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Fig. 11.2: The USGS topographic map for the Ash River Trail sites. The rectangles show a 200 m by 40 m labora-
tory footprint. The shaded land near the laboratory sites belongs to Boise Cascade. Unshaded land in this area be-
longs to the State of Minnesota. 
                                       
Lo-
catio
n 

Description Latitude Longitude L (km) T(km) Angle 
(mr) 

Owner-
ship 

A SENW Sec. 14 48.375° 92.869° 811.4 14.37 17.6 State 
B SENE Sec. 14 48.377° 92.857° 811.2 13.51 16.7 State 
C SWNE Sec. 13 48.378° 92.841° 810.7 12.46 15.4 BCC 
D SENE Sec. 13 48.377° 92.836° 810.5 12.19 15.0 BCC 
E NWNE Sec. 13 48.381° 92.840° 811.0 12.26 15.1 State 
F SWNE Sec. 12 48.391° 92.840° 812.0 11.81 14.5 State 
 
Table 11.1: Parameters of Sites Near the Ash River Trail.   
 

11.2.2. Kjostad Lake Site: The Kjostad Lake sites 
lie both north and south of St. Louis County High-
way 23, approximately 8 km west of Buyck and 15 
km east of Orr. Highway 23 is a two-lane, all-
weather highway, which intersects U.S. 53 at Orr. 
North of Buyck, the road ends at Crane Lake, 
which is a U.S. port of entry for non-vehicular 

traffic from Canada. East of Buyck, the Echo Trail 
runs ~100 km to Ely. While the Echo Trail is us-
able most of the year, only ~15 km near Ely is 
paved. Orr has several gas stations and cafes, a 
supermarket, a bank and a few other stores, as well 
as a new AmericInn motel overlooking Pelican 
Lake. Buyck has several cafes and a golf course. 
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Electrical power and fiber optic cable run along 
Highway 23.  
 There are numerous possible detector sites in the 
Kjostad Lake area that lie 13±2 km off the central 
NuMI beam axis. All sites are ~775 km from Fer-
milab. Most of the sites are wooded, although often 
with only small aspen trees. Some of the possible 
sites belong to private owners, but much of the land 
belongs to the State of Minnesota, either outright or 
as tax-forfeit land. The largest private land owner 
in this area is the Potlatch Corporation. 
 At this time, we regard the Kjostad Lake detector 
locations as alternates to the Ash River Trail loca-
tions, so we are not currently pursuing detailed site 
selection in this area.  
11.2.3. Mine Centre Site: The furthest practical site 
from Fermilab, ~845 km away, is on Ontario 
Highway 11, near Mine Centre ON, about 60 km 
east of Fort Frances ON. Ontario Highway 11 is an 
all-weather highway with electrical power, tele-
communications and a rail line all running in a 
parallel corridor between Fort Frances and Thunder 
Bay ON. This site is east of the beam centerline on 
Crown (public) land. There are few constraints on 
land use in this area and it is likely possible to pick 
a specific detector location essentially adjacent to 
the highway and utilities at almost any desired 
distance off-axis by >5 km. We consider a site west 
of the centerline less practical, because the land in 
that area is a First Nation reservation.  
 We have had positive initial discussions with 
provincial and municipal officials regarding the 
feasibility of locating the NOνA Far Detector in the 
Mine Centre area. The disadvantages of a Canadian 
site are primarily more difficult logistics. Most 
detector elements and personnel will approach any 
of the NOνA Detector sites from the south, either 
on U.S. 53 or the adjacent Canadian National rail 
line. The Canadian site entails the additional com-
plexity of another hour of driving time and the 
variable time required for the border crossing. For 
this reason, a substantial Canadian participation in 
NOνA would likely be important to managing 
logistics and facilitating work at Mine Centre or 
any other Canadian site. 
 
11.3. Other Sites 
 We have also visited numerous sites close to 
Soudan. The distance from Fermilab for these sites 
varies from ~710 km at the Cliffs-Erie Mine site 

near Aurora to ~745 km for sites near Big Bay on 
Lake Vermillion, near the Fortune Bay resort 
complex. While these sites offer somewhat higher 
operational efficiency because they are in a more 
populated area than the sites further north, these 
sites have somewhat reduced matter effects because 
of the shorter baseline. For those reasons, we are 
not investigating these sites at this time. 
 A second Canadian site is available on Crown 
land on Ontario 502, which runs northeast from 
Ontario 11 to Dryden ON. This site would be the 
furthest possible location, ~900 km from Fermilab. 
However, although Ontario 502 is an all-weather 
highway, there is currently no electrical power or 
telecommunications along this route. This stretch 
of highway also has essentially no support services 
for about 100 km. 
 
11.4. Building 
 The NOνA Far Detector requires a detector 
enclosure ~200 m long by ~35 m wide by ~24 m 
high. This is a substantial structure, so we commis-
sioned two design studies to get a handle on the 
costs and cost drivers for such large buildings.  The 
first study was sponsored by the University of 
Minnesota and was performed by CNA Consulting 
Engineers with subcontracts to Dunham Associates  
and to  Miller-Dunwiddie Architects [1].  This 
CNA study focused on a cut and cover approach 
deep in bedrock with a 10-meter overburden to 
cover a “worst-case scenario” of a possible re-
quired cosmic ray shield.   
 The second study was done by the Fermilab 
Facilities Engineering Services Section [2] and 
focused instead on zero overburden.  The Fermilab 
design is for an above-grade building with a mini-
mal excavation just down to bedrock to ensure the 
50 kilotons is sitting on a solid surface.  Bedrock at 
most of the sites considered above is expected to be 
under only 10 to 15 feet of soil till. At the present 
time we do not anticipate using earth shielding 
around or over the detector building.  These two 
design studies indicate that sufficient Earth shield-
ing to have a significant effect (several meters in 
thickness) would increase the cost of the building 
by ~50%. Chapter 10 indicates that even this mod-
est overburden is probably not necessary. 
 While the two building design studies had dif-
ferent goals, they did agree with each other in cost 
at the 20% level when the Fermilab surface design 
was compared to a similar subsection of the Minne-
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sota design done by Miller-Dunwiddie.  In addi-
tion, both designs had common assumptions about 
the general site, for example including modest costs 
for short roads connecting to existing roads and 
modest cost to bring in nearby power.  Not all sites 
under consideration satisfy these assumptions, 
though the Ash River Site is a close match.   
 For the base detector design in this proposal, we 
anticipate constructing a 20-year life, metal-sided, 
metal-roofed building, similar to the usual experi-
mental area buildings located at accelerator labora-
tories. The building would have an additional 20-
meter long staging and assembly area at one end so 
that semi-trailers delivering either particleboard or 
PVC modules could be moved inside for unloading.  
This staging and assembly area would not require 
the full 20 m height.  Another low-roof section 
would be attached to the middle of one side of the 
building to handle the scintillator fluor and mineral 
oil delivery, mixing, and storage.  The details of the 
scintillator preparation and storage requirements 
are discussed in Chapter 7.  
 The building meets the horizontal wind stress 
loads, snow loads, and heating and cooling loads 
required in northern Minnesota. This area sits on 
the Canadian Shield and is seismically stable, so no 
special earthquake design features are required.  
The building would be insulated, heated and cooled 
to ~70 ± 10 F year round.  The cost of appropriate 
humidity control (for particleboard) is still under 
investigation. 
 The building would be outfitted with a 20-ton 
building crane on a 35-meter bridge and two mo-
bile gantry cranes for detector assembly. A small 
control room and a small technician work area 
would be included inside the main structure.  In 
addition, this “outfitting” of the building would 
include a robust steel structure underneath the 
detector to allow access to the bottom.  This bottom 
support would be a simple set of I-beams along the 
length of the building, each 2-foot high, 1 foot 
wide, and spaced 3 feet apart.  The detector parti-
cleboard / PVC structure would sit on top of the I-
beams.  Another light structure on top of the detec-
tor would hold the active shield counters high 
enough off the top of the detector to allow easy 
human access.  This top structure might be made of 
scaffolding and catwalk assemblies. 

 The scintillator oil delivery and storage tank 
section would require a fully engineered secondary 
containment.  In the main detector building the 
concrete floors and walls below grade may suffice 
for secondary containment.  For example, the 
Fermilab MiniBooNE oil tank is a sphere contain-
ing 0.8 kilotons of mineral oil and sits in a cylindri-
cal vault of concrete as its secondary containment.  
In the MiniBooNE case, the only precaution taken 
in the vault section is that the ground water sump 
enclosure (for water entering the perimeter of the 
building and being ejected into the local ground 
water distribution) has walls high enough to be 
above the level of the oil even if all of the oil were 
to leak out of the spherical tank.  No special con-
tainment pan was required inside of the Mini-
BooNE vault.  In the case of the NOνA Detector, 
our cellular structure should allow arguments that 
the worst credible spills are much smaller than 
those mitigated in the MiniBooNE case.  All these 
secondary containment issues and their associated 
costs are still under investigation and are of course 
dependent on possibly different environmental 
protection regulations in the different states / prov-
inces. 
 
11.5. Research and Development Topics 
 The constructing and outfitting of the detector 
building is a high cost element of this project. Since 
the detector itself can be considered as a structural 
element, there are potential trade-offs between the 
building and detector structure.  Sufficient civil 
engineering needs to be available to make a con-
ceptual building design that takes advantage of the 
detector structure and points out any detector deci-
sions that may significantly increase the building 
cost.  Obvious issues include detector construction 
speed, safety, and long-term detector stability. 
 
Chapter 11 References 
[1] Report for Off-Axis NuMI Neutrino Detector, 
U of M Project No. 298-03-1113, January, 2003. 
[2] Off-Axis Detector Enclosure Design Study 
Report, Fermi National Accelerator Laboratory, 
FESS Engineering Project No. 6-2-22, June, 2003.  
Also available as Off-Axis Note #9. 

