEM-LLNL-91-001). It contains a complete overview and cost 
summary, the system parameter list, complete Work Breakdown 
Structure, the defining WBS Dictionary, tables of labor rates, the 
Cost/Risk/Schedule Matrix, the basis of estimate for all major 
components, vendor estimates, drawings and references. Another 
companion reference which contains the proprietary vendor 
estimates for GEM magnet components (GEM-LLNL-91-002) is 
available for inspection by GEM management, SSCL administration, 
and authorized reviewers upon request. 

The following pages summarize the estimate and are extracted from 
the full report GEM IN-91-001. Figure 4-1 is a top level summary of 
the magnet cost estimate. The total cost is $108829 in thousands 
(FY91). The separate dollar amounts, and fractions, for BDIA, 
contingency and R&D are broken out. This estimate differs slightly 
from that presented in the GEM LOI, as the design and estimate are 
evolving, and we have included forward field shaping in this report. 
The magnet estimate includes the complete solenoid, dewars, 
cryogenic systems, power supplies, central detector support 
structures, end pole pieces and forward field shaping iron (this 
forward field shaping is not included in the GEM LOI baseline, but 
has been included in order to make this estimate complete). The end 
pole pieces are the "thick" pole option. Approximately $6 million can 
be eliminated from the costs by adopting the "thin" pole option. The 
forward field shaping iron system costs $2.6 million. 

This estimate has a more mature basis than any other GEM 
subsystem. More than 32% of the total estimate, representing more 
than 50% of all components suitable for vendor estimate, is 
supported by written vendor estimates (GEM LLNL-91-002) based 
upon submitted design drawings. Vendor estimate summary 
information is contained in Figures 4-2, 4-3, and 4-4. The fraction of 



the estimate in R&D is lower than the average due to the large 
fraction of the subsystem costs devoted to conventional materials 
and procured items. The construction portion of the estimate is 
dominant and this is illustrated in Figure 4-5. In fact, the coils, 
vessels and poles dominate and this is further illustrated in Figure 4-
6. Figures 4-7 and 4-8 summarize the distribution of contingency 
percentages by component, and represent the spread of risks 
between conventional and highly engineered items. 



"Theriot-style" magnet cost _analysis 

Labor (WBS 1.3 lnst/assy labor) 
Materials (WBS 1.3 Proc/fab · 

+ Inst/ Assy mat' I) 
Subtotal (material+labor) 

· EDIA (1.2 EDIA + 1.3 EDIA) 
Direct costs 
Contingency 
Subtotal 
R&D (WBS 1.1) 

Total 

*1 • o/o of Subtotal, material+labor 
*2 • % of Direct costs 

gdcoetnv2-17 
12/12/91 

111 
5481 
. 

§OQ;j2 
65513 
1§702 
82215 
21743 

103958 
4871 

108829 

FIGURE 4-1 

..... . . . • 

(25°/o)*1 

(26°/o)*2 

(6°/o)*1 



32°/o of the total estimate 
is supportec;I_ ~Y vendor estimates 

Contingency • 21743 

Proc/Fab, Internal est • 29281 

gdcomll'""2· 18 
12/12/91 

R&D • 6486 

Total • 108829 

EDIA • 16702 

Proc/Fab, supported by 
vendor est • 34617 

FIGURE 4-2 



Vendor estimates constitute a major fraction of 
the magnet estimate 

Costs supported by v~ndor· estimates* ... . . 34617 . 

Compare this cost to: 

Total magnet cost (incl R&D, cont, EDIA) 108829 (32°/o) 

Total magnet cost, w/o R&D or contingency 82215 (42°k) 

Magnet labor and materials (no EDIA) 65513 (53°k) 

* Vendor estimates are considered proprietary but are available for 
inspection by collaboration members. They are bound as a separate 
document, GEM-LLNL-91-0002, for Internal use only. 

gdcmtnv2-19 
12112/91 FIGURE 4-3 



GEM-0/o Vendor Estimate 
12111/91 

~s tiumb11c Ac:lual Estimate CoSI Used in 
From Vendor Basis of Est. 
;a ·1992 s·s· jn •1991 $•s< jn •1992 fs" jn '"1991 S's" detta s·s 

1.3.1.1.1.1.1 CoilFonn $ 6500k $ 6270k $ 7475k $ 7211k $ 264k 

1.3.1.1.1.1.2 Conductor $ 7200 $ 6946 $ 7200 $ 6946 $ 254 

1 .3. 1.1.1 .1 .5.2 con Wmding $ 1429a $ 1429d $ 3902 $ 3902 
Assembly 

1.3.1.1.1.2.1 LNThennal $ 3000 $ 2894 $ 2000 $ 2000 
Radiaticm 
Shields 

1.3.1.1.1.2.2 Superinsulatn $ 116 $ 112 $ 116 $ 112 $4 

1.3.1.1.1.3.1 Vesl. Weldmnt $10000 $ 9647 $ 8556 $ 8556 

1.3.1.1.1.4 Radial & Axial $ 1534 
Supports 

$ 1480 $ 1534 $ 1480 $54 

Systems 

1.3.1.1.1.5 Internal Cryo $ 23 $ 23 $ 23 $ 23 
Systems 

1.3.1.1.1.8 Assembly $ 1031a $ 1031d $ 761 $ 761 

1.3.1.1.1.9 Testing $ 2578 s 25]d $ 518 $ 518 
1.3.1.8.6 Testing . : . $ 471 $ 471 

1.3.1.8.1 Installation $ 2e1b 1...2ald $ 2638 $ ?fj38 

Total: $31371k $30369k $35194k $34617k $ 577k 

Total prelim des & const cost: $82215 $82215 $82215 $82215 
(WBS 1.2 & 1.3: includes 
EDIA but no contingency) 

% of Total: 38% 37% 43% 42% 

a vendor estimate is calculated by averaging the two estimates 
received and using $45k/yr as the labor rate @ 1760 hrs/yr. 

b vendor estimate is calculated by averaging the two estimates 
received and using $43klyr as the labor rate @ 1760 hrs/yr. 

c assumed escalation FY91·92 • 1.0366 
d vendor estimates reported in labor hours; FY91 labor rates 

used to derive dollar cost estimates. 

FIGURE 4-4 



90% of the cost is in the "Construction" WBS 
(R&D/Prelim Des are app_roximately_5o/o each} 

gda»tnv?-20 
12/12/91 

Subsystem cost breakdown 

1.1.1 Magnet R & O 
6486 1.2.1 Magnet Subsystem 

6006 

Total: $108.8 M 

96336 

1.3.1 Magnet Subsystem 

FIGURE 4-5 



The cost is completely dominated by the 
coils+vessels+poles 

gdco.trev2-23 
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Breakdown by level 4 Items 

Magnel Concepl Dev 

Subsystem Mgml & lnteg 270 
Componenl Verilicalion 

4120 4639 . 1 s7fonduclor!Wlnd1ng Dev 

lnstallallon 

Installation T oollng 
. 3153 

Magnet Control Syll~ 

Magnetv.cu ... 
Syslem 

Cryogenics 10097 

988 
Power/Pro1ecllon 

System 

6218 

FIGURE 4-6 

5567 
LOI to Eng Design Roport 
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Contingencies ranged between 0 and 48%* 
• 

Magnet R&D 
Coll SubassembliEis 

Thermal Radiation Shields 
Vacuum Vessel Subassy's 

Cold Mass Supports 
Internal Cryogenic Systems 

Cryogenic Current Leads 
Assy and Test Equipment 

Assembly 
TH ting 

End Pole Subassemblies 
End Pole Support Subass'yS 

Central Detector Support 
Thermosyphon System 

Forced-Flow System 
LHe Sup/Storage!Recov Sys 

Power Supply Installation 
Buswork Installation 

Breakers and Dump Res Inst 
Quench Del and Olag Inst 

LN System installation 
LHe Systems Installation 

0% !Wo 10% 

Level 6 Percent Contingency 

15% 20% 25% 30% 35% 40% 45% 

*percentages of total direct costs (material, labor, EDIA) for each 
line item 

plcmtrev2·24 
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FIGURE 4-7 

,• 

!50% 



But most of the contingency dollars apply to the 
coil subassemblies (conductor, bobbin, winding) 

Level 6 Dollar Contingency ($K) 

