Report on ECal prototype: The tests and
comparison to GEANT4 simulation
1. Introduction
The SBS Electron Calorimeter (ECal) will be used in the proton electric form factor experiment to detect
the elastic electrons. The current plan for the calorimeter is based on the lead glass blocks accumulated
during last two decades. At the high luminosity of GEp/SBS experiment, the lead glass will quickly suffer
radiation damage which degrades light collection of the block and the energy resolution of the
calorimeter. Extensive tests were done at JLab that showed that heating the lead glass to 225o C can
anneal the expected radiation damage. With the radiation dose rate predicted for the experiment,
continuous thermal annealing at 225o C is needed to obtain a good balance between the rate of damage
and annealing. The PMT needs to operate at temperatures below 40o C, so a 15cm long light guide is
used to create distance between the PMT and the oven. The desired heat profile in the oven is 225o C at
the front end of the lead glass which drops to 185o C at the back end of the lead glass where the
radiation damage is less. Then the area where the PMT is located is cooled by air to a temperature of
40o C. To test the concept, a prototype calorimeter inside a custom oven was built. The continuous
thermal annealing was tested with beam in Hall A in the spring of 2015 using elastically scattered
electrons to monitor the energy resolution of the calorimeter.

2. Construction of Prototype of SBS ECal
To test the concept of constant thermal annealing, a prototype detector (named “C16”) with 4x4 array
of lead glass blocks inside an oven was constructed. In Figure 1, photos of the initial stage of
construction of the C16 are shown. Each lead glass block has frontal area of 4.2x4.2 cm2 and length of
34.3 cm. The blocks are wrapped in thin aluminum foil. A cylindrical light guide (borosilicate glass) with
diameter of 3.0 cm and length of 15 cm was glued to the lead glass via high temperature spectrally
transparent epoxy F202. The PMT was also glued to the light guide via UV curable epoxy . The C16 blocks
were enclosed in a thin aluminum box to make it light tight. In Figure 2, the left photo shows how the

Figure 1 Photo of C16 lead glass blocks, light guide and PMTs.
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Figure 2 The heating cable is wrapped around the lead glass with glass tiles between cable and blocks. The glass foam
insulation was wrapped in aluminum foil and packed around the lead glass and light guides.

heating cable was wrapped around the lead glass with a buffer of glass tiles between the cable and the
lead glass. The right photo in Figure 2 shows the glass foam insulation wrapped in aluminum foil that is
packed around the lead glass. In Figure 3, the left photo shows the C16 enclosed in thin aluminum
panels and the right photo shows the front of the C16. Thermocouple wires can be seen extending out
of the front of the C16. Thermocouples were used to measure the temperature of the lead glass at front
and back of the lead glass and in the area of the PMTs. The photos in Figure 4 show the C16 from the
back. In the left photo, part of the cooling system can be seen. A blower blow air through a copper pipe
which was cooled to room temperature by coiling the copper pipe around a fan (seen on the floor) since
the air temperature for air directly from the blower was too warm. The air was blown in the back and
directed by small diameter tubing to the gaps between the PMTs. After tuning the blower and heating
elements the temperature profile of 225o C at the C16 front, 185o C at the rear of the lead glass and 38o
C at the PMTs was achieved.

Figure 3 The left photo shows the detector after enclosing it in thin aluminum panels. The right photo shows the
front of the prototype with thermocouple wires coming out of the front.
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Figure 4 The left photo shows the back of the C16. Air was pumped from a blower into the back of the C16
o
to cool the PMTs down to about 38 C. The right photo is a close up of the light tight enclosure for the PMTs
and bases.

3. Experiment
The ECAL prototype was placed on a movable platform that placed it at beam height. The test was
performed between April 30th and May 2nd. The beam energy was 2.056 GeV and the target was a 15cm
long LH2 cell. On April 30th, the calorimeter was rolled to approximately 30o and 6.9m from the target
and the RHRS polarity was change to positive and set to accept elastic protons at 1.07 GeV/c and angle
of 48.74o. The coincidence electrons are at 30.1o and 1.578 GeV. At 6.9 m away, the calorimeter covers a
solid angle of about 25x25 mr and the momentum range of electrons hitting the calorimeter is 1.6%. The
Jacobian of the electron to proton solid angle is one for elastic scattering at this kinematic setting. The
RHRS angular acceptance is about 60x120 mr, so the ratio of RHRS single triggers to coincidence triggers
is about 12:1. Initially, the heating for the oven was turned off.
The calorimeter DAQ system was configured to accept the RHRS signal. The DAQ was independent from
the usual Hall A DAQ systems and run on the computer named hallavme14. The ADC signals for the
calorimeter went into a FADC250 used in sampling mode with a sample every 4 ns and a window of 60
samples. The data was taken with two FADC250 VME modules. The PMT analog signal from each block
was feed into a sum-of-8 module. The sum-of-8 module takes 8 individual signals. It produces a sum of
the eight signals and it also amplifies each individual signal by 4 and passes the signal to a back multi pin
connector. Each NIM module has two group-of-8 sections, so it can handle 16 inputs. The sum-of-8
module was cabled so that columns 1 and 2 of the C16 were in the first group of 8 and columns 3 and 4
were in the second group of 8. The summed outputs were put into channels 0 and 1 of the 2nd FADC250.
Table 1 summarizes the cabling.
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Table 1 Cable map.

Small angle side
Block 1
ADC chan 0
Block 5
ADC chan 1
Block 9
ADC chan 2
Block 13
ADC chan 3

Block 2
ADC chan 4
Block 6
ADC chan 5
Block 10
ADC chan 6
Block 14
ADC chan 7

Block 3
ADC chan 8
Block 7
ADC chan 9
Block 11
ADC chan 10
Block 15
ADC chan 11

Large angle side
Block 4
ADC chan 12
Block 8
ADC chan 13
Block 12
ADC chan 14
Block 16
ADC chan 15