 



13-2 

WBS Description Base Cost Overhead Contingency Sub-total 
1.0 Near Detector 2,152,582 430,516 2,583,099 5,166,198
            

2.0 Far Detector         
2.1 Absorber 12,618,525 476,991 3,708,788 16,804,304
2.2 Active Detector 28,324,540 1,468,466 9,230,940 39,023,945
2.3 FEE, Trigger and DAQ 6,375,205 705,098 3,864,988 10,945,290
2.4 Shipping&Customs Charges 5,421,343 1,084,269 1,355,336 7,860,947
2.5 Installation 11,789,067 3,069,957 5,661,376 20,520,401

 Detector Sub-total 64,528,679 6,804,781 23,821,428 95,154,888
          

3.0 Building and Outfitting         
3.1 Building 16,634,800 499,044 9,971,283 27,105,127
3.2 Outfitting 4,745,748 142,372 4,888,120 9,776,240

 Building and Outfitting Sub-total 21,380,548 641,416 14,859,403 36,881,367
          

4.0 Active Shield 1,602,882 416,749 2,019,631 4,039,262
            

5.0 Project Management 3,935,000 1,085,650 1,004,130 6,024,780
            

TPC Total Project Cost 93,599,690 9,379,113 44,287,691 147,266,495
 
Table 13.1: Work Breakdown Structure and second generation cost estimate  for Liquid Scintillator as the Active 
Detector technology. 
 
13.3.1. Absorber: There are two key elements in 
the costing of the absorber. The first is the unit 
cost of the particleboard and the second is the 
maximum size board available from the vendor. 
We have obtained quotes from three different ven-
dors. We found that current prices range from 
$0.10 to $0.12 per pound, not including delivery 
and that 8-ft by 24-ft by 1.125-in sheets should be 
available. Quoted Delivery costs by truck to the 
detector site in northern Minnesota have also been 
included.   
 The cost estimate for the absorber system also 
includes the materials cost of glue, screws and 
brackets for assembling the absorber sheets into 
stacks.  The cost of the detector support structure 
is included in the building outfitting 
13.3.2. Liquid Scintillator Active Detector: There 
are three major components to the liquid scintilla-
tor active detector. These are the PVC extruded 
modules, the wavelength shifting fibers and the 
liquid scintillator, which is a 9:1 mixture of min-
eral oil and fluor (pseudocumene). The baseline 
detector requires the assembly of ~18,000 ex-

truded modules with endcaps, fibers and mani-
folds. It is the simplicity of this assembly process 
that makes the liquid scintillator “win” as the most 
cost effective active detector. The time/motion 
analysis of the module assembly process indicates 
that a factory staffed with three assemblers and 
one supervisor can assemble 12 modules in one 
shift.  At this rate, two assembly factories can pro-
duce the modules at a rate matched to the stack 
assembly and installation at the far detector site. 
Over the four-year production and installation pe-
riod, the module assembly can be accomplished 
for under $2M, which is significantly cheaper than 
can be envisioned for the equivalent process for 
the alternative active detectors. 
13.3.3. Front End Electronics, Trigger and DAQ: 
The key components in the detector readout are 
the APD arrays and the custom front-end electron-
ics (FEE) to read out the APDs. The baseline de-
sign has just over 540,000 channels to be read out. 
Our vendor quote is $43 for a sixteen-pixel APD 
array.  
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   The custom electronics require the development 
of two custom ASICs incorporating a pre-
amplifier, integrating amplifier, Cockroft-Walton 
voltage generators, multiplexer and ADC.  The 
current estimate for production, fabrication and 
assembly of the FEE system is ~$4 dollars per 
channel, bringing the overall production cost of 
the readout to ~$8/channel. 
 The FEE, Trigger and DAQ system is the only 
one where the EDIA estimate has been made 
based on specific tasks rather than as a top down 
assessment of the manpower requirements. 
13.3.4. Shipping: For the baseline design the ship-
ping estimates include shipping (via truck) the 
empty modules from the two factories to the in-
stallation site, mineral oil  (via truck) from Texas 
to the detector site and absorber boards from a rail 
site to the far detector site. 
13.3.5. Installation: We have developed an instal-
lation procedure that enables us to determine the 
number of people that will be required to install 
the detector and how long it will take.  We have 
built into the estimate three phases of the installa-
tion: ramp-up, steady state and ramp down.   
   The installation cost estimate also includes the 
M&S costs of the specialized tools and fixtures 
required for the installation process. 
 
13.4. Other Project Costs 
13.4.1. Far Detector Site, Building and Outfitting: 
The current cost estimate does not include any 
land acquisition costs. However, the building cost 
estimate does include general preparation of the 
site such as clearing and grading. A one-mile ac-
cess road is also costed. Additional access road-
way costs ~$750k/mile. 
  The building cost estimate has been based on a 
simple industrial style building with no overbur-
den. To estimate costs we are using an algorithm 
developed by Fermilab Engineering Services Sec-
tion (FESS), which allows us to specify the detec-
tor dimensions, the desired depth below grade of 
the detector, as well as an installation staging area. 
The building estimate includes basic utilities such 
as electrical distribution, fire protection and 
HVAC but does not include any detector specific 
structures or outfitting. 
  Outfitting costs have been estimated for the base-
line detector based on a model for materials stag-
ing and handling. The outfitting cost estimate also 

includes the cost of a conceptual design for a de-
tector support structure. 
13.4.2. Active Shield: We have estimated the cost 
of an active  shield to identify penetrating cosmic 
ray muons, installed above and on either side of 
the detector. The front and back of the detector do 
not have an additional shield since the active 
planes of the detector serve the same purpose. The 
veto shield is composed of active detector modules 
read out by the same electronics as the main detec-
tor.  Inclusion of this veto shield requires the pro-
duction of an additional 560 modules and the cor-
responding 17,000 channels of electronics. We 
have included the cost of a simple support struc-
ture for the veto planes and an estimate of the ad-
ditional person-hours required for the installation. 
13.4.3. Near Detector: The off-axis near detector 
cost estimate is based on the conceptual design 
described in Chapter 9. The near detector is struc-
turally similar to the far detector except for its 
smaller transverse and longitudinal dimensions 
(3.7 m wide by 4.9 m high by 10 m long). We 
have scaled the unit costs of the particleboard and 
the active detector elements from those used in the 
far detector by the amount of material used, be-
cause the components are identical except for the 
smaller transverse dimensions of the absorber and 
the shorter extrusions. We have assumed that the 
near detector is read out with Hamamatsu M64 
PMTs, with readout electronics identical to that 
used for the MINOS Near Detector. The 44 planes 
of liquid scintillator modules (22 horizontal and 22 
vertical planes) contain 4620 tubes, which are read 
out by the same number of electronics channels.  
13.4.4. Project Management and ES&H: We have 
estimated the manpower needs and corresponding 
cost of a project office that would oversee the 
management and administration of this project. 
This category of project management includes the 
Project Manager, a deputy, “Level 1” managers 
for the detector and the conventional construction, 
a project scheduler, budget officer and administra-
tive assistants. A full time ES&H professional is 
also included in the project management budget.  
13.4.5. Operating Costs: We have used experience 
from the NuMI-MINOS Project to develop a 
model that costs those expenses incurred during 
the construction of a project, but are not appropri-
ate to be funded by capital equipment funds. These 
are items such as temporary building rental, utili-
ties in the buildings, telephone and network ex-
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penses, etc. During the construction of the MINOS 
far detector these funds were about $350,000 per 
year. Upon completion of the construction project, 
a budget was developed for the annual laboratory 
operating expenses which is currently ~$1.3M per 
year to support the laboratory with a crew of 8 
persons. At this time it is not obvious how the 
laboratory for the NOνA Far Detector would have 
to be staffed, but we do not anticipate that such 
expenses would be in excess of those currently 
needed at the Soudan Laboratory.    
  
13.5. Contingency Analysis 
   We are at a very early stage of the design of this 
experiment. Most designs are only conceptual and 
still require detailed engineering.  Therefore we 
feel that our overall contingency must be quite 
large, i.e. approaching 50% or greater on many of 
the items.  Several of our procurements are from 
foreign countries and the stability of the US dollar 
against the foreign currency cannot be assured. 
Technical issues such as the need for an overbur-
den on the building lead to a huge uncertainty in 
the cost of the civil construction. Finally, given the 
overall uncertainty in the timescale and funding 
profile for carrying out this project, we have ad-
justed our overall contingency accordingly. 
 
13.6. Schedule 
   Figure 13.1 shows a “technically driven” sched-
ule for the off-axis experiment. In addition to 
technical considerations, we have assumed that 
R&D funding will be available (from Fermilab 
and/or the NSF) in early FY 2005 and that DOE 
construction funding will be provided at the be-
ginning of FY 2007. If the Laboratory grants final 
approval in June 2005, the construction project for 
the experiment could be baselined in time for con-
struction funding to begin in early FY 2007. The 
near detector and the first 15% of the far detector 
would then be ready to start recording data from 
NuMI beam neutrinos two years later, in the fall of 
2008. The 50 kT far detector would be completed 
at the end of CY 2011. We realize that this sched-
ule is aggressive but we believe that it is techni-
cally achievable and that the required resources 
could be made available.  
 
 
 

13.7. Evolution of the Cost Estimate 
  The proposed detector for the NuMI Off-Axis 
Experiment is a large but uses only a few types of 
simple components.  This simplicity makes the 
cost estimating exercise straightforward and easy 
to understand.  Most of the mass of the detector is 
passive absorber and there is only one active de-
tector system, all read out by a single system of 
electronics.  The detector is a monolithic structure 
assembled from stacks of particleboard interleaved 
with active detector modules and constructed by 
carpenter-type skilled labor.  
   On the other hand, a penny per pound increase in 
the cost of the particleboard translates into an al-
most $1M increase in cost.  
   Likewise, the detector has 540,000 channels of 
electronics, currently estimated at ~$8/channel. An 
increase of $2/channel will add another million 
dollars.  Hence, we feel that at this early design 
stage it is important to allocate contingency in a 
very conservative manner.  
   In selecting the liquid scintillator for the active 
detector technology we have been driven primarily 
on the basis of a comparison of the cost with two 
other active detector technologies, namely solid 
scintillator and glass RPCs, each of which we be-
lieve would perform satisfactorily. We are retain-
ing both as possible backup technologies. 
   Table 13.2 summarizes the cost estimate com-
parison of the four active detector options that 
were considered when the baseline technology was 
chosen for this proposal. 
13.7.1. Solid Scintillator Active Detector:  The 
MINOS Far and Near Detectors are tracking calo-
rimeters composed of alternating layers of iron 
and solid scintillator read out by wavelength shift-
ing fibers and photomultiplier tubes. The far detec-
tor has been installed and is currently operating at 
the Soudan Underground Laboratory and the Near 
Detector is currently being installed on the Fermi-
lab site. The 5.4-kiloton Far and the one-kiloton 
Near Detectors were constructed for a total project 
cost of $42M, including EDIA and overhead, of 
which $19M was the active detector system.  This 
included the cost of the scintillator strips, module 
construction, manifolds, fiber, connectors and 
multi-channel PMTs and bases. The MINOS de-
tectors include 285,000 kg of scintillator, 782,000 
m of scintillating fiber and 32,000 channels of 
PMTs.  
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Fig. 13.1: Proposed schedule for the NuMI off-axis experiment. This is approximately a technically driven 
schedule, in that a realistic timetable for the availability of funding has been assumed. The time scale is shown in 
calendar years. 
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   A cost estimate for using a solid scintillator ac-
tive detector for NOνA was made and found to be 
far more expensive than the two other alternatives 
that were considered, namely the liquid scintillator 
and the RPCs, mainly because of the cost of the 
extrusions and the photomultiplier tubes.  Replac-
ing the PMTs with APDs reduces the cost accord-
ingly, but to date the cost of the extrusions keeps 
the solid alternative from being a competitive op-
tion.  In MINOS the solid extrusions cost ~$10/kg. 
It is currently thought that this may be able to be 
reduced to $6-7/kg, but even this rate keeps the 
solid option prohibitively expensive. 
   In the cost comparison shown in Table 13.2, 
$6.4/kg and APD readout devices were used.  
13.7.2. RPC Active Detector: A more cost com-
petitive alternate technology for the active detector 
elements is glass resistive plate chambers (RPCs).  
A conceptual design for the NOνA Detector using 

