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1 Summary of report

This report compares the risk, figure of merit, cost and schedule of three options
for the SBS GEp electron calorimeter, ECal. The first two options use TF-1
lead glass blocks that were used in previous experiments at JLab. After the
November 2015 DOE review, the last option to repurpose the BNL SPACAL (a
hadron calorimeter) as a electron calorimeter became available.

The important design considerations for the SBS ECal are the energy and
position resolution. For the SBS GEp highest Q2 kinematics, a GEANT4 sim-
ulation of the single and coincidence trigger rates was done which showed that
a ECal trigger threshold of 90% is needed to keep the coincidence trigger rate
below 5 kHz. The 5 kHz limit to the trigger rate is set to keep the data rate
below the capacity of the GEM readout pipelines (details in Appendix A). The
high ECal trigger threshold is the driving consideration for having good ECal
energy resolution,since it will minimize the loss of elastic events due to the trig-
ger threshold. Another important ECal function is to measure position of the
electron with a resolution of ≈ 8 mm, since the angular correlation between elas-
tic electron and proton is the main cut to identify elastic events in the offline
analysis.

The first option is ”Existing BIGCAL with UV curing” and is described in
Sec. 2. The original concept for the SBS GEp Electron calorimeter was to use an
existing electron calorimeter, BIGCAL, that was used previously in the GEp3
and RCS experiments in Hall C. The TF-1 lead glass used in BIGCAL is well
known to be susceptible to radiation damage and the radiation damage was
cured using a UV light system during break in the GEp3 experiment (details in
Appendix B) . For the SBS experiment, the rate of radiation damage will be
13x larger than the rate during GEp3. To reach this rate, aluminum shielding
of 20 cm thickness is in front of the lead glass. The plan was for every 7 hours of
beam to do UV curing for one hour. The UV curing gives an energy resolution
of 10% for 4 GeV electrons which lead to a loss of good elastic events with the
90% ECal trigger threshold.

The second option is ”Existing BIGCAL with thermal annealing” and is
described in Sec. 3. To obtain better energy resolution, it was proposed to use
continuous thermal annealing which has the advantage of constantly repairing
the radiation damage over the entire length of the block. Studies were done
to determine the operating temperature needed to produce an annealing rate
that would compensate for the rate of radiation damage and leave the lead glass
with resolution of 5% for 4 GeV electrons. In Spring 2015, a test with a small
prototype oven, C16, using 16 blocks demonstrated that the idea works. But the
mechanical design of the C16 oven is not scalable to the full SBS ECal, so the
mechanical design for the final full size oven had to be developed. To develop
and test the mechanical design that can be scaled to the full size, a prototype
oven, C200, that can house 200 blocks is being built. The status of the C200
test is described in Appendix D.

The third option is ”BNL SPACAL” and is described in Sec. 4. The main
advantage of the SPACAL option is that the calorimeter material is radiation
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hard. The drawback is that it was designed as a high energy hadron calorimeter,
therefore the energy resolution for medium energy electrons is about 14% for
4 GeV electrons.

The direct cost (overhead and manpower cost are not included) and the
relative figure of merit for the three options are shown in Table 1. The cost
does not included upgrades to the trigger electronics and HV are common to all
options and are described in Appendix C. The FOM for the thermal annealing
option set to one with the other two options scaled from one by the efficiency
for detection of elastic events with the ECal trigger threshold. The FOM for the
UV curing option also includes a factor of 0.875 to account for the one hour of
UV curing after every 7 hours of beam. A summary of the main technical, cost
and schedule risk is given in Table 2. A rating of HIGH, MEDIUM or LOW is
listed with a short description of the risk.