-otR&D I $1.615 
0 7 I 

Therma~0~a~~~~~s~~~:~: $498 
56

'
630 

Vacuum Vessel Subassy's $1,984 
Cold Mass Supports -

Internal Cryogenic Systems 
Cryogenic Current Leeds 

Assy and Test Equipment 
Assembly 

Testing __ 

End Pole Subassemblles j $1,622 
End Pole Support Subass'ys $1 ,51 7 

Central Detector Support $618 
Thermosyphon System 

Forced-Flow System _ 
LHe Sup/Storage/Recov Sys r · $908 

$14 
$10 
j4 
$3 

Power Supply Installation 
Buswork Installation 

Breakers and Dump Res Inst 
Quench Del and Olag Inst 

LN System Installation 
LHe Systems Installation . $78 -·--+------~!1.-----t- -----6 .. I --

$0 $1,000 $2,000 $3,000 

I ----+------
$4,000 $5,000 

gdcostrev2·25 
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GEM Electronics Cost Estimate and Preliminary 
Report From 

Lecroy Corporation Independent Cost Study 

At this time, all electronics costs associated with individual 
subsystems are included in the subsystem cost estimates presented 
elsewhere in this report. Thus, subsystem electronics costs include all 
front end electronics, other electronics mounted on the detector or in 
forward locations, and all associated cable plant and power systems 
through the first crate in the counting house. As section 4.2.1.2 of the 
GEM Cost Estimating Plan (in chapter 3 of this report) indicates, 
electronics beyond this point through the computer connection is 
estimated under the Trigger and Data Acquisition subsystem. A 
preliminary estimate of the latter category is presented in Table 5-1, 
with a total cost of $17 million (FY91). 

A recent organizational decision was made to assign unified and 
consistent oversight of all electronics, with limited exceptions, to the 
GEM Electronics Subgroup. In future estimates, electronics costs will 
be reviewed and presented in a separate area of the Work 
Breakdown Structure. 

Due to the large spread in per channel costs in previous estimating 
exercises by EMPACT/TEXAS, L*, and SDC, an independent study of 
GEM electronics costs was initiated with the LeCroy Corporation. 
Representatives of LeCroy have been provided with a system 
specification for each subdetector and they have been requested to 
provide an independent estimate, and to study and resolve the large 
variations in previous electronics estimates. Members of the 
subsystem electronics groups have been permitted to supply only 
system specifications, in order to insure independence of the LeCroy 
study. 

A preliminary report from the Lecroy Corporation was presented on 
December 10, 1991. It includes only a system description, estimate 
assumptions, and preliminary estimates of R&D, development, and 
manufacturing costs for several subdetector electronics systems. This 
report has been transmitted to each of the subdetector groups for 
formal responses. In addition, the LeCroy methodology is under 
review by the estimating team. The preliminary reports are attached 
following Table 5-1. One example of our comment on the LeCroy 
methodology is the assumption by LeCroy that most chips double in 



cost for radiation resistant versions. We believe that this assumption 
is too conservative and we have requested additional study by 
LeCroy. We expect that a final report from LeCroy Corporation will be 
received during the first quarter of 1992, and that the report 
estimates will then be used by each subdetector group to upgrade 
the electronics estimates. 
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GEM Electronics, The Supporting Text 

Lecroy Corporation, Dec 10, 1991 

This is a preliminary document, not the final version. T is 
document is just beginning the process of open discussion, 
comment and revision. There may be occasional inconsfs ncies a 
errors in the cost estimate and in the supporting text -

1. Introduction 

2. Inner central tracker 

3. outer central tracker 

4. Pre-Radiator 

5. Calorimeters 

6. Barrel Muon chambers 

7. Endcap Muon chambers 

a. support systems in the 

9. generic development and 

(Silicon strips) 0 (interpolating pads) 

c 
, 

experimental ~ 



Introduction: 

All parts of this detector must operate at the SSC beam cros 
rate, approximately 60 MHz. 

The lst level trigger must be deadtimeless (fully pipelin d). 
The design goal for the level l trigger output rate is l 
necessary, an intermediate "level l.5" trigger stage wi be 
added to accomplish this. To provide an operating mar in, all 
detectors must be designed to accept level l triggers at an 
average rate of 10 :KHz. The muon system, the calori ter, and 
at least part of the central tracker must digitize at is rate, 
to provide the data required by the level 2 trigger. 

A pipelined delay of up to 3 microseconds is re n every 
signal channel to accomodate the level l trigger 
asynchronous buffer must be provided for the leve 
where required. All systems which participate in 
trigger decision must identify the beam cros n,........11niquely. 
Initially, only the calorimeter and the muo systems will be 
used in the level l trigger. This beam cros ing information 
determines which pipelined signals are digi · ed and stored. 

The 2nd level trigger is designed for a maximum output rate of 
300 Hz. For a successful 2nd level trig~, any remaining 
detectors are read out and the entire even is submitted to the 
level 3 trigger, which will be a processor arm. 

All systems will have test and cali r ·on facilities included 
as part of the system design. Thes will allow quick 
verification of function in all c se nd provide a complete 
calibbration for some. 

This detector must operate reliably for many years. The 
approach to the electronics d~"gn reflects our concern for 
serviceability of the component • The calorimeter and muon 
electronics are located where ace ss is possible. Only the 
minimum electronics is located on the detector, where access 
time is measured in ks, not hours or minutes. Those 
components which must be naccessible, the calorimeter preamps, 
and the central tracker, m be designed and tested for 
reliability. Redundant com nents and communication paths must 
be designed in at the system level, to permit slow degradation 
of pertonoance r•~ catastrophic fail~. 



1. Inner part of the central tracker: 

This will be silicon strips, with the electronics inside, an 
multiplexed output data on Optical fibers or cables. This is 
inside the detector, so power and space are at a premium. This 
part of the detector does not participate in either the 1 t or 
2nd level trigger. It will be read out only after a succes 
2nd level trigger. Storage must be provided for all~a durin 
the 1st level trigger delay, and for all successful ls level 
triggers during 2nd level trigger delay. The result f the 
trigger decisions must be sent into the electronics control 
the buffering and readout. 

The data will be multiplexed out on 7000 medium ~ptical 
fibers. The DAQ must provide the receiving stati a buffers 
for this data. The drivers and internal electron' s w 11 be 
considered part of the tracker, and not part of ~Q. 

task list: 

In the upper counting room 

The cable run is at least 75 meters. 

1. receiver/buffers for 7000 optical fl~. Each channel 
requires a few thousand bytes of fast buf • Thirty two 
channels on a fastbus sized board will be challenge. 

2. communication of level 1 & 2 tr' g information, as 
required. This is straightforward, equiring only coordination 
with the inside electronics. The le 1 is synchronous, and 
requires only the presence or abs ce of a yes signal at the 
proper time. Level 2 is asynchronou , and requires a specific 
yes or no answer for each event in the level 1 buffer. 

I 

3. integrating this data into"tli-. 'inal data stream to level J. 
This is accomplished by suffic!;;;t'-buffer space on the receiver 
boards, and inteqrat~the event builder. 

0 



2. outer part of the central tracker: 

This will be an Interpolating cathode Pad Chamber. All 
electronics are inside the detector, the data are multiplexed 
out for successful triggers. This system does not participate 
in the level 1 trigger, but may provide selected data for 
the level 2 trigger. The charge on each pad is measured w~~...,... 
better than 1% accuracy to achieve the required spatial ccuracy 
after interpolation. The rates on individual pads can e high, 
so the shaping must have a peaking time of 50 nsec or ess. A 
switched capacitor array is required for analog stor e during 
the level 1 trigger delay. A calibration system is re ired to 
maintain the 1% relative accuracy (for adjacent cva els). 

task list: 

On the detector 

1. preamplifiers on every channel 
These are fast shaping and low noise. The i 
modest (bipolar). The signal levels are lo 
These preamplifiers must be radhard. 

ut capacitance is 
(100 fC). 

This requires a custom integrated circuit desi • 

2. Switched capacitor storage array on'~channel. The 
requirements are modest compared to the ca imeter usage of 
these devices, but they must be radhard. Th ADC can be a simple 
8 bit, 2 microsecond Wilkinson type, with one ADC per channel. As 
many as 3 samples may be required~r ent. This requires a 
custom integrated circuit design. 

3. communication of level 1 trigg information, as required. 
This is straightforward, requiring o y coordination with the 
inside electronics. The level 1 is synchronous, and requires 
only the presence or absence'~yes signal at the proper time. 
Levels 2 is asynchronous, and re re a yes or no answer for 
each stored event. 

4. multiplexing data to 
multiplexing and sparsi 
be radhard. This requires 

In the upper counting room 

output fibers or cables. A 
ng processor is required. This must 
a stom integrated circuit design. 

the cable run is at~st 75 meters. 