RPCs contained in custom made modules, as de-
scribed in the Appendix of this proposal, has been 
costed using the same methodology as for the 
baseline detector. The results of this costing exer-
cise showed that the RPC active detector was more 
expensive than the liquid active detector for two 
main reasons. The first was because of the extra 
labor involved in the construction of the chambers 
and the containers. The second was because of the 
complex gas and high voltage systems. The RPC 
design incorporates readout of both the x and y 
coordinates, though it was noted that if an x or y 
readout scheme were adequate, there could be 
non-trivial cost savings in the readout board mate-
rials and the front end electronics.  Proponents of 
the RPC technology are currently working on de-
sign modifications which would address these cost 
drivers and hence produce a more competitive al-
ternative. 

 

WBS 

  RPC 2-D  
(x and y) 
readout 

RPC 1-D  
(x or y) 
Readout 

Solid Scintil-
lator 

Liquid Scintil-
lator 

2.0 Far Detector         
2.1 Absorber 12.6 12.6 13.3 12.1

2.2 Active Detector 57.0 50.7 78.2 36.5

2.3 FEE, Trigger and DAQ 8.3 4.5 6.1 5.0

2.4 Shipping & Customs Charges 2.2 2.2 3.0 1.0

2.5 Installation 2.6 2.6 5.8 4.7

  Detector Sub-total 82.7 72.6 106.4 59.3

 
Table 13.2: Work Breakdown Structure and first generation cost estimate for the far detector using three active detec-
tor technologies.  Note that these are “base costs” only and do not include EDIA, overhead or contingency. These 
costs were presented in the December 2003 Off-Axis Experiment status report and were the costs used in making the 
baseline technology choice.  Cost estimates for the liquid scintillator technology have now been superceded and are 
presented in Table 13.1. 
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Appendix. RPC Detector Description 
 
A.1. Overview 
 Detailed design studies for an off-axis experi-
ment using both liquid scintillator and Resistive 
Plate Chamber (RPC) technologies were con-
ducted in parallel during the past two years. Each 
design study produced a complete, stand-alone 
plan for constructing, installing and operating de-
tectors for a 50-kiloton off-axis detector, including 
independent simulations, civil construction plans, 
cost estimates and schedules.  
  Chapter 6 describes how the selection of the liq-
uid scintillator technology as the baseline for this 
proposal was made. This Appendix provides a de-
scription of the alternative RPC detector design at 
the same level as the technical description of the 
baseline liquid scintillator design in Chapter 7. 
Descriptions of RPC detector simulations, civil 
construction plans, cost estimates and schedules 
are not included here but are documented in detail 
elsewhere [1,2,3]. 
 The low rate environment of a neutrino experi-
ment makes it possible to utilize glass resistive 
plate chambers (RPCs) with strip readout as active 
detectors. Glass RPCs have an excellent track re-
cord (BELLE [4], HARP [5]) and should be dis-
tinguished from the traditional Bakelite RPC tech-
nology.  
   RPC chambers may be considered as detectors 
of choice for large area, low maintenance experi-
ments in remote locations. Examples of uses or 
proposed uses of very large areas of RPC cham-
bers include 
• OPERA in Gran Sasso [6], 
• ARGO experiment in Tibet [7], 
• ATLAS and CMS at LHC [8], 
• Indian Neutrino Observatory [9], 
• Energy flow calorimeter [10] and muon detectors 
[11] for the Linear Collider experiment. 
 Attractive features of the glass RPCs include: 
• Two-dimensional position information from 
every plane of detectors maximizes the topological 
information about neutrino events, 
• Uniform response over the entire detector area, 
• Very large induced signals (in streamer mode) 
require only simple and inexpensive electronics, 
• Simplicity of construction leads to low produc-
tion costs, typically $100-150/m2 [12]. 

 An important advantage of the RPC technology 
is that it allows the detector to be constructed in a 
modular fashion. This facilitates detector construc-
tion and enables distribution of the production ef-
fort among a number of collaborating institutions. 
It could also allow the detector to be moved to 
another location, at least in principle, should the 
initial results indicate that moving would enhance 
the physics reach of the experiment. 
 The proposed RPC detector consists of 1200 
identical 42-metric-ton modules, each 8.534 m  
(28 ft) long, 2.438 m (8 ft) high and 2.6 m deep. 
Modules are stacked in an array consisting of 75 
planes along the beam direction, each plane being 
2 modules wide and 8 high, as shown in Fig. A.1. 
This design provides a high degree of hermeticity; 
the gap at the center of the detector between two 
side-by-side modules is kept to 5 mm. The dis-
tance between the modules along the beam axis is 
chosen to simplify the stacking and unstacking 
procedure and is of the order of 5 cm. The dimen-
sions of the full detector are 17.1 x 19.5 x 195 m3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A.1: Five planes of the stacked modules. 
 
 Modules within each plane are interlocked by 
corner blocks (Fig. A.2), similar to those in com-
mercial shipping containers. Endframes transmit 
the load of each module to its corner posts and 
those corner posts bear all the weight of modules 
stacked above. Readout electronics and gas distri-
bution and recirculation lines are mounted on both 
sides of the detector and are readily accessible dur-
ing the operation of the experiment. 

steel endframes 

steel endframes 

aluminum 
endframes 
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 Experience with large systems of glass RPCs 
indicates that there should be no need to replace or 
repair them. To further minimize any need for re-
placement, this design provides redundancy by 
constructing each active detector plane from two 
independent planes of chambers. Nonetheless, it is 
worth noting that each vertical column of modules 
can be unstacked without affecting its neighbors. 
 
 
 
 
 
 
 
 
 
 
Fig. A.2: Module corner blocks. Aluminum blocks are 
embedded in the top and bottom of each composite col-
umn. The 3.8 cm diameter steel pins in top blocks fit 
into steel inserts in bottom blocks. 
 
   Table A.1 summarizes the parameters of the 
RPC far detector. 
 
Detector mass 50 kT 
Active detector mass 8.9 kT 
Detector height 19.5 m 
Detector width 17.1 m 
Detector length 195 m 
Absorber Particleboard 
Absorber density 0.7 g/cc 
Active detector Glass RPC 
Active detector module Single-gap (2 mm) RPC 
Chamber height 2.425 m 
Chamber width 2.844 m 
Horizontal strip width 3.80 cm 
Vertical strip width 4.44 cm 
Strips per module layer 256 
Chambers per module 
layer 

6 = 3 double-gap RPCs 

Module layers per module 12 
Number of modules/plane 16 
Number of module planes 75 
Total number of modules 1200 
Total number of module 
layers 

900 

Total number of chambers 43,200 double-gap RPCs 
Total number of strips 3,686,400 
Dead area fraction 1.98% 

 
Table A.1: Parameters of the RPC far detector. 

A.2. Detector Design 
A.2.1. Module geometry: Each module consists of 
13 vertical planes of absorber interleaved with 
double planes of RPCs. Two end plates, Fig. A.3, 
provide the mechanical rigidity of the module. In 
order to minimize the amount of dead material in 
the fiducial volume of the detector, the end plates 
located in the center of the detector are made of 
0.3175 cm thick aluminum. The other end plates, 
located at the edge of the detector, are made of 
steel. The weight of the module is supported by 
two bottom angles, each 1.27 cm thick and 15.24 x 
15.24 cm wide, and subsequently transferred to 
four corner posts. These posts ultimately transfer 
the load to the floor in a manner analogous to the 
posts in a standard shipping container. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A.3: End plate and the corner post. 
 
 To minimize the dead material in the fiducial 
volume, the corner posts are composed of two 
aluminum plates, 1.27 cm x 30.5 cm x 243.8 cm, 
sandwiched around a 7.62 cm thick particle board. 
The corner posts are 1.27 cm longer than the verti-
cal absorber height, leaving 6.3 mm vertical clear-
ance between modules. 
At the outer edge of the module, the plates are 
made of steel, which reduces the cost and rein-
forces the structure. These posts are part of the 
absorber structure and represent only a small deg-
radation of the sampling of the detector: an addi-

bottom corner fitting 

top corner fitting
4 in

3 in 

Composite particle board corner post  
formed by sandwiching 3 in absorber 
between two 1/2 inch thick aluminum 
plates on one end, and two 3/8 inch 
thick steel plates on the other. 

1/8 in. skin with 1/8 in ribs. 
Endframe toward center of 
detector array is aluminum; 
endframe on detector perimeter 
is steel. 

12 in

Structural angle “shelf” for 
RPC and absorber support. 
Steel endwall uses L6x6x3/8; 
aluminum endwall uses 
L6x6x1/2. 

8 rows of 5/8 in countersunk 
bolts, 3 bolts/row. Metal-particle 
board surfaces are also glued. 

structural side-
wall absorber
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tional 0.25 X0 over 6% of the area of only 6% of 
the absorber planes. 
 To support the module weight, the bottom an-
gles are reinforced by welding 10 ribs (aluminum 
at the center, steel at the periphery) 0.3175 cm 
thick and 15.24 cm wide. Absorber/RPC assem-
blies attached to the corner posts and to the ribs 
create a toaster-like structure, shown in Fig. A.4. 
 Module frames, after the proper checkout of the 
detector elements, will be shipped to the experi-
mental site, where absorber planes are installed, as 
shown in Fig. A.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A.4: “Toaster”construction of a module. 
 
