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1 Executive Summary of the Responses to Recommendations from the
Jefferson Lab Director’s Review Committee

1.1 Overview

To exploit the full potential of the Jefferson Lab (JLab) 12 GeV energy upgrade, a large acceptance
high luminosity device, SoLID (Solenoidal Large Intensity Detector), was proposed for a rich and
vibrant science program. Five SoLID experiments, one PVDIS (Parity-Violating Deep Inelastic
Scattering), three SIDIS (Semi-Inclusive Deep Inelastic Scattering), and one J/v production, were
approved with high ratings in 2010-2012 by the JLab Program Advisory Committee. After years of
work by the collaboration, a robust, low risk and flexible design concept, capable of accomplishing
this broad and varied physics program, was determined. A preliminary conceptual design report
(pCDR) for SoLID was submitted to the JLab Director in 2014.

A JLab Director’s Review for SoLID was held in February 2015. The review committee con-
cluded that SoLID was in a good state to move forward, but also identified a number of areas
where additional work would be needed. Thirty-six recommendations were made in total (see Ap-
pendix A), with some aiming at longer term efforts required by any project of similar magnitude,
and others more specifically relevant for the nearer term. After discussions with the Physics Di-
vision and JLab management, the collaboration aspired to first address recommendations that are
necessary to proceed with a Science Review as required for the DOE Critical Decision CD-0, while
concurrently continuing to address the longer term recommendations to the extent possible with
available resources. The collaboration completed this effort which culminated in a revised version
of this pCDR document. The revised document was submitted, along with a change summary, to
the review committee, who accepted it in October 2017, stating that the collaboration did “...an ex-
cellent job in addressing those recommendations in their updated Pre-CDR.” and “...the Committee
believes that the SoLID Experiment is ready for its DOE Critical Decision Zero (CD0O) Review.”
To follow up regarding possibilities for the latter, a meeting was held in July 2018 at the DOE to
discuss the SoLID plans and progress. All parties present at that meeting agreed that a cost update
would be beneficial, thus this pCDR document was updated once more accordingly.

This chapter summarizes the preparatory work performed to reach the milestone of the DOE Sci-
ence Review. It includes specific recommendations related to the three core measurements (SIDIS,
PVDIS and J /4 production), as well as ones related to the general performance of the instrumenta-
tion to reach the scientific goals. For PVDIS, the viability of the calibration procedure to determine
Q? was studied including realistic misalignments of the detectors. The design of the baffles was
re-examined including the choice of materials. For SIDIS, careful studies were performed to show
the impact of SoLID compared to world data and other programs, including comparisons to pro-
jected data expected from the JLab CLAS12 and SBS programs. Examples of physics reach, such
as measurements of the transversity distribution and tensor charge, were simulated and are presented
in this document. For the .J/v production, bin migration effects and trigger rates were simulated.
Additional science topics that can be facilitated by SoLID, such as Generalized Parton Distributions
and kaon identification in SIDIS, recommended in the review, were also considered and presented
here.

Realistic simulations, as well as tracking and data acquisition development, have shown that
the performance of the instrumentation will allow realization of SoLID scientific goals with the
proposed design. The acceptances, efficiencies and systematic uncertainties were simulated in detail
for each of the three core measurements. Meticulous magnet field modeling confirmed that the
forces are tolerable and, in particular, that the fringe field at the polarized target location in the *He
SIDIS experiments can be controlled to the desired level. Effects of possible radiation damage were



carefully evaluated. Significant progress has also been made in the development of a full simulation
and a software framework for analysis.

Beyond the items listed above which were deemed critical to the near term path to a Science
Review, work is continuing on the many recommended fronts. The coils, coil collars, and cryostat
of the CLEO-II magnet arrived at JLab in 2016, and work on magnet instrumentation and controls
has begun. In August 2019, the CLEO-II magnet iron pieces also arrived at JLab. Other activities
include the development of GEM foil production in China and assessment of the risk factor, commu-
nication with expert groups in calorimeter design and R&D, and stability testing of the conductivity
of MRPC glass. An initial study of the slow control system has been performed. A pre-R&D plan
including a cost estimation was developed with inputs from the JLab management and has been
submitted to DOE. Meanwhile, detector pre-R&D activities for some sub-systems are continuing
and are supported by international collaborations (China and Canada), such as the calorimeter, the
heavy gas Cherenkov counter, and the MRPC.

Our answers to all thirty-six recommendations from the Director’s Review Panel are summa-
rized in the next few subsections, or merged into the original pCDR as updates. These recommen-
dations with a brief answer to each one of them are included in Appendix A.

A new estimation of cost for each subsystem and for the full SoLID system was carried out
by the SoLID collaboration with help from the JLab project office, the updated cost estimation is
included in Appexdix C.

At this stage, the collaboration considers the progress on SoLID to be adequately substantial
to enable the next phase to begin, in particular a DOE Science Review. We therefore submit this
recently revised pCDR, and look forward to subsequent guidance from the laboratory.

1.2 Physics Program
1.2.1 SIDIS Production of Charged Pions

The SoLID SIDIS program includes three approved experiments using transversely and longitudi-
nally polarized ®He targets and a transversely polarized proton (NH3) target, respectively. With the
combination of the high luminosity and the large acceptance with a full azimuthal coverage, the
SoLID SIDIS experiments will allow for measurements in 4-dimensional bins with high statistics
and well controlled systematics.

Compared to the CLAS12 and SBS SIDIS programs, SoLID has a better figure of merit (FOM)
and thus higher statistics in the region = = (0.05,0.55), as shown in Figure 1. To demonstrate
the physics impact of the SoLID SIDIS program, we performed the extraction of transversity based
on [1, 2] with simulated data of CLAS12, SBS and SoLID, and compared the results in Figure 2.
SoLID will improve the transversity uncertainty for u (d) quark by a factor of 3 (7) over CLAS12,
and by a factor of 5 (10) compared to SBS. The tensor charge determination will have similar im-
provements which together with upcoming nucleon electric dipole moment (EDM) measurements
will provide constraints on quark EDMs and consequently new physics beyond the Standard Model.
The projected high precision results from SoLID will provide powerful tests of Lattice QCD calcula-
tions and more quantitative information about TMDs, and quark orbital angular momentum (OAM)
contributions to the nucleon spin. The projected SoLID results shown in Fig. 1 and Fig. 2 are for
the enhanced baseline configuration. In the baseline configuration where the international contribu-
tions are not accounted for, although the pion PID will be limited to momenta above 2.5 GeV/c, the
impact of the SIDIS program remains very significant as shown in Section 2.2.7 (Figure 20 and Fig-
ure 21). The international contributions with the addition of MRPC detectors will enhance the pion
PID to its full kinematic capability, namely for momenta above 1.0 GeV/c. The enhanced baseline
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Figure 1: Comparisons of the FOM, defined as the sum of the inverse square of the statistical
uncertainties of the single spin asymmetry (roughly proportional to statistics). The SoLID SIDIS
experiment with the polarized NHj target is compared with the CLAS12 experiment in the left panel.
The SoLID SIDIS experiments with polarized *He targets are compared with the SBS experiment
in the right panel. In both comparisons, kinematic cuts of W > 2.3GeV and 0.3 < z < 0.7 are
applied.

configuration will enable the full impact offered by the 12-GeV upgrade as shown in Figure 20 and
Figure 21 in Section 2.2.7.

1.2.2 PVDIS

The unique advanced feature of a large acceptance detector capable of operating in an extremely
high luminosity environment that SoLID provides makes it possible to achieve the required high
precision necessary to probe physics beyond the Standard Model (SM) of Particle Physics using
parity violation deep inelastic scattering (PVDIS). Measurements of PVDIS on a deuterium target
will determine the effective electron-quark neutral-weak coupling constants 2C',, — Co4 that is inac-
cessible with other means. In a sufficiently sensitive measurement, the 6-GeV PVDIS collaboration
published its result 2C5, — Coq = —0.145 + 0.068 in Nature [3], showing for the first time that
the Ca, are non-zero as predicted by the SM. PVDIS measurements in the valence quark region
of large Bjorken x can also access a number of topics in hadronic physics, including searching for
charge symmetry violation in the parton distribution functions and providing for a clean extraction
of higher-twist effects caused by quark-quark correlations. PVDIS measurements on a hydrogen
target at large Bjorken z will determine the d/u ratio in the proton without nuclear effects.

One way to quantify the reach of various experiments is to quote mass limits suitable for com-
posite models [4], where the couplings are on the order of 47/A? with A being the compositeness
mass scale. Such limits for the 6-GeV PVDIS Nature publication and the SoLID PVDIS experi-
ment [5] are shown in Figure 3.

1.2.3 J/v Production

Hadrons, the emergent phenomena of QCD, are in the realm of the strong interaction region, where
much of the dynamics of their constituents remains to be understood. While significant progress
has been achieved in exploring QCD in its asymptotically free region, the theory in the strong cou-
pling region is hardly tractable without numerical techniques. For example, an impressive success
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Figure 2: Comparisons of the impact on transversity extractions for up (red) and the down (blue)
quarks, as the extension of published works [1, 2]. The left column shows the comparison between
SoLID and CLAS12, and the right column shows the comparison between SoLID and SBS. In
the upper panels, the light shaded bands show the uncertainties of the transversity function h(x)
expected from SBS or CLAS12, while the dark shaded bands show those expected from SoLID.
The ratio of CLAS12 or SBS projected results to those of SoLID are displayed in the lower panels.
All results are plotted at a typical JLab12 scale Q? = 2.4 GeV?2.

was achieved with the recent lattice QCD determination of the low-lying levels of the baryon spec-
trum [6] but there is a long road ahead to fully grasp the implications of QCD in this region, for
example, to understand the origin of the nucleon mass.

The tandem of an impressive luminosity combined with the large acceptance detection offered
by SoLID opens new opportunities for measurements of rare processes with unprecedented preci-
sion. In particular, measurement of the elastic production of .J/+ on the proton near threshold could
provide unique and much needed information on the pure gluonic component of the QCD interac-
tion, as well as to verify the nature of the charmed “pentaquark”™ states recently observed at LHCb
[7]. A measurement close to threshold (Figure 4), dominated by the real part of the scattering am-
plitude, where the cross section also drops rapidly can provide important independent information
on the trace anomaly, which is responsible for most of the proton mass.

1.3 Possible Expansions in the Physics Reach of SoLID
1.3.1 Generalized Parton Distributions (GPD)

Once again the unique features of SoLID’s large acceptance and high luminosity make it an attrac-
tive device for the experimental study of GPDs. A number of groups have been working on develop-
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Figure 3: Projected mass limits for composite Figure 4: Projected uncertainties of total elastic
models from PVDIS. Purple region is excluded J /1 electro- and photo-production cross sections
by published 6 GeV data and the orange region based on a 2-gluon exchange model including a
is the projected reach with SoLID and the final projection of the LHCb pentaquark production as-
Qweak result [102]. suming a coupling of 5%.

ing a SoLID-GPD program. There are several GPD experiments in different stages of development.
A proposal of Time-like Compton Scattering (TCS) from an unpolarized liquid hydrogen target has
been approved as a run-group experiment to test the universality of GPDs, aiming to explore the
underlying principles of factorization, and quantify the importance of higher twist effects. Double
Deeply Virtual Compton Scattering (DDVCS) in the di-lepton channel on an unpolarized liquid
hydrogen target was reviewed by the JLab PAC as a Letter-Of-Intent and the collaboration was en-
couraged to develop it as a two-stage program with the initial focus being a first significant DDVCS
measurement (over a limited kinematic region) using the baseline SoLID setup. The Deep Exclusive
Meson Production (DEMP) with the transversely polarized *He target has also been approved as a
run-group experiment. A proposal for measurements of DVCS on a polarized *He is under devel-
opment. These measurements, together with the planned CLAS12 and Hall A/C GPD experiments,
will make significant contributions in disentangling different GPDs in the JLab 12-GeV kinematic
region.



1.3.2 SIDIS Production of Charged Kaons

Separation power, L =8.0m

AN

o

\
\ o\
N\

N\

— TK: O = 100 ps

\

separation power n
=N W s g N

T[T T T T [ T[T TT T[T TTT[rTTT

| - n]K:cwf:SO ps \ \
— n]K:cwf:ZO ps —— |
TN S T R N
2 3 4

~ 5 6 7. 8
momentum (GeV/c)

Figure 5: Kaon identification by TOF.

We have studied kaon identification with SoLID to potentially extend its physics program to the
strange quark sector. Kaon identification is achievable via a detector enhancement of the SoLID
baseline configuration that is being pursued by our international collaborators. While technically
the implementation of a full RICH detector for kaon detection is a possible solution, a high reso-
lution TOF is more practical given the cost of the former. SoLID needs kaon identification over a
momentum range of 1 GeV/c to 7 GeV/c. Given the ~ 8 meter flight distance, a TOF resolution of
20 ps is required to obtain a 3 sigma separation between pions and kaons as shown in Figure 5. A
promising avenue is to improve the timing of the planned SoLID TOF-MRPC detector. An R&D
effort on the next generation MRPC technology for SoLID, sPHENIX and EIC is being actively
pursued by a Chinese collaboration (Tsinghua University and USTC), aiming for a 20 ps resolution
in a high-rate environment. Bench tests of thin-gap MRPC prototype detectors have demonstrated
the potential to reach a resolution of sub-20 ps [8, 9], while 80 ps is the current standard. The plan
is to develop a prototype and readout electronics system within a year. Beam test and finalizing of
the detector and electronics design will be done in the following year.

1.4 Experimental Design, Simulation and Feasibility

While SoLID is a large and complex device, composed of many elements working in concert, no
single element is high risk. A novel addition (high resolution MRPC) to the baseline SoLID detector
configuration is being considered and developed by our international collaborators as noted, but
we stress that the SoLID baseline design approach relies on existing, proven detector and magnet
technology to achieve the goal of the core science program.

1.4.1 Solenoidal Magnet

The CLEO II magnet was removed from the CESR beamline by Cornell University and JLab per-
sonnel during the 2016 summer down. All ancillary power, cryogenic and control services were
disconnected from the magnet in preparation for iron removal. The iron was removed layer by layer
and stored at Cornell’s laydown yard. With the cryostat exposed, the axial transport brackets were
installed and the cryostat moved to the transport frame. The service turret and neck were removed
to reduce the height of the cryostat for safe highway transit. The entire unit was wrapped in marine



grade shrink wrap to provide a weather barrier for the trip to JLab. Three-axis accelerometers were
mounted to the cryostat to monitor loads during the road trip. All loads remained under allowable
thresholds specified in the Oxford CLEO II Operating Manual. Upon arrival at JLab in November
2016, the magnet was rolled into the Test Lab for climate controlled storage, as shown in Figure 6.
In summer 2019, all the iron pieces were shipped to JLab and arrived in August 2019.

Figure 6: CLEO II magnet at JLab.

1.4.2 Acceptance, Efficiency and Systematics

Figure 7: Left: SoLID PVDIS setup. Right: SoLID SIDIS and J /v setup.

The SoLID setups for the PVDIS and the SIDIS and J/v configurations are shown in Figure 7.
Substantial progress has been made in developing a SoLID simulation package with realistic sub-
system responses that includes all elements of the apparatus: EM showers in the electromagnetic
calorimeter, optical processes in the two Cherenkov detectors, and energy deposition in the GEMs
and MRPC and their digitizations. A new event generator was used for the estimation of hadron
background rates. The simulation package allowed for detailed studies of the performance and
feasibility of all core measurements, namely the PVDIS, SIDIS and .J/1) measurements.

A Kalman Filter based track finding and fitting algorithm is being developed and tested with
digitized GEM simulation data. Tracking resolution from the simulated tracking fitting results in-
cluding all material effects was studied. With background taken into account, the tracking efficiency
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Figure 8: Left panel: electron acceptance and efficiency (except tracking) of SoLID PVDIS with the
40 cm LD2 target and the baffle. Curves show bounds of the kinematic range with Q? > 6 GeV?,
W > 2 GeV, and xp; > 0.55. Right panel: electron acceptance and efficiency (except tracking) of
SoLID SIDIS with the 40 cm 3He target and two target window collimators. The result for .J /1 has
a similar shape, but higher values because it has a 15 cm long target and no collimator.

Table 1: Average electron detection efficiencies of SoLID sub-detectors and the total SoLID effi-
ciency.

Detector EC | Cherenkov | Scintillator pad and MRPC | GEM tracking | Total
average efficiency | 95% 95% 98% 90% 80%

was obtained with the simulation. We have good electron detection efficiency from all sub-detectors.
They vary slightly across the phase space and the average efficiency values are shown in Table 1.
The PVDIS setup with its 40 cm long LDs target has an acceptance of ~ 0.35 due to the baffle and
the SIDIS setup with its 40 cm long He target has an acceptance of ~ 0.7 due to the two target
window collimators. Figure 8 shows the combined effect of acceptance and efficiency (except track-
ing) for the two configurations. Systematic uncertainties for PVDIS and SIDIS are summarized in
Table 2. The total systematic uncertainty in the measurement of the absolute cross section for .J /1
is about 11%, dominated by the acceptance, while the bin-migration effect was found to be small.
These results were used as inputs to the physics projections.

Table 2: The systematic uncertainties on the asymmetry measurements of PVDIS and SIDIS.

PVDIS Systematic (rel.) SIDIS Systematic (abs.) SIDIS Systematic (rel.)
Polarimetry 0.4% | Raw asymmetry 0.0014 | Target polarization 3%
Q? determination 0.2% | Detector resolution < 0.0001 | Nuclear effects (4—-5)%
Radiative corrections  0.2% Random coincidence 0.2%
Reconstruction errors  0.2% Radiative corrections (2-3)%

Diffractive meson contam. 3%
Total 0.6% | Total 0.0014 | Total (6—T)%




1.4.3 Rates and Data Acquisition

The trigger rates were simulated with the full background, see Table 3. The SIDIS configuration,
with an expected trigger rate of 100 kHz and total data rate of over 3 GB/s, represents the greatest
challenge for SoLID data acquisition. Recent performance of GlueX and HPS DAQs with extrap-
olations by the JLab data acquisition and fast electronics groups give confidence that trigger rates
of 100 kHz and above are achievable. Data for each of the 30 sectors of SoLID will pass through
two readout controllers (ROCs), a PC based ROC for GEM data, and a VME ROC for all other
detectors. The portion of the total data rate for non-GEM detectors, about 400 MB/s, is less than 15
MB/s per VME crate, so will not limit the trigger rate at 100 kHz. GEM detector trigger rates of 50
kHz have been achieved by HPS using an APV25 sample size of six. With a planned sample size of
one for SIDIS, the GEM readout will not be limited to 100 kHz. The overall data rate required by
SIDIS, which exceeds the rate currently achieved by GlueX, can be recorded by multiplexing data
from the readout controllers to multiple event-building computers. Designing a DAQ system with
60 ROC:s that can handle data rates of several GB/s will require some R&D, including firmware and
software improvements, but is feasible using technology currently in use at JLab.

Table 3: Rates, run times and total data volume estimated for PVDIS, SIDIS and .J /1) experiments.
For PVDIS, each of the 30 sectors will have a separate DAQ.

Experiment PVDIS SIDIS 3He | J/4
Trigger rate (expected) (kHz) | 15 x 30 sectors 100 30
Data rate (GB/s) 0.12 x 30 sectors 3.2 2.5
Running time (days) 169 125 60
Total data (PB) 105 70 25

1.5 Summary

The strong and unique physics program of SoLID, consisting of PVDIS, SIDIS and .J /1) production,
was presented in the context of the worldwide effort. The science related recommendations from
the 2015 Director’s Review have been addressed. The device, while complex, is low risk with a
high potential to deliver the proposed strong and rich physics program. The scientific reach, unique
strength and feasibility of the SoLID program demonstrate that we are ready to proceed to the next
step: the anticipated Science Review by DOE.



2 Introduction and Overview of SoLID Experimental Programs

2.1 SoLID Project Introduction/Overview
2.1.1 Base Equipment Description

The SoLID (Solenoidal Large Intensity Device) project will develop a large acceptance spectrome-
ter and detector system capable of handling very high rates. It is designed to satisfy the requirements
of five approved experiments with high-scientific ratings, four A and one A-, as well as to become
the base equipment for a continued program of physics in the 12 GeV era at Jefferson Lab that
requires both high luminosity and large acceptance. The base equipment composing the SoLID
project includes two configurations: the “SIDIS” (Semi-Inclusive Deep Inelastic Scattering) config-
uration and the “PVDIS” (Parity-Violating Deep Inelastic Scattering) configuration. Although the
geometrical layouts for the detectors are not the same in the two configurations, most of the detector
items are common as follows:

1. A solenoidal magnet with a power supply and cryogenic system, identified as the CLEO-II
magnet. With some modifications as described in the magnet section, this magnet meets the
experimental requirements. The coils, coil collars, and cryostat of the CLEO-II magnet have
arrived at JLab in 2016, and the iron pieces arrived at JLab in August 2019.

2. An electromagnetic calorimeter for electron identification. (In the SIDIS configuration, it is
separated into two sectors, a forward sector and a large-angle sector).

3. A light gas Cherenkov detector for electron identification.

4. A heavy gas Cherenkov detector for pion (hadron) identification. This is for the SIDIS con-
figuration only.

5. GEM detectors for tracking, to be built by a University of Virginia (UVa) group.

6. Forward-angle and a large-angle scintillator-pad detectors (SPD) for photon rejection, and for
time-of-flight (TOF) also in large angle SPD. These are for the SIDIS configuration only.

7. A set of baffles to reduce the low energy background. This is for the PVDIS configuration
only.

8. A data acquisition system (DAQ). Part of the DAQ electronics, mainly FADCs, will be from
the JLab Physics Division Shared Electronics Pool (see next section on Dependencies to Base
Equipment).

9. Supporting structures for the magnet and the detectors.
10. Requisite Hall A infrastructure to accommodate the functioning of the above — cooling,
cabling, and the like.
2.1.2 Dependencies to Base Equipment

The following items are requisite outside contributions to the SoLID base equipment:

1. DAQ electronics: JLab intends to have an electronics pool to share basic DAQ electronics
among the four experimental halls. Some of these electronics, mainly 188 FADCs will be
borrowed by SoLID. The cost estimates assumes reuse of SuperBigbite equipment ( 2000
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channels of HV, and 100 K channels of GEM readout system based on APV25 chips) along
with network upgrade up to 1GB/s. It was also assumed that the mass storage silo will be able
to handle 3 GB/s by the time the first SOLID experiment runs.

Magnet: JLab formally requested the CLEO-II magnet and received a positive response from
Cornell University. JLab, in coordination with Cornell, had the magnet coils, coil collars and
cryostat transported to JLab in the fall of 2016. The CLEO-II magnet iron pieces arrived at
JLab in August 2019.

Beamline: The Hall A beam line with standard instrumentation is assumed to be in operational
condition and is not included in the SoLID base equipment.

2.1.3 Experiment-specific Dependencies

The five approved experiments in the SoL.ID program will require not only the SoLID base equip-
ment, but also components outside the base equipment of the SoLID project. A list of such addi-
tional components is given below, of which there are three types. Items 1-3 are either standard and
existing at JLab or will be available for experiments planned before the SoLID experiments. Item
4 is a special case of scope contingency depending on the ordering of experiments. Items 5 and 6
may require additional resources and funding, the exact scope of which will depend on the ongoing
evolution of the JLab Science program.

1.

For SIDIS with a polarized 3He target: The existing polarized 3He target with performance
already achieved from the 6 GeV transversity (E06-010) experiment is required. However,
modifications to the stand, supports, and service may be required to accommodate integration
into SoLID.

. For J/W the standard cryogenic LH2 target system is assumed. This is standard Hall A

equipment, however the SoLID SIDIS configuration will require re-arrangement of the de-
tector system for the target and there may be significant modifications required for both to
accommodate integration into SoLID.

. For PVDIS: A Compton polarimeter and a super-conducting Moller polarimeter (both also

required by the MOLLER project and to be employed for PREX-II also) are assumed to be
available.

For PVDIS: modifications to a custom, high-power cryotarget beyond what is required for the
SBS GEp and MOLLER experiments. The scope will be folded into JLab’s planning. ESR2
is assumed to be available as required by the MOLLER project.

. For SIDIS with transversely polarized proton: a transversely polarized proton target needs

to be developed. The development of such a dynamic nuclear polarized target is required for
other approved experiments in the JLab science program. An initial study has been performed
by Oxford which concluded that such a target is feasible.

2.1.4 Enhancement to the Baseline Configuration

Following are the possible enhancements from international contributions:

1.

A MRPC (Multi-Gap Resistive Plate Chamber) detector serving as a time-of-flight (TOF)
detector to extend the base science reach of SoLID via enhancement of pion (hadron) and the
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addition of kaon identification: Two Chinese groups (Tsinghua University and USTC) have
obtained a NSFC funding to perform R&D for high resolution MRPC and plan to apply for
full funding to construct the required MRPC detector and its readout system for the SoL.LID
project.

2. Contributions to the GEM detectors for tracking: A collaboration of five Chinese institutions
(USTC, CIAE, Tsinghua, Lanzhou and IMP) are performing R&D on GEM detectors and
associated readout systems, and plan to apply for funding from the Chinese funding agencies
to make contributions to the GEM detector and readout upgrades to the SoL.ID project.

While the SoLID baseline configuration will be able to satisfy the requirements of the core
group of SoLID physics program (SIDIS-pion, PVDIS and .J/v experiments), enhancements from
international contributions will allow for additional physics topics such as SIDIS-kaon to be studied,
improve performance (increase pion identification range) and reduce scheduling risk.

2.1.5 Research Program

The five currently-approved, highly rated experiments approved for the SoLID project are as fol-
lows:

1. SIDIS-transverse *He: Semi-inclusive deep-inelastic-scattering of electron beam on a trans-
versely polarized 3He target. It is focusing on charged pion production to study transverse
spin (transversity) and other transverse momentum dependent parton distributions (TMDs). It
will provide a 4-d (z, z, Pr, Q) mapping of the Collins, Sivers and pretzelosity asymmetries
of the neutron in the valance quark region with high precision. Combined with the SIDIS
measurement on the proton and the world e™e™ data, the Collins asymmetries will allow for
an extraction of one of the fundamental properties of the nucleon, the tensor charge of the u
and d quarks to better than 10%, providing a benchmark test of lattice QCD. The Sivers and
Pretzelosity asymmetries will allow for an extraction of the Sivers function and pretzelosity
function, providing crucial information on the quark orbital motion.

2. SIDIS-longitudinal *He: Semi-inclusive deep-inelastic-scattering of electron beam on a lon-
gitudinally polarized ®He target. It is focusing on charged pion production to study TMDs.
Combined with transversely polarized He target experiment, it will provide a precision 4-d
(z, z, Pr, Q%) mapping of the two worm-gear asymmetries of the neutron in the valence
quark region, allowing for an extraction of the two so-called worm-gear TMDs (g;7, longi-
transversity and hlLL, trans-helicity) with high precision, providing crucial information on the
quark orbital motion and the spin-orbital correlations.

3. SIDIS-transverse proton: Same as in 1) but on the proton.

4. PVDIS on the deuteron and the proton: PVDIS on the deuteron will provide a precision test
of the Standard Model. It provides the best measurement of the C5 coupling and also provides
a precision measurement of sin? Ay at an intermediate value of 2. The broad kinematical
range enables the separation of the testing of the Standard Model and the study of fundamental
hadron properties, including a precision measurement of possible charge symmetry violation
at the partonic level and a unique measurement of the higher-twist effect (twist-4 term). The
proton measurement provides a clean measurement of the d-quark over u-quark ratio in the
high-z region without nuclear effects.
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5. J/4 production near threshold: This fully exclusive measurement of the electroproduction
of J/W¥ mesons from protons near threshold will be sensitive to the non-perturbative gluonic
interaction between the .J/v and nucleon, and might reveal an enhancement of the cross
section just above the production threshold. This in turn could be a manifestation of the
important role of the conformal anomaly. A further consequence is whether or not .J/1)-
nuclear bound states would exist in nature. This experiment could open a new window to
study QCD in the non-perturbative region using charmonium in a multi-phase program.

All proposals are available at
https://www. jlab.org/exp_prog/generated/12GeV/halla.html

2.2 SIDIS Program
2.2.1 Introduction

Deep inelastic lepton-nucleon scattering (DIS) experiments have played a fundamental role in de-
scribing the partonic momentum structure of hadrons. The unpolarized parton distribution functions
(PDF) have been extracted with excellent precision over a large range of  and Q)2 from DIS, Drell-
Yan and other processes after several decades of experimental and theoretical efforts. The compari-
son of the structure functions in the large Q) range with QCD evolution equations has provided one
of the best tests of QCD.

When the target and/or beam are polarized the essential properties of spin-angular momentum
structure of hadrons is probed. Three decades of intensive experimental and theoretical investiga-
tion have resulted in a great deal of knowledge on the partonic origin of the nucleon spin structure.
Motivated by the “spin crisis” from the European Muon Collaboration experiment in the 1980s [11],
the longitudinal polarized parton distribution functions have been determined with significantly im-
proved precision over a large region of = and Q2 from polarized deep-inelastic (DIS) experiments
carried out at CERN, SLAC, DESY in the last 20-30 years, and more recently at JLab and at RHIC
from polarized proton-proton scattering (see [12, 13] for reviews and compilation of references).
In particular, considerable knowledge has been gained from inclusive DIS experiments on the lon-
gitudinal structure — the z-dependence and the helicity distributions — in terms of the unpolarized
(denoted ¢*(x) or f{(x)) and helicity (denoted Aq®(x) or ¢{(x)) parton distribution functions for
the various flavors (indicated by a).

In more recent experimental and theoretical studies, it has become evident that precise knowl-
edge of the transverse structure of partons is essential to unfold the full momentum and spin
structure of the nucleon. This concerns in particular the investigations of the chiral-odd trans-
versely polarized quark distribution function or transversity [14] (denoted as dg(x), hq(x) or also
Arq(z)) which is probed in transverse spin polarization experiments. Like the axial charge Aq® =
fol dz (g% (z) 4+ ¢g%(z)), the tensor charge dq* = fol dz(h{(x) — h®(x)) is a basic property of the
nucleon. The essential role of the transversity distribution function emerges from a systematic ex-
tension of the QCD parton model to include transverse momentum and spin degrees of freedom.
In this context, semi-inclusive deep-inelastic lepton nucleon scattering (SIDIS) has emerged as an
essential tool to probe both the longitudinal and transverse momentum and spin structure of the nu-
cleon. The azimuthal dependence in the scattering of leptons off transversely polarized nucleons is
explored through the analysis of transverse single spin asymmetries (TSSAs). Recent work [15-17]
predicts that these observables are factorized convolutions of leading-twist transverse momentum
dependent parton distributions (TMDs) and fragmentation functions (FFs) at low transverse momen-
tum. These functions provide essential non-perturbative information on the partonic sub-structure
of the nucleon; they offer a rich understanding of the motion of partons inside the nucleon, of the
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quark orbital properties, and of spin-orbit correlations. They also provide essential information on
multi-parton correlations at leading-twist, allowing us to explore and uncover the dynamics of the
quark-gluon structure of the nucleon.

At leading twist if we integrate over the transverse momenta of quarks, the three quark distri-
bution functions remain: the unpolarized parton distribution f;, the longitudinal polarized parton
distribution g;, and the quark transversity distribution h;. Besides fi, g1 and hi, there are five
more transverse momentum dependent distribution functions [15, 16]. Fig. 9 tabulates all these
eight TMDs according to the polarizations of the quark (f, g, h) and nucleon (U, L, T). Since these
TMDs provide the description of the parton distributions beyond the collinear approximation, they
depend not only on the longitudinal momentum fraction x, but also on the transverse momentum,
k7. An intuitive interpretation of the k1 dependent transversity distribution, k1, is that it gives the
probability of finding a transversely polarized parton inside a transversely polarized nucleon with
certain longitudinal momentum fraction x and transverse momentum kp. The JLab 12 GeV up-
grade provides a unique opportunity to extend our understanding of nucleon spin and momentum
structure by carrying out multi-dimensional precision studies of longitudinal and transverse spin and
momentum degrees of freedom from SIDIS experiments with high luminosity in combination with
large acceptance detectors and a full azimuthal angular acceptance. Such a program will provide the
much needed kinematic reach to unfold the momentum and flavor structure of the nucleon. In the
next section, we summarize the essential role that transverse polarization studies play in unfolding
this structure in SIDIS.

2.2.2 Transverse Structure and Semi-Inclusive Deep Inelastic Scattering

The transverse spin and momentum structure of the nucleon was first discussed in 1970s [18, 19]
followed by renewed interest in late 1980s [14, 20]. The transversity function is a chirally odd quark
distribution function, and the least known among the three leading twist parton distribution func-
tions. It describes the net quark transverse polarization in a transversely polarized nucleon [20]. In
the non-relativistic limit, the transversity distribution function h1(x, Q?) is the same as the longi-
tudinal quark polarization distribution function, g;(x, Q?). Therefore, the transversity distribution
function probes the relativistic nature of the quarks inside the nucleon.

There are several interesting properties of the quark transversity distribution. First it does not
mix with gluons; that is, it evolves as a non-singlet distribution [21] and doesn’t mix with gluons
under evolution and thus has valence-like behavior [22]. Secondly in the context of the parton model
it satisfies the Soffer bound [23], which is an inequality among the three leading twist distributions,
|| < %( f1+ g?), based on unitarity and parity conservation. QCD evolution of transversity was
studied in Ref. [24], where it was shown that Soffer’s inequality holds up to next to leading order
(NLO) QCD corrections. In the past [25] and more recently [26], studies have been performed that
consider the violation of this bound. Therefore, it is interesting to experimentally test the Soffer’s
inequality as a function of Q2. Lastly, the lowest moment of h is the tensor charge, which has been
calculated from lattice QCD [27] and various models [28—33]. Due to the valence-like nature of the
transversity distribution, measuring transversity in the high-z region (JLab kinematics) is crucial to
determine tensor charge of quarks. The experimental determination of the transversity function is
challenging - it is not accessible in polarized inclusive DIS measurements when neglecting quark
masses - h; decouples at leading twist in an expansion of inverse powers of the hard scale in in-
clusive deep-inelastic scattering due to the helicity conserving property of the QCD interactions.
However, paired with another hadron in the initial state e.g. double polarized Drell-Yan processes
(two transversity distributions) [19], or in the final state, e.g. semi-inclusive deep-inelastic [34] scat-
tering (transversity and Collins fragmentation function), leading twist h; can be accessed without
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suppression by a hard scale.

The most feasible way to access the transversity distribution function is via an azimuthal sin-
gle spin asymmetry, in semi-inclusive deep-inelastic lepto-production of mesons on a transversely
polarized nucleon target, e NT — ex X. In this case the chiral-odd partner is the Collins frag-
mentation function, H f [34], which has been extracted from charged pion pair production from
ete™ annihilation [35]. Assuming factorization, schematically this transverse single spin asymme-
try (TSSA) contains h; and H f Agr ~hH f (U = unpolarized lepton beam, T' = transversely
polarized target) [16].

The first evidence of non-trivial transverse spin effects in SIDIS has been observed in the trans-
verse single spin asymmetries measured by the HERMES [36-38], and the COMPASS [39, 40]
experiments from a transversely polarized proton or deuteron target, where an unpolarized lepton
beam is scattered off [ p" — I’ b X. Besides the non-zero Collins asymmetry, which contains h; and
Hi- discussed previously, another non-zero asymmetry (Sivers asymmetry), was also observed. The
Sivers asymmetry is associated with a naive T-odd transverse momentum dependent (TMD) parton
distribution function [41]. More recently, results on Collins and Sivers asymmetries on neutron were
reported for the first time using a polarized He target at JLab [42]. In contrast to inclusive deep-
inelastic lepton-nucleon scattering where transverse momentum is integrated out, these processes
are sensitive to the transverse-momentum scale, Py, which is on the order of the intrinsic quark
momentum, kr; that is Pr ~ k. This is evident by considering the generic structure of the TSSA
for a transversely polarized nucleon target which is characterized by interference between helicity
flip and helicity non-flip amplitudes Ay ~ Im(f** 7). In the collinear limit of QCD, partonic
processes conserve helicity and Born amplitudes are real [43]. For this structure to be non-zero at
leading twist we must go beyond the collinear limit where such a reaction mechanism requires a
recoil scale sensitive to the intrinsic quark transverse momentum. This is roughly set by the con-
finement scale k7 ~ Aqcp [44]. Because strongly interacting processes conserve parity transverse
spin asymmetries are described by T-odd correlations between transverse spin S, longitudinal mo-
mentum P and intrinsic quark momentum k7 [34, 41], which are depicted by the generic vector
product ¢S - (P x k). These correlations imply a leading twist reaction mechanism which is
associated with a naive T-odd transverse momentum dependent (TMD) parton distribution [41] and
fragmentation [34] function (PDF & FF).

A crucial theoretical breakthrough [45-47] was that the reaction mechanism is due to non-trivial
phases arising from the color gauge invariant property of QCD. This leads to the picture that TSSAs
arise from initial and final state interactions [48-50] (ISI/FSI) of the active quark with the soft
distribution or fragmentation remnant in SIDIS, which manifests itself as a gauge link that links
the bilocal quark configuration. This gauge link gives rise to the final state gluonic interactions
between the active quark and target remnant. Thus, T-odd TMDs are of crucial importance because
they possess transverse spin polarization structure as well as the necessary phases to account for
TSSAs at leading twist. Further work on factorization theorems for SIDIS indicate that there are two
leading twist T-odd TMDs; the Sivers function, denoted as flLT describing the probability density
of finding unpolarized partons inside a transversely polarized proton, is one of these functions. All
these aforementioned ingredients (TMD, FF, gauge link) enter the factorized [17] hadronic tensor
for semi-inclusive deep-inelastic scattering.

Exploring the transverse spin structure of the TMD PDFs reveals evidence of a rich spin-orbit
structure of the nucleon. When the transverse spin and momentum correlations are associated with
the nucleon, where the quark remains unpolarized, the Sivers function [41] describes the helicity
flip of the nucleon target in a helicity basis. Since the quark is unpolarized in the Sivers func-
tion, the orbital angular momentum of the quarks must come into play to conserve overall angular
momentum in the process [51, 52]. Indeed a partonic description of the Sivers and Boer-Mulders
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functions requires wave function components with nonzero orbital angular momentum and thus pro-
vides information about the correlation between the quark orbital angular momentum (OAM) and
the nucleon/quark spin, respectively [48, 53].

Unlike the Sivers function, which provides a clean probe of the QCD FSI, the functions g;7 and
hlLL are (naive) T-even, and thus do not require FSI to be nonzero. Nevertheless, they also require
interference between wave function components that differ by one unit of OAM and thus require
OAM to be nonzero. Recently, a first ever determination of g,7 was reported [54] using a polarized
3He target at JLab, in which a positive azimuthal asymmetry for 7~ - production on *He and the
neutron was observed, while the 7+ asymmetries are consistent with zero. Finally, the pretzelosity
hlLT requires interference between wave function components that differ by two units of OAM (e.g.
p-p or s-d interference). Combining the wealth of information from all these functions could be
invaluable for disentangling the spin orbit correlations in the nucleon wave function, thus providing
important information about the quark orbital angular momentum.

Complementary to Generalized Parton distributions (or Impact Parameter Dependent distri-
butions), which describe the probability of finding a parton with certain longitudinal momentum
fraction and at certain transverse position b (1-D momentum space and 2-D coordinate space),
TMDs give a description of the nucleon structure in 3-D momentum space. Furthermore, by in-
cluding the transverse momentum of the quark, the TMDs reveal important information about the
nucleon/parton spin-orbital angular momentum correlations.

2.2.3 The Phenomenology TSSAs and TMDs

All eight leading twist TMDs can be accessed in SIDIS. The transversity, Sivers, and pretzelos-
ity TMDs can be accessed through a transversely polarized target. There are three mechanisms
which can lead to the single (transversely polarized target) spin azimuthal asymmetries, which are
the Collins asymmetry, the Sivers asymmetry, and the pretzelosity asymmetry. As mentioned pre-
viously, the quark transversity function in combination with the chiral-odd Collins fragmentation
function [34] gives rise to an azimuthal (Collins) asymmetry in sin(¢y + ¢g), where azimuthal an-
gles of both the hadron (pion) (¢},) and the target spin (¢g) are with respect to the virtual photon axis
and relative to the lepton scattering plane. The Sivers asymmetry [41, 55, 56] refers to the azimuthal
asymmetry in sin(¢p — ¢g) due to the correlation between the transverse target polarization of the
nucleon and the transverse momentum of the quarks, which involves the orbital angular momentum
of the unpolarized quarks [48, 51]. The pretzelosity asymmetry is similar to Collins asymmetry
except it is due to quarks polarized perpendicularly to the nucleon spin direction in the transverse
plane in a transversely polarized nucleon. It has an azimuthal angular dependence of sin(3¢;, — ¢g).
One can disentangle these angular distributions by taking the azimuthal moments of the asymme-
tries as has been done by the HERMES Collaboration [38], the COMPASS Collaboration [40], and
most recently by the JLab E06-010 collaboration [42]. With a longitudinally polarized lepton beam,
and a transversely polarized target, the double spin asymmetry from SIDIS has an azimuthal an-
gular dependence of cos(¢p, — ¢g) that allows for the determination of the g;7» TMD as was done
in [54]. With a longitudinally polarized target, the single target spin asymmetry with an azimuthal
angular dependence of sin(2¢y,) is sensitive to hfL, while the double spin asymmetry allows for the
determination of the helicity TMD, g .

In recent years a great deal of understanding of transverse spin effects, final state interactions,
and the spin orbit structure of partonic-hadronic interactions has been gained from model calcula-
tions of the TMDs and fragmentation functions. In particular the final state interactions in TSSAs
through the Sivers function has been studied in spectator models and the light-cone wave func-
tion approach [48-50, 57-61] as well as the bag model [62] and the NJL jet model [66]. The
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Collins function has been calculated in [63—65] while studies of the universality of T-odd fragmen-
tation functions have been carried out in [67-69]. The Boer-Mulders function has been calculated
in [50, 59, 61, 70, 71] and the spin orbit effects of the pretzelosity function have been studied in both
light-cone constituent quarks models [72-75], while model predictions of azimuthal and transverse
spin asymmetries have been predicted in [59, 76, 77].

The first model dependent extractions of the transversity distribution have been carried out [78]
by combining SIDIS [37, 38, 79, 80] data with e*e™ data [35] on the Collins function. Within
the uncertainties, the Soffer bound is respected. In addition, the extraction of the Sivers func-
tion [81-85] has been performed by combining SIDIS data from the HERMES [38] on the proton
and COMPASS data [40] on the deuteron. Complementing the data from the HERMES [37, 38],
COMPASS [80], and BELLE [35] experiments, the recent results from the JLab Hall A experi-
ment E06-010 [42] on the neutron (with polarized 3He) will facilitate a flavor decomposition of
the transversity distribution function, h; [20, 86] and the Sivers distribution function flLT [41] in
the overlapping kinematic regime. However a model-independent determination of these leading
twist functions requires data in a wider kinematic range with high precision in four dimensions of

(Q27(B7 Z7PT)-

2.2.4 Overview of SIDIS program

The 12-GeV energy upgrade at CEBAF together with the newly proposed SoLID opens a great new
window to perform precision studies of the transverse spin and transverse-momentum-dependent
structure in the valence quark region for both the proton and the neutron. The experimental program
on TMDs is one of the main thrusts of the 12-GeV physics program at JLab.

Currently, there are three A rated SoLID experiments (E12-10-006 [87], E12-11-007 [88], and
E12-11-108 [89]) on TMD physics with two involving a transversely (longitudinally) polarized
3He (neutron) target, and one employing a transversely polarized NH3 (proton) target. To extract
TMDs with precisions from single and double spin asymmetry measurements, the detection system
should have the capability to handle large luminosities, a full azimuthal angular coverage, good
kinematic coverage in terms of Q?, z, z, Py for SIDIS, and good particle identification for electrons
and charged pions. Further, the influence due to the residual magnetic field of the spectrometer
magnet needs to be negligible for polarized targets. SoLID is such a device that has been proposed
and designed for these newly approved SIDIS experiments.

These new SIDIS experiments employ a superconducting solenoid magnet, a detector system
consisting of forward-angle detectors and large-angle detectors, and a high-pressure polarized *He
target or a polarized NH3 target positioned upstream of the magnet. The polarized *He target is
based on the technique of spin-exchange optical pumping of hybrid Rb-K alkali atoms. Such a
target was used successfully in the completed SSA experiment in JLab Hall A [42, 54] with a 6-
GeV electron beam at JLab and an in-beam polarization of 55-60% was achieved. For the polarized
proton experiment E12-11-108, an upgraded version of the JLab/UVa/SLAC polarized NH3 target
will be used. The main upgrade will involve using a new magnet to replace the aging Helmholtz-
coil magnet and to have fast spin-flip capability with the Adiabatic Fast Passage (AFP) technique.
Preliminary design study has been carried out for such a magnet with a vertical opening angle of &
25° to satisfy the requirement of the experiment. The target is based on the principle of dynamic
nuclear polarization (DNP) by using microwave pumping to reach high proton polarizations [90,
91]. The CLEO-II magnet with new end caps and modification of the yolks has been identified
as the magnet of the choice for SoLID based on both the requirements of the experiments and the
availability of the magnet. Six layers of GEM detectors will be placed inside the coils as tracking
detectors. A combination of an electromagnetic calorimeter, gas Cherenkov counters, and a layer
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of Multi-gap Resistive Plate Chamber (MRPC) (in the enhanced baseline configuration) will be
used for particle identification in the forward-angle region. As only electrons will be identified
in the large-angle region, a shashlyk-type [92, 93] electromagnetic calorimeter will be sufficient
to provide the pion rejection. More details about SoLID experimental setup, kinematic coverage,
particle identification, and other important considerations for SIDIS can be found in Section 3.2
and 3.3.

2.2.5 Beam Time and Projections

E12-10-006 Experiment E12-10-006 was approved 90 days of total beam time with 15 pA, 11/8.8
GeV electron beams on a 40-cm long, 10 amgs transversely polarized He target. 69 days is for
beam on the polarized *He target, and 10 days for a dedicated study of the = — z factorization with
Hydrogen and Deuterium gas using a reference target cell. Additional 3.0 days is requested with
a longitudinal target polarization to study the systematics of potential Ay, contamination, where
U stands for an unpolarized beam and L for a longitudinally polarized target. A total overhead
time of 8 days is requested. This overhead time will be shared among activities such as unpolarized
target runs, target spin flip and target polarization measurements, as has been done in the past during
other Hall A polarized 3He target experiments. Although beam polarization is not required for the
proposed SSA measurements, polarized beam with polarization of 85% or higher will be used for
for parasitic measurements of Ay, which can be used to access, g1 as demonstrated in [54] .

Projected data from E12-10-006 are binned into 4-dimensional (z, P, z, Q?) bins. For a typical
z and Q2 bin (0.40 < z < 0.45, 2 GeV? < Q? < 3 GeV?), data projections for Sivers asymmetry
measurements, left panel for 7 and right panel for 7, are shown in Fig. 10 as examples. Also
shown are results from the 6-GeV experiment E06-010 [42], and predictions of Sivers asymmetries
from Anselmino et al. [94] with model uncertainties. For complete projections which consist of
1400 data points, we refer to the proposal [87].

E12-11-007 Experiment E12-11-007 was approved 35 days of total beam time with 15 pA, 11/8.8
GeV electron beams on a 40-cm long, 10 amgs longitudinally polarized 3He target to match about
50% statistics of experiment E12-10-006. When combined with experiment E12-10-006, this exper-
iment will not require any beam time for calibration data, including reference cell runs and detector
calibrations.

A maximum likelihood method [95] was used to extract angular modulations with combined,
projected data sets from both E12-11-007 and E12-10-006. Projected data are binned into 4-
dimensional (z, Py, z, Q%) bins. For a typical z and Q? bin (0.40 < z < 0.45, 2 GeV? < Q? <
3 GeV?, one of the total 48 z — Q? bins), data projections are shown in Fig. 11 as examples. For
complete projections, we refer to the proposal [88].

E12-11-108 Experiment E12-11-108 was approved 94 days of total beam time with 100 nA,
11/8.8 GeV electron beams on a 3-cm long, polarized NH3 target. The 8.8 GeV beam energy will
provide precision data on the radiative corrections along with the increased Q? coverage. 90 days
are for beam on a transversely polarized NHj3 target including 7.5 days for dilution measurements,
optics, and detector calibrations. Also 4 days are requested with a longitudinal target polarization to
study the systematics of potential Ayr7, contamination. Although beam polarization is not required
for the proposed SSA measurements, a longitudinally polarized beam will be used for a parasitic
measurement of the Ay, which can be used to access g1 . In addition, there will be an overhead
time of 26 days for regular target annealing which does not need an electron beam.
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Projected data from E12-11-108 are binned into 4-dimensional (x, Py, z, QQ) bins. For a typical
zand Q2 bin (0.40 < z < 0.45,2 GeV? < Q? < 3 GeV?), data projections for Collins asymmetry
measurements, left panel for 7 and right panel for 7, are shown in Fig. 12 as examples. Also
shown are predictions of Collins asymmetries from Anselmino et al. [94] with model uncertainties.
For complete projections of E12-11-108, we refer to the proposal [89].

The combination of these three experiments will allow for accessing important information
about TMDs from proton and neutron, and the flavor separation of the TMDs (transversity, Sivers,
pretzelocity, and g17) for u and d quark. A good example based on a study in Ref. [96] to demon-
strate the impact of this program is shown in Fig. 13 in which the projected transversity distributions
for u and d quarks are shown at a typical Q% = 2.4 GeV? based on the up-to-date knowledge of
evolution of the transverse momentum dependent distribution and fragmentation functions. The ex-
pected improvement in the knowledge of the transversity distribution is enormous: from the wide
error bands based on the current knowledge to the narrow bands from the SoLID program, and the
access to the valence quark region, which has been essentially unexplored as of now. In fact the
proposed SoLID SIDIS program will allow for studies of the k7 dependence, and the )2 evolution
of the TMDs also. Furthermore, the SoLID SIDIS program will provide precise information on the
tensor charge of the nucleon, an important property of the nucleon like spin or magnetic moment,
and is determined by the valence quarks inside the nucleon. A quantitative study [96] demonstrates
that the SoLID SIDIS program will improve the accuracy of the tensor charge determination by one
order of magnitude, and allows for benchmark tests of lattice QCD predictions. The high impact of
these data on the extraction of the tensor charge of the u and d quark is shown in Fig. 14.

2.2.6 Comparisons with SBS and CLAS12 SIDIS programs

In Table 4, we compare the experimental conditions of the SIDIS experiments with SoLID, SBS
and CLAS12. The values of solid angle coverage in the table are simplified descriptions. A more
realistic acceptance from GEMC is used for the estimation of the physics impact. Compared with
SBS, the statistics of SIDIS events with SoLID are much better due to the large acceptance. This
will allow us to have 4-dimensional bins with SoLID, while SBS will only have 3-dimensional bins.

SoLID SBS SoLID CLASI2
Exoeriment E12-10-006 E12-09-018 EI12-11-108 | CI2-11-111
P Approved (A) Approved (A-) Approved (A) | Conditional
Targets 3He (6‘n”) 3He (6‘n”) NH3 (6‘p7’) HDice (4‘p”)
P Ola(r;f;mon 65% (60% in beam) | 65% (<60% in beam) 70% 60%
D‘](‘?;"“ 0.15~0.3 0.15~0.3 0.13 0.33%80%
Luminosity 1.0 x 1036 2.7 x 1036 1.0 x 1035 | 1.4 x 10%
(Lecm™“s™)
Solid angle 0.482 x 0.139 0.044 x 0.063 0.482 x 0.139 | 1.14 x 1.16
(e X Qp s1%)

Table 4: Comparison of the experimental conditions of SoLID, SBS, and CLAS12.

A comparison of the Figure of Merit (FOM), which is calculated by the sum of the inverse
square of the statistical uncertainties of the SSA, is shown in Figure 15 and Figure 16. In these
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comparisons, we applied the same kinematic cuts of W > 2.3 GeV and 0.3 < z < 0.7. Compared
with CLAS12, SoLID has higher statistics in smaller = region and has comparable (or slightly lower)
statistics in larger z region. Compared with SBS, SoLID has higher statistics up to about x ~ 0.55,
while SBS has more coverage in large x region.

The physics impact of SoLID is the precise measurement of the TMD’s in the valance region.
One highlight is the Collins SSA, which is related to the transversity distribution, which in turn is
dominated by the valance quark distribution. To compare the improvement on the determination of
transversity, we model the transversity distributions with the recent global fit of [1], which includes
the TMD evolution effect. We estimate the errors with the standard Hessian method [290]. The
Hessian is the second derivatives of the y? with respect to the parameters at the least x? point. It
reflects not only the uncertainties of the parameters but also the correlations of the parameters. The
Hessian of the world data is obtained from the covariant matrix of the global fit [1]. The Hessians
of SoLID, CLAS12, and SBS are calculated with the simulated data. To ensure that the SIDIS
events are in the current fragmentation region, which can be described by TMD factorization, we
adopt the recent theoretical study on the criteria of the current fragmentation kinematics [10] and
only use the bins in the current fragmentation region to study the physics impact. The impacts
on the transversity extractions are compared in Figure 17 and Figure 18. In the comparison, only
statistical uncertainties are used to compare with CLAS12 and SBS. The improvement from SoLID
data including systematic errors is also shown in Figure 18. To remove the model dependence as
much as possible, we take the ratio between the prior uncertainties and the post uncertainties to show
the improvements from the SoLID, CLAS12, and SBS SIDIS experiments. SoLID can improve the
transversity uncertainty for u (d) quark by a factor of 3 (7) over CLAS12, and by a factor of 5 (10)
compared to SBS.