Option Existing BIGCAL
with UV curing

Existing BIGCAL
with thermal an-
nealing

BNL SPACAL

FOM 0.73 1.0 0.76
∆E/E 10% 5% 14%
Cost $54k $126K $142.5K

Table 1: Comparison of cost of materials, relative figure of merit and energy
resolution, ∆E/E. ∆E/E is calculated for 4 GeV electrons. The costs are the
direct costs and do not included overhead. Not included in the table are the
total common direct cost for the trigger and HV changes which are $101K and
are listed in Table 13.
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”BIGCAL with UV curing”
Technical Risk HIGH 1) Extrapolation by factor of 13 from GEp3

experience used to estimate rate of radiation
damage. 2) Possible long-time constant radi-
ation damage effects not seen in GEp3.

Cost Risk LOW The costs are understood.
Schedule Risk LOW The tasks are well understood.

”BIGCAL with thermal annealing”
Technical Risk MEDIUM 1) C200 work to test mechanical design for

full scale implementation is ongoing. This risk
will be mitigated when C200 test is complete.
2) Possible long-time constant radiation dam-
age effects not addressed by the C16 test.

Cost Risk LOW The technology is standard.
Schedule Risk MEDIUM C200 work to test mechanical design for full

scale implementation is ongoing and is ex-
pected to be done by August 2016. This risk
will be mitigated when C200 test is complete.

”BNL SPACAL”
Technical Risk LOW The SPACAL has been used previously and

the modifications are straightforward.
Cost Risk LOW Quotes have been received from the vendors

for parts and work.
Schedule Risk LOW The tasks are well understood.

Table 2: Summary of technical, cost and schedule risk
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2 Existing BIGCAL with UV curing

2.1 Overview

The original proposal planned to use BIGCAL (1744 blocks of TF-1 lead glass)
as configured previously for GEp3 (see Appendix B for an overview). The
TF-1 lead glass used in BIGCAL is well known to be susceptible to radiation
damage and the radiation damage was cured using a UV light system. Fig. 4
in Appendix B shows the relative gain and the normalized resolution of the
lead glass as a function of integrated charge during the GEp3 experiment. The
relative gain data from GEp3 was fitted to get the rate of gain drop. GEANT
simulations were done for the GEp3 kinematics and the SBS GEp highest Q2

kinematics and it was calculated that the rate of gain drop was 13x larger for the
SBS experiment assuming that the rate of gain drop scaled with the calculated
soft photon flux.

For the highest Q2 point in the SBS GEp experiment at a beam current of
75 µA, the gain is expected to drop about 2% drop per hour. It was proposed
that UV curing would be done for one hour for every 7 hours of beam. For
the GEp3 experiment , the UV curing rate had a time constant of 105 hours
(detailed in Appendix B). This curing rate is too long to be effective in restoring
the gain in one hour for the SBS experiment. Instead of the light bulbs used in
GEp3, light bulbs with 60 times the power in the UV region were found. Tests
were done in which the front face of a lead glass block was radiation damaged by
the JLab radiation group with a high intensity 137Cs source. The transparency
of block was measured before and after UV curing and the measured curing rate
followed an exponential form with a time constant of 8.8 hours. The combination
of the UV curing done for one hour following the radiation damage from the
beam over 7 hours will eventually lead to an equilibrium situation with the
calorimeter at 60% of the original gain and the energy resolution at 10% for
4 GeV electrons.

2.2 Risks and Figure of Merit

The main technical risk is that estimation of the rate of gain drop for the
SBS GEp kinematics is a factor of 13 extrapolation from the GEp3 experience.
In addition, at these high background rates, concerns about radiation damage
effects with different time scales might become important. The costs of the UV
system are low and can be reliably estimated. The schedule risk is low, since
the experience of constructing BigCal can be used for estimation.

The relative FOM has to account for the 12.5% loss in time since the UV
curing would be done every 8 hours. The equilibrium energy resolution would
be about 10% at the highest Q2 kinematics. The threshold cut of 90% of the
elastic electron energy leads to a loss of 16% of the elastic events. So the relative
figure of merit for the experiment is 0.84*0.875=0.73 compared to the FOM =
1 for the thermal annealing option.
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2.3 Costs, Schedule and Workforce

For this particular option, the main cost is the UV curing system. The light
bulbs have been identified. A large housing to hold the lights would have to
be built. For the beam height in Hall A, new legs will have to built for the
platform. To reduce the soft photon flux to the level calculated in the GEANT3
simulation, an additional 10 cm of aluminum sheets needs to be added to the
existing 10 cm.