A.2.2. Absorber planes: There are 13 absorber 
planes in a module. The central eleven are 10.2 cm 
thick and are assembled out of 4 boards 8.534 m 
long, 2.438 m wide and 2.54 cm thick, held to-
gether by glue and screws. The first and last ab-

sorber planes are constructed in a similar manner 
but are half as thick. Thus, when taken together 
with the first and last planes of preceding and suc-
ceeding modules, they result in a uniform sam-
pling thickness across module boundaries. The 
absorber planes have 1.27 cm deep and 15.24 cm 
long notches at the bottom corners to accommo-
date the weight-supporting angles on which they 
rest. The support for the two end planes is pro-
vided by the corner posts, which are an integral 
part of them. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A.5: Insertion of the absorber planes into a 
“toaster.” 
 
A.2.3. Detector unit: A detector unit consists of 
two planes of RPCs sandwiched between two par-
ticleboards, the readout boards, one carrying the 
horizontal readout strips and the other the vertical 
ones. The boards also serve as protection for the 
glass chambers. A detector unit is 8.534 m long 
and 2.438 m high. It also has 1.27 cm deep and 
15.24 cm long notches at the bottom corners to 
accommodate the weight-supporting angles on 
which they rest. The chambers cover an area of 
8.534 x 2.425 m2. Gaps between adjacent cham-
bers and modules result in a total “dead” area frac-
tion of 0.95%. 
A.2.4. RPC chambers: Glass RPC chambers utilize 
inexpensive commercial float glass of high resis-
tivity, 1012 Ω cm, instead of the traditional Bake-
lite used in other RPCs. An RPC, shown in Fig. 
A.6, is composed of two parallel glass electrodes, 
kept 2 mm apart by appropriate spacers. The gap 
between electrodes is filled with a suitable non-
flammable gas mixture. The resistive coating on 
the outer surfaces of the glass connected to the HV 
power supply creates a strong electric field of 
about 4.5 kV/mm across the gap. An ionizing par-

Placing First Structural Sidewall 

module assembly 
fixture

Inserting and Attaching 
RPC Modules to Ribs 

Attaching Final 
Structural Sidewall 

4 inch thick absorbers 

4.5 inch thick 
RPC modules
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ticle initiates a local discharge, which induces a 
signal on external pickup electrodes strips. The 
high resistivity of the glass and the quenching 
properties of the gas limit the discharge to a small 
area. 

 
Fig. A.6: Glass RPC detector principle. 
  
   The development of an electron avalanche in an 
RPC gas gap has been simulated by a number of 
authors [1,13]. In the avalanche, a wave front of 
electrons moves rapidly (~100 microns/ns) toward 
the positively charged glass surface. On this time 
scale, the positive ions are nearly stationary.  
Simulations indicate that the separation of elec-
trons and positive ions generates a dipole-like 
electric field extending beyond the gas gap, which 
induces a signal on the RPC readout strips. 
 Each pickup electrode is a plane of metallic 
strips glued to an insulating layer, on the other side 
of which is glued another metallic plane held at 
ground. This transforms the pickup strips into 
transmission lines, allowing the signals to be 
transported over long strip lengths. The induced 
pulses are typically 100-300 mV/50Ω with few ns 
time resolution. These large signals (100-200 pC 
in streamer mode) allow for the possibility of a 
variety of cost saving options in the readout elec-
tronics. Pickup electrodes are located on both sides 
of the chamber with strips oriented orthogonal to 
each other, so that two coordinates can be obtained 
from a single RPC gap. 
 Chambers for the NOνA detector are con-
structed in a manner very similar to the BELLE 
chambers, which have operated reliably for over 
four years at KEK. Each RPC plane is made up of 
three separate chambers with a daisy-chained gas 

supply and a separate high voltage and current 
read-back for each chamber. The 2.844 x 2.425 m2 
chambers are built from 3-mm thick float glass. A 
uniform distance between the glass plates, which 
defines the electric field in the chamber, is ensured 
by 2 mm thick Noryl spacers, 20 cm apart and 
glued to both glass plates. These spacers, glued in 
a maze-like pattern, serve several purposes: 
• Ensure uniform gas flow over chamber area,  
• Maintain uniform spacing of the glass plates, 
• Protect the chamber from breaking in the event 
of a sudden change in atmospheric pressure.  
 The BELLE chambers were built with 2 mm 
glass. The thicker 3-mm glass in the NOνA detec-
tor allows the separation of spacers to be increased 
from 10 cm to 20 cm, while still withstanding a 
difference between the internal and atmospheric 
pressures of up to 20 cm of water. Reducing the 
number of spacers has two advantages. It reduces 
the dead space, and therefore the inefficiency, and 
also reduces the required manpower, and therefore 
the cost, of gluing the spacers. 
 The outer perimeter of the glass plates is sealed 
with a T-shaped extruded Noryl border to provide 
a gas-tight volume. The corners of the chambers 
are cut at a 45° angle. Triangular, injection molded 
plastic pieces glued in the chamber corners contain 
the gas inlet and outlet. Edge seals and corner cut-
outs result in a dead area fraction of 1.03% that, 
combined with the dead area between chambers, 
gives a total dead area fraction of 1.98% 
 The outer surfaces of the glass are painted with a 
resistive paint. High voltage leads are soldered to a 
copper pad glued to these resistive layers. An insu-
lating plastic sheet covers the entire surface of the 
chamber. 
A.2.5. Readout boards: Two particleboards, 
8.534 m long and 2.438 m high, form the covers of 
the detector unit, with glass RPCs sandwiched be-
tween them. Both surfaces of both particleboards 
are laminated with thin copper foil glued to them. 
Copper foils on surfaces facing the chambers (in-
ner ones) are cut into strips; the other surface is a 
ground plane which creates a transmission line. 
 Horizontal strips are 3.7 cm wide with 3.8 cm 
pitch, whereas vertical strips are 4.34 cm wide 
with 4.44 cm pitch. Thus one detector unit has 192 
vertical readout strips and 64 horizontal ones. 
A.2.6. Performance of RPCs: We have studied the 
performance of RPCs in the laboratory using a 
cosmic ray telescope and a set of small prototype 
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chambers. Each prototype is 25 x 25 cm2 and is 
built out of two 2-mm thick glass plates. The 
chamber gas was a mixture of 8% isobutane, 61% 
R134a (tetrafluoroethane) and 31% argon. A 
three-fold coincidence of scintillation counters 
selected particles that traversed a stack of three 
chambers. 
 The efficiency of these chambers as a function 
of high voltage is shown in Fig. A.7. It reaches 
92% at 8.3 kV and remains flat for several hun-
dred volts beyond this voltage. The dead space 
introduced by the spacer can account for about 1-
2% of the 8% inefficiency.  

 
Fig. A.7: Efficiency as a function of high voltage for 
three chambers. 
 
 In BELLE, in order to compensate for the ineffi-
ciency of single chambers, two RPCs were sand-
wiched between a single pair of readout planes. 
This makes each readout plane sensitive to the 
sum of the pulse heights generated by the stream-
ers in both RPCs. The positions of the spacers in 
the two RPCs were staggered so as not to overlap. 
A similar solution has been adopted for the NOνA 
detector, with two planes of RPCs positioned be-
tween two readout boards. 
 The pulse height induced by the streamer on the 
pad increases almost linearly with high voltage as 
shown in Fig. A.8. 

 
Fig. A.8: Pulse height as a function of high voltage for 
three chambers. 
 
 The dependence of the pulse height on the dis-
tance between the readout board and the RPC was 
measured using the same three chambers and is 
shown in Fig. A.9. Increasing this distance from 0 
to 9 mm results in a factor of two loss in pulse 
height. Note that in the configuration in which two 
RPC planes are read out by a single pair of readout 
boards, each of the two chambers will be at this 
distance from one of the boards.  

 
Fig. A.9: Pulse height vs. readout spacer thickness in 
mm. 
 
 The crosstalk, defined in this instance as the 
number of times a particle gives a signal in two 
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strips, the one it traverses and an adjacent one, was 
studied by using a chamber with a 3-cm-pitch strip 
readout instead of a single pad readout. It goes 
from 100% when the particle passes just at the 
edge of the adjacent strip to 3% when the particle 
is in the center of the neighboring strip.  
 
A.3. Readout Electronics 
A.3.1. Overview: When operated in streamer 
mode, RPC detectors produce a large pulse in re-
sponse to gas ionization. The signals are large so 
that a significant voltage (100 mV or more) can be 
developed across a 50 or 100-ohm resistor.  Be-
cause the measurement of events requires only 
recording hits in the detector, it is sufficient to use 
a simple discriminator as the front-end electronics, 
without the need for additional amplification or 
signal processing. 
 To facilitate event reconstruction, the output of 
each discriminator latches a timestamp, formed 
using local counters that receive common clock 
and counter reset signals from a global timing sys-
tem. In this way, all timestamp counters across the 
detector are synchronized. When an RPC channel 
is hit the value of the timestamp counter is stored 
in a local memory for later readout. A block dia-
gram of showing the functionality of the system is 
shown in Fig. A.10. The resolution of the time-
stamp is determined by the clock speed, which 
might be 100 ns (10 MHz.)  The number of bits in 
the counter is determined by the frequency of the 
counter reset, which might be 1 Hz. 

 
Fig. A.10: Functional block diagram. 
 
 Because the data rate is low, it is envisaged that 
no trigger hardware is needed. Instead, the forma-
tion of a trigger and the analysis of events are done 

using a series of processors. This is similar to the 
data acquisition system of MINOS. The initial 
sorting of hits by timestamps is done using a 
VME-based processor in the front-end crate. The 
processor would form “time frames” using the 
time-sorted data. The time frames are then sent to 
a trigger processor, which receives time frames 
from the entire detector. The trigger processor runs 
algorithms that look for tracks and discard noise 
hits. Those events that pass are either written to 
disk, or passed to another processor for further 
analysis.  
 The functionality of the basic system described 
above would be configured into the components 
shown in Fig. A.11 The basic components are: the 
Front-end ASIC, which processes the detector sig-
nals and forms timestamps; the Data Concentrator, 
which coalesces data streams from the front end 
ASICs to reduce the number of readout boards; 
and the Data Collector, which is a VME board that 
receives the data streams from the front end and 
makes data available for readout by the front end 
processor; and the Trigger Farm, which performs 
the event reconstruction, triggering, and event se-
lection. These components are described below. 