A timeline of the beam current is shown in Figure 5. In the swing shift of April 30th, beam was restored
and first an attempt to reach high current was done by accelerator. The accelerator was able to show
that it could reach 60 uA that was needed to beam current calibration and target boiling studies.
The program of a delta scan of elastic protons with 20uA beam on 15cm LH2 target was started. First the
latency of the FADC was scanned in steps of 30 samples. Runs 718-731 were part of the latency scan and
a coincidence was found at a latency of 155 samples. Only the ADC channels for the large angle row
(blocks 4,8,12 and 16) showed a good ADC signal. An entry to the hall was made to move the
calorimeter about 10cm to larger angles. With the new position good ADC peaks where seen for all
blocks. Runs 732-742 were used to optimize the HV and roughly gain match the ADC signals. The HV
settings were fixed after run 743. Runs 743 and 744 were taken with 6uA beam. The gains were match
to give a summed ADC count of 14,000 (arbitrary number) for elastic events. Run 745 was taken at 12uA.
Runs 746 through 753 were taken at 20uA.
Entry to the hall was made at around 10 am on May 1st to turn the oven on. At the same time, to
monitor the radiation dose, lead glass blocks were placed on the C16 platform with one block along the
side of the C16 on the small angle side and another bar in front of the C16 perpendicular to the face.
Other lead glass bars were placed at locations on the spectrometer platform (larger angles) near the C16
platform.
At around 5:00 pm on May 1st, access was made to check on the oven heater and the temperatures at
the front, back and the PMTs was measured to be 250, 190 and 38o C. After closing the hall, run 755 was
taken at 6 uA. Then the beam current was raised to 20uA to increase the radiation dose on the C16. At
around 10 pm, run 764 was taken at 6 uA to check the energy resolution of the C16. No change in the
energy resolution was observed. Data was taken at 20uA for another hour.
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At around 11:00 pm on May 1st, access was made to check the oven temperatures and the lead glass
blocks used for monitoring the radiation damage. The oven temperatures were 250, 190 and 38o C. The

Figure 5 Timeline of the beam current during the C16 test.

lead glass block next to the C16 on the beamline side showed slightly discoloration while the block in
front of the C16 showed little damage. Given short allocated beam time, it was decided to increase the
dose rate by moving the C16 to smaller angles and closer to the target. The C16 was moved to about 10o
and 6.1 m from the target. The oven was left on and data was taken with the RHRS with 20 uA beam on
the LH2 target.
At around 7:30am on May 2nd, a hall access was made. The oven temperatures were 271, 170 and 38o C.
As shown in Figure 6, the lead glass bars near the C16 were dark brown which indicated a high dose
rate. The C16 platform was moved back to its original position of 30.1o and 6.9 m. The beam was a
restored and data was taken for run 772.
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Figure 6. The lead glass blocks used to monitor the radiation dose after the C16 was placed at 10 and there was
20uA beam on the 15cm LH2 target. Block 1 was placed parallel to the C16 along the beamline side of the C16. Block
1 has damage at the front ( left side of photo) and along the side. Block 2 was placed in front of the C16 and
perpendicular to the front face. Blocks 3,4 and 5 were located at different locations on the spectrometer platform
o
that was near 30 . These blocks show only moderate damage.