The tensor charge, which is the integral of transversity distributions, is a fundamental quantity
in QCD. It describes the coupling between a nucleon and a tensor current. Note that in QCD, this
correlation is different from the correlation between the longitudinal quark spin with the longitudinal
spin of the nucleon which is measured by the structure function g;. The impacts of the determination
of the tensor charge from SoLID, CLAS12, and SBS are compared in Table 5. The improvements
are shown in two ways, the typical measured x region by the experiments and the full x region.

World World SBS+CLAS12 World vs. SoLID
vs. SBS+CLAS12 | vs. SoLID vs. SoLID including systematics
Jymeasured 6.1 16 2.8 6.7
sameasured 1.9 17 9.3 11
Sull 5.4 16 3.0 5.9
sd™m 1.8 17 10 10

Table 5: Comparison of improvements to tensor charge extractions. “World” represents all world
available data by 2015. In the first three comparisons, only statistical errors are used, while in the
last comparison both statistical and systematic errors are included. The values in the table give the
ratio between the prior error and the post error. The measured region is the integral over x from
0.05 to 0.6, and the full region is the integral over = from O to 1.

One of the advantages of SoLLID SIDIS experiments is that the high statistics allows us to have
four-dimensional bins. This will help study TMDs, which are three dimensional distributions. To
show the impact of SoLID on TMD measurements, we take the Sivers function as an example. In
the analysis, we do a global fit with both unpolarized multiplicity data and Sivers asymmetry data.
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The fitting result is used as the input model for future SoLID, CLAS12, and SBS pseudo-data. The
uncertainties from the world data and from inclusion of SoLID, CLAS12, and SBS are estimated in
the same framework. Similar to the case of transversity extraction, we only select the bins that pass
the kinematic cuts of the current fragmentation criteria. In Figure 19, we show the improvement
from SoLID on the extraction of the Sivers function, and compare it with CLAS12 and SBS.

2.2.7 SIDIS with Baseline and Enhanced Baseline Configurations

The results shown in the previous sections are for the enhanced baseline configuration. For the
baseline configuration (without the MRPC), the SIDIS program is already projected to have a ma-
jor impact on improving the precision of various TMDs and related physics. As an example, we
present the improvement of the transversity and tensor charge uncertainties in Figure 20, and Sivers
uncertainties in Figure 21. On average, a factor of 3 for u quark and 10 for d quark over the current
world data can be achieved. However, we still miss low momentum pion data at the forward angle,
and the corresponding low transverse momentum coverage is not ideal. The planned change from
the baseline to enhanced baseline configuration by adding a plane of MRPC detectors at the forward
angle will fill this gap. The ability to achieve a timing resolution of better than 100 ps in the high
rate environment of SoLID will enable us to identify pions below 2.5 GeV by using time-of-flight.
This enhanced kinematic coverage of the SIDIS program will improve the data at the low transverse
momentum region and a moderate z region. We also show in Figure 20 and Figure 21 that the
SoLID uncertainties on the transversity, tensor charge, and Sivers extractions from the enhanced
baseline configuration measurement will be further reduced on average by a factor of 1.5 for both u
and d quark compared with those from the baseline configuration.

For kaon production in SIDIS process, kaon identification from 1 GeV/c to 7 GeV/c is needed.
An high-resolution MRPC (20-30ps) will satisfy the requirement. The enhanced baseline configu-
ration (with an high-resolution MRPC) will expand the physics reach to have kaon SIDIS program.
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spin asymmetry ACLO;(%f% ) measurement. Also shown are the results from the 6-GeV experiment
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proton target is compared with CLAS12 in the left panel. SoLID SIDIS experiments with the
neutron target are compared to the SBS experiment in the right panel. In both comparisons, the
same kinematic cuts of W > 2.3 GeV and 0.3 < z < 0.7 are applied.
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Figure 17: Comparisons of the impact on transversity extractions for up (red) and the down (blue)
quarks, as the extension of published works [1, 2]. The left column shows the comparison between
SoLID and CLAS12, and the right column shows the comparison between SoLID and SBS. In
the upper panels, the light shaded bands show the uncertainties of the transversity function Ay (x)
expected from SBS or CLAS12, and the dark shaded bands show the uncertainties expected from
SoLID. The ratio of CLAS12 or SBS expected results to those from SoLID are shown in the lower
panels. All results are plotted at a typical JLab12 scale Q? = 2.4 GeV2.
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Figure 18: Comparison of the impact on the transversity extractions. The “World” represents all
world available data by 2015. The upper left panel shows the improvement from future JLab12
data, i.e. SBS and CLAS12, before SoLID on the base of world available data by 2015. The upper
right panel shows the improvements from SoLID data. The lower left panel shows the further im-
provement from SoLID data after the expected SBS and CLAS12 data. The lower right panel shows
the improvements from SoLID data including the systematic uncertainties. The current uncertain-
ties are from the global fit [1], and the future uncertainties are obtained by including the pseudo-data
from these experiments with only statistical errors for the first three, and with both statistical and
systematic errors for the last one. The curves in the lower panels show the improvement, which is
the ratio between the prior uncertainties and the post uncertainties. The z-range between the two
vertical dashed lines is directly measured by SoLID.
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Figure 19: Comparison of the impact on the first transverse moment of the Sivers function. Labels

are the same as those in Figure 18.
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Figure 20: Upper left panel: the impact on transversity extractions for up (red) and the down (blue)
quarks by SoLID baseline configuration; the outer light shaded bands show the uncertainties from
the world data, and the inner dark shaded bands show the uncertainties expected from SoLID base-
line configuration. Upper right panel: the comparison of the impacts between the baseline and en-
hanced baseline configurations; the outer light shaded bands show the uncertainties expected from
the baseline configuration, and the dark shaded bands show the uncertainties expected from the
enhanced baseline configuration. The uncertainty ratios curves are shown in bottom plots. Lower
panel: the tensor charge extraction uncertainty from the current world data (black), SoLID with the
baseline configuration (blue), and SoLID with the enhanced baseline configuration (red). All results
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Figure 21: Left panel: the impact on Sivers extractions for up (red) and the down (blue) quarks by
SoLID baseline configuration; the outer light shaded bands show the uncertainties from the world
data, and the inner dark shaded bands show the uncertainties expected from SoLID baseline con-
figuration. Right panel: the comparison of the impacts between the baseline and enhanced baseline
configurations; the outer light shaded bands show the uncertainties expected from the baseline con-
figuration, and the dark shaded bands show the uncertainties expected from the enhanced baseline
configuration. The uncertainty ratios curves are shown in bottom plots. All results are plotted at a
typical JLab 12 GeV scale Q? = 2.4 GeV?2.
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2.3 PVDIS Program
2.3.1 Motivation for PVDIS

The unique opportunities for experiments on parity violation at JLab with the 12 GeV upgrade
were recognized in the NSAC long-range planning exercises. The SoLID PVDIS experiment was
approved by PAC 35. Quoting the PAC 35 report, “the PAC believes the mission of this and future
experiments using SoLID are sufficiently important that the Laboratory should make every effort to
assist in securing the necessary funding.”

We reiterate here the physics topics that become accessible with the advent of a longitudinally
polarized 11 GeV electron beam via measurements of the parity-violating asymmetry A py, in deep
inelastic scattering (DIS) off an unpolarized target in the kinematic region of large Bjorken x =
Q?/2Mv. Apy is defined to be:

ey

where o (o) is the cross section for incident right-(left-) handed electrons.

The primary motivation of PVDIS is to search for new interactions beyond the Standard Model
(SM). PVDIS is unique in that it is sensitive to fundamental axial-hadronic currents but does not
have large radiative corrections involving soft hadronic physics that are impossible to make reliably.

We propose to obtain data over a broad kinematic range, with > 0.2, 2 < Q2 < 10 (GeV/c)?.
With a deuterium target, the asymmetry is approximately directly proportional to electron-quark
electroweak couplings, and is independent of kinematics and insensitive to the structure function.
However, it is possible that the following physics could be observed in our data:

1. Charge Symmetry violation (CSV) at the quark level.

2. Higher-twist effects in the parity-violating asymmetry. Significant higher-twist effects are
observed in DIS cross sections. In PVDIS, large higher-twist contributions can only be due
to quark-quark correlations.

If these effects are large, they will constitute an important discovery. If they are small, our test of
the SM will be quite reliable.

It has been suggested that there is additional CSV in heavier nuclei. By obtaining data with a
lead target, we could test this hypothesis. Such an effect would have profound implications for our
understanding of the EMC effect.

By switching the target to hydrogen, we can extract from the asymmetry the d/u ratio in the
proton without requiring any nuclear corrections.

2.3.2 Review of the Theory

The general expression for Apy for Q? < M% is [97]

PV _ GrQ? >
A N <4\/§7T04

F'yZ g¢ FVZ
9aY1— 7 + VY3 F

< GrQ?

4\/§7Ta> (Y1a1 + }/3,&3) . (2)

Here the F' are the electromagnetic structure functions and the F?Z are structure functions for the
parity-violating interference term. The Y; are functions of the kinematic variable y = v/FE and the
ratios of structure functions R’ (z, Q?):

1+(1—9)? =921 —-r?/(1+ R%)) - 22yM/E <1 + RVZ>

2\ _
Yi(z,y,Q%) = 1+ (1-y)?2—2(1—r2/(1+R)) —2ayM/E \ 1+ R

3)
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€T =
1Y, 1+ (1-y2—2(1—12/(1+R)) —2ayM/E\1+ R )’
with » = 1 + Q2 /v2. The above expressions are quite general.
In order to account for possible violations of the Standard Model, it is essential to express the
parity-violating part of the electron-hadron interaction in terms of general phenomenological four-

fermion contact interactions

Gr
EPV _ T
V2

with additional terms as required for the heavy quarks. Here C7; (C2;) gives the vector (axial-
vector) coupling to the j*" quark. For the Standard Model:

[ev'vs5e(Cratyuu + Crady,d) + ev*e(Couiyuysu + Cogdypysd))

1 4

Cin = 9497~ — 3 + gsin2 0w ~ —0.19 Q)
1 2

Cig = gig{i/ ~ 5 — §S1n2 Ow ~ 0.34 (6)
1

Cow = gighm~ — 3 + 2sin® Oy ~ — 0.030 (M

e d 1 i 2
Cog = gv94 =~ 5—2sm Ow ~ 0.025 (3

The numerical values include electroweak radiative corrections. The key point is that the C';
are about an order of magnitude larger than the Co;, which makes the a; term dominant in Eq. 2.
Recently, the JLab PVDIS collaboration published in the journal Nature [98] the result from a 6 GeV
measurement that the C;’s are indeed nonzero. The results are shown in Figure 22.

As recently pointed out by Mantry, et al., [100] for the deuteron where I = 0, Y7 = 1 and

P 6 25T
D _ et _ D _ _ -
ay’ (z) = g5 PO at (z) = £ (201 = C1a) <1 o d+> .

The only corrections to these formulae are physics beyond the Standard Model, CSV and quark-
quark correlations, which form the motivation for the SoLID PVDIS experiment, and known cor-
rections including strange quarks and target mass corrections.

For the a3 term, we use the quark-parton model (QPM), which describes the structure functions
in terms of parton distribution functions (PDF’s) functions f;(z) (f;(z)), which are the probabilities
that the i** quark (antiquark) carries a fraction « of the nucleon momentum. With the definitions
fii = f; £ f;, y = v/ E, the structure functions are given by

1

= 53 i) + File)),

7
7 =3 cigh (fila) + Fil)),
i
Fy7 =23 " eigh(filz) = Fil@)),
i
where e; is the electromagnetic charge of the i** quark. Then
_ 9 F? o 2ui Crieifi (2)

P (@) = 0, — con) (24
’ 2K T Yeff@) 5 . X\ ut 4 dt
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Figure 22: Results from the JLab PVDIS collaboration together with the projected results from the
SoLID PVDIS experiment.

where contributions from heavy quark flavors are represented by the . . .. Contributions due to higher
twist to this term can be obtained from neutrino scattering. The contribution of R” toApy is given
in the Y3 factor.

The key is that since (2C%, — Cyy) is small, there is less sensitivity to the hadronic physics,
whereas (ut — d~)(u™ +d") ~ 1 so that we are sensitive to new physics contributions to the Co;.
The main goal of the SoLID PVDIS experiment is to place a narrow error band on the Co; as shown
in Figs. 22 and 23. An example of new physics that can contribute to the Co;, but not to the C1;
which have been precisely measured by Qweak and atomic parity violation in Cs, is a leptophobic
Z' [101] as illustrated in Fig. 24. At the LHC, such a particle would be swamped by background.
The proposed data will also improve the mass limits for generic models for compositeness of quarks
and leptons [103] as shown in Figure 25.

2.3.3 Charge Symmetry Violation

The subtle violation of fundamental symmetries in hadronic systems can often provide important
insights into the dynamics at work in those systems. The famous Nolen-Schiffer anomaly has
played a significant role in nuclear structure for decades. When it comes to hadron structure charge
symmetry violation is of great interest because of its link to the role of di-quarks in non-perturbative
parton distribution functions [104-106].

The NuTeV experiment published a discrepancy with the Standard Model [107] with a signifi-
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Figure 25: Polar plot for limits on composite models. The gray ellipse includes the published results
form the PVDIS and Qweak collaborations. The orange ellipse gives the projected limits with the
full Qweak statistics and the SoLID data. The blue shaded area indicates possible coverage of DIS
measurements, with three experiments (SLAC E122, JLab 6 GeV, and SoLID) shown as yellow
lines.

have also presented the case that this is a reasonable explanation.

Our experiment is also sensitive to CSV. If the z-dependence of the CSV falls slower than the
PDF’s as suggested by the curves in Figure 26 our asymmetry should display a clear x-dependence.
Moreover, these results will provide an important test of the CSV explanation for NuTeV.

Another interesting possible contribution to the NuTeV anomaly is the isovector EMC ef-
fect [111], which occurs for heavy nuclei. Measuring PVDIS in a target such as Pb would be
able to demonstrate this effect.

2.3.4 Higher Twist

Higher twist effects originate from quark-quark or quark-gluon corrections. A representative plot
on the higher twist effect in the unpolarized electromagnetic cross sections is shown in Figure 26,

HT
with Dy defined by F1H72T = F 1LQT 1+ Dé’f . Extraction of HT coefficients D; were extracted
from global fits such as MRST [99].

A recent paper has examined possible contribution of higher twist (HT) effects to the dominant
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Figure 26: Possible contribution to A py due to CSV

Yia; term in Apy [100]. The correction can be parameterized as a fractional contribution Ry (HT)
by
Y1a1 ~ }/1&1(1 + Rl(HT) +.. )
where the ellipsis refers to other corrections including CSV. It turns out that the only contribution
comes from the operator
v 1
Oni = Sla@)y"u(2)d(0)7"d(0) + (u ¢ d)]

which arises only from quark-quark correlations, or in other words, di-quarks in the nucleon. Higher
twist contributions involving gluons cancel in the ratio. The special feature of Apy is that it is the
only practical experiment that can isolate higher twist due to four quarks.

The result is . .
4[(9 — 20sin? Oy ) F)49 — 5 ) 734]
5 (1-— % sin? Ow ) [up(z) + dp(z)]

where F**9 and F7'%7 are the four-quark higher twist contributions to the structure functions.

Ry(HT) = —

2.3.5 Data Sample and analysis

The observation of CSV is possible with our apparatus if the effect varies with x. An x-independent
CSV effect would be indistinguishable from a change in the C14’s. In the absence of existing
CSV data, it is quite natural, however, to expect that the z-dependence is similar to that shown in
Figure 26, and we will make that assumption in our further discussion. From observations of higher-
twist contributions to DIS cross sections, it is also natural to assume that (Q?>-dependent effects will
also depend on x and increase with increasing x.

If indeed either higher twist effects or CSV are clearly seen, the experiment will be a success.
If they are absent, we plan to untangle the effects of hadronic and electroweak physics by fitting the
asymmetries to a function of the form

1
Agv = AE\V}/ <1 + ﬁHTW + BOSV$2> . (©)]
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Since the size of the hadronic effects is small, the sensitivity to the exact form is not important. The
resulting statistical errors on the fit parameters are:

SAEW JAEW — 0.3%; 68pr = 0.0026; 6Bcsy = 0.017.

With this method, we use the full statistical power of the data set. However, the result has some
sensitivity to the exact form of the chosen fitting functions. Under the scenario where the hadronic
effects are small, these errors are negligible as long as we assume that CSV and higher twist effects
depend strongly on z, as expected. The one-sigma band for the CSV term is plotted in Figure 26.

If the pattern of higher twist effects is the same for Apy as it is for the cross sections, then at
x = 0.6 the asymmetries at the different Q? values will differ by 15%. In that scenario, the rapid
z-dependence of the higher-twist coefficients for the cross section would imply that higher twist
effects would still be negligible at z = 0.4. With a comparable z-dependence, a ()?-dependent
effect as small as ~3% of the effect seen in cross-section measurements would be easily identifiable
given our statistical precision.

Measuring d/u at high x Hydrogen is another useful target. Since it is not isoscalar, the structure
functions do not cancel in the expression for a(z). In particular,

a(z) ~ 3] 6Cu(z) —301dd(x)] N [u(x) +O.912d(:p)]
4

u(z) + 1d(z) u(z) 4+ 0.25d(x)

and we see that a(z) is sensitive to the ratio d/u. The determination of this for the proton is a
topic of considerable interest at large values of x [112-115]. The ratio is difficult to determine from
cross section data because at large x complicated nuclear physics effects become important for
deuterium targets. Alternative methods include comparing *He and tritium (the JLab MARATHON
experiment that has been completed in Hall A in 2019) or detecting the recoil proton from deuteron
(the JLab BONUS program). Projected errors for all three approaches are shown in Fig. 27.

2.3.6 Beam Time and Projections

For the deuterium data, we have based our sensitivity on 180 days of production running at 50 ©A
on a 20-cm liquid deuterium target, with 1/3 of the data at 6.6 GeV and the rest at 11 GeV. Approx-
imately 27 additional days, run at various currents, will be required for checkout and calibrations.
An additional 18 days will be required at 4.4 GeV and 50 p A for radiative correction measurements.
The total beam request at all energies for the deuterium measurement is 225 days, with about 25
of those days run mostly at reduced beam currents. Projected statistical uncertainties in Apy are
shown in Fig. 28.

For the hydrogen measurement, 90 days are needed for production data at 11 GeV, about 9 days
are required at 4.4 GeV to control radiative corrections and another 14 days will be required for
calibration. The running time requested for hydrogen totals to 113 days. We have been approved
for 180 days total. The plan is to first take half the deuterium data. If nothing exciting appears, we
will switch to hydrogen. In the future, we would also anticipate requesting an additional comparable
run for a heavy nucleus such as Pb.
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Projected 12 GeV d/u Extractions
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Figure 27: Anticipated precision for d/u measurement with SOLID as well as other proposed ex-
periments.
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Figure 28: Anticipated statistical precision for A py, in percent versus Q2 and z. 11 GeV data (green

region) are based on a simulation including the electron calorimeter trigger. For the 6.6 GeV data
the effect of the trigger is estimated.
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2.4 J/v Program
24.1 Motivation

One of the fundamental goals of modern nuclear physics is to understand hadrons and nuclei starting
with the basic ingredients of QCD namely quarks and gluons and their interactions. While signifi-
cant progress has been made in exploring the theory in its perturbative region much remains to be
understood in the strong region, particularly where gluonic exchanges dominate. Strong gluonic
field configurations and interactions are responsible for most of the mass of nucleons and nuclei.
Fundamental approaches such as lattice QCD, effective field theories or dual string theories (that
would match QCD) could in principle shed light on confinement of hadrons and perhaps make
predictions of novel phenomena of strong interactions.

We plan to explore this strong interaction using a particular system that emphasizes the multi-
gluon exchange between two color neutral particles that do not share a common valence quark,
namely nucleons/nuclei and charmonia. It has long been argued that the force acting between nu-
cleon/nucleus and .J /%) is an attractive force, which has negligible mesonic (D D) or multi-mesonic
(pm) exchange contribution at low energies [116]. Since the nucleon/nucleus and .J /1) are color neu-
tral, this force is dubbed color Van der Waals force in analogy with the atomic-molecular physics
case. This situation is unique in nuclear physics where a force exchanged between nucleons or
hadrons is purely gluonic especially at low energy. A direct consequence of such an attractive force
is the possible existence of a nuclear bound quarkonium state which was proposed more than 25
years ago by Brodsky, Schmidt and de Teramond [117] but has yet to be observed. A calculation
using the operator product expansion (OPE) [118] to describe the low energy interaction of quarko-
nium with nuclei, in the limit where the mass of the charm quark is infinite, found that the J /1)
binds in nuclear matter with about 10 MeV but the authors caution about possible large corrections
due to confinement effects.

Due to the lack of experimental data, a timid but sustained theoretical activity on the subject fol-
lowed over the past twenty years. For example, Kaidalov and Volkovitsky [119] argued that S-wave
quarkonia can be found in nuclei with A >10 and with binding energy of few MeV, while de Tera-
mond et al. [120] in an update to his original paper with Brodsky [117] estimated a binding energy
of 2 MeV in 12C and 10 MeV in 2°8Pb, while Shevchenko [121] pointed in a later work that the
interaction of charmonium-nucleon is so small that the potential depth for nuclear bound state may
only be possible for nuclei with A > 200. Applying QCD sum rules Hayashigaki [122] finds a 4 to
7 MeV binding of the J/v in nuclear matter. Yokokawa, Sasaki, Hatsuda and Hayashigaki [123]
performed a first lattice study in the quenched approximation of low energy charmonium-hadron
interaction to determine the scattering length. But more recently Kawanai and Sasaki [124] calcu-
lated the charmonium-nucleon potential from the equal-time Bethe-Salpeter amplitude through the
effective Schrodinger equation and found that the charmonium-nucleon potential is weakly attrac-
tive at short distances and exponentially screened at large distances. Finally, Tsushima, Lu, Krein
and Thomas [125, 126] have recently explored the .J/1-nuclear bound states and found that the
attractive potential that originate from the D and D* meson loops in the /1 in nuclear medium
should produce bound states.

Many of the .J/v photoproduction experiments that have been performed at high photon ener-
gies and low ¢ or in the case of electroproduction at large center of mass energy s and low ¢ (see
Refs. [127-134]) are usually considered as a diffractive production. Experiments in the thresh-
old region are few, and were performed soon after the discovery of the .J/v particle more than 40
years ago [135-138]. In particular, the measurements of Cornell [136] and SLAC [138] show large
discrepancies at photon energy around 10 GeV.
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Figure 29: Anomaly diagram which dominate the cross section interaction at threshold.

It is fair to say that not much is known in the region where the energy of the photon is just above
8.2 GeV and where ¢ is about 2 GeV, namely the threshold region. With Jefferson Lab upgrade at
12 GeV, we enter a new kinematic domain where the electro/photo-production of charmed hadrons
near threshold becomes possible. It is precisely a region well suited for the investigation of the
QCD Van der Waals interaction, since as we approach the threshold and due to the conformal scale
anomaly of the low energy .J/v-nucleon interaction [139, 140] the non-perturbative part of the
interaction vanishes more slowly then the perturbative part. In his paper of 1998 [140], Kharzeev
considered explicitly the possible enhancement of the threshold cross section due to this conformal
scale anomaly which corresponds to a diagram where the coupling of the quarkonium to the nucleon
occurs through triangle gluonic lines (see Fig. 29). In contrast to the case of high energy and as
shown in Fig. 30, the scattering amplitude in the threshold region is dominated by its real part
which is related to the .

Later Brodsky, Chudakov, Hoyer and Laget [141] discussed the photoproduction of charm near
threshold and invoked the two-gluon exchange mechanism in the production. These authors also
considered the possible enhancement of the cross section at threshold due to a strong interaction
beyond two-gluon exchanges as shown in Fig. 31. Whereas Sibirtsev, Krewald and Thomas [142]
attributed the mechanism of the .J/v photoproduction at low energies and large ¢ to a mechanism
different from pomeron or two-gluon exchange. They considered the possibility of the exchange
of an axial vector trajectory that couples with the axial form factor of the nucleon in this case also
enhancing the cross section at threshold.

At first, the charmonium production near the threshold region would not seem to lend itself to
calculations using pQCD similar to the case of deep inelastic scattering at large Q2. However, a
closer look reveals a new scale at play, namely the mass of heavy quarks, which when compared to
Agcp enables a perturbative approach to evaluate the scattering amplitude of the process. This fact
was used a while ago to derive charm photoproduction sum rules in a way similar to deep inelastic
scattering [143-145].
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Figure 31: The 2-gluon model is shown as dotted black line. The (2+3)-gluon model is shown as
solid black line. Furthermore, the 2-gluon contribution and 3-gluon contribution in the (2+3)-gluon
model are shown as red and blue lines as well. Data are from “Cornell 75” [136], “SLAC 75” [135],
“SLAC 76” [138] and “Barate et al.” [130].

In the reaction v* + N — J /1) + N, the production mechanism at threshold can be viewed in a
way similar to the J /) elastic scattering off a nucleon at small relative velocity. The coupling of the
soft gluonic fields to the nucleon, at low Q? is determined by the low-energy theorem in QCD based
on the anomaly in the trace of the energy-momentum tensor. The J/t)-nucleon scattering amplitude
is proportional to the nucleon matrix element of the following gluon operator [146]:

1> - A2
(NIZE" - E*|N) = = (N|6IN) + 2na, (V|6 |N), (10)

where E° represents the chromo-electric field, Hgy is the energy-momentum tensor of the gluon
field, 0/, is the anomalous trace of the full energy-momentum tensor in QCD in the chiral limit, b is
the coefficient in the QCD beta function with three light (massless in the chiral limit) quarks and a;
is the QCD coupling.

It is argued [146] that this matrix element is bound by

1=, = 472
(NIZE* - E*IN) = =-2m}, (11)

In a measurement of electroproduction close to the threshold region, and unlike at high energy,
the real part of the scattering amplitude contribution dominates compared to the imaginary part
even though the allowed exchanges are purely gluonic. This contribution probes the matrix element
represented by (N|0/,|N) = 2m3,. Hence, in a threshold measurement we probe the conformal
anomaly contribution to the low energy .J/¢¥ — N interaction comparable to a Higgs-like coupling
(The coupling of the contact term is sensitive to the entire mass of nucleon, and as such is similar
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to the Higgs coupling). Furthermore, the determination of an upper limit of the strength of this
interaction will help determine whether or not a nucleon-.J/+ bound state due to the Van der Waals
color forces would exist.

2.4.2 Program Overview

The high luminosity and large acceptance offered by the JLab 12 GeV energy upgrade combined
with SoLID in Hall A is a unique tool to start an investigation program of the .J/v)-nucleon interac-
tion.

In a first phase, measurements of the cross section of electro- and photo-production of .J /1) on a
nucleon near threshold will take place with experiment E12-12-006[153] using SoLID. These mea-
surements at threshold have not been revisited since the 70s. The precision and energy range close to
threshold of the proposed measurements will best probe the possible enhancement of the cross sec-
tion due to the contribution of the conformal anomaly very close to the threshold photon energy of
J /v production. Threshold enhancements due to on-shell rescattering or quasi-bound states around
threshold have been observed in several processes such as eTe™ — pp, AN, X%, AX, [147] as
well as in the J/1) radiative decays, e.g. J/¢¥ — ppy [148]. The experiment E12-12-006 aims
at observing such enhancement in the .J/¢-proton system and offers the capability to explore the
region below threshold if there are hints of an enhancement of the cross section just above thresh-
old. Furthermore, the proposed cross section measurement could also shed light on the existence of
predicted super-heavy N* with hidden charm with a mass around 4.3 GeV [150].

In a second phase we shall explore the interference of the Bethe-Heitler amplitude with that
of the J/ electroproduction to attempt a determination of the relative contribution of the real
and the imaginary part of the scattering amplitude. Moreover, a study of the angular distribution
of the J/1 decay can reveal whether the .J/1¢ was originally produced from an octet or singlet
state. Recently a phenomenological analysis of the forward .J/1) — p scattering amplitude within a
dispersive framework [149] resulted in a ¢/ binding energy in nuclear matter of 2.7+0.3 MeV. The
latter number uncertainty would be dramatically improved with more accurate cross section data in
the threshold region. Furthermore, in the same reference a path towards unraveling the ratio of real
to imaginary part of the .J/1-nucleon scattering amplitude is described through the measurement of
the yp — e* e~ p forward-backward asymmetry in the vicinity of the .J/¢) resonant amplitude. This
forward-backward asymmetry is sizable due to the interference of the Bethe-Heitler amplitude with
the .J /4 production amplitude.

Finally, studies of J/2) production and propagation in the nuclear medium is the natural exten-
sion of the proposed measurements on a nucleon. The study of multi-gluon QCD Van der Waals
forces in nuclei is believed to shed new light on their possible role in J/¢)-nuclear bound states
[117, 117-124]. Another related challenge is the in-medium properties of charmonia as well as the
possible restoration of the chiral symmetry in the nuclear medium, which is closely connected to the
modifications of masses and widths of mesons when embedded in the nuclear environment [125].
For these studies, it is important to find the appropriate kinematical conditions to produce J/v near
rest, or with small momentum relative to the nucleus. Therefore, measurements near threshold and
even sub-threshold look promising [151].

At JLab Hall C, a photoproduction experiment (E03-008) was performed in the subthreshold
regime using the CEBAF at 6 GeV. Unfortunately no signal was observed after one week of beam
on a '2C target [151]. This experiment allowed to set a limit on the cross section, which was found to
be consistent with the quasi-free production. The experiment used a bremsstrahlung beam produced
on a copper radiator by the 6 GeV incident electron beam . The pair of spectrometers (HMS and
SOS) of Hall C were used to detect the pair of leptons resulting from the decay of the J/¢. A
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proposal ”A-dependence of .J/1 photoproduction near threshold” [152] for the 12 GeV upgrade
of Hall C was also considered by the PAC32 and conditionally approved. The authors proposed
the use of bremsstrahlung photon beam created in a radiator to look at the photoproduction near
threshold in a series of nuclei. The physics goal was to measure the photoproduction cross section
on hydrogen and then investigate the A dependence of the propagation of the J/v in the nuclear
medium. In this proposal, only the J /4 is detected through the detection of the decay leptonic pair.

The experiment E12-12-006[153] as the first phase of the program, will utilize the SoLID spec-
trometer to measure the cross section of the full exclusive electro- and photo-production of .J /1)
near threshold (4.05 GeV < W < 4.45 GeV and |t — t;im| < 2.5 GeV?) to study QCD in the
non-perturbative regime with luminosity of 1037cm=2 s~

2.4.3 Beam Time and Projection

The experiment E12-12-006 was approved by JLab PAC39 with total 60 PAC days [153]. Among
them, 50 days will be used for production run with 3 pA, and 11 GeV electron beam on a 15 cm
long liquid hydrogen target. The other 10 days will be shared among activities, such as detector
calibration, data taking with Al dummy target, and special low luminosity running for understanding
the trigger efficiency and normalization for the cross section measurement.

Our projections for the total elastic cross sections of electro- and photo-production are shown
against the effective photon energy in Fig. 32. Together, we have also plotted the world data of
J /1 photoproduction near threshold. The fit of 2-gluon exchange only model is shown as well with
a solid line. In our projections we also included the possible photoproduction of the LHCb “pen-
taquark” [162]. It is clear that the proposed measurements will significantly advance our knowledge
of electroproduction of .J/v near the threshold region.
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Figure 32: Projected uncertainties on the total elastic .J/1) electro-and photo-production cross sec-
tions. Our projections are based on the 2-gluon exchange model. The central values of our pro-
jections are positioned at 1.2 times or 0.8 times of the predicted total cross section of the 2-gluon
exchange model in order to differentiate our projections from SLAC76 [138] points. The electro-
production data is plotted against effective photon energy. We have also included the projection of
the LHCb pentaquark photoproduction with a 5% coupling according to [7]
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2.5 Possible Expansion in Physics Reach
2.5.1 GPD Program

There are several GPD experiments in different stages of study/approval. As has been remarked
elsewhere, a variety of hard exclusive measurements are needed to disentangle the contributions of
the different GPDs, with the general Compton processes (DVCS, TCS, DDVCS) sensitive to various
real and imaginary combinations of all four leading twist GPDs (Fig. 33), vector-meson Deep Ex-
clusive Meson Production (DEMP) sensitive to the spin-average H and £ GPDs and pseudoscalar-
meson DEMP sensitive to the spin-difference H and E GPDs. The SoLID GPD program under
investigation includes many of these reactions, and has the potential to improve greatly our under-
standing of nucleon structure.

General Compton Processes
Accessing GPDs

(Im, x=¢)
DVCS: spin asymmetries
TCS: with polarized beam

H(x.£.0)
10,

7.5

Figure 33: General Compton processes accessing GPDs.

Timelike Compton Scattering (TCS) from an unpolarized LH» target can provide information
on the real (imaginary) parts of the Compton amplitude using unpolarized (circularly polarized)
photons. In this case, the produced lepton pair sets the hard scale (Q? > 4 GeV?) and the az-
imuthal asymmetry of the £+ ¢~ plane with respect to the g-vector allows the separation of the GPD
and Bethe-Heitler contributions. This has been approved as a run group experiment with the .J /v
experiment (E12-12-006A).

Double Deeply Virtual Compton Scattering (DDVCS) in the di-lepton channel on an unpolar-
ized LH, target has been reviewed by PAC43 as LOI12-12-005. The solenoidal configuration is
ideal for high luminosity, with a fully parasitic proposal (as part of the .J/+) run group) for the e™e™
channel under preparation. Once this experiment has run, a later phase of measurements might
include the ;= channel. A workshop at ECT Trento to refine the TCS and DDVCS physics
program was held for October 24-28, 2016.

A possible Deeply Virtual Compton Scattering (DVCS) experiment on polarized *He is also
under study. The 12 GeV polarized DVCS experiments to date utilize longitudinally (E12-06-119)
and transversely (C12-12-010) polarized proton targets. No polarized neutron-DVCS experiment
has been proposed at JLab to date, and SoLID could make a unique contribution here once the
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reaction exclusivity requirements and possible backgrounds are better understood. A complete set of
SoLID DVCS data with both proton and neutron targets at varied polarization would be essential to
control systematic uncertainties, perform flavor decomposition, and disentangle the different GPDs.

Deep Exclusive Meson (7~ ) Production (DEMP) using a transversely polarized 3He (neutron)
target looks very promising. The transverse single-spin asymmetry in exclusive charged 7 pro-
duction has been identified as the most sensitive observable to probe E. In this case, one fits the
sin(¢ — ¢g) dependence, where (¢ — ¢g) is the azimuthal difference between the 7~ reaction plane
and the polarized target. Theoretical calculations suggest higher twist corrections likely cancel in
the asymmetry, allowing access to to GPDs at much lower value of Q? than typically required
in DEMP reactions. This measurement has been approved as a run group experiment with the
transversely polarized *He SIDIS experiment (E12-10-006B), and detailed studies on the expected
uncertainties are underway.

This summary makes clear that the SoLID-SIDIS setup is indeed very attractive in terms of
acceptance and luminosity, and will allow a Phase 1 GPD program to be initiated with minimal
impact on the approved SoLID program. Once this has been executed, one could envision a later
Phase 2 suite of GPD experiments with additional recoil detectors near the target (such as low
momentum proton tagging for DEMP), dedicated configurations (for DDVCS), or improved EC
resolution (to allow exclusive vector meson and 7° measurements). These would require much
more study, and are clearly beyond the scope of the present proposals.

2.5.2 SIDIS Production of Charged Kaons

The extension of the SIDIS production of charged pion to the SIDIS production of charged kaons is
under study. Because the kaon contains a valence strange/antistrange quark, the SIDIS production
of charged kaons is more sensitive to the strange distributions. Compared to the pion data, the kaon
data are very limited. Lacking the knowledge of the strange quark distributions will prevent us from
fully understanding the spin structures of the nucleon. Taking advantage of high luminosities and
large acceptance, SoLID could be ideal to measure the SIDIS production of charged kaons with
high statistics. The combination of the proton and the neutron (*He) targets, and the detection of
charged pions and charged kaons in a similar kinematic region helps us to have flavor separations of
all light quark distributions, i.e., u, @, d, d, s, and 5. As kaon is heavier than pion, the SoLID kine-
matics covers a intermediate region from target-fragmentation to current-fragmentation. A precise
measurement in this region will allow us to understand how the factorization breaks down.

A full RICH detector for kaon detection is likely to be too costly to consider. A high resolution
TOF is a more practical solution. SoLID needs to do kaon identification over a momentum range
of 1 GeV/c to 7 GeV/c. Given the 8 m flight distance, a TOF time resolution of 20 ps is required
to obtain a 3-sigma separation between pions and kaons, as shown in Figure 34. Two detector
technologies that could give high resolution TOF are being investigated.

The Large Area Picosecond Photodetector (LAPPD) collaboration [180] is developing large area
detectors capable of time resolutions in the picosecond range. Such detectors use Micro Channel
Plate photomultipiers, which have small paths for electrons, achieving better timing resolution than
traditional PMTs. Resolutions of 20 ps for a single photoelectron have been achieved and resolutions
of under 10 ps could be obtained for mulitple photoelectrons. The main drawback of Micro Channel
Plate PMTs is the high cost per area. The LAPPD project is aiming to producing large area MCP
PMTs with a cheaper microchannel plate, significantly reducing the cost for large area of detectors.
Depending on the ultimates costs, this could be an option for SoLID.

A second TOF option is improving the timing performance of the MRPC detector in SoLID.
The baseline MRPC is designed to reach 80 ps. Improvement of the MRPC timing resolution would
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Figure 34: Kaon identification by TOF.

extend the momentum range of 7/ K identification to the full momentum range. Beam tests showed
that current MRPC designs can reach 50 ps with test beam and 80 ps in high background area.
There is ongoing EIC R&D [181] on Multi Gap Resistive Plate to improve the timing resolution. A
thin gap MRPC prototype has been built and tested by BNL and University of Illinois, achieving a
resolution of 20 ps. The R&D plan is described in the MRPC section.
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3 Technical Requirements and Experimental Setup

3.1

Summary of Requirements

The minimum requirements of the base equipment for SoLID are summarized below and also listed
in Table 6,

Magnet: Outer diameter is 3 meters (to fit in Hall A), inner diameter is 1 meter and length
is greater than 3 meters. Field strength is greater than 1.35 tesla and integrated BdL is 5
tesla-meters. Acceptance in azimuthal angle (¢) is 27, in polar angle (#) is 8° to 24° for the
SIDIS configuration and 22° to 35° for the PVDIS configuration. Momentum range is 1-7
GeV, and momentum resolution (combined with 100-micron tracking resolution) is 2 — 3%.
Fringe field at the front end after endcap (shielding) is less than 5 gauss (for polarized target
operation).

GEM Tracking Chambers: Six planes for SIDIS and five for PVDIS. Total area is 37 m?, total
number of channels 165K. Tracking efficiency is greater than 90%. Radial position resolution
reaches 0.1 mm. Works in high rate environment.

EM Calorimeter: Total 1800 modules of pre-shower (2 radiation length) and 1800 shower
(18 radiation length), with a lateral area of 100 cm? for each module. Preshower modules are
scintillators embedded with WLS fibers. Shower modules are based on Shashlyk sampling
design (lead-scintillator and WLS fiber). Radiation hard up to 400 kRad. Energy resolution is
10%/v/E. Reaches 50 : 1 7 suppression with electron efficiency better than 90%. For PVDIS,
combined EC and Cherenkov trigger rate below 600 KHz (20 KHz/sector). For SIDIS, EC,
Cherenkov and SPD combined trigger rate to be below DAQ limitation of 100 KHz.

Scintillator Pad Detectors (SPD, used for SIDIS only): 240 pieces 5-mm thick scintillator at
forward angle, 5:1 photon rejection; and 60 pieces of 20-mm thick scintillators at large angle,
10:1 photon rejection and ~ 150 ps timing resolution for pion identification when combined
with MRPC in the forward angle.

Light Gas Cherenkov: 2 meters long with 1 atm CO4 gas for SIDIS and 1 meter long with
1 atm CO2 for PVDIS. Contains 60 mirrors and 270 PMTs. Provides number of photo-
electrons larger than 10 and electron efficiency greater than 90%. 7 suppression is greater
than 500 for momentum less than 4 GeV (SIDIS) or less than 3.2 GeV (PVDIS). Works in
moderate field up to 130 gauss (< 50 gauss after mu-metal shielding). Combined EC and
Cherenkov for PVDIS trigger rate to be below 600 kHz (20 KHz/sector).

Heavy Gas Cherenkov: 1 meter long 1.7-atm (abs) C4Fg gas, with 30 mirrors and 480 PMTs.
The number of photo-electrons is greater than 10. With an efficiency for 7 better than 90%,
kaon suppression is greater than 10:1, from 2.5 to 7.5 GeV. Works in moderate field up to 100
gauss with shielding.

DAQ: 282 FADC sampling at 250 MHz. 32 high-speed pipeline VME switched Series (VXS)
system. 30 GEM Scalable-read-out system (SRS). Can handle trigger rate of 100 KHz for
SIDIS with event size of 2.6 KBytes and trigger rate of 600 KHz (20 KHz per sector) for
PVDIS with event size of 48 KBytes.

Baffles: Eleven planes of lead blocks, 30 sectors in each plane, thickness of 9 cm, with az-
imuthal angle opening for each block to be more than 4° out of 12° (360°/30). One additional
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plane of lead blocks with thickness of 5 cm is placed in front of the EM Calorimeter at the
small radius region (110 cm < r < 200 cm). The design is optimized to block low energy
particle, photon and hadron backgrounds to an acceptable level (total trigger rate below 600
kHz (20 KHz/sector) for the PVDIS configuration).

The requirements for enhancement baseline are listed below:

e MRPC for pion identification: 50 super-modules, each of which contains 3 MRPC modules.
There are totally 1650 strips and 3300 readout channels, covering an area of 10 m?. Timing
resolution is better than 100 ps. Kaon suppression is about 20:1 for momentum < 2.5 GeV
and photon suppression is as high as 10:1. Works at a high rate up to 10 KHz/cm?.

e MRPC for kaon identification: Same as above but with better than 30 ps resolution.

A summary of the detector requirements of all approved experimental programs is given in
Table 7. The key parameters of the approved programs are in Table 8. The experimental setup of
PVDIS, SIDIS-?He, SIDIS-proton and .J /% are shown in the next few subsections.
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3.2 SIDIS-*He Experiments

The E12-10-006 [183] (E12-11-007 [184]) is designed to measure the single/double spin asymme-
tries through the semi-inclusive deep-inelastic scattering (SIDIS) (e, ¢'7*) with the SoLID spec-
trometer and the transversely (longitudinally) polarized 3He target. The layout of the experiment is
shown in Fig. 35 and Fig. 36. The entire detector system consists of two parts: the forward-angle
(FA) detectors and the large-angle (LA) detectors.

At forward angle, there are five layers of GEM detectors inside the coils to provide the forward-
angle tracking, and the first three of them are shared with the large-angle detectors. A 2 m long
light gas Cherenkov counter is installed after the GEM detectors to discriminate the scattered elec-
trons from the produced pions. A 1 m long heavy gas Cherenkov counter right after the light
gas Cherenkov counter can separate kaons and protons from the pions at momenta larger than 2.5
GeV/c. A “Shashlyk”-type forward-angle Electromagnetic calorimeter (FAEC) will be used for
electron/pion separation. One layer of scintillator pad detector (SPD) is placed in front of the FAEC
to reject photons and reduce the calorimeter-based trigger rates. In the enhanced configuration,
One layer of Multi-gap Resistive Plate Chamber (MRPC) is placed after the heavy gas Cherenkov
counter to provide timing information and particle identification of hadrons at low momentum (<
2.5 GeV/c), as well as to suppress photon background. The polar angular coverage for the forward-
angle detectors ranges from 8° to 14.8° and the momentum coverage extends from 1 GeV/c to 7.0
GeV/c. A combination of the FAEC and the gas Cherenkov counter (and the MRPC in the enhanced
configuration) will be used for electron and pion identifications.

To cover the large electron scattering angles, there are four layers of GEM detectors placed
inside the coils, with the last three layers shared with the forward angle detectors. Following a layer
of SPD, another “Shashlyk”-type large-angle Electromagnetic calorimeter (LAEC) will be placed
inside the coils to separate electrons and hadrons. The large-angle detectors are mainly used for
electron detection in a momentum range of 3.5-6.0 GeV/c where the expected 7~ /e ratio to be
smaller than 1.5. The polar angle coverage ranges from 15.7° to 24°.

The standard Hall A polarized 3He target will be used in its transverse mode. A higher than
60% target polarization with a faster than 20 minutes target spin flip is expected at the full polarized
luminosity of 1026 N cm™2 s~!, which is corresponding to the unpolarized luminosity of 1037 N
cm~2 s~! at an electron beam current of 15uA. The target polarization is expected to be limited by
the magnetic field gradient in the target region, which is dominated by the leakage field from the
SoLID magnet. Therefore, the design of the magnet yokes is important to achieve the required target
polarization. As shown in Fig. 35 and Fig. 36, the target will be located about 70 cm upstream of
the front yoke. Two target collimators will be placed close to two windows of the 40 cm long target
in order to reduce backgrounds generated from both windows. The expected kinematic coverage
includes: 1) 0.05 < x < 0.6 which comprises the majority of the valence quark region; ii) 0.3 < z <
0.7 in which the leading order x — z factorization is expected to hold; iii) maximum pion transverse
momentum Pr up to 1 GeV/c, where the TMD framework is valid; and iv) 1 GeV? < Q? < 8
GeV? with about 2 GeV? coverage in AQ? at fixed z. These kinematic coverages can be achieved
by combining data with incident electron energies of 11 and 8.8 GeV.

In order to achieve the proposed precision in asymmetries, the negative pion contamination in
the electron sample needs to be controlled to below 1%. At forward angle, it is achieved by a
combination of the FAEC and the light gas Cherenkov detector. At large angle, the LAEC alone
will be sufficient to provide the required pion rejection, since the expected pion to electron ratio is
small. Furthermore, the coincidence detection of electron and leading pion in the SIDIS kinematics
would further reduce the pion contamination in the electron sample.

The particle identification of the leading pion (forward angle detector only) will be achieved
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Figure 35: The experimental layout of the SoLID SIDIS->He setup based on the CLEO magnet. The
scattered electrons are detected by both forward-angle and large-angle detectors. The leading pions
are detected by the forward-angle detector only. The polarized 3He target will be placed upstream
in front of the spectrometer entrance.

by the heavy gas Cherenkov detector from 2.5 GeV/c to 7.5 GeV/c in the baseline configuration.
The kaon contamination in the pion samples is required to be kept below the 1% level. Since the
kaon to pion ratio is expected to be about 0.1, a kaon rejection factor of 10 provided by the heavy
gas Cherenkov detector can satisfy the requirement. For the enhanced baseline configuration, the
additional MRPC detector with a time resolution of 100ps will contribute to pion identification by
the time-of-flight (TOF) method. It can distinguish pions and kaons from 1 GeV/c to 2.5 GeV/c.

The extraction of various TMD asymmetries relies on the ¢g and ¢, angular dependence of
the measured single/double spin azimuthal asymmetries in each kinematic bin of the 4-D (z, Q?,
z, and Pr) phase space. Since the kinematics of interests are in the deep-inelastic-scattering (DIS)
region, the requirements on the resolution of the reconstructed kinematic variables are modest. For
example, a better than a few percent momentum resolution, a better than a few mrad polar angular
resolution, a better than 10 mrad azimuthal angular resolution, and a 1-2 cm reconstructed vertex
resolution would satisfy the needs of these experiments.

With similar reaction channels, E12-10-006 [183], E12-11-007 [184], and E12-11-108 [185]
(see next section) will share the same design of the DAQ system. The required overall luminosity
of E12-10-006 and E12-11-007 is 1037 N/cm?s~!, which is an order of magnitude higher than that
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Figure 36: A 2D representation of the experimental layout of SoLID SIDIS-*He setup based on the

CLEO magnet.

of E12-11-108. The goal of the SIDIS DAQ is to satisfy the requirement of ~100 kHz trigger rate.

The SIDIS process requires the detection of both the scattered electron and the leading pion.
Therefore, a single electron trigger or a coincidence trigger of electron and hadron would satisfy
this need. The electron trigger at the large-angle detectors will be provided by the LAEC at an
energy threshold of about 3 GeV. Such a trigger would be sensitive to both high energy electrons
and high energy photons (mostly from the 7° decay). With the large angle SPD being incorporated
into the trigger, the electron-like triggers can be significantly suppressed.The electron trigger at the
forward angle detector will be formed by a coincidence between the light gas Cherenkov detector,
the FAEC, and the SPD. Considering the kinematic information of the scattered electrons from the
DIS process (e.g. Q> > 1 GeV?), a position dependent energy threshold with a low limit at 0.8
GeV in FAEC could significantly reduce the trigger rate.The charged hadron trigger at the forward
angle will be formed with a coincidence between the FAEC and the SPD (the MRPC will be part
of the trigger for the enhanced configuration). The coincidence trigger is given by overlapping the
electron trigger and the hadron trigger within a narrow time window. If the single electron trigger
can not satisfy the requirement of ~100 kHz trigger rate, the coincidence trigger could retain more
SIDIS events. Therefore, it is important to include the coincidence trigger in the baseline design of
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Figure 37: The experimental layout of the SoLID SIDIS-proton setup based on the CLEO magnet.
It’s the same like SIDIS-*He setup, except the 3He target is replaced by transversely polarized
N Hj target upstream in front of the spectrometer entrance. The scattered electrons are detected by
both forward-angle and large-angle detectors. The leading pions are detected by the forward-angle
detector only.

the SIDIS DAQ system.

3.3 SIDIS-proton Experiment

The E12-11-108 [297] is designed to measure the single/double spin asymmetries through the semi-
inclusive deep-inelastic scattering (SIDIS) (e, ¢/7®) with the SoLID spectrometer and a transversely
polarized proton target. The layout of the experiment is same as 3 He program except the target as
shown in Fig. 37. The entire detector system consists of two parts: the forward-angle detectors and
the large-angle detectors. The overall luminosity in this case is smaller compared to that of using
the polarized 3He target with an incident electron beam current of 100 nA.

An improved version of JLab/UVa/SLAC polarized NH3 target (shown in Fig. 38) will be used.
The main upgrade is to replace the aging Helmholtz-coil magnet with a new magnet and to have a
fast spin-flip capability with the AFP technique to minimize the systematic uncertainty in the single
spin asymmetry measurement. In order to satisfy the requirements of phase space coverage, the
new design will further allow both transverse and longitudinal direction to have a nominal forward
opening of more than +25°, while maintaining the same maximum field (5 Tesla) and a uniform
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field region in the center. The target polarization is required to be higher than 70% with the spin flip
every few hours.
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Figure 38: Polarized NH3 target system.

Due to the large magnetic field in the transverse direction, this experiment suffers from a dif-
ferent kind of background compared to the low field polarized *He experiment, known as sheet-
of-flame. The main feature of such a background is that a very high rate of charged particles with
momentum range between 1-2 GeV will be localized in a very narrow region of the acceptance.
Fig 39 shows this background on all six GEM planes in the SoLID. The GEM chambers in regions
outside of the sheet-of-flame location see a background rate of less than 1.0 KHz/mm? on, whereas
the regions inside have much higher rates. In order to handle this background and avoid damage to
the apparatus, detector sectors in the direct line-of-sight of this sheer of flame will be removed or
turned off during the proton experiment.
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Figure 39: GEANT?3 simulation results of background with NHj target field ON. The z-axis is the
azimuthal angle in lab frame. The y-axis is the radius of GEM chambers (1-6). Narrow regions of
high rate (compared to rest of the acceptance) are clearly seen as a function of azimuthal angle ¢.

3.4 PVDIS Experiment

Experiment E12-10-007 [182] is designed to measure the parity violating asymmetries (Apy)
through the inclusive deep-inelastic scattering (DIS) with the SoLID spectrometer. The layout of
the experiment is shown in Fig. 40 and Fig. 41. In order to eliminate high energy (~GeV) photons,
a lead baffle will be placed downstream of the target to block direct lines of sight to the detector sys-
tem. The detector system consists of four layers of GEM chambers for particle tracking, a 1 m long
light gas Cherenkov counter for electron/pion separation, and a “shashlyk”-type electromagnetic
calorimeter system for the trigger and additional electron/pion separation. The GEM chambers will
be divided into two groups, with one group placed in front of the gas Cherenkov counter and the
other group behind it. This configuration will maximize the detector resolution, leading to about
2% momentum and 1 mr polar angle resolutions. The entire detector system will be divided into 30
independent sectors in the azimuthal angle.

The polar angle and momentum coverages of the detector system are from 22° to 35° on an
extended (40 cm) target and from 2 GeV/c to 6 GeV/c, respectively. These coverages transform into
kinematic coverages of 0.2 < z < 0.8 and 2 (GeV/c)? < Q? < 12 (GeV/c)?. The overall luminosity
is required to be larger than 5 x 103® N cm~2 s~! in order to reach about 0.5% relative statistical
uncertainties on the parity violating asymmetries A py in each of the kinematic bins (see. Fig. 28).
Such a high luminosity places specific requirements on the radiation hardness of the detector system.

To leading order, the physics asymmetry AZ]’Dh‘?jS is related to the measured asymmetry A”Pl{jasu’"ed

59



SoLID (PVDIS)

|
|

L EM Calorimeter,
| angle
. (forward[angle))
] -

_Coil’and Yoke

1m
—_

Figure 40: The experimental layout of SoLID PVDIS setup based on the CLEO magnet.
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where Ppeqnm, 18 the polarization of the electron beam, and f and A}B}, are the pion contamination and
the parity violating asymmetry of pions, respectively. The proposed high precision measurement of
Apy (about 0.5% in each kinematic bin) requires high accuracy. The uncertainty of the electron
beam polarization is required to be smaller than 0.4%. Since A py for produced pions is expected to
be similar to that of scattered electrons, the contamination of negative pions in the electron sample
needs to be determined to about a 103 level. Furthermore, the uncertainty in Q? also must be
controlled to below 0.1% using a precise and comprehensive optics calibration program.