 
Fig. A.11: RPC electronics system block diagram. 
 
A.3.2. Front-end ASIC: The high channel count 
and relatively simple front-end configuration make 
it practical to reduce the cost of the readout system 
by implementing the functionality in a custom 
front-end Application Specific Integrated Circuit 
(ASIC). The discriminator, timestamp counter, and 
local memory are easily realized in silicon. A 
block diagram of the ASIC is shown in Fig. A.12. 
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The ASICs would be mounted directly on the de-
tector. 

 
Fig. A.12: ASIC block diagram. 
 
 The ASIC would have 64 input channels. Each 
channel is composed of a fully differential instru-
mentation amplifier, an optional preamplifier with 
shaping, and a discriminator, as shown in 
Fig. A.13. There is a common threshold for all 
channels on the chip. Since the amplifier is differ-
ential, it may be used for either positive or nega-
tive input signals. 

 
Fig. A.13: Front-end amplifier. 
 
 When a discriminator fires, the change in output 
state is clocked into a shift register at the funda-
mental clock frequency. The value of the time-
stamp register is also stored. At the output of the 
shift register, the decision is made to either write 
the data to a readout buffer or to reject it. The data 
are composed of the timestamp and the hit pattern. 
On-board logic can be configured to auto-accept 

any nonzero event, or to apply more complicated 
acceptance criteria. 
 Once data are stored in the readout buffer, they 
are serialized, buffered and transmitted out. An 
on-board UART controls the data transmission 
whenever the readout buffer is not empty. The 
readout buffer can store multiple events pending 
transmission. The output link runs at 100 MHz. An 
output word consists of 88 bits, which represents 
the state of the discriminators in one clock period. 
With control bits, the chip can transmit 1 event in 
1 µsec. 
A.3.3. Data Concentrator: We expect that the 
event rate from the NOνA detector will be low. To 
reduce the cost of back-end electronics, the system 
would have an intermediate Data Concentrator that 
coalesces the data streams from the front-end 
ASICs in an entire plane into one stream. A block 
diagram is shown in Fig. A.14. The Data Concen-
trator would reside on the detector, close to the 
front end ASICs. Essentially, this device is a mul-
tiplexer, although it must add an identifier to each 
data stream. It also must have buffering and flow 
control. The realization might be achieved using 
either an FPGA or a custom ASIC. 

Fig. A.14: Data Concentrator block diagram. 
 
 An additional level of data compression may be 
achieved by concatenating the output data streams 
from several data concentrators into one “super 
concentrator.” The output would run at 1 GHz and 
would be serially transmitted over fiber. There 
would be one super concentrator per module. 
A.3.4. Data Collector: The serial data streams 
from the detector would be received by custom 
modules that reside in VME Crates, called Data 
Collectors. A block diagram is shown in Fig. A.15. 
It is implemented as a 9U by 400 mm card that has 
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12 inputs for serial data. The data are received, 
buffered and written into one of two readout buff-
ers. One buffer is made available for reading by 
the VME processor in the crate while the other is 
used for writing new data. The state of the buffers 
changes at a set frequency, synchronized across 
the system, to facilitate the formation of “time-
frames” of data. The Data Collector also provides 
control for the front ends, including the setting of 
threshold voltages, the fan-out of clock signals, 
and diagnostics. 

 
Fig. A.15: Data Collector block diagram. 
 
A.3.5. VME crate: There would be multiple Data 
Collectors in a VME crate, as shown in Fig. A.16. 
The crate would also have a Timing Module for 
synchronizing the formation of timeframes of data. 
The Timing Module generates Interrupt Service 
Requests (ISRs) at a predetermined frequency.  
 

 
Fig. A.16: VME crate diagram. 
 
  When an ISR is received by the VME processor 
it reads data from the buffers on all of the Data 
Concentrators associated with that ISR. The next 
ISR would be generated to read from the other 
buffer. The VME processor collects blocks of data 

to form timeframes, which might be nominally 1 
second worth of data. At the end of the formation 
of a timeframe, the VME processor would send 
the collected data to the Trigger Processor, where 
event reconstruction and triggering done. 
A.3.6. Physical configuration on detector: Each 
detector module has 12 planes, each with 192 ver-
tical strips and 64 horizontal strips. The horizontal 
strips come out to the vertical sides of the detector. 
The front-end ASICs for the horizontal strips re-
side on a small printed circuit board on the edge of 
the detector. There is one 64-channel chip per 
plane for the horizontal strips. The vertical strips 
have signals brought from the top of the plane 
over to the side of the detector by flex cables. 
Thus all of front-end ASICs are located on the side 
of the detector, providing easy access for servic-
ing. The vertical strips are serviced by three 64-
channel ASICs for a total of four chips per plane. 
 Each plane has one Data Concentrator and each 
module has one Super Concentrator, producing 
one serial data stream per module.  
 Each Data Collector has 12 inputs, requiring 100 
Data Collectors to read out the 1200 detector 
modules. Assuming no limitations due to data 
rates or data transmission, this could be realized 
by having six VME crates, three per side. 
 
A.4. RPC High Voltage System 
A.4.1. Overview: The high voltage system is com-
posed of distributed HV supplies, with one HV 
supply per RPC. The NOνA detector then requires 
approximately 104,000 individually controlled 
supplies, each with HV reference and current 
readback. The system is operated via a “slow con-
trol” serial network based on the CANbus com-
mercial protocol. CANbus nodes contain multi-
plexed DAC and ADC modules to set RPC voltage 
and to read reference voltage and current. Current 
readback for individual RPCs is an important di-
agnostic of the operational state of an RPC. 
 In terms of the detector layout, each of the 1200 
detector modules has one CANbus node and 72 
Cockroft-Walton (C-W) high voltage supplies, 
with 6 C-W supplies per HV board. One HV board 
provides voltage to a full plane of double-layered 
RPCs, for a total of 12 HV boards per module. 
 Table A.2 contains the list of HV-system build-
ing blocks. 
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Item Location Total Count 
C-W Supply 1 of 6 on a C-W 

board 
86,400 

C-W Board 1 of 12 on a de-
tector module 

14,400 

CANbus node 1 per detector 
module 

1,200 

24V power supply 1 per 8 detector 
modules 

150 

PCI card On C-W PC 3 
PC Control Room 1 

 
Table A.2: Components of the RPC high-voltage sys-
tem. 
 
A.4.2. High voltage generation: Six C-W HV sup-
plies are housed on a single 4-inch x 12-inch HV 
board that powers one plane of RPCs. The board is 
located on the outside edge of an absorber plane, 
adjacent to the RPC plane, and feeds HV to the 
RPCs on 20 kV insulated wires. Wires are sol-
dered to the C-W board and to the RPC. Each wire 
is routed to an RPC in a groove at the top of the 
RPC carrier board. 
 A C-W supply is composed of diodes, capacitors 
and a transformer. Although the capacitors operate 
at 200 V the C-W boards use 500V-rated capaci-
tors with a very reliable X7R dielectric (as op-
posed to the troublesome Z5U dielectric capacitors 
initially used on the ZEUS experiment).  
A.4.3. HV system control: The system is controlled 
by a PC with three PCI cards (NI PCI-CAN/2). 
Each PCI card can communicate serially with 500 
nodes via two CANbus controllers on the card. 
The CANbus node sets HV and reads back HV 
and current for all of the RPCs in a module. The 
node is a PC board that contains a CANbus proc-
essor and other electronics, including a multi-
plexed DAC and a multiplexed ADC. The proces-
sor communicates with the PCI card, executes rou-
tines and controls the multiplexed DAC and ADC 
modules. 
 Each C-W supply receives a command voltage 
from the multiplexed DAC to set the HV output. 
Two reference voltages, proportional to the high 
voltage and to the current, are read back by the 
multiplexed ADC. This information is relayed to 
the PC for monitoring and the possibility of fine-
tuning the set point. 
 Physically, the node board has one connector for 
the CANbus serial communications bus, one con-

nector for power input and twelve connectors to 
communicate with all C-W boards on a module. 
A.4.4. HV system power: The power consumption 
per C-W supply is calculated as follows. An RPC 
draws 1 µA per square meter under good condi-
tions and up to ~5 µA/m2 before becoming ineffi-
cient. The RPC size is 6.9 m2, so the current will 
range from 7 to 35 µA. In addition the no-load 
current is presently 40 µA (which can be reduced). 
An average total current of 50 µA is reasonable to 
expect, with possible surges up to 75 uA. The av-
erage power per C-W supply is ~ 400 mW with a 
maximum of 600 mW. If one includes inefficien-
cies, the resulting average power consumed is 
about 1 W per C-W, with surges up to 1.5W. 
 One module consumes ~72 W for C-W supplies 
plus ~8 W for the CANbus node, for a total of 
80 W. Peak demand if all RPCs draw maximal 
current is 116 W. A vertical stack of 8 modules 
draws 640 W average and 928 W peak. Therefore, 
each vertical stack of 8 modules requires one 
1 kW power supply. For a detector 75 modules 
deep, the number of low voltage power supplies is 
150, each using 1 kW at +24V. 
 
A.5. RPC Gas System 
A.5.1. Overview: The RPC baseline gas used in 
our prototype tests and detector design study is a 
mixture of 8% isobutane, 61% R134a (tetrafluoro-
ethane) and 31% argon. The total gas volume of 
the RPC detector is approximately 700 m3, which 
is recirculated at a rate of one volume change per 
day. Individual RPC chambers are assumed to 
have leak rates of less than 10 cc/hr. 
   Gas will be stored and mixed at a central loca-
tion from which it will be distributed through 
manifolds to the 1200 modules. On the supply 
side, gas within each module is distributed by 24 
branch lines supplying 3 RPCs each. On the return 
side, gas is collected in manifolds, compressed and 
returned to the central supply. 
 Table A.3 summarizes the components of the 
gas system. 
 The design and fabrication will follow Fermilab 
PPD practices to ensure gas system reliability [14]. 
Gas system operation will be largely automatic, 
with provision for remote monitoring and opera-
tion, and gas supplies will be large enough to run 
for several months at the estimated leak rate.  
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Item Features Total Number 
Mixing systems 3 flow meters, 

pressure control 
valve 

2 

Module supply 
manifolds 

W/strainer, flow 
transmitter 

1,200 

RPC inlets W/strainer, flow 
restriction 

28,800 

RPC outlets Large enough for 
barometric pres-

sure 

28,800 

Module return 
manifolds 

W/pressure 
transmitter, relief 

valves 

1,200 

Return compres-
sors 

Dual compressor 
stations 

10 

Gas storage Mixture storage 
vessel 

1 

Mass spec gas 
analysis 

Analyzer with 
multiple sample 

points 

1 

Moisture analyzer Local analyzers, 
one sample point 

2 

 
Table A.3: Components of the RPC gas system. 
 