4. Data analysis
The data for each FADC250 channel is a sampling of 60 time bins (time bin is 4 ns wide). As an example
of data analysis, data from run 743 with beam current of 6uA will be discussed. In Figure 7, the average
sampling spectra for the sum channels 1 and 2 are plotted in the upper left and right. A pedestal per
time bin is determined for each channel and each event by integrating time bins 1 through 15 and
dividing by number of bins. In Figure 7, the pedestal per time bin for all events is plotted for sum
channels 1 and 2 in the bottom two histograms. The integrated ADC is calculated by integrating time
bins 22 through 40 and subtracting the pedestal (pedestal per time bin scaled by the ratio of 19/15 to
account for the difference in number of integrating bins). In Figure 7, the integrated ADC for all events is
plotted for sum channels 1 and 2 in the middle two histograms. The elastic events are above channel
5000 in the integrated ADC. Below channel 5000 is accidental coincidence with low energy background
integrated over the ADC gate. In analyzing the data for the individual 16 blocks, only events which had
an integrated ADC greater than 5000 in either sum channel 1 or 2 were used in the following analysis.
For run 743, the fraction of events which pass this cut is 13% which is higher than the 1:12 estimated
from the solid angles of the C16 (25x25mr) and the HMS (60x120mr). The HMS solid angle is relative
crude estimate for a point target.
The FADC data for the 16 individual blocks was analyzed in a similar fashion as the sum FADC data. A
pedestal is determined for each channel and each event by integrating time bins 1 through 15. The
pedestals for each channel in run 743 are plotted in Figure 8. In Figure 9, the average sampling spectra
are plotted for each of the 16 blocks. The sample spectra have not been gain matched. The integrated
ADC is calculated by integrating over time bins and subtracting the pedestal (pedestal per time bin was
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scaled to account for the difference in number of integrating bins). For most blocks the integration was
over times bins between 22 to 42, except for blocks 1, 2, 3 and 4 which had lower bin of 28, 30, 20 and
20 and upper bin of 48, 50, 40 and 40 , respectively. To convert to an energy unit, an integrated ADC
value of 14000 was set to 1.578 GeV.
A software gain coefficients were determined for each block by a fitting procedure. For each event, the
block with the maximum energy was determined. For each event, an energy sum is calculated by
summing the energy from all blocks that have over 10 MeV in energy. To be used in the fit, the energy
sum must be within 475 MeV of the peak at 1578 MeV. This cut started out looser and was gradually
tighten over the fitting iterations. For fitting, two types of events were used. The first type of event is
one in which the block with the maximum energy is one of the central four blocks (6,7,10 or 11). For run
743, there were 7,913 of these events. The second type of event was one in which a 2x2 group of blocks
was found which had a maximum energy block with energy greater than 338 MeV and each block had
more than 1/6 of the energy sum. There are nine overlapping groups of 2x2 blocks. For run 743, there
were 1,091 events of the second type. These events are useful for constraining gains of the edge blocks.
The gains are in Table 2 and labeled “gain set 743A”.
In Figure 10, the energy deposited per block for all events is plotted for run 743 using gain set 743A. The
large peak at zero is from the high intensity low energy background that is integrated over the ADC gate
width. In Figure 11, the same energy spectra are plotted in a 4x4 array. To have an idea of the width of
the low energy background, Figure 11 plots the pedestal (green line) which is ADC integrated over time
bins 1 through 15 scaled by the gate width used for each block. Another way to see the low energy
background is to plot the integrated ADC over the gate window for events which failed the elastic
selection using the cut on the summing module. The events are plotted the blue line in Figure 11 and are
overlapped by the pedestal events.
With gain set 743A, Blocks 2, 3, 9 and 12 have an energy spectrum that goes to larger energy when
compared to the energy spectra of the central blocks (6, 7, 10 and 11). In Figure 12, the summed energy
is plotted for each of the blocks when that block has the maximum energy using set 743A. The central
blocks have a nice peak shape and are fitted with a Gaussian. The mean and sigma for the peak are given
for each central block in Table 3 under Run 743 gain set 743A. The weighted average of energy
resolution for the four central blocks is 8.2% +/- 0.15%.
Using the assumption that the individual energy spectrum for all blocks should have the same shape, the
gains from set 743A were modified. The adjusted gains are in Table 2 under the column “gain set 743B”.
The adjustment for individual channels was less than 10%. In Figure 13, the energy deposited per block
for all events is plotted for run 743 using gain set 743B. The summed energy spectra using gain set 743B
were produced and the energy resolution for the central blocks is given in Table 3. The weighted
average of energy resolution for the four central blocks is 8.1% +/- 0.13%.
The oven was turned on at around 10 am on Friday. At around 5 pm an access was made to the hall to
check the temperatures, which were found to be at the expected operating temperatures. After this
access, data was taken at 6 uA during run 755. In Figure 14, the energy spectrum for the individual
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blocks are compared between run 743 (black line) and run 755 with both using gain set 743B (red line).
In general, the energy spectra changed only slightly. The gains for run 755 were modified to match the
spectra of run 743 and the energy spectra plotted as a green line in Figure 14. The new gain coefficients
are given in Table 2 under column “Run 755 Set 755A”. The next column gives the ratio of 743B gain
coefficients to the 755A gain coefficients. Blocks 14 and 15 show a 12% drop and block 7 has a 10%
drop. A few blocks show a slight increase in gain. So overall, a systematic change of the gain of an
individual blocks (due change in transparency for example) is not seen in the data. The energy resolution
for each of the four central blocks for run 755 is given is Table 3. The weighted average of the energy
resolution of the four central blocks is 8.2% +/- 0.16% and 8.1% +/- 0.16% with gain coefficients from set
743B and 755A, respectively.
Throughout the swing shift the beam was a run at 20uA. Run 764 was taken at a beam current of 6uA. A
comparison of the energy spectra for runs 743, 755 and 764 have shown in Figure 15. Run 764 was
analyzed using the gain coefficients 755A. The energy spectra for run 755 and 764 match well and no
change of the gain coefficients was needed. The energy resolution for each of the four central blocks for
run 764 is given is Table 4. The weighted average of the energy resolution of the four central blocks is
8.0% +/- 0.16%. So no change was seen in the energy resolution or gain coefficients between run 755
and 764. At around 11pm, access was made to the hall to move the calorimeter to about 10 degrees and
6.1m from the target to increase the radiation dose.
From roughly midnight to 7:30 am the next morning, mostly 20uA beam was incident on the LH2 target.
At around 7:30am on May 2nd, a hall access was made to move the calorimeter back to the elastic
setting. Data was taken during run 772 with a beam current of 6 uA. Figure 16 compares the energy
spectra for the individual blocks for run 764 (block lines) and 772 (red lines) using the gain coefficients
755A. A drop in the energy signal is seen in all blocks. The gain coefficients were determined by fitting
the run 772 data and the coefficients are listed in Table 4 under the column labeled “Run 772 Set 772A”.
These gain coefficients were adjusted to give the same energy spectrum as seen in run 764 and the
coefficients are listed in Table 4 under the column labeled “Run 772 Set 772B”. In Figure 16, the energy
spectra for Run 772 using set 772B are plotted as green lines. The ratio of gain coefficient sets 755A to
772B is given in the last column of Table 4. The energy resolution for each of the four central blocks for
run 772 is given is Table 4. The weighted average of the energy resolution of the four central blocks is
8.5% +/- 0.14% and 8.6% +/- 0.14% with gain coefficients from set 772A and 772B, respectively.
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Table 2. The gain coefficients determined for different runs. Run 743 was a run at 6 uA of beam current and the oven was
not on. Set 743A is determined by the fitting procedure, while set 743B is modified to align the energy spectra as seen in
Figure 13. Run 755 was a run at 6uA after the oven had been on for about 8 hours and had reach its operating temperatures.
The gain coefficients had to be slightly modified for run 755 and the new coefficients are given in the column labeled “set
755A”. The change is relatively small and does not show a systematic trend. Run 772 is after the C16 had been given a large
dose of radiation and then the C16 was moved by to the elastic location. Set 772A is the gain coefficients determined by
fitting the data. The Set 772A was modified to Set 772B so that the energy spectra for the individual blocks match the energy
spectra seen in run 755. The ratio of Set 772B to Set 755A is a measure of the decrease in the transparency of the blocks due
to the high radiation that was not compensated by the oven. Most blocks show a drop of 10-15%, except for the large angle
column of blocks 4, 8, 12 and 16 which have a drop of 30%. Also the corner block 13 has a 30% drop.

Block 1
Block 2
Block 3
Block 4
Block 5
Block 6
Block 7
Block 8
Block 9
Block 10
Block 11
Block 12
Block 13
Block 14
Block 15
Block 16

Run 743
Set 743A
0.938
1.298
1.125
0.802
1.534
0.815
1.581
0.733
0.914
0.607
0.693
0.935
0.904
0.958
1.065
0.974

Run 743
Set 743B
0.996
1.155
1.046
0.821
1.473
0.880
1.665
0.733
0.845
0.665
0.770
0.894
0.983
0.968
1.071
0.974
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Run 755
Set 755A
1.039
1.204
1.046
0.821
1.409
0.842
1.854
0.701
0.811
0.665
0.770
0.894
0.940
1.104
1.221
0.898

Ratio
743B/755A
0.96
0.96
1.00
1.00
1.05
1.05
0.90
1.05
1.04
1.00
1.00
1.00
1.05
0.88
0.88
1.08

Run 772
Set 772A
1.115
1.517
1.241
1.177
1.854
0.922
1.939
1.055
1.024
0.681
0.801
1.358
1.305
1.436
1.488
1.287

Run 772
Set 772B
1.194
1.396
1.241
1.250
1.687
0.960
1.939
1.022
0.931
0.745
0.888
1.284
1.358
1.436
1.429
1.290

Ratio
755A/772B
0.87
0.86
0.84
0.66
0.84
0.88
0.96
0.69
0.87
0.89
0.87
0.70
0.69
0.77
0.85
0.70
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Run number
Comment
Block 6 mean (GeV)

Run 743
Set 743A
1.557

Run 743
Set 743B
1.633

Run 755
Set 743B
1.684

Run 755
Set 755A
1.638

Block 7 mean (GeV)
Block 10 mean (GeV)
Block 11 mean (GeV)
Block 6 sigma +/- err (%)
Block 7 sigma +/- err (%)
Block 10 sigma +/- err (%)
Block 11 sigma +/- err (%)
Weighted mean of 4
sigma +/- err (%)