The breakdown of the cost is given in Table 3 and the total cost is $54K.
The schedule is given in Table 4 and the workforce is listed in Table 5. The
workforce and schedule are based on experience from the GEp3 construction.

Item Subitem Cost ($K)

UV curing system
Osram UV lights 1
Large housing to hold
lights

25

Labor for UV light fix-
ture installation

8

Aluminum absorber 10
New legs for platform 10

Table 3: Budget for the UV curing option

Milestone Date

Start preparing blocks Sept 2016
Start preparing optical coupling cookies Oct 2016
Complete wrapping of lead glass and cookies Jan 2017
Design UV light fixture and aluminum absorber begins Jan 2017
Lead glass installation started Feb 2017
Order parts for light fixture Mar 2017
Lead glass installation completed and cosmic tests started May 2017
UV light fixture installed July 2017
ECAL ready to install Aug 2017

Table 4: Schedule for the UV curing option
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Item Group Effort

New legs for platform JLab engineers and de-
signers

1 week engineer and 2
weeks designer

UV light box and alu-
minum absorber

JLab engineers and de-
signers

3 weeks engineer and 5
weeks designer

Making optical cookies One JLab staff 8 weeks at 25% time
Clean and wrapping
lead glass

One JLab staff and
postdoc

4 months at 50% time

Installation of lead
glass

One JLab staff and
postdoc

3 months at 50% time

Table 5: Workforce estimate for the UV curing option. The JLab staff and/or
postdoc could be replaced by faculty user and/or university postdoc.
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3 Existing BIGCAL with thermal annealing

3.1 Overview

Another option for repairing the radiation damage of the TF-1 lead glass from
BIGCAL is constant thermal annealing. The advantage of continuous thermal
annealing is that the entire length of the block is annealed and the radiation
damage is continuously repaired. Extensive tests of thermal annealing were done
to determine the temperature that was needed to have an annealing rate that
would be sufficient to offset the expected rate of radiation damage. Materials
were identified for building the oven in a cost efficient manner. For the thermal
annealing, the desired temperature profile is having the blocks at 225◦C at the
front with a temperature gradient to 185◦C at the rear of the block with an
light guide separating the lead glass and PMT with the area of the PMT cooled
to 38◦C.

A prototype oven to house 16 blocks was built (called the C16) and tested in
Hall A during Spring 2015. The C16 test demonstrated that constant thermal
annealing can compensate for the radiation damage in conditions where the
radiation dose rate at the front face is calculated in GEANT4 simulations to be
8 times higher than in the SBS GEp experiment. The mechanical design of the
C16 oven could not be used in a full scale version, though the basic concepts
can be used. For a full scale version, mechanical design considerations have to
account for differences in thermal expansion and how to heat and cool larger
regions compared to the C16. To understand and test mechanical design ideas,
it was decided to build a medium scale version of the oven for 200 lead glass
blocks (C200). The main purpose of constructing the C200 is to develop and
test the mechanical design and construction techniques that can be then scaled
to the full size version.

Since the previous Hall C BIGCAL enclosure would have to be modified to
accommodate the oven, it makes sense to arrange the blocks to best match the
SBS acceptance for the elastic protons. The blocks will be arranged in curved
shape with a height of about 3 m and a width of ≈1 m. The trigger would be
similar to the one described in Appendix C.

3.2 Risks and Figure of Merit

The main technical and schedule risk is that the work with the C200 to develop
the mechanical design for the full scale oven is ongoing. The present status of
the C200 is explained in Appendix D. The original date for completion of a
report on the C200 prototype was June 2016. When the C200 work is complete
then the technical and schedule risk will be mitigated. The cost risk is low,
since all the materials are standard and commercially available.