   The gas system will mix, dry and recirculate the 
mixture through the RPCs. Flow restrictors will 
limit variations to less than 15% but flow balanc-
ing among RPCs is not critical. The main materi-
als used for gas distribution will be stainless steel, 
copper or brass, with welded or brazed joints used 
wherever possible.  
   Estimates of gas system operating costs and ap-
plicable Federal environmental regulations are 
summarized in Ref. [15]. The gas mixture is non-
flammable but precautions will be taken to ensure 
that the isobutane fraction does not exceed the 
nominal value. The isobutane storage area will be 
designed to meet applicable safety regulations. 
A.5.2. Barometric pressure changes: Withstanding 
barometric pressure changes is a fundamental de-
sign requirement. The nominal RPC glass thick-
ness of 3 mm is adequate to support the gas system 
overpressure [16] and pressure-relief valves will 
be used to ensure that pressure differentials do not 
exceed acceptable values.  
   Three criteria were used to specify gas system 
performance [17]: 
• Contain gas for barometric pressure within one 
inch of mercury of the mean. The gas storage ca-
pacity is designed to handle this range so that gas 
will need to be vented only on rare occasions. 

 • Contain gas for changes in barometric pressure 
up to 0.75 inches of mercury/hour. Almost all 
barometric pressure changes are slower than this. 
The pumps and tubing will be sized to handle the 
resulting flow rate. 
• Relief capacity for reductions in barometric pres-
sure up to 2.5 inches of mercury/hour. Relief de-
vices will vent directly to the atmosphere. 
   Pressure-relief devices will be installed on the 
exhaust of small groups of chambers (e.g., on in-
dividual modules) with pressures set to 2 inches of 
water (based on BELLE experience). Our baseline 
design uses check valves with the spring removed, 
a technique which has been shown to work relia-
bly in previous Fermilab experiments. 
A.5.3. Gas distribution, storage and circulation: 
Figure A.17 shows the gas distribution system. 
Gas from the mixing system, storage and RPC re-
turn feeds into a buffer tank, which supplies the 
detector through 40 branches. Each branch in-
cludes a pressure control valve, which allows flow 
to be varied, and is further split into thirty 
branches. Each of the 1200 branch lines includes a 
block valve, strainer and a flow transmitter.  

 
Fig. A.17: RPC gas distribution system. 
 
 At the module level the supply is split into 24 
branches, each with a strainer and a flow restrictor 
allowing flows to be balanced to 15%. Each 
branch supplies 3 RPCs in series. Each module 
return line has a pressure transmitter, a vent valve, 
a relief valve and a block valve. 
   There are 10 return-side compressor stations, 
each serving 120 module lines. The discharge 
from the compressor stations is returned to the 
buffer tank. 
   The buffer tank is a 500 ft3 stainless steel vessel 
used to receive or supply gas during barometric 
pressure swings. It also provides a buffer to allow 
brief mixing and purification interruptions. Tank 
pressure will vary between 0.5 and 35 psig. 
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   The gas mixing system will use mass flow con-
trollers to maintain the desired composition. Simi-
lar systems used at Fermilab for two, three and 
four component mixtures and have proven reliabil-
ity. Two mixing systems will be used, one sized 
for filling and purging at 400 SCFH and the sec-
ond for leakage makeup at 40 SCFH.  
   The component gases will be delivered and 
stored in tube trailers. For the estimated leak rate 
of 5%/day, an isobutane trailer would last 455 
days, an R134a trailer would last 75 days and an 
argon trailer would last 73 days. 
A.5.4. Control of gas contaminants: Gas contami-
nation is minimized by material selection, cleaning 
and leak testing. To keep contaminants from ac-
cumulating to unacceptable levels, gas can be 
vented continuously at a low rate. For example, if 
a contaminant adds 10 ppm to the gas in one pass, 
then venting 5% of the circulated gas will limit the 
contaminant to 200 ppm. When substantial 
amounts of gas are vented as much of the R134a 
will be recovered as possible. 
   Stainless steel pipe, tubing and valves with 
welded connections would provide the cleanest 
and most robust distribution system. However we 
are studying less costly designs using brazed cop-
per tubing for the smaller branches of the system. 
Connections that must be separated will be either 
quality compression fittings or O-ring fittings. 
Neoprene compatible with argon, isobutane and 
R134a has good long term characteristics and a 
usable temperature range.  
   Moisture is known to be detrimental to glass 
RPCs due to the formation of hydrofluoric acid. 
Dual molecular sieve driers will remove moisture, 
with one being regenerated while the other is in 
operation. 
A.5.5. Instrumentation: An ABB IMSQ4 mass 
spectrometer or equivalent will measure contami-
nants and the mixture ratio. The mixture ratio data 
can be used to automatically adjust the mixing 
system. A single analyzer can be connected to 
multiple sample points through valves that can 
sequence automatically through the sample points. 
   Each module will have pressure and flow trans-
mitters. An industrial programmable logic control-
ler (PLC) will control mixing, circulation, alarms, 
etc. A commercial human machine interface 
(HMI) will be used to monitor and control the 
PLC and gas analyzer. It records historical data 
and can transmit alarms by Email or telephone. A 

web interface will be integrated with the HMI to 
provide remote access.  
 
A.6. Detector Construction 
A.6.1. RPC/Readout Board Assemblies: There are 
twelve RPC/Readout board Assemblies (RRAs) in 
each module. These are separated by eleven 10.2-
cm thick particleboard absorber planes and 
bounded by two 7.6-cm thick absorber planes at 
the ends. An RRA is composed of six RPCs, three 
chambers adjacent in two layers, sandwiched be-
tween sheets of particleboard outfitted with read-
out strips and ground planes. Another 2.5-cm thick 
particleboard is attached to the outside of each of 
the two readout boards to protect the flexible cir-
cuit cables overlying the ground planes. The lay-
out and assembly of these structures is shown in 
Fig. A.18 and described below. 
   The RPC signals are analyzed by discriminators 
packaged in a 64-channel chip (see Section C). 
Discriminator chips are mounted on interface 
boards that are in turn mounted directly on the 
readout boards. Signals from the readout board 
strips are collected and transported to connectors 
on the interface board. 

 
Fig. A.18: Components of an RPC/Readout Assembly 
(RRA). 
 
A.6.2. RPC construction: Each RPC consists of 
two glass plates, 3 mm thick held 2 mm apart. The 
2 mm separation is ensured by a T-shaped gas seal 
around the perimeter of the chamber and by a se-
ries of 2 mm wide long Noryl spacers positioned 
20 cm apart. Each spacer extends from one side of 
the chamber almost all the way to the opposite 
side. Alternate spacers start on opposite sides of 
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the chamber. This maze-like configuration, to-
gether with the positioning of the gas inlets and 
outlets on opposite sides of the chamber, ensures a 
uniform flow of gas throughout the chamber. 
   RPCs are produced with a rectangular shape, 
284 x 243 cm2. The corners of each glass plate are 
cut away, with the resulting discards in the shape 
of isosceles triangles, 5 cm on shorter sides, as 
shown in Fig. A.19. The cut out corners are re-
placed with injection-molded Noryl pieces that act 
as a gas manifolds and have holes for positioning 
pins or through-bolts (Fig. A.20).  

Fig. A.19: Glass RPC design with corner gas manifolds.  
 
  The outside faces of RPCs are coated with a con-
ductive acrylic paint [18] resistivity ~1 MΩ/� 
(100k-8M Ω/�). Two insulated wire stubs, rated 
to withstand 20 kV, are attached, one to each side. 
After installation on the readout board the wires 
are spliced to a longer harness of 20 kV wires and 
routed to the outside of the assembly, where a sol-
der connection to the high voltage supply is made. 
 The injection-molded triangular gas manifolds 
are installed at the time when RPCs are assembled. 
Gas connections are made by gluing flexible tub-
ing onto an injection-molded pipe stub. The gas 
manifolds also have holes for through-bolts and 
alignment/ retention pins. 
A.6.3. Readout boards: Each RPC plane is sand-
wiched between two readout boards with the cop-
per readout strips facing inward. The readout 
boards are made of particleboard absorber material 
with dimensions 243 x 853 x 2.54 cm3. One board 
has 64 horizontal strips (3.80 cm pitch) and the 
other has 192 vertical strips (4.43 cm pitch), as 
shown in Fig. A.21. To create transmission lines, 

each board has a solid sheet of copper on the back 
side. 
   The horizontal readout boards support the RPCs 
with a built-in ledge along the bottom of the board. 
Also, gas tubing and high voltage wires are routed 
through or behind the top of the horizontal board. 
In the assembly process, RPCs are attached to the 
horizontal boards and later covered with vertical 
readout boards. 

 
Fig. A.20: Assembly of three RPC chambers bolted to 
the readout boards. 
 
 

 
 
Fig. A.21: The readout boards required for each RPC 
plane. 
 
 The copper-strip side of a readout board is 
coated with a thin (0.5 mm) plastic sheet to insu-
late the readout strips from the HV side of the 
RPCs, to protect the copper strips during the as-
sembly process (when RPCs slide over the strips) 
and to facilitate the sliding process. 
 A source for copper foil (1.34 m wide) has been 
identified. The least expensive unit area cost is 
obtained if the foil is purchased in a 17-micron 
thickness (1/2 oz/sq ft). We have contacted several 
firms who can laminate this foil to the 2.4 m wide 
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particleboard surfaces and cut the strips. One 
company gave us a budgetary cost estimate based 
on a custom-built production line. Strips would be 
cut with roller cutters specifically designed to pre-
vent bulging on sides of the wedge blades, as 
shown in Fig. A.22. The company would set up 
the line and operate it for 2.5 years to produce a 
total of 28,800 boards plus spares. 

 
 
Fig. A.22: Detail of roller cutter shape. 
 