1.547
1.550
1.551
7.8 +/- 0.25
8.2 +/- 0.28
9.2 +/- 0.39
8.3 +/- 0.30
8.2 +/- 0.15

1.610
1.652
1.651
7.9 +/- 0.22
8.3 +/- 0.30
8.0 +/- 0.23
8.4 +/- 0.28
8.1 +/- 0.13

1.506
1.690
1.688
8.1 +/- 0.28
9.0 +/- 0.40
7.5 +/- 0.29
8.7 +/- 0.40
8.2 +/- 0.16

1.574
1.661
1.675
7.9 +/- 0.28
9.4 +/- 0.47
7.6 +/- 0.28
8.7 +/- 0.39
8.1 +/- 0.16

Table 3. The mean and sigma of the elastic peak in the summed energy for the central blocks for runs 743 and 755. Run 743
was at a beam current of 6uA and the oven for the C16 was off. Run 755 was at a beam current of 6uA and the oven for the
C16 was on and the blocks were at the desired operating temperatures. An example of the summed energy spectra are
plotted in Figure 12 for run 743. “Set 743A”, “Set 743B” and “Set 755A” refer to the gain coefficients used to analyze the data
and are tabulated in Table 2. The first column is data from run 743 analyzed using the gain coefficients of set 743A which
were determined by the fitting procedure. The second column is data from run 743 analyzed using the gain coefficients of set
743B in which the gain coefficients of set 743A were modified to given similar energy spectrum shapes for all blocks. There is
no change in the weighted mean of the resolution for the four blocks with the different gain coefficients. The third column is
data from run 755 analyzed using the gain coefficients of set 743B. The fourth column has the results when analyzing the run
755 with modified gain coefficients.

Run number
Comment
Block 6 mean (GeV)
Block 7 mean (GeV)
Block 10 mean (GeV)
Block 11 mean (GeV)
Block 6 sigma +/- err (%)
Block 7 sigma +/- err (%)
Block 10 sigma +/- err (%)
Block 11 sigma +/- err (%)
Weighted mean of 4
sigma +/- err (%)

Run 764
Set 755A
1.574
1.523
1.608
1.603
7.6 +/- 0.27
7.9 +/- 0.33
9.4 +/- 0.44
8.0 +/- 0.35
8.0 +/- 0.16

Run 772
Set 772A
1.551
1.554
1.541
1.537
8.4 +/- 0.26
9.3 +/- 0.35
8.3 +/- 0.27
8.3 +/- 0.28
8.5 +/- 0.14

Run 772
Set 772B
1.581
1.541
1.628
1.640
8.9 +/- 0.32
9.1 +/- 0.33
8.2 +/- 0.27
8.4 +/- 0.25
8.6 +/- 0.14

Table 4. The mean and sigma of the elastic peak in the summed energy for the central blocks for runs 764 and 772. Run 764
was at a beam current of 6uA and the oven for the C16 was on. Soon after run 764, the C16 was moved to 10 degrees to
increase the radiation dose. After the C16 had been at 10 degrees with 20 uA of beam on the target for about 7 ½ hours, the
C16 was moved back to 31 degrees for an elastic run. Run 772 was data taken at 6uA at 31 degrees after the high radiation
dose. A slight increase in the energy resolution is measured after the high radiation dose.
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Figure 7 Histograms for sum channels 1 and 2 during run 743.
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Figure 8 The pedestal per time bin for all blocks for run 743 at beam current of 6uA. The pedestal integrated over the gate
width used to obtain the integrated ADC signal are plotted in Figure 11.
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Figure 9 ADC counts versus time sample histograms for run 743 for all 16 blocks.
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Figure 10 Energy (GeV) deposited in a block for events in run 743 using the gain set 743A given in Table 2.
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Figure 11 The energy spectra for each block for run 743 using gain coefficient from set 743B.
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Figure 12 The summed energy spectra plotted when the maximum energy is in that block for run 743 using gain coefficients
from set 743A.
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Figure 13 The individual energy spectrum for run 743 using gain set 743B in which the gains determined by fitting ( gain set
743A) were adjusted to give similar energy spectrum for each block.
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Figure 14 Individual energy spectrum for runs 743 and 755.
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Figure 15 Energy spectra comparing runs 743 , 755 and 764.
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Figure 16. Energy spectra for individual blocks for runs 764 and 772. Rn 764 was before the C16 was moved to 10 degrees to
induce a large radiation dose on the C16 while the oven was on. The data from run 764 is the black histogram and the gain
coefficients of set 755A were used. Run 772 was taken when the C16 had been moved back to 31 degrees after the large
dose of radiation. The red histogram is data from run 772 analyzed using the gain coefficients from run 755A. All blocks show
a small energy spectrum for run 772 when using gain coefficients 755A indicating the blocks suffered some radiation damage
that was not compensated by the oven. The green histogram is data from run 772 analyzed using gain coefficients which will
give the same energy spectra as in run 764 ( gain coefficient set 772B). The ratio of 772B/764 is a measurement of the
radiation damage.
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5. Thermal Annealing Model
A model was developed to describe the transparency of lead glass under specified conditions of
temperature and radiation dose rate. The model is based on two sources: the measurements of the
transparency of undamaged and radiation-damaged lead-glass blocks from the “RadPhi” experiment
carried out by the GlueX collaboration, see Ref.[1], and our detailed studies of annealing rate and
transparency at various temperatures by using the lead glass blocks irradiate at ISU and JLab. The key
parameters of the model are the concentration of dark (absorbing) centers C and radiation dose rate.
Several sets of observations were made:
1. The transmission of light through 4 cm thickness of undamaged and damaged lead-glass blocks near
the front of the blocks was measured as a function of wavelength from about 300 nm (where the
glass becomes opaque) to 800 nm (which is beyond the range of spectral sensitivity of the PMTs).
The “front” of the block (coordinate z=0) is the end facing the target during data taking. These
measurements yield two transmission curves, T(λ,z), denoted Tdam(λ,0) and Tund(λ,0) representing the
transmission through 4 cm thickness of lead-glass at z = 0 for the damaged and undamaged blocks,
respectively.
2. The transmission of light with a fixed wavelength of 410 nm (near the peak sensitivity of the PMT)
was measured as a function of the depth z in a radiation-damaged block (where z=0 is the front of
the block), yielding a transmission curve Tdam(410,z), representing the depth profile of the radiation
damage.
3. The absorption in 40 cm of “clear” (undamaged) lead-glass was measured as a function of
temperature at the fixed wavelength of 405 nm. At this wavelength, a significant increase in
absorption was observed as a function of temperature.
4. The signal recovery rate of the lead glass was measured for several different temperatures and used
to determine the so-called “annealing time” (or dark centers lifetime) τ.
From these measurements, a model for the absorption length of lead-glass was developed which,
however, requires several simplifying assumptions:
1. The wavelength dependence of the reduction in transparency due to radiation damage factorizes
from the depth dependence. The dark center properties are independent on location in the block.
This would be incorrect when the hadron induced damage become important.
2. The thermal annealing rate increases exponentially with temperature within the range of
temperatures considered, as our experiment indicated and glass electrical conductivity suggested.
3. The accumulated radiation dose at z = 0 on the “damaged” block on which the transparency
measurements were performed was 80 krad, as it is found in the “RadPhi” report, Ref. [1].
4. The model assumes that the effect of radiation damage consists entirely of the reduction in
transparency, and that this reduction is completely reversible by thermal annealing, as it was
observed in a number of our experiments for radiation dose up to 100 kRad.
5. The model assumes that the annealing rate depends only on temperature and the accumulated
radiation dose and not on wavelength, which is the important assumption of the model.
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𝑥