Since only the scattered electrons are detected in this experiment, each sector of the detector
system can employ an independent DAQ system. Thus the requirement on the DAQ system for this
experiment is modest. The average trigger rate for each sector is estimated to be less than 20 kHz,
leading to a total trigger rate less than 600 kHz.
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Figure 41: A 2D representation of the experimental layout of SoLID PVDIS.

3.5 J/v¢ Experiment

The E12-12-006 experiment [197] is designed to measure the cross section of .J /1 electroproduction
near threshold. The reaction of interestis ¢ +p — €' + J/W(e™,et) + p where J/1) is detected
through its decay in a lepton pair (¢, e™) with 5.94% branching ratio. Primary detection channels
include a 4-fold coincidence, which consists of a detection of the scattered electron, the recoil
proton, and the leptonic pair (eTe™) from the J/v decay, a 3-fold coincidence, which is similar
to the 4-fold coincidence but without the either scattered electron or the proton detection, and a
2-fold coincidence of the leptonic pair (¢*e™) from the J /1 decay only. In the 3-fold coincidence
channel, the full kinematics of the recoil proton can be reconstructed through energy and momentum
conservation. Since the recoil proton is not detected, the total number of events and the kinematic
coverage are greatly enhanced compared to the 4-fold coincidence channel. Possible background in
the 3-fold coincidence channel can be investigated fully with the 4-fold coincidence channel which
offers a better signal to noise ratio. Because the electrons, positrons, as well as protons are required
to be detected in coincidence, the configuration of SoLLID will be similar to that of SIDIS. Fig. 42
and Fig. 43 illustrates the layout of the experiment. The scattered electron and the recoil proton
will be detected mostly by the forward angle detector, while the electron-positron pair from .J /v
decay will be mostly detected by the large-angle detector. Compared to the SoLID-SIDIS setup,
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Figure 42: The experimental layout for the SOLID .J /1) setup based on the CLEO magnet. It’s the
same like SIDIS-2He setup, except the 3He target is replaced by the standard Hall A 15 cm liquid
Hydrogen target upstream in front of the spectrometer entrance.

the polarized target will be replaced by the standard Hall A 15 cm liquid Hydrogen target, but its
position will be located about 35 cm more downstream relative to the target center of the SIDIS
setup to improve the acceptance.

The approved beam time for this experiment is 60 PAC days at an unpolarized luminosity of 1
N cm~2 s~!. The kinematic coverage will be 4.05 GeV < W < 4.45 GeV and |t — tpin| < 2.5
GeV?. Depending on the cross section model, the expected physics counts with 50 days production
data for 4-fold (3-fold) coincidence range from ~0.7k (2.1k) to ~2.9k (8.1k) at the proposed lumi-
nosity. Since this measurement is limited by statistics due to the rare nature of the .J/v production
near threshold process, a higher luminosity (> 1037 N cm™2 s™1) is strongly desired.

The primary trigger is a triple coincidence of scattered electron, .J/v decay electron, and J /v
decay positron. With a 100 ns coincidence window, the trigger rate would be dominated by the
random coincidence events with a rate of about 3 kHz, which is far below the required ~100 kHz
trigger rate of SoLID-SIDIS. Therefore, the main requirement of SoLID-J /4 is the capability of
forming hardware coincidence trigger.

Since we are interested in the exclusive electroproduction of J/1, the resolution of the J/1
setup is important in rejecting different backgrounds. Currently the expected resolutions are similar
between SIDIS and .J/v setups and it would satisfy the requirement of this experiment. We are
working on improving the .J /1 resolution further.

037
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Figure 43: A 2D representation of the experimental layout of SoLID J /v setup.

The particle identification of the recoil proton for the 4-fold coincidence relies on the time-
of-flight (TOF) from the MRPC. The highest momentum of the recoil proton is about 3 GeV/c.
With the designed 100 ps resolution in TOF, protons can be separated from kaons at 2 standard
deviations (4 standard deviations from peak to peak). In addition, protons can be separated from
pions at 6 standard deviations (12 standard deviations from peak to peak). The requirement on the
exclusive kinematics in the off-line data analysis would further strengthen the particle identification
of protons.

There are two major types of backgrounds. The main physics background originates from the
Bethe-Heitler (BH) process. At the proposed kinematics, the BH background is expected to be
smaller than the physics J/v events by 1-2 order of magnitude in average !. The cross section
associated with the BH background can be directly measured by choosing the invariant mass of the
electron-positron pair to be away from the /v peak. The other major background is the random
coincidence of a J/1 (normally photo-produced) and a scattered electron. The random coinci-

"Due to the rapid decrease of the cross section near threshold for the physics J /4 events, the BH background becomes
comparable at low W.
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dence background is expected to be 1-2 orders of magnitude smaller than the physics events with
the proposed setup. In addition, the random coincidence backgrounds can also be directly mea-
sured/subtracted through the commonly used off-window method.
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4 Magnet

4.1 Requirements

The SoLID spectrometer is designed to have large acceptance in polar angle, azimuthal angle, and
momentum acceptance, and also operate at high luminosity. A solenoid magnet is a natural choice in
this case. The magnetic field is symmetric around the beamline, confining the copious low energy
charged background particles to the beam pipe region. The detectors are placed symmetrically
around the beamline, both within the solenoid and in the end cap region. The approved experiments
all have some requirements on the magnet. They are summarized below:

e The PVDIS experiment requires polar angle coverage for the center of the target from 22° to
35°. Its hydrogen and deuterium targets can operate in the magnetic field. To operate the detectors
at the design luminosity of 1037 /cm? /s, a set of baffles is required to block unwanted photons and
hadrons originating in the target. The magnetic field must then be strong enough to spiral the several
GeV DIS electrons through the gaps in the baffles and also provide sufficient curvature in the tracks
so that their momentum can be reconstructed. Both requirements can be met with a field integral
along the flight path on order of 2.5 T-m.

e Both SIDIS proton and neutron experiments need polar angle coverage from 8° to 24°. The
3He and NHj targets must be located just upstream of the solenoid where the fringe fields before
additional shielding are on the order of 5 G. The NHj3 targets require a uniform 5 T field and the
3He targets require uniform fields on the order of a 25 Gauss. There are two sets of detectors. The
forward detectors, located in the end cap, cover particles with angles below 15°. This requires the
solenoid to be on the order of 3-4 m long. The large angle detectors are located near the center of
the magnet, requiring a diameter on the order of 3 m. The field integral needs to be on the order of
5 T-m in order to provide sufficient momentum resolution from the GEM tracking system.

e The .J/v experiment must detect the electron-positron pair from the J/U decay as well as the
scattered electron. With a liquid hydrogen target placed upstream of the magnet, the configuration
for the SIDIS experiment meets the requirements.

Overall, the ideal SoLID solenoid needs to have an outer radius < 3 m to fit in the experimental
hall, an inner radius > 1 m, a length of 3—4 m, and a field integral on the order of 5 T-m.

4.2 SoLID magnet

We have chosen the CLEO II magnet for the SoLID spectrometer. It is a solenoidal magnet with a
uniform axial central field of 1.5 T, a large inner space with a clear bore diameter of 2.9 m and a
coil of 3.1 m diameter. With a coil length of 3.5 m, its magnetic field uniformity is +0.2%. It was
built in the 1980s by Oxford in England and installed for CLEO II in 1989 [199, 200].

The coil is made of 5 x 16 mm? aluminum stabilized superconductor and run at 3266 A with an
average current density of 1.2 MA/m. The large conductor size provides simpler construction and
ease of protection. A 3.8 m long cryostat encloses the coil and cools it with a thermosyphon system.
The return yoke has 3 layers with 36 cm thickness each and is octagonally divided. There are 2
collars 60 cm thick supporting not only the return yokes, but also the coil with 4 rods. The magnet
has good stability, low cryogenic heat load, passive cooling, and passive protection. This gave it the
flexibility to be frequently de-energized for maintenance and accelerator studies. It has been kept in
good condition since stopping beam. The coils and cryostat of the CLEO-II magnet have arrived at
JLab in 2016 and preparations are being made to transport the return steel. To use the CLEO magnet
for SoLID, we will reuse the coil and cryogenic system, but the downstream collar and return yoke
will be modified to allow the PVDIS acceptance up to 35°. New endcap and front pieces will be
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Figure 44: Design of the CLEO II magnet yoke for SoLID.

fabricated.

The design of the yoke for SoLID with the CLEO II magnet is shown in Figure 44. There are
two layers of barrel flux return and an upstream collar which are kept from the original CLEO-II
magnet. The simulation has shown that the original third layer of barrel flux return is not needed
for SoLID and the field in the rest of two layers is well below saturation. The downstream collar
is either modified or a new part. All other parts including the endcap, the front piece and the target
shielding need to be built.

The B field for the CLEO II magnet with the SoLID yoke is shown in Figure 45. The strongest
field is within the solenoid and drops sharply in the endcap and upstream opening. The magnetic
field was calculated using the 2D Poisson Superfish program.

The B, and B, fields along the beamline are shown in Figure 46. The B, field at the center is
about 1.4 T, dropping to 0.8 T at the exit of the coil.

The axial force for the 3 section of coils and all parts of yoke are shown in Figure 47. There are
two strong forces compressing the coil. These forces can be balanced so that the net force on the
coil is small. It can be adjusted by moving the location of the front piece, where the force varies by
3-5 t/cm.

4.3 Planned Modifications

The CLEO magnet will require some modifications to its design for use in the SoLID experiments.
Much of the CLEO magnet will be reused in its original condition. However, SoLID will not use
the outermost muon ring. It will use the inner two rings, each consisting of 8 slabs of iron to make
up the 8-sided ring. Each of these slabs will have to be shortened to allow the proper position of
the endcap. The original upstream coil collar will be reused. Spacers between the slabs will also be
reused. The downstream coil collar will be modified if an economical way of reducing its thickness
can be found without wasting a majority of its unwanted material. If a solution is not found then a
new downstream coil collar will be created. Additional pieces of iron will need to be fabricated to
allow for the proper mating of the endcap with the barrel yoke. The existing outer and inner shower
counters that mount inside of the coil collars do not appear to be reusable as the upstream coil cup
that will reside inside the upstream coil collar. All supporting structure for the magnet barrel yoke
and detector endcap will be new fabrications. Please refer to the study in Ref. [198].

The endcap, which consists of the outer cylindrical ring, the backplate, and endcap nose, will
all be made from new material. The endcap is designed to be part of the magnetic flux return yoke
and house the downstream forward angle detector package. The endcap will be split vertically into
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Figure 45: SoLID CLEO magnet field B > 100G.

Magnetic field data from file CLEOV8.AM
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Figure 46: SoLID CLEO magnet field along beamline.
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Figure 47: SoLID CLEO axial force in metric t. The two circles show where the force changes
direction.

halves and capable of separation to allow for access to the detector package, see Figure 48. The
endcap nose with a secondary backing plate will be a cast two piece design to allow for separation.
Each section of the nose will bolt to the main backplate which consists of a two piece round disk.
The two halves of the cylindrical outer ring will bolt to the corresponding backplate. The structural
support and motion mechanism for the endcap will be discussed in Section 18.

vertically

Figure 48: The endcap will be split vertically and also have the capability of separating in the lateral
direction

4.4 Current Status and Planned Test

Jefferson Lab will develop a cold test requirements document and implementation plan prior to
installing the magnet in Hall A. The cold test will be done without the iron yoke and thus at reduced
operating parameters.

A new magnet power supply cost has been added to the SoLID costs. Cost basis is from recent
purchases.

Mapping the magnetic field and evaluating the data will require an additional 4-6 weeks in
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schedule with use of 2 technicians and 1 scientist/engineer for the duration. Additional funding will
be required for the mapping apparatus, $200k.

Scheduling of the SoLID experiments will allow 1 year prior to installation for testing of the
magnet.

We have included the cost for new power supply, transfer lines and supports. The only reuse
will be some magnet yoke steel and the cryostat.

Work on the dismantling of the CLEO II magnet was started by Cornell University in the sum-
mer of 2015 with the disconnection of power, cryogen and control lines for the magnet from the
building infrastructure. Several of the large return iron blocks were also removed to provide practi-
cal experience for the Cornell rigging crew and the project management team to develop a compre-
hensive schedule for the 2016 removal.

The 2016 summer down period started with the removal of the 700 liter helium dewar and outer
steel cladding. The leads, cooling supply and return lines as well as instrumentation cables needed
to be severed at the top of the service turret to allow the dewar to be lifted away. Next, the beamline
and detectors that resided in the bore of the magnet were uninstalled and the return iron was removed
layer by layer.

Upon completion of the iron removal, including the coil collars, the axial transport brackets
were installed to protect the coils during movement. The cryostat housing the coils could then be
moved to the transport frame. The service turret and neck could then be removed from the top of the
cryostat. The neck required disassembly to separate the continuous leads from the thermal shielding
and cooling lines. The above mentioned disassembly steps adhered to the recommendations of the
Oxford Operating Manual for the CLEO II Magnet. The leads were packaged for protection and
secured to the side of the cryostat for safe transport. A stainless steel cover was fabricated and
attached to the flange on the top of the cryostat providing protection for the ends and the cryo lines
and leads. Any remaining openings were sealed to prevent contaminants from entering the vacuum
space. Prior to loading on a flatbed truck the entire cryostat was wrapped in fire retardant marine
grade shrink wrap to keep the unit weathertight for the trip to JLAB.

After arrival at JLAB the cryostat was rolled into the high bay area of the Test Lab for climate
controlled storage until future use. Inspection indicated the cryostat remained sealed through trans-
port. Loads on the magnet were monitored during transport using (2) three-axis accelerometers and
remained under the maximum safe threshold indicated in the Oxford Manual. The two coil collars
accompanied the cryostat in the November 2016 delivery and were stored in the Test Lab, as shown
in Figure 49. The Test Plan for characterizing the magnet and integrating it into the JLAB systems
remains to be developed.
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Figure 49: CLEO II magnet at JLab.

70



5 Targets

There are five approved SoLID experiments. Two semi-inclusive DIS experiments (E12-10-006
and E12-11-007) use a polarized 3He target with the achieved performance. One SIDIS experi-
ment (E12-11-108) uses a transversely polarized proton (NH3) target. The parity-violating DIS
experiment (E12-10-007) uses a 40-cm cryogenic liquid deuterium (hydrogen) target system. The
J/Psi experiment uses the standard cryogenic liquid hydrogen target. The following subsections will
describe the polarized *He target, the polarized proton (NH3) target and the PVDIS cryotargets.

5.1 Polarized *He Target

The polarized 3He target is based on the technique of spin-exchange optical pumping of hybrid Rb-
K alkali atoms. Such a target was used successfully in the completed SIDIS experiment [201] with a
6-GeV electron beam at JLab. Three sets of Helmholtz coils provide a 25 Gauss holding field for any
direction, supporting polarization in transverse (for E12-10-006) or longitudinal (for E12-11-007)
direction. Target cells were 40-cm long with density of about 10 amg (10 atm at 0°). The luminosity
was about 1036 nuclei/s/cm with a beam current of 15 A. An in-beam polarization of up to 60%
was achieved. Both achieved luminosity and figure-of-merit are the world-best so far. Two kinds
of polarimetry, NMR and EPR (paramagnetic-Resonance), were used to measure the polarization
of the target. The precision for each method was about 5% (relative) and the methods agreed well
within uncertainties. It is expected to be able to reach 3% with the planned improvements.

Frequent target polarization direction reversal is needed to minimize target-spin-correlated sys-
tematic uncertainties. The fast target spin reversal was achieved in a few seconds for the 6 GeV
SIDIS experiment by using RF AFP technique. The frequency of the spin reversal was kept to
20 minutes to minimize the polarization loss due to AFP. The additional polarization loss due to
frequent spin reversal was kept at < 10% (relative). The above quoted maximum in-beam polar-
ization achieved for the 6 GeV experiment (up to 60%) included the loss due to spin reversal. A
new method using field rotation for spin reversal was tested and a nearly no polarization-loss result
was achieved and will result in an improved performance. It will allow to have more frequent (a
few minutes instead of 20 minutes) spin reversal to help further reduce the target-spin-correlated
systematic uncertainties.

The upstream endcap plate will keep the magnetic field and its gradients under control in the
target region. In this design, the absolute magnetic field strength in the target region is about a few
Gauss with field gradients ~ 50 mG/cm. Correction coils around the target will further reduce field
gradients to the desired level of 30 mG/cm.

A pair of collimators, similar to the ones used in the 6-GeV experiment, will be placed next to
the target cell windows to minimize the target window contribution to the total events.

In addition to the polarized *He target, the current target system has a multi-foil 2C target for
spectrometer optics study, a BeO target for beam tuning and a reference target cell system, which
allows to have different target gases, hydrogen, deuterium, >He and nitrogen, be used to measure
unpolarized cross sections, for calibration and dilution studies.

Upgrades are planned for other polarized >He experiments before the SoLID experiments. These
upgrades are not required for the SoLID experiments but will benefit them.

5.2 Transversely Polarized Proton Target

The SoLID collaboration proposes to measure single spin asymmetries in the semi-inclusive, deep-
inelastic (e, /7T) reaction using a transversely polarized proton target. The target to be used is the
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dynamically polarized ammonia target that has been used at SLAC and at JLab in numerous experi-
ments [202]. Its last use was in 2012 for the g2p/Gep experiments, which took place in Hall A [203].
Proton luminosities of 103> cm~2s~! have been achieved with this target, in conjunction with elec-
tron beam currents up to 100 nA. In order to meet the requirements of the SoLID measurements,
however, a new superconducting magnet must be procured, as discussed below.

Dynamic nuclear polarization (DNP) has been used to polarize solid targets for nuclear and par-
ticle experiments for more than four decades. To realize DNP, a paramagnetic species is implanted
into the target material, either by dissolving a stable radical into the material (if the latter is liquid
at room temperature), or by producing radicals directly within the material using ionizing radiation.
The unpaired electrons of these radicals are highly polarized by cooling the sample to a low temper-
ature and exposing it to a high magnetic field. For example, at the 1 K and 5 T operating condition
of the JLab target, the electron polarization is -99.8%. Under these conditions, the spin-lattice re-
laxation time of nuclear spins is quite long (hundreds of seconds), while that of the electron spins
is much shorter (tens of milliseconds). Microwaves are then used to induce hyperfine transitions in
which both the nuclear and electron spins flip, either in the same or opposite directions, depending
on the microwave frequency that is chosen. Because the electron relaxes quickly back to its equi-
librium state, it can be utilized to flip another nucleus into the desired spin state. In this manner,
the nuclei surrounding each paramagnetic radical become polarized, and this polarization spreads
throughout the sample via spin diffusion. In well-designed systems, proton polarizations exceeding
95% [204] and deuteron polarizations approaching 90% [205] have been achieved.

Frozen ammonia (NH3) has been the target material of choice for electron beam experiments at
Jefferson Lab. Proton polarizations in excess of 90% are routinely achieved in ammonia, and it has
a relatively high ratio of polarizable-to-nonpolarizable nucleons (17.6%). Additionally, ammonia
displays a very high resistance to radiation damage, and simply warming the material to about
100 K for a few minutes can largely repair the damage that does occur. Prior to the experiment,
paramagnetic radicals (chiefly NHy) are created within the ammonia by irradiating the material
(under liquid argon) with an electron beam. For convenience, this irradiation is typically done
off site, and the material is then stored inside liquid nitrogen until required for the experiment.
The JLab target system, as utilized in Hall A, is shown in Fig 50. It consists of a 5 T split-coil
superconducting magnet, a “He evaporation refrigerator with a cooling power of about 1 W at 1 K,
and a target insert containing two samples of frozen ammonia along with additional targets for
background and dilution studies. These reside in an evacuated scattering chamber specifically built
with thin windows around its perimeter for beam entrance and exit. Equipment outside the chamber
includes a large set of vacuum pumps for the evaporation refrigerator, microwave electronics for
polarizing the target sample, and a NMR system for measuring its polarization. Liquid helium is
provided to the target from a nearby 500 L dewar.

Before its use in the g2p/Gep experiments, numerous upgrades were made to the polarized target
in order to improve its performance, reliability, and safety:

e An entirely new refrigerator was constructed at JLab according to the safety regulations dic-
tated by 10 CFR 851;

e The quench-relief piping system for the superconducting magnet was upgraded to replace
leaking rubber seals with copper gaskets, and also made compliant to 10 CFR 851;

e The pumping system and controls were overhauled;

e A more robust sample insert and motion mechanism were constructed to address problems
that were encountered in previous experiments;
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e A new rotary vacuum seal was implemented that significantly reduces the time required to
rotate the magnet between its longitudinal and transverse orientations. With the new seal,
there is no longer a need to disconnect the refrigerator pumping line, nor remove and replace
the sample insert;

e The 5 T magnet suffered irreparable damage during the final systems tests, and was replaced
with a similar magnet removed from the Hall B polarized target [206].

It should be noted that both the original and Hall B magnets were primarily designed to provide
longitudinal polarization, while still permitting limited use for transverse polarization. As such,
each magnet possesses an opening angle of 110° (4+55°) in the direction parallel to the magnetic
field, compared to only £=17° perpendicular to it (see Fig. 50). Because the SoLID proposal requests
transverse polarization with an opening angle +25° or greater, a new magnet will be necessary.

Oxford Instruments (manufacturer of both the Hall B and the original magnet) has performed a
detailed feasibility study and concludes that they can build a 5 T split-coil magnet with both a +25°
split angle and the homogeneity required for DNP [207]. The SoLID collaboration and JLab Target
Group will work alongside the eventual vendor to ensure the magnet can be easily incorporated into
the existing JLab cryostat. This will greatly reduce the time and cost required to field a transversely
polarized target for SoLID.

5.3 Cryogenic Target for PVDIS

The proposed target consists of 40 cm liquid hydrogen/deuterium cell. This cell will be filled with
either hydrogen or deuterium as needed. The heat load on this target will be much more modest
than the Qweak target that was employed from 2010 to 2012 at JLAB. A conceptual design of the
target is shown in the figure. The current concept allows for remote placement of a single cryogenic
cell and a dummy cell with several solid targets necessary for calibrations. Such a target has the
following basic elements:

1. Heat exchanger (HX)
2. Insulating vacuum chamber (IVC)
3. Target stack

(a) Cell
(b) Dummy target
(c) Solid targets

4. Recirculating pump

5. Cryostat

6. Temperature stabilizing heater

7. Positioning system

8. Gas handling system and gas storage
9. Instrumentation

10. Depolarizer
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All components in the system must comply with 10 CFR 851 with regard to pressure, electrical,
and fire safety. The majority of these components will remain outside the high magnetic field of the
solenoid. The cell and connecting piping together with the rest of the target stack are necessarily
placed in the magnetic field of the solenoid. Selection of materials for these components shall
consider this.

The insulating vacuum chamber will consist of two main sections. One section will be inside
the bore of the solenoid and a section similar to the IVC for the standard Hall A cryogenic target
will be upstream of the magnet. This later section will contain the motion system, heat exchanger,
etc. The section in the magnet will only contain the target stack and connecting piping. Materials
for the chamber section inside the solenoid must be compatible with the magnetic field inside the
solenoid. The exit of the chamber will be compatible with the acceptance of the detector.

Careful attention must be given to the design of the cell. While the requirements of this target
regarding density fluctuations are much less stringent than those imposed on either the Qweak or GO
targets, it is of some concern. Analysis of the cell design using computational fluid dynamics (CFD)
will be employed to ensure an acceptable cell design. Based on experience with previous targets
at JLAB, noise associated with density fluctuations is not expected to be significant compared to
counting statistics. To reduce the background from Al-e- asymmetries, the sections of the cell upon
which the beam impinges will be thin. Thicknesses of 120 ym are commonly available and are
adequate for the needs of the experiment. The remainder of the cell will be designed to optimize
boiling performance, detector acceptance, and pressure safety. High strength aluminum alloys such
as AL-7075 and AL-2219 (used on welded components) shall be used on critical parts of the cell.
Through extensive experience it has been shown that cell and cell block assemblies are much more
reliable when welds and mechanical joints such as conflats (CF) are employed. This avoids the
issues with solder and other sealing techniques. This approach also accelerates the design and
prototyping phase and simplifies testing and assembly.

To avoid interference between the exiting particles at maximum scattering angle of 35° and the
upper and lower target components, the cell and dummy target must be separated by a minimum of
28 cm plus half the width of the cell and dummy target. Similarly the dummy and the solid targets
(positioned at Z = 0) will require 14 cm of separation plus half the width of the dummy target and
first solid target frame. A total stack height of more than 70 cm is expected. The motion system
must accommodate this height and allow for some alignment adjustments. The standard Hall A
cryogenic target has over 70 cm of travel, thus a similar mechanism will be suitable.

Dummy and solid targets can be selected and installed as needed. The thickness of the dummy
target will be chosen to match the radiation length of the liquid cell. Solid targets required for optics
studies, background measurements and alignment checks will also be installed.

The cryogenic liquid hydrogen and deuterium target must accommodate a beam current of
50 pA on a 40 cm long cell. The estimated beam heat load for this is ~800W. The pump, heater
overhead, transfer line and other losses require an additional estimated ~250 W. During the Qweak
experiment, more that 3 kW of power at 20K was dissipated by the heat exchanger. This design
made use of both 15K and 4K refrigerant from the End Station Refrigerator (ESR) and the Central
Helium Liquefier (CHL). A careful study of the target heat load and ESR/CHL refrigerators will
be necessary to design the heat exchanger. However, it is expected that the heat exchanger will not
need to dissipate more than 1500 W which includes a comfortable operating margin. Operationally,
only ~1kW of refrigeration will be required by one or more refrigerator.

The hydrogen and deuterium target fluids may become slightly polarized in the magnetic field
of the solenoid. This would result in an asymmetry unrelated to the physics of interest. This effect
can be mitigated in the case of deuterium with an RF-depolarizer. In the case of hydrogen, pure
para-hydrogen would reduce this effect. A catalyst (such as an iron oxide bed) would enhance the
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6 Baffles

In order for the detectors in the PVDIS experiment to operate at the design luminosity, a set of
baffles is required that passes a reasonable fraction of the DIS electrons while blocking as much of
the background as possible. The baffles provide curved channels through which only the spiraling
high energy negative particles can pass. Most line-of sight photons and positively charged hadrons
are blocked.

The design of the baffles requires careful optimization since there are many sources of back-
ground and the different detectors respond differently to the different backgrounds. The dominant
background in the GEM’s is soft photons, especially those between 1 and 2 MeV. The GEM’s are rel-
atively inefficient for lower energy photons. Sources of these photons include beam bremsstrahlung,
forward radiation from wide-angle 30-100 MeV Mgller electrons generated in the target, and pho-
tons from showers in the baffles induced by neutral pions. The light gas Cherenkov is sensitive to
pair production from photons above 20 MeV or so which can come from neutral pions produced
in the target to bremsstrahlung from the wide-angle Mgller electrons. The ECal is sensitive the
positive hadron punch-through and high energy photons form neutral pion decay.

To design the baffles for a specific magnetic field and detector configuration, ray-tracing of
simulated DIS electrons is performed for the desired momentum range. For a uniform solenoidal
field, high momentum electrons have a trajectory in ¢ — z space that is linear and the 6 — z trajectory
is independent of the field. The design process takes simulated electrons in a realistic field and
exploits this approximate behavior to define pathways for ranges of electron momenta. This allows
for a relatively simple design process involving an extended target where one considers radial rings
of restricted scattering angle and places blocking material to only allow these trajectories. The
number of sectors to be used for this experiment is driven by the azimuthal angle ¢ traversed by the
minimum momentum particles, which for these kinematics is about 12°, hence 30 sectors.

To block line-of-sight photons, there must be sufficient material to block line particles that have
a constant trajectory in ¢. Due to the fact that the target is extended, the simple model does not
completely hold, allowing some fraction to leak through.

We recently have undertaken studies of our baffle design including evaluation of materials, ac-
ceptance, and background reduction. While our baseline baffle design uses lead, other possibilities
include copper or tungsten. These materials vary by a factor of four in radiation length. The varia-
tion in nuclear interaction length is smaller, as shown in Table 9. Tungsten’s high density and short
interaction length is advantageous, however its cost is higher, and solid tungsten is difficult to ma-
chine. An easier approach to construction would be to use powdered tungsten which can be easily
molded and glued.

We have performed studies of trigger rates in the EC, rates of neutrons entering the EC, and rates
of photons striking the last GEM with baffles constructed of different materials, but with the same
geometry. All show fairly small differences, seen in Table 9. Lead provides a slightly lower photon
rate than copper, while copper’s hadron rates are slightly better. Powdered tungsten has a density
only about 60% of solid tungsten, and consequently provides little or no performance advantage
over lead.

An important background is photons from 7¥ decay interacting in the baffles. When photons
strike the baffles close to the “hot” edge of a slit, shower products can escape into the slit and from
there thread through the slits in the remaining baffle plates. A modification we have considered is to
remove material amounting to 0.6° in angular width from the hot edges on baffle plates 2, 4, 6, 8 and
10, allowing photons that would have hit near these slits to strike instead further from the hot edges
on the next plate. Our simulations show a 16% reduction in photon rates above p = 1 GeV/c, and
26% reduction for p > 10 GeV/c. Removal of this material would increase the pion background,
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but by less than 10%.

We have performed detailed studies of track trajectories through the baffles to identify places
where improvements in the baffle geometry can be made. One finding was that, for the upstream
baffie plates, the solid ring at the inner radius and an angular constriction at small radius interfere
with the acceptance for electrons produced at the downstream end of the target. For vertices at the
upstream end of the target, acceptance was being lost due to the too-small outer radii of the upstream
baffle plates.

Based on these studies we have developed an improved baffle design, shown in in Fig. 52.
Inner rings and angular constrictions on the first few plates have been removed, and outer radii
of these plates have been increased. Shapes of the slits in all the plates were optimized, keeping
the overall aperture in polar angle unchanged, but tightening up slits that were slightly too wide.
The outcome of this program was a geometrical design, having modest acceptance improvements
over our previous baffles while not significantly affecting photon rejection, which we believe to be
optimal; see Figures 53 and 54.

A detailed study of the activation of different materials suitable for the baffle has been carried
out. Radiation levels for each material were studied for three different durations of beam exposure,
and possible shielding configurations were evaluated. The final selection of the baffle material will
likely be driven less by performance and more by activation and ease of construction.
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Figure 53: Geometric acceptance of the PVDIS baffles for DIS electrons with Q> > 6 GeV?,
W > 2 GeV, and xp; > 0.55 versus momentum (top left), scattering angle (top right), and vertex
position (bottom left). Blue (red) lines are acceptance for the optimized (previous) baffle design.
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Figure 54: Geometric acceptance of the PVDIS baffles for photons versus scattering angle (top),
and vertex position (bottom). Blue (red) lines are acceptance for the optimized (previous) baffle
design.
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7 GEM Tracker

7.1 Design

The SoLID spectrometer requires high resolution track reconstruction under high rate conditions
over a large area. A cost effective solution for such requirements is provided by the Gas Elec-
tron Multiplier (GEM) technology invented by F. Sauli [208] in 1997. The GEM is based on gas
avalanche multiplication within small holes (on a scale of 100 pm), etched in a Kapton foil with a
thin layer of copper on both sides. The avalanche is confined in the hole resulting in fast (about 10
ns rise time) signals. Several GEM foils (amplification stages) can be cascaded to achieve high gain
and stability in operation. The relatively small transparency of GEM foils reduces the occurrence
of secondary avalanches in cascaded GEM chambers. All these properties result in very high rate
capabilities of up to 100 MHz per cm? and an excellent position resolution of 70 um. Fig. 56 illus-
trates the principle of operation of a triple (three foil) GEM chamber. Triple GEM chambers were
successfully used in the COMPASS experiment at CERN [209].

lonizing|Particle
| Drift Cathode

3 mm — Drift

L Readout
400 um strips

- Insulating
layer
Support
= s Readout Plane
Figure 55: Principle of triple GEM operation. Figure 56: 3D view of the readout board.

For the PVDIS configuration of SoLID, detector locations 1, 2, 3, 4, and 5 will be instrumented
with GEM chambers. Table 10 summarizes the parameters of the SoLID PVDIS GEM chambers.
At each detector location there will be 30 trapezoidal GEM chamber modules, one for each sector
defined by the baffles. The GEM modules will have an angular width of 12° with the readout stripes
parallel to the two edges of the sector, so that the stripes from the two readout layers are at a 12°
stereo angle. The readout pitch for locations 1, 2 and 3 will be 0.4 mm while the pitch for locations
4 and 5 will be 0.6 mm. Figure 57 shows the GEM module arrangement for one of the detector
locations of the PVDIS configuration. Figures 58 and 59 show the details of the GEM module
edges and mounting at the inner and outer radii of the SoLID detector wheel.
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Figure 57: The GEM module arrangement at one of the detector locations of the SoLID PVDIS

configuration

Figure 58: GEM module mounting at the outer

Figure 59: GEM module mounting at the in-

edge of a GEM ring in the PVDIS configuration. ner edge.

Location | Z (cm) | Ryin (cm) | Rynez (cm) | Surface (m?) | # chan

1 157.5 51 118 3.6 24k

2 185.5 62 136 4.6 30k

3 190 65 140 4.8 36k

4 306 111 221 11.5 35k

5 315 115 228 12.2 38k
Total ~ 36.6 ~ 164 k

Table 10: The locations, sizes and number of readout channels of GEM detectors for the SoLID

PVDIS configuration
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The SIDIS configuration of SoLID calls for detector locations 1, 2, 3, 4, 5, and 6 instrumented
with GEM modules. Table 11 summarizes the parameters of the SIDIS GEM chambers. While
the number of detector stations is higher in the SIDIS configuration, the inner and outer radii of
the detector wheels are significantly smaller compared to the PVDIS configuration. Furthermore,
since there are no baffles in the SIDIS configuration, the active detection area has to cover the
the entire surface area of each detector wheel. In order to meet these requirements, the SIDIS
detector configuration will be set up by arranging the GEM modules from the PVDIS configuration
in an overlapping two-wheel arrangement at each detector station as indicated in Figure 60. In this
arrangement, 20 modules cover the entire active area of each detector station.

Location | Z (cm) | Ryin (cm) | Ryaz (cm) | Surface (m?) | # chan
1 -175 36 87 2.0 24 k
2 -150 21 98 2.9 30k
3 -119 25 112 3.7 33k
4 -68 32 135 5.4 28k
5 5 42 100 2.6 20k
6 92 55 123 3.8 26 k
Total ~ 20.4 ~ 161k

Table 11: The locations, sizes and number of readout channels of GEM detectors for the SoLID
SIDIS configuration

Figure 60: The GEM module arrangement at one Figure 61: GEM module mounting at the in-
of the detector locations of the SoLID SIDIS con- ner edge of the ring in the SIDIS configura-
figuration tion

Figure 62 shows the detailed design for a GEM module of the size proposed for SoLID. The
“wings” shown in the frames are to support the frames during chamber assembly; they will be
removed once the chamber is completed. The 2D readout plane will be glued on the bottom plate
(shown in cyan). This plate, made out of a 3 mm thick honeycomb structure material, also provides
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structural rigidity to the GEM chamber. All other frames are made out of Permaglass’ with 8 mm
wide sides. The spacers shown within the active area are for keeping the GEM foils from touching
each other; these spacers are approximately 300 pm wide and contribute only about 1% reduction
to the active area of the chamber. The GEM foils are mounted on the 3 light green frames, while the
drift cathode is glued on the red frame. A thin gas window is glued on the orange frame.

Figure 63 shows the concept for the 2D readout frame. Strips for one direction (shown in
blue) continue across the readout plane, while the short segments of the strips for the other direc-
tion (shown in red) are connected via through holes to readout lines running along the back of the
plane. Large area readout planes of similar design have been tested in prototype GEM chambers for
KLOE2 at Frascati.
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Figure 62: The frame assembly for a GEM mod-

ule prototype of the size proposed for the largest _ )
SoLID GEMs Figure 63: The schematics of the 2D readout

plane proposed for SoLID

One challenge we are facing for the GEM trackers of SoLID is the large active area required;
the active area of the largest GEM modules needed will be approximately 113x(21-44) cm?. Un-
til recently, the maximum GEM foil area had been limited to 45x50 cm?. However, over the last
few years the Micro Pattern Gas Detector (MPGD) group at CERN, in collaboration with INFN,
has perfected two techniques to produce large area GEM foils: single mask GEM etching and
GEM splicing [210, 211]. The single mask technique allows for the fabrication of foils as large
as 100x200 cm?. The splicing technique allows for two such foils to be combined with only a
3 mm wide dead zone between the two foils. Recently several large prototype GEM chambers
were constructed and tested at CERN using the large area GEM foils fabricated using the new tech-
niques [212]. These new prototype chambers, constructed under the CMS upgrade GEM project,
have trapezoidal shapes with an active areas of 99x(25-45.5) cm?; these dimensions are close to
the dimensions of the largest GEM chamber modules planned for SoLID.

Furthermore, there have been significant advances in the GEM chamber readout systems in the
recent years. The RD-51 collaboration funded Scalable Readout System (SRS) project at CERN

Permaglass is a glass fiber material with randomly oriented fibers that can be machined with very high precision.
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has already developed and tested a low cost APV-25 based readout. The APV25-S1 analog readout
chip [213] is currently in use for the COMPASS GEM trackers and the CMS silicon strip detec-
tors. A mid-size prototype system consisting of 15,000 channels was successfully tested and was
shown to work very well. The SRS group is continuing the development and is also working with
a commercial vendor to fabricate the SRS modules. The cost of the APV-25 based SRS readout is
expected to be approximately $ 3 per channel.

7.2 GEM tracker R&D

Research and development towards the SoLID GEM tracker is currently being conducted in the
United States at the University of Virginia (UVa) and in China at five institutions: China Institute of
Atomic Energy (CIAE), Lanzhou University (LZU), Tsinghua University (THU), the University of
Science and Technology of China (USTC) and the Institute of Modern Physics (IMP). According
to the current plan, the UVa group, which has an ongoing large area GEM module production
program, will do the initial designs and prototyping of the SoLID GEM chambers, while the Chinese
institutions get their large area GEM production programs set up. At the same time CIAE has
been working with CERN and Chinese manufacturers to develop large area GEM foil production
capabilities in China.

7.2.1 GEM chamber R&D program in UVa

The Istituto Nazionale di Fisica Nucleare (INFN)-Roma group and the University of Virginia group
are currently leading an aggressive R&D program to develop large area GEM chambers for the
Hall A Super Bigbite apparatus (SBS). The active area of large tracking chambers of SBS will be
50x200 cm?. These large GEM trackers will be assembled by combining 40x 50 cm? and 50 x50
cm? “chamber modules” with narrow edges. The UVa group has already constructed several 40x 50
cm? and 50x 50 cm? GEM chamber modules. The expertise gained with these GEM modules will
be applied to the design of GEM modules for SoLID.
The UVa group operates a well-equipped GEM R&D facility that includes the following:

e UVa Detector development lab: This 10x 10 m?, well-equipped nuclear physics detector lab
has been used for the development, construction and testing of many large detector systems.
The detector lab consists of two 3 x 3 m? level 1,000 clean rooms located within a 4 x 10 m?
semi-clean area. So far seven large area GEM chambers have been sucessfully constructed in
this clean room. The specialized GEM construction equipment in the lab includes large area
GEM foil stretchers, GEM foil testing high-voltage boxes, a large volume ultra-sonic cleaner
for GEM frame cleaning, a Keithley 6485 picoammeter for GEM foil testing, and a GEM foil
storage dry N5 box.

e GEM readout systems based on APV25-S1 electronics: The UVa group has two APV25
based readout systems: a 10,000 channel SRS system from CERN and a 3,500 channel system
developed by the INFN group. Both systems are fully operational and are used for testing
prototype GEM chambers.

o Wiener-Iseg multi-channel high voltage system The UVa detector group owns a brand new
Wiener-Iseg multi-channel high voltage system that is especially suited to provide high volt-
age to sensitive tracking chambers. This system currently has 24 channels and can be ex-
panded to 160 channels.
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The 50x 50 cm? GEM chambers built at UVa are currently being tested with radioactive sources
and cosmic rays. Figures 64 and 65 show results obtained from these test data. Figures 64 is the
absolute efficiency measured at several locations using electrons from a beta source, as a function
of the high voltage. An efficiency of ~ 97% is achieved. Figure 65 is the ratio of cluster charge for
x and y hits.
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Figure 64: Efficiency of the 40x50 cm? GEM chamber
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The UVa group recently completed the fabrication of a large prototype GEM module with di-
mensions of 100x(21-38) cm?, approaching the proposed size of the largest SoLID GEM sectors
(Figure 66). This prototype was constructed under the Electron Ion Collider (EIC) detector R&D
program. This chamber is the largest GEM chamber ever built with a 2-D readout. Its readout
consists of stripes from the two readout layers at a 12° stereo angle. The chamber is currently pre-
pared for a beam test at Fermilab scheduled for October 2013. The development and testing of this
large prototype is used to gain expertise and understand the mechanical, electrical and electronic
properties of very large area GEM chambers.

Figure 66: The 100 cm x (21 - 38) cm prototype GEM chamber at UVa being prepared for a beam
test.
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7.2.2 GEM chamber R&D programs in China

The five institutions of the Chinese collaboration for SoLID GEM detectors all have worked on gas
detectors for many years, including R&D work on MWPC, MRPC, GEM, Micromegas, THGEM,
and TPC, and applications of these detectors. These institutions have well-equipped GEM R&D
facilities that include:

e Clean rooms for GEM detector assembling
e Front-end readout electronics based on APV25-S1 (developed by the INFN group)

e Multi-channel HV power supply systems and DAQ systems

CIAE, which has over 20 years of experience in nuclear pore foil production and Kapton etching,
just signed a license agreement for manufacturing and commercialization of GEM foils and GEM
based products with CERN, and received technical assistance from CERN. The base material of
GEM foil is ultrathin, non-adhesive copper on a polyimide substrate, which can be purchased from
CERN and other venders. Several printed circuit board (PCB) technologies are applied during the
manufacture of GEM foil. Recently, CIAE has started working on:

e Production of photo-masks, a component for the manufacturing of PCBs which is transferred
onto a light-sensitive chemical resist covering the surface of copper layer in the production of
GEM:s.

e Lamination and exposure of dry film photoresist: Using a hot roll lamination (HRL) machine,
both sides of the GEM substrate are laminated simultaneously by photoresist. The exposure
system consists of an exposure unit, vacuum exposure frame, light source cooling, and an
exposure control unit. This treatment transfers the photo-mask pattern onto the photoresist,
forming an exact copy.

e Copper etching.
e Polyimide film etching.

e Final cleaning and chrome coating.

Figure 67 shows the film etching device at CIAE. In the beginning of 2013, a physicist from
CIAE completed a training in GEM foil manufacturing at CERN.

LZU has been building a Micromegas+AFTER chip system for fast neutron (14 MeV) imaging
in the past few years. The experience gained from this R&D work is useful to their GEM project.
For instance, several designs of neutron converters with different parameters were tried in a simu-
lation based on MCNP4 and GEANT4 (for both Micromegas and GEM), and different conversion
efficiencies were compared. Other studies based on Garfield to improve the spatial and time resolu-
tion (as shown in Figure 68) were also performed and were proved to be helpful for the experimental
study. The first version of the detector frame was designed and manufactured. 4 sets of GEM foils
with the standard frame were purchased from CERN. Currently, a PhD student and a staff member
are working together on the APV25-VME system. In the summer of 2013, an engineer visited JLab
to gain experience about the SoLID DAQ.

THU has experience with GEM detectors by developing the electronics, such as a GEM-based
TPC readout, a 16-channel CSA and shaping amplifier for GEM. Recently, a planar GEM tracking
detector prototype was assembled for a spatial resolution test. In this test, THU used the event rate
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Figure 67: Film etching device at China Institute of Atomic Energy

Figure 68: Avalanche process of an electron in a hole of GEM
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Figure 69: Linear fit of o2, versus n

to substitute for the square of the slit width to overcome the magnified uncertainty of the spatial
resolution which arises from the uncertainty of the slit width. The test demonstrated that the total
position variance of the incident particles exhibits a linear dependence on the event rate or square of
the slit width. The next step was to extend the measurement to zero slit width which is not directly
achievable, and it was practically implemented by a linear fit to data points on the o2, — n plane.
Figure 69 shows the linear fitting of o2, versus n and the spatial resolution of the prototype is
56+14 pm. Currently, THU is focusing on the inter-foil and inter-strip distance effects of the GEM
detector. An APV based DAQ system will be built in the near future.

USTC started the GEM R&D work in 2000. After working on the 3D electric field simulation of
GEM, USTC carried out a detailed gain performance test for the 10x 10 cm? triple GEM detector,
then made a GEM X-ray imaging prototype. Both Center-of-Gravity (COG) and delay-line readout
methods were used on this imaging prototype and a very good spatial resolution (~ 80 pm) was
obtained. Currently, USTC is focusing on the R&D of the large area GEM detector. Due to the
fact that large area GEMs built by the glue technology have some disadvantages (e.g. very long
assembling period; parts of GEM detector are not replaceable; dead regions in the effective area;
aging problems of the glue and so on), USTC decided to use the NS2 (No Stretch, No Stress)
technology for the construction of a 30x30 cm? GEM detector. NS2, which was developed at
CERN recently, is a totally new technology especially used for large area GEM detectors. The idea
of NS2 is to use screws and a stable main frame to achieve self-stretching of the GEM foils. The
advantages of NS2 are:

e The whole construction process involves mainly tightening the screws, so it is easy and fast
and we can assemble a detector in half a day.

e Because all the GEM foils are self-stretched, the detector does not need support frames. There
is no glue aging problem or dead area inside the detector.

o All the screws can be loosened and tightened again, so that any part of the detector is replace-
able. This also means that the cost of the project can be greatly reduced.
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USTC just finished the design of the new 30x30 cm? NS2 GEM and purchased six 30 x30 cm?
GEM foils from CERN. The HV dividers and screws are ready. The frames, drift electrode and
readout PCB are in manufacturing. The readout electronics and instruments are ready. Figure 70
shows a model of the 30 cm x 30 cmm NS2 GEM detector (without readout PCB). This detector has
been assembled and tested in Summer 2013.

Figure 70: Design of the 30 x30 cm? NS2 GEM detector

7.3 Collaboration Status and Construction Outlook

The close collaboration between the CIAE group in China developing GEM foil fabrication capa-
bilities and the US groups (UVa and Temple) is helpful as the project moves forward. The ongoing
China-USA SoLID GEM collaboration activities have included remote phone meetings, discussion
during SoLID collaboration meetings and exchange visitings.

The CIAE group plans to continue R&D for the fabrication of GEM foils with increasing active
areas up to the full size of the largest SoLID modules and interacts with local manufacturers to
find a suitable company with a goal for potentially providing GEM foils produced in China to the
other groups for construction of test modules with these foils. The Chinese foils will be subjected
to all acceptance criteria used for CERN GEM foils. The test modules will be evaluated under high
luminosity conditions at the UVa x-ray test-stand as well as in beam tests at Jefferson lab. The two
US groups will be closely interacting with the Chinese groups and giving them feedback during
these evaluations.

The current plan for SoLID calls for approximately 400 GEM foils with primary source of
supply from CERN. The foil production R&D at CIAE will be a potential backup plan.

The CERN workshop has demonstrated the capability to produce the largest size GEM foils
(113 cm x 44 cm) needed for SoLID. In fact, the UVa group recently used 123 cm x 55 cm GEM
foils produced at CERN to build two large area GEM detectors; these detectors were successfully
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used for Jefferson Lab PRad experiment. Furthermore, CERN has the production capacity to deliver
large orders of GEM foils in a timely manner. Over the last two years the CERN workshop produced
and delivered approximately 140 large area GEM foils to UVa for SBS and PRad GEM modules;
these foils were of high quality with about 90% of the foils passing the acceptance criteria. The
manager of the CERN GEM workshop, Rui De Oliveira, has indicated that they have the capacity
to deliver the required number of GEM foils for SoLID and with an order to produce the required
number of foils they will hire the needed technicians to deliver the order in a timely manner.

Given the reliability from CERN and the backup option with CIAE, the schedule risk due to a
possible over-demanding in foils fabrication will be rather low.
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8 Light Gas Cherenkov

8.1 Design

The light gas Cherenkov detector for SoLID is divided into 30 identical sectors to match the 30
sector symmetry of the PVDIS baffle system. Many elements of the light gas Cherenkov remain
identical between the PVDIS and SIDIS / J/¥ experimental configurations, but some elements are
adjusted or added / removed. Beyond the criteria dictated by the experimental physics requirements,
the design of the Cherenkov detector was optimized with the goal of reducing the costs of construc-
tion and maintenance over the detector’s lifetime including the switch over between experiments.
The specifications of the tank and each major element per sector for each configuration are described
below:
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Figure 71: A side by side cross-section comparison of the light gas Cherenkov detector for both the
SIDIS and PVDIS configuration with all major components labeled.

8.1.1 Tank and Cherenkov Gas

The main body of the tank remains identical between PVDIS and SIDIS configurations, and has a
length roughly 105 cm with an inner radius of 71 to 85 cm, and an outer radius of 265 cm. With the
PVDIS baffles removed for SIDIS, an additional tank ‘snout’ is attached upstream of the main tank
inside the additional space evacuated by the baffle system. This tank snout adds an additional 107
cm of length to the tank with an inner radius of 58 to 71 cm, and an outer radius of 127 to 144 cm.
In both configurations, the windows will be constructed from polyvinyl fluoride (PVF or Tedlar) at
a thickness of 0.05 mm and 0.1 mm for the entrance and exit windows respectively. PVF provides
a strong and gas-tight seal at minimal density (1.45 g/cm?). The radiator gas in both configurations
will be CO4 or Ny pressurized at slightly over atmospheric pressure to maintain gas purity.

8.1.2 Mirrors

Each sector will consist of two spherical mirror segments with dimensions listed in Tab. 12. Radi-
ally outward from the beam line, the inner most segment we will refer to as mirror 1 (red in Fig. 71)
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and the outermost segment as mirror 2 (blue in Fig. 71). In order to accommodate two different in-
cident particle angles between PVDIS (22° to 35° from a central Z-vertex 270 cm away) and SIDIS
(8.0° to 15.0° from a vertex 520 cm away), mirror 1 must be adjusted between experiments such
that the reflected Cherenkov light in both configurations falls into the PMT detector acceptance.
This is achieved by rotating mirror 1 by an angle of approximately 8° inward about the mirror’s
inner-most edge (or edge closest to the beam-line). In Fig. 71 we see a cross section of the light gas
Cherenkov, sliced along the beam or Z-direction, with the mirrors in both the reclined and inclined
positions. Mirror 2 is fixed in position and rotation and non-contributing to the SIDIS configura-
tion; however, mirror 2 is necessary to cover the larger angular range in the PVDIS configuration.
The mirrors will be crafted to minimize areal density while maintaining good rigidity and keeping
fabrication costs reasonable. A low radiation-length strong spherical mirror blank will be fabricated
from carbon fiber. A reflectively coated Lexan plastic film will cover the blank surface and provide
high reflectance (> 85% for A = 200 nm to 620 nm) aluminum with a protective coating of MgFs.

| Mirror | inner-edge W (cm) | outer-edge W (cm) | L (cm) | R of curv. (cm) |
Mirror 1 16.26 36.03 114.53 277.51
Mirror 2 37.06 45.95 59.26 157.99

Table 12: The dimensions of the two mirror segments in the light gas Cherenkov.

8.1.3 PMTs

The light gas Cherenkov will use Hamamatsu flat panel multianode photomultiplier tube assem-
blies: H12700C [223]. These PMT assemblies are an 8 x 8 pixel square array with a total active
surface area of 49 mm x 49 mm with a UV-glass window, Bialkali photocathode material produc-
ing an average quantum efficiency around 15%, and a 12-stage dynode structure allowing resolution
down to a single photoelectron. A 3 x 3 array of these PMT assemblies will be mounted in each
sector, as shown in the PMT mounting prototype in Fig. 72. The position and orientation of the
PMT array will remain fixed between PVDIS and SIDIS configurations. The PMTs will be coated
with a wave-length shifting p-Terphenyl coating. This coating is a cost effective method to boost
the PMT response of Cherenkov radiation in the UV range. The expected effective increase in pho-
tolelectron gain is shown in Fig. 73. Every pixel in the H12700C will be wired together to produce
one signal per PMT,; a trigger will then be constructed by requiring two PMT assemblies in the same
array to fire in the same time window, with a minimum photoelectron discrimination. Simulations
show a >90% average electron detection efficiency, integrated over all angles and momenta, when
requiring 2 separate PMTs assemblies in an array to each generate 2 or more photoelectrons in either
the PVDIS or SIDIS configurations. This trigger configuration would result in 36 possible coinci-
dences per sector, consequently reducing the single photoelectron rate due to dark current or other
backgrounds by at least a factor of 10. Specific filtering of the PMT signals will be tested while
prototyping the PMT array and electronics. The pixel summing electronics is being developed by
the Jefferson Lab Detector group.

8.1.4 Magnetic Shielding and Winston Cones

The PMTs will be shielded by a mu-metal cylinder / cone construction that doubles as support
for a reflective aluminum inner glass cone to direct light onto the PMT array. The cylinders will
measure 30 cm in length with an inner radius of 11.28 cm, the cone will have a height of 30 cm
with an inner radius of 7.8 cm at the narrow end and an inner radius of 21 cm at the wide end. The
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Figure 72: PMT assembly mounting prototype showing 3 x 3 array of dummy PMTs inside the
space restricted by magnetic shielding.
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Figure 73: The increase in effective gain resulting from p-Terphenyl coating on H12700C PMTs.
Red points are measurements done at Temple University. The curves show the current H12700C
quantum efficiency, and the expected effective gain in the quantum efficiency from p-Terphenyl
coating as a function of optical photon wavelength.

mu-metal shielding will be 0.04 inch thick reinforced by 0.125 inch thick 1008 carbon steel and
manufactured by Amuneal Manufacturing Corp [224] or the Magnetic Shield Corporation [225].
The PMTs are most sensitive to the magnitude of the magnetic field parallel to the photon collection
face (transverse direction). We require a reduction of 95 gauss to <50 gauss in the transverse
direction, and a reduction of 135 gauss to <50 gauss in the longitudinal direction, to where we
expect an output loss <10% as seen in Figure 85
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Figure 74: The support frame for one subsection of the light gas Cherenkov. The front and back
acceptance windows (blue) are exploded to show the mirrors (pink and purple) and the support
frame (green). The mounting points of the tank to the magnet housing are shown in orange.