 We will use flexible (flex) circuit boards and flat 
conductor cables as the collection and transporta-
tion path, which will maintain the transmission 
line impedance of the readout strips (~100 Ohms).  
 A single-sided flex circuit board has been de-
signed with 32 pads on the same pitch as the read-
out strips, as shown in Fig. A.23. The pads are 
glued face down on the end of the readout strips 
with an adhesive (3M z-phase) that makes connec-
tions through the glue, but does not conduct be-
tween pads. The circuit has a 32-channel fan-in to 
a neck 6.5 cm wide. Mating to the conductors at 
the neck of the flex circuit, and permanently at-
tached by the manufacturer, is a 32-channel flat 
conductor cable with 1 mm wide conductors on a 
2 mm pitch. The flat conductor cable will be made 
in seven different lengths; six for the vertical strips 
and one for the horizontal strips. The flex circuits 
bend over the edge of the readout board, lie flat 
and are taped against its back side, as is shown in 
Fig. A.24. 
 A dielectric sheet separates the flex circuit from 
the back conductor. The thickness of the dielectric 
is chosen to match the fan-in and cable impedance 
to the impedance of the strips. The cables must 
make 90° folds to reach the outer edge of the 
boards. In each fold it may be necessary to insert a 
conductor and (or) the proper thickness of dielec-
tric to prevent an impedance mismatch. At the 

outer edge of the readout boards the flexible flat 
conductor cables will insert and lock into mating 
connectors on the discriminator interface cards. 
The flat conductor cable will extend beyond the 
end of the readout boards but will fold back into a 
2.5 cm wide slot, created by attaching a another 
particleboard “spacer” on the back side of each 
readout board, as shown in Fig. A.25. 
 

 
Fig. A.23: Signal collection flex-circuit and flat con-
ductor cable (not to scale).  
 

 
Fig. A.24: Routing of signals on backplane side of hori-
zontal and vertical readout boards. 
 
 This arrangement is designed so that electronics 
can be mounted and tested on the RPC detector 
package. The package can then be inserted into an 
absorber module without modification. 
A.6.4. Absorber boards: The absorber boards are 
made of particleboard with similar dimensions to 
readout boards, except that the absorber board at-
tached to the horizontal readout board is 1.27 cm 
shorter (241.7 cm). The bottoms of the readout and 
absorber boards overlap exactly, but the top of the 
absorber board is 1.27 cm shorter than the readout 
board. This forms a slight depression that is used 
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to route gas tubing and high voltage wires to the 
RPCs. 
 The absorber boards are connected to readout 
boards with screws that penetrate about halfway 
into the readout boards through the ground plane. 
Care will be taken to avoid using screws in areas 
where flexible cable is routed. 
 

 
Fig. A.25: Routing of flat conductor cables to allow 
connection to discriminator interface cards. 
 
A.6.5. RRA Assembly: The RRA assembly process 
starts with the following preassembled compo-
nents: 
• Horizontal readout boards, 
• Vertical readout boards, 
• RPCs, 
• Gas tubing harness, 
• High voltage harness. 
A.6.5.1. Horizontal readout board units: To as-
semble a horizontal readout board unit (HRU), a 
horizontal readout board is first attached to an ab-
sorber board with screws. Recall that the absorber 
is 1.27 cm shorter on the top side and 2.54 cm 
longer on the “outside” to protect the front-end 
electronics connections. RPC support ledges are 
attached to the lower portion of the absorber 
board, with the requirement that the attachment is 
flush with the backside of the absorber (counter-
bored surface). The ledge supports the readout 
board and the eventual RPC layers and vertical 
readout board unit. Finally, the through-holes and 
alignment holes are drilled into the strip-side for 
eventual insertion of pins to align the RPCs via the 
injection-molded manifolds. 

 The HV and gas harnesses are attached to the 
HRU and, where appropriate, routed through the 
HRU to the inside surface for attachment to RPCs. 
A.6.5.2. Vertical readout boards: To assemble a 
vertical readout board unit (VRU), a vertical read-
out board is first attached to an absorber board 
with screws. Recall that the absorber is 2.54 cm 
longer on the “outside” to protect the front-end 
electronic connections. Care is taken to avoid 
screwing through any flexible cables. 
A.6.5.3. RPC layers on HRU: The next step in the 
assembly process is to attach RPCs to the HRUs. 
To facilitate this process a moveable table, 
equipped with height and tilt adjustment, is placed 
next to, and at equal height with, the supply of 
RPCs. The RPCs are installed by sliding them 
onto the HRU, so that the bottom of the RPC is in 
contact with the support ledge and the alignment 
holes are properly positioned. Temporary align-
ment pins are placed in the holes, gas connections 
between adjacent RPCs are made and high voltage 
wires are spliced to the harness. Conductivity is 
verified and gas connections are checked for leaks. 
 The table is lowered to facilitate sliding of the 
next layer of RPCs in a similar fashion. Tempo-
rary alignment pins are replaced with the longer, 
permanent pins. Gas and HV connections are 
made and tested. Note that the gas connections, 
although serial in one plane, are totally independ-
ent between layers. 
 Next, the VRU is lowered onto the RPC-HRU 
assembly on the table. The VRU is supported on 
the bottom with the HRU ledges. It is tied to the 
HRU using through-bolts in the clear areas pro-
vided at the corners of the RPCs. 
 The RRA assembly is ready to be rotated to a 
vertical orientation for insertion into the pre-
formed absorber module.  
 The RPC chambers are supported from the bot-
tom by support shelf attached to the readout 
boards, as shown in Fig. A.26. 
A.6.5.4. HV, signal and gas connections: After the 
assembly of the RRA structure is completed, C-W 
supplies are mounted to absorber planes and the 
HV harness is soldered to the supplies. Readout 
front-end chips are attached at this point, along 
with the gas connections to the supply and vent 
manifolds. 
 Gas supply lines are routed inside a cutout in the 
HRU, as shown in Fig. A.27.  
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 Front-end electronics chips are mounted on the 
sides of the readout boards and the signal cables 
are attached. The readout boards are 1.27 cm 
shorter than the backing absorber boards, so the 
absorber protects the electronics from accidental 
damage. 
 

 
Fig. A.26: Side view of the RRA assembly showing the 
chamber support shelf in detail. 
 
A.6.6. Detector Installation: To complete the in-
stallation of the far detector in 4 years we must 
construct and test 88 RPC chambers per day. Our 
construction plan assumes 4 RPC fabrication fa-
cilities with large floor space and highly auto-
mated equipment. Appropriate lifting fixtures for 
safe handling of large sheets of glass will require 
special attention. The completed RPCs will be as-
sembled into RRAs at a rate of 16 per day, proba-
bly at two facilities that may be located away from 
the RPC fabrication sites. Separate fabrication fa-
cilities will provide a total of 30 readout boards 
and 16 Cockroft-Walton HV supply boards to 
RRA assembly facilities each day. 
   The far detector contains a total of 1200 mod-
ules, requiring 1.2 modules to be produced per 
day. Finished modules weigh about 42 tons, which 
is too heavy to transport over most roads and 
would require special equipment at the module 
assembly sites. We plan to assemble the module 
“toaster” structures at the two RRA assembly fa-
cilities.  These facilities would build the toasters, 
attach the RRAs and electronics and perform final 
module quality control tests. The gas manifolds 
and wiring for electronics and high voltage power 
supplies are also installed. Substantial floor space 

and a 20 ton crane will be required to assemble the 
modules and load them onto trucks for shipping to 
the final site. The absorber boards would be in-
stalled in the modules at the detector site. Figure 
A.28 summarizes the flow of detector components 
during module construction. 

 

 
 
Fig. A.27: Corner of the RRA assembly showing the 
routing of the gas lines. 
 
    Final module testing includes the following: 
• The RPCs will be tested for leaks and gas flow 
will be checked to ensure that the tubing to each 
set of chambers is clear. 
• A high voltage test will ensure that the RPCs are 
functioning properly. 
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• The final test will use cosmic rays to measure 
performance after a module has been installed in 
the detector. Each module will be installed in such 
a manner that it remains accessible until this test is 
complete, allowing it to be removed for repairs 
before it is buried under other modules. 
   The detector is assembled as stacks of modules, 
2 wide by 8 high by 75 deep, occupying a total 
area 17.1 m wide x 19.5 m high x 195 m long. In 
the initial stacking the modules will be installed to 
form a working face of the detector that is stepped 
like stairs. This will allow the final testing to pro-
ceed without burying untested modules. 
 Columns along each side of the detector foot-
print will support the gas manifolds and signal and 
power cables. These will be installed before the 
detector stacking begins. Each side of the detector 
will also have an aisle way just outside of the col-
umns, wide enough to allow a man lift to make 
electrical and gas connections as detector modules 
are added. 
 Modules will be rigged by a 50-ton overhead 
crane using a spreader bar and four swivel hoist 
rings. This will require a total detector building 
height of about 33 m. Each module has corner 
blocks at the top drilled and tapped for the hoist 
rings. After a module is placed in position the 
hoist rings are removed and tapered pins are 
screwed in the same holes. These pins match the 
holes in the bottom corner blocks of the modules 
and are used for alignment as the modules are 
stacked up.   
   During and after assembly the detector will re-
quire access to the long (195 m) sides of the detec-
tor parallel to the neutrino beam. There will be two 
lanes on each side of the detector. The outside lane 
would be about 1 meter wide and primarily for 
personnel access. The inside lane next to the de-
tector would be reserved for scissor-lifts, boom-
and-bucket devices or a warehouse distribution 
system on rails (see Fig. A.29), allowing a person 
to reach the entire outside surface for installation, 
debugging, and maintenance of electronics, high 
voltage and gas systems. This lane would be ap-
proximately 3 meters wide. The access lanes add 
about 8 meters to the width of the building, giving 
a total width of 25 m. 
   The RPC detector building will need to be about 
25 m longer than the 195 m length of the detector 
itself in order to provide room for final module 
assembly, component storage, the gas system and 

RPC Construction  
Assemble 2 sheets of 
glass, 13 spacers, resis-
tive paint, 4 edge seals 
& 4 corner gas mani-
folds, QC 

88 RPCs / day 
  ( 22 / day  
      at 4 sites) 

100 kg objects as output 

RRA Assembly 
Assemble insulating 
layers, readout strip 
boards, and 6 RPCs 
each with a Cockroft-
Walton HV supply 

16 RRAs / day 
   ( 8 / day  
         at 2 sites)

2,000 kg objects as output

Toaster Assembly 
Attach 12 RRAs and 2 

structural sidewalls to  2 
endwalls 

 
Add gas lines and read-
out electronics 

1.2  Toasters / day 
   ( 0.6 / day  
        at the 2 same 
             RRA sites)

22 ton objects as output

Fill Toaster slots 
with particle board at 
the far site 
 

42 Ton modules  
 
1.2  stacked / day 
at the final site 

Stack assembled modules 

Fig. A.28: Flowchart of detector construction. 
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office space. The overall building dimensions are 
then 220 m long x 33 m high x 25 m wide. 
 