In the model, the transmission is calculated as 𝑇 = exp(− 𝑎), where 𝑥 is the photon path and 𝑎 is the
absorption length. The absorption length has two terms:
1
1
𝐶(𝑧, 𝑡)
=
+

𝑎(𝜆, 𝑧) 𝑎̃(𝜆)
𝑏̃(𝜆)
where a(λ,z) is the absorption length at a given wavelength λ and depth z, ã(λ) is the absorption length
in undamaged glass (which is independent of z). The dark centers concentration C (z,t) is a function of
location z and time t. The derivative dC(z)/dt has a term proportional to the radiation dose rate at
location z and another term inversely proportional to the annealing rate. The 𝑏̃(𝜆) is the absorption
length due to the dark centers for C=1 [in custom units]. C=1 at z=0 for the conditions of the “RadPhi”
study. The 𝑏̃(𝜆) parametrizes the wavelength dependence of the reduction in absorption length induced
by radiation damage. From the measured transparency curves in the “RadPhi” report, we have
𝑎̃(𝜆) =  −

4𝑐𝑚
ln(𝑇𝑢𝑛𝑑 (𝜆, 0))

ln(𝑇𝑢𝑛𝑑 (410,0))−ln(𝑇𝑑𝑎𝑚 (410,0))
𝑏̃{𝜆) = 4𝑐𝑚 × ln(𝑇
(𝜆,0))−ln(𝑇
(𝜆,0))
𝑢𝑛𝑑

𝑑𝑎𝑚

𝐴

𝐶(𝑧) =  𝐴0,𝑐𝑢𝑟 [ln(𝑇𝑢𝑛𝑑 (410,0) − ln(𝑇𝑑𝑎𝑚 (410, 𝑧))]
0,𝑟𝑒𝑓

Here, A0,cur is the accumulated dose at z = 0 in the “current” state of the glass, and A0,ref is the
accumulated dose for the reference state in which the transparency measurements were done. If the
thermal annealing time is τ, then the time evolution of the dark centers concentration (or radiation
damage profile) C(z) is governed by the equation:
𝑑𝐶(𝑧, 𝑡)
𝐶(𝑧, 𝑡)
= 𝐵𝐷(𝑧) − 
𝑑𝑡
𝜏
where in this case D(z) is the radiation dose rate at location z and B is a constant to be determined. The
equilibrium solution Ceq(z) is obtained by setting the left-hand side to zero:
𝐶𝑒𝑞 (𝑧) = 𝐵𝐷(𝑧)𝜏
The constant B can be determined by considering the accumulated dose for a time interval much shorter
than τ. For example, at room temperature the annealing time τ is very long compared to the duration of
most experiments. In this case, the second term on the right-hand side can be neglected and we have
𝑑𝐶(𝑧, 𝑡)
= 𝐵𝐷 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡,
𝑑𝑡
at the end of irradiation 𝐶 ref(z=0)= 1, 𝐶𝑟𝑒𝑓 (𝑧 = 0, 𝑡𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ) = 𝐵𝐷𝑡 ≡ 𝐵𝐴0,𝑟𝑒𝑓

𝐵 =𝐴

1

0,𝑟𝑒𝑓
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In other words, if the effect of radiation damage on transparency is measured as C(z,t) for an
accumulated dose 𝐴0,𝑐𝑢𝑟 , the constant B is given by the ratio of the two numbers, such that
𝐶𝑒𝑞 (𝑧) =

1
× 𝐷(𝑧)𝜏
80[𝑘𝑅𝑎𝑑]

From this equation and the aforementioned measurements of radiation damage and annealing lifetime,
we can compute the transparency of the lead-glass for any given temperature profile and radiation dose
rate D. The annealing lifetime for a temperature T is computed from
𝜏 =  𝜏0 𝑒

−

𝑇
𝑇0 ,

where τ0 and T0 are parameters determined from measurements of transparency at different values of
temperature.

6. GEANT4 Simulation
The C16 prototype test was simulated using GEANT4. Figure 17 shows the experiment layout in GEANT4.
For this simulation, only the essential features of the target, the scattering chamber, and the upstream
and downstream beam-pipes were included.

Figure 17: Layout of the C16 test simulation in GEANT4. The essential features of the DVCS scattering chamber and the
downstream beam pipe in Hall A are included along with a simplified model of the 15-cm LH2 target. The C16 is shown at its
approximate location for the elastic ep scattering runs (30.8 degrees and 6.9 m from the target). The beam energy was 2.056
GeV.
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Table 5: Assumed front and back temperatures of the lead-glass for GEANT4 simulations

Experiment
C16 prototype test
ECAL in GEP experiment

Front temperature (C)
250
225

Rear temperature (C)
190
185

Table 5 shows the assumed front and back temperatures for the C16 test and the GEP ECAL simulation.
These temperatures were used to compute the “annealing rate” as a function of z. Figure 18 shows a
zoomed-in view of the C16. The key feature of the C16 layout is the longitudinal segmentation of the
lead-glass blocks; this “artificial” segmentation allows the definition of unique optical properties for
each segment. In all the simulations described in this report, a linear temperature profile was assumed.