5. receivers and bu er for 1200 optical fibers. Each channel 
requires a few thousa bytes of fast buffer. Thirty two 
channels on a~a bus sized board will be a challenge. 

6. integration into the level 2 trigger, and into the final data 
stream f o le 3 
This i ac mpl ed by sufficient buffer space on the receiver 
board , and integration into the event builder. 



3. Silicon pre-radiator: 

This is a silicon strip calorimeter, lovcate just outside th 
tracker system. It consists of 3 radiation lengths of lead, 
2 layers of 1 mm pitch silicon strips (x & y). This does not 
participate in the 1st level trigger, but is expected to rovi 
data for the 2nd level trigger. This detector may be embeddiaQ/ 
in the main calorimeter. The resolution requirements a 
modest, 6 bits linear, or 4 bits logarithmic. The ele tronics 
is inside the detector, the data is multiplexed out a ter the 
trigger decision, as the tracker systems. The calib ation 
requirements are quite modest. 

task list: 

1. preamplifiers 
The input signal levels are modest, about 50 
fC/mip (up to 1 pc in a shower). The shapin 
must be 20 nsec or less. This electronics mu 
requires a custom integrated circuit design 

(~ time) 
radhard. This 

2. logarithmic flash adcs followed by digit pipeline storage. 
Some combining of channels is possible here. annels more than 
16 strips apart can be resolved by the electromagnetic 
calorimeter, so can be combined after'~reamplifier. This 
flash ADC must operate at the beam crossi rate, and be low 
power. This electronics must be radhard. T is requires a custom 
integrated circuit design. 

3. combined analog channel for pr 'sion charge measurement 
This uses a switched capacitor s ra array and adc as in the 
main calorimeter. This can measur the OR of 64 strips, so only 
one ADC per silicon wafer is require • This electronics must be 
radhard. This requires a custom integrated circuit design. , 

4. multiplexing data onto out~ibers or cables. A 
multiplexing and sparsifying processor is required. This must 
be radhard. This re es a custom integrated circuit design. 

All electronics is mounted'<L•ar-v close to the silicon wafer. This 
puts a high premium on spac and power dissipation. The space 
provided is about 15 square mm of circuit board for each silicon 
strip. ~ ) 

In the upper count~m 
the cable run~t least 75 meters. 

5. receiver/b fers for 500 optical fibers. Each channel 
requires a fe thousand bytes of fast buffer. Thirty two 
channe s a f tbus sized board will be a challenge. 

ion into the level 2 trigger, and into the final data 
level 3. 

This i ccomplished by sufficient buffer space on the receiver 
boards, a integration into the event builder. 



4. Calorimeter: 

There are two possible calorimeter systems under considerati 
In both cases the calorimeter size is such that a minimum 
ionizing particle (a muon) deposits about l GeV. The maximum 
expected signal is about 3 TeV, either Hadron jet or 
electromagnetic shower. In the electromagnetic part of th 
detector, a muon will deposit only O.l GeV, an electron r 
photon will deposit as much as 2 TeV in a single chann 1. 

The temporary baseline system is a liquid Argon calo 
containing both electromagnetic and hadronic sections. The 
electronic resolution required is 0.1 %, over a 15 bit d namic 

~- @ 
The alternate electromagnetic calorimeter will b Bar um 
Fluoride crystals with photo-triode readout. The a ronic 
section will be scintillating fibers in matrix of heavy 
material. With this option, the pre-radiator s t used. 

The calorimeter electronics will be outside the magnet, located 
on the pole face, or nearby. Only preampli ers and cable 
drivers will be in the detector volume. 

Liquid Argon: '~, 

The liquid Argon calorimeter is used as an1:onization chamber, 
there is no wire gain as with proportional chambers. The 
absorbing plates are accordian shap, , with the collecting gaps 
in between. The collecting electro s are shaped and connected 
to give the appropriate sampling eo ry. Preamplifier& are 
required to be very close to the llecting electrodes, in the 
liquid Argon. The detector capacita e is large, so a FET input 
is required for lowest noise. Pulse shaping results in 40 nsec 
wide signals. Noise per elect~ic channel is less than 100 MeV, 
so the dynamic range (signal/no is 16 bits (EM section). 
There is no gain control, so the DC dynamic range must be large 
enough to cover gain variations between channels. To identify 
the correct beam er ng and reduce the effect of pile up 
noise, 5 samples (not n ssarily contiguous) must be measured 
for each successful trigge The switched capacitor analog 
storage system will sample e signals at the beam crossing 
rate. 

Barium Fluoride electma tic section 

This option consis of Barium Fluoride crystals, with vacuum 
photo-triode readout. e phototubes are oriented parallel to 
the magnetic ~i • A fast preamplifier is required after the 
phototube. Sin the signals are fast and pile up is not 
expected to b a problem, no more than 3 samples 
are requ red, ossibly only l. 

Scintill ting iber Hadronic Section: 

The are embedded in a matrix of heavy material. The 
signal 100 photoelectrons per GeV deposited. Further 
amplifica n after the photomultiplier is not required. The 
channel gain can be equalized by controlling the PMT high 



voltage. There are about 5000 photomultiplier channels. Noise 
is less of a problem than with liquid Argon, but photon counting 
and shower development statistics limit resolution at the low 
end. The PMTs will not resolve single photoelectrons, so th 
best case resolution is 2-3 photoelectrons. The dynamic range 
requirement is less than 16 bits. The signals are fast, about 
10 ns wide. 

To determine the longitudinal shower position, leading 
measurement is required on the signal. The required r 
is 100 psec. 

The electronic ADC system: 

The ADC system is common to both candidate system"§e 
requirements are at least 16 bits dynamic range, pel ne 
delays and trigger outputs. The pipeline delay 11 e 
provided by a switched capacitor array sampling nput at 
the beam crossing rate. These arrays, as developed at LBL, 
have demonstrated a dynamic range of 12 bits s oth a high 
and low range channel are required, with xl gain in the low 
range channel. This results in a 16 bit d amic range, with 
minimum resolution of 8 bits. The LBL chip ave been designed 
as 16 channel devices, so each chip can provi storage for 8 
calorimeter channels. , 
Using the level 1 trigger rate of 100 ~ n 3 e have only 10 
microseconds to read out all channels. ~·Thci'~urrent LBL designs 
require 32 microseconds per reading, using one adc per channel, 
with the adc integrated on the sam c • This rate is not 
adequate for the liquid Argon, wh' is expected to require 5 
samples per trigger. The output at f the chip used as a 
multiplexer only, with an externa adc, is only 200 :Khz, which 
is also inadequate. The on chip ADC ill be replaced with a 
custom ADC chip, 16 channels with 12 bit resolution and 2 
microsecond digitizing time.'~single external ADC per chip 
is used, it must run at 8 Mhz, the multiplexer output 
settling time must be substantia y improved. 

Only a simple elect c test and calibration system is required 
The primary energy calibration must be for the electronic chai 

via a physics process. 

task list: 

Liquid Argon calorimmer, 

1. preamplifer in 1 quid Argon. 
This is a low noise, T input preamplifier. It must be 
designed to op~e at liquid Argon temperatures, and 
dissipate as 1 tle power as possible. There is little or 
no shaping at he preamplifier, the output is differential. 
This re ires new preamplifier design, either custom 
monoli i or h id. 

2. c 
les 
This 
the pream 

o just outside the calorimeter. This cable run is 
5 meters. The cable should be shielded twisted pair. 
an unterminated cable, to reduce the power required by 

fier. 



3. shapers and line drivers. This produces a shaped signal, 
approximately 40 nsec peaking time, and drives a terminated 
differential cable. These circuits are mounted in small racks, 
on the outside of the liquid Argon cryostat or support 
structure. 
This requires a custom circuit board. 

4. cables to ADC racks located outside the magnet, but insi.,.. ....... 
the hall. This is a 20 meter cable run of shielded tz:i ad 
pairs. 

s. Analog pipeline storage, and ADC system. This sy em ls on 
standard large printed circuit boards, approximately TBUS 
size. The input accepts the differential signal fr m the 
shaper, and further shapes, and splits the signal a high 
and low range. Each board can contain 64 calor annels, 
each with a high and low range. This board prov s P. ompt 
signals for the level l trigger, and receives the gger 
decisions. 
This requires a custom integrated circuit~e 

6. crate by crate readout to the upper co ing room 
This cable run is at least 50 meters. 

