
Development of a High Resolution CompCal Calorimeter

1 Needs for the proposed CompCal

1.1 A Key Instrument for η → γγ Measurement

CompCal  

Figure 1: The experimental setup for the η → γγ decay width measurement. This includes: (1) a high
energy photon tagger; (2) a pair spectrometer (which is not shown in the figure); (3) a physics target;
(4) the FCAL calorimeter; (5) the CompCal calorimeter.

A schematic view of the experimental setup for the eta-Primakoff experiment (E12-10-011) is
shown in Fig. 1. The upper 10% energy range (10.5–11.7 GeV) of the tagged photon beam produced
by a 12 GeV primary electron beam will be used to produce η’s from two 30 cm long liquid tar-
gets: hydrogen and 4He. Two decay photons from η will be detected by the forward electromagnetic
calorimeter (FCAL), located 5.6 m downstream of the target. The photon flux will be determined by
periodically measuring the absolute photon tagging efficiency with a total absorption counter (TAC)
at low beam intensities, and by monitoring the relative tagging efficiency with a pair spectrometer
(PS) to measure the e+e− pair production during the production runs at high beam intensities. The
only addition to the standard GlueX apparatus is a small PbWO4 crystal calorimeter (CompCal),
located 2 m downstream from FCAL, to measure the Compton cross section in parallel with the η

production. For the photon beam energy of ∼ 11 GeV, at least one of the scattering particles from the
Compton scattering process will be in the extremely forward angles. There is no acceptance for FCAL
at polar angles less than 1◦ due to a 12× 12 cm2 opening area in the center of the detector. Therefore
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CompCal is required to fill this gap by covering polar angles less than 1◦. The Compton scattering
photon and recoiled electron will be detected in two calorimeters (FCAL and CompCal) simultane-
ously to check the setup stability, monitor the luminosity and FCAL detection efficiency, and verify
the overall systematic uncertainties in the absolute cross section measurement. The η radiative decay
width is proportional to the Primakoff cross section, which will be extracted from the measured total
differential cross section of the η photo-production in the forward direction. Therefore, controlling the
systematic uncertainties with the proposed CompCal is critical to achieve the projected experimental
precision and should be considered as high priority for the success of this experiment.

1.2 Research and Development for Future FCAL Upgrade

The development of CompCal detector will serve as a prototype detector that offers opportunities to
explore all possible issues and technical challenges for the future Forward Calorimeter upgrade (FCAL-
II). The existing FCAL is made of conventional lead glass blocks. It has been proposed to upgrade
FCAL by inserting the high resolution, high granularity PbWO4 crystals into the central region of
FCAL. The proposed CompCal will be operating in similar experimental conditions as FCAL-II; thus it
will provide real experimental data in order to optimize the technical requirements for the development
of FCAL-II.

2 Description of CompCal calorimeter

As stated above, the main purpose of the proposed CompCal calorimeter is to detect the Compton
scattering events (together with FCAL) in parallel with the η-production in the experiment. This
will provide a sub-percent precision in monitoring the luminosity, the FCAL efficiency and overall
systematics in the experiment. This detector will be located in the Hall D beam line, 2 m downstream
of the FCAL calorimeter, covering the 12 × 12 cm2 central opening area of FCAL. Therefore, high
radiation hardness is one of the requirements for CompCal in addition to the energy and position
resolutions. In the past two decades, the lead tungstate crystal (PbWO4) has became a popular
inorganic scintillator material for precision and compact electromagnetic calorimetry in both high and
medium energy physics experiments because of its fast decay time, high density and high radiation
hardness. With a $1 million Major Research Instrumentation award (MRI, PHY-0079840, Dr. A.
Gasparian as the PI) from NSF, the PrimEx Collaboration (where PI and co-PI of this MRI proposal
are key players) at JLab has developed and constructed a novel state-of-the-art multi-channel, high
resolution and large acceptance electromagnetic hybrid (PbWO4-lead glass) calorimeter (HyCal) [1] to
perform high precision (1.4%) measurements of the neutral pion lifetime via the Primakoff effect. The
HyCal calorimeter had been successfully used in two experiments: PrimEx-I in 2004 and PrimEx-II
in 2010. Recently the HyCal calorimeter was refurbished to be used in a “high impact” experiment
(PRad experiment) in Hall B to measure the proton charge radius to address the “proton charge

radius puzzle” in the hadronic and atomic physics communities. The expertise and experiences of the
PI and co-PI of this new MRI proposal, accumulated from the previous development of the HyCal
calorimeter, will be important for the success of the CompCal development in Hall D (if it is funded).
In the following, a detailed description of CompCal will be provided.
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2.1 The Calorimeter

CompCal will consist of 96 PbWO4 crystal shower detectors (2.15 × 2.15 × 18 cm3 in size for each
crystal), arranged in a 10×10 square matrix. It will be assembled in a light-tight iron frame maintained
at a stable temperature. Four crystal detectors in the center of the calorimeter (4.3× 4.3 cm2 in size)
will be removed in order for the incident photon beam to pass through the calorimeter. Similar to the
HyCal calorimeter, the most inner layer of crystal modules around the beam hole will be covered with
∼ 12 Radiation Length (R.L.) of Tungsten in order to protect them from the high intensity photon
beam radiation. Those modules will still be included in the organization of the trigger and used in
the algorithms for the cluster energy and position reconstructions.