8.2 Tank Support

The Cherenkov tank front and back windows will be divided into six radial sections. Between
each pair of sections will be two thin rectangular aluminum support spokes, one to support and
frame the upstream side of the tank and another to support and frame the downstream side (see Fig.
74). Both spokes are positioned and aligned to minimize the probability of tracks passing through
the support material. Additionally, both spokes are interconnected at the outer radius of the tank,
outside of the desired physics acceptance, by a solid arc-shaped plane to increase the rigidity of the
frame and provide additional support for mounting the focusing cones and PMT assemblies. The
space between the upstream and downstream spokes will remain open to maximize Cherenkov light
collection. The combined frame itself will be mounted to the back wall of the downstream magnet
housing, to support the full weight of the Cherenkov detector. This alleviates placing additional
stress on the end-cap nose, which other additional downstream detectors will use to support their
weight. Each PMT array will be accessible from the outer radial wall of the tank for alignment or
maintenance purposes.

8.3 Simulations

All simulations were done with a slightly modified version of the GEMC [226] software developed
at Jefferson Lab. GEMC uses a GEANT4.95 [227] backend to simulate all particle tracking through
and interaction with materials and geometries. All plots shown in the light gas Cherenkov section
of this document use the same simulation dataset. Event generation was performed by the eicRate
DIS event generation tool authored by Seamus Riordan. The simulations also have the following
features:

e Acceptance through the PVDIS baffle system (PVDIS events only).
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e Cherenkov radiation process for creation of optical photons.

e Expected delta ray and pair creation from e~ and 7~ particles interacting with the Cherenkov
front window using the standard and low energy EM packages for GEANT4.

e Expanded mirror reflection properties in GEMC to be more in line with the latest functionality
from GEANT4.

e PMT photoelectron signal simulation which includes the PMT dead area, quantum efficiency
pixel-by-pixel, and optical properties of the PMT UV glass window.

8.3.1 Collection Efficiencies

The collection efficiencies for electrons in both the PVDIS and SIDIS configuration can be seen
in Figs. 75 and 76. The slight jump in photoelectrons around 32° in the PVDIS figure is a result
of the inclined inner mirror, which moderately reduces the number of optical photons produced by
reducing the particle’s path length through the gas before crossing the mirror.

8.3.2 Background Rates

A low energy inclusive background simulation was performed using GEMC by generating an elec-
tron beam on target, including all expected materials between the beam entrance to the Cherenkov
back window. Secondaries produced anywhere in the SoLID detector and above the Cherenkov radi-
ation momentum threshold while passing through the Cherenkov gas were considered as a possible
source of background. For the PVDIS configuration, lepton production from initial 7° production
at small angle produced the majority of accidental backgrounds. This background was calculated
using the same methodology as the modified Hall D generator, which uses a modified version of
PYTHIA and SAID input to match known world data. More information on the pion generator can
be found in Sec. 12.2.3. The combined background rate is estimated to be ~ 0.8 MHz per sector for
a trigger requiring at least 2 photoelectrons in 2 separate PMTs in the same sector. For the SIDIS
configuration, the expected background rate is less than 100 KHz in the same trigger configuration
above.
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Figure 75: PVDIS configuration: The number of surviving photoelectrons versus theta after losses
due to quantum efficiency of the PMTs, PMT dead area, or secondary reflections / absorptions off of
the cones or PMT UV-glass window for events in the 5 cm of target most upstream (left) and 5 cm
of target most downstream (middle). The right plot shows the corresponding collection efficiency
versus theta for all 40 cm of the target Z-vertex.

99



upstream-Z 5cm downstream-Z 5¢cm efficiency (all Z)
1001+ g 100 20—

o

o L] ] &
- N i
& so- 18 sof 1%
30 132 1 i=0 ]
© r 1@ o i -4 o ©0000gq ]
- - [ L o o]
g 601 rg 601 z r g
r 3 r 40.105 o 7
40- 2 1
-l
So.0s ° .
20 g A
[} o
L Q L
0 g ok N SR AN
8 10 12 14 8 10 12 14 ) 8 10 12 14
electron angle (deg) electron angle (deg) electron angle (deg)

Figure 76: SIDIS configuration: Same as in Fig. 75 but with the SIDIS configuration.

8.3.3 Pion Rejection

The expected pion rejection is shown in Figs. 77 and 78. All pion signal below the pion Cherenkov
radiation threshhold (4.67 GeV/c COs gas) is produced by knock-ons or (e, e ™) pair creation. The
photoelectron signal itself is a poisson distribution convoluted with a gaussian to simulate the PMT
1 photoelectron resolution. The pion-electron photoelectron cut is determined by taking the inter-
section of the two signal distributions, simultaneously maximizing the electron selection probability
while maximizing the pion rejection probability. Additional calculations are shown in Figs. 77 and
78 with a stricter cut on the pion signal, which consequently reduces the electron efficiency (by 10%
for the red points and 20% for the blue points). An example of these photoelectron cuts are shown
in figure 79 for one bin in momentum in the PVDIS configuration.
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Figure 77: PVDIS configuration: The pion rejection factor versus momentum for 3 electron se-
lection efficiencies: The nominal efficiency maximizes the pion rejection while minimizing loss of
electrons, the red points correspond to a stricter pion cut with up to 10% additional loss of electrons,
and the blue points allow an additional 20% loss of electrons.
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Figure 78: SIDIS configuration: Same as in Fig. 77 but with the SIDIS configuration.
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Figure 79: An example of the pion rejection cut made for one arbitrary bin in momentum for the
PVDIS configuration. The pion signal is shown in orange and the electron signal is shown in green.
The nominal efficiency cut is shown as a solid black line. The 90% and 80% electron efficiency cuts
are shown as dashed red and blue lines respectively.
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9 Heavy Gas Cherenkov

9.1 Design
9.1.1 Overview

A hadron Cherenkov detector is required to help with the identification of charged pions for the
SoLID SIDIS program at forward angles from 8 to 15 deg. A clear distinction between charged
pion and kaon Cherenkov signals is required from 2.5 GeV to 7.5 GeV. The heavy gas C4Fsg at 1.7
atm absolute pressure and around 20°C temperature can cover such a momentum range with the
number of photoelectrons > 10 for charged pions. Due to geometrical constraints, the gas length
available for Cherenkov light production along the electron beam direction is about 1 m. Other
requirements on the design are full azimuthal angular coverage and photosensors maintaining a
good performance with shielding under the expected external magnetic field of ~ 100 Gauss in the
SoLID magnet endcap.

9.1.2 Optical System

The optical system consists of three components. A ring of 30 spherical mirrors with radius of
curvature of ~ 210 cm will focus Cherenkov lights onto 30 photosensor arrays. The photosensor
arrays are positioned outside of particles trajectories and each photosensor array has a size of ~ 8x8
inches (i.e. 16 of 2 inch PMTs in 4x4 array) to accept photons. A combined magnetic shielding
and light collection cone will encompass each photosensor array to help collect lights and reduce
magnetic field. The optical system has good performance for photons above 200 nm.

The mirrors will be made using the same material and technique as those of the Light Gas
Cherenkov (LGC) mirrors. For the light collection cones, we will use the Aluminum coated poly-
carbonate resin thermoplastic (Lexan) films and attach them to the inner sides of the magnetic
shielding cones. The same films were used in the JLab CLAS12 Low Threshold Cherenkov as its
mirror reflection surface and have good reflectivity.

The photosensor of choice is the same one used for LGC, namely 2 inch multi-anode PMT
(MAPMT) H12700-03 from Hamamatsu. It performs well in relatively high magnetic fields, is
square shaped, and has good photocathode coverage (87% of its total area), making it ideal for
tiling. It will be coated with a layer of wave-length shifting (WLS) p-Terphenyl coating to enhance
its response in the UV range near 200 nm. The electronic readout system summing analog signals
from all 64 pixels in one MAPMT H12700-03 is similar to what LGC proposes, with the exception
that the HGC output will not be in the trigger.

9.1.3 Tank and Window

The conceptual engineering design is shown in Fig. 80. HGC has 30 sectors and each sector has a
complete set of optical components. 3 sectors form a supersector with one common front window
and one common back window. 10 supersectors are separated into two halves of the detector tank
with 5 supersectors in each half tank, to facilitate fabrication and handling. At the tank outer radius,
there are mounting structures to be connected to the rail supporting system in the SoLID magnet
endcap. The spherical mirrors are fixed with mounts at their outer radius ends and attached to the
tank. The combined magnetic shielding and light collection cones are mounted inside the outer
shell. The PMT arrays are positioned in the cones, with the possibility for fine position adjustment
through the mount tube.
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Figure 80: Conceptual engineering design of the heavy gas Cherenkov detector. The front view of
one half tank without the front thin windows is shown in the top plot and the back view of one other
half tank is shown in the middle plot. The bottom plot shows the side view of a sector.
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The tank structure and back windows will mostly be made of Aluminum. The front thin win-
dows consist of layers of mylar/carbon-fiber/kevlar with mylar for gas tightness and others for sup-
port. As a pressure system of 1.7 atm absolute/0.7 atm relative pressure, the HGC tank and windows
design and prototyping will follow the JLab ESH&Q guidelines and are under the supervision of the
JLab Design Authority. The tank and back window are required to be designed with a yield safety
factor > 3 at the operational pressure and later pneumatically tested to a minimum of 1.15X the
operational pressure. As an example, Fig. 81 shows that the current design of 0.25 inch Al curved
back window has a yield safety factor > 3 at 1 atm relative pressure which is more than the 0.7 atm
relative operational pressure. The front thin window needs to be designed by lesser of 90% yield
and be tested to more than 2x operational pressure to qualify design and material batch. As shown
in Fig. 82, we have constructed a full size front thin window prototype and tested it up to 1.8 atm
relative pressure which is more than the 2x (1.4 atm relative) operational pressure. And the window
deflection is stable at ~ 6cm after multiple tests.

Figure 81: Conceptual engineering design of the HGC curved back window using 0.25 inch Al is
shown to has a yield safety factor > 3 at 1 atm relative pressure, more than the 0.7 atm relative
operational pressure.

9.2 Simulation
9.2.1 Photoelectron Yield

The optical system for the Cherenkov light production and collection has been optimized using the
standard SoLID Geant4 simulation software "SoLID_GEMC”. We include wavelength dependent
parameters for the gas refraction index, gas transparency, mirror and light collection cone reflectiv-
ities and the quantum efficiency of the WLS coated H12700-03 MAPMTs to obtain the photoelec-
tron yields. Both the SoLID magnetic field map and particle decay are also taken into account in
the simulation.

Due to the SoLID geometrical acceptance with respect to the target and the constraints on the
photosensor positioning, particles with a larger polar angle entering the detector will travel a longer
gas length compared to those with a smaller polar angle. Thus, the optimization was done favoring
the smaller angle kinematics and by keeping the number of maximum reflections up to 2: one on
mirrors and the other on light collection cones. Many photons only need 1 bounce from mirrors
before reaching PMT arrays directly. As a consequence, the loss of photons through absorption on
the reflective surfaces is kept to a minimum.
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Figure 82: A full size front thin window prototype with layers of mylar/carbon-fiber/kevlar was
constructed and tested up to 26.5 psi/1.8 atm relative pressure which is more than the 2 x (1.4 atm
relative) operational pressure. The top plot is a photo of the window on its pressure testing gig. The
bottom plot shows the testing results. After multiple tests, the window deflection is stable at ~ 6¢cm.
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The dependence of negative-pion photoelectron yield on momentum is shown in Fig. 83. The
result is from the HGC standalone simulation without including any other SoLID subsystem except
for the magnetic field. The variation of minimum 8 deg and maximum 14.8 deg in polar angles
and the vertex position at the target center and target ends are studied. For a fixed polar angle, the
number of photoelectrons increases with momentum as it moves away from the threshold of the
pion Cherenkov process and then becomes saturated. There is also an increase of yield with an
increasing polar angle due to the detector geometry which allows for pions with larger polar angles
to traverse more gas than those with smaller polar angles. The dependence on the vertex position
along a 40-cm target length is small. Overall, we expect photoelectron yield to be > 10 over the
entire kinematic range.
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Figure 83: Simulated number of photoelectrons of negative pions as a function of momentum at
various polar angles and target vertex positions. A very similar output is obtained for positive pions.

9.2.2 Pion Detection Efficiency and Kaon Rejection Factor

Taking advantage of the modular feature of the SoLID simulation program ”SoLID_GEMC”, the
HGC detector can be loaded into the full SoLID SIDIS setup without any modification for detector
description and signal processing. The performance of HGC in term of pion detection efficiency and
kaon rejection factor can then be further studied in the complete SoLLID SIDIS setup. All materials
from the target to HGC along particle trajectories of about 7 meters are included in the simulation.
Both charged pions and kaons could decay and produce secondary particles before they reach HGC.

We studied two extreme kinematics. The first configuration is for 2.5 < P < 3.0 GeV and
8° < 6 < 9°, where the smallest number of photoelectrons is expected and pion detection is most
difficult. The second configuration is for 7.0 < P < 7.5 GeV and 14° < 6 < 15°, where the largest
number of photoelectrons is expected and kaon rejection is the hardest. The results are shown in
Fig. 84. The photoelectrons generated by charged pions Cherenkov process are mostly distributed
in a Gaussian distribution with small tails. But photoelectrons from charged kaons distribute widely
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because some decay particles like pions, muons and knock-on electrons from the front thin windows
can produce signals in HGC. In real experiments, more sophisticated likelihood algorithms can be
used for particle identification. For demonstration, here we just use the simple cut on number of
photoelectrons. At any given cut, the pion detection efficiency and kaon rejection factor can be ob-
tained simultaneously. By varying the cut values, we can balance the two to satisfy the requirement
of pion detection efficiency > 90% and kaon rejection factor > 10 at the same time over the entire
kinematic coverage. Background studies have shown that the expected number of pions to kaons
is 10 to 1 [231]. The HGC will help keep the kaon contamination in pion samples to be below 1%
while maintain a high nion detection efficiencv.
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Figure 84: Number of photoelectrons (top) and pion detection efficiency and kaon rejection factor
(bottom) are shown in two configurations of 2.5 < P < 3.0 GeV and 8° < 6 < 9° (left) and
7.0 < P < 7.5GeV and 14° < 6 < 15° (right). Pion results are in red color and kaon results are in
green color. For pion efficiency, it’s plotted as it is. For kaon rejection, it’s plotted as (1-1/rejection)
so that the results can be compared together easily.

9.3 Performance of the PMTs in Magnetic Field

We performed extensive bench tests of MAPMT H12700-03 and its older model H8500-03 to map
their performance in a magnetic field and assessed their capability of resolving single photoelectron
signals[232]. The single photoelectron resolution was measured to be 1 photoelectron or better. The
magnetic field test results are summarized in Fig. 85. The longitudinal field is perpendicular to the
face of the PMT and is labeled as B.. The transverse field orientations, perpendicular to the sides of
the PMT are shown as B, and B,.. The PMT relative output is reduced by at most 30% when being
exposed to a longitudinal magnetic field up to 400 Gauss. Our studies of the single photoelectron
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response in magnetic fields indicated that these losses happen mostly at the amplification stage
on the dynode chain making it possible to compensate for this effect with external amplifications.
These results are very encouraging as they suggest that the effect of the magnetic field component
which is the hardest to shield, the longitudinal one, could be compensated by simple shielding and
additional external amplifications. The degradation of the PMT output in transverse magnetic fields
is more pronounced, up to 90% at 180 Gauss but this field component is easier to shield.

The magnetic shield incorporating the light collection cone would reduce the solenoid magnetic
field at the PMT location to a few tens of Gauss which would lead to only a few percent of gain
loss. We have done some magnetic field simulation and prototype testing with two thin layers of
low carbon steel to achieve the shielding results needed. More can be done by adding another thin
mu-metal layer and carrying out a proper annealing treatment of materials for further optimization.
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Figure 85: Relative output of the H8500-03 PMT in magnetic fields. The PMT output normalized to
the zero magnetic field configuration is shown for a longitudinal field orientation (i.e. perpendicular
to the face of the PMT) in squares and for the transverse orientations (i.e. perpendicular to the sides
of the PMT) in circles and triangles.

9.4 Gas and Gas System

The HGC uses the heavy gas C4Fg as its radiator gas. It is stable, non-toxic, non-flammable, non-
explosive, odorless and non-reactive except with alkali metal halides. Being a perfluorocarbon
compound, it is implicated as having a long atmospheric lifetime and high global warming poten-
tial. Following the ESH&Q policy, we will minimize its use with a recycling gas system and keep a
record of the quantity used. It is relatively inexpensive and commonly available from many suppli-
ers. A recent test in Summer 2019 using the SHMS HGC in Hall C at JLab, which is also sensitive
to photons above 200 nm, has shown that the C4Fg performance with additional ~10% pressure is
comparable to the commonly used heavy gas C4FgO.
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The total volume of the detector tank is ~20 m? and it will be filled with ~350 kg C4Fg gas.
With a boiling point of —6°C and a vapor pressure of 2.5 atm at 20°C, C4Fg does not require special
handling to remain in gas state under the operating condition, namely 1.7 atm absolute pressure and
20°C, which is the JLab Hall A nominal condition. The detector is hermetically sealed to allow
for containment of the radiator gas without the need of circulation during operation. A gas system
including filling, returning and purifying unit will be used to recycle the gas. It is similar to the
existing JLab Hall B heavy gas system, except it can handle the 1.7 atm pressure. During the
filling process, the system will initially be purged using nitrogen gas to avoid the contamination
of the oxygen and water vapor in the air. Then the nitrogen gas will be purged by the radiator
gas. The pressure of the gas will be monitored by pressure gauges and a regulation system will be
incorporated to maintain the tank at the desired pressure. After use, the gas can be purged out with
the nitrogen gas and collected by a buffer tank before being sent into the purifying unit. The purifier
consists of a molecular sieve to remove moisture and particulates from the gas and a liquid nitrogen
cooled condenser to separate nitrogen and the heavy gas. The purifying unit of JLab Hall B heavy
gas system has been recently upgraded to have recovery efficiency > 90%. It can be shared between
Hall A and Hall B because they both operate on demand and have buffer tanks.
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10 Electromagnetic Calorimeter

10.1 Overview

Electromagnetic calorimeters (EC) are used in the PVDIS, SIDIS and .J/1) experiments to measure
the energy deposition of electrons and hadrons, and to provide particle identification (PID). The
SIDIS and .J/1 experiments share similar configurations and is referred to as the SIDIS configura-
tion in this document. The PVDIS experiment uses all modules in the forward angle (PVDIS FAEC)
to detect the scattered electrons; in the SIDIS configuration, calorimeter modules are divided into
the forward angle (SIDIS FAEC) and the large angle (SIDIS LAEC), both detect the scattered elec-
trons while the FAEC also provides MIP triggers for pions. For electron detection, the dominant
background comes from electro- and photo-produced pions. The desired performance is summa-
rized in Table 13 and the EC geometry in Table 14. Please note that the EC geometrical coverage
is slightly larger than other detectors because the edges of the EC are expected to have degraded
performance due to shower spreading. The total coverage area of the SIDIS FAEC and LAEC is less
than that of the PVDIS FAEC. The plan is to share modules between the two configurations, thus
all modules need to be rearranged when switching between the PVDIS and SIDIS configurations.

Desired performance
7 rejection 2[50:1]
e efficiency 290%
Energy resolution <10%/VE
Radiation resistance 2400 kRad
Position resolution <lcm

Table 13: Overview of the SoLID calorimeter desired performance.

| PVDIS FAEC | SIDIS FAEC | SIDIS LAEC |

z (cm) (320, 380) (415, 475) (-65,-5)
Polar angle (degrees) (22,35) (8,15) (16.3, 24)
Azimuthal angle Full coverage
Radius (cm) (110, 265) (98, 230) (83, 140)
Coverage area (m?) 18.3 13.6 4.0

Table 14: Geometrical coverage for the SoLID electromagnetic calorimeters. The z direction is
along the electron beam and the origin is at the solenoid center.

The design of the SoLID ECs is determined by both the physics goal and the expected run-
ning conditions. The design is challenging due to our unique constraints including high radiation
background (=400 kRad, as in Table 13), strong magnetic field (1.5 T on SIDIS LAEC), large cov-
erage area, and the cost. These factors prevent the use of many traditional calorimeter technologies,
including Nal (TI), CSI, BGO and lead glass because of their low radiation resistance; PbWQy,,
LSO and PbF; because of their high cost; and lead/scintillating fiber calorimeter because of the
high cost and the large amount of light readout required. We decided to use the so-called shashlyk
design [233] that combines relatively high radiation hardness with a reasonable cost. It is a robust
technology that has been used by many experiments such as LHCb and ALICE.

Due to the PID requirement, it is necessary to segment the EC longitudinally into a preshower
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and a shower detector. We borrowed heavily from the LHCb ECal design, but with geometry and
sampling ratio tuned for SoLID: the preshower detector is made of a layer of lead as a passive
radiator followed by scintillators, embedded with WLS fibers for readout [234, 235]. The shower
section consists of shashlyk modules with a Pb:scintillator ratio of 1:3. Details of the design are
summarized in Tables 15 and 16.

Type passive radiator + sensitive layer
Passive radiator 2Xo, Pb
Sensitive layer 2 cm, plastic scintillator 100 cm? hexagon tile
Light transportation WLS fiber embedded in the scintillator

Table 15: SoLID electromagnetic calorimeter, preshower design.

Type Shashlyk sampling calorimeter
Absorber 0.5 mm Pb
Each layer Scintillator 1.5 mm plastic scintillator
Gap Reflective paper (or other material), 0.12 mm x 2
sheets
Radiation Length 0.093X
Radiation length (Xg) | 2.4 cm
Molire radius 5cm
Overall Length 18 Xo,43.4 cm
Total number of layers | 194
Lateral granularity 100 cm? hexagon
Light transportation | WLS fiber, 100 per module, penetrating layers lon-
gitudinally

Table 16: SoLID electromagnetic calorimeter, shower design.

The structure of both the preshower and the shower detector is illustrated in Fig. 86. In the
experiment, particles are incident close to perpendicular to the scintillator-lead layers. Scintillation
light is absorbed, re-emitted and transported to the photon detector by wave-length shifting (WLS)
optical fibers penetrating through the shower modules longitudinally, along the incident particle
direction. The cross sectional area of the shower modules was optimized to be 100 cm? (see Sec-
tion 10.2.3), with a hexagon shape that simplify the swapping between two configurations. The
scintillator tile of preshower modules has the same 100 cm? hexagon shape to match the shower
modules, which maximizes PID efficiencies. The lead absorber of the preshower can be made of
large sheets.

Simulations were used to study the performance and optimize the design of the key specifica-
tions while minimizing the cost. Figure 87 shows the simulated shower of a 3 GeV electron incident
on the PVDIS EC. In the following we will present details of the shower and the preshower design,
general layout and the support system, light readout, expected radiation dose, PID and trigger per-
formance, and a cost estimate.
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Figure 86: Design diagram of the SoLID electromagnetic calorimeter module. Spacing between the
preshower and the shower detectors, and the spacing between the shower module and the 100-100
fiber connectors, need to be kept as small as possible yet still allow safe routing of the WLS fibers
and positioning of the support structure.

Figure 87: GEANT4 simulation of the shower generated by a 3-GeV electron incident on the PVDIS
calorimeter. The black and green tracks are secondary photons and electrons respectively. The green
horizontal lines are edges of calorimeter modules. The first two layers of materials are the preshower
detector, consisting of 2.X of lead and 2 cm thick of scintillator. The shower maximum is found at
a depth about 5-6 X from the front of the module.
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10.2 Shower Detector Design Considerations
10.2.1 Total Length of the Calorimeter

The overall length of calorimeter should be long enough to enclose most of the electromagnetic
shower and short enough to maximize the difference in energy deposition between electrons and
pions. The fraction of energy leak out for electron showers, averaged inside the acceptance of the
SIDIS-Forward calorimeter, was studied for different total lengths of calorimeter. As shown in
Fig. 88, a total length of 20 radiation lengths was found to be a good balance, limiting the energy
leak to (1 — 2)%. Considering the 2-radiation-length thickness of preshower, this leads to a shower
detector length of 18 radiation lengths or 43.4 cm.
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Figure 88: Fractional energy leak for an average SIDIS-Forward electron shower vs. different total
length of the calorimeter.

10.2.2 Sampling Ratio

Each layer of the shower module consists of a 1.5 mm-thick scintillator plate and a 0.5-mm absorber
plate made of lead. The Pb absorber thickness of 0.5 mm or less is favored to provide a fine sampling
and therefore better energy resolution. The thickness of the scintillator plate should be thin enough
to ensure fine longitudinal sampling, while thick enough to reduce light attenuation in the lateral
direction. A thickness of 1.5 mm was chosen following the experience of previous Shashlyk designs
used by the KOPIO experiment [233, 236], the PANDA experiment [237], and the COMPASS-II
experiment. The COMPASS module is shown in Fig. 89. A gap of 120 pum is kept between the lead
and scintillator plates to accommodate a sheet of high-reflectivity paper, which reduces the loss of
scintillation light.
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Figure 89: COMPASS-II Shashlyk calorimeter module. This illustrates the basic design of shash-
lyk modules: each module consists of alternating scintillator and lead (or other absorber material)
layers, with WLS fibers penetrating across all layers to guide out the scintillation light signal. Four
stainless steel rods are used to fix all layers together and support the whole module.

Figure 90 shows the simulated energy resolution using the chosen configuration of 1.5 mm
scintillator and 0.5 mm lead. A resolution of about 4%/ \/E is achieved.
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Figure 90: Simulated energy resolution of the SoLID calorimeter using both the Preshower and the
Shower. The error bars are statistical error of the simulation. This simulation was performed without
background to demonstrate the intrinsic PID performance of the EC. Simulation results including
the background will be presented in section 10.7.

10.2.3 Lateral Size

A smaller lateral size for calorimeter modules leads to better position resolution and lower back-
ground. However, it will also increase the total number of modules and readout channels, leading to
higher overall cost. The study shows that a lateral size of about 100 cm? will provide a good balance
between position resolution, background and the overall cost as shown in Fig. 91. A hexagon lateral
shape is favored by the layout.
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Figure 91: Position resolution and background level from simulation and the cost of the shower
detector vs. lateral block size of the module.

10.3 Preshower Detector

Segmenting the EC longitudinally into a preshower and a shower part is essential to reaching the
required pion rejection. Two designs were considered for the preshower detector: a full Shash-
lyk-type design that is optically isolated from the shower detector, and a passive radiator/scintillator
pad design as used in the HERMES [234] and LHCb [235] experiments. Comparing to a Shash-
lyk-type preshower, the passive radiator/scintillator pad design has several advantages including
increased radiation hardness, simplicity in construction, and fewer WLS fibers to read out. Separat-
ing preshower from shower completely also means one can repair or replace the preshower portion
independently of the shower. For a passive radiator of 2.X, the impact on overall energy resolution
is less than 0.5%/+/E for electrons with momentum larger than 2 GeV /c. Therefore, the passive
radiator/scintillator pad design was adopted for the preshower detector. Details of the design are as
follows:

o The thickness of the preshower radiator was determined by optimizing the overall pion rejec-
tion at the desired electron efficiency. As shown in Fig. 92 (top), the preshower-alone pion
rejection improves as the radiator thickens up to 3.5X( due to immediate development of the
electromagnetic shower. However, the impact on the overall energy resolution degrades with
increased thickness of the absorber. A thickness of 2.X for the radiator was found to be an
optimal choice for the SoLID application.

e The scintillator and readout design is similar to that of the LHCb experiment [235]: WLS
fibers are embedded in one 2 cm-thick scintillator pad to absorb, re-emit and conduct the
photons for readout.

With the above configuration and assuming a response of 100 photoelectrons per MIP (see next
paragraph), the relation between pion rejection and electron efficiency for preshower alone can be
plotted as a function of scintillator energy cuts, as shown in Fig. 92 (bottom right). One can see a
pion rejection of better than 5 : 1 can be achieved at an electron efficiency of > 94%.
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Figure 92: Simulated performance for the preshower detector. Top: 1/(7~ rejection) (red curve) at
a 95% electron efficiency (blue curve) vs. different thickness of the lead radiator. Bottom: Energy
deposition in the scintillator (left) and detector efficiency vs. energy deposition cut (right), for
electrons (red), 7~ (blue) and p~ (black), for a preshower consisting of 2.X( of lead radiator and

2 cm of scintillator.

Figure 93 shows pictures of the LHCb preshower tile (left) compared to a SoLID preshower
prototype made by IHEP (right). Preliminary cosmic tests show that we can achieve up to 50 photo-
electrons per MIP by embedding two 1.5-m long, 1-mm diameter Kuraray Y11(200)S WLS fibers
in the circular groove on the preshower scintillator. The use of multiple fibers allows minimizing
the attenuation due to WLS fiber length. The final number of photoelectrons that reaches the PMT
will depend further on loss in the fiber connector and the attenuation in the clear fiber. Current
simulation assumes a preshower response of 100 photoelectrons per MIP, and studies of how the
number of photoelectrons affects the PID performance are ongoing.
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Figure 93: Preshower scintillators. Left: LHCb preshower tile (12 x 12 x 1.5 cm) [235]. A single
WLS fiber is embedded in a circular groove for 3.5 turns. In the middle of the tile is an LED for
testing purposes. Right: SoLID preshower prototype made by IHEP. The SoLID prototype has a
geometry of 6.25-cm-side hexagon and is 2 cm thick. Shown here are two 1-mm diameter WLS
fibers embeded in a 9-cm diameter circular groove, each 2.5 turns.

10.4 Layout and Support

The total area of the PVDIS EC is slightly larger than that of the SIDIS ECs. The modules will
be re-arranged between the two configurations, where modules from the PVDIS FAEC will be split
and re-arranged into the SIDIS FAEC and LAEC. The SIDIS EC layout must preserve the 2-fold
rotation symmetry in the spectrometer, and it is convenient to have the same symmetry for the
PVDIS configuration as well. The design layout that meets these requirements is shown in Fig. 94
for the PVDIS configuration. The forward angle support system is shared by PVDIS and SIDIS
FAEC, and the SIDIS LAEC will have a separate support system.

The scintillator tiles of the preshower modules will be mounted on a aluminum plate that simul-
taneously supports also the 2X lead. For shower modules, the lead and the scintillator layers in
each Shashlyk module are held together by six stainless steel rods penetrating longitudinally through
the module. The modules are terminated by two aluminum endplates. The six rods protrude from
the endplates and are supported by two aluminum support structures, one 2 cm thick plate between
preshower and shower, and one 4 cm thick plate behind the shower. The support structure also holds
the optical fiber connectors (see next section).

10.5 Light Readout

For both preshower and shower, the blue light from scintillators is converted into green light by
WLS fibers embedded in or penetrating through the modules. Each preshower tile will use two
WLS fibers with 1 mm diameter, each fiber arranged for two turns and embedded in a groove on
the surface of the tile. The preshower WLS fibers will be routed using the space between preshower
and shower to the space between EC and the solenoid wall. Each shower module will use 100
1 mm diameter WLS fibers arranged along the direction of the particle trajectory, and the fibers
will be guided directly towards the back of EC. To avoid light loss over long distances, WLS fibers
will be connected immediately to clear fibers using one-to-one connectors for readout by PMTs.
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Figure 94: Layout of the hexagon-shaped modules with their support for a 30-degree wedge of
the FAEC for the PVDIS configuration. The number of modules is 138 full modules plus 9 half-
modules along the horizontal line. If counting 147 modules per 30-degree wedge, the total number
of modules needed is 1764. We use 1800 modules for planning purposes at this stage.

LHCb used homemade fiber connectors. For SoLID, homemade connectors is an option but we
have tested fiber connectors from the Japanese Fujikura company and found they work well. The
Fujikura connectors were used by the Minerva experiment and their tests indicate the light loss in
the connector is in an acceptable range of (10-20)% [239].

For the preshower it is essential to achieve a high photoelectron yield such that the best PID
performance can be reached. We chose the Kuraray Y 11(200) fiber because it has better mechanical
properties and further a small minimal bending radius, as shown by the ATLAS Collaboration [238],
which is crucial for us because our preshower fiber groove has a bending radius of 4.5cm. Our tests
show the Bicron BCF91A fiber has similar light loss to Y11 but the light output is reduced by a factor
of two when it is embedded in the preshower groove (compared to nearly zero loss for the Y11). The
Y11 fiber has also been tested to higher radiation dose than Bicron BCF91A fibers by ATLAS [240].
For shower modules, the fibers are straight and hence the Bicron BCF91A WLS fiber becomes a
more economical choice while still satisfying the requirement on radiation hardness. Bicron BCF92
fiber has faster decay time but gives less yield than BCF91A, and is not being considered here.

The magnetic field reaches about 1.5 T behind the SIDIS LAEC and a few hundred gauss behind
both the PVDIS and SIDIS FAECs. For other experiments such as those at JLab Hall D or at LHC,
silicon photomultipliers (SiPMs) are used. However, our simulation shows the radiation background
behind the calorimeter is at the level of 10' cm~2 1 MeV equivalent neutrons. Studies done by the
LHCDb on their tracker upgrade [241] reported cooling the SiPM can overcome the radiation damage
from a high neutron background. Still, projecting from the LHCD study tells us for SiPM to work
for the shower detector, we need to cool to —70 or —80 °C. The space limitation alone imposed
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by the SoLID magnet makes such cooling nearly impossible, let alone the necessary electronics for
temperature control. Therefore, our current default design is to use PMTs. Long clear fibers (about
1.5 m for the SIDIS FAEC and 3.5 m for the SIDIS LAEC) will be used to guide the light from the
WLS fibers to PMTs located outside the solenoid region.

We will use one PMT per shower module to read out the 100 fibers. We plan to design custom
PMT bases so that preamplifiers with a x(2-5) gain can be used and to minimize the aging of the
PMTs. For preshower modules we plan to use multi-anode PMT (MAPMTs), with all four fiber
ends from each module read out by one pixel of the MAPMT. For MAPMT, the high background
of the SoLID running condition constrains us to a relatively low gain in the range of SE3-2E4,
due to the fact that the total anode current needs to be kept at only a fraction of the maximum
specification to reduce the aging of the MAPMT. We plan to design pre-amplifiers with gain up to
50 and 16-channel MAPMTs. Note that LHCb used 64-ch MAPMTs at a gain of SE3 combined
with a front-end electronic board that provided an intrinsic gain of about 10, and our current design
is based on and is consistent with the LHCb readout method.

10.6 Radiation Effects

The ECs for the SoLID spectrometer are designed for high luminosity experiments. The expected
luminosity and run time are 169 PAC-days at 103° N - cm~2s~! in the PVDIS configuration, 245
PAC-days at 103" N -cm~2s~! for the SIDIS experiments and 60 PAC-days for the .J/ ¥ experiment.
In the current design, the maximum radiation dose on the active material — scintillator and WLS
fibers — in the calorimeter is significantly reduced by the use of the 2 X lead plate in the preshower,
and the lead blocks described in section 6 for the PVDIS configuration. Because of the use of lead
blocks, the PVDIS configuration has been divided into higher and lower photon flux regions; each
consists of thirty 6-degree azimuthal regions.

The radiation dose inside the calorimeter was simulated using GEANT4 based simulations con-
sidering a wide range of energy and species for the background particles. The dose rates for the
active material (scintillators and fibers) are shown in Figs. 95 and 96. The highest radiation region
is at the front part of the calorimeter, including the preshower scintillator pad and the front scintil-
lators of the Shashlyk calorimeter modules. The maximum integrated radiation level for the active
material reaches 100 kRad for the PVDIS experiment and 20 kRad in the SIDIS and J/V¥ exper-
iments, which leads to a total radiation dose of less than 200 kRad for all approved experiments.
Experience from LHCDb shows light yield of their preshowers reduce by factor two at 200 kRad and
factor five at 2 Mrad. Our own irradiation tests of preshower prototypes showed similar results at
200 kRad. While we are confident the current design will last 200 kRad, studies of the effect on the
detector performance with reduced light yield is on-going.

10.7 Performance

The EC system plays multiple roles in the SoLID spectrometer. Its performance was evaluated in
the GEANT4 based simulation and discussed in this section, including PID performance, trigger
capability and shower position resolution. A realistic background simulation was set up to evaluate
the calorimeter considering a wide range of species and momenta of the background particles.

10.7.1 Intrinsic electron-pion separation

As a baseline, the PID performance was first evaluated without the background. The primary track
is propagated through the SoLID magnetic field in GEANT4, then enters the calorimeter. A lo-
cal cluster which consists of the central calorimeter module and six neighboring hexagon-shaped
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Figure 95: SIDIS radiation dose rates per PAC month in each layer of the scintillator tiles in the
calorimeter. Layer ID 1 is the preshower scintillator. The rest of IDs are assigned for each scin-
tillator layer in the Shashlyk calorimeter in the order of increasing z. The color code stands for
different contributions of various particle species at the front surface of the preshower: electrons
(red), photons (blue), EM total (magenta), 7+ (green), 7~ (yellow). The overall dose is shown by
the black curve.
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Figure 96: PVDIS radiation dose rates per PAC month in each layer of the scintillator tiles in
the calorimeter. Layer ID 1 is the preshower scintillator. The rest of IDs are assigned for each
scintillator layer in the Shashlyk calorimeter in the order of increasing z. The color code stands for
different contributions of various particle species at the front surface of the preshower: electrons
(red), photons (blue), EM total (magenta), 7" (green), 7~ (yellow), and protons (brown). The
overall dose is shown by the black curve.
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modules is formed. With a multidimensional cut of the preshower and shower response within the
cluster (see Sec. 10.7.5), the overall pion rejection averaged over the acceptance of each calorimeter
is shown in Fig. 97. A 100 : 1 pion rejection at 95% electron efficiency is achieved for momentum
bins of p > 2 GeV/c. For the lowest momentum bin 1 < p < 2 GeV /¢, which is only needed for
the SIDIS FAEC, a better than 50 : 1 pion rejection at 90% electron efficiency is obtained.
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Figure 97: SoLID EC intrinsic (without background) 7~ efficiency (1/rejection). From top to
bottom: PVDIS with average track polar angle () (= 28.5° (red), SIDIS LAEC with (#) (= 20.5°
(magenta) and SIDIS FAEC with (0) (= 12.0° (blue). A constant 95% electron detector efficiency
is maintained for p > 2 GeV/c. A 90% electron efficiency is maintained for the lowest momentum
bin 1 < p < 2 GeV/c, which is only required for the SIDIS FAEC. The (¢) value is different for
the three calorimeter configurations, which leads to slight differences in the pion rejection curves.

10.7.2 PID performance under realistic background simulation

For a large intensity device, background particles and their influence on the calorimeter perfor-
mance have to be considered. A full background simulation was implemented to study calorimeter
performance. The background simulation procedure is as follows:

1. Particles are generated at the target including photons and electrons from the low energy
EM processes (based on physics in GEANT4), DIS electrons (based on CTEQ6 PDF), and
hadrons (based on Pythia, MAID and SAID);
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1/Rejection =,

1/Rejection =,

Particles are propagated through a SoLID GEANT4 simulation to the front surface of the
calorimeter;

. The EC response is simulated for a wide range of background particles — electrons, photons,

pions, and protons — within the momentum range 10 keV< p <11 GeV. A statistical model
is used for the correlation between preshower and shower responses;

The background contribution to each event is produced by combining the background rate
at the EC front surface and the EC response described above for a region of interest on the
calorimeter, usually defined by a radius-azimuthal angular bin. A conservative 30 ns coinci-
dence window between background particles and the primary event is assumed.

The background contribution is embedded into the raw signal from the simulated primary
particles (high energy electrons and pions). The background-embedded data are then analyzed
as raw ADC signals. The energy response is calibrated and PID and trigger performance are
analyzed.

Typically, background rate is the highest in the inner radius region and drops by approximately
one order of magnitude in the outer radius region. Figure 98 shows the EC performance for the
SIDIS configuration in the inner radius region. For SIDIS experiments, effects from background
particles are visible but not significant: for large-angle EC, the pion rejection remains better than
100:1 for all momentum bins; for forward-angle EC, there is no noticeable change in the PID per-
formance other than for the lowest momentum bin 1 < p < 2 GeV/c where the pion rejection is a
half of the no-background case. However, the Cherenkov detector provides high PID performance
in the low momentum range and the overall pion rejection is sufficient for the experiment.
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Figure 98: Calorimeter pion and electron efficiency without (blue) and with (red) the consideration
of background particles for the inner radius region (highest background) for the SIDIS configuration.
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In the PVDIS configuration, the background rate is significantly higher and the performance
is affected. The 30-fold structure of the baffle system for the PVDIS experiment causes the back-
ground to alternate between high- and low-rate 30 times in the azimuthal direction. Therefore,
calorimeter performance is studied for the high- and the low-rate “slices” separately, with each fan-
shaped slice covering 6 degrees. Background structure for the inner-radius, high-rate slice is shown
in Fig. 99. The PID performance with the background is evaluated for different radius, see Fig. 100.
Comparing to the intrinsic performance of Fig. 97, the pion rejection is up to 8 times worse: the pion
rejection varies from 25-50 at p = 2.5 GeV/c to 50-100 at p = 6 GeV/c, while keeping the electron
efficiency to be in the range (90-95)%. Particle identification for the experiment will need to rely
on a full-waveform analysis of the EC, combined with information from the Cherenkov detector.

10.7.3 Trigger capability

Trigger capability is an important function of the EC. The calorimeter shower energy deposition
in all combinations of local 6+1 clusters (central block plus six neighboring hexagon blocks) is
first summed after digitization, forming local shower sums. Triggers are then formed by passing
the local shower sums through a threshold cut. Electron triggers are formed with a targeted electron
threshold, and the efficiency curves for both pions and electrons are studied with the full-background
simulation. The following triggering specifications have been studied:

e SIDIS large angle calorimeter: electron triggers of 3 GeV are formed by cutting on local
shower sum larger than 2.6 GeV. The trigger turn-on curve is shown in Fig. 101. High elec-
tron efficiency is observed for electrons above the threshold. The rejection on few-GeV pion
background is high, in the range (20-100):1, which satisfies requirement of the SIDIS experi-
ments.

e SIDIS forward calorimeter: position dependent electron triggers provide high trigger effi-
ciency for electrons of Q2 > 1GeV2. The pion rejections with 1 GeV threshold is shown on
the left plot of Fig. 102. With higher thresholds, pion rejections are better.

e SIDIS forward calorimeter: MIP triggers allow the calorimeter to trigger on hadrons for the
SIDIS measurement. The threshold is determined by MIP peak position minus two sigma
of the Landau fit of the distribution, which lead to a calibrated local shower sum energy of
220 MeV. The trigger efficiency for pions is high, as shown on the right plot of Fig. 102.

e PVDIS forward calorimeter: electron triggers are formed with radius-dependent trigger thresh-
olds. As shown in Fig. 103, the targeted electron threshold varies from 1.5 GeV at outer radius
to 3.8 GeV at inner radius on the calorimeter, which produces high trigger efficiency for DIS
electrons with z > 0.35. The trigger turn-on curves are evaluated for several regions on the
calorimeter as shown in Fig. 103. The efficiency for both electrons and pions are lower for
inner radius regions due to the use of high thresholds for background-suppression. Overall
the pion rejection at the trigger level is > 2 and varies with the radius.

The PVDIS experiment will run with a luminosity up to 103° cm=2s~!. A baffle system is

used to reduce the very high background rate expected at this luminosity. To further reduce the rate
from high energy photons from neutron pions and low energy backgrounds, fan-shape lead blocks,
each covering 2.5 degrees azimuthally, will be placed in front of the EC. The trigger of PVDIS will
be formed by taking the coincidence between the EC and the gas Cherenkov detector. Estimation
of the trigger rate from EC can be performed using the realistic background simulation (described
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Figure 99: Background distribution for the PVDIS forward calorimeter at the production luminosity
of a liquid deuteron target. Background for the inner radius (R ~ 1.2 m) and higher-radiation
azimuthal region is shown. The energy deposition originated from background is compatible to that
of high energy pions.
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Figure 100: Calorimeter pion and electron efficiency for the PVDIS experiment, evaluated with the
presence of background at eight typical regions on the calorimeter.
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and MIP triggers (b). Only the (high-background) inner-radius region is shown here.
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Figure 103: Trigger efficiency curves for the PVDIS configuration.
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previously in Section 10.7.2) combined with EC trigger capability results described above. The
EC trigger rate will then be combined with gas Cherenkov trigger rate to obtain the expected DAQ
trigger rates and to make sure they can be handled by the DAQ system. For SIDIS experiments
on 3He, the luminosity will be up to 3 x 1036 cm~2s~! on 3He target and additional about 3.7 x
1036 cm™2s~! on target glass windows. Target collimators (described previously in Section 10.7.2)
will be used to reduce backgrounds from the glass windows. The SIDIS triggers are formed from
EC in combination with Cherenkov, MRPC and SPD. The FAEC will also provide MIP trigger for
hadron detection. Trigger rate estimation for SIDIS is carried out similar to the PVDIS case. Results
for both PVDIS and SIDIS trigger rates will be presented in Section 13.

10.7.4 Shower Position Measurement

Position resolution of the shower center was studied for different lateral sizes of the calorimeter
modules, as shown in Fig. 104. The radial resolution is in general worse than the azimuthal resolu-
tion because the tracks are not perpendicular to the radial direction. As can be seen from Fig. 104,
with the use of proper algorithm, a position resolution of better than 1 cm is achieved for both
directions at the designed lateral granularity of 100 cm?.
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Figure 104: Position resolution for electron showers vs. different lateral size of the calorimeter
module. Both azimuthal (red) and radial (blue) resolutions are shown, with the shower center cal-
culated from a simple energy-weighted geometrical center (dashed curves), and those calculated
with further corrections using the energy deposition distribution among neighboring modules (solid
curves).

10.7.5 Supplemental Information: PID Selection Cuts

A three dimensional PID cut was used to select the best electron samples with maximal 7™ rejection
as illustrated in Fig. 105. For each given momentum bin, the cut on E/P and preshower energy
roughly follows the contour lines of the ratio of 7~ efficiency to e~ efficiency, which is the optimal
cut for the m /e~ separation. A momentum dependence is then introduced to the cut to maintain a
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constant 95% electron efficiency for most of the bins. Events passing the cut are highlighted in red
in the plots.
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Figure 105: Illustration of electron sample cuts as highlighted in red dots, in comparison to simu-
lated electron (a) and 7~ (b) samples. The SIDIS forward calorimeter in the high background (small
radius) region is studied in these plots.
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10.8 Scintillator Pad Detector (SPD) for SIDIS Experiments

The main purpose of the SPD is to reduce calorimeter-based trigger rates for high-energy charged
particles (see Section 10.7.3 for calorimeter trigger capability) by rejecting photons through the
coincidence between the SPD and the calorimeter. Two SPDs will be used: one in the forward
direction between the heavy gas Cherenkov detector and the calorimeter, and the other in the large-
angle direction immediately before the calorimeter. Both SPDs consist of fan-shaped scintillator
pads arranged perpendicular to the beam direction. The LASPD will also provide time-of-flight for
particle identification with a timing resolution goal of 150 ps.

The performance for the scintillator was studied in the GEANT4 simulation. For FASPD, we
plan to use 5 mm thickness scintillators based on a balance between the light yield and the radiation
length. The 5-mm thickness corresponds to a radiation length of ~ 0.013 X which directly affect
the photon conversion rate. Typical responses of the FASPD to photons and charged particles are
shown in Fig. 106. Approximately 20% of the photon background leave energy in the scintillator
due to back splashing from the calorimeter front face. The trigger threshold was set at two standard
deviations below the MIP peak to ensure a high efficiency for charged particles. Pile up effects
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Figure 106: Typical probability for scintillator energy depositions in the SPD, for electron (blue),
pion (red) and high energy photons (black).

were studied for fixed ADC timing windows of 30 and 50 ns. The photon rejection depends not
only on the trigger rate per scintillator, but also the scintillator segmentation, see Fig. 107. In
addition, photons attenuates significantly in long scintillators and thus the length of the individual
segmentation needs to be minimized. The segmentation of FASPD is chosen to be 240 based on
Fig. 107 and a desired 5:1 photon rejection, and is arranged as 60 in the azimuthal direction and 4
in the radial direction. The readout of FASPD is by using WLS fibers embedded on the surface of
the scintillator, then connected to clear fibers and are readout by MAPMTs. This is similar to the
preshowers. Because the threshold is below MIP and is much lower than for preshower, a higher
combined gain of PMT and the preamplifier is needed. We currently plan to use preamplifiers with
gain ~ 50 because it’s the maximum comfortable gain that can be achieved on a pre-amplifier board.
This will allow us to place the threshold around 20 mV, the minimal threshold that is above the noise
level.
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Figure 107: Photon rejection factor for 5-mm thick FASPD as a function of the segmentation, for
DAQ windows of 30ns (blue) and 50ns (red), respectively. For the 30-ns timing window, a 240
segmentation is appropriate to reach a photon rejection of 5:1.

For the LASPD, a 10:1 photon rejection is desired to bring the photon-induced calorimeter trig-
ger rate down to below the electron-induced rate. Figure 108 shows the simulated photon rejection
factor vs. segmentation. The 10:1 rejection can be achieved by 60 azimuthal segments. Because
the radial coverage of the LASPD is small and because of the requirement of high photoelectron
statistics to reach the TOF requirement, the LASPD has only azimuthal segmentation, with each
covering 6 degrees. For readout, the use of WLS fiber is impossible, again because of high pho-
toelectron statistics. We plan to use field-resistant fine-mesh PMTs on the outer radial edge of the
LASPD to readout the scintillating light.
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Figure 108: Photon rejection factor for 20-mm thick LASPD as a function of the segmentation,
for DAQ windows of 30ns (blue) and 50ns (red), respectively. For the 30-ns timing window, a 60
segmentation is appropriate to reach a photon rejection above 10:1.
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10.9 EC Collaboration and Prototyping Status and Construction Outlook

The shashlyk sampling technique adopted by SoLID EC has been used by many experiments, in-
cluding LHCb, ALICE and ATLAS at the LHC. The LHC/CMS experiment’s calorimeter upgrade
will use a similar technique. In the R&D for SoLID EC, we studied extensively the calorimeter
design and technical details from these experiments. We also learned many useful facts from other
experiments and/or collaborations, including Minerva, MINOS, and JLab Hall D.

Our general design for the SPD, the preshower, and the shashlyk shower modules is based heav-
ily on the LHCb’s SPD and ECal design. The LHCb and other LHC experiment’s detector TDR
and associated technical notes provide tremendous knowledge. This includes: readout design for
the preshower and the SPD (WLS fiber embedding in grooves on the scintillator surface and the
use of MAPMTs) (LHCb); wrapping of the scintillator (LHCb, ATLAS); relative light yield be-
tween different scintillator material and WLS fiber types (LHCDb); the use of optical grease or glue
(LHCDb); side treatment and painting of shashlyk modules (LHCb); adding mirror ends to WLS
fiber (LHCD); coupling between WLS fiber and MAPMTs (LHCDb); Tests of light yield uniformity
(LHCDb); radiation hardness of the preshower and shashlyk modules (LHCb ECal and HCal) and
plastic scintillating fibers (LHCb tracker upgrade, JLab Hall D GlueX barrel EMCal); LED moni-
toring system (LHCDb); WLS fiber bending light loss (simulation by LHCb; direct data from ATLAS
Tile ECal TDR); performance of SiPM under high neutron radiation background (mainly LHCb
tracker upgrade, but also JLab Hall D and CMS); EC commissioning and calibration procedure
(LHCb ECal and HCal); tolerance/quality control for the scintillators and fibers (LHCb).

Shashlyk-type calorimeter modules used by most previous experiments were produced by the
Russian IHEP group. For some experiments, the scintillators of shashlyk modules were produced
at Russian IHEP, and the modules were assembled elsewhere. For example, Wayne State Univer-
sity (WSU) and China Central Normal University (CCNU) both assembled modules for the ALICE
experiment (for CNNU, threading WLS fiber was done in Italy, separately from the initial assem-
bling). We contacted the WSU group about their equipment used for ALICE module assembly, but
unfortunately their assembly lab was dismantled a long time ago and most equipment could not be
recovered. We are also in contact with the U. of Iowa group (Prof. Onel) who is participating in the
CMS ECal upgrade, but the CMS Ecal utilizes crystal layers and is very different from SoLID EC
in the choice of material and the construction process.

Overall, we could not gain substantial help from groups previously involved in Shashlyk produc-
tion and assembly, and complete production by the Russian IHEP group can be sensitive to fluctua-
tions in international relationship and economics. Given this status, we are pursuing the possibility
of manufacturing scintillators and assembling the Shashlyk modules in China. Two groups, Shan-
dong University (SDU) and Tsinghua University (THU), have already produced several preshower
and shashlyk modules and are testing with comic rays. Both groups have also developed local
contact with CCNU to learn their experience in module assembly. The SDU group has extensive
experience with scintillator production in China and cosmic ray testing of the scintillator’s light
yield, and is in a good position to lead the prototype R&D for SoLID EC. At the moment, cos-
mic test results show the preshower light yield is comparable to LHCb and is within expectation.
Preshower prototypes from Russian IHEP and China all show similar light yield. On the other hand,
we do not have a direct light yield comparison of shashlyk prototypes with previous experiments
because all published values are for electron yield, while with cosmics we could only meausure MIP
yield. Beam test with a low energy electron beam at the Beijing IHEP is being planned.