7. receiver/buffers for 800 optical fibers. Each channel 
requires a few thousand bytes of fast '~~· Thirty two 
channels on a fastbus sized board will be ,.-challenge. 

8. integration into the 
stream for level 3. 
This is accomplished by 
boards, and integration 

level 2 trig er, and into the final data 

sufficien 
into the 

on the receiver 



5. MUon system: 

The muon system is in two parts, a barrel section and an end 
section. These two parts will use different tecnoloqies for 
recording the particle trajectories. As with the calorimeters, 
most electronics are outside the detector, with only 
preamplifiers and cable drivers inside. 

Muon Barrel: ~ 
The barrel section will use long drift wires, in eit r limited 
streamer or proportional mode. The candidates are lim d 
streamer wires at atmospheric pressure, with an open rec angular 
cell geometry, and proportional wires in pressuri rcular 
drift tubes. In both cases the drift time is th an ity to be 
measured. The time digitizing LSB must be l nse ess. By 
connecting adjacent (but not overlapping) wires e er at the 
far end, and using one TDC per wire we can use the ime 
difference to determine the Z position with t than 15 cm 
resolution. The time sum will determine wh the avalanche 
occurred, automatically correcting for the ropagation time 
along the wire. 

Since these wire chambers cannot easily provide beam crossing 
information in real time for the trigge~set of resistive 
plate spark chambers with capacitively cou d pickup strips is 
provided. The signals are 200 mv on 50 Ohm erminated strips. 
These strips provide sufficient spatial resolution without 
interpolation, to measure the muon o tum accurately enough 
for the first level trigger. A si le d scriminator on each 
strip, and progralDDlable combinato ia oqic are all that is 
required. The time resolution is ufficient to uniquely 
determine the beam crossing. 

since no analog measurements'~b~ing 
calibration is required. 'j 

task list: 

made, only a time zero 

l. preamplifer/ mounted on the chamber 
For the limited streamer mo chambers, the discriminator is 
mounted directly on the cha er, driving differential wires to 
the TDC cards. For the proportional wire case, It may be 
necessary to separa~he preamplifier and discriminator, at 
least to the extent f s arate cards, though possibly also 
chamber mounted. 
This may require a st integrated circuit design. 

2. cables to T~acks mounted on the magnet pole face. 
This is a sho cable run, less than 15 meters worst case. 

J, pipel" et s 

The r announced Lecroy MTD132 time to digital converter 
(TDC uses entirely digital techniques to achieve l ns 
reso tio (least count). This is a custom monolithic CMOS 
chip, ch contains the timing and readout loqic for 8 channels 
of multi- pipelined TDC. The fuli scale range is 65,000 
counts, with l nsec least count. Up to 16 hits per channel are 



stored, with double hit resolution of 20 nsec. This is an example 
of the performance possible with today's technology. 

A new chip, with features and performance optimized for the 
muon system, will be required. The expected improvements in 
processing in the SSC time frame will certainly allow cost, 
performance and power dissipation to be enhanced compare to 
current circuit. This new chip will be designed as a pip•~~""' 
TDC, with continuous time stamping readout, rather th~n he 
start-stop mode of the MTD132. The pipeline nature of e 
circuit naturally provides storage of the timing data during the 
first level trigger delay. 

4. crate by crate readout to the upper counting~oo 
This cable run is at least 50 meters. 

5. receiver/buffers for 100 optical fibers. Eac ha el 
requires a few thousand bytes of fast buffer. Thi two 
channels on a fastbus sized board will be aeh llenge. 

6. integration into the level 2 trigger, an into the final data 
stream for level 3. 
This is accomplished by sufficient buffer s e on the receiver 
boards, and integration into the event builder. 



6. MUon Endcap: 

This system consistes of closely· spaced (2.5 mm) anode wires, as 
in a standard proportional chamber, but with cathode strip 
readout. Four layers are needed to achieve the required spatial 
resolution. This system is similar to the outer central t acker, 
but the expected rates are much lower, less than 200 hz pe 
square centimeter. The pickup strips are bigger, so the 
capacitance is larger, which indicates a longer shapin time 
(about 1 microsecond) for similar noise levels. The i uced 
charge signal must be measured with 1% relative ace cy 
(channel to channel) to achieve the required resolutio The 
expected rates are quite low, so some sharing of ADC cha nels 
may be possible to reduce the number Of electronunnels 
required. 

A calibration system must be included to ensure relative 
accuracy for adjacent channels. 

This system will be used in the level 1 tri 
crossing resolution is required. Simply us 
from the 4 planes does not uniquely determi the beam crossing. 
Unless this can be improved, either rpc's or s intillators will 
be required. , 

There are three approaches to the reado~ng considered. 

1. Using a version of the amplex chi designed at CERN. Either 
a switched capacitor array or stret (a sample hold, with a 
a self timed clear) is required fo the usec trigger delay. 
if a stretcher is used, a separat d tal pipeline is required 
to record the beam crossing info tion. 

2. Using a switched capacitor array directly as in the outer 
central tracker. The same sy~ can be used. A prompt trigger 
output is required, however. "/ 

3. use a time over threshold pulse and pipelined TDC. The 
analog information ncoded as a pulse width, with both 
edges recorded in the p line TDC. 

If some pipelined digital hi logic is used, several channels 
can be combined into one readout channel. This is true for all 
three of the approac outlined above. The ADC channel count 
could be reduced to 2 f a 256 strip chamber. The pipelined 
digital data dete ich channel provided the analog 
signal. 

In a 60 MHz d~'g' l pipeline, record the OR of all prompt wire 
hits (latched r one beam crossing time if required) for the 4 
planes to obt n the best estimate of the beam crossing. 
Alternat ly, additionallly the OR of the anode wires can be 
sent t a C cH nel, one for each plane. Each pad 
pream lifi will also produce a fast timing pickoff. This 
sign 1 pie off causes the signal for that pad to be integrated 
and ore for the next 3 microseconds. In addition, an error 
flag is et whenever a hit arrives on a channel during the time 
that anal data is already being stored for that channel, 
indicating ambiguous data. The error flag, when set, must 



persist as long as the analog data is stored. 

When a lst level trigger arrives, we save all prompt digital 
data for the correct beam crossing, the error flag for all h 
channels, and the analog data from all hit channels. In case l 
and 2 we digitize the stored analog signal, in case 3 we simply 
store the leading and trailing edge times for the pulse. 

task list: 

l. preamplifiers. ' 
These are low noise preamplifiers, designed for 
high input capacitance. The signal to noise ratio, afe 
shaping, must be greater than 40 db. Again, differential 
outputs are preferred. Test and calibration pul?tyt be 
inserted at the preamplifier input, or in the ch er tself. 
This requires a custom integrated circuit design 

2. cables to racks mounted on the magnet pole ace 
This is a short run of shielded twisted pair , worst case is 
15 meters. If all electronics is located o the chamber, these 
cables are not necessary. 

3. shapers, discriminator and sample/hold for ch channel 
4. digital pipeline with error flags for each channel 
5. analog multiplexing and adc system'~ 
These 3 items are combined on one large ci it board, with 256 
input channels, and 32 ADC channels. Trigg outputs, if 
required, will be generated by this board. This channel density 
requires a substantial increase iEo ctor density over the 
current practice. 
This requires· a custom integrated cir it design. 

6. crate by crate readout to the upp counting room 
This cable run is at least 50 meters. , 

7. receiver/buffers for 130 o~l fibers Each channel 
requires a few thousand bytes~~f-f;st buffer. Thirty two 
channels on a fastbus sized board will be a challenge. 

8. integration into the vel 2 trigger, and into the final data 
stream for level 3. 
This is accomplished by suff cient buffer space on the receiver 
boards, and integration into the event builder. 

Muon trigger system (~er and end cap) 

In the case of resi iv plate chambers, most of the electronics 
can be chamber mounte • For the muon endcaps, this logic will 
be in the samz;ce (on chamber or in nearby racks) as the 
readout electro ics. 

l. logic disc minator on each channel 

inat rial logic, programmable for detecting valid 

robably be implemented using commercially available 
·aJii~~le gate array chips. 

3. pipeline igital storage to record trigger pattern. 



4. cabling to lower counting room 
The cable run is less than 40 meters. 



7. support systems in the hall for all detectors 

l. high voltage for outer central tracker, barrel and end cap 
muon chambers 

2. cabling for high voltage distribution 

The high voltage system is based on the expectation ~ 
suitable commercial products will be available in the SSC time 
frame. currently available commercial HV supplies c t $150 per 
channel in the least expensive versions. Systems sui le for 
use at the SSC can be expected to be less expensive, for similar 
functionality and performance. Development costso.ro if we 
use off the shelf components. 