Figure 18: Zoomed view of the C16 layout in GEANT4 from above. Surrounding materials include the 10 cm thickness of
“glass foam” insulation packed around the C16 on all sides except the rear, and a 0.25”-thick Aluminum plate approximating
the additional material in front of C16. The lead-glass blocks are segmented longitudinally so that different optical properties
can be defined for each segment. Each block is wrapped in “Aluminum foil” with an assumed reflectivity of ~87%. The 15-cm
cylindrical light guides are made of borosilicate glass. The PMT photocathodes are shown as blue discs at the end of the light
guides.

Figure 19 shows a simulation of the SBS GEP experiment with a preliminary layout of ECAL. Note that the
GEP ECAL will be constructed from available lead-glass bars of three different thicknesses. In the
simulation it is assumed that three different lengths of light guide will be used so that the combined
length of lead-glass and light guide will be fixed.
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Figure 19: Screenshot from the GEANT4 simulation of the GEP experiment showing an elastic ep event with central
2
2
kinematics for the Q = 12 GeV measurement. The HCAL behind SBS is omitted from the picture for clarity. The GEP ECAL will
be constructed from available lead-glass blocks of three different thicknesses. The layout shown is preliminary and subject to
change. In this example, scintillation is disabled to reduce computation time required for the tracking of large numbers of
optical photons in the coordinate detector

2

Figure 20: Left: calculated dose rate as a function of depth in the GEP ECAL for the highest Q configuration, averaged over
the surface of ECAL, for an assumed beam current of 75 μA and beam energy of 11 GeV on the planned 40-cm LH2 target.
Center: calculated dose rate as a function of depth during the C16 test, for an assumed beam current of 20 μA and beam
energy of 2.056 GeV on the 15-cm LH2 target, averaged over the 16 blocks. Right: Ratio of dose rates between the C16 test
and the GEP ECAL. At the front of the lead-glass, the dose rate in C16 is about eight times higher than expected during GEP,
and is about 4 times higher averaged over the depth of the C16 blocks.

Figure 20 shows the dose rates calculated by GEANT4 for the C16 test in Hall A and for ECAL during the
Q2 = 12 GeV2 configuration of the GEP experiment. The dose rates were calculated by generating
approximately 109 primary beam electrons starting 5 m upstream of the target and recording the energy
deposition rate in lead glass as a function of depth. The “local” dose rate in a given z bin is calculated as:
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𝐷=

𝐼𝑏𝑒𝑎𝑚 𝐸𝑑𝑒𝑝
𝑒𝜌𝐴𝛥𝑧𝑁𝑔𝑒𝑛

Here Ibeam is the beam current in Amperes, e is the electron charge in Coulombs, Edep is the total energy
deposition in a given z bin (summed over all simulated events), ρAΔz is the mass of a z-segment of area
A and thickness Δz, and Ngen is the number of generated primary beam electrons. As shown in Fig. 20,
the detailed GEANT4 calculations show that the dose rate during the 10-degree running of the C16 test
was about eight times higher at the front of the glass (and about four times higher averaged over the
entire depth of the glass) than expected during GEP. Part of the reason that the depth profile of
radiation damage differs between the two experiments is that there is more material in front of the GEP
ECAL to absorb low-energy particles than in front of the C16 prototype, including a 20-cm CH2 “filter”
and the Coordinate Detector.
Figure 21 shows the dose rate in C16 by block, averaged over the whole block and as a function of
depth. In general, edge blocks have higher expected dose rates than the center blocks, and corner
blocks have higher expected dose rates than adjacent non-corner edge blocks. This is largely because of
radiation entering the blocks through the sides that aren’t shielded by other lead-glass blocks. Note that
since the dose rates are calculated in exactly the same way for the C16 and GEP simulations, even if the
overall dose rates are incorrect by some factor, the ratio of dose rates between the C16 and GEP
simulations should be quite robust.

Figure 21: Dose rates by block number in C16. Left: average dose rate by row and column in C16. Column 4 is the small-angle
side of the C16 in the simulation. Right: Dose rate as a function of depth by row and column in C16.

Figure 22 shows the average dose rate by block in the GEP ECAL for the layout shown in Fig. 19. The
average dose rate per block varies by roughly a factor of two over the surface of ECAL.
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Figure 22: Dose rates by block in the GEP ECAL. In this plot, low “column” number corresponds to smaller angles, but column
number does not correspond to a fixed horizontal position (the stacking of ECAL is crescent-shaped to match the acceptance
2
of SBS within the interesting Q range)

To compute the expected signal reduction corresponding to the conditions of the C16 test and the

Figure 23 Predicted sum of photoelectrons in 4 × 4 blocks for the C16 elastic ep simulation, for
the case with no radiation damage (black) and with radiation damage ON (red) at the nominal
dose rate predicted by GEANT4.

expected conditions during GEP, elastic ep scattering was simulated with and without the effects of
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radiation damage and thermal annealing. In the case of C16, elastically scattered electrons were
generated with a range of angles chosen to populate approximately the full acceptance of the right HRS,
which is about 10 times larger than the acceptance of C16. In the GEP simulation, elastically scattered
electrons were generated in a range of angles chosen to populate the entire surface of ECAL. For the

Figure 24 Number of photoelectrons in a PMT vs. total energy deposition in the corresponding block, for undamaged leadglass (left), and for damaged lead-glass (right) in equilibrium at the nominal dose rate. Averaged over all blocks, the ratio
damaged/undamaged is (97.6 ± 0.2) %.

initial C16 simulation, the dose rates shown in Fig. 21 were used to compute the equilibrium
transparency as a function of depth in the glass.

Figures 23 and 24 show, respectively, the combined effects of radiation damage and thermal annealing
on the final signal for the expected conditions of the C16 test using the nominal dose rate computed by
GEANT4. Figure 23 shows the 4 × 4 summed number of photoelectrons in all blocks, while Figure 24
shows the correlation between the signal in a single block and the total energy deposition in that block.
The ratio of the damaged/undamaged signals is (97.6 ± 0.2)%, implying an average expected signal
reduction under the conditions of the C16 test of (2.4 ± 0.2)%. Clearly, this is significantly smaller than
the observed reduction of about 10% for the interior blocks and larger reductions for the edge blocks.
There are several possible explanations for the discrepancy, to which we shall return later, but all
involve uncertainties in the overall normalization of the radiation damage function C(z). Because the
model for equilibrium transparency combined with GEANT4 fails to reproduce the observed signal
reduction, several additional simulations were performed to determine what overall scale factor applied
to the nominal radiation damage profile C(z) could reproduce the observed signal reductions. To this
end, elastic ep simulations with overall scale factors of 2, 5 and 10 applied to C(z) were performed.
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Figure 25 Number of photoelectrons in a PMT vs. total energy deposition in the corresponding block, for
undamaged lead-glass (left), and for damaged lead-glass (right) in equilibrium at ten times the nominal dose rate.
Averaged over all blocks, the ratio damaged/undamaged is (85.4 ± 0.2) %.