For SPDs, prototypes for both FA and LASPD were manufacturered by (US) Eljen and tested
with cosmic rays by the UVa group. Results show a MIP light yield of (9-11) photoelectrons for
FASPD. Simulation for the effect on SPD performance from the measured light yield is ongoing.
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Cosmic results on LASPD show we can reach a ~ 150 ps timing resolution using regular PMTs,
and tests of fine-mesh PMTs up to a 1.9 T field were carried out. The PMT test results showed for
Hamamatsu 16-ch MAPMT H6614-70 assembly, there is no degradation in timing resolution up to
1.5 T even though the gain has decreased by nearly a factor 100 [242]. Overall, we are confident we
can construct all SPD modules for SoLID.
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11 MRPC

An MRPC detector is currently being considered as an enhancement to the SoL.ID baseline config-
uration.

11.1 Overview

The Multi-gap Resistive Plate Chamber (MRPC), which will be used as the time of flight (TOF)
system, is located in front of the forward-angle calorimeter. Several MRPCs have been recently used
in RHIC STAR and LHC ALICE as their TOF systems [243-246] and the typical time resolution for
these detectors is better than 80 ps. Most importantly, as a gas chamber, the MRPC does not need
PMTs for readout so it can work inside a magnetic field. For the SoLID-SIDIS configuration. the
total path length is around 8 meters from the target and the flight time is calculated by comparing the
timing signal to the beam RF signal. With a time resolution of 100 ps, we can identify pions from
kaons at a rejection factor of 20:1 with momenta up to 2.5 GeV/c. Compared with the MRPCs used
at STAR and ALICE, the MRPC for SoLID receives a higher flux rate, approximately 10 kHz/cm?.
Tsinghua University has developed a new type of low resistivity glass with a bulk resistivity on the
order of 10 Q2cm. The rate capability of the high rate MRPC assembled with this type of glass can
reach 50 kHz/cm? [247, 248]. We propose to construct the high rate SOLID-MRPCs with this low
resistive glass.

11.2 Structure of the MRPC Prototype

The layout of the MRPC is shown in Fig. 109. The inner diameter of the detector plane is about
1 meter and the outer diameter is 2 meters. The area of the disk is about 10 m?. The whole detector
consists of 50 super modules and each super module consists of 3 MRPC modules. There is overlap
between MRPC modules and super modules to avoid blind areas.

A prototype of the MRPC has been assembled and its structure is shown in Fig. 110. This
trapezoidal module is assembled with our low-resistivity glass. The module has ten gas gaps and
the width of each gap is 250 pym. The outer glass is 1.1 mm thick and the inner glass is 0.7 mm
thick. Colloidal graphite is sprayed on the surface of the outer glass and the surface resistivity is
about SMQcm. Fig. 111 shows the structure of the readout strips. Each module consists of 11 strips
and the width of each strip is 25 mm with a 3 mm gap. The shortest strip is 13 cm and the longest
is 17 cm. This prototype will be similar to the smallest module of the three modules in one super
module. With this design, the whole detector will consist of 1650 strips, and the total number of
readout channels is 3300 since each strip has readouts on both ends.

11.3 Gas system

The MRPC uses a mix of Freon 90% R134 freon, 5% Isobutane and 5% SF6. The mix is in itself
non flammable but since Freon and SF6 are green house gases we are planning for recycling system
for the gas similar to what was used for PHENIX Hadron Blind Detector.

11.4 Cosmic Ray Test

The cosmic ray test system for the MRPC prototype consists of a cosmic ray telescope and a VME
based DAQ system. The telescope consists of three 20 cm X 5 cm X 5 cm scintillators and two
4 cm x 2 cm X 1 cm scintillators. These five scintillators were used to trigger on cosmic rays.
The layout of the cosmic ray telescope and the prototype is shown in Fig. 112. Two of the larger
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Figure 110: The structure of the MRPC prototype

scintillators and one of the smaller scintillators are above the module, and the rest are below the
module. PMTO through PMT4 were used for basic coincidence triggering and to provide the refer-
ence time. The two small scintillators are used to measure the efficiency of the module. The width
of the area subtended by the small scintillators is smaller than the width of a MRPC strip. Since
this module would be tested with an electron beam at JLab (see later discussion), the cosmic test is
only for checking primary performance parameters, such as dark current, noise, efficiency and time
resolution. With a high voltage setting of 13.2 kV, the dark current is less than 10 nA and the noise
rate is a few Hz/cm?. Fig. 113 shows the efficiency plateau. It can be seen that the efficiency can
reach 98% and the plateau region is larger than 600 V. Fig. 114 shows the relation between charge
and time after slewing correction. The time spectrum after correction is shown in Fig. 115. The
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Figure 111: The structure of the readout strips

time jitter of four PMTs is 87 ps, so the resolution of the MRPC can reach 50 ps. All of these show
that the MRPC module has good performance.

11.5 Beam Test at Hall A
11.5.1 Test Setup

The setup of the beam test is shown in Fig. 116. The beam was mainly for the JLab g2p exper-
iment [249]. Our test setup stood about 10 m to the side. There was an electron beam passing
through our trigger system and the backgrounds were mainly soft photons, electrons and neutrons.
The background intensity was stronger than the main electron beam. A thick concrete shield was
used to suppress background particles striking the MRPC. A diagram of the DAQ is shown in
Fig. 117. The trigger system was very similar to that of the cosmic test system. One small scintillator
(b em x5 cmx1 cm) was read out by PMT 0 and each of two long scintillators (10 cmm x5 cm < 1 cm)
was read out on both ends (by PMTs 1-4). The coincidence of PMTO and PMT4 provided the trig-
ger signal of the system. The delayed coincident signal also acted as the gate signal of the flash
ADC and the stop signal of the TDC. PMT1~PMT4 provided the reference time of the system.
A CAEN V775 TDC was used to record the time signal and a flash ADC, JLAB FADC 250, was
used to record the charge signals. A VME scaler was used to record the time interval between two
triggers. From this time interval we can get the signal rate to study the rate capability of the detector.
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11.5.2 HYV Scan Result

MRPCs were conditioned under high voltage for a few hours in order to reach a stable, low dark rate
working region. The electronics threshold was set to 30 mV. The dark current was less than 8 nA
and the rate of the module was less than 10 Hz/cm? at 108 kV/cm. The coincidence of PMT1-PMT4
provided the TO of the test system, with a time jitter of about 100 ps. In order to find the optimum
working voltage of the counters, the efficiency and time resolution were scanned as a function of
the applied voltage for a ‘low’ flux of ¢ ~1-4 kHz/cm?. The results are summarized in Fig. 118.
The counters showed large efficiency plateaus above 600 V, and time resolutions were as good as
75 ps. It can be seen that the time resolution obtained from cosmic rays is better than that from the
electron beam test, because the time jitter of TO in the beam test was larger than that in the cosmic
test.

11.5.3 Rate Scan Result

The rate depended on background intensity. From the scaler we can get the signal rate of the MRPC.
Fig. 119 shows the signal rate change with time in runs 188 and 193 respectively. The rate was not
stable in each run. From these runs, we obtained different rates from 1 to 16 kHz/cm?2. These two
runs were combined to analyze the rate performance. The results are shown in Fig. 120. It can be
seen even when the flux rate reaches 16 kHz/cm?, the efficiency is still higher than 94% and the
time resolution is close to 80 ps. So this module meets the requirement of the SoLLID TOF system.

The evolution of the charge distribution can be seen in Fig. 121 for this MRPC. The charge is
obtained from the sum of its two ends. It can be seen that, with increasing flux, the average charge
decreases and the spectrum shifts down to lower charges as expected.

11.6 Radiation hardness and aging

Aging and radiation hardness tests were carried out. For the low conductivity glass, no change in
resistivity were seen for neutron fluence up to 10'4/em? as show in Figure 122. The glass was
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Figure 113: Efficiency plateau of the MRPC

also applied with 1000V for about 32 days with integrated charge of 1C'/cm? (about 2 years of
continuous running in SIDIS conditions), and its resistivity remained stable. The module was tested
using a X-ray source. the chamber was exposed to X-ray for 35 days which corresponded to about
0.1C/em?. No change in amplitude and efficiency were observed at the end of the test as show in
Figure 123.

11.7 Conclusions

A high rate MRPC was planed to construct the time of flight system for the SoLID-SIDIS program,
and a prototype has been designed and constructed. The trapezoidal prototype module assembled
with low resistivity glass has 10 x 0.25 mm gas gaps and 11 readout strips. The width of the strips
is 2.5 cm with an interval of 3 mm. This module was tested using cosmic rays and also tested using
electron beams in Hall A of JLab. The results show its rate capability of larger than 16 kHz/cm?.
This module has a very promising time resolution. The time resolution can reach 50 ps in cosmic
test and is about 75 ps in the beam test. The chambers behaved very stably during the test. A detailed
aging study was performed to assure the stability over a long running time. The performance of the
prototype meets the requirement of the SoLID-TOF system.

11.8 R&D Plan for Better Time Resolution

A R&D effort by the Chinese collaboration, jointly for SoLID, sSPHENIX and EIC, for the next
generation MRPC aims at 20 ps resolution. Tsinghua University is planning to develop a prototype
in the next year. Beam test and finalization of detector and electronics will be done the following
year.

Obtaining good timing resolution also depends on the electronics, both preamplification of sig-
nals and digitization:

EIC R&D at BNL is using 7 GHz bandwidth TI LMH5401 [181] amplifiers for preamplifiers.
Tsinghua University will also develop its own amplifier chip which could drive lower costs and give
a more compact footprint for the electronics with a multichannel amplifier chip.
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Figure 115: Time spectrum after correction

New sampling electronics, development of which is being motivated by MCP PMTs, can reach
picosecond level timing resolution for multi-photons. The system is based on Switched Capacitor
Arrays (SCAs), which continuously sample the detector signal on a circular array of capacitors.
Sampling frequencies up to 10 GSamples/s have been reached. With a good calibration, a timing
resolution of 1 ps has been achieved. The following Table 17 summarizes the different available
chips.

One of the main drawbacks of the SCA is the inherent dead time to allow readout of all the
samples for each trigger. A multi level array design will be implemented in the next generation of
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Figure 117: Diagram of the DAQ system

chips such as the DRSS or the successor of PSEC4 called AARDVARC. There is a joint effort from
HEP/NP and the NALU commercial company to offer a commercial modular system based on the
successor of PSEC4. This is currently the favored option with costs which could go as low as $15
per channel.
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Chip Sample Frequency | Bandwidth | Samples | Channels | Readout | Resolution
GHz GHz MHz ps
PSEC4 4to 15 1.5 256 6 40 to 60 9
SAMPIC 3t08.2 1.6 64 16 or 8 80 5
DRS4 0.7 to 5 GHz 0.950 1024 9 33 1
DRSS 10 3 4096 32 300 ? 57
PSECS (AARDVARC) 10to 15 1.5t02 32768 6to8 5007 5?

Table 17: Table summarizing the characteristics of different sampling chips available and future
generation ones for DRS5 and PSEC5 (AARDVARC)
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12 Simulation and Reconstruction

12.1 End-to-End Software Framework

At the time of this writing, research is underway to identify a comprehensive software framework
for SoLID. A framework should be chosen early in the software development cycle, where SoLID
is now, to provide a common programming interface (API) for all software components. If chosen
well, the API will stay constant, or at least backward compatible, throughout the project’s life-
time so that early investments in code development will continue to pay off. Additionally, it is
important at this stage to identify software features and capabilities that will be needed for SoLID
data analysis, to the extent foreseeable now. Such feature requirements should be well matched to
the specifics of the SoLID experiments, such as data volumes, detector types and configurations,
and analysis methods. Retrofitting capabilities that were initially overlooked is often difficult and
wasteful because doing so may invalidate original design assumptions, requiring large parts of the
first-generation software to be re-written. Conversely, choosing a framework with too many fea-
tures typically results in overly complex, bloated software that is difficult to learn and faces user
resistance.

With these goals in mind, we have developed the following requirements for the SoLID software
framework; it should

1. support all major components of the physics data processing chain, viz. simulation, digiti-
zation, reconstruction and physics analysis, within a consistent development and run-time
environment (“end-to-end framework™);

2. allow multi-pass data processing, where the output of one analysis pass can be used as the
input for the next pass—an essential capability to minimize the need for reprocessing large
data sets; >

3. allow multiple processing chains in a single job, for example to run different track fitting, PID
or physics analysis algorithms on the same data in a single processing pass;

4. support interactive analysis of reconstructed quantities with ROOT, since ROOT will most
likely be the data analysis package best known to and preferred by future SoLID collaborators;

5. save extensive metadata to its output, for example database parameters used in previous anal-
ysis stages (if practical) and detailed information about data provenance;

6. support parallel computing, i.e. multi-threading and/or distributed processing;
7. be written in C++, as most SoLID collaborators are well-versed in that language; and
8. be readily available at this time, so that development can start without delay;

Given limited staffing, the effort needed to develop a new framework from scratch that satisfies
the above set of requirements would be prohibitive. As experience in other collaborations shows
[250-253], frameworks with comparable capabilities are invariably complex and may take the bet-
ter part of a decade to mature. Therefore, it is practically unavoidable, and certainly wise, to build
the analysis software for a specific experiment on already existing packages, unless truly unusual or

3In physics frameworks, this is typically achieved by separation of data and algorithms, where the data objects are
persistable and saved to intermediate files. Regarding object persistence, the ROOT streamer model represents the state
of the art in the field.
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novel requirements arise. Of course, we are not the first to discover this. Motivated by the increasing
complexity of software in the field, various collaborations worldwide have, over the past decade or
two, put considerable effort into developing high-quality, general-purpose frameworks aimed at pro-
cessing the event-type data prevalent in nuclear and particle physics experiments. The present trend
in HEP is a collaborative approach toward software, where already-developed, widely tested frame-
works are increasingly shared by similar experiments and re-used for new ones [254]. Practically
no modern software in the field does without ROOT [255] in regard to interactive analysis, visual-
ization and object persistency, while a number of choices exist for event processing frameworks that
support simulation and reconstruction.

Obviously, we do not expect to find a perfect framework that satisfies all our criteria fully.
Generally, however, a good event processing framework should stand out by a superior technical
design and reliance on widely adopted, state-of-the-art technologies (e.g. support for C++14/17,
ROOT object persistency). To minimize development time and maximize user adoption, the right
mix of features, excellent documentation and a large body of available example code would clearly
be beneficial.

At present, we are evaluating a number of different NP and HEP data analysis frameworks
that are popular and readily available. Specifically, we have been studying Podd (JLab Hall A/C)
[256], Clara (JLab Hall B) [250], JANA (JLab Hall D) [251], Fun4All (PHENIX/sPHENIX at
BNL) [257], FairRoot (GSI) [252], and art (FNAL) [253]. Of these, art, the framework developed
for and adopted by the Intensity Frontier experiments at Fermilab (DUNE, for example), appears
to be a particularly promising candidate for long-term use by SoLID. art satisfies all of the SoLID
requirements listed above, is mature, sufficiently rich in features, sufficiently flexible for general-
purpose simulation and analysis tasks, well supported, and serves a large user community that is
unlikely to dissolve over the next decade. As of mid-2018, with version 3, art supports task-based
multi-threading at the event level.

Also of note, the art developers participate in the monthly ROOT planning meetings; as stake-
holders, they provide direct input to the ROOT team to help improve compatibility of the framework
with ROOT. We interpret this as an additional encouraging sign for the longevity of this framework
in particular.

The JANA framework may also be of interest, especially given the recent development of a
modernized version, JANA 2.0. However, JANA does not currently meet several of the SoLID
software design criteria. For instance, the framework itself has no support for a particular DST
file format; such support must be added by experiment-specific plugin libraries. JLab’s Hall D
collaboration has developed an extensive repository of add-on code for JANA, including DST input
and output modules. However, the chosen file format, HDDM, is non-standard and not used by any
other major NP or HEP experiment. Conversion to ROOT format requires a separate analysis step.
Additionally, reconfiguration cannot always be done at run time, but may require recompilation.
Further limitations exist.

The GSI FAIR experiments are considering moving to a new, concurrent and distributed frame-
work, ALFA [259], which will presumably be in the upgrade path of FairRoot. This option may or
may not materialize in time for SoLID. Some components of ALFA could serve as the basis for an
extension of SoLID software to distributed computing.

Prototyping and testing of simulation and analysis routines with several frameworks is currently
underway to gain experience with the frameworks’ relative benefits. A decision as to which frame-
work to adopt for SoLID will be made at an appropriate time.

An estimate of the effort required for implementing the complete SoLID simulation and recon-
struction software can be found in Appendix D.
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12.2 Simulation
12.2.1 Simulation Software

Development of the SoLID spectrometer requires the detailed evaluation of different solenoidal
fields, optics from those fields, backgrounds from multiple sources, possible detector and baffle
geometries, detector responses, and tracking. Overall, a figure-of-merit must be calculated for dif-
ferent configurations for quantitative comparison. It is also necessary that such simulations be done
in a coherent fashion and validated as well as possible. Because details of the design have not been
finalized, it must also be flexible enough to be quickly adapted to different configurations.

Initial simulations for SoLID were done using a combination of GEANT3 and COMGEANT.
However, these are FORTRAN based and GEANT3 is no longer actively maintained. The deci-
sion was made to offer a modern design based on Geant4 [261] to handle particle propagation and
interactions. This is a well-supported framework and offers a variety of physics packages, such
as simulation of low-energy electromagnetic backgrounds. However, the detector geometries, how
magnetic field maps are specified, input parameters, and output formats must all be developed on
top of this framework.

To accomplish all these goals, we have adopted a general Geant4 simulation framework, GEMC,
which is the what the JLab CLAS12 and JLab EIC conceptual detector simulations are based on
[262]. GEMC can use external physics event generators and has advanced visualization abilities
are available, which provides a useful debugging tool. GEMC has detector description including
geometries and materials with optical properties defined in a tabular structure which can be stored
in text files or SQL databases, outside GEMC binary code. Detector signal processing can also be
customized for various kinds of detectors and has output to a compact style similar to those used by
JLab data acquisition systems, outside GEMC binary code.

Using those features, we have built the current SoLID simulation program “SoLID_GEMC” on
top of GEMC. This gives access to all of the functionality within GEMC and allows us to modify
and add components as needed. All SoLID detector descriptions and signal processing are outside
of GEMC and can be loaded at run time. This allows for easy modification of designs. Signifi-
cantly, we can run standalone simulation of a single detector or the whole SoLID simulation with
all subsystems without any modifications and ensure consistent results.

A schematic of the current simulation workflow is given in Fig. 124. Geant4 provides the pre-
dominant simulation component in modeling secondary physics processes (such as multiple scat-
tering) and propagation through a magnetic field. Physics generators provide information on the
initial particle type, position, and momentum to the simulation for each event and are described
in Sec. 12.2.3. These can take more than one form and we allow for general text file input and
internal generators within GEMC. Output from “SoLID_GEMC” is through EVIO, a binary format
developed at Jefferson Lab. Libraries are available to provide decoding. These files are converted to
ROOQT files through available tools and used by higher level analysis packages such as the detector
digitization and analysis.

Magnetic field maps for GEMC are described over a grid using text files. It allows various
coordinate systems to be used in the grids and handles all interpolation and lookup. As described
in Sec. 4, SoLID magnetic field map files are produced using the Poisson Superfish package [263]
developed at LANL . The POISSON package allows for the calculation of azimuthally symmetric
magnetic fields (relevant for the solenoidal spectrometer). Because both the optics and the fields in
the detector regions are relevant, accurate optimization of the iron yoke is important. More detailed
3D field maps produced by TOSCA [264] can be used for the next stage of design.

The entire code, including the production and development version, is kept in a git version
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Figure 124: Schematic of the current simulation workflow.

control system. Its distribution is by docker container, which can be used both on JLab computer
farm and Open Science Grid.

12.2.2 Simulation Status

Significant progress has been made with the SoLID simulation, which has allowed realistic perfor-
mance studies of the core measurements and other important issues, taking advantage of the new
GEMC development. The simulation of each individual subsystem has been developed by different
groups using the same framework, and then all subsystems are combined into the whole SoLID
simulation without any code change at run time. We can also choose to turn off a subsystem or
replace it with a different version in the whole simulation for testing.

The materials in non-detector subsystems have been implemented. Detector subsystems have
materials and responses tailored to themselves. In addition to studies done by different groups for
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subsystems, we also produce the whole simulation output for various overall studies of characteris-
tics such as acceptance, background rates and trigger performance to ensure consistent results.

The simulation output is stored in ROOT trees. Each detector has a standalone tree, and different
trees are linked by the same tree index for one event. Then each tree is analyzed by a standalone
ROOT script. Combining the set of ROOT scripts, we can analyze all SoLID sub-detectors and
perform the overall studies mentioned above.

In general, the SoLID simulation is an effort which will last the entire SoLID lifetime. We are
still at its early stage. The simulation code will evolve with the Geant4 and GEMC development.
SoLID’s detector and engineering design will also evolve and they can be easily transferred into the
simulation by a CAD model. Detector prototyping and tests will give direct input to the simulations
and in turn improve the overall SoLID design.

The SoLID collaboration may adopt the art event-processing framework as its software frame-
work. art currently uses generic Geant4 as its simulation engine and allows a flexible middle layer.
We are exploring the possibility of using GEMC for the simulation layer of art.

12.2.3 Physics Event Generators

Beyond the physics included in Geant4, several generators have been implemented to study specific
processes. The interface between the generator and GEMC is the LUND format (or an extension of
it), which is a text-based file containing event-by-event information of the initial particle configu-
ration. These generators allow for an extended target and randomly sampled position to simulate a
fast-rastering system. The generators implemented presently are

e Deep inelastic scattering cross sections from the CTEQ6 parton distribution fits [266].

e Charged and neutral pion production based on the modified Hall D background generator
which combines Pythia, MAID and SAID

e Charged and neutral pion production based on a combination of Pythia, MAID and SAID

o Elastic scattering from protons and neutrons based on dipole parameterizations.

The generator ”solid_bggen” is based on the generator "bggen” used by Hall D by using virtual
photon flux. It gives good pion estimation matching existing data. The original Hall D photo-
production generator "bggen” uses various experimental data to generate photo-production cross
sections on a proton target for photon energies below 3 GeV [270, 271]. It uses a modified version
of PYTHIA to generate cross sections of photo-production for photon energies above 3 GeV [270,
271]. ”bggen” is only a photo-production event generator. SoLID requires an electro-production
generator. Hadron production in electron scattering on a nucleon target can originate either from
real bremsstrahlung photons radiated in the target or from the interaction of the virtual photon with
the nucleons. The virtual contribution is calculated in the Equivalent Photon Approximation [272].
The bremsstrahlung contribution is implemented following PDG-2012 [273, 274]. A more detailed
overview of the hadron generators used for SoLID simulation is available from [269].

Low energy background rates for processes included in Geant4 are evaluated by simulating suf-
ficient numbers of individual electrons passing through the target with the whole SoL.ID simulation
setup.

Additional generators are planned, which includes extending the present generators to include
initial radiative and multiple-scattering effects. Additionally, self-analyzing hyperon decay pro-
cesses are a potential systematic and must be evaluated as well.
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12.2.4 GEM Digitization

GEM digitization is a crucial aspect in evaluating hit tracking under realistic conditions. The method
implemented is based on an approach by the Super-BigBite collaboration, which takes the individual
ionization events in the GEM drift region, and produces a charge signal across several readout strips
based on a realistic model with parameters tuned to real data.

A track passing through a GEM in Geant4 will record energy deposition events caused by ion-
ization which are then amplified through the GEM foils, resulting in a detectable signal over several
readout strips, Fig. 125. Within the simulation, the individual ionization events are written into the
output and are post-processed through an independent library built upon the Hall A analyzer analy-
sis software [256]. The digitization and track reconstruction can then be developed within a single
framework similar to what could be used for analysis of real data.

A full description of the digitization process can be found in Ref [277]. To summarize, from
the individual ionization hits, an average number of hole/electron pairs are determined by sampling
a Poisson distribution based on the ionization energy W, such that n;,, = AFE/W. The physical
spread of the resulting charge cloud is described by a simple diffusion model assuming a constant
drift velocity, where the Gaussian width of the cloud is given by

os(t) = V2Dt (13)

where D is the diffusion constant and ¢ is the time from ionization. Variation in the amplification of
the GEM signal is described by a Furry distribution

ey =~ exp (1) (14)

where 7 is the average number of ionization pairs. The previous formalism provides a realistic
(unnormalized) charge distribution over an area which can then be associated with a set of GEM
readout strips.

The final component of the digitization is to reproduce the time-shaping of the electronics com-
ponents. For this application, we have assumed the use of APV25 electronics developed at CERN
(see Sec. 7). The time-dependent digitized signal S(t) is produced by convoluting the charge signal
with the form

S(t) = A exp (=t/T)) (15)
Tp
which provides a good parameterization of real data, Fig. 126. The parameters are chosen to repre-
sent real data and the time constant T}, is roughly 50 ns, providing a full-width half-max of about
100 ns.

The advantage to using such a shaping signal is that three samples can be used to deconvolute
the longer, shaped signal to suppress out-of-time background hits. Assuming the form given in
Eq. 15, the signal in time sample k is given by

Sk = W1V + WaVk_1 + W3VE_o (16)

where weights w; are proportional to
wy ~ e¥fxywy ~2/x ws ~ e x. 17
To obtain a more reliable result from the track reconstruction, it is crucial to simulate the re-

sponses of GEM detectors and related electronics to a highly realistic level. Such an effort was
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Figure 125: Diagram of the concept behind GEMs using electron avalanching and detection through
a set of readout strips.
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Figure 126: Representation of the signal vs. time response for an APV25 module.
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PVDIS GEM occupancies
Plane | Total strip number (u+v) per sector | Raw Occupancy (%) | Noise filtered Occupancy (%)
1 1156 21.17 9.97
2 1374 10.35 5.11
3 1374 8.81 442
4 2287 3.07 1.64
5 2350 2.79 1.50

Table 18: PVDIS GEM average occupancies with LD2 target estimated by digitizing its whole
simulation data. The raw occupancy with only pedestal cut and the noise filtered occupancy with 3
samples are shown.

SIDIS 3He GEM occupancies
Plane | Total strip number (u+v) per sector | Raw Occupancy (%)
1 906 2.37
2 1020 7.98
3 1166 3.40
4 1404 2.24
5 1040 2.03
6 1280 1.52

Table 19: SIDIS *He GEM average occupancies estimated by digitizing its whole simulation data.
The raw occupancy with only pedestal cut is shown, Because only 1 sample is used, there is no
noise filtering from multiple samples.

recently carried out, based on the existing SoLID GEM digitization program, by comparing simu-
lated results with actual GEM detector experimental data from beam tests and highly ionizing x-ray
test at UVa. The digitization parameters were fine tuned based on this study to work for both highly
ionizing low energy photon signals and for MIP signals. This is critical for a reliable simulation of
SoLID conditions as much of the background hits in SoLID GEM detectors are due to low energy
photons.

By using the tuned digitization code, we digitized the whole simulation for PVDIS setup with
LD2 target, SIDIS setup with 3H3 target, and the J/¢ setup with LH2 target. The same set of
simulation data are used for acceptance and trigger study including all detector response. The GEM
geometry and material are modeled carefully in simulation the according to the latest design and
prototype. The things missing are dead areas by spacers and frames, and the possible overlap over
different sectors, which we plan to add in the next round of simulation. Both the simulation and our
test have shown that the dominant GEM background is caused by low energy photons which have
only a few percents probability to deposition energy and fire GEM, but a huge rate. The occupancy
is obtained as the average number of readout strips fired within 275 ns time window divided by total
number of strips in the readout plane in one of 30 sectors. Both u and v strips are counted. The
results are shown in Table 18, 19 and 20. The noise filtering from 3 samples is applied where it’s
available.
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J /¢ GEM occupancies

Plane | Total strip number (u+v) per sector | Raw Occupancy (%) | Noise filtered Occupancy (%)
1 906 7.68 4.65
2 1020 14.4 9.28
3 1166 8.82 5.49
4 1404 7.00 4.30
5 1040 5.92 3.78
6 1280 4.58 2.95

Table 20: Jv» GEM average occupancies estimated by digitizing its whole simulation data. The raw
occupancy with only pedestal cut and the noise filtered occupancy with 3 samples are shown.

12.3 Reconstruction
12.3.1 Tracking

SoLID track reconstruction requires an accurate and efficient track finder able to identify signal
tracks in a high-noise environment and sufficiently fast for the level-3 trigger if needed. In addition,
an accurate and robust track fitter is required in order to optimize the resolutions for the vertex
variables and other track-related variables.

In order to satisfy the requirements, a Kalman Filter (KF)-based track finding and track fitting
algorithm is being developed and tested with digitized GEM simulation data. A Kalman Filter is a
recursive fitting algorithm [275]. In contrast to the well-known least-squares fit that provides only
one set of parameters after fitting, the track parameters of the KF can evolve along the trajectory.
There are three basic steps for the KF. First, it predicts the measurement on the next measurement
site by propagating the current track parameters. Second, the covariance matrices of current track
parameters are propagated along the trajectory. And last, it filters the next measurement in order to
improve the track parameters at the next measurement site. The local field information and errors
due to multiple scattering can be collected during the first two steps of the algorithm. Thus, given
that particle tracks in the SoLID detector will cross both fringe and uniform field regions, it is
expected to perform better than other algorithms that explicitly require a globally uniform magnetic
field.

The KF can be easily extended into acting as a track finder as well, achieving concurrent track
finding and fitting. This is done by adding two steps to the standard KF algorithm. First, an algo-
rithm is needed to search for seeds, which are track segments that provide initial estimated track
parameters. These seeds are used to initialize the KF. Second, a set of arbitration rules need to be
applied before filtering to identify hits belonging to the track. A straightforward rule is to require
that the hit on the next measurement site fall within a window around the prediction. An alternative
rule is to cut on the X2 increment when a candidate hit is added [276].

The whole simulation including all SoLID subsystems in their different respective configura-
tions is used for the tracking studies. Both signal tracks from various event generators and back-
ground produced by low energy particles, mostly photons, are included in the simulation data.

At present, the track finding algorithm is being developed and tested for the different SoLID
configurations. For the SIDIS 3He configuration, using only one time-sample from the APV25
and GEM digitization, both the efficiency of the track finder and the probability of identifying all
correct hits of a track typically exceeds 90% for electron tracks in both the forward angle and the
large angle regions. For the PVDIS and J/v configurations, using three time-samples from the
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APV25 and GEM digitization, the efficiency is about 85% for electron tracks. The track finder
also achieves a reasonable execution speed. We will study the possibility of using the current track
finding algorithm with looser conditions to improve the reconstruction speed for the planned level-3
data reduction farm.

The track fitting algorithm is also being developed and tested for different SoLID configurations.
The kinematic dependence of the reconstruction resolution of the track parameters for the SIDIS *He
configuration is shown in Figure 127 as an example. Resolution values averaged over the kinematic
ranges, obtained for the SIDIS *He and PVDIS configurations, are summarized in Table 21. .J /1)
results are similar to SIDIS *He results. In these studies, energy loss is included for all materials,
except for materials in the dead areas of the GEM planes. Low energy photon background in the
GEMs is also included. To make our current results conservative, we multiply all values by a safety
factor of 1.5 when applying them to various physics studies. All SoLID physics programs are using
these track resolutions in their studies by directly applying the full kinematic dependent results. We
are continuing the study the results with all effects included in near future.
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Figure 127: SIDIS ®He resolutions by track fitting studies with most of material energy loss and
without background. The upper panels are the resolution of the electron kinematics. The lower
panels are those of the pion kinematics. The variables are defined in lab frame with beam line as
the z-axis.

0 angle (mrad) | ¢ angle (mrad) | Vertex z (cm) | p (%)
SIDIS 3He fwd angle (e) 1.3 5.7 0.9 1.7
SIDIS *He fwd angle () 1.2 5.2 0.9 1.1
SIDIS ®He large angle (¢) 1.0 1.7 0.5 1.2
PVDIS (e) 0.8 1.7 0.3 1.2

Table 21: Averaged resolutions by track fitting with most of material energy loss and background
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12.3.2 Additional Reconstruction Algorithms

Many existing detector reconstruction algorithms available in the Hall A analyzer [256] or in other
packages should be reusable for SoLID, for instance the Cherenkov photoelectron yield analysis and
the calorimeter clustering algorithm. While the basic physics algorithms can be adopted without
much change, code will have to be developed to support the cylindrical geometry of SoLID as well
as the individual local detector geometries. Furthermore, a likelihood-based particle identification
scheme or similar should be written. Development of calibration software tuned to the SoLID
detectors will be necessary as well.

A high-level overview of the necessary algorithm development tasks can be found in Appendix
D, specifically in the spreadsheet referenced in that section [351].
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13 Data Acquisition

13.1 Introduction and Requirements

The SoLID detector is a large acceptance detector designed to run at high luminosity. The detector
will operate in two basic configurations: the parity-violating electron scattering (PVDIS) config-
uration and the semi-inclusive deep inelastic scattering (SIDIS) configuration. The experiments
planned under these configurations have in common a large number of channels (over 160,000
GEM tracking channels and over 4,000 trigger/particle ID channels), high background rates, and
high trigger rates.

We use the whole detector simulation with various experimental configurations to study the trig-
ger as mentioned in Section 12.2. The high energy primary particles are from event generators such
as a single electron generator, a SIDIS pion generator and the modified Hall D hadron generator.
All secondary particles are generated by Geant4. Low energy particles, primarily from electromag-
netic processes, are produced by Geant4 directly from beam electrons on the target. The response
in various detectors are examined event by event according to a given trigger configuration. Low
energy background and pile up effect are taken into account. The expected trigger rates are shown in
Table 22 for different experimental setups. (The trigger simulation will be updated as the simulation
tools are improved and additional information becomes available from JLab 12 GeV data and DAQ
tests.)

The SIDIS configuration, with an expected trigger (coincidences and accidentals) rate of ~100
kHz and total data rate of over 3 GB/s represents the greatest challenge for SoLID data acquisition.
For PVDIS, the DAQ requirement is more modest as the ~450 kHz rate is divided among 30 parallel
DAQ systems, following the segmentation provided by the baffle system. However, there are addi-
tional challenges as the DAQ systems for adjacent sectors must communicate trigger information
and data for events where calorimeter showers extend into adjacent sectors.

We present here a conceptual design for a DAQ system based on modest evolution of current
technology, much of which has been developed at JLab. Considering the large number of channels,
the rate requirements and the availability of new electronics developed for the Hall D GlueX de-
tector, a pipelined electronics approach has been chosen. These electronics continuously digitize
the detector signals, keeping the data in several microsecond deep buffers which can be retrieved
after a trigger is received. With these electronics, the First Level Trigger (L1) is generated primarily
from prompt data streams from Flash Analog to Digital Converters (FADC). This gives the ability
to reprogram trigger algorithms without the need for re-cabling.

Experiment PVDIS | SIDIS ®He | J/v
Trigger rate (expected) (kHz) | 15 x 30 100 30
Data rate (GB/s) 0.2 x 30 3.2 2.5
Running time (days) 169 125 60
Total data (PB) 175 70 25

Table 22: Rates, run times and data total estimates for the PVDIS, SIDIS ®He and .J /1) experiments.
For PVDIS, there are 30 sectors each of which has a separate DAQ.
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13.1.1 SIDIS Trigger and Rate Estimate

Three experiments, E12-10-006 [295], E12-11-007 [296], and E12-11-108 [297], have been ap-
proved to measure single and double asymmetries of semi-inclusive deep-inelastic scattering (SIDIS)
(e,e'nt) with SoLID. As these experiments have similar reaction channels, they can share the
same DAQ system design. The required overall luminosity of E12-10-006 and E12-11-007 is
1037 /em? /s, which is an order of magnitude higher than that of E12-11-108. Therefore, we will use
E12-10-006 as an example to illustrate the requirements of the SIDIS DAQ. The goal of the SIDIS
DAQ is to satisfy the requirement of ~100 kHz trigger rate, see Section 13.2.1 for more information
about the limit.

The SIDIS process requires the detection of both the scattered electron and the leading pion.
Therefore, a single electron trigger or a coincidence trigger of the electron and the hadron would
satisfy this need. The electron trigger for the large angle detector will be provided by the E&M
calorimeter at a threshold of about 3 GeV. Such a trigger is sensitive to both high energy electrons
and high energy photons (mostly from the 7° decay). A set of scintillator paddles, added in front of
the calorimeter, are incorporated into the trigger in coincidence, significantly suppressing triggers
from high energy photons.

The electron trigger at the forward angle detectors will be formed by a coincidence of the gas
Cherenkov detector, the E&M calorimeter, the scintillator paddle detector (SPD). Considering the
kinematics of the scattered electrons from the DIS process (e.g. @ > 1 GeV?), a position depen-
dent energy threshold with a lower limit of 1 GeV in the E&M calorimeter will be used.

The single electron trigger rate was estimated from simulation to be 116 kHz for the forward
angle calorimeter in coincidence with the gas Cherenkov, SPD. Adding 32 kHz for the large angle
calorimeter in coincidence with the SPD gives a total single electron rate of 148 kHz. In order to
keep the Level-1 trigger rate below 100 kHz, we plan to form a coincidence trigger between the
electron trigger and the charged hadron trigger with a 20 ns time window. The charged hadron
trigger using the calorimeter with the SPD is 20 MHz. The SIDIS processes including charge pions
and misidentified neutral pions and protons, has a coincidence trigger rate of 27 kHz. Other multiple
hadron process can also contribute to coincidence rate of 12 kHz. Excluding the true coincidence
from SIDIS and multiple hadron process, we estimate an accidental coincidence rate of 46 kHz with
a 20 ns time window. Some single electron triggers will also be acquired. These will be prescaled
to about 15 kHz such that the total trigger rate remains below 100 kHz.

13.1.2 J/4 Trigger and Rate Estimate

The E12-12-006 experiment is designed to measure the cross section of the p(e, e’ J/1))p reaction
at an unpolarized luminosity of 1.2 x 1037 N/cm? /s with a proton target. A coincidence trigger
between the electron and positron from J/v decay will allow both electroproduction and photopro-
duction reactions to be recorded. By using an electron trigger similar to the SIDIS configuration,
with a different radially dependent EC trigger threshold, a rate of 60 kHz is estimated. Adding the
scattered electron into trigger to form a triple coincidence will reduce the trigger rate by a factor of
2 to 30 kHz.

13.1.3 PVDIS Trigger and Rate Estimate

The PVDIS measurement is based on the asymmetry of inclusive electron scattering between inci-
dent electrons of opposite helicity states. To achieve the needed statistical accuracy of this parity
violating asymmetry, high rates will be required in the detector. The rate over the whole detector
is expected to be of the order of 500 kHz, above the trigger rates that can be handled by the JLAB

158



electronics. As the measurement is of singles inclusive electrons, the detector electronics can be
divided into 30 sectors (corresponding to the baffle arrangement) each with a separate trigger, giv-
ing an acceptable rate for each sector. For each sector, the trigger will be a a coincidence between
the gas Cherenkov and electromagnetic calorimeter. Based on our simulations of the inclusive elec-
tron rate and accidentals (with a 30 ns coincidence window) between singles in the electromagnetic
calorimeter and the Cherenkov counter, the estimated trigger rate is 15 kHz per sector.

13.2 DAQ Hardware and Trigger

The DAQ system for SoLID will use modules recently developed for Hall D by the JLab Physics Di-
vision Fast Electronics and Data Acquisition groups. These include flash ADCs (FADC250), VXS
Trigger Processors (VTP) and Global Trigger Processors (GTP), Sub-System Processors (SSP),
Trigger Supervisors (TS), Trigger Interface (T1), and Signal Distribution (SD) modules.

Analog signals are digitized by the JLab FADC250, a 16-channel 12-bit flash analog to digital
converter sampling at 250 MHz. The input signals are continuously recorded into a memory with a
depth of up to 8 us with event data latched by a trigger. The system is dead-timeless as long as the
latched data can be readout as fast as it is generated.

In addition to making data available for readout when triggered, the FADC250 is capable of
sending continuous digitized data over high speed VME switched Serial (VXS) lanes on the back-
plane connector. This data, a 16 bit word per module every 4 ns, could be a digital sum of the 16
channels of the ADC or more complex information.

Each crate will have a VXS Trigger Processor (VTP) which receives a 16 bit word from each
FADC250 every 4 ns. The VTP processes the data stream from each module in the crate to generate
a 32-bit word every 4 ns. This word, which could be, for example, a sum of all the channels in the
crate or a bit pattern, is sent upstream via a 10 Gbps optical link to a Sub-System Processor (SSP)
board which gathers trigger data from multiple crates. All the SSP boards send their information to
the Global Trigger Processor (GTP) which generates the level one (L1) trigger.

The GTP sends the trigger to the Trigger Supervisor (TS) which makes sure the system is ready
to accept a trigger and sends the accepted signal to Trigger Distribution boards which are linked to
the Trigger Interface (TI) boards in each crate via optical links as represented in Fig.128. The trigger
and synchronization clock signals are then be sent back to individual crates and payload modules
through Trigger Distribution (TD) boards and Signal Distribution (SD) boards which distribute the
signals to electronics such as the FADCs. Once a trigger is generated, the full resolution data which
is still in the pipeline, is readout out using a serial VXS link at a data rate of 8 Gbit/s correspond to
1 GB/s. As this is a point to point connection, the aggregate full crate bandwidth is 16 GB/s, giving
plenty of headroom for FADC readout.

13.2.1 GEM readout

The plan for readout of the GEM detectors is to reuse the SuperBigBite GEM electronics (about
100 K channels) which is based on the APV25 [299] front end chip. The readout is done by the
Multipurpose Digitizer (MPD), a VME board developped by INFN which can handle up to 2048
APV2S5 channels per board. The MPD will be used with an optical link which allows transfer of
the data at 125 MB/s. Four MPDs can be read by one QSFP optical port by either a Sub System
Processor (SSP) with 8 QSFP ports or by two VTP optical links.

The APV2S5 chip is a shaper amplifier circuit that samples 128 channels at 40 MHz, storing the
most recent 192 samples of amplifier output in a switched capacitor analog memory array. When a
trigger is issued the corresponding slice in time is frozen, allowing a look back in time of up to 4 us.
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Figure 128: Standard Triggering scheme using the JLAB pipeline electronics

With such a pipeline design, the system is deadtimeless as long as the trigger rate is well under the
40 MHz sample rate. Readout of the chip by the front end electronics is also done at 40 MHz. For
each trigger, 128 channels are readout with additional control signals making a total of 141 signals
to be transferred. The chip has the ability to record 1 sample per trigger or 3 samples in case of high
background. The signal is transferred in an analog form to the front end card where it is digitized
by a flash ADC. In the case of one sample it will take :

141 % 25 = 3.6us

to transfer the data from the chip. This time is tripled to 10.6 us for 3 sample readout. This data
transfer rate is ultimately limiting the trigger rate capability of the chip to 91 kHz in 3 sample mode
and 280 kHz in single sample mode. All the data is digitized on the front end board with pedestal
subtraction and zero suppression.

GEM readout systems based on the APV25 are currently in use at JLab (Heavy Photon Search,
Proton Radius Experiment and the Super Bigbite Spectrometer). The experience with these exper-
iments indicates that a readout system based on the APV25 can be built that supports the trigger
and data rates required by SoLID. A variety of other GEM readout front end chips are under devel-
opment. The collaboration will monitor these develpments for improvements in cost, performance
and DAQ rate.

The remaining of GEM channels will be readout using the BNL VMM3 chipe developped for
ATLAS Small Wheel.
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Detector Channel

EC Shower 1800
EC Preshower 1800
SPD 300

Light Gas Cherenkov 270
Heavy Gas Cherenkov 480

Table 23: Detector channel counts for the SIDIS and J/¥ experiments, excluding the GEMs.
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Figure 129: SIDIS FADC crate layout

13.2.2 SIDIS Configuration

The SIDIS experiment will use a similar detector setup as the PVDIS experiment with the addition
of more detectors. Scintillator planes will be used to reduce the photon background as the PVDIS
baffles will be removed. A Heavy Gas Cherenkov will be added for 7/ K separation. The PVDIS
crates will serve as the basis of the SIDIS DAQ, but the signals from the VTP will be sent to the
SSP and GTP in an additional crate to make a coincidence trigger. The additional detectors will be
instrumented with FADCs for the Heavy Gas Cherenkov.

Based on current simulations, the size of each event is expected to be about 31.1 kBytes includ-
ing signals from all detectors. So for a SIDIS 3He rate of 100 kHz (coincidences plus prescaled
singles) a data rate of 3110 MB/s is expected.

The SIDIS experiment trigger formula is

forward angle electron trigger Forward Angle Calorimeter AND Light Gas Cherenkov AND SPD

large angle electron trigger Large Angle Calorimeter AND SPD
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Chamber Occupancy | Hits per sector | Hits detector
1 2.37 21.5 644.2
2 7.98 81.4 2441.9
3 34 39.6 1189.3
4 2.24 31.5 943.5
5 2.03 21.1 633.4
6 1.52 19.4 583.7
Total hits 6435.9 193076.8
Event size 1 sample (Kbytes) 945.3 28408.4
Data rates 100 kHz (Mb/s) 94.5 2840

Table 24: SIDIS GEM occupancies and event size for GEM

Table 25: Channel counts of individual detectors for PVDIS for one sector

Number of | Number of
Detector Module Type Channels Modules
Electromagnetic Calorimeter (EC) FADC 122 8
Light Gas Cherenkov (GC) FADC 9 1
GEM MPD 4700 1

forward angle charged particle trigger Forward Angle Calorimeter AND SPD
coincidence electron trigger (large OR forward) AND forward angle charged particle trigger

The SIDIS experiment and J/¥ will use the same detector configuration, cabling, DAQ and
trigger hardware. The only difference is that the DAQ will be configured to trigger on a high energy
electron and a pion for SIDIS while for J/U it will trigger on 2 high energy leptons.

SIDIS GEM rates As the DAQ for the SIDIS experiments can not be segmented in to a separate
DAQ chain for each sector, the event size is an important factor in keeping the DAQ throughput
below limits to the overall data rate that can be recorded. The occupancy of the detector is fairly low
when using the on-board deconvolution which is the default running mode for SIDIS. By reading in
one sample mode, we expect the allowed trigger rate to be about 200 kHz.

13.2.3 PVDIS Configuration

Calorimeter trigger for PVDIS There are currently two options to generate a Level-1 (L1) trig-
ger from the calorimeter. The standard option is to use the sum of the 16 FADC channels which is
computed and sent to the VTP every 4 ns. The VTP can add all the FADC sums, generating a global
sum for each crate and generating a trigger when that sum exceeds a threshold. Another scheme
was devised for the Heavy Photon Search experiment in Hall B. In this scheme 16 bits of data for
each of the 16 FADC channels is sent every 32 ns as in Fig. 132. These data contains both the signal
amplitude, and the timing (to a 4 ns resolution) of any threshold crossing. With the VTP receiving a
signal from all the calorimeter elements, it can compute the signal sum, in parallel, of every possible
cluster of one central and 6 surrounding blocks. This approach of triggering on the cluster sum can
reduce the number of triggers coming from background and improve online pion rejection.
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Chamber Occupancy (%) | Hits Occupancy Hits after
(%) with noise cut (%) | noise cut
1 21.2 244.8 10.0 115.2
2 10.3 142.2 5.1 70.2
3 8.8 121.0 4.4 60.7
4 3.1 70.2 1.6 37.5
5 2.8 65.6 1.5 35.2
Total hits 643.8 159.8
Event size 3 samples 7.9 39
(Kbytes)
Data rates 20 kHz 159.8 79.2
3 samples (Mb/s)

Table 26: PVDIS GEM occupancies and event size for GEM

Particles near the edge of a sector will likely shower into calorimeter blocks in the adjacent
sector. In order to avoid inefficiencies near the edges of sectors, VIPs for neighboring sectors will
share information through bidirectional optical links as shown in Fig. 131. Once the VTP receives
all the FADC data from its own crate and the two adjacent crates, it either computes the total sum or
performs cluster searching to generate trigger. If the cluster trigger method is used, a 64 bit pattern
containing the FADC channels to be readout will be generated by the VTP and transferred to the
Flash ADC using the trigger data path. A new firmware for the FADC will be developed to take this
pattern into account allowing each FADC to only read the channels that are part of a cluster in order
reduce event sizes.

Gas Cherenkov trigger Both Cherenkov detectors are divided into 30 sectors. The most straight-
forward way to generate a Cherenkov trigger is to put all the channels of a given sector (9 for the
light gas and 16 for the heavy gas) into one FADC board and generate the trigger in the VTP by
putting a threshold on the sum of the PMT signals. To improve efficiency at the interface between
two sectors one can include a threshold on the sum of the two adjacent sectors. If the combinatory
background is too large, a clustering scheme similar to that discussed for calorimeter could be used.
The efficiency and background of the different schemes has been evaluated in the full simulation of
the digitized background. This simulation shows that a simple trigger based on PMTs sums works
and has a sufficient efficiency.

In order to estimate the per event size of data from the GEMs, the GEM signal and the APV25
digitization process were modeled in a simulation. This simulation is detailed in the simulation
section 12.2.4 of this document. The total number of GEM strips firing in a 25 ns window was
computed without and with deconvolution. The last column are the results coming from the GEM
digitization Section 18.

PVDIS GEM rates For PVDIS, we are interested in the data rate per sector. The numbers in
Table 26 are evaluated for 20 kHz (15 kHz rate + 5 KHz of safety margin). Even though occupancies
are high, the data rates for PVDIS are reasonable (about 80 MB/s per sector) and simulations show
that tracks can be efficiently identified if a 3 sample readout is used. The 3 sample readout will
allow for more effective offline rejection of pile up. The deconvolution and filtering are also able to
significantly reduce the occupancy and event size. Using the MPD system, each module can transfer
up to 1Gbps through its optical link. A fraction of the GEMs will be readout using the VMM3 chip

163



Experiment | Event Size | L1 trig Rate | Data Rate
(kBytes) (kHz) MByte/sec
PVDIS 146.4 20 110x30
SIDIS 31.2 100 3360
JPsi 133 30 3990

Table 27: Expected data rates to be sent to tape

which has a faster integration time and digitizes the signal internally only sending data for channels
with hits. Simulations show that the improved timing resolution of the chip gives similar results to
the APV25.

13.3 Event size from FADC

The FADC samples are 12 bits at 250 MHz. In the case of PVDIS, since pile up is going to be
significant, we plan to record the entire waveform. As pulses are 40 ns wide, we will record 10
samples for each detector channel. FADC events have a 4 byte block header, a 4 byte block trailer,
a 4 byte event header and pack 2 samples into each 4 byte word. For a 10 samples size, the event
size per module is thus (12 4+ 4 x (10n/2)) bytes where n is the number of channels firing.

The FADC simulation with digitization is still being developed. Given the size of a sector,
the event size will be estimated with a maximum of 2 clusters of 7 for shower and 2 clusters of 7
preshower and assuming all 9 PMTs of the Cherenkov fire all the time. With this assumption the
event size is 1480 bytes per event.

With a trigger rate of 20 kHz, this gives 29.6 MB/s data rate, well under the VXS backplane
transfer rate limit of 1.25 GB/s per link.

In the case of SIDIS, the occupancy on the detector is small enough that only pulse integrals
need to be recorded. The estimated event size using the occupancies from the simulation is 31.2
KBytes, which gives an aggregate data rate, including GEMs, of 3110 MB/s at 100 kHz for all 30
crates.

13.4 Data rates, event size, and tape storage

A JLab network upgrade, completed in 2014, provided two 10 Gigabit Ethernet links between the
Hall A counting house and the computer center. Additionnal fibers are available making it possible
to upgrade the link up to 40 Gigabit/sec by using 4 fibers before SoLID running is planned. Cur-
rently the JLab tape silo system can hold up to 11,240 tapes giving, with compression, a current
capacity of 47 PB using LTOG6 drives. The computer center out year budgets include plans to add
a second silo, giving a storage capacity of 22,480 tapes and 48 drives. Assuming the evolution of
LTO technology (shown in table below), a fully upgraded silo would hold up to 919 PB of data using
LTO10 technology with a 13.2 GB/s data rate per drive frame or 26.4 GB/s for the whole silo. With
the planned second two frame silo system (24 drives) the total capacity would be 1840 PB with a
data transfer rate 13.2 GB x 4 = 52.8 GB/s, accommodating the needs of SoLID and the other halls.

LTO tape drive evolution.
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LTO version 4 5 6 7 8 9 10
Availability 2008 | 2010 | 2012 | 2015 | 2018 | 2020 | 2023

Capacity/tape (TB) 0.8 1.5 25 ] 625 | 128 25 48
Data rate/drive (MB/s) | 120 140 | 200 | 300 | 472 | 708 | 1,100

Compression 2 2 2 2.5 2.5 2.5 2.5

The total amount of data from all SoLID running will total to about 380 PB representing about
20 % of the future silo size.

13.5 Hall DAQ installation

The DAQ for both the SIDIS and PVDIS configurations will be located in the hall. As is typically
done, a shielded bunker will be constructed to house the data acquisition electronics, protecting it
from beam induced radiation. This bunker will contain ~15 racks containing 32 VXS crates and
the crates containing the GEM front-end cards.

Approximately 4500 coaxial cables (RG58) will connect the PMT based detectors to the ADCs
in the bunker. Additionally, ~200 ribbon cables will connect the on-detector MRPC discriminators
to TDCs in the bunker and HDMI cables will connect the detector mounted GEM chips to the front
end cards.

13.5.1 Experiment switch over

Switch over of the DAQ electronics between the PVDIS and SIDIS setups will be relatively straigh-
forward. Changing to the PVDIS setup, the VTP module in each sector’s crate will connect directly
to the TI module in that crate to give an L1 trigger signal for that crate and the corresponding GEM
electronics. The unused SSP, TD and TS, and VTP modules as well as ADC and TDC modules for
detectors not in PVDIS will be removed from the hall to avoid extra radiation dose.