As described in the report on the C16, a GEANT4 simulation of the SBS Gep
high Q2 point that combines the high rate background with a model for constant
thermal annealing predicts almost no darkening of the lead glass. Therefore, the
optimal energy resolution of 5% at 4 GeV is predicted and this gives a minimal
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loss of good elastic events with the electron trigger threshold at 10% below the
elastic electron energy. This would give the maximum figure of merit for the
experiment.

3.3 Costs, Schedule and Workforce

Estimates of the costs for the oven are based on the C200 prototype. Building an
oven means a new enclosure would be built on the BIGCAL platform. A quote
has been obtained for the light guides that are needed to separate the PMTs
from the lead glass. The light guides are simple cylinders, since the light output
from the lead glass is uniform. In comparison, the SPACAL has scintillators
spaced by 2mm, therefore the light guides for the SPACAL option need to be
more complex and have higher production costs. 600 light guides have already
been bought with 200 being used for the C200. 216 9-block supermodules would
be needed and a quote has been received from a vendor for the machined parts.
The supermodule is an enclosure for 9 blocks which consists of parts that are
screwed together. More details are in Appendix D. The breakdown of the direct
costs is given in Table 6 and the total direct cost is $126K. The schedule is given
in Table 7 and the workforce estimate is listed in Table 8.

Item Subitem Cost ($K)

Oven
Thermalcouples and
readout

2

Foamglass insulation 6
Heating elements 16
9-block supermodule
parts

35

Light guides 1200 ( 600 onhand) 12
BigCal Platform Modi-
fications

New legs 10
New enclosure 45

Table 6: Budget for the thermal annealing option
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Milestone Date

Conceptual design report for oven complete Sept 2016
Order light guide rods Sept 2016
Order the 9-block module parts Oct 2016
Start gluing light guide rods to blocks Dec 2016
Design of oven enclosure begins Jan 2017
Receive the 9-block module parts Feb 2017
Oven enclosure sent to procurement May 2017
Completed gluing light guide rods to blocks Aug 2017
Oven enclosure completed Aug 2017
Installation of lead glass modules started Sept 2017
Lead glass installation complete and cosmic tests started April 2018
ECAL ready to install May 2018

Table 7: Schedule for the thermal annealing option.

Item Group Effort

New legs for platform JLab engineers and de-
signers

1 week engineer and
two weeks designer

New oven and enclosure JLab engineers and de-
signers

4 weeks engineer and 12
weeks designer

Assembly of oven 2 JLab technicians 2 weeks
Gluing light guide rods
to blocks

1 JLab staff and 1 post-
doc

8 months at 50%

Installation of lead
glass modules

1 JLab staff and 1 post-
doc

7 months at 50%

Table 8: Workforce estimate for the thermal annealing option. The JLab staff
and/or postdoc could be replaced by faculty user and/or university postdoc.
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4 BNL SPACAL

4.1 Overview

After the Nov 2015 DOE SBS review, the large lead-scintillator hadronic calorime-
ter, SPACAL, which was used in E864 at BNL was proposed for use by BNL. The
advantage is that the lead-scintillator is radiation hard (up to 2.6 MRad which
is more than four times the dose expected for the SBS Gep conditions). The
lead-scintillator block has a frontal area of 10x10 cm2 and a length of 117 cm.
There are 416 available. The blocks will be divided into four 25 cm long sections
for use in the SBS ECal which saves weight. To improve the position resolution,
four light guides, each covering a 5x5 cm2 area of the block, will be attached to
the block. This effectively gives 1664 blocks. The PMTs from the BigCal will
be used for readout.

The trigger would be similar to the one described in Appendix C. To match
the SBS hadron arm acceptance, the blocks will be arranged in curved shape
with a height of about 3 m and a width of ≈1 m.