Figures 25 and 26 show the expected signal reductions for a scale factor of 10; i.e., C(z)  10 × C(z). In
this case the average signal ratio of damaged/undamaged glass is (85.4 ± 0.2)%, implying an average
signal reduction of (14.6 ± 0.2)%. This is much closer to the average observed signal reduction. Figure 27

Figure 26 : Summed number of photoelectrons in 4 × 4 C16 blocks, for the case
with no radiation damage (black) and the case with radiation damage at ten
times the nominal dose rate predicted by GEANT4 (red)
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shows the dependence of the average signal reduction on the scale factor applied to the dose rate (or
equivalently to C(z)). Within the range of scale factors considered, the expected signal reduction varies
linearly with the scaled dose rate. Although the extrapolation to a dose rate of zero is not consistent
with a damaged/undamaged ratio of 1 (the intercept of the linear fit to the data is closer to 99%), it is
certainly possible that the behavior for much smaller dose rates is nonlinear. In any case, the linear fit to
the data of Figure 27 was compared to the observed signal reductions in table 2 to determine an
appropriate scale factor to use in predicting the expected signal reduction during GEP.
Table 6: Signal ratio damaged/undamaged by block number, for the nominal dose rate calculated by GEANT4, and for a dose
rate scaled up by a factor of ten.

Block Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Ratio ± Uncertainty, nominal
dose rate (%)
95.5 ± 0.7
96.1 ± 0.6
96.1 ± 0.6
98.0 ± 0.7
93.0 ± 0.6
97.2 ± 0.7
97.5 ± 0.6
96.6 ± 0.7
98.1 ± 0.8
95.8 ± 0.7
96.1 ± 0.6
96.6 ± 0.6
96.0 ± 0.7
94.1 ± 0.5
97.6 ± 0.6
96.9 ± 0.5

Ratio ± Uncertainty, 10X dose
rate (%)
79.6 ± 0.7
85.1 ± 0.6
85.4 ± 0.6
83.7 ± 0.7
81.1 ± 0.6
85.9 ± 0.6
88.7 ± 0.7
83.4 ± 0.6
82.4 ± 0.5
84.4 ± 0.6
87.2 ± 0.6
85.4 ± 0.6
81.0 ± 0.6
85.6 ± 0.6
84.8 ± 0.7
86.7 ± 0.6

Table 6 shows the signal reduction for the elastic ep scattering conditions during the C16 test, for each
block of the C16, at the nominal dose rate computed by GEANT, and with the assumed dose rate
increased by a factor of 10. For the 10-times higher dose rate scenario in particular, the blocks on the
small-angle side of the C16 experience larger signal reductions, which contradicts the observed larger
reductions on the large-angle side of the C16, which are not yet well understood. However, at 10X dose
rate, the observed signal reductions for the interior blocks (6,7,10,11) are in rough agreement with the
observations. An overall scale factor of 10.6 was chosen to compute the expected signal reduction
during the GEP experiment. At this scale factor, the expected average signal for the C16 conditions
obtained by interpolating the linear fit of Fig. 27 is 84.6% of the “undamaged” signal. This scale factor
was chosen as a compromise between averaging the observed reductions from all blocks and excluding
the large-angle blocks which experienced larger signal reductions than could be explained by the GEANT
simulations and the model alone.
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Figure 28 shows the expected signals in the GEP ECAL without radiation damage, and with radiation
damage scaled by a factor of 10.6 relative to the dose rate calculated by GEANT. Because the expected
average dose rate in the GEP ECAL is about a factor of 3-4 lower than that experienced by the C16
prototype, the expected signal reduction is much smaller, with the average damaged/undamaged ratio
being (96.3 ± 0.19)% even with a 10.6 scale factor applied to the dose rate. Note that the overall
photoelectron yield per unit energy deposition is lower in the simulated GEP ECAL than in the simulated
C16 prototype, mainly because of a

Figure 28 Expected ECAL signal during GEP, with no radiation damage (left plot ) and with radiation damage based on scaling
the calculated dose rate by a factor of 10.6 (right plot). The ratio damaged/undamaged is (96.3 ± 0.19)%.
Figure 27 Ratio of damaged/undamaged signal strength (as measured by the number of photoelectrons per GeV of energy
deposition in a single block) as a function of scaled dose rate, averaged over all the blocks of C16. The point at 0.8 krad/h
corresponds to the nominal dose rate, or a scale factor of 1, while the point at 8 krad/h corresponds to a scale factor of 10.

difference in the way the foil wrapping of the lead-glass blocks and light guides was implemented. In the
C16 simulation, the geometry of the foil wrapping of the light guide is modeled as a smooth, trapezoidal
“taper” of the foil from the end of the block to the midpoint of the light guide, which can explain some
of the difference in resolution between the simulations and the observations. This significantly increases
the effective light collection efficiency in the C16 simulation, in a way that is perhaps overly optimistic.
In the GEP ECAL simulation, on the other hand, it is assumed that the cylindrical light guides (which vary
in length as shown in Fig. 19) are tightly wrapped in aluminized mylar, such that only photons entering
the light guides directly through the interface between the lead-glass and the light guide can reach the
PMT photocathode. This reduces the light collection efficiency relative to the C16 simulation by about
20%, even before any effects of radiation are considered. With the radiation damage profile C(z) scaled
to reproduce the signal reductions observed during the C16 prototype test in Hall A, the expected
average signal reduction during the GEP experiment for an assumed beam current of 75 μA and the
assumed temperature profile shown in Table 5 is roughly (3.7 ± 0.19)% relative to the undamaged state.
Given that the expected radiation dose rate varies by roughly a factor of two across the surface of ECAL,
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signal reductions of up to 7% could be expected for the blocks at the smallest angles. Because the
expected signal in the equilibrium state of the glass is only a few percent lower than the “undamaged”
baseline signal, a reduction that is comparable to or smaller than the expected energy resolution, the
C16 prototype test results suggest that the continuous thermal annealing concept will enable the ECAL
to meet the signal stability and energy resolution requirements of the GEP experiment.