3. low voltage power and cooling for detector mou te electronics 

4. low voltage power and cooling for rackb mt electronics in 
the hall 

s. low voltage cabling for rack and detecto ower 
The low voltage power supplies will be locate in the hall, 
close to the magnet, but in an area where the field is less than 
O.l Tesla. Local magnetic shielding ~~_!red, at least for 
the transformers and other magnetic compo .. ,.~s. 

Note that all cabling in the hall or in the detector is expected 
to confo~ to CEJUf ~les for und•~ •~•· 



a. Generic development cost used in the cost estimates. 

The following estimates are based on a labor rate of $80. pe 
hour. This is comparable to the fully burdened rate for an 
engineer/physicist at one of the national laboratories. 

Integrated Circuit Development costs 

An estimate of the cost of custom integrated circuit~s made 
by dividing the development into four phases; feasibi ity 
study, design, prototyping, and engineering developm t and 
implementation (EDI). The estimate is further divide the 
complexity of the integrated circuit. For example an 
amplifier or discriminator is considered low com~, a TDC 
with pipeline storage and sparse readout is cons red high 
complexity. The difference in complexity is lar ly eflected 
in the design and prototyping costs. 

Based on reviews of recent and on-going inte circuit 
projects at Lecroy, the following costs are stimated for the 
development of a custom monolithic integrat d circuit, using 
well established methods and processes: 

($ in thousands) 

Feasibility Study 

Design 

Prototyping 

R&D Total 

EDI 

EDI Total 

Labor hrs 
$ 

Labor hrs 
$ 

$ 
Labor hrs 

$ 

0 

complexity , 
lo~ high 

200 

€
60 .8 

0 
.6 

16 

2000 
160 

30 40 
, 30 

~ 
60 

2.4 4.8 

102.8K 220.8K 

150 150 
75 300 

6 24 

156K 174K 



Printed Circuit Board Development costs 

The estimated development cost of a generic printed circuit 
board is based on studies of the development cost of printed 
circuit boards in production at Lecroy. This estimate applies 
to a situation where the technology used is well underst 
As in the integrated circuit case, the estimate is made 
separately for low and high complexity designs. 

complexity ( 
($ in thousands) low high 

Feasibility 

Design 

Prototyping 

R&D Total 

EDI 
N.R.E. 

Study 
Labor 
Labor 

Labor 
Labor 

Labor 
Labor 

Labor 
Labor 

documentation 
Labor 
Labor 

EDI Total 

( 

hrs 
$ 

hrs 
$ 

$ 
hrs 

$ 

$ 
hrs 

$ 

hrs 
$ 

60 u 4.8 6 4 

670 20 
53.6 160 

3.3 G 10 240 
19.2 

----~~-----------80.9K 220.4K 
I 

16.~ 16.5 
40 80 

1:6: 6.4 

500 
40 

--------
27.7K 62.9K 



Production costs. 

Inteqrated circuit production cost. 

The rapid pace of advances in semiconductor processing, and 
the reduction in unit costs that have occurred in past ye rs 
are expected to continue. The current costs can be used o •• ~,,,.­
as a guide to future costs. The presented prices are based 
current experience with integrated circuits used in h~' 
energy physics applications. They include manufactur g, 
testing, and packaging. 

Production Cost (in dollars) $ 10 - $ 16 /unit. 

Printed ci~it board product!~ cost ~ 
The cost estimates are based on two categories of board 
design. A complex function board, such as a US TDC or 
ADC, and a simple function board such as a amber mounted 
amplifier and discriminator. With modern oduction 
techniques, these boards have similar costs er unit area, 
they differ primarily in the number of signal hannels per 
unit area. For the complex function board, 128 channels are 
assumed on a board 40 cm by 40 cm. Th'~s a modest 
extrapolation from current designs of TDC rds in FASTBUS. 
The simple function board is estimated to ve about 60% more 
channels per unit area. These estimates include standard 
parts, automated assembly, and au~o a d testing. They do not 
include the costs of custom ICs. 

Complex function boards $24.00 / channel 
Simple function boards $15.00 / channel 

Crate Slot Cost 

Low voltage power, cooling and mechanical costs for racks and 
crates are combined o a crate slot cost, estimated to be 
$900 per slot. This pe ts simple scaling with the number of 
channels per board, and th er of boards. This slot cost 
estimate is based on the cur ent cost of a FASTBUS crate with 
a controller, in a rack, with power and cooling. 

0 
( 



GEM Electronics, The Collt Estimate 

LeCroy Corporation, Decellber 10, 1991 

This is a preliminary doc\iment, not the final version. Th __ "-"" 
document is just beginning the process of open discussion, 
comment and revision. There may be occasional incon~i encies 
errors in the cost estimate and in the supporting te • Some 
parts of the data acquisition system are not yet incl ded in the 
estimate. 

This estimate is based on already knowing what t~. These 
costs are for the implementation phase, not the or ory R&D 
phase. The development tasks must be well defin an the 
technologies well understood for these estimates reliable. 

For each system, a straw man design has been n, which can 
be implemented with available technology, or only a short 
extrapolation from currently available te ologies. The final 
design may be quite different from that des ibed here. 

The rate of change in electronics technol is high enough that 

d 

These estimates are best described as top-down, using analogies 
with existing systems, rather than a fu=ottoms-up approach. 

a bottoms-up estimate based on current tee ology is inapproprite. 



Generic development and production costs 

These generic items are taken from the EMPACT/TEXAS cost 
estimate, with some additions. They have been reviewed here at 
Lecroy and are still considered to be a reliable guide to 
development and production costs. The original caveats also 
still apply, these costs are a guide only in the case of W--~~' 
understood systems, not necessarily correct for systems which 
are beyond the current state of the art. ( 

item engineering / design fabrication 

labor rate $ materials 

generic IC, 
simple 

generic IC 
complex digital 

generic IC 
complex analog 

0.5 MY 160k/MY SOK 

1.25 MY 160k/MY 200K 

2 MY 160k/MY 320k 

/7) $12 each { v ($24 radhard) 

190K $16 each 

l80k 

C 
($32 radhard) 

190 $50 each 
($100 radhard) 

For the complex analog chips, a special test station is 
required, for production testing. This~ll be more thorough 
than normal fab house testing. This woul st all storage 
locations in a switched capacitor array, fo example. 

analog test 
system 

generic PC 
board, simple 

1 MY 

0.55 MY 

160k/MY 16~00k 

160k/MY 8~ '--. 20k 

generic PC 1.5 MY 160k/~40k 
board, complex "j 

30k 

$16 / test 
(operating cost) 

$8./sq inch 

$15./sq inch 

The pc board production costs include all common parts, but not the 
special custom integsd circuits. This cost also includes assembly, 
test and calibration. 

For the very high density sy ems in the central detector 
region, Hybrid or chip-on-board construction techniques must be 
used. The developmen ffort required is similar to a large pc 
board. The estimate o t e generic cost is based on LeCroy's 
experience with a 1 r brid TDC for a chamber mounted 
application. This te is an extrapolation to a highly 
automated production tem. Note that the cost of working 
silicon is in~neighborhood of $500 per sq.in •• 

generic large 1.s MY 160k/MY 240k 30k $100./sq inch 
hybrid chip 

The sl t co t for rack mounted boards is based on the typical 
cost f a STBUS crate, with power and controller. For the 
rack mo ed near or on the magnet, this is increased by $600 to 
include extra costs associated with liquid cooling and 
remote po supplies. 



GEM Components BDIA Fabrication 

Inner central tracker 
This portion of the detector is being designed at Los Alamos. 
The electronics design and packaging is an integral part of the 
detector, and will not be further discussed here. 