4.2 Risks and Figure of Merit

At this time, a minor risk is the uncertainty about the performance with the
lead-scintillator blocks being divided by 4 light guides. Tests have been done
at the Fermilab beam test facility by the BNL with a SPACAL block divided
using 3x3 cm2 light guides. This basic design has been used for the design of
the 5x5 cm2 light guides, but tests need to be done to confirm the design. To
mitigate this minor risk, a prototype using the SPACAL blocks is being built.
Four of the SPACAL blocks have been obtained from BNL and one was cut and
polished into four pieces. Light guides have been machined and polished and
have arrived at JLab. To reduce cost, flame polishing of the light guides was
done. The prototype was being assembled in June, but unfortunately cracks
started to appear in the light guides. It is unclear at this time, whether the
problem is the extruded material, flame polishing or a combination. For the
cost estimate in Table 9, a quote was obtained for the light guides that includes
cast material, machining and mechanical polishing. This cost for light guides is
about a factor of 1.8 times larger than the original estimate with flame polishing
and using extruded material.

The predicted energy resolution from GEANT simulations is about 14%
for 4 GeV electrons at the highest Q2 kinematics. The SPACAL needs to be
included in the SBS GEANT4 simulation to optimizes the threshold cut to
minimize the loss of elastic events while keeping an acceptable DAQ data rate.
A crude estimation can be done. To have the coincidence trigger rate of 5 KHz,
the threshold cut of 90% of the elastic electron energy would have to be made
which leads to a loss of 24% of the elastic events. So the relative figure of merit
for the experiment is 0.76 compared to the thermal annealing option.
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Item Subitem Cost ($K)

BNL SPACAL modules
Shipping from BNL 5
Cutting and polishing
(quote from Vision)

6

Light guides
Material + machined
and mechanical pol-
ished

83

Holder 2.5
Optical glue 1

BigCal Platform Modi-
fications

New legs 10
New enclosure 35

Table 9: Budget for the SPACAL option

4.3 Costs, Schedule and Workforce

Estimates have been made of the cost of shipping the blocks from BNL to the
local vendor for cutting and polishing the SPACAL blocks and the vendor has
quoted a price for the work. A vendor has given a quote for the cast material,
machining and mechanical polishing of the light guides. A price for the holders
for the PMTs has been made. The enclosure for the blocks has to be modified to
accommodate the increased height and an estimated cost has been made. New
legs will be needed for the BIGCAL platform. The breakdown of the cost is
given in Table 9 and the total cost is $142.5K. The schedule is given in Table 10
and the workforce estimate is listed in Table 11.
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Milestone Date

Shipment of blocks from BNL to vendor Sept 2016
Order light guides from vendor Sept 2016
Order holders Oct 2016
Start design of new enclosure and legs Jan 2017
Vendor completes cutting and polishing blocks Jan 2017
Holders completed Feb 2017
Machining of light guides complete April 2017
Begin assembly of light guides on modules May 2017
New enclosure and legs sent to procurement Mar 2017
Complete assembly of light guides on modules Sept 2017
New enclosure and legs completed Sept 2017
Installation of SPACAL started Oct 2017
SPACAL installation compete and cosmic tests started Mar 2018
ECAL ready to install Apr 2018

Table 10: Schedule for the SPACAL option.

Item Group Effort

New legs for platform JLab engineers and de-
signers

1 week engineer and
two weeks designer

New enclosure JLab engineers and de-
signers

3 weeks engineer and 5
weeks designer

Assembly of light
guides on modules

1 JLab staff and 1 post-
doc

4 months at 50%

Assembly of new enclo-
sure

2 JLab technicians 1 week

Installation of modules 1 JLab staff and 1 post-
doc

5 months at 50%

Table 11: Workforce estimate for the SPACAL option. The JLab staff and/or
postdoc could be replaced by faculty user and/or university postdoc.
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Appendix A SBS GEp Trigger Rates

As presented at the Nov 2015 DOE SBS review, the singles and coincidence
trigger rates for the GEp experiment at Q2 = 12 GeV2 were calculated in a
SBS GEANT4 simulation using events generated from the PYTHIA6.4 code.
The ECal trigger is an ”OR” of 222 energy sums of overlapping groups of 32
blocks. The HCal trigger is an ”OR” of 55 energy sums of overlapping groups
of 16 blocks. In Fig. 1, the ECal singles trigger rates and efficiency are plotted
versus the trigger threshold expressed as a fraction of the energy for an elasti-
cally scatter electron. At singles rate of 200kHz (threshold = 0.75), the DAQ
deadtime from fast clearing ADC gates is about 6%.