13.6 Managing data rates

Managing total data rates for SoLID will require careful system design to avoid bottlenecks. While
the PVDIS configuration has the highest overall trigger and data rate, the segmentation of SoLID
into 30 nearly independent sectors allows for natural parallelization. The data rate per sector is a few
hundred MB/s. The parallel data paths can be preserved through the event builder (that combines
VME and GEM data), to temporary disk storage, through parallel network paths, and through an L3
farm before merging into a smaller number of paths for storage on tape.

The SIDIS configuration is more challanging as the data for each event which is spread over 30
VME systems and 30 sectors of GEMs which must be combined to build events. It is presently not
feasible to build and events from these 60 sources into single data stream of over 3 GB/s. This can
be overcome with the option in CODA of multiplexing events to multiple event builders. A possible
architecture would have up to 60 ROCs pushing data to several primary event builders so that each
event builder handles a more modest data rate. (One event builder for the VME crates and several
event builders for the GEM data.) Each of these primary event builders, which contain a fraction of
each event, would feed, in round robin fashion, several secondary event builders. Each secondary
event builder would build complete events, but only have a fraction of a given run’s events saved
to its disk cache. This architecture is scalable such that bottlenecks can be mitigated by using a
sufficient number of primary and secondary event builders.
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13.7 Summary and Pre R&D plans

The conceptual design of the SoLID data acquisition system is based on hardware that has already
seen use with beam at JLab. While SoLID’s trigger rate and total data rate exceed what has been
achieved by detectors such as GlueX and HPS, it expected that it is feasible to meet the requirements
with careful system design, hardware firmware improvements and upgrades to the CODA software.
The collaboration has proposed a Pre R&D plan with a DAQ component to understand the
capability and limitations of the conceptualy designed system.
The goals of the DAQ Pre-R&D plan:

e Prototype firmware and confirm required GEM detector readout rates using SBS GEM read-
out electronics (APV25 based system)

e Prototype new GEM readout (VMM chip based) performance
e Develop fast FADC readout method required for PVDIS DAQ
e Prototype calorimeter trigger algorithms

e Prototype PVDIS and SIDIS overall trigger algorithms, including trigger and data sharing
between SoLID detector sectors

e Determine full system deadtime for PVDIS configuration
e Prototype Cerenkov readout and triggering schemes
e Demonstrate required timing resolution for time-of-flight particle ID

e Provide a DAQ system for in beam detector tests
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Figure 131: PVDIS specific electron trigger
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Figure 132: Calorimeter clustering scheme using the HPS algorithm. All calorimeter signals are
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14 Radiation damage estimates and Activation

The simulation and background calculation software for SoLID is using the two simulation packages
with independent code base (Geant4 and FLUKA [302] [303]). This allows independent cross
checks both in geometry and in physics modeling. At the same time the two codes each provide
unique capabilities expanding the overall reach. FLUKA provides useful tools that simplify the
study of radiation damage and estimates but the physics processes present in the simulation lack
of direct electro-nuclear dissociation and fragmentation models. Such electro-nuclear reactions are
dominant in the neutron production from the Liq.D target at high energies (see figure 139). If one
just considers the neutron photo-production, both codes (GEANT4 and FLUKA) have really good
agreement with experimental cross section, as shown in figure 137 and 138. A full simulation and
tests are underway in order to construct a better and common target background generator for both
simulation packages (see figure 139). To have a first idea of the tolerance of different material to
radiation damage, see figure 134. As a weighting factor to estimate the effect of radiation damage on
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Figure 134: Estimate of the tolerance of different material to different level of radiation exposure
given in Gy and %(%Mev) This is just a first order approximation and a detailed analysis
of each equipment is needed in order to establish the correct radiation tolerance of each detec-

tor/material

electronics I used, in parallel to the calculation of full Dose estimates, the Displacement damage in
silicon, on-line compilation curves by A. Vasilescu (INPE Bucharest) and G. Lindstroem (University
of Hamburg). This curves assume that the damage effects by energetic particles in the bulk of any
material can be described as being proportional to the so called Non Ionizing Energy Loss and
normalize the damage in Silicon to the one caused by a 1 MeV neutron (more details can be found
here [305]).

14.1 Radiation damage to GEM electronics

A simulation in order to test the radiation level on the GEM foils has been done. Comparison to
estimated radiation level of the CMS experiment, which shares the part of the electronics most sus-
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ceptible to radiation damage for the GEM chambers detectors, permitted us to establish a radiation
limit flux for our expected running time. Already with our first conceptual design of the shielding
we are able to reach tolerable radiation levels also in the first layer of the GEM chambers (the one
that is supposed to sustain the higher radiation fluxes). This result is show in figure 140

14.2 Power deposited

A detailed study of the power deposited in the SoLID spectrometer has been done in order to detect
areas of possible activation. In these areas, in order to define possible activations, the FLUKA sim-
ulation has been used as a tool, and particle fluxes were provided by GEANT4 for areas where was
the particle fluxes estimated by FLUKA were known to be incorrect. FLUKA in fact provides many
good tools for activation and radiation estimates, but lacks in direct electro-nuclear dissociation-
fragmentation models and has limitations in producing more complex geometry, like the Baffle
design for the PVDIS experiment in SoLID. In the following study of activation, GEANT4 has
been used as a common input for an estimate of the background radiation in areas where direct
electro-nuclear dissociation-fragmentation models are important.
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Figure 136: FLUKA simulation for the PVDIS experiment with SoLID.

14.2.1 Power in 1st baffle (due to Mollers), (Cooling, activation)

The first baffle, due to his proximity to the Deuterium target in the PVDIS configuration for SoLID,
has a power deposition of ~ 8W for a beam current of 50uA and an energy of 6.6GeV. The high
production of neutrons from the Deuterium target can be an ulterior source for activation in the
baffle. For this reason an investigation of the possible activation has been done. In this study has
been considered at the same time the radiation coming from the target and from the baffle itself
that “self-irradiate” different parts of its structure. The impact of Activation due to the utilization
of different materials have been directly studied (see 141 for the first baffle: In order to optimize
the computing time and avoid issues of pixelization due to the detailed shape of the baffle, a single
block of material was used in this study. Since the solid angle coverage seen by the main source of
radiation (the target) of the baffle used in this study is not the same, the radiation calculated should
be scaled accordingly or used as an extra safety factor due to our relying just on simulations.

These results (see show the Dose equivalent radiation spatial distribution for 3 different cooling
times. This study (see figure 141 ) shows, for example, that, in order to survey the area in proximity
of the first baffle, one should wait around 1 day of cooling, in order to reach level of radiation
tolerable. The Residual nuclei activated in the Lead baffle are shown for the same cooling time in
the bottom plots of figure 142.

14.2.2 Power in exit hole in magnet (elastics) (Cooling, activation)

Another spot for possible activation will be the part close to the exit hole of the magnet. Further
investigation will need to be done, after a final design of the magnet will be reached, but it is
expected to be less important than the activation on the first baffle, due to the not proximity to the
target and to the less intense and less localize radiation. This situation has been investigated and
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compared to the PVDIS design, because it is the one with the expected higher activation of all the
configuration with SoLID, with the proximity of the lead baffles to the target (see this section at
page 173). This has been done in order to compare power deposition to have a first idea of possible
activation areas. The levels of power deposited in the exit hole of the magnet are at least lower
by one order of magnitude respect to the one expected in the first baffle, as shown in figure 143a
and 143b. The integrated value (using the cylindrical symmetry) over the higher area of power
deposition in the exit hole of the magnet has a maximum of ~ 0.9W per cm in the z direction
over the full internal section of the exit hole with 7., < 40cm (color scale of ~ 3E — 04 in figure
143a ). This compares to a full power deposition on the first baffle of ~ 20W, running in the same
conditions. A power deposition estimate for the beam-line downstream is shown in figure 143b.
As one can see in 144c, is considerably smaller the impact of the configurations like SIDIS to the
activation in this area.

14.2.3 Power in the entrance surface of the magnet (Cooling, activation) (external target
configurations)

With configuration like SIDIS that have the target positioned outside the magnet, there is a consistent
power deposition in the front part of the magnet. Some simulation has been done in order to estimate
the possible activation in this area. The results of these studies are presented in figure 144 and show
the areas of power deposition in the magnet and in the front surface of the magnet. As expected
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Figure 140: The CMS experiment dose rates are expected to be of the order of 10 MRad(S57O2)

(5 x 1013 c;:ﬂ ). This translate for us, assuming 2000 hours of beam at 100uA, in a flux of ~

1.1 x 10_8%. This put us on the same level of radiation that the APV25 chip was built to
tolerate

the areas of possible activation is the area more exposed to the target radiation and the collimator
positioned in front of the nose-cone of the magnet.

14.2.4 Heat load in magnet cryostat

A detailed design of the Cryogens and coils of the CLEO II solenoid has been obtained and was
constructed a detailed model that replicates key components of the magnet (see Fig.145). Particular
attention was put in well represent:

1. the 3-5 mm of stainless steel which is the inner bore of the cryostat
2. the 3-5 mm of aluminum thermal shield 3-5 cm beyond (1)
3. the 6+ mm of stainless steel which is the helium vessel

4. any winding forms left at the inner diameter of the coils
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(a) Copper 1day cooling (b) Lead 1day cooling (c) Tungsten 1day cooling

Figure 141: First Baffle: Activation study has been calculated for 3 different Cooling times (here is
just shown after 1day), after an assumed exposure to the beam of 3 separate full weeks interleaved
by a down time of 4 days. (141a, 141b,141c) The dose is expressed in mrem/h and here is shown
their spatial distribution.

5. the copper matrix in which the Nb-Ti is embedded. Typical conductors of the era were 66-
80% copper with balance Nb-Ti (2:1 to 4:1 Cu:SC).

After updating the design, a detailed calculation was done with the PVDIS configuration with Deu-
terium as its target: This configuration, with the Deuterium target inside the magnet, is the one be-
tween the different SoLID configurations which presents the highest flux of neutrons on the Coils.
An integrated dose was calculated and determined using the cylindrical symmetry of the system
and the flux calculated per cm? on the more susceptible parts of the magnet. An integrated dose
of 10171M€cV"T52“”0" is needed in order to start to see some modification on the Critical Current (/..)
of the magnet. A map of the integrated dose for the PVDIS and D, case was created and presents
peaks for the integrated fluxes around 1014%, well below the tolerance level of the mag-
net. As a consequence, also if it is not known what is the current level of exposure reached by the
CLEO-II solenoid, the full scientific outreach that is planned at this moment with SoL.ID does not
seem to be going to affect considerably the lifetime of the coils of the magnet (see Fig. 146).

14.3 Estimates for radiation damage in the Hall

A study has been done in order to address possible radiation damage areas with the current SoLID
design with no further shielding in place. This work has been done in order to address and pinpoint
areas that will need to be further investigated when a final design for the magnet and electronics will
be reached.

14.3.1 Radiation damage to electronics in Hall

The results of the different simulations run suggest that the design of a shielding structure to min-
imize the radiation in the Hall seems not to be a priority. With the current different layouts of the
multiple configuration possible with the SoLID spectrometer. In this study the magnet has been
placed in a dome structure of concrete that mimics the presence of the Hall (It is important to con-
sider that the SoLID spectrometer will not be placed in an open environment, but in an Hall full
of equipments, with relative reflectivity that could cause an enhancement of the radiation present
in the Hall). Different features of these results are in common with the different configurations for
SoLID:

o The radiation damage estimated with the simulation is, as expected, consistently lower in the
area outside the SoLID spectrometer respect to the one inside the magnet.
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Figure 142: (142a, 142b) The Residual decaying Nuclei are shown as a function of Z,A in the first
baffle assumed constructed on Lead. The Gamma and Beta activity is also shown for the same
decaying time (142c, 142d). Determining the activity permits in establishing different needs for
shielding at different times of the experimental running (repair or decommissioning)

e In the downstream part of the Hall, the predominant part of the radiation that escape the
magnet is present in the last part of the beam-line, enhancing the choice of keeping in the
upstream section of the Hall the existing left and right arm spectrometers existing in Hall-A.

o The configurations that have the target area external to the solenoid have also an high radiation
area in the proximity of the target

The configuration that gives the higher radiation estimates in this simulation study, is the PVDIS
configuration with Deuterium target. The radiation damage estimate in this configuration is investi-
gated in detail in the next section.

14.3.2 Radiation from beam pipe

The main source of radiation leaking from the magnet to the Hall is from the beam pipe downstream.
In order to quantify the leaking with the different layouts with SoLID, different simulation have been
carried out. The one that presents the biggest impact on possible damage to electronics is the PVDIS
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configuration with 40cm Liquid Deuterium target, but the localization of the leakage (close to the
beam-line, see figures 147b ,147c and 147d), and the low level of radiation present, suggest that a
shielding construction is not needed. A further factor of 10 reduction, if needed, can probably be
reached placing shielding material on the hot areas, around the beam-line, if this area, will be used
during the experiment, reaching levels of radiation compatible also to commercial electronics.

14.3.3 Radiation with external targets

Some of the configuration with the SoLID spectrometer, position their target in the proximity of
the entrance of the magnet. Simulations have been done in order to evaluate possible high radiation
areas for electronics. An example for the possible areas of high radiation with these layouts for
the experiments is shown in figure 148 (SIDIS configuration with 3 He target) and figure 149 (J/¥
configuration with H» target).

More details and plots on the studies can be found in [306].
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Figure 143: Energy deposited (W) per cm? (143a and 143b) considering running condition with
Liquid Deuterium target and electron beam current of 100pA. The spectrum is averaged in blocks
of size of 20cm x 20cm x 20cm in order to boost statistics, since this simulation with the complex
SoLID design is very high demanding in CPU time. One can see how the power deposited in
the first baffle region is considerably higher respect to the one expected in the exit hole of the
magnet. In order to obtain the integrated power deposition for the expected beam time for the PVDIS
configuration (2000h), multiply the values of the plots by 7.2E+06. Activation dose equivalent
(mrem) rate per hour (143c and 143d) expected with the same configuration after 1 hour from beam
exposure ( 1004 A for a month ). This study has been done in order to simulate condition in the Hall
during running time. For a more accurate description of the activation expected in the baffle area,
see figure 141
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(a) Energy deposited (W) per cm?® considering SIDIS running(b) Dose equivalent (mrem) per hour after 1 hour from beam
condition with ® He target and electron beam current of 15 Aexposure for SIDIS configuration and ® He target (Hall view)
(Hall view)

(c) Energy deposited (W) per cm? considering SIDIS running(d) Dose equivalent (mrem) per hour after 1 hour from beam
condition with 3 He target and electron beam current of 15, Aexposure for SIDIS configuration and > He target (Inside the
(Inside the magnet) magnet)

Figure 144: Energy deposited (W) per cm? (144a 144c) considering running condition with 3He
target and electron beam current of 151 A. In order to obtain the integrated power deposition for
the expected beam time for the SIDIS configuration (3000h), multiply the values of the plots by
1.08E+07. The main part of the energy is deposited, as expected, in the target area and in the
collimator positioned in front of the nose-cone part of the magnet. The energy deposited in the
exit hole of the magnet is considerably lower than with the PVDIS configuration. Activation dose
equivalent (mrem) rate per hour (144b and 144d) expected with the same configuration after 1 hour
from beam exposure ( 154.A for a month ). This study has been done in order to simulate condition
in the Hall during running time.
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Figure 145: Existing engineering design for the CLEO magnet are put in comparison with the
simulation design used for this study.
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Figure 146: Expected exposure of the Solid magnet coil and expected impact of neutron fluence on
Nb-Ti based coil for the Critical Current of the superconducting magnet.
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(a) Position of the different planes where in the next plots(b) Estimate of radiation damage in the Hall with the SoLID
is shown the expected % integrated flux. Differentspectrometer and the PVDIS configuration: A different view
planes are put at different positions perpendicular to the beam-

line; A plane is also put parallel to the floor at 1m of hight

(c) Estimate of radiation damage in the Hall with the SoLID(d) Estimate of radiation damage in the Hall with the SoLID
spectrometer and the PVDIS configuration: A different view spectrometer and the PVDIS configuration: A different view

Figure 147: Estimate of radiation damage in the Hall with the SoLID spectrometer and the PVDIS
configuration. The leading part of radiation present in the Hall for the SoLID spectrometer is leak-
ing through the downstream part of the beam-line assembly. In this plot is shown the 1MeV Neutron
equivalent flux per cm? on the volumes surfaces estimated for 2000h of continuous running with a
beam current of 1001 A (This is the expected beam-time with the PVDIS configuration). In order to
better show the behavior of the radiation leaking, different plane of observation have been inserted
(at a distance from the target of Az = —15m, Az = —10m, ,Az = —6m, Az = 6m, Az = 10m,
,Az = 15m (see Fig. 147a). The level of radiation leaking increases as one moves farther from
the target, reaching a maximum < 101 %X These levels of radiation is on the “mild to severe”
damage range for commercial semiconductors ( as one can see comparing them with Estimate of
the tolerance of different material plots 134). This area is not expected to carry any delicate equip-
ment. On the upstream section of the beam-line, the level of radiation leaking is tolerable to also
commercial equipment (not rad-hard). A comparable plot of this one, with a projection plane on the
zy axis, is show in figure 147¢
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Figure 148: Estimate of radiation damage in the Hall with the SoLID spectrometer and the SIDIS
3 He configuration. The leading part of radiation present in the Hall for the SoLID spectrometer is
originating from the target area and the closer surface of the magnet. In this plot is shown the 1MeV
Neutron equivalent flux per cm? on the volumes surfaces estimated for 3000h of continuous running
with a beam current of 15uA (This is the expected beam-time with the SIDIS configuration). In
order to better show the behavior of the radiation leaking, different planes of observation have been
inserted (at a distance from the center of the Cryostat of the magnet of Az = —10m, Az = —6m,
Az = 6m, Az = 10m, ,Az = 15m, Az = 20m, Az = 24m). The level of radiation leaking
increases as one moves farther from the target, reaching a maximum < 1014%. These levels
of radiation is on the “mild to severe” damage range for commercial semiconductors ( as one can
see comparing them with Estimate of the tolerance of different material plots 134). This area is not
expected to carry any delicate equipment.
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Figure 149: Estimate of radiation damage in the Hall with the SoLID spectrometer and the .J/W¥
configuration with a 15cm Liquid Hydrogen target. The leading part of radiation present in the Hall
for the SoLID spectrometer is originating from the target area and the closer surface of the magnet.
In this plot is shown the 1MeV Neutron equivalent flux per cm? on the volumes surfaces estimated
for 60 days of continuous running with a beam current of 34 A (This is the expected beam-time
with the J/W configuration). In order to better show the behavior of the radiation leaking, different
planes of observation have been inserted (see Fig. 147a for reference of the position of each plane).
The Color scale is different than in the previous cases in order to enhance the details in the desired
region.
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15 Slow Controls

Slow Controls typically covers the “infrastructure support” systems and logging for the detector
package as a whole. This includes real-time controls and status monitoring of power, vacuum, tem-
peratures, etc., in addition to integrated safety interlocks and alarm functions. Typical measurement
and response times for such systems are on the order of a 100s of milliseconds to seconds. More
rapid response times are also available if needed. Common examples of slow controls involve the
high- and low-voltage power supplies for all detector apparatuses, gas composition and flow regu-
lation, control of gain-monitoring systems, etc.

This section excludes any discussion of slow controls for the target and solenoid magnet. Slow
controls for those systems will be designed and implemented by their respective working groups.
The systems covered here involve only the SoLID detector subsystems.

Due to the obvious interdependence between the hardware and the software used to control it,
details of several slow control components will need to wait until the hardware design is better
developed (eg. gas systems). We will give an overview of some baseline requirements and expecta-
tions that the Collaboration will abide by to ensure slow controls development and implementation
will proceed smoothly.

It is understood that any fast interlocks (i.e. millisecond level or faster) that cross system bound-
aries need to be identified at the design stage. Examples may include tripping high-voltage if the
gas flow is interrupted for the GEM system, disabling the flammable gas flows in the event of a fire
alarm, etc.

15.1 General Requirements

The Collaboration agrees that all components must be able to interface with the EPICS (Experi-
mental Physics and Industrial Control System) environment already present at Jefferson Lab. This
imposes a common mid-level API for inter-system communication and allows the systems to take
advantage of the well supported EPICS infrastructure at JLab. This includes local expert support
from other experimental Halls (particularly Halls B & D), and the Accelerator Division for any
necessary PLC, software and/or hardware IOC development, as well as taking advantage of JLab’s
EPICS data archiver “MYA”.

15.2 Frontend GUIs

The graphical interface employed for all systems is expected to be based on the Control Systems
Studio (CSS) environment. This is an Eclipse-based toolkit that is slowly replacing the legacy
EDM/MEDM GUIs developed during JLab’s 6 GeV period. Hall D and Hall B already make exten-
sive use of the CSS toolkit, and Hall C will be migrating its legacy M/EDM GUISs as time permits.

The BEAST alarm handler, part of the CSS system, will be used to monitor EPICS variables
and alert shift crew and/or external experts of problems.

Systems that require lower-latency response times than softlOCs and EPICS polling systems
can provide will investigate the CompactRIO (cRIO) standard successfully used in Halls B & D.

The Hall B slow controls development experience, in particular, has been well documented by
those involved and will provide an excellent local repository of interface code and management
processes that SoLID can leverage.
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15.3 High/Low Voltage Controls

High Voltage hardware will be standardized as much as possible. CAEN and Wiener systems are
both in use as JLab. They each come with integrated EPICS support and pre-existing software sup-
port on-site. Detector, sub-detector, and individual channel control and monitoring will be provided.
Legacy LeCroy HV systems will not be supported.

15.4 DAQ Crate Control

It is desired to have realtime monitoring of VME and other data acquisition crate power systems and
temperatures. All DAQ crates are expected to provide an integrated ethernet interface and EPICS
support. Examples of such hardware include the Wiener 60xx series in common use across JLab.

15.5 Gas Systems Requirements

In addition to the necessary EPICS interface, the Collaboration agrees that the various gas subsys-
tems (Cherenkovs, GEMs, MRPC) will standardize any hardware that requires software support.
This includes items such as mass flow controllers (MFCs) and hardware process controllers, etc.
This will allow for a common spares inventory and simplify control software development and
maintenance.

15.6 Detector Systems

The following list runs through the various sub-detectors and summarizes the necessary slow con-
trols.

e EC: HV control and monitoring.
e FA/LASPD: HV control and monitoring.

e GEM Tracking: HV/LV control and monitoring. The non-recirculating gas system will use
Ar/COq at STP and will employ a basic gas mixer system with flow monitoring and control.

e LGC: HV control and monitoring. The CO4 gas employed operates at STP and will be served
by a simple non-recirculating “flow-through” system.

e HGC: HV control and monitoring. The C4F;o gas employed is expensive and used in large
quantities. Such a system will require a somewhat sophisticated recapture/purification/recirculation
infrastructure involving PLC/IOC controls that remain to be designed.

e MRPC: HV/LV control and monitoring. The MRPC gas system employs a 5% SFg + 90%
R134 + 5% Isobutane mix that will likely require a recapture/recirculation infrastructure also
involving a PLC/IOC system. This is still to be designed.

In addition to the above items, gain-monitoring systems have been discussed that would also require
some nominal controls. It is not expected that such systems would be a significant burden.
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16 Electron Beam Polarimetry

The interpretation of the measurement of the parity-volating asymmetry relies on precise correc-
tion for finite beam polarization, with an accurate absolute normalization to 0.4% accuracy at both
11 GeV and 6.6 GeV. This will be achieved using two independent measurement techniques with
independent sources of calibration errors, which can be directly cross-checked to high precision.
This is an ambitious goal. The most precision electron beam polarimetry result to date in a physics
publication is the 0.5% Compton polarimetry result by the SLD collaboration [307]. Compton po-
larimetry is well-suited for the energy and intensity of the upgraded Jefferson Lab beam. Plans for
upgrading the existing Hall A Compton polarimeter to achieve 0.4% precision are described below.

The best candidate for a second, high-precision, independent measurement is Mgller polarime-
try. The use of iron foils in high magnetic fields can provide a precision well better than 1%, and
may prove to be more precise to the level of 0.5%.

16.1 Compton Polarimetry

Compton polarimetry is a very promising technique for high precision polarimetry at beam en-
ergies above a few GeV. Beam interactions with a photon target are non-disruptive, so Compton
polarimetry can be employed at high currents as a continuous polarization monitor. The photon
target polarization can be measured and monitored with a very high precision, and the scattering
between a real photon and free electron has no theoretical uncertainty, such as the atomic or nuclear
effects which can complicate other measurements. Radiative corrections to the scattering process
are at the level of 0.3% and are very precisely known. While the SLD collaboration result, with
a precision of 0.5%, demonstrates the feasibility of very high accuracy Compton polarimetry, that
measurement was ultimately limited by the inability to detect individual scattered particles (due to
the pulsed beam) and the high Bremsstrahlung background in the photon detector due to the prox-
imity to the interaction region. Conditions at JLab are favorable for both of these concerns. The
existing apparatus and plans for future improvements are described below.

16.2 The Hall A Compton Polarimeter Baseline Upgrade

As pictured in Fig. 150, the Hall A Compton polarimeter [308] is located in a chicane, about 15
meters long, just below the beamline. After modification of the bend angle to accommodate 11
GeV running with the existing chicane magnets, the electron-photon interaction point will be 21 cm
below the primary (straight-through) beamline. After passing the electron-photon interaction point,
the electron beam is bent about 3.5 degrees by the third chicane magnet and then restored to the
main beamline. The scattered electrons are separated from the primary beam and detected using
silicon microstrips, just before the fourth chicane magnet. Scattered photons pass through the bore
of the third chicane magnet to be detected in a calorimeter.

The photon target is a 0.85 cm long Fabry-Perot cavity crossing the electron beam at an angle
of 1.4°. The laser system can be configured for infrared (1064 nm) or green (532 nm) light, and
has achieved power levels of 10 kW of green light for polarimetry measurements. The laser light is
polarized using a quarter-wave plate, and can be toggled between opposite polarizations of highly
circularly polarized light. The feedback loop which locks the laser to the cavity resonance can
be disabled to enable backgrounds from all non-Compton-scattering processes. To reduce overhead
from the time required to re-lock the cavity, the transition between laser states is typically performed
with a period of 1-2 minutes. The polarization of the transmitted light from the locked cavity and
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the reflected light from the unlocked cavity are each monitored and can be used to characterize the
laser polarization at the interaction point.
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Figure 150: Schematic of the Hall A Compton polarimeter. Figure from [308].

The vacuum in the interaction region is at the level of few x10~® torr, implying a photon back-
ground rate due to Bremsstrahlung scattering from residual gas of around 5 Hz/pA. The dominant
source of background in the photon detector is thought to be tails of the beam halo distribution
interacting with the apertures in the interaction region. In contrast, for the electron detector the
background is thought to be dominated by energy tail or position halo of the primary beam since
electrons from aperture scattering would presumably not cleanly transit the third dipole. When
well-tuned, the background rates in the photon and electron detectors have been seen to be roughly
similar: around <100 Hz/uA in recent use. At 11 GeV, with a 10 kW IR cavity, the Compton-
scattered rates would be approximately 20 kHz/pzA and the asymmetry will range from 17.8% to
-4% over the energy spectrum. At 6.6 GeV, a 10 kW green cavity will be used, which will provide a
rate of 13 kHz/pA with an asymmetry ranging from 20.9% to -4.7%. If backgrounds remain com-
parable to recent operation, statistical precision of 0.4% would be possible in less than 5 minutes,
depending on the specific detection and analysis approach which is considered.

Electrons are detected in a set of 4 planes of silicon microstrips located just before the 4th
dipole. Each microstrip instruments 192 strips with a pitch of 240 ym. Custom readout electronics
pre-amplify and discriminate signals from the microstrips, implement a simple tracking algorithm
to reduce non-directional backgrounds, and count hits in each strip over specified integration gates
corresponding to the helicity pattern of the electron beam. Presently, this system is operating at low
efficiency with poor signal size for a minimum ionizing track compared to environmental noise on
individual strips. The baseline upgrade would include an improvement in this system to achieve
high efficiency and high signal-over-noise for the microstrip readout. The use of diamond mi-
crostrips, such as were recently successfully used for the Hall C Compton polarimeter [309], is
under consideration. Such diamond microstrips are more difficult to procure and in principle are
more challenging to instrument than silicon strips, however, they are more radiation hard and less
susceptible to low-energy photon backgrounds.

The calorimeter for detecting scattered photons lies about 7 meters downstream of the interac-
tion point. The strong forward boost of scattered photons leads to a tightly collimated photon beam
(<1 mrad), so the calorimeter size is determined by consideration of energy resolution through

188



shower loss. The photon calorimeter is a GSO crystal scintillator of 6 cm diameter and 15 cm
length, with a single photomultiplier tube. The PMT signal is split between two parallel data acqui-
sitions: one with a fast-counting, buffered ADC self-triggered on pulses from the photon detector,
and the other utilizing a 250MHz flash ADC (fADC) to integrate the total signal over periods corre-
sponding to the helicity pattern of the electron beam. The fADC system can also record a very low
rate of individual pulses for calibration. Each of these dual readouts can be analyzed independently.
The fast counting ADC readout and the sample pulses in the fADC system can both be triggered
using the electron detector, providing an electron-photon coincidence spectrum for calibration.

16.3 Upgrades Beyond the Baseline

There are several issues which must be addressed, related either to operation at the higher beam
energy or to the very high level of precision which is proposed.

e The electron beam halo — a term meant to describe a long tail on the momentum or position
distribution of the beam — is expected to be larger at 11 GeV compared to 6 GeV operation,
due to synchroton light emission in the recirculation arcs which will increase the momentum-
normalized beam emittance. For Compton polarimetry, a tail on the beam energy distribution
is directly responsible for the dominant backgrounds in electron detection, while scattering of
beam halo from narrow apertures in the interaction region is thought to dominate backgrounds
in photon detection.

e The measurement of the laser polarization must be performed with very high precision.

e The total power of synchrotron radiation emitted by the beam in the chicane arcs will be more
than an order of magnitude higher compared to Compton measurements in the 6 GeV era,
and this radiation spectrum will be significantly stiffer. Dilution from this radiation would
complicate photon and electron detection.

e Photon detection must provide a well-characterized and linear response for photons in an
energy range from about 3 GeV to low energies and over a large variation in signal rate, while
being radiation hard and also insensitive or shielded from the synchrotron radiation power.

These issues are addressed by several modifications which go beyond the baseline 11 GeV upgrade,
listed below and described in the following sections. These improvements are expected to allow us
to achieve the precision goals listed in Table 28.

e Laser system A larger crossing angle for the photon and electron beams would allow larger
electron beam apertures, and reduce backgrounds in the photon detector. This increase in
crossing angle comes at the expense of lower luminosity, leading to a tradeoff in signal rate
and background rate. With the high cavity power that has been achieved with this laser system,
we do not expect to be limited by laser power even at increased crossing angle. The decision
on crossing angle can be made when more is known about beam conditions at 11 GeV. The
beamline through the chicane magnets is one inch inner diameter, which is about a factor of
three larger than the aperture required by the present laser crossing angle. The luminosity
would drop roughly linearly with crossing angle, and even with a factor of 1/3 the statistical
power of the signal rate for a 10 kW cavity would still be sufficient assuming a reduced
background fraction.

In addition to the option to increase this crossing angle, a system for measuring laser po-
larization inside the resonant optical cavity (although not while locked to resonance) must
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Relative error (%) electron | photon

Position asymmetries™ - -

Epeam and Az gser™ 0.03 0.03
Radiative Corrections* 0.05 0.05
Laser polarization® 0.20 0.20

Background / Deadtime / Pileup 0.20 0.20
Analyzing power
Calibration / Detector Linearity

| Total: 038 | 045

0.25 0.35

Table 28: Goals for systematic errors for the Hall A Compton polarimeter at 11 GeV. Topics
marked * are common systematic errors between the photon and electron analyses, while the others
are largely independent between the detector systems.

be developed and used, along with a thorough study of all optical components, to improve
knowledge of the photon polarization.

e Chicane Modification The synchrotron light power on the photon detector will be signifi-
cantly reduced by installing shims to increase the fringe fields of the chicane dipole magnets
in the interaction region. This would also soften the synchrotron energy spectrum, making
shielding more effective. The effect of synchrotron light on the electron detector is being
investigated, with the possibility to add some baffling to limit reflection into the detector.

e Photon Detector The photon detection system used for recent running will be replaced with
a detector better matched to the Compton photon energy spectrum for 11 GeV operation.

These upgrades are described in more detail below.

16.3.1 Laser System and Luminosity

As described above, in the current configuration of the Hall A Compton, the electron beam interacts
with green (532 nm) light in a resonant optical cavity at a crossing angle of about 1.4°. After
accounting for the length of the optical cavity (about 85 cm) and the finite size of the cavity mirror,
it is necessary to enforce an aperture on the electron beam of +5 mm. It is thought that this narrow
aperture is the dominant source of background for 6 GeV running. At higher energies, synchrotron
light emission in the accelerator recirculation arcs will increase the beam emittance and presumably
lead to significantly larger backgrounds from this aperture scattering. In present use of the Compton
polarimeter, frequent beam tuning is required to maintain operation with the signal-over-background
>10. A large background signal is often associated with large fluctuations over the period of time in
the laser on/off cycle used to measure backgrounds. This reduces the measurement precision, and
potentially introduces a significant systematic error through instability in the phototube under large
variations in rate. For this reason, it is desirable to keep the signal-over-background ratio large.
The aperture can be widened only by increasing the laser crossing angle which would also
lower the luminosity. Although the baseline upgrade plans do not make provision for changing this
crossing angle, operability at 11 GeV may require larger apertures. At a finite crossing angle c, the
luminosity for a continuous-wave electron and photon beam, with intersecting electron and photon
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waists sizes o and o, is given by:
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Here P, is the power of the photon beam, I, is the current in the electron beam, and kg is the
photon energy scattered at the kinematic maximum limit of colinear backscattering. As an example:
at 10000 W stored power at 532 nm, the Compton scattering rate would be about 12 kHz/uA at
1.4° crossing angle and about 4.8 Hz/pA at 3.5°. At the expense of approximately a factor of
2.5 in luminosity, that larger crossing angle would allow a £0.5 inch aperture, comparable to the
maximum aperture allowed by the 1 beam pipe diameter in the bore of the existing dipole magnets
in the chicane.

With an available laser power of 10 kW, the polarimeter is not expected to be limited by low
signal rates even at the larger crossing angles. However, the drop in luminosity with increasing
crossing angle suggests that any change must be optimized from the point of view of signal-over-
background. Until beam tests at higher beam energies are preformed to form reliable estimates of
background levels, it is prudent to design for both large crossing angle and large luminosity.

We propose the use of an infrared cavity storing 10 kW of optical power at 1064 nm for operation
at beam energy above 8.8 GeV, and a cavity storing 10 kW of optical power at 532 nm for beam
energies at 6.6 GeV and below. The primary disadvantages to the longer photon wavelength are
the reductions in analyzing power and softening of the energy spectrum (17% analyzing power and
1.8 GeV maximum photon energy for IR at 11 GeV, compared to 32% and 3 GeV for 532 nm).
The advantages for the IR system would be a greater available luminosity and system reliability.
While the cross-section is very similar between the two photon energies, at 1064 nm there are twice
as many photons per unit energy. At 10 kW, an IR cavity would provide a rate of 9 kHz/uA at
the increased crossing angle to allow the full £0.5” electron beam aperture, or 23 kHz/p:A at the
original design 1.4° crossing angle. The 532 nm system requires an additional stage to frequency-
double the original 1064 laser light. Without this doubling stage, the IR system can inject higher
power to the cavity, enabling higher cavity power or the same cavity power with reduced cavity
gain. A lower gain cavity will typically be more robust, and and less sensitive to radiation damage
of the cavity optics. At beam energies below 8.8 GeV, the improvement in analyzing power and
higher scattered photon energy endpoint are worth the possible trade-off in ease of operability.

Precision electron beam polarimetry also requires precise determination of the polarization of
the photon target. This has proved to be the dominant systematic error contribution in recent Hall A
Compton polarimeter measurements, in part because the use of a high-gain resonant cavity signifi-
cantly complicates this determination. In a resonant cavity, the polarization state of the stored light
can not be directly measured without destroying the resonance. For the present Hall A polarimeter,
the laser polarization is inferred from measurements of the light that transmits through the cavity.
A transfer function, relating the polarization of light in the Compton Interaction Region (CIP) to
the polarization measured in the transmitted beam outside the vacuum vessel, is determined from
measurements with an un-locked cavity. The highly-reflective cavity mirrors must be removed for
these measurement, and the cavity must be open to air, which implies a relaxation of stress-induced
birefringence of the vacuum entrance and exit windows. Contributions from birefringence in the
cavity mirror substrate and stress on the vacuum windows can be characterized separately, but as
a practical matter these corrections are difficult to determine with high precision. For the Hall A
polarimeter, previous studies have quoted the uncertainty in beam polarization to be 0.35%, but in
recent operation the uncertainty could not be bounded to better than 0.7%.

An improved technique has been used in Hall C to control the laser polarization uncertainty. The

(18)
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polarization of light arriving at the cavity entrance can be inferred from light reflected back from
the cavity and analyzed with the same apparatus used to create the initial polarization state, mea-
suring a single power level [310]. This technique was employed in Hall C to maximize the circular
polarization of light injected in the cavity and to monitor the polarization during the run. It was
verified to work by two methods. In the first, with the cavity under vacuum in running conditions,
a scan over a broad range of initial polarization states was performed, and the recorded analyzed
reflected power was shown to be well described by the simple hypothesis of optical reversibility. A
more direct verification was made with the cavity opened, directly measuring the polarization of the
injected light in the cavity and correlating this with the analysis of the reflected light. The correla-
tion is shown over the full range of the scan, and zoomed in for measurements at maximum circular
polarization, in Fig. 151. In operation, the Hall C Compton polarimeter ran with the reflected light
very near minimum, with an implied uncertainty on the circular polarization within the cavity of
0.1%.

These studies demonstrate that this technique may provide knowledge and monitoring of the
circular polarization in the cavity to the level of 0.1%. An in situ measure of the polarization would
be a valuble confirmation of this procedure. Modifications to the interaction region will be made
to allow an insertable, vacuum-compatible analysis assembly for measurements of the beam in the
CIP. The power level for such measurements will necessarily be very low, as the highly reflective
mirrors of the cavity will attenuate incident light, but such a direct measurement would include all
effects of birefringence and depolarization in the injection of optical power into the cavity.
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Figure 151: Measured degree of circular polarization in the Hall C Compton laser cavity vs. the
polarization-analyzed reflected light, measured over a broad scan of initial polarization states. The
figure on the right is zoomed in the region of maximum circular polarization.

16.3.2 Alternative Laser System

An alternative laser system has also been considered, based on the use of a short-pulse RF laser
synchronized to the electron bunch frequency. Such a system would concentrate laser power on
the electron bunches, in effect creating an electron-photon collider. For a laser with narrow pulse
structure (= 10 ps) and repetition frequency sub-harmonic to the electron beam (fj,se, = 499 MHz
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/ n with integer n), the the ratio of luminosity for the same average power goes as:
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Here fpeqm is the electron repetition rate and o . (0,,) is the longitudinal size of the electron (laser)
pulse. For the parameters relevant to the proposed system, this corresponds to an enhancement of
luminosity per unit power of between 20-50. Commercially available mode-locked laser systems
has been identified providing 45 W at 1064 nm, with 100 MHz repetition rates and 10 ps pulse
widths. Assuming an average injected power of 30 W at the 3.6° crossing angle, such a pulsed laser
would provide 330 Hz/pA with a single-pass beam, that is, without the resonant optical cavity.

Although the relatively low rates would be expected to be a disadvantage, it may turn out to
be operable depending on the characteristics of the 11 GeV electron beam. The statistical preci-
sion (0.4% in about 3 hours) would be sufficient for a high precision measurement. The primary
advantage of such a system would be a more straightfoward determination of the laser polarization,
relative to a high-gain optical cavity. There are other advantages as well. Locking and unlocking
a cavity takes time, so to maintain a high duty factor for a cavity system the locked and un-locked
periods used to determine backgrounds are long (= 1 minute) relative to the fluctuations in the back-
ground. On the other hand, a laser can be turned off or deflected to a dump quickly, so background
measurements for such a single pass system could take place quickly, potentially providing superior
control of background fluctuations even if the signal-over-background ratio is smaller. Similarly,
without the requirement to maintain the delicate balance of signal levels necessary to robustly lock
a high-gain cavity, systematic studies varying laser power or position would be simplified.

Should the rate from such a system be unmanageably small relative to backgrounds, it could be
roughly doubled using a “butterfly” cavity to recirculate the exit beam through the interaction point.
A more powerful option would be a hybrid system in which the RF pulses are stored in a resonant
optical cavity. A moderate cavity gain ~ 20 would double the Compton signal rate compared to the
10 kW, gain ~ 3000 CW default design. At such a low gain, the cavity lock would be relatively easy
to acquire, potentially enabling more rapid background measurements than the high-gain system.
The polarization measurement would also likely be simpler than for a high-gain cavity system, as the
injection beam in the interaction region would still be similar to the beam stored through relatively
few resonant reflections.

Such a cavity would require the dual resonance condition of being both an integral number of
optical and RF wavelengths. This is not a particularly difficult condition to maintain. The injec-
tion laser must be mode-locked to ensure coherence between pulses. Locking mode-locked lasers
to Fabry-Perot cavities has been actively pursued over the last decade in development studies for
Compton-based X-ray sources [311, 312] and for a polarized positron source for the ILC [313, 314],
with significant technical success beyond the requirements for this proposed system.

The above discussion demonstrates the utility and technical feasibility of the alternative proposal
for a 10 ps pulse length, 100 MHz, 1064 nm laser system operating either as an injection laser for a
gain ~ 20 resonant cavity or as a 30 W single-pass system. This alternative proposal would require
new investment for acquisition of the injection laser and high-power optics. In addition, the pos-
sibility of time-dependent polarization in the short RF laser pulse may additionally complicate the
laser polarization determination. The alternative system remains as a backup should complications
in determining the laser polarization inside the high-gain laser cavity prove to be insurmountable.

193



16.3.3 Chicane Magnet Modification

At 11 GeV, significant synchrotron radiation is emitted when the electron beam is bent in a magnetic
field. The total radiated power rises as 3 for the same bend radius. At 11 GeV, this radiation load
will be a significant background in the photon detector and may overwhelm the signal from Compton
scattering. Figure 152 shows the energy spectrum of synchrotron light attenuated by lead shielding
between 1-5 mm thick, depending on the beam energy. On the left, the spectrum for 11 GeV with
unmodified magnets is compared to calculations for the recent runs of HAPPEX-III (3 GeV) and
PV-DIS (6 GeV). On the right, the energy spectrum (“Fringe 2”) is shown when iron extensions,
15 cm in length, are added to the dipole magnets in order to provide an extended region of reduced
field. This reduced magnetic field produces synchrotron light with lower energy range and with
reduced intensity, for the portion of the electron beam trajectory that projects to the photon detector.
With this modification, the bending strength of the magnet remains the same but the synchrotron
light radiated into the detector is reduced by a factor of 10*, to a level comparable to HAPPEX-
III. The magnetic field extensions were modeled using TOSCA, and have been constructed. Field
measurements have been taken to verify the magnetic model for both the integral Bdl and the shape
of the fringe field with and without the field extensions. These field extension pieces have been built
and will be ready for installation at the start of 11 GeV operations.
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Figure 152: Energy spectrum of synchrotron radiation penetrating lead shielding of thickness listed.
Plot on left shows unmodified chicane magnets, plot on right shows energy spectrum for proposed
magnetic shims which reduce the field for the bend radiating into the Compton photon detector
acceptance. Note the different horizontal scales between the plots.

16.3.4 Photon Detection

The specific calorimeter to be employed is not yet determined. The present calorimeter is a GSO
crystal scintillator, which has excellent light yield suitable for measurements at low energies. The
crystal is too small to contain most showers at higher energies, and a new calorimeter will be re-
quired for precision measurements at 11 GeV. In the past, Hall A has used an undoped lead tungstate
(PbWO,) array. This may be suitable for 11 GeV operation; the relatively low light yield for PboWO,
is not an issue for higher photon energies of the proposed measurements or for the integrating mea-
surements, and the high speed of this material reduces pile-up issues in counting measurements.
Designs for multi-layer sampling calorimeters, using either scintillation or Cherenkov light, will
also be considered.
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16.4 Systematic Uncertainties

While the proposed system should assure operability and sufficient statistical precision at 11 GeV,
the challenge will be achieving an absolute measurement of beam polarization with a precision of
0.4%. Table 28 summarizes the goals for various contributions to systematic uncertainty. The first
four rows list sources of uncertainty which are highly or completely correlated between the electron
and photon analyses. Other potential systematic errors arise in detector readout or calibration and
are mostly or entirely decorrelated between the analyses. Each of these separate categories of po-
tential systematic uncertainty: correlated, electron-only, and photon-only, will be discussed in the
following sections.

16.4.1 Sources of Correlated Error

Any error associated with the Compton scattering process will be a common source of systematic
error between the electron- and photon-detector analyses. One example lies in the energy normaliza-
tion of the scattering process. The analyzing power is a function of both electron energy and photon
energy, so these must be precisely determined. The photon wavelength will be determined to better
than 0.1 nm and the electron energy to 0.05%, which leads to an uncertainty at the level of 0.03%.
A similarly small uncertainty will come from radiative corrections, which are calculable [315] with
high precision and will contribute at the level of 1073,

Helicity-correlated changes in luminosity of the laser/electron interaction point can introduce a
false asymmetry. Various causes of luminosity variation must be considered, such as electron beam
intensity, beam motion or spot-size variation. The control of helicity-correlated beam asymmetries
is now a standard technology at Jefferson Lab, and typically achievable results (few part per mil-
lion intensity, 10’s of nanometers beam motion, <10~ spot size changes) will suitably constrain
the electron-photon crossing luminosity variations. Another possible source of false asymmetry
would be electronics pickup of the helicity signal, which could potentially impact an integrating
photon analysis. However, the demands of the primary experiment for isolation of the helicity sig-
nal exceed those for polarimetry by several orders of magnitude. In addition, the laser polarization
reversal provides an additional cancellation for asymmetries correlated to the electron beam helicity.
For these reasons, beam asymmetries are expected to be a negligible source of uncertainty in this
measurement.

A more significant potential source of error comes from the uncertainty in the photon polar-
ization. As described above, the determination of photon polarization will be improved with the
analysis of light reflected from the cavity input mirror, which will allow precise control and mea-
surement of the polarization state injected into the cavity. This will be supplemented by an insertable
stage to measure the polarization in the interaction region directly. The circular polarization of the
laser will be determined and cross-checked with a precision of 0.2%. If studies do not demonstrate
that this can be achieved within the high-gain cavity, the alternative laser system will need to be
developed.

16.4.2 Systematic Errors for the Electron Detector

The electron detector is composed of 4 planes of silicon microstrips normal to the electron beam
trajectory and positioned on the low-energy side of the beam trajectory in the dispersive chicane.
Electrons which have given up energy to a scattering process are separated from the primary beam
by the third chicane dipole, and the energy of a detected electron is implied by the distance of the
track from the primary beam with a dispersion of about 0.45% of the beam energy per millimeter.
Models of the chicane magnets are used to calculate the electron energy as a function of position
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in the detector. The effects of electronics noise and non-directional backgrounds are reduced by
triggering on tracks which are restricted to very small angles relative to the beam. The trigger can
be adjusted for the range of track angles and number of planes used in the track, including a single
plane trigger. The efficiency of individual strips can also be measured using data from the multiple
planes.

The silicon detector may also be sensitive to synchrotron light, and while the detector is not
in line-of-sight to synchrotron emission in dipole 3, synchrotron photons rescattered in the beam
pipe may be a problem. The 11 GeV upgrade includes a gate valve installed on the straight-through
beam pipe, to block synchrotron light from the first dipole of the chicane during operation of the
polarimeter.
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Figure 153: The cross-section and asymmetry plotted versus Compton scattered photon energy for
the Hall A polarimeter at 11 GeV for 532 nm (green solid line) and 1064 nm (red line) laser options,
and at 6.6 GeV for the 532 nm laser (green dotted line).

The cross-section and asymmetry as a function of Compton scattered photon energy is plotted in
Figure 153 for 11 GeV electron beam. The Compton edge (the kinematic endpoint of the Compton
energy spectrum) is observed in the electron detector and used to calibrate the distance of the detec-
tor from the primary beam. In addition, the asymmetry as a function of photon energy k exhibits a
zero crossing. Determining the location of this asymmetry zero crossing (0Oxing) provides a second
absolute energy calibration point, so together the Compton edge and Oxing can be used to calibrate
two parameters: the detector location relative to the beam and the strength of the magnetic field
in dipole 3. In this way, survey results and magnetic field maps serve as a cross-check to a beam-
based self-calibration of the Compton energy spectrum. The precision of this calibration is limited
by delta-ray production in the microstrips, which distorts the measured spectrum, and efficiency
variations between the microstrips.

In operation at low beam energies, the Oxing is close to the primary beam: for HAPPEX-II, the
separation was approximately 5 mm. At this proximity, background rates were extremely sensitive
to beam tuning in the injector and RF phase corrections in the linacs, presumably due to energy
tails. At 11 GeV with the IR laser, the Oxing will be around 16mm from the primary beam, which
should allow for robust operation. The analyzing power for the measured electron distribution can
be very accurately determined with use of this self-calibration, with the systematic error dependent
upon the specifics of the analysis approach.

For an example of a specific analysis technique, consider an asymmetry measured from the
Compton edge to some selected cut-off in the electron spectrum. This would need to be compared
to the theoretically expected average asymmetry, which would be sensitive the the energy cut-off
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threshold. In an analysis that computed a single count-rate asymmetry from the integrated rate
from the Oxing to Compton edge, an error in determining the Oxing would act approximately as a
dilution effect (as the asymmetry is small in the neighborhood of the Oxing). While there may be
statistical variation in determining the Oxing, this would be merely a source of statistical noise. If the
systematic bias in determining the Oxing is estimated to be within 1/10 ustrip width (about 25 pm),
this would imply a systematic bias in the analyzing power of about 0.15%. While this is a useful
estimate of the error due to energy calibration, this analysis relies on integrating the rate-weighted
average asymmetry over the accepted energy range, and so would likely suffer a larger contribution
of systematic error due to efficiency variations in the pstrips.

Other analysis techniques which would be less sensitive to efficiency variations would rely on
averaging asymmetries over a range of strips, rather than averaging the count rate. In this case, both
energy calibration points are needed to determine the expected asymmetry at each pstrip. Because
the Compton edge will be extracted from the rate spectrum, efficiency variation between the silicon
strips must be minimized and well-known to avoid biasing this determination. In addition, careful
study of the contribution of delta-ray production, which distorts the asymmetry spectrum at the
Oxing and the rate spectrum at the Compton edge, will also be important. Here also, a high strip
efficency will be helpful, by providing a high-efficency for vetoing events with multiple tracks.
Strip-by-strip efficiencies can be calculated by comparing track-hit efficiency between the multiple
planes of the ustrip detector, and comparisons between planes can also help benchmark corrections
for delta-ray production. A uniform and high-efficiency detector will be an important component of
this system.

It is worth noting a measurement using only the last, single silicon strip at the Compton edge
will be capable of 0.4% statistical precision on time-scales of around one hour. The rate of change
of the asymmetry in this region is only 0.5% / mm. Locating this strip, relative to Compton edge, to
a little better than half its own width should provide a robust accuracy on the analyzing power better
than 0.4%. This technique would be sensitive to determination of the location of the Compton edge,
but otherwise very insenstive to other calibration parameters.

Similarly, if the electron detector can be moved close to the primary beam (about 9 mm from the
primary beam for the IR laser at 11 GeV) the asymmetry minimum could be detected. The statistical
power is much lower in this region, with a single strip requiring 20 hours to achieve 0.4% statistical
precision on the polarization (assuming signal-noise ratio of 10:1). However, here the asymmetry is
not changing with position, so there is minimal calibration error in selecting a strip in this minimum.
Beam position and angle may vary the asymmetry minimum over hundreds of microns during this
time span, but such changes can be tracked using beam position monitors or the Compton edge,
and the analyzing power varies by only about 0.4% of itself over a range of £300 pm, suggesting
minimal corrections will be necessary .

Cross-checks between calibrations and techniques should provide convincing evidence that the
system is well understood. Given these considerations, it seems likely that the calibration of the
electron detector will be understood at the level of 0.3% or better.

Regardless of the analysis, contributions from deadtime and pileup will need to be understood.
The fast-counting DAQ can take very high rates with low deadtimes, and deterministic deadtime in-
tervals are enforced in readout and acquisition electronics stages. While the total Compton-scattered
data rates may as high as 1 MHz, rates in individual strips will be reduced by segmentation to
<15 kHz, which will allow dead-time and pile-up systematic errors to be controlled at the level
of 0.2%. The high statistical power of the measurement is of significant use here; high precision
studies can be performed to benchmark models of the readout system against changes in the laser
power or the parameters of the triggering (preamp levels, logical gate lengths, coincidence levels,
etc).
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Backgrounds are also a potential but small source of systematic uncertainty. Backgrounds are
studied with the laser cavity unlocked, allowing both the background level and asymmetry to be
well determined. However, high backgrounds could impact the systematic error due to deadtime or
pile-up corrections. There is also the possibility of backgrounds from Compton-scattered electrons,
which can produce delta rays when scattering in the detector or in its shielding. These tracks can
themselves be sufficiently forward-going to pass the trigger, thus changing the analyzing power as a
function of energy. Simulation will be used to avoid such problems, and studies of track distribution
and electron-tagged photon energy spectra can be used to identify such effects in the data.