7000 readout and communication links 
optical fiber, 75 meters 

receiver/buffer boards 
complex board, 6 sq in / link 

( 

$270k ~90/link 



GEM Components 

outer central tracker 300k pad channels 

preamplifier 
8 channel custom IC 
1 chip per 8 pads (rad hard) 

Switched capacitor array chip 
1 chip per 16 pads (rad hard) 
8 bit adc included 

chip test station 

EDIA 

$260K 

$510K 

$260k 

Multiplexing and readout chip $390k 
1 chip per 64 pads (rad hard) 

Fabrication 

$ 

large hybrid, 5 pads / sq inch 
this is an extremely dense board, 
with liquid cooling 
the technical and cost risks are high 

power and cooling 

;-s6/pad 

~1/pad 0 $.5/pad 

$27~ $20./pad 

--------------------------------------~~--------------------------
totals $1 $31.5/pad 

($9.45M) 

1200 readout and communication li/S' 
1 for each 256 pads 
optical fiber, 75 meters 

receiver/buffer boards 
complex board, 6 sq in / link $270k , $90/link 

rack slot space, $900 / board~ , $30/link 
---------------------------------1---------------------------------
totals $270k $120/link 

($144K) 



GEM Components EDIA 

Pre-Radiator 500k strips in 2 layers 
62500 siqnal channels for shower position 
78125 energy channels for calorimetry 

preamplifier 1/8 strips 
8 channel custom IC (rad hard) 
l chip per 64 strips 

logarithmic flash adc,1/8 strips 
(rad hard) l adc /chip 

digital pipeline chip (rad hard) 
8 4bit wide channels / chip 
l chip per 64 strips 

sea and adc, 1/64 strips (rad bard) 
(energy channel) 

chip test station 

Multiplex and readout chip (rad bard) 
l chip per 64 strips 

large hybrid, 20 strips / sq inch 
(2.5 siqnal channels / sq inch) 

$260K 

$390k 

$390k 0 
$510K 

··.f: 
$390k 

this is an extremely dense board,12 
with liquid cooling 
the technical.and cost risks are ig 

power and cooling -

Fabrication 

$4./strip 
( $32/siqnal) 

$0.5/strip 
($4/siqnal) 

$0.1/strip 
($6/siqnal 

$0.25/strip 
($1/siqnal) 

$0.5/strip 

$5./strip 

----------------------------~--------------------------------------totals ~ , $2210k $10.85./strip 
I ($5.4M) 

8 non-adjacent stri~~ined into one siqnal channel. the 
total cost per signal c ~ is 8 times the cost per strip. 

500 readout and communication links 

receiver/buffer bo s 

l for each 1000 stmi (16 sca/adc channels) 
optical fiber, 75 m e s 

complex board, 6 sq ~ link $270k $90/link 

rack slot spac:c$900 / board $30/link 
-------------- ----------------------------------------------------totals $270k $120/link 

($60K) 



GEM Components EDIA 

Liquid Argon calorimeter about 80k channels 

preamplifier in the liquid 
(single channel monolithic chip, with 
If this must be a hybrid, the cost is 

$260k 
integrated J-FET) 
$25 per channel 

Fabrication 

pc board 4 channel / sq in 

cables to outside, SM sh tw pair 

shaper/driver pc board, 1 sqin/ch 

cables to ADC racks 20M sh tw pair 

$108k (2/cha el 

$20k 2/channel 

$108k 8/channel 

$20k ~ $8/channel 

the signal processing uses a dual range 
required dynamic range. Two SCA and two 
for each signal channel 

system t~~:ve the 

~~ ·~.:::-.::::., sea chip, not rad hard 
(some rad tolerance may be required) 
1 chip per 8 channels 

chip test station '~60k 

$5~k 12 bit high speed ADC chip 
(some rad tolerance may be 
1 chip per 8 channels 

chip test station 

required) 

0$260k 

~ "'-. $270k adc pc board 3 sq in / channel 

crate slot cost, $1500 / boar~ 
(special rack, remote power) ""/ 

$270k 

$2/channel 

$12/channel 

$2/channel 

$45/channel 

$25/channel 

-------------------------------------------------------------------
totals 

40 readout and communication links 
optical fiber, 50 meters 
(1 link / 2000 cali;?)r ter channels) 

receiver/buffer bo d 
complex board, 6 s 'n link 

rack slot space, 900 / board 

$2596k 

$270k 

$134./channel 
($10.7M) 

$90/link 

$30/link 

------- --------------------------------------------------------
totals 

Note 

$270k $120/link 
($5K) 

e calibration system for the liquid Argon is not included. 



GEM Components BDIA Fabrication 

•Muon Barrel system 133k channels 

discriminator IC $180K 
l chip per 8 wires 
proportional mode will cost more 

pc board 4 channel / sq in $108k (2/cha 1 

cables to TDC racks (20 M) $20k 8/channel 

TDC chip 8 channels $390k 2/channel 

PC board, 1.5 sq in /ch $270k f{) $22./channel 
128 tdc channels / board 

crate slot cost, $1500 / board $270k $12/channel 

~~;:~_::::~-~-::::::~------------~;;-~--~;!:~~ 
66 readout and communication links 
optical fiber, 50 meters 
(l link / 2000 tdc channels) 

complex board, 6 sq in / link 270k $90/link 
receiver/buffer boards [;:: 

rack slot space, $900 / board $30/link 
-------~------------------- -----------------------------------totals $270k $120/link 

($SK) 



GEM Component• EDIA 

MUon endcap system 252k channels 
mounting nearly all electronics on the chamber 
using shaping and sample-holds (local dead time) 
the technical risk is high 

preamplifier shaper & sample/hold 
chip, 16 channel 
(CERN Amplex derivative) 
l chip per 16 pads 

$180k 

Fabrication 

chip test station 

discriminator chip 
l chip per 16 pads 

digital loqic and hit fifo chip 
l chip per 16 pads 

$260k l./pad 

$390k ~ $1./pad 

:::~ ::~:~: pc board l sq in /ch 
256 pads / board 
this is a 'normal' density board 

anode wire preamplifier chip 
8 channels / chip 
l channel / 4 'pads' 

digital pipeline chip 
l channel / 4 'pads' 

pc board l sq in /ch 
l channel / 4 'pads' 

~$390k 

~""' $108k 

$0.4/pad 

$.25/pad 

$2./pad 

power and cooling , - -

-----------------------------~---------------------------------totals $1858k $23.65/pad 

250 readout and communica~ n links 
optical fiber, 50 meters 
(1 link / 1000 pad channels) 

($6M) 

complex board, 6 s i / ink $270k $90/link 
receiver/buffer bo~a 

rack slot space, $90 board $30/link 

total• -----~----------------------;;;~;-----------1~~g,~;;;;:-------



Some general observations 

Most of the electronics required by GEM does not now exis • 

The chip cost is a very small part of the total syst.,;;ost. 

The cost and reliability of the final system will de~on the 
system design, not on the chip design. ~ 

c 



Status of the GEM Muon Subsystem Cost Estimate 

One of the principal technology choices made by the GEM 
collaboration was elimination of L3-type muon chambers as an 
option. Previous design and cost estimating experience with such 
chambers was extensive and provided a relatively reliable estimate 
basis. However, it was felt that this technology involved unacceptable 
manufacturing complexity, and excessive costs. The two barrel region 
technology options described in the GEM LOI are believed to provide 
a means to achieve our technology independent performance goals 
with simpler, less expensive chambers. However, the engineering and 
cost experience with these options is limited. For these reasons and 
the limited time period since the decision, the cost estimate is not 
developed to the same level of certainty as that presented by L* in 
that collaboration's last cost review. 

Tables 2-2, 2-3 and 2-4 contain top level cost estimates for the muon 
subsystem options. At this time, the limited streamer drift tube 
(LSDT) barrel/cathode strip endcap chamber system is estimated to 
cost $113 million, and the pressurized drift tube (PDT) 
barrel/cathode strip endcap chamber option is estimated at $128 
million. As previously noted, the estimate is immature, and this is 
reflected in the large contingency levels assigned ($30 million and 
$34 million, respectively, for a mean contingency level of 
approximately 40%). 

The most developed portions of the current muon subsystem design 
and estimate are the specific LSDT chamber hardware, local support 
structures and local alignment. Global support and alignment are the 
least developed estimate areas. 

The principal near-term muon subsystem R&D and engineering 
activities will focus on upgrading the design detail and producing the 
large modular prototype (dubbed the Texas Test Rig (ITR)) at the 
SSCL. Since the ITR will include actual prototypes of all technology 
options, and support and alignment systems, this exercise, and 
associated engineering studies, will provide a firm basis for the cost 
estimate early in 1992. A strong group of more than 100 physicists 
and engineers is now engaged in the muon R&D and engineering 
activity. 