During the development of the previous HyCal calorimeter, we conducted extensive R&D in the
selection of the crystal type and the manufacturers. We purchased 1250 PbWO4 crystals from the
Shanghai Institute of Ceramic (SIC), China, based on the high performances of those crystals in our
tests (mechanical sizes, light yield, uniformity, optical transmission and radiation hardness) as well
as the comparatively lower unit price at the time. We have studied the current crystal production
market recently (PI visited SIC in summer 2016). Based on our study and previous experiences, we
plan to purchase 110 PbWO4 crystal modules from SIC for the CompCal calorimeter.

Two criteria are important for the design of the detector module: (1) to optimize the light collec-
tion from the back end of the crystal; and (2) to minimize the material in the transverse dimensions.
Based on these considerations, each crystal will be wrapped in ∼63 µm VM-2000 reflector (from 3M),
then with an additional layer of 38.1 µm black Tedlar for optical isolation between the blocks. A
Hamamatsu R4125HA photomultiplier tube (PMT) will be coupled to the back end of the crystal
with optical grease to detect the scintillating light from the electromagnetic shower. In order to pro-
tect from the residual magnetic fields, the PMT will be wrapped with several layers of a µ-metal film
inside of plastic cylindrical housing. The PMT housing will be attached to the crystal block with two
specially designed brass flanges with one on the front face of the crystal and the other on the back
end of PMT housing that is tightened with two 25 µm brass strips passing through the two sides of
the wrapped crystal. In most parts, we will follow the conceptual design scheme, existing engineering
drawings and available apparatus from the PrimEx project for the design and assembly of the Com-
pCal shower detector. A complete module of the PbWO4 crystal detector from the PrimEx HyCal
calorimeter is shown in Figure 2.

2.2 The Frame and Transporter

All 96 individual shower detector modules will be stacked in a specially designed light-tight rectangular
iron frame, The light yield of the PbWO4 crystal is highly temperature dependent (∼ 2%/◦C). In
order to keep the detector array at a stable temperature, the detector assembly will be surrounded
by thick (1.0 cm) copper plates (from all four sides) with circulating coolants. These four plates will
be mechanically pushed against the detector assembly providing a tight assembly and good thermal
contact between the coolant and the detector modules. This relatively easy assembly scheme was
tested several times during the HyCal calorimeter development and construction, as well as, during
the two PrimEx experiments. It provided a temperature stability at the level of ∆T = ±0.1◦C during
the entire period of data collection (up to three months). The calorimeter frame with the estimated
weight of ∼ 300 kg, will be placed on a commercially available table, movable in both horizontal and
vertical directions with an accuracy of ±1mm. This transporter will allow remote positioning of each
detector module in a tagged photon beam for checkout and energy calibration channel-by-channel. It
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Figure 2: A single PbWO4 crystal shower
detector module.
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Figure 3: Schematic view of the CompCal
calorimeter with the X,Y- moving transporters
(front view). The gain monitoring system is not
shown here.

will also provide capability to position CompCal in the beam accurately for the experiment and to
retrieve it from the beam for protection whenever it is necessary.

2.3 The Light Monitoring System (LMS)

To control the stability of gains for each channel of the calorimeter during the long period of data
taking, a gain monitoring system will be developed and constructed. We plan to use a design similar to
the HyCal light monitoring system (LMS), which was proven to provide sub-percent stability control
during several months of data taking [1, 2]. The main components of the CompCal LMS will be: (1)
a light source, (2) a mixing box, (3) a light distribution system, (4) two reference detectors and (5)
a filter wheel. The optical components of the LMS, including the light source, the mixing box and
two reference detectors will be located in a thermally insulated box, which will be mounted under the
calorimeter frame. This box will be connected to the cooling system of the main frame in order to
keep a constant temperature and humidity level during the long data taking period.