Finally, it is perhaps obvious, but worth stating, that beam properties at 11 GeV will be important
for the precision of the electron detector analysis. If simulations reveal that halo backgrounds for
the electron detector are likely to be large in the region ~15 mm from the primary beam, then the
green laser option would be required for high precision polarimetry. Using 532 nm light in a cavity
would put the zero-crossing about 33 mm from the primary beam. It is also worth noting that the
single-strip analyses would be also be improved with the higher resolution and larger asymmetries
(and larger distances from the primary beam) available from a green laser.

16.4.3 Systematic Errors for the Photon Detector

The precise determination of the analyzing power as a function of energy is more difficult for the
photon calorimeter than for the electron detector due to the width and shape of the detector response
function. In order to fit the asymmetry as a function of detected photon energy, the analyzing power
must be calculated as a convolution of the response function with the theoretical analyzing power
curve. The response function shape and energy calibration can be simulated, and studied using the
photon tagging through coincidence triggers with the electron detector.

In general, determining the effect of a low-energy threshold on the analyzing power depends
sensitively on the shape of the response function; at low energies this is a major source of uncer-
tainty. At high energies, the improved resolution and consistency of the response function shape
over the range of interest should significantly reduce this problem. As noted above, the photon
calorimeter will be upgraded to better contain showers from high energy photons, with the primary
objective to provide a response function which scales linearly over a broad range of energy.

The pulse-counting analysis in the photon detector is also sensitive to pile-up, which distorts
the asymmetry distribution. Background and rate distributions will serve as inputs to simulation for
corrections to the analyzing power. In the current Hall A analysis, pile-up corrections are estimated
at the level of 1%, and the effect can be controlled at a level better than 10% of itself. Deadtime
corrections, which can vary significantly with background conditions, will also represent a potential
systematic uncertainty.

Uncertainties related to the threshold, response function shape, absolute energy calibration,
deadtime and pile-up can also be eliminated by integrating the photon calorimater signal, with-
out threshold [316]. These previous problems are then replaced with a requirement on the linearity
of the average response to the photon energy. Because the analyzing power integral is energy-
weighted, the statistical figure-of-merit is not badly degraded by the negative asymmetry region at
low photon energies.

The PREX experiment, with a beam energy near 1 GeV, relied on the integrating photon method
for polarimetry at the level of 1% precision. Simulations of the photon response function were
sufficient to control the analyzing power uncertainties for those measurements. The dominant un-
certainty in the asymmetry measurement arises from variation in the photomultiplier response with
changes in average rate which introduces a systematic error through background subtraction.

At high energies, with the ability to study response function with the electron-detector-tagged
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photon beam over a large fraction of the energy range, the photon detector analyzing power nor-
malization uncertainty in the range of 0.3% should be achievable. Characterization of the pho-
totube response as a function of rate and pulse-size will also be important. As described above,
Bremsstrahlung scattering from apertures in the interaction region, coupled with the characteristics
of the 11 GeV electron beam, present a possible source of background.

16.5 Summary of Compton Polarimetry

The prospects for 0.4% Compton polarimetry are excellent. This ambitious goal will require vig-
orous and dedicated efforts to reduce sources of systematic uncertainty. It is expected that some
significant fraction of data production time wil be used for studies of the Compton polarimeter sys-
tem which are not disruptive to the experiment, for example, scans of detector positions, laser power
and polarization, and data acquisition parameters. The scattering asymmetry at 11 GeV is relatively
large which, for some analysis approaches, will provide statistical precision at the level of ~0.5% in
a few minutes of data collection. Given this high statistical power, these studies will be an effective
method for constraining many of the possible experimental systematic uncertainties.

The future use of the Hall A polarimeter at 11 GeV will be a very different situation from
the recent operation. The dominant systematic errors in recent operation lay in the determination
of the analyzing power and laser polarization. Operating at lower energies the asymmetries were
significantly lower and therefore the statistical power was worse. In addition, the limits of systematic
uncertainty had not been pushed by demands of the experiment precision.

The 0-Xing “self-calibration” of the electron detector was attempted for the first time for the
HAPPEX-II and HAPPEX-He measurements. The situation was complicated due to the low beam
energy of around 3 GeV, which not only reduced the average asymmetry but also reduced the ra-
tio of Compton-scattered photon energies and the electron energies. At 3 GeV, the zero-crossing
was about 5 mm from the primary beam, which was as close as the electron detector could get to
the beam. Geometric efficiencies at the edge were a significant complication in this approach. In
addition, the microstrip detector was damaged and displayed low and uneven efficiency, which com-
plicated the analysis. The estimated systematic errors for that analysis which were not associated
with these efficiency issues are consistent with Table 28. A similar technique has been successfully
employed in the Hall C Compton polarimeter at 1 GeV, where a larger chicane and green laser were
used to optimize for the low beam energy during the Qweak experiment. While analysis is ongoing,
the current status indicates that the ultimate precision will be significantly better than 1%.

For the photon detector, the integration readout method has been successfully used in the HAP-
PEX-3 and PREX experiments, with the primary limitations being the characterization of the photo-
tube response over the range of signal levels. The rapid access to high statistical power expected for
11 GeV operation, which is so powerful for cross-checking potential sources of systematic uncer-
tainty, has never before been available to the Hall A Compton. Coincidence measurements between
the photon and electron detectors wll also provide a significant cross-check to the response function
and energy calibrations. As described above, recent improvements in available laser power, analy-
sis techniques, laser polarization measurements, and the favorable kinematics of the higher electron
beam energy have opened the door to 0.4% precision Compton polarimetry for the SoL.ID program.

16.6 Mgller Polarimetry

This section describes our plans for precision Mgller polarimetry in Hall A. Mgller polarimetry
will provide a useful cross check on beam polarization measurements performed with Compton
scattering, gathering high statistics in a short amount of time and with different attendant systematic
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errors. The principal challenge is to achieve high precision (~0.5% on the beam polarization)
through careful control of the systematic effects.

Electron-electron scattering, with arbitrary spin orientation for the beam and target, has been
calculated in lowest order QED by many authors [317-320], and the basic formulas for (non parity-
violating) polarized Mgller scattering are given in many places. For example, following [321], the
cross section at high energies in the center of mass frame can be written as

do a? (3 + cos? 0)?
Ecm = ?W [1 - ]Dllgng‘DlzngAIOHg(e) - Pt]?anpganAtran(e) COS(2¢ - ¢B - d)T)]
(20)
Here, s = (2E)? for electron energy F,  is the scattering angle, Blgggtran are the longitudinal and

transverse polarizations of the beam and target electrons, ¢ is the azimuthal scattering angle, and
¢B, are the azimuthal angles of the beam and target polarizations. The analyzing powers are
7 + cos? 0) sin? 0 sin* 6
( 2) 5 and Apan(0) = o575
(34 cos?6) (34 cos?6)

Along(e) = (21)
which are maximized at § = 90° with Aj4ne(90°) = 7/9 and A¢;an(90°) = 1/9. The electron
laboratory scattering angle for 6 = 90° is (2m/FE)'/2, rather small for GeV electron beams.

A Mgller polarimeter makes use of Eq. 20 to measure the beam polarization vector PB =
(PB. - PB ) by incorporating a target with a known electron polarization vector PT = (PL. o PL )
into a spectrometer to detect one or both of the scattered electrons. By reversing the beam polar-
ization vector PB — —PB, one can deduce its magnitude, and perhaps its direction, through the
analyzing powers (21). The ideal Mgller polarimeter, for determining longitudinal beam polariza-
tion Pllgng, is set at # = 90° with maximal (minimal) target longitudinal (transverse) polarization
Ijlong(tran)'

We describe two techniques for getting as close as possible to the ideal Mgller polarimeter.
One is based on iron foil targets, in which the outer atomic electrons are polarized, and the other
is based on an atomic hydrogen target. In the case of the iron foil target design, polarimeters at
Jefferson Lab have already described control of systematic errors near the 0.5% level. We describe
upgrades already in progress in Hall A in preparation the general 12 GeV program at Jefferson Lab
which will enable that level of performance. While potentially very precise, such a polarimeter re-
quires calibration from a body of magnetization studies with iron, and this normalization has never
been cross-checked to the required precision. In addition, iron foil polarimeters require dedicated
measurements at low current, and so measured polarization must be interpolated between spot mea-
surements and extrapolated to the high currents used for production. Mgller polarimetry with an
atomic hydrogen target, in contrast, would be able to provide a continuous, non-invasive polariza-
tion measurement and would not require external calibration for accuracy at the few 102 level, but
would be a new technology requiring significant technical R&D.

The strategy for Mgller polarimetry, therefore, is to complete the upgrade of the Hall A iron foil
polarimeter and seek to maximize the accuracy of this device. A cross-calibration with the upgraded
Compton polarimeter should demonstrate that normalization of the target foil polarization is under
control. The atomic hydrogen polarimeter option could be pursued if it is needed to confirm results
of those studies.

16.7 The Hall A Upgrade: ‘“High Field” Iron Foil Targets

Nearly all high energy Mgller polarimeters operated to date [325, 326, 329-334] make use of tilted
ferromagnetic foil targets. High permeability alloys coupled with ~few hundred gauss magnetic
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Variable HallC |  Hall A: Hall A:
| High Field Foil | Hydrogen

Target polarization | 0.25% 0.25% 0.01%
Target angle i i} *

Analyzing power | 0.24% 0.20% 0.10%
Levchuk effect 0.30% 0.20% *

Target temperature | 0.05% 0.05% *

Dead time i 0.10% 0.10%
Background i 0.10% 0.10%
Others 0.10% 0.10% 0.30%

| Total | 0.47% | 0.42% | 035% |

*: Not applicable 1: not estimated

Table 29: Systematic error summary for Mgller polarimeters at JLab, including anticipated un-
certainties for future prospects. The Hall C polarimeter [322] uses a high field pure iron tar-
get [323, 324 ] with a simple two-quadrupole spectrometer. Uncertainties quoted for that system are
taken from a publication detailing calibration of the analyzing power. The current Hall A Mpller
polarimeter [325, 326] uses a tilted ferromagnetic allow target, and a spectrometer with a dipole
magnet following three quadrupoles. A high-field pure iron target upgrade is underway with plans
for an additional quadrupole in the spectrometer for high energy operation. Uncertainties for this
system are the expected performance after the upgrade. Research and development for a hydrogen
gas target [327, 328] provides the basis for a second continuously-running high precision polarime-
ter to complement the Compton apparatus.

fields preferentially polarize in the plane of the foil, so tilting the foil at a moderate angle gives
a substantial longitudinal target polarization. Calculating the effective polarization, however, is
typically the limiting systematic error, and such devices cannot ultimately do better than several
percent precision.

A different approach [322], implemented in Hall C at Jefferson Lab, using a high magnetic field
perpendicular to the foil plane [323, 324], has reported 1% precision on the beam polarization. It is
this target design that we are adopting for SOLID, and indeed are already preparing to implement
in Hall A.

Below we describe the principles of “high field” iron foil targets, the plans for redesign of
the scattering chamber, and modifications to the existing spectrometer including simulations for
operation at high energy.

16.7.1 Ferromagnetic Foil Targets

Materials respond to external magnetic fields because atomic electrons, with spin and orbital an-
gular momentum, align themselves to an applied field. However, with a Bohr magneton equal to
5.8 x 107° eV/tesla, the magnetic energy at several tesla is still much smaller than the thermal en-
ergy at room temperature, so the effects of magnetic fields in most materials (‘“diamagnetism” and
“paramagnetism’) are quite small.

Ferromagnetism, on the other hand, is a quantum mechanical phenomenon in which a subset
of atomic electrons in some elements and alloys spontaneously align. These alignments happen in
localized domains, which themselves are randomly oriented. However, the application of relatively
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Figure 154: Magnetization curves for pure iron, from

http://www.fieldp.com/magneticproperties.html. We use CGS units, so both B and H are
properly measured in Gauss, but 1 Tesla= 10* Gauss. Both plots are of the same data set, but the
horizontal scale is much expanded on the right.

small magnetic fields cause the domains themselves to line up, leading to large induced magnetic
fields.

Magnetostatics (in CGS units) is governed by the equations V-B=0andV x H = 47rj/ c
where B is the magnetic field, fis the free current density, and H absorbs the magnetic response
of the medium. To be precise, H = B — 47 M where the magnetization M is the magnetic dipole
moment per unit volume. It is the magnetization M that we interpret, ultimately, as the polarization
of target electrons.

For linear materials (which do not include ferromagnets), we define the magnetic permeability
1 through B = uﬁ . It is nevertheless a habit to speak of i for ferromagnetic materials in terms of
vector magnitudes, that is B = pH. For most materials, 4 is a constant slightly larger than unity.
In ferromagnets, however, p is a strong function of H and can be very large.

Figure 154 shows magnetization data for pure iron. At several tens of gauss of “applied” field
H, the magnetic field B saturates at ~ 1.5 tesla because the domains are aligned. The resulting
magnetization corresponds to ~ 2 Bohr magnetons per iron atom, that is, roughly two electrons
worth of magnetic dipole moment in each iron atom. As H reaches and exceeds several tesla, the
magnetization field simply adds directly to the applied field. The value of p rises to several thousand
for a few gauss, and then decreases to unity for fields much greater than saturation.

Mgller polarimeters using “low field tilted” foil targets operate in the region where ;1 > 1. In
fact, they generally make use of special alloys that have exceptlonally high values of p, that is,
saturate at relatively low values of H. In this case B=4nxMtoa very good approximation. Since
V-B=0 implies that perpendicular components of B are continuous across the foil surface, and
since B = H outside the foil is hundreds of times smaller than the magnetization, the only way to
meet the boundary condition is for M to point in the plane of the foil. (Of course, this argument
breaks down if the foil is at right angles to the applied field.) Thus a target tilted at some angle, say
~ 20° provides a dominantly longitudinally polarized target for an incident electron beam in the
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same direction as the applied field.

The limiting precision of polarimeters using such targets, however, is extracting the target elec-
tron spin polarization from the magnetization. The ratio of “spin” magnetization M to the total can
be written as [335] Ms/M = 2(¢' —1)/¢’, with ¢’ close to, but somewhat less than 2. The attendant
uncertainties in ¢’ for the alloys used in tilted target applications, limit one’s knowledge of the target
polarization to several percent.

Measurements in pure iron or nickel, however, point to very precise knowledge of their magne-
tization parameters [336, 337]. The approach used by the Basel/Hall C group [322-324] is to not
only use pure iron foil targets, but to polarize them with a very high (several tesla) field, provided
by superconducting coils. This overcomes limitations of a not-so-large value of y for pure iron.

It is important to note that the magnetization of the foils in the strong longitudinal field has not
been measured, but is taken from published data on the properties of bulk iron, which claims an ac-
curacy of ~ 0.1%. The orbital contributions to the magnetization of about 5% can be evaluated and
subtracted using the magneto-mechanical factor, measured by other dedicated experiments [338].
With strong external fields of 3-4 T several additional correction of about 0.5% have to be made to
compensate for extra orbital momenta and other complex effects. These corrections are tempera-
ture dependent. It will be important to carefully evaluate the literature on these measurements and
their interpretation to verify that the uncertainty is not larger than a few 10~3. For example, it is
apparent that the anomolous magnetic moment of the electron has not been accounted for in recent
publications, amounting to a correction of more than 0.2% to the target electron spin polarization.

Calculations of the longitudinal magnetization of a foil placed pependicularly (or nearly so) to
an applied field are quite difficult. Figure 155, taken from [323, 324], shows the magnetization
(relative to its maximum value) of a pure iron foil as a function of applied magnetic field, for
different angles between the field and the normal to the foil. To be sure, this calculation is in fact of
a model of non-interacting prolate ellipsoidal domains [339], and the extent to which it applies to a
pure iron foil is not clear.

A polarimeter based on this “high field” target was constructed in Hall C at Jefferson Lab [322].
The device has performed well, with experimenters claiming accuracy of 1% or better on the lon-
gitudinal beam polarization. Much of the updated design of the Hall A Mgller polarimeter is based
on the Hall C experience.

16.7.2 Simplified Mgller Scattering Target Assembly

Quite a number of small, systematic effects need to be considered in order to achieve 0.5% uncer-
tainty on the longitudinal beam polarization. For example, Figure 155 gives an idea of the tolerance
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Figure 156: Left: Existing Hall A target chamber with ladder actuator extending off to the right.
The magnet cryogenic system sits on top of the chamber. Our plan is to replace the actuator as-
sembly, here shown supported by a boom attached to the cryo system. Right: Design concept for a
new ladder actuator system, based on the Hall C design, along with a photo and schematic of the
MDC660034 linear motion feedthrough.

needed on iron target alignment. In order to be assured of at least 99.8% of the maximum target
polarization for a field of ~ 3 T, the tolerance on the foil angle misalignment is ~ 1°.

Figue 156 includes a photograph of the high-field foil target chamber previously in place in
Hall A, and some details of our current plans for the upgrade. Our plan is to retain the cryogenic
magnet system and the target chamber and overall adjustment mechanism, but to replace the target
actuator assembly. Originally designed to provide adjustments in many degrees of freedom, the
existing actuator assembly proved unwieldy for regular use. It was also very heavy, and required
stabilization through a connection to the dewar for the cryogens. The redesign relies on precision
construction with fewer adjustable degrees of freedom, and will be much lighter.

In order to interpret the target polarization to high precision, it is imperative that the foil be
saturated. This can be confirmed by studying the Mgller scattering asymmetry as a function of
applied magnetic field. The cryogenic magnet is limited to fields less than 4 T, so according to
Fig. 155 we need to have the target angle precise to about 1°. It would be useful to in fact confirm
the behavior suggested by the figure, by making these measurements with the target arm rotated by
various angles close to 90°.
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17 Integration and Expected Performance

17.1 Overview

System integration incorporates several tasks : 1) Quality control of the engineering of the appa-
ratus so that all the pieces fit and so that the system satisfies all of the experimental program with
minimal turnover between experiments; 2) Integration of the detectors so that they work together
and form efficient triggers, and so that we can predict the combined PID performance; 3) Control
of calibrations and systematic errors; and 4) Commissioning plans.

In a preliminary engineering study done at Argonne National Lab by Paul Reimer, scenarios
for assembling and disassembling of the apparatus have been developed which allow for switching
rapidly between PVDIS and SIDIS, as well as for allowing other experiments to share Hall A during
the SoLID running era. We believe we can switch between running setups in approximately three
months.

For the second topic, we have made a study of the combined particle ID using the gas Cherenkov
and the calorimeters, see Figure 157 where the resulting 7 /e ratios are shown. A similar PID perfor-
mance was achieved by the Hermes spectrometer [278]. Our study was performed by using the pion
rejection factor and electron efficiency as a function of the scattered angle and momentum for both
detectors for both the PVDIS and SIDIS configurations based on Geant simulations of the current
detector designs. The results here, shown for PVDIS, are preliminary since the detector designs
and the analysis strategies are still evolving. Nevertheless, the preliminary results are encouraging
and show that we can likely meet the requirements for the error in the pion contamination, which is
10~3 for entire experimental program. We believe it may be possible to combine some information
with the shower shape in a multi-variable analysis to further improve the pion rejection. We are also
still considering the issues of rate dependence and pileup on the pion rejection factor.

In the following sections, we will present the study of the acceptance, efficiency, systematics,
and calibration for various experiments.

17.2 SIDIS Program

The acceptance and efficiencies of the SIDIS configuration with a 40 cm long polarized He target
was studied using the whole simulation. The particles detected by the detectors were compared to
those of the original particles from a full-length target. We have good electron detection efficiency
from all sub-detectors. They vary slightly across the phase space and the average efficiency values
are shown in Table 30. The acceptance is ~ 0.7 due to the two target window collimators. Fig-
ure 158 shows the combined effect of acceptance and efficiency (except tracking). We will continue
to fine-tune the design and the reconstruction algorithm to improve the efficiency.

Table 30: Average electron detection efficiencies of all SoLID sub-detectors and the total SoLID
efficiency.

Detector EC | Cherenkov | Scintillator pad and MRPC | GEM tracking | Total
average efficiency | 95% 95% 98% 90% 80%

We have conducted a careful study of the systematic uncertainties of the SIDIS experiments and
the results are presented below.
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Figure 157: The 7 /e ratio from combined Cherenkov and Calorimeter detector performance as
a function of the scattered momentum P and polar angle #. The numerical values are the ratios

corresponding to that cell in (P, §). The curves indicate various regions of > x or scattered energy
E.

The SIDIS cross section is in general expressed as [279]

= -2 v 1+ ﬁ [Fuu(z,2,Q% Py1) + asymmetric terms |
dxdydzdP}%J_dd)hdng o ;L'yQQ 2(1 _ 5) 2 UU\Ls <& Lh L Yy .

(22)

In the simulation, we model the SIDIS cross section by assuming factorization to express the struc-
ture function as a convolution of TMD distribution and fragmentation functions

Fyy(x,2,Q* Po) =z el / A’k d’p 6P (Pyy —po — zky) fi (2, k1) Di(2,p1). (23)

The unpolarized TMD distribution function fi(x,k ) and fragmentation function D;(z,p ) are
parameterized as

ek /02)

_ 2

fl(xakl) _fl(ny ) 7T<k33_> ) (24)
P2 /(82 ,

Di(z,p1) = Di(2,Q W; (25)
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Figure 158: Electron acceptance and efficiency (except tracking) of SoLID SIDIS with the 40 cm
3He target and two target window collimators. The result for .J/1) has a similar shape, but higher
values because it has a 15 cm long target and no collimator.

where f1(z, Q?) and Dy(z, Q?) are collinear distribution and fragmentation functions. In our sim-
ulation, we use CT14 leading order collinear PDF parameterization [280] and DSS leading order
collinear FF parameterization [281]. The two parameters describing the transverse momentum de-
pendence are chosen as (k% ) = 0.25 and (p% ) = 0.20 [282]. For the three leading twist single spin
asymmetry (SSA) terms, the Sivers, the Collins, and the pretzelosity, we use the phenomenological
models [283-285] as inputs to the simulation. To take into account the detector efficiency effect,
we use 85% of the statistics for the estimation of the uncertainties.

Taking the advantage of the 27 azimuthal coverage, we are able to reduce the systematic un-
certainties associated with luminosity and detection efficiencies by defining the target single spin
asymmetry as

AUT(QZ)h ¢S) — 2 \/N1(¢h7¢S)N2(¢h7¢S + 77) — \/N1(¢h7¢5' + W)NQ(tha(bS)
’ P1+ Py \/Ni(¢n, ds)No(¢n, s + ) + /Ni(dn, ds + 7)Na(on, ds)

where the subscripts 1,2 represents a target spin flip pair. Ni(¢p, ¢s) and Ni(pp, ¢s + ) are
taken at the same time with target polarization P;, while Na(¢p, ¢s) and No(¢p, ds + ) are
taken at the same time with target polarization P». Thus, the luminosity at different times will
cancel. Since Ni(¢p, ¢s) and Na(dn, ¢s + ), N1(dn, ¢s + 7) and No(¢p, ¢s) are taken in the
same detector region, the acceptance and detector efficiency will also cancel to first order. The
time-dependent detector efficiencies will be monitored with single electron and pion rates. With
a 3He target spin flip rate of 1/(10 minutes) (20 minutes for each pair), we expect to control the
time-dependent detector efficiency uncertainty to better than 1%. In 48 days with 11 GeV beam,

, (26)
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we will have 3456 pairs, and in 21 days with 8.8 GeV beam, we will have 1512 pairs. Then, the
systematic uncertainty of the raw asymmetry is estimated as 1.0%//3456 = 1.7 x10~* for 11 GeV
data, and 1.0%/+/1512 = 2.6 x 10~* for 8.8 GeV data. With a proton (ammonia) target spin flip
rate of 1/hour (2 hours for each pair), we expect to control the time-dependent detector efficiency
uncertainty to under 2%. In 55 days with 11 GeV beam, we will have 660 pairs giving an estimated
systematic uncertainty of 2.0%/4/660 = 7.8 x 10~%. In 27.5 days with 8.8 GeV beam, will have
330 pairs, and the systematic uncertainty is estimated as 2.0%/v/330 = 1.1 x 1073, The derived
absolute systematic uncertainties of the SSA data associated with the raw asymmetry are obtained
by dividing these numbers by the target polarization and the dilution factor in each bin.

The knowledge of the target polarization is at the 3% level. This translates to a 3% relative
systematic uncertainty of the SSA data. The knowledge of the target polarization direction is about
0.2 degree. The corresponding uncertainty of the target polar angle translates into 6 x 10~ relative
uncertainty of the SSA. The uncertainty of the target azimuthal angle is included in the uncertainty
of the azimuthal angle ¢ together with the detector resolution effect.

The systematic uncertainties associated with detector resolutions are estimated based on the
track fitting studies. The resolutions of the kinematic variables in the Trento convention for each
bin are obtained by Monte Carlo sampling according to the resolutions of the lab frame variables
shown in Figure 127. The resolutions of the kinematical variables in the Trento convention are
summarized in Table 31. The systematic uncertainty associated with the resolution mostly come
from the uncertainties of the azimuthal angles ¢; and ¢g which affect the separation of the SSA
terms. It is estimated by smearing the pseudo-data according to the resolution, separating the SSA
term with the smeared pseudo-data, and then comparing them to the model input of the simulation.
The absolute systematic uncertainty of the SSA due to the resolution is less than 1 x 10~%, which
is negligible compared to the other uncertainties.

Epeam (GeV) | = z | Q*GeV?) | Pyi(GeV) | op(rad) | ¢s(rad)
11 0.002 | 0.003 0.02 0.006 0.015 0.006
8.8 0.002 | 0.004 0.02 0.006 0.018 0.006

Table 31: Resolution of kinematical variables (in the Trento convention) with the >He target setup.

Nuclear effects contribute to the systematic uncertainty when we extract the SSA of the neutron
from 3He data. We derive the SSA of the neutron from that of He as

_ Ase — 2P, fp Ay
Pnfn ’

where the SSA of proton A, will also be measured with SoLID in the same kinematic region. We
assign 10% relative uncertainty of the knowledge of the proton SSA. The f,/,, are the dilution fac-
tors associated with the hydrogen and the 3He target, respectively. The light-front spectral function
of 3He including the final state interaction effect was recently developed [286]. With a theoreti-
cal calculation of the nuclear effect of the SSAs in the SoLID kinematic region [287], we estimate
that the relative uncertainty in the extraction of the neutron SSAs due to the nuclear effect is about
4~5%.

The random coincidence background is estimated using single electron and single pion rates.
By assuming a 1 ns time resolution, we choose a plus-minus three-sigma time window of 6 ns.
For the *He target, we also apply a three-sigma vertex cut according to the track fitting results. As
the SIDIS signal rate drops with increasing F}, |, we summarize the signal background ratio with

A, 27
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respect to Py, in Table 32. The relative systematic uncertainties due to the random coincidence

background are estimated by varying the background rate by 20% for each bin.

P, (GeV/c) [0.0,0.2] [ [0.2,0.4] | [0-4,0.6] | [0.6,0.8] | [0.8,1.0] | [1.0,1.2]
11GeV beam (x7) | 110 160 150 105 75 40
11GeV beam (7 ) | 120 160 140 90 70 50
8.8GeV beam (7)) | 75 95 80 50 45
88GeVbeam (7 ) | 65 95 75 50 45

Table 32: The ratio of SIDIS signal and random coincidence background within 6 ns. These values
are estimated with the 3He target. Similar results are obtained for the proton target.

The radiative correction effect of SIDIS is simulated with HAPRAD, which was developed
based on the QED calculation to one-loop level [288, 289]. The systematic uncertainties from the
radiative corrections are estimated by varying the model parameters (k%) and (p? ) of the SIDIS
model in our simulation by a factor of 2 (multiplied and divided). This gives relative uncertainties
of about 2.5% for the 11 GeV data and about 2% for the 8.8 GeV data. A summary of the systematic
uncertainties is in table 33.

Table 33: The systematic uncertainties on the asymmetry measurements of SIDIS.

Systematic (abs.) Systematic (rel.)
Raw asymmetry 0.0014 | Target polarization 3%
Detector resolution < 0.0001 | Nuclear effect (4—-5)%
Random coincidence 0.2%
Radiative correction (2 — 3)%
Diffractive meson 3%
Total 0.0014 | Total (6—-7)%

17.3 PVDIS Program
17.3.1 Acceptances, efficiencies, and systematic uncertainties for PVDIS

We now have a full Monte Carlo simulation that includes all elements of the PVDIS apparatus, layer
by layer energy deposition in the electromagnetic calorimeter (EC) and optical physics in the light
gas Cherenkov (LGC). At present we have preliminary GEM responses and tracking under realistic
backgrounds, both of which are under continued development. We now also have recent data from
newly constructed GEMs which are being employed at Jefferson Lab to refine our simulations. For
the present results, true values of track hit positions in the GEMs are used. Neither the GEMs nor
the calorimeter are segmented in the simulation. However, since the GEM sector boundaries will be
far from the baffle-defined signal regions and the tracks entering the EC will not be parallel to the
module boundaries, the effects of GEM and EC segmentation on our acceptance are expected to be
negligible.

Input events to the Monte Carlo are electrons from a DIS generator using cross sections from
CTEQG6 parton distribution fits [290]. Our analysis integrates primary electrons which reach the
active area of the EC after passing through the active areas of all five GEMs and the front window
of the LGC. The acceptance is shown in Figure 159 as a function of p and 6 (left panel) and as a
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function of Q? and xp; (right panel). Lines on these plots show the boundaries of the kinematic
region of interest: Q% > 6 GeV2, W > 2 GeV, and xp; > 0.55. Our acceptance in this region is
typically 40%.
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Figure 159: Left: PVDIS acceptance and efficiency as a function of p and 6. Right: PVDIS accep-
tance and efficiency as a function of ) and xpj. Curves show bounds of the kinematic range with
Q? > 6 GeV2, W > 2 GeV, and xp; > 0.55.

Contributions to the efficiency are as follows:

Calorimeter: Efficiency of ~ 95% as reported in subsection 10.7.

LGC: With the changes of the radiator gas and PMT quantum efficiency, new studies of the
LGC efficiency need to be undertaken. Requiring > 2 photoelectrons in each of > 2 PMTs in the
sector matching the EC yields 96% efficiency.

Tracking: The GEM detection efficiency is 97% per plane. From our studies using a tree search
algorithm with realistic and correlated superimposed backgrounds and our current model of digi-
tization, a track finding efficiency of ~ 90% appears to be achievable. Development of the track
finding software is continuing.

Combining the above contributions yields an estimate of 82% for our overall efficiency.

The systematic errors on our measurement of the parity violating asymmetry are summarized in
Table 34.

The systematic error on the polarization of the beam AP/ P is required to be better than 0.4%
[291]. The best achievable precision of such measurements is 0.6% at present, but 0.4% are consid-
ered to be within reach [292]. The dominant systematic error in [291] is the laser polarization, which
was estimated to be 0.3% but is given in [292] to be below 0.2%. The higher analyzing power and
large-angle characteristics of the 11 GeV beam relative to the Qweak 1 GeV beam result in a better
precision for SoLID. We also expect better to understand the systematic errors of the polarimetry
by building on the experience of the MOLLER experiment, where polarimetry plays a particularly
important role.

The radiative corrections are similar to those computed for the HERA experiments [293]. Many
of the important radiative corrections come from tails of events at larger =, which are small for the
SoLID high-x kinematics. We have assembled a team including A. Aleksejevs, S. Barkanova and
W. Melnitchouk, who will assist in performing the necessary calculations. We estimate an error of
0.2% from radiative corrections.

Finally, systematics on the asymmetry due to reconstruction errors, including DAQ issues and
particle identification, will be kept to the 0.2% level. The pion contamination is expected to be
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below 1% for most bins and the required corrections should be valid to at least 10% of that. Work
on the DAQ is in progress to demonstrate that the pile-up and dead-time corrections can be kept to
below 0.15%.

The total systematic error is 0.6%, unchanged from the proposal value, allowing sufficient sen-
sitivity to meet our physics goals.

Polarimetry 0.4
Q? 0.2
Radiative corrections | 0.2
Reconstruction errors | 0.2
Total 0.6

Table 34: Summary of PVDIS systematic errors, in percent.

17.3.2 Kinematics, Resolution and Calibration for PVDIS

In this section, we describe the general method of measuring the momentum p and the scattering
angle 0 of each track. In addition, we discuss the resolution of x, and ()2, the relevant variables
for the analysis. Finally, we discuss the calibration of the average value of Q2. The most critical
requirements are the the x resolution is on the order of 0.01 to avoid kinematic smearing and that
the average (), which is proportional to the asymmetry, is calibrated to 0.1%.

The method that we use to reconstruct the tracks, determining the scattering angle and momen-
tum, is easiest to understand in the approximation of a uniform field. Based on this method, we can
explain our alignment tolerances and systematic errors. We then show how to make the corrections
for the realistic case. These corrections do not alter most of the tolerances.

First, we look at the track in the z-y plane. This is given in Figure 160. All we require is hits
in two GEM detectors. The one closest to the target is labeled GEM; and the other is GEM;. Since
the beam is small (300 pm by 250um), it provides a third point which is sufficient to determine the
radius of curvature p of the helix. The transverse momentum of the electron is then x/p, where x
is a constant proportional to the magnetic field. The transverse distance between the beam and the
first GEM is R and between the two GEM’s is D. The angle between the line segments R and D is
(» + &) /2. From the diagram, we have

1 2(sin(y/2) +sin(6/2)) P +46

o (R+ D) TR+ D’

(28)

where the approximation is for small angles. Since

sin(v/2) R

sin(6/2) D

and (¢ + 0)/2 is measured, Eq. 28 can be evaluated exactly.
For the helix, the angle 6 between the trajectory and the z-direction is constant, and thus is the
scattering angle. If Az is the difference in the z-coordinates of the GEM’s, then

D D
tanf = 2 gin1 2~ 2 (29)
z p Az

From the approximation, we see that the error in p contributes little to the error in 6.
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Finally, we note that
Q? = 4E- tan(0/2).
p

Thus the fractional error in Q2 is the sum in quadrature of the fractional errors in p and 6.

Thus with two GEM points and a narrow beam, we can reconstruct the important variables
for DIS. In addition, the distance r from the first GEM to the beam line in the z-y plane and
the azimuthal angle of the first GEM hit are measured. The first can be used to determine the z-
coordinate of the interaction, which can be used as a check that the track is valid and also determine
if it came from the front or rear target windows.

Figure 160: Projection of the track in the z — y plane. The projected radius of curvature is p.

For realistic magnetic fields, we generated with our Monte Carlo many trajectories and deter-
mined the discrepancies with Eqs. 28 and 29. These discrepancies could be parameterized in terms
of the measured variables ) + 6, D, R, and r and used as corrections. With the corrections, p and
6 can be determined from the GEM hits with a precision better than 0.1%.

Rather than ¢ + J, we used the angle a between the line segment R and the line joining the
beam with the hit in GEM;. Then
_Y+d D
T 2 R+D

(0%

and
1 _ 2a

p D

Thus our precise and realistic equation for p is

1 2
Oéip - 5+FP(R,D7T,AZ). (30)
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An important feature is that the angle o only appears in the left side. This feature is useful for our
momentum calibration method shown below. For 6,
D
tanf = Al + Fyp(R,D,r, Az, ). (31)
There are two effects that contribute to Fy. The first is the approximation in Eq. 29. The second is
the fact that radial components of the magnetic field change the angle that the trajectory makes with
the z-axis. Thus Fy depends slightly on .

Since F), and Fy are small, the errors in their arguments do not contribute significantly to the
errors in p or 6. The requirements for calibration can be obtained from the leading approximations.

The momentum resolution, which is dominated by multiple scattering, mostly in the air, is about
1%, independent of momentum. The angular resolution, dominated by GEM resolution, is about
0.5%. The resolution in Q2 is 1.5% and in z is 1%. The z-resolution is 7 mm. These numbers are
obtained with our simulation with realistic GEM signals.

The first step in momentum calibration is alignment of the GEM trackers. To make estimates
of the systematic errors in track momentum reconstruction we use artificial displacements of GEM
hits in our simulation. In the simple case of a uniform field and a thin target the minimum distance
between the beam axis and the line through two GEM hits is linearly related to 1/p. That distance
is of order 10 cm, implying a need to calibrate the GEM transverse positions to ~ 100 pm in order
to achieve a systematic error on the relative momentum Ap/p of order 1073,

For a more realistic estimate we use a Monte Carlo simulation incorporating a realistic field
and a long target to study the effects on our momentum and angle reconstruction of all elementary
displacements: lateral and transverse position shifts, and rotations in and perpendicular to the de-
tector plane, of one or both GEMs. Results are shown in Table 35. Due to the symmetry of the
apparatus, (Q? is insensitive to all these misalignments to first order except for single GEM angular
displacement in-plane. We find that we need to understand transverse GEM positions relative to
straight tracks to within about 200 pm, and absolute positions parallel to the beam axis at the level
of about 3 mm.

1/p and 0 residuals for GEMs 1, 4

transform GEM(s) dp(mean) dp(width) d0(mean) d0(width)
ransverse displacement 1,4 —0.01%/mm | 0.77%/mm | 0.00%/mm | 0.00%/mm
4 0.00%/mm | 0.76%/mm | 0.00%/mm | 0.08%/mm
longitudinal displacement 1,4 0.05%/mm | 0.00%/mm | 0.00%/mm | 0.00%/mm
4 0.08%/mm | 0.01%/mm | 0.06%/mm | 0.00%/mm
in-plane rotation 1,4 0.00%/mrad | 0.00%/mrad | 0.00%/mm | 0.00%/mm
4 1.61%/mrad | 0.15%/mrad | 0.01%/mm | 0.01%/mm
out-of-plane rotation 1,4 0.00%/mrad | 0.08%/mrad | 0.00%/mm | 0.03%/mm
4 0.00%/mrad | 0.09%/mrad | 0.00%/mm | 0.06%/mm

Table 35: Momentum and angle reconstruction sensitivities to various displacements of GEMs 1 and
4: transverse, longitudinal, and rotational (in and perpendicular to the detector plane) displacements
of both GEMs or of GEM 4 only. “dp(mean)” and “df(mean)” are the changes in the mean of the
1/p and 6 residuals and “dp(width)” and “06(width)” are the changes in those residuals’ width per
unit displacement. Due to detector symmetry, the displacement to which we are most sensitive is
single GEM in-plane rotation.
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Within a GEM, strip positions relative to one another will be known to within 25 ym. With
standard surveys, relative strip positions within a full GEM plane can be established to better than
500 pm. To achieve our resolution goal and to monitor possible motion of the tracking chambers,
straight-through electrons with the magnetic field off and low energy photons with the field off and
on will be used to calibrate the relative transverse positions of the GEMs with the required precision.
A thin carbon target about 10 cm upstream of the LDy target has lines of sight to most of the area
of the GEMs, as shown in Figure 161. For x-ray studies, an absorber ring with holes, or conversely
a set of absorbing beads mounted on a ring of light material, will provide the fiducials.
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Figure 161: Radial coordinates of photon hits in GEM 1 versus vertex z position. Most of the
detector area is covered for vertex at z = —200 mm, corresponding to a position about 10 cm
upstream of the LDy target. Similar results are seen in the other GEMs.

Once the positions of the GEMs are known, the magnetic field is calibrated as follows. First
a map is obtained with a precision of about 1%. With this map the radial fields are known well
enough so that Fy can be precisely determined. To improve the calibration of the momentum to the
0.1% level, we use electron hydrogen elastic scattering data at beam energies of 4.4 and 6.6 GeV as
well as at different magnetic field settings. Since the beam energy is known to better that 0.1% and
the angle can be measured to that precision, the location of the elastic peak provides a calibration
of the magnetic field. One issue is that for one beam energy, there is only one track energy at each
angle, whereas for DIS, the angle and energy are much less correlated. However, the correction F),
in Eq. 30 is independent of «, so a single momentum at each angle is sufficient. In other words, the
importance difference between two similar fields is the value of f B.ds | which is a scale factor for
all momenta. Hence a single momentum from the elastic scattering is sufficient to make a precise
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correction.

Clean separation of the elastic peak will be required. Figure 162 shows results from simulations
where the green histograms are elastics and the blue histograms are the inelastic background from a
Christy-Bosted parameterization [294]. Target and detector materials were included and momenta
were smeared by 1% to simulate detector resolution. At both energies the elastic peaks are cleanly
resolved. Rates are ample for calibration; see Figure 163. At 6.6 GeV, the integrated rate is about
150 Hz per pA of beam current. At 50 pA, sufficient data can be collected in only a few minutes.
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Figure 162: Elastic (green) and inelastic (blue) spectra for 4.4 GeV (top) and 6.6 GeV (bottom)
electrons on a hydrogen target, at scattering angles of 21° (bottom left) and 35° (top and bottom
right).

17.4 J/+v Program

Recent simulation studies of .J/v production have been performed including approximate radiative
effects. External bremsstrahlung was applied to both the incident and scattered electrons. The inci-
dent electron radiation loss is calculated with the peaking approximation through the target material
up to the reaction vertex. The external radiative loss for the scattered electron is calculated within
the framework of Geant4/GEMC and folded into the total resolution smearing of the track. Internal
bremsstrahlung is calculated according to the Q? dependent equivalent radiator method, and applied
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Figure 163: Elastic rates at GEM 4 for 4.4 GeV/c (blue line) and 6.6 GeV/c (red line) electrons on
LH2, as a function of momentum in MeV/c. Rates are in Hz per A per MeV/c. Target and detector
materials are included.

to both the incident and scattered electrons. These radiative calculations are well known and widely
used and have historically described radiative losses with reasonable precision. A more robust and
explicit calculation would allow for a more precise unfolding of the radiative losses, however such
an endeavor is non-trivial and would require a significant investment of manpower. For the approxi-
mate calculations, one can see in Figure 164 the effects of bin-migration along W, and the estimated
correction needed to recover the unradiated cross-section. The plotted calculations were simulated
with a 4-fold coincidence; the 3-fold coincidence has identical radiative losses (incident electron,
scattered electron). Additionally, the internal radiative corrections in the equivalent radiator method
are near zero when in the quasi-real photon kinematics of the 2-fold coincidence measurement. We
plan to continue developing our radiative corrections procedure with exact calculations, accurate
unfolding, and tests of model dependence.

A physics generator which includes acceptance effects was developed for the experiment pro-
posal and has since been extended to include resolution effects and the radiation effect approxima-
tions outlined above.

Because the J/1 experimental configuration is very similar to the SIDIS setup: a target position
offset by 35 cm being the only difference. the acceptance and efficiencies are in-line with the SIDIS
3He program shown in Figure 158 and Table 30. The only difference is that the .J/v setup has
higher acceptance because its 15 cm long LH2 target requires no collimators as SIDIS *He

As stated in the original proposal, we expect the systematic uncertainty to be dominated by the
acceptance (<10%), with an additional contribution of a few percent from sub-detectors, luminosity,
target windows and background contaminations. We take the total systematic uncertainty to be 11%.
Without radiative corrections of the data, systematics due to bin migration can be estimated from
Figure 164. However, much of these systematics can be corrected by accurately simulating and
properly unfolding the radiative effects (see section above).

An updated analysis of the J/v experiment’s di-lepton trigger from the decay lepton pairs and
triple lepton trigger with additional scattered electron were preformed, similar to what the PVDIS
and SIDIS 3He programs have done. This simulated trigger study included the signal and combi-
natorial background from leptons, pions, and additional hadrons over both forward and large angle
acceptance including the most up-to-date EC, LGC, and SPD response. The resulting di-lepton
trigger and triple lepton trigger are calculated to have a coincidence rate about 60 kHz and 30 kHz
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Figure 164: Simulation of cross-section including acceptance effects but no additional radiative
losses (blue circles) for comparison with the expected cross-section measurement including accep-
tance smearing and all radiative effects listed in the text (red squares).

respectively. The triple lepton trigger will be our main trigger and it’s also possible to take some
pre-scaled di-lepton trigger to preserve photoproduction data. We are working on improving the
trigger rate estimation and fine tuning the trigger design to see what’s the best way to maximize the
physics program under reasonable trigger limit.
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18 Supports and Infrastructure

18.1 Magnet Support

The initial plan used for estimating the cost is to build a stationary frame and distribute the approx-
imate 1000 ton load of the modified CLEO-II magnet section using eight 200 ton enerpac jacks.
Steel plates and large steel blocks and/or large I-beams will be used to distribute the load out over a
safe area. The 200 ton jacks will be used for vertical alignment and have locking rings which allow
for a full mechanical connection and not rely on hydraulic pressure for stationary support.

18.2 Endcap Support Structure and Motion Mechanism

The endcap will have a support structure that cradles each half the cylindrical ring. The structure
will be integrated into a track system that is mounted to steel plates resting upon the concrete floor.
The initial design concept for the track system requires a set of longitudinal (downstream direction)
tracks for moving the endcap away from the magnet. A second set of tracks that would separate
the endcap halves in the lateral direction would ride on top of the longitudinal tracks. The endcap
support structure would then be attached to the top lateral track system. Motion can be achieved by
using hydraulic or electric cylinders to push and pull the entire system into position.

18.3 Support Structure for Equipment Located Inside Cryostat Bore

The magnet will be located adjacent to the existing Hall A center pivot/target mount area and will
have limited access to the front of the magnet. The insertion of the large angle detector packages
that will reside internal to the cryostat will be accomplished from the downstream side of the magnet
using a supporting framework to roll the packages in and out. This will require the detector hut to
be moved downstream to allow access to the cryostat.

An internal frame system is needed to mount the lead baffles in the PVDIS experiment. See
Figure 165. The frame cannot come into contact with the inside bore of the cryostat. This requires
the frame to span the entire length of the cryostat and mount to the return yoke iron. A stainless steel
cylinder will be mounted between the two coil collars to bridge across the length of the cryostat. Its
outside diameter will be 2 less than the diameter of the cryostat bore allowing a 17 gap of clearance
with the bore. The downstream end will be mounted directly to the coil collar through a spacer ring.
The upstream end will mount through an annular plate that attaches to the front piece. The front
piece resides inside the bore of the upstream coil collar. Since the front piece has to be movable
to balance the magnetic forces on the coils the annular plate will be attached to the front piece
with studs. This will allow the framework to remain stationary if the front piece has to be adjusted.
Individual rails similar to those used in the endcap will bolt directly to the stainless cylinder to allow
the internal detector packages to roll into place. The same rail system can be used for the SIDIS
experiment for mounting the large angle calorimeter and GEMs.

18.4 Power Requirements

The projected electrical power load is 1.6M VA, maximum current for magnet at 3266A. The present
power consumption for Hall A is less than 1 MVA. So upgrade to the Hall substation to have 2 MVA
is required. (MOLLER Experiment has included the cost ($300k) for this in their MIE).

The CLEO-II magnet is designed to have a low cryogenic heat load with passive cooling. The
HRS arms will not be operational during SoLID, so it is expected that the refrigeration heat load
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Figure 165: The internal rail system will be used to mount all parts inside the barrel, including
PVDIS baffle, SIDIS large angle calorimeter and GEM’s

will be less than needed for HRS. The refrigeration need for the cryotarget is discussed in the target
section (Section 5).
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19 Installation

19.1 Experimental Layout

An initial check of the experimental equipment layout in Hall A has been done and no major ob-
structions have been found. The experiment layout puts the beam left HRS arm at 90 degrees to the
beamline and the beam right HRS arm at a forward angle of 145 degrees. The forward angle of the
BL arm allows a direct path from the wall opening at the bottom of the truck ramp to the assembly
area. The target is at the nominal pivot location with the center of the CLEO-II magnet 350 cm
downstream of the target center. The SoLLID magnet and detectors encompass an area of 5.8 meters
in diameter and 7.3 meters long. With the magnet on beamline center, clearance to the Hall floor
ranges from 10 to 38 cm. This is sufficient area to support the load. The weight of the CLEO-II
magnet, detector hut and detectors is estimated to be 1300 tons. The floor in this installation region
is designed for 250 tons for a 12 square foot pad.

19.2 Magnet Moving and Placement

In evaluating the use of the CLEO magnet for SoLID consideration is given to how the CLEO
magnet can be transported into Hall A and how Hall A structurally meets the requirements of CLEO.
The footprint of SoLID utilizing the CLEO magnet will be approximately a 1000 ton load with
dimensions of 24 feet long by 19 feet in diameter. Hall A is 164 feet in diameter. In the area
required to install SoLID, the floor is constructed to carry 250 to 500 tons per 12 square feet.

The existing Hall A equipment consists of the two High Resolution Spectrometers mounted at
the center pivot and all related infrastructure. To accommodate installation of SoLID, the SIDIS
target will need to be mounted 145 cm downstream from the existing support location in order for
the magnet to clear the HRS bearing assembly. Placing the CLEO magnet on beamline height gives
15 inches clearance to the floor for adequate support and alignment.

The bird’s eye view Figure 166 and the back side Figure 167 show SoLID in Hall A with
the two HRS arms in position. The SoLID detector hut is retracted backwards and a crane and
lowboy tractor-trailer are shown to indicate there is sufficient room to offload and assemble SoL.ID
components within Hall A.
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Figure 167: The back side view of SoLID in Hall A
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The CLEO-II magnet was disassembled and loaded on trucks for shipping by the Cornell per-
sonnel with oversight by Jefferson Lab. The coils, coil collars and cryostat of the CLEO-II magnet
have arrived at JLab in 2016.

We have identified all of the parts of the CLEO magnet, with sizes and weights. We have
identified specifically the parts to reuse in building the SoLID magnet. The cryostat (35k lbs)
and power supply are stored in an environment-controlled area of approximately 400 square feet.
Jefferson Lab projects the use of the CMSA site for storage of all parts.

In developing the installation plan for SoLID, the largest part to transport is the cryostat. The
cryostat is 12.3 feet long, 11.8 feet in diameter and weighs 22 tons. The height of the truck ramp
into Hall A is limited to 17 feet in height. This will require the cryostat to be moved into the Hall on
a roller structure rather than a flatbed type truck. This type of procedure has been completed several
times at Jefferson Lab. See Figure 168, Figure 169, and Figure 170.
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Figure 168: Hall A loading pattern.

222



Figure 169: The plan of moving CLEO cryostat through Hall A ramp.

A
1R

Figure 170: CLEO cryostat lifted during the installation at Cornell.
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19.3 Helium Dewar Support and Upper Access Platform

An upper personnel access platform that is capable of supporting the helium dewar will be mounted
to the top of the magnet. A similar platform was used for the CLEO II experiments. See Figure
171.

Figure 171: Helium dewar support upper access platform and detector loading inside of cryostat.

19.4 Endcap Forward Angle Detector Package Installation Structure

The basic design concept for the detectors mounted inside the endcap will have them supported by
individual rails mounted to the inner circumference of the cylindrical ring and on rails attached to the
outer horizontal circumferential surface of the nose if needed. A large universal installation fixture
is envisioned to load each of the detector packages onto the endcap rails. The framework design
is intended to accommodate the various endcap detectors with interchangeable fixturing specific to
each group. Personnel access to the endcap will be through man lifts and/or a specialized scaffolding
as needed.

19.5 Large Angle Detector and Baffle Installation Mechanism

An installation mechanism is needed to load the large angle detector packages and baffle system into
the internal support structure mentioned in the last section. This mechanism will likely be mounted
to the longitudinal track system used for the endcap movement and can utilize the tracks for rolling
the detectors and baffles into the cryostat and transferring the load to the internal frame. Depending
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on the final design of the detectors and baffle system the support could be a simple beam that runs
through the middle of the detectors and baffles. See Figure 171 for similar approach at BNL

19.6 Light Gas Cherenkov Installation Structure

The light gas Cherenkov will mount to the external downstream end of the magnet and will not
traverse with endcap. When the endcap is in the operational position the light gas Cherenkov will
be enclosed within the cylindrical ring along with the rest of the forward angle detectors. The light
gas Cherenkov detector will be made up of six pie shaped sections that will need to be bolted to
the downstream side of the magnet. A space frame similar to a scaffolding system would hold
and position each section while being attached to magnet. The space frame would attach to the
rail system and could be movable along the rails if needed. The space frame will be suitable for
personnel access to allow workers to perform the installation and maintenance of the detectors.
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20 Project Status and Proposed Management Organization

The SoLID spectrometer was initially proposed in 2009 for two experiments: SIDIS experiment
(PR12-09-014, later became E12-10-006) and the PVDIS experiment (PR12-09-012, later became
E12-10-007). Both experiments aim to achieve high precision which require very high statistics.
A spectrometer/detector system with a large acceptance and also able to handle high luminosity is
needed. Therefore SoLID is designed to have a large solid angle and broad momentum acceptance
and can handle luminosity up to 103%s~'cm~2 with a baffle system in the PVDIS configuration
and 103"s~!cm~2 without a baffle system in the SIDIS configuration. With these unique features,
SoLID is ideal for inclusive and semi-inclusive DIS experiments and is also good for measurements
of certain exclusive reactions. The SoLID base equipment consists of a solenoid magnet (CLEO-II
magnet), tracking detectors (GEMs), electron PID detectors (electromagnetic calorimeter and light
gas Cherenkov detector) and hadron PID detectors (heavy gas Cherenkov and EC), DAQ system,
supporting structure and infrastructure needed for the spectrometer. An MRPC in the enhanced con-
figuration will provide better hadron PID. Leveraging the unique capabilities of SoLID, currently,
there are five high impact (four “A” rating and one “A™"") experiments approved using SoLID, in-
cluding a near threshold .J/1) production experiment in addition to three SIDIS and one PVDIS
experiments. Three more run-group proposals were also approved.

The pre-conceptual design has gone through many iterations, including careful studies, detailed
simulations, pre-R&D testings and a number of internal reviews. Among the various internal re-
views, it is worth mentioning the two brainstorming sessions in September 2011 and January 2012,
organized by the JLab physics division, and the dry run review in June 2012 with external experts
(outside the SoLID collaboration, including people from outside JLab). A formal pre-conceptual
design report was submitted to the JLab management in July 2014. A Director’s Review was held
in February 2015. These reviews helped greatly in optimizing, improving and finalizing the concep-
tual design. Detailed simulations with realistic background (including neutron backgrounds) and
pre-R&D activities focusing on the major challenges have significantly improved the reliability of
the conceptual design.