In addition to the TTR activity, specific design engineering in the first 
quarter of 1992 will concentrate on five areas. First, system interface 
definitions between the muon subsystem, the magnet and 
calorimeter will be established. This will define the installation 
procedure. Second, a complete chamber layout and alignment 
hardware design for both barrel options will facilitate definition of 
the barrel support structure. Third, the chamber layout and 
alignment hardware design for the endcap chambers will support 
definition of the endcap support strategy. Fourth, conceptual design, 
analysis and cost estimating based upon vendor estimates in 
response to design drawings will establish the baseline for the 
support structures and kinematic mounts in both regions. Finally, 
design of the baseline magnet/barrel region muon system interface 
will establish isolation from magnet deformations and strains 
induced by thermal variations. Chamber specific engineering will be 
carried out separately as part of the TTR prototype engineering. 



Status of the GEM Liquid Argon Integrated 
Calorimeter Subsystem and Preradiator Subsystem 

Cost Estimate 

Design and estimating of the GEM liquid argon integrated calorimeter 
has been carried out with the support of a team from Martin 
Marietta Science Systems. This organization has had extensive past 
experience with similar calorimeter designs for the EMPACTtrEXAS 
and SDC collaborations. For this reason, the estimate methodology 
and basis is well established, and takes advantage of the 
considerable historical experience of the Martin Marietta corporation. 
A sophisticated model of liquid argon costs has been developed over 
time, permitting rapid responses to design iterations. 

Table 7-1 is a summary of the cost estimate. Figures 7-1 and 7-2 
describe the configuration used in the estimate and included in the 
GEM LOI. This configuration does not yet constitute a formal GEM 
baseline. During the first quarter of 1992, a parameter set will be 
established and the cost estimate may vary as a result. In addition, 
the Martin Marietta manufacturing estimates assume national 
average industrial labor rates and a skilled labor mix. This area is 
currently being studied in order to investigate the possibilities for 
reduced fabrication costs. 

A preradiator is not currently part of the GEM baseline design. For 
completeness, Tables 2-1, 2-2, 2-3, and 2-4 contain $13.6 million for 
a preradiator to be placed between the liquid argon option and the 
central tracker. No selection of technology has been made. However, 
a system consisting of 3-4 radiation lengths of scintillation and 
ionization sampling liquid krypton, or silicon strips, or additional 
longitudinal segmentation in the liquid argon electromagnetic section 
might provide the desired functionality, should the design require 
additional rejection. Costs for the liquid argon segmentation fall well 
within the amount assigned for a preradiator. 



GEM LACWBS 

Engr/Deslgn M&S lnspectJAdmln Proc/Fab lnstl/Assy Cont. WBSTotal 

($k) ($k) ($k) ($k) ($k) ($k) 

Research & Dev. 1,537 222 536 4,412 3,485 2,524 12,747 

Concep/Prellm Design 982 39 0 0 0 255 1,276 

Construction 13,974 2,378 4,869 40,105 31,680 22,949 115,883 

Modules 2,381 855 2,652 7,698 16,327 7,687 37,600 

Cryostat 1,349 262 303 1,887 3,232 1,532 8,498 

Feedthrus 462 36 24 1,449 420 713 3,104 

Calorimeter Assy. 2,930 239 305 193 2,744 1,257 7,668 

Tooling/Fixtures 2,587 256 266 6,826 3,545 3,070 16,550 

Test Equipment 42 6 0 1,364 97 332 1,841 

Transportation 85 3 0 672 0 228 988 

Cryogenic System 286 31 149 4,122 346 1,678 6,612 

Facilities 139 6 2 2,000 0 730 2,8n 

Test Beam Program 0 0 0 2,862 0 744 3,606 

Installation/Test 135 41 48 67 844 295 1,430 

Electronics 682 62 149 10,965 711 3,268 15,837 

Subsys. Mgmt. & lntegr. 2,896 581 971 0 3,414 1,415 9,2n 

Total 16,493 2,639 5,405 44,517 35,165 25,728 129.llOI 

Percent of Total 13% 2% 4% 34% 27% 20% 

TABLE 7-1 



LIQUID ARGON CALORIMETER CONCEPT FOR THE LOI 

COARSE HADRON 
A=5.9 
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Dimensions in millimeters 

CENTRAL BARREL CALORIMETER WEIGHT= 970 MT 
ENDCAP CALORIMETER WEIGHT = 604 MT each 
TOTAL CALORIMETER WEIGHT= 2187 MT 

FIGURE 7-1 
LAC LOI 1213191 
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Status of the GEM Forward Calorimeter Subsystem 
Cost Estimate 

A technology selection for the GEM forward calorimeter has not been 
made. Several options are under consideration. These are a liquid 
argon/tungsten system, a circulating liquid scintillator system, and a 
high-pressure gas system. The most mature design concept and cost 
estimate exists for the liquid argon system. 

Figure 8-1 illustrates the liquid argon/tungstem concept which is the 
basis for the current estimate. The calorimeter is 10 A. thick, with 
1070 channels per end. The absorber plates are assumed to be 90% 
tungsten heavimet, and cryogenic utilities are provided by the 
central calorimeter. 

Table 8-1 is a top level summary of the system costs. Table 8-2 
provides a breakdown of the construction portion of the estimate. As 
with the central liquid argon system, this estimate utilizes the 
extensive database provided by Martin Marietta Science Systems. A 
detailed material analysis was carried out in support of this study. 
The individual component designs are preliminary, and unresolved 
issues include the positive ion drift time, the support tube structural 
rigidity, and a muon chamber shielding design. A substantial cost 
saving could be accomplished by locating the module closer to the 
interaction point and utilizing a single cryostat to support and cool 
the forward modules. The feasibility of this option is under study. 

During the first quarter of 1992, the designs of the liquid scintillator 
and high pressure gas options will be advanced, the liquid argon 
integration and support options will be studied, and a muon chamber 
shield design will be carried out. 
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GEM Forward Calorimeter Summary WBS 

Engr/Deslgn lnspect./Admln Proc/Fab lnstl/Assy Cont. WBSTotal 

($kl ($kl ($kl ($kl ($k) ($k) 

Modules 362 70 4,955 499 2,055 7,942 

Cryostat 774 49 416 113 306 1,660 

Feedthrus 131 3 210 25 67 437 

Calorimeter Assembly 622 145 32 661 266 1,727 

Tooling/Fixtures 201 18 255 139 132 746 

Test Equipment 10 0 95 14 26 147 

Transportation 21 0 17 0 11 49 

Cryogenic System 107 19 1,163 52 456 1,797 

Facllllles 48 2 140 0 64 254 

Test Beam Program 0 0 200 0 52 252 

lnstallationfTest 60 12 50 84 54 259 

Electronlcs 351 28 293 246 163 1,081 

Subsys Mgmt & lntegr 870 197 0 446 393 1,907 

Total 3,558 544 7,827 2,281 4,047 18,929 

Percent of Total 19% 3% 41% 120/o 21% 

TABLE 8-2 



Status of the GEM Central Tracker Subsystem Cost 
Estimate 

As discussed in the GEM LOI, we are studying a major change in the 
proposed GEM tracker, from the current silicon-straw-fiber 
configuration, to one based upon a silicon-interpolating pad chamber 
system. As major unresolved issues remain to be addressed in the 
interpolating pad option, we have retained the previous baseline in 
our estimates. Following resolution of the interpolating pad R&D and 
engineering issues, a new baseline would be adopted. This may result 
in substantial changes to the system costs. However, an important 
constraint in the new design is meeting the same overall cost target 
for the central tracker. 

The silicon microstrip-straw tube-scintillating fiber design discussed 
in the GEM LOI is the basis for the cost estimate presented in this 
report. Tables 2-2, 2-3 and 2-4 summarize the top level cost 
estimate. This system has been studied extensively in the context of 
the SSC major subsystem R&D programs for silicon tracker 
technology, and straw tube and scintillating fiber technology. The 
unit costs in this estimate have matured since the L* LOI and Theriot 
panel cost review, and these have been applied to the current 
configuration. 

As both the current, and proposed GEM baseline concepts employ 
silicon microstrips, recent effort has concentrated on upgrading the 
silicon tracker cost estimate and design. During the first quarter of 
1992, a major fraction of the mechanical components of this 
subsystem will advance to the detailed design drawing stage and will 
be submitted for vendor estimate. A functional prototype of the 
wafer-analog-digital-optical readout assembly will also be a major 
initial focus of activity. The design and estimate basis will therefore 
mature rapidly. 