2.4 Charged Particle Identification Detector (PID)

The primary goal of the CompCal is to detect the Compton events together with the FCAL calorimeter.
FCAL has an existing scintillator counter system in front of it for charged particle identification.
While FCAL will detect the particles with the scattering angles larger than 1◦, CompCal will cover
the scattering angles less than 1◦. Therefore, having a charged particle identification detector system
in the front of CompCal will be critical for reducing the beam related electromagnetic background.
The charged particle identification detector system (PID) will consist of eight scintillating paddles
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with the dimension of 22× 3.0× 1.0 cm3 for each counter. These detectors will be mounted vertically
to the front part of the CompCal calorimeter covering the entire CompCal acceptance. A hole will
be cut in the center of PID for the passage of the primary photon beam. Both ends of each paddle
will be coupled to a Hamamatsu R6427 PMT (pre-assembled with E2624-04 high voltage divider by
company - H7415) through a “fish-tail” light guide. The scintillators and light guides will be purchased
from the Eljen Technology Company in Texas. The similar PMTs, scintillators and light guides were
recently used by the UNCW group to construct the pair spectrometer detectors in Hall D successfully.
Each counter will be first wrapped in ∼100 µm Tyvek reflector, then with a 38.1 µm layer of black
Tedlar for optical isolation of the detectors. In order to protect from the residual magnetic fields the
PMTs will be wrapped with several layers of a mu-metal film placed inside of a Co-NETIC mu-metal
cylindrical housing. The flight time difference between the signals from the top and bottom PMTs of
the counter will be used to determine the vertical coordinate (y) of the hit.

2.5 Trigger and Electronics

The electronics and organization of the trigger from the CompCal calorimeter will be similar to the
existing FCAL calorimeter scheme already used in Hall D. Each shower detector will be supplied
by an individual and programmable high voltage system (five CAEN 24-channel HV modules in one
CAEN crate). The anode signals from each channel will be sent to a Flash ADC (FADC, 16-channel
JLab-made 12-bit 250-MHz boards) for the time and charge determination. All signals (including the
16 channels from the PID counters) will be fed into seven 16-channel FADCs in one VXS crate. The
level 1 hardware trigger will be based on FADC information and it will select events to be read out
by the data acquisition and processing system. Every channel in FADC will send signal information
to the Crate Trigger Processor (CTP) board, located in the same crate, over the back plane serial bus
every 16 ns. The signal information will include energy for every channel above threshold. The CTP
board will perform cluster finding and form the trigger decision.

2.6 Calibration of the CompCal Calorimeter

The initial gain equalizing procedure for each shower detector will be done before the experiment
using cosmic ray data. The final gain matching and energy calibration of the calorimeter will be done
by using a very low intensity tagged photon beam (< 5 nA electron beam on a 10−5 R.L. tagger
radiator) of selected energies (Eγ = 6.0 − 11.7 GeV). As it is described in section 2.2, the CompCal
calorimeter will be remotely movable so that the center of each shower detector can be positioned
in the beam with an accuracy of ±1 mm during the time of checkout, gain equalization and energy
calibration. The gain matching is important for achieving the best resolutions (both position and
energy), as well as forming effective triggers for the experiment. The gain equalization will be done by
irradiating the center of each crystal with a tagged photon beam of known energy and adjusting the
corresponding high voltage for that particular shower detector. For the energy calibration, we will take
data by scanning the calorimeter channel-by-channel with the tagged photon beam in a continuous
slow motion. To measure the energy and position resolutions of the calorimeter, the selected regions
of the detector will be scanned with a tagged photon beam moving in 2 mm steps.

The impact coordinates of the electromagnetic particles incident on the segmented hodoscopic
calorimeters are determined from the energy deposition of the electromagnetic shower in several
neighboring counters. The optimized position and energy resolutions are achieved when the trans-
verse dimensions of the detector element (2.15×2.15 cm2, for this case) are comparable to the Molière
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radius of the crystal material (2.2 cm for the PbWO4 crystal). The PrimEx collaboration in the past
fifteen years has developed the algorithms and the computer programs for the calorimeter calibration
and for the reconstruction of position and energy from the multi-channel calorimeters. Those programs
have been successfully used and tested in the past three experiments (PrimEx I&II, and PRad)). We
will implement all those programs and experimental procedures for the proposed project.