Figure 29: Simulated signal spectrum produced by elastically scattered electrons in terms of photoelectrons for all C16
blocks, for the case with no radiation damage (black) and the case with 10X the nominal radiation dose rate (red). This
confirms that the energy spectra for all C16 blocks are essentially identical (in the “undamaged” case), as was assumed to
improve the software calibration/gain matching procedure for the edge blocks.

Figure 29 shows the simulated signal spectrum for each C16 block produced by elastically scattered
electrons for undamaged lead-glass, and radiation-damaged lead-glass in the 10X dose rate scenario.
These spectra confirm the assumption used in the software calibration/gain matching that the energy
spectra for all 16 blocks should be the same, given the small solid angle acceptance of the C16 during
the elastic scattering measurements (see Figure 11).
Despite the reassuring results of the simulation, it is nonetheless somewhat unsettling that such a large
scale factor had to be applied to the radiation damage in the model to reproduce the results of the test.
Therefore, it is worth revisiting the sources of uncertainty and the limitations of the model.
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7. Limitations of the model
Normalization uncertainty for C0(z), C0(0)
The basis of the estimate of 80 krad as the accumulated dose at the front of the damaged bar on which
the transparency measurements were performed is not well documented. It is reasonable to suppose
that the uncertainty in this number is quite large, perhaps at least a factor of two or more. If the damage
at z = 0 of the measured bar was overestimated, this would at least partially explain the underestimation
of the signal reduction by the thermal annealing model. The uncertainty in this number could in fact be
even larger because the volume of lead-glass to which this 80 krad “radiation dose” estimate was
normalized is unknown. Radiation dose is defined as energy deposition per unit mass, so for a segment
𝐸

𝑑𝑒𝑝
of area A and thickness dz, the radiation dose 𝐷 =  𝜌𝐴𝑑𝑧
. The calculations shown in Fig. 20 used dz = 2

cm to normalize the energy deposition rate calculated by GEANT4 to a dose rate. To make an apples-toapples comparison with the “80 krad” Hall D measurements, more information would be needed as to
exactly how “80 krad” was computed. Moreover, as shown in Fig. 20, the dose rate at z = 0 and the
radiation dose profile with depth in any given experiment are highly sensitive to the type and energy
distribution of incident radiation and the materials (if any) in front of the lead-glass. The conditions of
irradiation of the damaged Hall D lead-glass bar on which the transparency measurements were
performed are poorly known.
Location of C16 during the test
The angle and position of the C16 during the test in Hall A were not surveyed. There is some uncertainty
in the calculation of the dose rate in the C16 prototype because there is some uncertainty in its location
during the test in Hall A. However, calculations of the flux of photons and electrons as a function of
angle and energy for a 2.056 GeV beam on a 15 cm liquid hydrogen target indicate that this uncertainty
is not large, as the expected photon and electron fluxes weighted by energy only vary by a factor of 3
from a polar angle of 7 degrees to a polar angle of 13 degrees, and the dose rate calculated by GEANT
only varies by about 25% across the surface of the C16, assuming it was at its nominal location.
Incomplete description of C16 experiment geometry in GEANT4
The geometry of the scattering chamber and downstream beam-pipe materials is incompletely
described in GEANT4. However, the missing details are not likely to have a large effect on the dose rate,
unless something major is missing. Indeed, adding more details of the DVCS scattering chamber to the
simulation only caused the calculated dose rates to go down, not up, since the additional materials
tended to absorb very low energy particles, without producing any significant “hot spots”.
Other experimental imperfections
The simulation does not account for several additional sources of uncertainty, including any possible
temperature changes and/or non-uniformities during the test, several broken glue joints between leadglass and light-guide glue that were discovered at the end of the test, etc.
Comments on resolution mismatch between simulation/experiment
The observed energy resolution in the C16 simulation corresponds to an average photoelectron yield in
the undamaged case of about 700 per GeV. This corresponds to a simulated resolution of about 5.5% at
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the scattered electron energy of 1.6 GeV for the sum of 4 × 4 blocks in events for which the block with
the largest signal is not an edge block. The contributions to the simulated resolution are the Cherenkov
photon yield, the light transmission and collection efficiency (efficiency of generated Cherenkov photons
to reach the PMT photocathode), the PMT quantum efficiency, and shower fluctuations (leakage of the
shower out of the 4×4 block array). In the simulation, the gains are perfectly matched among all 16
channels. It is likely that the light collection efficiency has been overestimated by at least 20% in the C16
simulation simply due to the unrealistic description of the geometry (and possible overestimation of the
reflectivity of) the foil wrapping. For a 20% lower photoelectron yield, the expected energy resolution
would be 5.5%⁄
= 6.1%, for example.
√0.8
Additional contributions to the observed energy resolution not included in the simulation include the
effects of electronics noise integrated over the software gate width and calibration uncertainties, both
of which can be substantial. Indeed, Figs. 8, 9 and 11 show a substantial contribution to the resolution of
the individual block signals from the width of the pedestal in each channel. In fact, the contribution of
electronics noise can account for most of the difference between the simulated and experimental
energy resolution during the C16 test. The contribution of electronics noise to the fractional energy
resolution σE/E falls like 1/E, so it will be less important during the GEP experiment, for which the central
elastically scattered electron energy is about 4.6 GeV. Moreover, since the purpose of comparing the
simulation to the test results was to calibrate the thermal annealing model to predict the expected
reduction in the signal mean during GEP relative to the case without any radiation damage, these
differences in resolution are not terribly important.

8. Summary of GEANT4 simulation results
Detailed GEANT4 simulations were carried out to calibrate the model for thermal annealing of lead-glass
to reproduce the C16 test results and predict the expected signal reduction in equilibrium between
thermal annealing and radiation damage during the GEP experiment. Averaged over the total thickness
of the glass, the radiation dose rate during the period when the C16 was placed at 10∘ was about 4 times
that expected during GEP, according to GEANT4, and about 8 times higher at the front of the glass. To
reproduce the observed signal reduction in the C16 blocks, the radiation damage function C(z) of the
thermal annealing model had to be scaled up by a factor of approximately 10. With this scale factor
applied, the expected signal reduction in equilibrium between thermal annealing and the radiation dose
rate at full luminosity during the GEP experiment is (3.7 ± 0.2)%. Although the simulation failed to
reproduce all details of the prototype test results, the fact that only a slight worsening of the energy
resolution was observed for blocks in the C16 oven while the “witness blocks” placed on the front and
the side of the C16 during the “high-dose-rate” irradiation of C16 experienced dramatic darkening
inspires confidence that the continuous thermal annealing of ECAL will work in the radiation
environment of the GEP experiment.
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