 
Fig. A.29: Possible access vehicles. 
 
A.7. Cosmic Ray Active Shield 
  Just as in the Liquid Scintillator design, the RPC 
design would have a layer of counters on the top 
and the two long sides of the 75 rows of stacked 
modules.  The side counters would be attached to 
the building walls, and the top counters would just 
be set on top of the stack of 8 modules, since there 
are no signals to access on the top of the detector.  
Each counter would be a RRA-like object with a 
double layer of single-gap RPCs.  This would re-
quire an additional 3,000 RPCs of the type used in 
the RRAs. 

 
A.8. Near Detector 
   The near detector could be constructed as a stack 
of 6 or 8 modules, of the same construction as the 
far detector modules, arranged in 3 or 4 walls, 2 
modules high. Due to space limitations of the ex-
isting near-detector hall access tunnel, the modules 
would have to be shorter than far detector mod-
ules: about 4 m wide x 2.438 m high x 2.6 m deep. 
   Limitations of the access shaft to the Near NuMI 
hall will require the absorber planes and RRAs to 
be lowered separately and installed in modules 
underground.  The upstream modules could have 
improved sampling at twice the frequency of stan-
dard RRAs. 
 
A.9. RPC ES&H Considerations 
 Several ES&H issues must be considered during 
construction and operation of the RPC detector. 
A.9.1. Fire: The detector’s principal component is 
wood and represents a substantial fuel load at any 
module fabrication site as well as at the final loca-
tion. Assembly methods chosen must ensure that 
module construction areas meet fire safety codes. 
It may be necessary to paint the completed assem-
blies with fire retardant paint to limit their flam-
mability. Housekeeping will also be important be-
cause sawdust is more flammable than particle-
board planes. 
A.9.2. Lifting heavy loads: Every stage of con-
struction will require commercial or specially de-
signed lifting fixtures to handle the wood panels, 
glass plates and the finished modules. All fixturing 
must meet the requirements of the OSHA stan-
dards. These fixtures will include vacuum fixtures 
for handling glass plates and container-style lifting 
fixtures for the modules. Rigging procedures will 
be reviewed in advance of construction and opera-
tors will be trained in the proper use of hoisting 
equipment. 
A.9.3. Glass handling hazards: Handling thou-
sands of square meters of glass is potentially haz-
ardous and procedures must be worked out to pro-
tect workers from the occasional broken pane. We 
will investigate the procedures and equipment 
used by large glass making companies to protect 
their employees.  
A.9.4. Oxygen deficiency hazard: For such a large 
detector the inventory of gas is significant. Stan-
dard Fermilab ES&H rules will be followed to 
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minimize this hazard at every location, including 
all gas storage and mixing areas.  
A.9.5. Fall protection: Because of the height of the 
detector fall protection must be provided for work 
on the detector stack. This might include railings 
and certainly will require harnesses and lanyards 
compliant with OSHA regulations. Crane cages, if 
used to lift personnel to the top of the detector, 
must be certified for that service. The present de-
sign does not include any need for working on top 
of the detector stack for operations or mainte-
nance.  
 
A.10. R&D for the RPC Design 
  As noted in Chapter 7, the RPC Design perform-
ance is essentially equal to the Liquid Scintillator 
Design performance and therefore our choice of 
Liquid Scintillator as the baseline is determined 
mostly on the issue of price (see Chapter 6).  It 
follows that all our R&D efforts on the RPC De-
sign will be aimed at reducing the price of this 
option.  The object of the collaboration is to ex-
plore the parameter space of these options to find 
the best cost-performance solution. 
A.10.1. RPC parameters: One simple change to 
the RPC design would be to construct “double 
gap” chambers using three pieces of glass instead 
of the four required for the two RPCs in each 
plane. This scheme has been used elsewhere and 
we will explore some prototypes for the NOνA 
detector.  In this scheme the center glass plate po-
larizes so that each gap has the appropriate HV 
gap, requiring a higher voltage across the outside 
two glass plates. 
  The double layer of RPCs in each plane was mo-
tivated by our desire to have high efficiency in 
each plane and the efficiency reached in streamer 
mode is limited to 93 – 95%.  However it is possi-
ble to operate RPCs in avalanche mode with very 
high efficiency, 98 – 99%.  The signals become 
100 times smaller, so this change would require 
amplification in the electronics.  We are exploring 
this option in collaboration with the Linear Col-
lider Hadron Calorimeter group and in fact are 
working with them to produce an ASIC which can 
handle either streamer or avalanche mode. 
  The readout strips in our basic RRA unit are 
made of copper laminated to particleboard. The 
cost of doing the lamination ourselves is high, es-
timated at about $ 0.30 per square foot of material 

and we need 6.5 million square feet.  One possibil-
ity to reduce this cost would be to use a standard 
building material composed of polyisocyanurate 
foam faced with aluminum on both sides.  The 
idea is to take advantage of existing large scale 
industrial output of a pre-laminated product.  In 
this case we would be confronted with making 
grooves in the aluminum facing to form strips, but 
we think this can be done cheaply.  The real R&D 
in this effort involves understanding how to make 
robust electrical connections to aluminum: the so-
lution may be to capacitively couple our signals.  
Small prototypes will answer these questions. 
A.10.2. HV System Simplification: The Cockroft-
Walton HV system was designed so that each in-
dividual RPC chamber had its own HV and its 
own current readout.  This count of 86,400 HV 
channels could be reduced by ganging the three or 
more RPCs in one Toaster module layer together.   
A.10.3. Gas System Simplification: Our gas system 
design is based on copper tubing and we continue 
to search for a cheaper alternative.  Any solution 
has to be impervious to water vapor. 
  In our base design described above, only 3 RPCs 
are in series in the gas flow. We could combine 
the gas path so that one set of six RPCs in a layer 
had only one gas path.  The total pressure drop of 
the system would need additional study.   
  We could also simplify our gas system manifold 
on each Toaster module.  The base design has ex-
pensive sintered metal filters and small diameter 
flow restrictors in front of each set of 3 RPCs.  
This was done to ensure balanced flow.  We will 
do R&D on different schemes and understand just 
how balanced the gas flow has to be. 
  Our gas system design is a recirculating system 
with one volume change per day.  BELLE oper-
ates with only 0.5 volume changes per day.  If we 
could lower our gas flow a bit further than 
BELLE, say to 0.1 or 0.2 volume changes per day, 
we could eliminate the recirculation and just pass 
the gas once through each set of chamber, venting 
to the outside.  This actually could be viewed as a 
less risky design since recirculation entails the 
possibility of contamination of the total detector if 
something goes wrong in just one small part.  Our 
R&D here has to focus on how the pressure in the 
chambers can then track the outside atmospheric 
pressure without introducing oxygen and water 
vapor back through the outlet line (we contemplate 
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a long exhaust line with no bubbler, as was done 
30 years ago on large spark chambers). 
A.10.4. Exploring a Monolithic RPC Design: Our 
base RPC design is modular but there seems to be 
a cost advantage to construction of a monolithic 
device as is outlined for the liquid scintillator in 
Chapter 7.  We will investigate if the assembly 
could be done at the far site using single RPCs and 
particleboard sheets as the basic units to be 
shipped. 
  A monolithic design should have a clear advan-
tage in the number of electronics channels re-
quired for our RPCs.  The modular design breaks 
the vertical strips into 8 parts, since we stack up 8 
modules to make the detector.  Reducing the num-
ber of vertical strips by 8 would result in a large 
cost savings. 
A.10.5. Exploring a Commercial Modular RPC 
Design: Our design described in this Appendix 
relies on a custom container-like structure which is 
rather expensive to build.  In addition, each of the 
modules is so large that we can’t transport them on 
US Interstate highways unless they are only half-
full.  Thus this design suffers from having assem-
bly labor at both ends of a transportation pipeline.  
This custom “container” was motivated by a desire 
to keep the dead space in each module at a mini-
mum and our design did achieve a dead space of 
only 1.98 %. 
  Our “container-like” modules were in fact in-
spired by standard ISO Intermodal Shipping Con-
tainers.  One avenue of R&D is to see if these ex-
isting cheap containers can be used in the NOνA 
detector.  Standard ISO Containers come in a 20 
foot long, 8.5 foot high, 8 foot wide version and 
can be purchased for about on-third the cost of our 
custom designed module.  The one drawback of 
ISO Containers is that they have dead space at the 
bottom of the container where there are open 
pockets for forklifts and a steel grid structure 
which supports a plywood floor on the interior of 
the container.  Use of these containers with such a 
dead area (about 7.5 %) between vertically stacked 
modules will require investigation of more sophis-
ticated event tracking algorithms than those we 
have studied to date.  The R&D here focuses on 
the tracking algorithms and simulations.  We have 
to see if we can follow a track across a dead area 
and yet not label the track interruption as a real 
gap, which might be indicative of a π0.  

  ISO Containers do have additional advantages 
other than the purchase price vs. custom-built 
price.  One is that the steel gridwork and plywood 
floor support the load directly, allowing different 
building materials to be considered for the ab-
sorber.  One such attractive alternate is gypsum in 
the form of sheetrock or drywall, which has the 
same density as particleboard.  This material 
works well at supporting itself inside an 8 foot 
high container and appears to be available at about 
one-third the price of particleboard.  This would 
give a very substantial cost savings.  The radiation 
length of gypsum is about 37 cm vs. 53 cm for 
particleboard, but we will have to understand that 
effect on the detector performance.    
  A second additional advantage is that ISO Con-
tainers can be stacked quite high.  They are rou-
tinely stacked 10 high on container ships and we 
have calculated they can be stacked 13 high on 
land when loaded at our projected density.  This 
could make the profile of the NOνA detector 
higher and narrower.  Our studies indicate that the 
detector enclosure building will be substantially 
cheaper (at equal volume) if the building is higher 
with a smaller footprint area. 
  We believe we can bring all these R&D ideas 
together into a few new RPC based re-designs dur-
ing the next year.  In each case, we have to de-
velop a full model of detector construction and 
understand the attendant transportation costs and 
labor costs for assembly.  We need the complete 
picture in hand to judge one scheme relative to 
another.   
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