Figure 1: Left plot : The ECal singles trigger rate versus trigger threshold.
Right plot: The ECal singles trigger efficiency versus trigger threshold.

In Fig. 2, the HCal singles trigger rates and efficiency are plotted versus the
trigger threshold expressed as a fraction of the energy for an elastically scatter
proton. In the trigger efficiency plot, the black points are for events that had
a good track in the front tracker (FT) and the blue (red) points are for events
with less than 12◦ scattering in the first (second) focal plane polarimeter plastic
analyzer. Each analyzer is 55 cm thick. The efficiency of FPP1 is reduced by

Figure 2: Left plot : The HCal singles trigger rate versus trigger threshold.
Right plot: The HCal singles trigger efficiency versus trigger threshold.

interactions in FPP2. A HCal threshold of 50% would give a singles rate of
10 MHz and an trigger efficiency of 80% in FPP1 and 95% in FPP2.
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In Fig.3, the real coincidence trigger rate is plotted versus the ECal thresh-
old for a fixed HCal threshold of 50%. At an ECal threshold of 90%, the real
coincidence trigger rate is 3 ± 2 kHz. Without using kinematic correlations, the
accidental coincidence trigger rate is 6 kHz with a 30ns timing window. The
trigger is planned to be made in an FPGA module and the expected elastic an-
gular correlation between ECal and Hcal will significantly reduce the accidental
rate.

Figure 3: The coincidence trigger rate versus ECal trigger threshold with a
HCal threshold at 50%.

The 5 kHz limit to the trigger rate is set to keep the data rate below the
capacity of the GEM readout pipelines. The GEM detectors are readout by a
specially programmed FPGA VME module which is called an Multi-Purpose
Digitizer (MPD). Each MPD will read out 1920 GEM channels with 6 samples
per channel for a total of 0.047 MB per MPD. With a trigger rate of 5 KHz, the
data rate from each MPD is 232 MB/sec. Each MPD will be readout though
an optical link by a SubSystem Processor (SSP) which is a VXS module which
can readout up to 32 MPDs. The optical link to the SSP has a theoretical
maximum of 400 MB/sec, so the 232 MB/sec is a conservative upper limit. The
SSP is a FPGA module which will be programmed to reduce the data that
will be eventually written to tape by doing zero suppression, deconvolution and
elimination of background hits.
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Appendix B BIGCAL in Gep3 experiment

B.1 Introduction

The large calorimeter, BIGCAL, consisted of 1744 TF-1 lead glass blocks. The
bottom section used 1024 blocks with a volume of 3.8 x 3.8 x 45 cm2 which were
arranged in 32 rows and 32 columns. The PMT in this section used bases which
need a booster voltage and therefore had a special patch panel which was built
to fit a row of 32 blocks and supplied the booster voltage. The top section used
760 blocks with a volume of 4.0 x 4.0 x 40 cm2 which were arranged in 24 rows
and 30 columns. The PMTs were coupled to the lead glass using a soft gel-like
optical cookie. The trigger was an coincidence between electron detected in
BIGCAL and protons detected in the HMS. The BIGCAL trigger was an OR of
39 groups of 64 blocks. A group of 64 blocks consisted of 4 rows and 16 (or 15)
columns and each group overlapped by one row. The threshold for the electron
trigger was at 50% of the expected elastically scattered electron energy.