3 Project Management Structure and Plans

The PI of this proposal, Dr. L. Gan will serve as a Project Manager (PM) for the CompCal calorime-
ter development and construction. The PM’s responsibilities will include overall monitoring of this
MRI award (if funded), supervision of the budget and all aspects of calorimeter development and
construction activities in the collaboration. PM will also be a contact person to coordinate the efforts
in collaboration with physicists and engineers in Hall D at JLab for installation and commissioning
of CompCal. Dr. Gan is a Professor at University of North Carolina Wilmington, which is the host
university for this proposal. Dr. A. Gasparian, a professor at NCAT, will be a co-PI to assist and
collaborate with PM in the organization and management of the MRI project. Both PI and co-PI
are spokesperson for the η-Primakoff experiment in Hall D. They are the key players in the devel-
opment of a multi-channels (over 2000 channels), high resolution hybrid calorimeter (HyCal) in Hall
B. They have many years of experience and expertise in the PbWO4 calorimeter development. A
calorimeter-working group that mainly consists of the UNCW group (Dr. L. Gan, Dr. T. Black
and two undergraduate students), the NCAT group (Dr. A. Gasparian, Dr. R. Pedroni, and two
M.S. degree graduate students), and other collaboration members has been established. A bi-weekly
working group meeting will be held in a regular basis. The primary decision will be discussed in the
group meeting and approved by the collaboration. This working group is responsible for the design,
assembly and testing of CompCal. Assuming the proposal is funded in Aug 2016, the target date
to complete the design and construction of CompCal is by the end of 2017. The proposed CompCal
consists of three main sub-systems: (1) the calorimeter that includes a crystal detector array with a
temperature controlled detector frame and a movable supporting table; (2) a Light Monitoring System
(LMS); and (3) a charged Particle Identification Detector (PID). The UNCW group will be responsible
for design and construction of the calorimeter. The NCAT group in collaboration with the UNCW
group will be responsible for design and construction of LMS and PID. Both groups will participate
in CompCal assembly, installation and commissioning, operation and maintenance. Table 1, 2, and 3,
show itemized costs for each sub-system of CompCal. The prices for major items, such as the crystals
and PMTs, are based on the corresponding vendors’ quotations, which are included as supplementary
documents. Table 4 summarizes the total cost of the proposed project with a total requested amount
of $248,520, including 18% of contingency for inflation in component prices, needs for additional ac-
cessory hardware and shipments, and risk mitigation. Table 5 summarizes the activities, deliverables,
and the projected timeline. The final assembly of CompCal will be completed in the end of 2017. The
detector will be ready for installation in Hall D in spring 2018.

4 Risk Associated with the Project and Risk Mitigation

Cost estimates for the main components of CompCal are based on the quotes from preferred vendors.
One source of cost increase is inflation of prices from the vendors. We account for such cost inflation
in the contingency portion of the budget. The PI and co-PI had already successfully developed a
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Item Unit Price Quantity Cost

PbWO4 crystal $790 110 $86,900

R4125 PMT $350 110 $38,500

HV divider $50 110 $5,500

PMT housing $30 100 $3,000

Calorimeter frame $10,000 1 $10,000

Chiller with temperature sensors $5,000 1 $5,000

Moving table $25,000 1 $25,000

HV cables $100 100 $10,000

Signal cables $60 100 $6,000

Total $189,900

Table 1: Hardware required for the construction of calorimeter.

Item Unit Price Quantity Cost

Scintillator $40 8 $320

Light guide $180 16 $2,880

H7415 PMT assembly $525 18 $9,450

PMT housing $30 16 $480

HV cable $100 16 $1600

Signal cable $60 16 $960

Total $15,690

Table 2: Hardware required for the construction of charged Particle Identification Detector (PID).

state-of-art high resolution, hybrid calorimeter (HyCal) in Hall B. The proposed CompCal is only
a small version of the PbWO4 crystal insertion in the central region of HyCal and its construction
does not pose any significant risk. All material needed for the CompCal development are standard
items that should not pose any significant chances of delay. We expect to work in coordination with
physicists and engineers in Hall D at JLab throughout the design and construction process. Overall
this is a very low risk project.
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Item Unit Price Quantity Cost

Reference PMT $525 2 $1050

α-source with CsI crystal $350 1 $350

Light mixing box $500 1 $500

Filter wheel with a remote control $2,500 1 $2,500

Optical fibers $3/m 100 $300

HV cable $100 2 $200

Signal cable $60 2 $120

Total $5,020

Table 3: Hardware required for the construction of Light Monitoring System (LMS) .

Item Cost

Calorimeter $189,900

PID $15,690

LMS $5,020

Sub-total $210,610

Contingency (18% rate) $37,910

Grand-total $248,520

Table 4: Summary of total cost for CompCal .

Activity Groups Projected Starting Time

PbWO4 crystal procurement UNCW Sept. 2016

PMT/HV divider procurement UNCW Sept. 2016

PID design/parts procurement NCAT, UNCW Oct, 2016

LMS design/parts procurement NCAT, UNCW Nov, 2016

Moving table design/procurement UNCW Dec, 2016

Frame design/procurement UNCW Dec, 2016

PbWO4 crystal and PMT tests UNCW, NCAT Dec, 2016

LMS construction NCAT, UNCW Jan, 2017

PID module construction NCAT, UNCW Feb, 2017

Frame construction UNCW Feb, 2017

HV/signal cable procurement UNCW Feb, 2017

PbWO4 crystal module assembly NCAT, UNCW May, 2017

CompCal assembly/test UNCW, NCAT Aug, 2017

CompCal ready for installation Dec, 2017

Table 5: Timeline for CompCal development.
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