At this time, no additional effort is being applied to the hybrid straw 
tube/scintillating fiber technologies. R&D on the interpolating pad 
chambers and electronics will focus immediately on resolution of the 
principal technical issues. A detailed chamber mechanical design, and 
support design will be developed. Chamber performance, support 
and materials thickness, precision and stability, radiation resistance, 
and electronics channel design and costs must be defined prior to 



Status of the GEM Barium Fluoride Electromagnetic 
Calorimeter Subsystem Cost Estimate 

Based upon considerable past experience with the existing L3 BOO 
calorimeter, and a vigorous program to develop suitable barium 
fluoride crystals for use at the SSC, the GEM option for a 
homogeneous electromagnetic calorimeter has a relatively mature 
cost estimate. Approximately four man years of engineering effort 
have been devoted to design and estimating. Table 10-1 lists the 
current design parameters. Figure 10-1 supplements the GEM LOI by 
providing details of the proposed readout geometry. 

The estimate assumes production of the crystals in China at a fixed 
price of $2.50/cc, no longitudinal segmentation, 0.04 x 0.04 
segmentation (15024 crystals), L3 BOO type composite enclosure, 25 
radiation length thickness, and coverage 0 < 11 < 2.5. 

The estimate is dominated by the cost of the crystals and composite 
structure, and displays, therefore, a low fraction of EDIA and R&D. 
The overall estimate contingency is approximately 17%. This low 
assigned contingency reflects the fixed price quotation for the 
crystals, and previous experience in fabricating the composite 
support structure in Italy. The most significant risk, radiation 
resistance of the crystals, is currently under review by an external 
panel of experts. A major goal of the GEM collaboration in 1992 is the 
resolution of this issue. 

Table 10-2 lists the detailed level 4 WBS cost estimate for this 
option. 



GEM Barium Fluoride EM Calorimeter 
Component Quantity Units 

Three Subassemblies BARREL Each 
TWO END CAPS Each 

Structure CARBON COMPOSITE 

Crystal Volume 10,589,810 cc 
Crystal Volume in Barrel 8,394,418 cc 
Crystal Volume in One End Cap 1,097,696 cc 

Crystal Sizes @ Eta=O.O 3.11 X 3.11 To 5.07 X 5.07 cm 
Crystal Sizes @ Eta=2.5 2.05 X 2.20 To 2.93 X 2. 73 cm 

Number of Crystals-Total 15024 each 
Number of Crystals-Barrel 10880 each 
Number of Crystals-One End Cap 2072 each 

Number of Channels-Total 15024 each 

Length of Crystals 500 mm 

Weight of Assembly 55.67 MTons 
Weight of Barrel 44.13 MTons 
Weight of Both End Caps 11.54 MTons 

Inner Radius 750 mm 
Outer Radius 1400 mm 
Total Length of Assembly 4600 mm 

Calibration RFQ ACCELLERATOR 

TABLE 10-1 

MARK RENNICH, 11/1/91 : OAK RIDGE NATIONAL LABORATORY 
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Status of the GEM Scintillating Fiber Hadron 
Calorimeter Subsystem Cost Estimate 

The scintillating fiber hadron calorimeter option also has a long 
history of R&D and engineering in the SSC and CERN programs. The 
GEM collaboration has about 10 man years of design experience with 
this technology. The estimate basis for this system is relatively 
mature, with the manufacturing technique and design variations 
providing the principal uncertainty in the estimate. 

Figures 11-1, 11-2, and 11-3 display the design basis used in the 
estimate. Table 11-1 lists the engineering parameters. The principal 
assumptions are a total thickness near 11. 7 ~ over most of the 
rapidity coverage, no longitudinal segmentation, 0.08 x 0.08 
segmentation (5168 channels), lead shot/eutectic absorber, 11.3% 
fiber fill and projective geometry. 

Table 11-2 lists the level 4 cost estimate WBS. In contrast to the 
barium fluoride subsystem, materials costs are relatively low. This is 
reflected in higher fractions of the estimate in EDIA and R&D. Overall 
contingency is 30%. 

The principal opportunity for cost reduction in this subsystem is 
reduction of the manufacturing costs. This will be a focus of future 
engineering studies. 



GEM Parameters 

Spavhettj Hadron Calorjmeter: 0.08 Sevmentatjop 
Lead Shot Filled (61.4%) 

Absorber Volume 

Channels 

Total Wei2ht 
Lead Shot 
Eutectic 
Structural Components 
Sheaths 
Fiber 

Percent Gaps in Absorber 

Total Absorption Lenght 
Active Absorption Lenght 
Passive Absorption Lenght 

Mechanical Towers 
Ring Assemblies 

Lenght of WLS Fiber 
Number ofWLS Fibers (3 mm) 
Number ofTransm. Fibers (1 mm) 

Inner Radius 
Outer Radius 
Length 

TABLE 11-1 

222.9 

5168 

2291.92 
1315.11 
696.35 
88.51 
172.44 
19.51 

3.00% 

10.00 
8.80 
1.20 

5168 
58 

3,942,100 
2,074,789 
2,074,789 

1400 
3900 
11100 

MARK RENNICH/ 12/9191 : OAK RIDGE NATIONAL LABORATORY 

M•J 

Each 

Metric Tons 

Metric Tons 

Metric Tons 

Metric Tons 

Metric Tons 

Metric Tons 

Lambda 

Lambda 

Lambda 

Each 

Each 

Meters 

Each 

Each 

mm 
mm 
mm 
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Status of the GEM Computer and Controls Subsystem 
Cost Estimate 

The GEM computer and controls subsystem includes all on-line 
computing and Level 3 filtering, and slow controls, data storage and 
retrieval, and communications and networking. Using a model based 
upon historical cost/computation power trends, we have estimated 
the costs required to meet GEM goals. Table 12-1 summarizes these 
projected costs. The total cost is estimated to be $20.5 million (FY91). 

An independent analysis assuming a median development of 
computing power versus costs of one factor of two every 18 months 
was also carried out. The performance/price extrapolation is shown 
in Figure 12-1. Figures 12-2, 12-3 and 12-4 illustrate the profile 
projected for the growth of GEM computing, the distribution of costs 
among controls, Level 3, networking and project management, and 
the staffing profile. Table 12-2 lists the cost estimate for this 
analysis. The total cost is estimated to be $21.5 million (FY91). This 
method yields a cost approximately 5% higher. This is well within the 
uncertainty of either method. In this analysis, the contingency is 
significantly lower. This is due to the assumption that GEM will 
accept a reduced computing power (scope contingency) at 
commissioning in 1999. 
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Status of the GEM Interface Systems/Project 
Management Cost Estimate 

Interface systems are defined in chapter 3 in the GBM cost 
estimating plan. Briefly, this category includes all non-subdetector 
specific items related to the experimental hall, surface facilities, 
process utilities, and safety systems not included in subsystem 
estimates, nor funded from other parts of the SSC project WBS, such 
as experimental facilities. Table 13-1 lists the current estimate for 
these categories. 

Project management support is estimated in Table 13-2. Project 
management for individual subsystems are included under each 
subsystem WBS as subsystem management. 

Both estimate tables represent preliminary estimates. 
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Cost Reduction Options 

As stated in section 3.7 of the GEM LOI, should cost reductions be 
necessary to remain within the GEM cost target of $500 million, we 
prefer to adopt measures which do not permanently compromise 
GEM detector performance. Thus deferral of a subdetector component 
is preferred to permanent reductions in resolution or segmentation. 
Table 14-1 lists several options for cost reduction. Some options 
involve no significant reduction in capability, some involve deferrals 
of capabilities, and some involve permanent scope reduction. The 
table is illustrative, and is not meant to be exhaustive. Following 
additional design and estimate studies, the GEM collaboration will 
apply cost reductions as needed to remain within cost targets. 



' ' 

TABLE 14-1 

SUBSYSTEM OPTION SCOPE $ 
REDUCI10N REDUCTION 

MAGNEf "Thin" end none 6M$ 
poles 

MAGNEf Reduce permanent 2M$ 
len2th 2m 

MAGNET Defer forward deferral, 2.7M$ 
field shaping; difficult 

Ml.Jail Defer middle deferral 2M$ 
laver RPC's 

Ml.Jail Multiplex deferral 3M$ 
readout 

Ml.Jail DeferLSDTx deferral l.8M$ 
channel 

electronics 
LIQ.ARGON 14A. -> 12A. permanent 5M$ 

CALORIMEI'FR endcao 
FORWARD z=4.5m none 5M$ 

CALORIMEI'FR 
FORWARD defer entire deferral 20M$ 

CALORIMEI'FR svstem 
PRE- delete permanent 14M$ 

RADIATOR 
PRE- use 3rd none if cuts 7M$ 

RADIATOR LAC EM equivalent 
see:ment 