B.2 Radiation damage to lead glass

TF-1 is well known to be susceptible to radiation damage. To reduce the flux of
low energy background, BIGCAL had aluminum plates in front of the lead glass
with a total thickness of 11.4 cm. For Gep3, the radiation damage could be seen
in the drop in signal from the PMT as the experiment progressed. This drop was
monitored using elastic events by calculating the change in the relative gain (in
software) needed to match electron energy measured by the BIGCAL compared
to the electron energy predicted by the proton angle measured in the HRS. In
Fig. 4 , the relative gain determined from elastic events is plotted versus the
integrated charge during the experiment. The decrease in the relative gain can
be compensated by increasing the PMT high voltage or changes in the trigger
threshold. Of course, the loss of optical photons from the darkening of the glass
from radiation damage leads to a worsening of the energy resolution. In Fig. 4
, the normalized energy resolution (normalized by the scattered elastic electron
energy) determined from elastic events is plotted versus the integrated charge
during the experiment. The purple triangle is from elastic data taken at the end
of Real Compton Scattering (RCS) experiment. After the RCS experiment, the
lead glass was annealed with UV light. During the beam downtime, a BIGCAL
was illuminated with UV light from an lighting fixture consisting of Osram-67
lamps. The fixture covered half of the detector and each half was cured for 3
days. The relative gain recovered from 37% to 73% and the normalized energy
resolution improved from 33% to 17%. Using the two data points , the curing
rate, τ , is 105 hours assuming a exponential form 1 − exp(−t/τ).

For the two GEp3 kinematics nearest in angle to the SBS GEp kinematics,
the relative gain was fitted by a× exp(b∗C) where C is the integrated charge in
Coulombs. In Table 12, b is listed for the two GEp3 kinematics and b increases
by a factor of 3.8 as the angle decreases from 44.9◦ to 32.5◦ (the distance from
the target is about the same). A GEANT3 calculation was done to determine
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the soft photon flux (J/cm2/C) and the result is listed in the last column of
Table 12. The soft photon flux increases by a factor of 3.3 which is close to
the factor of 3.8 for the change in b. With this correlation, the assumption was
made that b for the SBS GEp could be estimated by scaling the b for the GEp3
kinematics by the ratio of the soft phton fluxes. For the SBS experiment, the
soft photon flux is calculated to be 0.17 J/cm2/C from a GEANT3 simulation.
Scaling from the GEp3 32.5◦ kinematics, the SBS GEp experiment would have
b=7%/C.

Kin Angle Dist Target Length b Soft photon flux
(deg) (m) (cm) (%/C) (J/cm2/C)

GEp3 #3 44.9 12 20 0.14%/C 0.0039
GEp3 #4 32.5 11.2 20 0.53%/C 0.013

SBS (Q2 = 12) 29.0 4 40 predicted 7%/C .17

Table 12: A table listing the electron calorimeter angle and distance, target
length. For GEp3 kinematics, b is determined by fitting the data in Fig. 4 with
a× exp(b ∗ C). The soft photon flux was calculated in a GEANT3 simulation.
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Figure 4: Left plot: The relative gain which was measured using elastic events
versus integrated beam charge. Right plot: The normalized energy resolution
measured for the elastic events versus integrated beam charge. The purple
triangle is from elastic data taken at the end of Real Compton Scattering (RCS)
experiment. After the RCS experiment, the lead glass was annealed with UV
light.
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Appendix C Updated Trigger and HV

In the SBS experiment, the proton will be detected using a hadron calorimeter
which means the proton singles rate is much higher compared to the previous
GEp3 experiment. Therefore to reduce accidental coincident rates below the
limits of the DAQ, the electron single trigger level should be 90% of the elas-
tically scattered electron energy and the smallest trigger grouping would be 32
blocks with overlap of 16 blocks in horizontal and vertical directions. In the Hall
C experiment, a 50% threshold was used and the smallest trigger grouping was
64 blocks with overlap of 16 blocks in vertical direction only. The 224 sum-of-8
modules used in GEp3 then would also be used for the first summing of blocks
by groups of 8 for the SBS GEp experiment. The next stage is to sum the
groups of 8 into groups of 32. To have overlap in both directions, each sum-of-8
would be in four groups of 32 blocks (except at the edges). A total of 224 groups
of 32 blocks are needed (compared to 39 groups of 64 blocks used in the GEp3
trigger). The groups of 32 blocks would use the previous 39 sum-of-8 (using
only 4 of the 8 inputs). From an early Hall A RCS experiment, 64 sum-of-8
modules exist and can be used. This gives 104 modules which can produce a
sum of 32 blocks. This means the 121 more summing modules need to be found
or bought. This could be 31 linear FI/FO modules, since each module has 4
groups of 4 FI/FO. Another idea would be to modify the 104 modules to be
sum-of-4 modules. A total of 14 16-channel discriminators and 14 16-channel
logical OR modules are needed for the trigger. Approximately 800 additional
lemo cables are needed.

With the new configuration of the lead glass, new patch panels at the back
of the PMTS would have to be built. The PMT patch panels used for 720 PMTs
can be easily repurposed for the new configuration. The PMT patch panels that
were used with the 1024 PMT bases of the Protvino design cannot be reused (
the LEMO and HV cables could be reused). Replacement bases are available,
but new connectors need to be bought.

In the Hall C experiment, 640 HV channels of the standard Hall C HV crates
were used along with forty 16-channel HV patch panels (SHV to 16 pin multi-
conductor). Lecroy 1451 crates and HV modules are available for the all blocks,
but the forty 16-channel HV patch panels are needed from Hall C. In addition,
640 short SHV cables are needed to replace cables that were used in Hall C.

The cost of the upgrade of the trigger and HV modifications is given in
Table 13 the total direct cost is $101K. The estimated workforce is given in
Table 14.
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Item Subitem Cost ($K)

Modified PMT bases
and patch panels

2400 Connectors 17
Patch Panels 5

Trigger electronics
31 4-channel linear
FI/FO

40

800 LEMO cables 24
Replacement HV cables
and patch panels

40 patch panels 15

Table 13: Cost for the trigger and HV update.

Item Group Effort

PMT modified bases
and patch panel

JLab technician 8 weeks

Replacement patch
panels

JLab technician 6 weeks

Table 14: Workforce estimate for the updated trigger.
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Appendix D Status of C200 prototype

Since September 2015, Seamus Riordan at Stony Brook University has been
leading the effort to construct the C200 prototype. A picture of the oven enclo-
sure built at Stony Brook is shown in Fig. 5. For the C200, the heating elements

Figure 5: Front view of the empty C200 oven. The foam glass insulation is
light and is contained in thin-walled aluminum boxes. The top and sides are in
place. The aluminum box for the bottom is standing to the left side and the
front aluminum box is standing to the right side.

will be along the front face and sides of the oven with the insulation all around.
The power has been calculated to be 10 kW and blowers exist at JLab that can
be used to the C200 and the full scale version.

The design difficulty is creating a region to cool the PMTs to 38◦C and still
keep the back of the lead glass at 185◦C. The light guides are glued to the lead
glass block. The PMT will not be glued to the light guide and needs to be held
in place by force against the light guide as was done in GEp3. The design is to
group the blocks into 9-block supermodules shown in Fig. 6. A front aluminum
plate is connected to a back plate by two thin side panels. The light guides end
right at the back plate and the back plate has large holes for each PMT to reach
its light guide. As shown by the close-up view in Fig. 7, the PMT is held in
place by a plastic piece that goes over the PMT’s pins and then is attached
to long standoffs which are screwed into the backplate. The design for holding
the PMT is place is similar to that used in GEp3, so plastic holders already
exists. The main difference is the GEp3 used a large backplates covering 120
PMTs. With a smaller grouping of 9-blocks, the possibility of differences in
thermal expansion in the lead glass and backplane causing a breakage at the
joint between light guide and lead glass or between the light guide and the PMT
is eliminated. The backplate creates a physical barrier between the PMT and
the rear of the lead glass which makes it easier to maintain the PMT at to 38◦C
and still keep the back of the lead glass at 185◦C.
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Figure 6: Picture of 9-block supermodule. The lead glass blocks and light
guides are wrapped in aluminum foil. One of the nine PMTs is attached for test
assembly.

Figure 7: Close-up view of PMT attachment for the 9-block supermodule.
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