20.1 Collaboration and Organization

The SoLID collaboration has more than 250 members from over 70 institutions in 13 countries.
SoLID has attracted international attention with many groups committed to make significant con-
tributions, including noticeably the contributions to the R&D efforts for large detector projects
(GEMs, EC and MRPC) from several Chinese groups and Heavy Gas Cherenkov detector from the
U. Regina group in Canada.

The proposed SoLID Organization Chart is shown in Figure 172.

Project Manager

Function: The Project Manager (PM) will be in charge of executing the project and report
to JLab management. The collaboration will provide advice and oversight, and members of the
collaboration will work under the PM in various roles to execute the project. For example, all
subsystems coordinators will report to the PM. The PM has the authority and responsibility to
manage the SoLID project.

Jian-ping Chen is the initial PM.

Executive Board
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Function: The Executive Board (EB) makes decisions on scientific and organizational choices,
and provides high level oversight on all matter pertaining to preparation and operation of the SoLID
project.

The Chair of EB is the science leader, and is the principle contact between the collaboration
and the lab management/DOE. The Chair will provide oversight and input to the PM for the SoLID
project. The Chair, together with the PM, is responsible for the performance and assessment of all
subsystems.

Hall Leader Executive Board
herOJect Technical Board
anager

Maenet Calorimeter Heavy Gas Electronics Slow Installation
& & SPD Cherenkov & DAQ Control
Light Gas Support Hall
GEM Cherenkov MRPC Software & Baffle Infrastructure
GEM US GEM China Simulation Analysis

Figure 172: SoLID Organization Chart

Initial members are the senior spokespeople plus the Hall Leader (ex-officio) and the PM (ex-
officio): Paul Souder (PVDIS), Haiyan Gao (SIDIS), Zein-Eddine Meziani (.J/v), Thia Keppel
(Hall Leader, ex-officio) and Jian-ping Chen (PM, ex-officio).

Paul Souder is the first EB Chair. It is expected that the Chair position will rotate.

Technical Board

Function: The technical Board (TB) advises the PM on all aspects of the Project, including any
changes in cost, scope or schedule.

The TB will have a group of (usually senior) collaborators who represent the full range of
required technical expertise and usually a representative from each subsystem is expected to be on
this board. This group will be appointed by the EB. In addition, the TB will include the PM and also
project engineers when they are appointed. The membership of the TB can be periodically adjusted
by the EB as the situation warrants.

The chair of the TB will be the PM. All EB members who are not already in the TB are ex-officio
members, along with the Hall leader.

Initial members: Jian-ping Chen (Chair), Paul Souder , Haiyan Gao, Zein-Eddine Meziani, Thia
Keppel (ex-officio); Alexandre Camsonne, Eugene Chudakov, Tom Hemmick, Jin Huang, Nilanga
Liyanage, Bob Michaels, Xin Qian, Paul Reimer, Yi Wang, Jianbei Liu, Xiaochao Zheng
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Sub-System Lead Coordinators and Institutions

e Magnet: Robin Wines / Paul Reimer; JLab, Argonne
e GEM-US: Nilanga Liyanange / Bernd Surrow ; UVa, Temple
e GEM-China: Jianbei Liu / Xiaomei Li; USTC, CIAE, Lanzhou, Tsinghua, IMP

e Calorimeter: Xiaochao Zheng / Wouter Deconinck / Chufeng Feng; UVa, W&M, Shandong
(China), Argonne

e Light Gas Cherenkov: Zein-Eddine Meziani / Nikos Sparveris/ Michael Paolone; Argonne,
Temple

e Heavy Gas Cherenkov: Haiyan Gao / Zhiwen Zhao / Garth Huber; Duke, Regina (Canada)
e MRPC: Yi Wang / Alexandre Camsonne; Tsinghua (China), JLab, Duke, Rutgers
¢ DAQ/Electronics: Alexandre Camsonne / Ron Gilman; JLab, Rutgers

e Simulation: Sylvester Joosten / Zhiwen Zhao ; Argonne, Duke, UVa, Syracuse, Stony Brook,
Temple

e Reconstruction and Analysis: Ole Hansen; JLab

e Slow Control: Brad Sawatzky; JLab

e Supporting Structure and Baffle: Robin Wines / Paul Reimer; JLab, Argonne
o Hall Infrastructure Modification: Robin Wines / Jessie Butler; JLab

e Installation: Jessie Butler / Robin Wines; JLab, all user groups.

The names listed are the coordinators for sub-systems. Institutions working on and responsible
for the sub-systems are also listed. Details of the responsibilities are described in the summary for
each sub-system. The list reflects the current situation and it is expected to be modified as more
groups join the effort as the SoLID project moves forward.

20.2 Cost estimation

Cost estimation has gone through many iterations in the last a few years. Procurement cost and
manpower estimations were first performed by the coordinators of subsystems. There are variations
in assumptions, including the number of years to complete the project. The final estimation made
adjustments to keep consistency for all subsystems in the assumptions. The length of the project
is assumed to be 5 years. Most of the procurement costs were estimated based on quotations from
vendors. Manpower were estimated from comparison with similar projects. JLab manpower was
estimated initially based on the estimation of similar projects from other halls. They were revised
later using the actual manpower used at the end of project completion in Hall D. The JLab budget
office provided valuable assistance in the cost estimation.
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Appendix A Summary of Recommendations from the 2015 SoLLID Di-
rector’s Review and the Responses

The SoLID Director’s Review was held at JLab on 23-24 February 2015. The committee consisted
of: Paul Brindza (JLab), Marcel Demarteau (ANL), Nancy Grossman (ANL), David Mack (JLab),
Richard Majka (Yale), Naomi Makins (UIUC), Curtis Meyer (CMU)(chair), Ernest Sichtermann
(LBL), William Wisniewski (SLAC) and Bolek Wyslouch (MIT).

A summary of all recommendations made by the committee is provided below, with each rec-
ommendation ordered by number to improve readability. We also note briefly below each recom-
mendation what has been done.”

A.1 On the physics relevance and risks

On the completeness and credibility of the discussion of the experimental reach, including
statistical, systematic and theoretical uncertainties

Recommendation 1: End-to-end simulations with realistic subsystem responses and mate-
rial budgets, and complete track finding and reconstruction should be developed.

The simulations of all SoLID subsystems are unified in the GEANT4 based simulation frame-
work, GEMC, with realistic setup and simple responses for all detectors. Digitization for GEM and
tracking with field effects are conducted after simulation.

Recommendation 2: Acceptances, efficiencies, and systematic uncertainties should be sim-
ulated for each of the core measurements.

Acceptances, efficiencies, and systematic uncertainties for each of the core measurements have
been performed with the aforementioned simulation.

Recommendation 3: For the PVDIS measurements, the viability of the elastic scattering
calibration procedure, to determine absolute (> should be demonstrated by simulations for
similar scattering angles to those probed in DIS, and with realistic misalignments.

A study was performed with simulation which demonstrated that absolute Q? can be determined
to the required precision with elastic scattering calibration assuming realistic misalignments.

Recommendation 4: Bin migration effects should be simulated for the measurements of
the sharply rising .J/¢) production cross section near threshold.

Bin migration effects were simulated combining radiative effects and track resolution.

On the ability to handle the desired luminosities and backgrounds including impacts on both
the apparatus and the beam line downstream of the target

Recommendation 5: The signal and background trigger rates should be simulated for the
J /1 measurements.

We have performed a simulation for both signal and background trigger rates for .J /v using the
full SoLID simulation similar to what we did for PVDIS and SIDIS.

Recommendation 6: The dead-time(s) in the DAQ chain should be modeled.

We have continued to develop the deadtime analysis in the context of experimental impact and
verification is ongoing based on experience with the hardware modules.

Recommendation 7: The development of a simulation framework with realistic recon-
struction and analysis should be pursued with high priority and increased resources.

The development of a full simulation package with realistic reconstruction and analysis has
continued to be a high priority and focus for the collaboration. We have been progressing to develop
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a full end-to-end simulation of all SoLID experiments and have been soliciting increased resources
to fully realize this.

On the implications for the relevance of the physics results in the context of possibly competing
experiments at both Jefferson Lab and internationally.

Recommendation 8: Better comparisons with the expected results on programs such as
SBS and particularly CLAS12 are needed to clarify the need for the SoLID SIDIS program.
Crisp demonstrations of the improvements possible with SoLID should be developed.

With the help of theory group, a new method was developed to properly evaluate the impact of
future SIDIS measurements on TMDs. Comparisons of SoLID projections with SBS and CLAS12
were performed, which demonstrated significant improvement of SoLID over SBS and CLAS12.

Recommendation 9: The SoLID Collaboration should investigate the possibility of kaon
identification, especially given their high luminosity.

We have explored different options for kaon identification, and are pursuing the path of upgrad-
ing the MRPC time of flight to reach resolution of 20ps. R&D on the MRPC upgrade is underway.

Recommendation 10: The SoLID collaboration should investigate the feasibility of carry-
ing out a competitive GPD program. Such a program would seem particularly well suited to
their open geometry and high luminosity. If SoLIDs luminosity is sufficiently high to permit
a program of precise Double Deeply Virtual Compton Scattering (DDVCS) measurements,it
would make a groundbreaking contribution to GPD studies.

A GPD program has been initiated, including an approved timelike Compton scattering pro-
posal, an approved deep exclusive meson production proposal, a letter of intent for DDVCS, and a
polarized DVCS measurement under study.

A.2  On the viability of approach and the experimental technique

On any R&D required to meet the technical challenges of the experiment

Recommendation 11: Develop an overall R&D plan for the project with a timeline.

We have developed a pre-R&D plan which was submitted to the DOE medium energy nuclear
physics program manager in Summer 2016, which received feedback with encouragement. The full
R&D plan and project timeline is under development.

Recommendation 12: Close interaction between the US and Chinese groups in the devel-
opment of GEM foils to assure good quality control is highly recommended.

We have continued to work closely with the Chinese groups for GEM foil production through
regular meetings and discussions, as well as hosting visiting Chinese researchers at the UVA GEM
laboratory. Plans have been developed to ensure produced GEM quality at multiple levels including
by sample inspection by the UVA and Temple groups.

Recommendation 13: Investigate the schedule risk when GEM foils are not produced in a
timely way and continue to pursue Tech-Etch as a potential supplier for the foils.

We have contacted Tech-Etch as a potential backup option and they have indicated they would
be able to commit the resources to produce a large order of GEMs in such an event. The CERN
workshop also presents an option with the capability to be able to fulfill a large order of necessary
GEMs.

Recommendation 14: The calorimeter group is encouraged to contact other groups (AL-
ICE, LHCb SiPMs and possibly CMS) to understand the detector design choices these groups
have made and resources needed for construction.
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Beyond the initial LHCb contact at the beginning of R&D, the calorimeter group has been
in contact with the University of lowa CMS group and Central China Normal University group
which assembled modules for the ALICE experiment. We have also acquired relevant technical
documents from LHCb and other CERN experiments which have been beneficial in detailing design
choices. The design was refined, prototyping modules were constructed by two newly joined groups
(Shandong University and Tsinghua University from China) and cosmic and beam tests are on-
going.

Recommendation 15: The stability tests of the conductivity of the glass for the MRPCs
should be extended for a much longer period and the risk associated with the R&D needs to
be identified.

Conductivities of the glass were tested for extended period with large radiation dose of neutron
and xray, showed no aging or stability issues.

Recommendation 16: The collaboration is strongly encouraged to develop an end-to-end
realistic simulation and reconstruction to further optimize cost and physics reach and derive
clear performance requirements for the individual subdetectors.

All subsystems simulations have been unified into the same simulation framework with simple
reconstruction. We have continued to iterate the designs within the simulation, especially as more
engineering resources have become available. For example, studies evolving the detector layouts
are being performed as internal mounting and field constraint specifications are developed.

Recommendation 17: The collaboration is encouraged to explore the power of extended
kaon identification (through Cherenkov or TOF).

The collaboration has identified that the MRPC time of flight option for kaon identification will
be the most promising approach. We have initiated R&D on the 20ps MRPC upgrade. (Section
2.5.2 and 11.8).

On the proposed magnet concept and choice, including magnet configuration modifications (if
any), magnet cool-down and infrastructure requirements

Recommendation 18: The Committee strongly recommends testing the CLEO magnet
coils (cold test), power supply and controls, before installation in Hall A.

A cold test is planned at reduced operating parameters by Jefferson Lab engineering which will
be carried out prior to installation in Hall A.

Recommendation 19: A new magnet power supply should be included in the total cost of
SoLID.

The collaboration is planning for a new power supply for the solenoid and has now included the
cost in the budget.

Recommendation 20: Evaluate the schedule impact of mapping the magnetic field in situ
in Hall A.

Field mapping and analysis has been estimated by Jefferson Lab engineering and estimates of
necessary workforce and cost have also been evaluated and included.

On the proposed detector concept and associated electronics and data acquisition
Recommendation 21: The plans for the High Level Trigger and the needs for slow control
need to be worked out in detail and the implications for resources need to be evaluated.
Development of the hardware trigger in particular for the complicated SIDIS trigger has contin-
ued and further details are included.
Slow controls have now been integrated into the experiment design and budget and a responsible
subsystem coordinator has been assigned.
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Recommendation 22: The implications of the need for these resources in the context of
availability of resources at the laboratory need to be understood.

Consideration of further details of lab resources are presented in Section 13 and Appendix D.
The collaboration has been in active communication with the JLab computing center about the needs
for SoLID including data volumes and analysis.

Recommendation 23: Closer communication with the other JLab experiments and the
JLab computing center is strongly encouraged.

We have closer communication with other JLab groups and the computing center. Software and
computing resource needs have been further evaluated, especially related to larger JLab 12 GeV
projects.

Recommendation 24: Having a functional simulation and reconstruction routines as soon
as possible should be a high priority in the software effort. Such software will pay off many
times over in experimental design and avoiding pitfalls.

Development of the simulation and using that to develop and test reconstruction algorithms has
been a high priority of the collaboration. We have had postdocs and students dedicated to these
efforts and have been requesting further resources to meet short term goals.

On the beam line design, including collimation and shielding

Recommendation 25: Complete radiation calculations to determine activation and ab-
sorbed dose on components of concern and mitigate as appropriate.

We have completed initial radiation calculations for all the experiments in Geant4 as well neu-
tron dose and activation studies in FLUKA. These continue to be iterated as design details become
available.

Recommendation 26: It should be confirmed that the baffle design, including the sup-
port structure, is optimized for background rejection and signal acceptance. Furthermore the
baffle design should minimize generation of secondary backgrounds.

Optimization studies and baffle refinement have been completed with material, acceptance,
background, and secondary production in the figure of merit. Detailed evaluation of baffle sup-
ports are ongoing with engineering.

On the cryogenic and polarized target system concepts and integration
No recommendation was presented in the report.

On the beam polarimetry requirements.
No recommendation was presented in the report.

A.3 On the understanding, completeness, and credibility of the resources needed for
the SoLID project.

On the experience, expertise and quantity of the scientific and technical manpower for the
project

Recommendation 27: Compare the resource levels you have assumed in some key areas
(particularly in software, data acquisition and project management) to make sure the esti-
mates align with other similar projects or there is a good reason they do not.

Further details in required software resources based on other large scale experiments at Jefferson
Lab and outside of the lab have been considered. Communicating with JLab fast electronics, DAQ
and IT groups to have a better estimation of resource level for DAQ. (Section 13 and Appendix D).

Recommendation 28: Redo the cost estimate using an average cost per type of resource.
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A new full cost estimate is anticipated to be performed after a DOE science review.

Recommendation 29: Create a high level resource loaded schedule to get a more realistic
schedule, funding and resource profile. This will also allow JLab to better determine their
ability to support the FTE needs.

A high level resource loaded schedule is anticipated to be performed after a DOE science review.

Recommendation 30: Revisit the comments of the 2012 Internal Review Report in con-
junction with the recommendations from this report.

We revisited those comments and they are addressed in multiple sections of this document.

On utilities (power, cabling, LCW, cryogenics) requirements for the project

Recommendation 31: A cost benefit analysis for any systems being reused should be car-
ried out, including the magnet power supply.

A cost-benefit analysis was performed and the only reused components will be the iron yoke
and cryostat. Cost for a new power supply, controls, transfer lines, and supports have been included
in the budget. (Section 4.4).

Recommendation 32: Appoint a small team to facilitate the integration planning for SoL.ID.

Integration has been a consideration in the development of the subsystems. A full team will be
assigned after a DOE science review.

On requirements from Jefferson Lab on for instance engineering needs, electron beam, polar-
ized source, and cryogenic target requirements

Recommendation 33: We strongly recommend tests at JLab of the CLEOII magnet coils
(cold test), ideally with the new power supply and controls, before installation into the hall.

A cold test is planned at reduced operating parameters by Jefferson Lab engineering which will
be carried out prior to installation in Hall A.

Recommendation 34: An effort should be made to clearly specify resources required from
JLab that are not explicitly in the project (effort, non-effort, equipment, building space, etc.).

Many of these resources have been identified and it is an ongoing process within the collabora-
tion.

On general experiment installation and alignment issues, including potential interaction with
other Hall A programs and operations

Recommendation 35: The project should develop a preliminary resource loaded schedule
for the installation and the corresponding space-management plan for the hall floor.

A preliminary plan has been outlined for installation of the magnet and major subsystems.

Recommendation 36: The project should start planning the process of how to change from
one SoLID configuration to another in order to better understand the time and effort involved
and if there are any potential issues such as radiation levels.

Based on the initial radiation studies, a preliminary plan is made and details will continue to be
refined.
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Appendix B Summary of Subsystems

In responding to the recommendations from JLab physcis division, we add this section, aiming to
provide a brief description of the key assumptions for each subsystem, namely where the subsystem
will be built, which groups will build it, where the fund comes from, how long it will take and what
is needed from JLab to support it. Anything unique to the system which drives the project will also
be listed.

B.1 Magnet

The solenoid magnet provides the magnetic field required for measuring the momentum of the track
in the experiment. The detectors for SoLLID will be mounted on the magnet yoke. The collaboration
has identified the CLEO-II magnet as the one to be used for SoLID after modifications. The JLab
Hall A engineering team, with assistance from JLab Engineering Division and also from the SoLID
collaboration, is responsible for the transportation and modification of the magnet.

The coils and cryostat of the magnet arrived at JLab in 2016 and the exterior steel has arrived
JLab in August 2019. The transportation (disassembling and shipping) the magnet from Cornell
to JLab and initial refurbishing to verify the magnet is in good state for specific modifications for
physics experiments is covered from the JLab Physics Division (operation fund). The cost for
refurbishing and modifications specific to SoLID is to be part of the SoLID MIE to DOE.

The refurbishing and modification specific to SoLID will take 2.5 years. JLab will perform most
of the work. Space will be needed at JLab for refurbishing, modification and storage. We will also
need JLab support for the cryogenic and control systems.

B.2 GEM

e Where the system will be built and who will build it: It is assumed that the SoLID GEM
tracker will be built by the GEM detector groups at the University of Virginia (Liyanage) and
Temple University (Surrow). Five member institutions of the Chinese SoLID GEM collabo-
ration will collaborating: CIAE, LZU, THU,USTC and IMP.

e Who will fund it ?

The funding for the SoLID GEM tracker will be requested from the US DoE as part of the
SoLID baseline project. The Chinese institutions plan to also apply to the Chinese funding
agencies. If the Chinese funding application is successful, it will be used for enhancement to
the baseline design.

e How long will it take ?
The pre-R&D phase of the project would take about 1.5 years. It will take 4 more years for
engineering and design, prototyping, construction, testing and installation.

e What is needed from JLab to support it ?

Jlab engineering support will be needed for the design of the GEM module mounting struc-
ture, and DAQ support will be needed to integrate the GEM readout into the hall A DAQ
framework.
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B.3 Light Gas Cherenkov

The light gas Cherenkov prototyping and construction will be performed by the Temple University
Nuclear Physics Group led by Dr. Sparveris and the Medium Energy Physics group at Argonne
National Lab led by Dr. Zein-Eddine Meziani. All of the construction will be done at these two
institutions, with the possible exception of any specific materials needed to adapt and integrate the
subsystem into the larger SoLID detector. Funds for the project will be requested by the groups
from DOE and/or NSF. The light gas Cherenkov detector will also be designed by the two groups
with the expectation that communication with the SoLID project engineers at Jefferson Lab, as well
as access to schematics and documentation, will be made available concerning interfacing the sub-
detector design with the larger SoLID design. We expect the project to take 4 years total from design
to delivery.

B.4 Heavy Gas Cherenkov

The Heavy Gas Cherenkov (HGC) detector will provide the required particle identification of pions
in a background of kaons. It will be built by Prof. Haiyan Gao’s Medium Energy Physics group
at Duke University with engineering and technical help from the Triangle Universities Nuclear
Laboratory (TUNL), and by Prof. Garth Huber’s group from the University of Regina in Canada.
Funds for the project will be requested from DOE and/or from NSF. It will take about 4 years and
3 months to design and build the detector. We need the JLab Design Authority to review the design
and the test plan to ensure that the pressure system satisfies the JLab ESH&Q rules. The JLab Hall
A engineering group will design and build the gas system and help with tests and the installation.
We also expect that the JLab electronics group will help design and support the readout electronics.

B.5 Electromagnetic Calorimeter and Scintillator-Pad Detector

The Electromagnetic Calorimeter (EC), in combination with other detectors, provides the main trig-
ger and the particle identification for the SoLID experiments. The SPDs in the SIDIS configuration
will provide photon rejection and TOF (for large angle).

e Who will fund it ?

The funding for EC and SPD will be requested from the US DoE as part of the SoLID baseline
project.

e Who will build it?

We currently assume the two Chinese collaborations will build the shashlyk and the preshower
modules, including WLS fiber embedding/threading and initial cosmic testing. As a backup,
the Russian IHEP can also build both preshower and shashlyk modules.

SPDs will be procured from Eljen and assembled by the UVa group.

e How long will it take ?

It will take two years to finalize the design of the calorimeter and its module supporting
frame, and to design PMT bases for readout. Construction will take slightly more than two
years if assuming 10 assembly stands (each module must be compressed for 48-72 hours
on the stand, thus 1800 modules will require 90 weeks). Modules will be shipped to JLab
and tested immediately using cosmics. Modules will be loaded to the supporting frame once
testing is complete.
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Construction of SPD modules will take 6-12 months depending on cosmic test stands avail-
able.

e What is needed from JLab to support it ?

We expect the JLab electronics group will design and test the PMT bases with preamp gain
specified by SoLID. Shashlyk modules need to be cosmic-tested upon receiving from the
construction site, and it is the most convenient to conduct such tests at JLab. We will need
test lab space to stack shashlyk modules and we expect JLab to provide cosmic testing stand
along with partial staff support to assist with the test.

B.6 MRPC

The Multi Gap Resistive Plate Chamber (MRPC) will be used by the SIDIS experiment for hadron
particle identification by means of time of flight. A MRPC can achieve a timing resolution better
than 50 ps under clean condition. Under more realistic conditions with large background rates,
timing resolution of 80 ps has been demonstrated. An R&D effort is ongoing with a funding from
NSFC aiming to improve the time resolution to better than 30 ps, which is needed for Kaon particle
identification.

e Who will build it:
Tsinghua University and USTC;

e Where the system will be built:
At Tsinghua University, Beijing; readout system at USTC, HEfei, China;

e Who will fund it:
NSFC (China) for the detector and for the readout system.

e How long will it take:
4 years

e What is needed from JLab to support it:
Beam tests will be needed at JLab including electronics and DAQ system in order to test the
detector and optimize it under realistic beam conditions. In the enhanced configuration, since
it is planned to include the MRPC in the trigger to reduce the background, a special board
from JLab will be required to send the logic signals to the trigger.

e Anything unique to that system that’s a project driver: This is the first high rate TOF
system in hadron physics experiments and is needed for the Kaon particle identification and
also will enhance the pion particle identification.

B.7 DAQ

The SoLID experiment is a large acceptance detector designed to run at high luminosity. The trigger
rates expected for PVDIS are of the order of 600 KHz and for SIDIS up to 100 KHz. This pipelined
electronics is crucial to generate a selective trigger in the very large background present in the
detector.

o Where the system will be built and who will build:
Jefferson Lab and Rugters University with the group of Prof. Ronald Gilman’s group will be
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in charge of the high resolution timing measurement aspects of the development and produc-
tion for the electronics and help with the testing of the Flash ADCs. (Similar to what was
done for Hall D.)

Who will fund it?
The electronics will be funded by the DOE request.

How long it will take?
The project will take 1.5 years of preRD, 4 years of design, production and testing, and
installation.

What is needed from JLAB to support it?

Since SoLID will be using the Jefferson Laboratory Pipelined Electronics, the JLAB Fast
electronics group will be largely involved in the development, tests and deployment of the
electronics. An estimate of the electronics and DAQ group is summarized in the table in
addition of the JLab physics staff person.
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Appendix C Cost Estimations of August 2019

C.1 Summary of SoLID overall cost estimation

SoLID cost estimates were first done at the end of 2014 in preparation of the JLab Director’s review
for SoLID. The current cost estimates (August 2019) are presented in the tables in this section.
The cost is based on a estimates for each subsystem. Each sub-system obtained quotations for
components from vendors wherever available. Person-power (FTE) estimation, which has taken
full advantage of the experience of the JLab 12 GeV project, is based on the actual FTEs used to
complete similar sub-system. Separate labor costs are assumed JLab labor and university labor, with
a single average used for each. These average labor costs are supplied by the JLab budget office.

The cost estimation is based on a five-year project plan and assumes 1 1/2 years of pre-R&D
activities before the project starts. There are also a number of dependencies as specified in the main
text.

The total amount shown in table 175 is the request to DOE/NSF. The requested amount is suf-
ficient for the SoLID base configuration to start initial experiments. All costs are in FY19 dollars
and do not include escalations. The direct costs are burdened with current overhead rates for pro-
curements and labor. The cost estimate for each WBS 5 level item is labled with “Catalog Price”,
“Vendor Budgetary”, “Lab Experience”, “Engineering Judgement”, or “Notional”. Procurement
contingencies of 10%, 20%, 20%, 35% and 75% respectively are used for each item. For labor,
the respective contingencies are 25%, 35%, 35%, 50% and 90%. Risk for some subsytems are also
included in the cost estimate.
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WBS Name Jlab Univ. Contrib: Total : Jlab Labor :Univ. Labor : Total Labor | Procure : Total Cost
Labor | Labor ; Labor : Labor : Cost($K) : Cost ($K) Cost ($K) Cost
(FTE) | (FTE) : (FTE) : (FTE) ($K) ($K) ($K) ($K) ($K)

l1.1.1 EC 0.18 0.91 0.41 1.50 $24.43 $53.85 $78.28 $5.00 $83.28
Overhead $13.04 $8.81 $21.86 $0.39 $22.25
Contingency $14.81 $24.76 $39.57 $1.89 $41.46
Risk Contingency $0.49 $0.82 $1.31 $0.00 $1.31
Total $52.77 $88.24 $141.02 $7.28 $148.30
1.1.2 LGC 0.48 0.52 0.00 1.00 $64.13 $30.96 $95.09 $0.00 $95.09
Overhead $34.23 $5.07 $39.30 $0.00 $39.30
Contingency $38.87 $14.24 $53.11 $0.00 $53.11
Risk $1.29 $0.47 $1.76 $0.00 $1.76
Total $138.53 $50.74 $189.27 $0.00 $189.27
1.1.3 HGC 0.70 1.11 0.30 2.11 $94.67 $65.96 $160.63 $0.00 $160.63
Overhead $50.53 $10.80 $61.33 $0.00 $61.33
Contingency $57.38 $30.33 $87.72 $0.00 $87.72
Risk Contingency $1.90 $1.01 $2.91 $0.00 $2.91
Total $204.49 $108.10 $312.59 $0.00 $312.59
1.1.4 GEM 2.00 1.36 0.45 3.82 $268.74 $80.77 $349.51 $250.00 $599.51
Overhead $143.45 $13.22 $156.67 $19.73 $176.40
Contingency $162.90 $37.14 $200.04 $53.95 $253.99
Risk Contingency $5.40 $1.23 $6.63 $0.00 $6.63
Total $580.49 $132.37 $712.86 $323.67 $1,036.53
1.15 DAQ 3.20 0.00 0.16 3.36 $430.59 $0.00 $430.59 $184.50 $615.09
Overhead $229.85 $0.00 $229.85 $14.56 $244.41
Contingency $261.01 $0.00 $261.01 $39.81 $300.82
Risk Contingency $8.65 $0.00 $8.65 $0.00 $8.65
Total $930.10 $0.00 $930.10 $238.87 $1,168.97
1.1.6 Magnet 7.35 0.00 0.00 7.35 $987.61 $0.00 $987.61 $0.00 $987.61
Overhead $527.19 $0.00 $527.19 $0.00 $527.19
Contingency $598.65 $0.00 $598.65 $0.00 $598.65
Risk Contingency $19.84 $0.00 $19.84 $0.00 $19.84
Total $2,133.30 $0.00 $2,133.30 $0.00 $2,133.30
1.1.7 Infrastrur  11.58 0.00 0.00 11.58 $1,555.32 $0.00 $1,555.32 $0.00 $1,555.32
Overhead $830.24 $0.00 $830.24 $0.00 $830.24
Contingency $942.77 $0.00 $942.77 $0.00 $942.77
Risk Contingency $31.25 $0.00 $31.25 $0.00 $31.25
Total $3,359.59 $0.00 $3,359.59 $0.00 $3,359.59
Design 25.5 3.9 13 30.7 $3,425 $232 $3,657 $440 $4,097
Overhead $1,829 $38 $1,866 $35 $1,901
Contingency $2,076 $106 $2,183 $96 $2,279
Risk Contingency $69 $4 $72 S0 $72
Total $7,399 $379 $7,779 $570 $8,349

Figure 173: Estimation of SoLID Design Cost 2019
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WBS |Activity | Jlab Univ. :Contrib: Total : Jlab Labor :Univ. Labor : Total Labor | Procure : Total Cost
Name |Costed | Costed : Labor : Labor : Cost($K) ;| Cost ($K) Cost ($K) Cost
Labor | Labor
(FTE) | (FTE) | (FTE) | (FTE) ($K) ($K) $K) ($K) ($K)

1.2.1 [2C 1.98 16.00 0.78 18.76 $266.30 $947.69 $1,213.99 $6,726.60 $7,940.59
Overhead $142.15 $155.12 $297.27 $530.73 $828.00
Contingency $161.42 $435.83 $597.25 $1,774.31 $2,371.56
Risk Contingency $5.35 $14.45 $19.80 $318.91 $338.71
Total $575.21  $1,553.10 $2,128.31 $9,350.55 $11,478.86
1.2.2 LGC 6.05 0.00 0.00 6.05 $813.54 $387.69 $1,201.24 $2,911.90 $4,113.14
Overhead $434.27 $63.46 $497.73 $229.75 $727.48
Contingency $493.14 $178.30 $671.43 $738.44 $1,409.88
Risk Contingency $16.35 $5.91 $22.26 $244.69 $266.95
Total $1,757.30 $635.36 $2,392.66 $4,124.79 $6,517.44
1.2.3 HGC 1.70 9.39 1.18 12.27 $229.04 $555.96 $785.00 $3,932.40 $4,717.40
Overhead $122.26 $91.00 $213.26 $310.27 $523.53
Contingency $138.83 $255.68 $394.51 $1,060.70 $1,455.21
Risk Contingency $4.60 $8.48 $13.08 $485.46 $498.54
Total $494.74 $911.12 $1,405.86 $5,788.83 $7,194.68
1.2.4 GEM 1.50 12.86 0.91 15.27 $201.55 $761.92 $963.48 $2,194.00 $3,157.48
Overhead $145.06 $124.72 $269.78 $173.11 $442.88
Contingency $136.98 $350.40 $487.38 $473.42 $960.80
Risk Contingency $4.54 $11.61 $16.16 $539.26 $555.41
Total $488.14 $1,248.65 $1,736.79 $3,379.78 $5,116.58
1.2.5 DAQ 11.80 0.00 0.84 12.64 $1,584.95 $0.00 $1,584.95 $2,679.70 $4,264.65
Overhead $846.05 $0.00 $846.05 $211.43 $1,057.48
Contingency $960.73 $0.00 $960.73 $578.23 $1,538.96
Risk Contingency $31.85 $0.00 $31.85 $334.78 $366.63
Total $3,423.57 $0.00 $3,423.57 $3,804.14 $7,227.71
1.2.6 Magnet 4.75 0.00 0.00 4.75 $638.19 $0.00 $638.19 $4,328.00 $4,966.19
Overhead $340.67 $0.00 $340.67 $341.48 $682.15
Contingency $386.85 $0.00 $386.85 $1,561.49 $1,948.34
Risk Contingency $12.82 $0.00 $12.82 $0.00 $12.82
Total $1,378.53 $0.00 $1,378.53 $6,230.97 $7,609.50
1.2.7 Infrastru.  19.03 0.00 0.00 19.03  $2,556.37 $0.00 $2,556.37 $2,545.00 $5,101.37
Overhead $1,364.60 $0.00 $1,364.60 $200.80 $1,565.40
Contingency $1,549.57 $0.00 $1,549.57 $836.42 $2,385.99
Risk Contingency $51.36 $0.00 $51.36 $274.58 $325.94
Total $5,521.91 $0.00 $5,521.91 $3,856.80 $9,378.71
1.2.8 Software 2.55 2.80 0.00 5.34 $342.03 $165.58 $507.61 $0.00 $507.61
Overhead $182.58 $27.10 $209.68 $0.00 $209.68
Contingency $207.33 $76.15 $283.47 $0.00 $283.47
Risk Contingency $6.87 $2.52 $9.40 $0.00 $9.40
Total $738.81 $271.35 $1,010.16 $0.00 $1,010.16
1.2.9 Oversigh”  18.00 0.00 0.00 18.00 $2,418.65 $0.00 $2,418.65 $0.00 $2,418.65
Overhead $1,291.08 $0.00 $1,291.08 $0.00 $1,291.08
Contingency $1,466.08 $0.00 $1,466.08 $0.00 $1,466.08
Risk Contingency $48.60 $0.00 $48.60 $0.00 $48.60
Total $5,224.41 $0.00 $5,224.41 $0.00 $5,224.41
Construction 67.4 41.0 3.7 1121 $9,051 $2,819 $11,869 $25,318 $37,187
Overhead $4,869 $461 $5,330 $1,998 $7,328
Contingency $5,501 $1,296 $6,797 $7,023 $13,820
Risk Contingency $182 $43 $225 $2,198 $2,423
Total $19,603 $4,620 $24,222 $36,536 $60,758

Figure 174: Estimation of SoLID Overall Cost 2019
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WBS [Activity | Jlab Univ. Contrib: Total : Jlab Labor :Univ. Labor : Total Labor | Procure : Total Cost

(FTE) | (FTE) [ (FTE) [ (FTE) ($K) ($K) ($K) ($K) ($K)
Total 92.8 45.0 5.0 142.8 $12,476 $3,050 $15,527 $25,757 $41,284
Overhead $6,697 $499 $7,197 $2,032 $9,229
Contingency $7,577 $1,403 $8,980 $7,119 $16,099
Risk Contingency $251 $47 $298 $2,198 $2,495
Total $27,002 $4,999 $32,001 $37,106 $69,107

Figure 175: Estimation of SoLID Overall Cost 2019, construction

C.2 Estimation of Cost Request for Subsystems
C.2.1 Costof EC and SPD

The estimated cost for the SoLID calorimeters and the SPDs is based on 1800 Shower and 1800
preshower modules, and 60 LASPD modules and 240 FASPD modules. All preshower and shower
modules will be produced by our two Chinese collaboration universities: Shandong University
(SDU) and TsingHua University (THU). The cost presented is based on an estimate from SDU
in the Chinese currency RMB. It includes all material cost except for fibers (which are counted
separately), assembly of the modules, and the initial cosmic-ray testing of modules. Upon receiving
shower and preshower modules at JLab, they will be further sample-tested with cosmic rays prior to
installation. The FASPD and LASPD scintillators will be procured from (US) Eljen Ltd. for which
the cost is based on recent quotes. The University of Virginia group will assemble the SPD modules
and conduct initial cosmic ray testing.

The WLS and clear fiber needs of the calorimeter and the SPDs will be provided by two vendors:
Saint-Gobain and Kuraray. We choose the amount to purchase from each vendor based on the cost
and the performance needs (which are different for Shower vs. Preshower or FASPD modules).
Fiber connectors will be procured from Fujikura. The PMTs will be procured from Hamamatsu, that
includes regular PMTs for the Shower, multi-anode PMTs (MAPMTs) for Preshower and FASPD,
and the field-resistant fine-mesh PMTs (FMPMT) for the LASPD. The support structure for the
calorimeter is being designed by the ANL group. The cost is based on a quote for 1/24 (15°) of
the support structure for the PVDIS setup, and scaled by area for the LAEC support of SIDIS. (The
FAEC support can be the same as for PVDIS).

High voltage modules and readout costs are included in the DAQ/electronics subsystem and are
not shown here.

Total Labor Labor Cost Procurement ( Total Cost

WBS Activity # Activity Name Costed Labor | Contrib Labor
(Direct $K) Cost (Direct $K)
‘ [ | (Direct $K) |
(PW) (PW) (PW) I ($K) ($K) 1 ($K)
111 EC EM Calorimeter (EC) 48.00 18.00 66.00 $78.28 $5.00 $83.28

1.1.1.1 Shower, Preshower and SPD Modules 4.00 4.00
1112 Preshower and SPD module frames 4.00 4.00
7708 Shower module frames 32.00 18.00 50.00
11.1.4 PMT base design 8.00 0.00 8.00 $5.00

Figure 176: Estimation of Direct SoLID EC Design Cost 2019
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WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)

($K) ($K) ($K)

Figure 177: Estimation of Direct SoLID EC Construction Cost 2019
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C.2.2 Costof LGC

The LGC cost summary includes all material and people-power costs expected to deliver a high
performance electron/pion discriminating Cherenkov detector designed to meet the demands of the
SoLID physics program. All efforts in design and budgeting have been aimed at minimizing cost
while optimizing performance. The five year budget presented here includes all costs for design,
construction, assembly, and testing in the first four years at Temple University and Argonne National
Laboratory. The fourth and fifth years includes transport, calibration, integration, and commission-
ing at Jefferson Lab.

WBS Activity # Activity Name | Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)
(PW) (PW) (PW) ($K) ($K) ($K)
112 LGC Light Gas Cherenkov (LGC) 44.00 0.00 44.00 $95.09 $0.00 $95.09
aLilzlil Adjustable Mirror System 14.00 14.00
1%1877] Tank and plumbing 15.00 15.00
1.1.2.3 Support and mounting 15.00 15.00
Figure 178: Estimation of Direct SoLID LGC Design Cost 2019
WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)
(PW) (PW) (PW) ($K) ($K) ($K)
1.2.2 LGC Light Gas Cherenkov (LGC) 554.40 44.00 598.40 $1,201.24 $2,911.90 $4,113.14
1221 Tank and Support 300.40 22.00 322.40 $504.00
12211 Gas System 44.00 44.00 $63.00
1.2.2.1.2 Windows/Frame/Support 124.40 124.40 $441.00
1.2.2.1.3 Integration/Assembly 132.00 22.00 154.00
1222 Mirrors 44.00 0.00 44.00 $932.40
12221 Mirror Blanks 0.00 $630.00
12222 Mirror Coating 0.00 $264.60
12222 Mirror Assembly 44.00 44.00 $37.80
1.2.23 Photosensor Detector Array 66.00 0.00 66.00 $1,425.10
12231 Photosensors 0.00 $1,020.60
12232 Photosensor Coating 0.00 $102.10
12233 Summing Electronics 0.00 $113.40
12234 Mu-metal Shielding 0.00 $37.80
12235 Reflective Cones 0.00 $113.40
1.2.2.36 Array Assembly 66.00 66.00 $37.80
1.2.24 Transport , Travel and Testing 144.00 22.00 166.00 $50.40
12241 Transport 0.00 $25.20
1.2.24.2 Travel 0.00 $25.20
12243 Testing 144.00 22.00 166.00

Figure 179: Estimation of Direct SoLID LGC Construction Cost 2019
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C.2.3 Cost of HGC

The HGC cost summary includes all material and labor costs to build the pion/kaon discriminating
Cherenkov detector needed for the SoLID SIDIS physics program in 5 years. Its engineering design
will be performed by Duke University while University of Regina in Canada will be responsible for
the construction of the tank with thin windows. Mirrors, PMTs, and readout for the HGC detector
will be the same as those of LGC to maximize cost saving. The amount of heavy gas requested
is sufficient for the testing, commissioning and initial Operation. A recycling gas system will be
designed and built by JLab to minimize gas use.

WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)
(PW) (PW) (PW) ($K) ($K) ($K)
113 HGC Heavy Gas Cherenkov (HGC) 80.00 13.00 93.00 $160.63 $0.00 $160.63
1131 Tank and front thin window 49.00 13.00 62.00
1.13.2 Magnetic Shielding and reflection cone 5.00 0.00 5.00
k23 Gas System 13.00 0.00 13.00
1134 Sum Readout 13.00 0.00 13.00
Figure 180: Estimation of Direct SoOLID HGC Design Cost 2019
WBS Activity # Activity Name | Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)
(PW) (PW) (PW) ($K) ($K) ($K)
123 HGC Heavy Gas Cherenkov (HGC) 488.00 52.00 540.00 $785.00 $3,932.40 $4,717.40
1231 Tank and front thin window 189.00 13.00 202.00 $771.00
1.23.2 Mirrors 17.00 0.00 17.00 $599.40
1.23.2.1 Mirror Blanks 0.00 $400.00
1.23.2.2 Mirror Coating 0.00 $170.00
1.23.23 Mirror Assembly 17.00 17.00 $29.40
1233 Magnetic Shielding and reflection cone 31.00 13.00 44.00 $240.00
12331 Magnetic Shielding 22.00 9.00 31.00 $150.00
12332 Reflection cone 9.00 4.00 13.00 $90.00
1234 PMTs and Coating 0.00 0.00 0.00 $1,622.00
12341 PMTs 0.00 $1,440.00
12342 PMT coating 0.00 $182.00
1.235 Gas and Gas System 44.00 4.00 48.00 $460.00
12351 Gas System 44.00 4.00 48.00 $300.00
1.23.5.2 Gas for Testing, Ct issioning and Initial Of 0.00 $160.00
1.2.3.6 Sum Readout 62.00 13.00 75.00 $200.00
1.23.7 Testing and Installation 145.00 9.00 154.00 $40.00

Figure 181: Estimation of Direct SoLID HGC Construction Cost 2019
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C.2.4 Cost of GEM

The estimated cost of GEM modules includes the cost of GEM foils, GEM chamber frames, and
other GEM chamber components, as well as on the cost of estimated people power needed for the
GEM chamber fabrication. This estimate is based on the extensive experience of the UVa-GEM
group in purchasing GEM chamber components and successful fabrication of over 60 large area
GEM detectors for the SBS and PRad experiments

WBS Activity # Activity Name | Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)
(PW) (PW) (PW) ($K) ($K) ($K)
114 GEM GEM 148.00 20.00 168.00 $199.23 $250.00 $449.23
1141 GEM Modules 44.00 0.00 44.00 $205.00
11411 GEM Module component design and prototyping 40.00 40.00 $185.00
11412 GEM fabrication tooling design and prototyping 4.00 4.00 $20.00
1142 GEM Readout 88.00 0.00 88.00 $20.00
11421 VMM electronics design 88.00 88.00 $20.00
1.1.4.5 GEM mechanical support 16.00 0.00 16.00 $0.00
11451 GEM mechanical support wheels design 16.00 16.00 $0.00
1.1.4.6 Transport and travel 0.00 $25.00
1.1.4.7 Management 20.00 20.00
Figure 182: Estimation of Direct SoLID GEM Design Cost 2019
WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)
(PW) (PW) (PW) ($K) ($K) ($K)
1.24 GEM GEM 632.00 40.00 672.00 $963.48 $2,194.00 $3,157.48
1241 GEM Modules 484.00 0.00 484.00 $1,464.00
12411 GEM foils 0.00 $620.00
1.24.1.2 GEM readout planes 0.00 $464.00
12413 GEM cathode foils 0.00 $100.00
124.14 GEM module frames 0.00 $230.00
1.2.4.15 GEM module supplies 0.00 $40.00
124.16 GEM module tooling 0.00 $10.00
1.2.4.1.7 GEM module assembly 484.00 484.00
1242 GEM Readout 0.00 0.00 0.00 $430.00
12421 VMM electronics channels 0.00 $400.00
12422 VMM electronics cables 0.00 $30.00
1243 GEM high voltage 0.00 0.00 0.00 $80.00
12431 HV power supplies 0.00 $70.00
12432 HV power cabling 0.00 $10.00
1244 GEM gas system 0.00 0.00 0.00 $30.00
12441 GEM Gas plumbing 0.00 $30.00
1.245 GEM mechanical support 16.00 0.00 16.00 $90.00
1.24.5.1 GEM mechanical support wheels 16.00 16.00 $90.00
1246 Transport and travel 0.00 $100.00
1247 Installation and Testing 132.00 132.00
1.2.4.8 40.00 40.00

Figure 183: Estimation of Direct SoLID GEM Construction Cost 2019
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C.2.5 Cost of DAQ

The data acquisition hardware costs are a combination of the costs of Flash ADCs, GEM readout,
crates, CPUs, and the various DAQ support modules. 295 FADC250 boards are required for the
baseline configuration. The cost estimates assume substantial savings due to the ability to borrow a
large number of FADC boards from the physics division pool (188) and from the reuse of existing
SBS (Super-Bigbite Spectrometer) GEM electronics (100 k channels), minimizing the need for new

modules.
WBS Activity # Activity Name Costed Labor | Contrib Labor Total Labor I Labor Cost Procurement i Total Cost
E (Direct $K) 'Cost 1 (Direct $K)
(Direct $K)
(PW) (PW) (PW) ] ($K) ($K) ($K)
115 DAQ DAQ/Electronics/Controls 141.00 7.00 148.00 $430.59 $184.50 $615.09
1.1.5.1 DAQ/Electronics design 65.00 1.00 66.00 $0.00
11511 FADC specification 2.00 1.00 3.00
1.15.1.2 Crate and support module design 3.00 3.00
11513 GEM Readout specification and data reduction 10.00 10.00
1.15.1.4 FADC VXS readout design 5.00 5.00
1.1.5.1.5 Calorimeter trigger design 15.00 15.00
1.1.5.1.6 Cherenkov readout design 6.00 6.00
1.1.5.1.7 PVDIS trigger design 12.00 12.00
1.15.18 SIDIS trigger design 12.00 12.00
1152 Detector Power and Cabling 5.00 0.00 5.00 $0.00
1.1.5.2.1 HV and LV Power supply specification 1.00 1.00
1.1.5.2.2 HV and LV cable/patch design 2.00 2.00
1.1.5.23 Signal cable/patch design 2.00 2.00
1153 Slow Controls 44.00 0.00 44.00 $0.00
1.1.53.1 Slow Controls specification and design 44.00 44.00
1.1.5.4 Electronics Shielding 2.00 0.00 2.00 $0.00
1.15.4.1 Shielding design 2.00 2.00
158585 Detector tests and prototyping 25.00 6.00 31.00 $184.50
Figure 184: Estimation of Direct SoLID DAQ Design Cost 2019
WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)
(PW) (PW) (PW) ($K) ($K) ($K)
125 DAQ DAQ/Electronics/Controls 519.00 37.00 556.00 $1,584.95 $2,679.70 $4,264.65
1.25.1 DAQ Electronics 205.00 18.00 223.00 $1,766.40
12511 Flash ADCs 6.00 0.00 6.00 $620.60
1.25.1.2 Crates and DAQ support modules 14.00 0.00 14.00 $1,095.80
12503 GEM Readout 28.00 8.00 36.00 $50.00
12514 FADC VXS readout 35.00 0.00 35.00
1.25.1.5 Calorimeter trigger 24.00 5.00 29.00
125.1.6 Cherenkov readout 18.00 5.00 23.00
1.25.1.7 PVDIS trigger 40.00 0.00 40.00
12518 SIDIS trigger 40.00 0.00 40.00
1252 Detector Power and cablii 50.00 0.00 50.00 $793.30
1 2B725 High and Low voltage power supplies | 10.00 10.00 $270.00
17237272 High and Low voltage cabling and patch panels 16.00 16.00 $272.30
1.25.23 Signal Cables and Patch Panels 24.00 24.00 $251.00
1253 Slow Controls 155.00 0.00 155.00 $20.00
1.253.1 Slow controls 10Cs and host 3.00 3.00 $20.00
1.2.5.3.2 Slow controls programming 152.00 152.00
1254 Setup and Testing 101.00 19.00 120.00 $0.00
12541 HV/Signal cable isntall + testing 16.00 0.00 16.00
12542 Ecal 20.00 8.00 28.00
12543 SPD 5.00 0.00 5.00
1.2.5.4.4 Light Gas Cerenkov 10.00 3.00 13.00
12545 Heavy Gas Cerenkov 10.00 3.00 13.00
12546 Full sytem testing 40.00 5.00 45.00
1.25.5 Shielding hut 8.00 0.00 8.00 $100.00
IN2I5IH] Shielding hut 8.00 8.00 $100.00

Figure 185: Estimation of Direct SoLID DAQ Construction Cost 2019

C.2.6 Cost of Magnet

The magnet costs include the costs of modifying the existing CLEO magnet, additional return iron,
support structure and magnet testing/commissioning activities. The modifications to the existing
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CLEO magnet iron and the addition of new endcaps and return iron for the SoLID target and detector
experimental configurations require $3194k and labor. The magnet and detector support structures
requires $364k and labor for supporting the structure in Hall A. The magnet control system, power
supply, cryogenic uilities and testing/commissioning will require $770k and labor.

WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)

($K) ($K)

Figure 186: Estimation of Direct SoLID Magnet Design Cost 2019

WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)

($K) ($K) ($K)

Figure 187: Estimation of Direct SoLID Magnet Construction Cost 2019
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C.2.7 Cost of Infrastructure and Support

The infrastructure/support costs include support of all detectors, required modifications to the Hall,
new magnet power supply, access platforms, beamline components, installation and commissioning
of all components. Support of the detectors and baffles requires $2444k. Modifications to Hall A to
accommodate SoLID requires $496k. Access platforms, $226k, will be required in the Hall. Con-
nections to Hall A power utilities requires $278k. A new beam line will require $372k. Installation
and commissioning activities will require $2071k including 15.4 FTEs for labor.

WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)

Figure 188: Estimation of Direct SoLID Infrastructure and Support Structure Design Cost 2019

WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)

Figure 189: Estimation of Direct SoLID Infrastructure and Support Structure Construction Cost
2019
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C.2.8 Cost of Software

The cost of software development included in the project cost is the cost of labor required to de-
velop the SoLID simulation software as well as online monitoring and analysis software suitable for
experiment commissioning and data quality checks. Simulations include studies to optimize detec-
tor designs to optimize figures of merit of the planned experiments and to quantify and understand
experimental backgrounds. Software development for offline analysis is considered a dependency
to be funded externally. 96 person-weeks of labor are estimated for the simulation part, and 139
person-weeks, for the analysis software.

WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)

(PW) W) W) (5%) (5K) (5%)

Figure 190: Estimation of Direct SoLID Software Cost 2019
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C.2.9 Cost of Oversight/Project Management

The oversight costs are for FTEs for overall project management and for sub-system management.
The project has been broken down into six subsystems: magnet, DAQ/electronics, infrastructure
and three categories of detectors (EM calorimeter, Cherenkov detectors and GEM/MRPC). JLab
is primarily responsible for the first three subsystems while user groups are responsible for the

detectors. The FTEs also include some support from the JLab project office.

WBS Activity # Activity Name Costed Labor | Contrib Labor | Total Labor Labor Cost Procurement Total Cost
(Direct $K) Cost (Direct $K)
(Direct $K)
(PW) (PW) ($K) ($K) ($K)
129 Oversight Oversight 792.00 0.00 792.00 $2,418.65 $0.00 $2,418.65
1.29.1 Project Management 330.00 0.00 330.00 $0.00
122Gl Project management-Scietist 143.00 143.00
1.29.1.2 Project management-Engineer 143.00 143.00
12913 Safety 22.00 22.00
1.29.1.4 Project Office Support 22.00 22.00
1292 PMO Support 462.00 0.00 462.00 $0.00
1.29.2.1 Magnet 110.00 110.00
AAONA DAQ/electronics 110.00 110.00
12923 Infrastructure/support structure 110.00 110.00
12924 Calorimeters 44.00 44.00
1.29.2.5 Tracking detectors 44.00 44.00
12926 Cherenkovs 44.00 44.00

Figure 191: Estimation of Direct SoLID Oversight Cost 2019
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Appendix D Software Development Effort Estimate

In the following, we present an estimate of the overall effort expected to be spent on developing all
SoLID software for reference. Section D.3 discusses the components included in the project.

D.1 Total Effort Estimate

A preliminary assessment of the effort required to carry out all SoLID offline computing-related
tasks, assuming adoption of the art framework [253] as an example, yields approximately 570 FTE-
weeks. With contingency and overhead, explained below, this number increases to a total of 950
FTE-weeks, or about 22 FTE-years, assuming 44 work weeks per year per developer. A spreadsheet
with this calculation can be found online [351].

This estimate covers simulations, reconstruction, calibrations and alignment, data challenges,
production and analysis, where “analysis” represents a baseline set of replay configurations (PVDIS,
SIDIS-3He, SIDIS-p, J/1), data quality checks, plots, production output variables, corrections,
cuts and histograms. Not included in the estimate are DAQ software (firmware, front-end and
trigger programming, run control etc.), online analysis and monitoring, and the intellectual effort to
understand and interpret the results of the simulations and experimental data analysis. The latter is
excluded because it is largely an open-ended creative process.

For each covered area, we have counted the work required to develop the actual software, test
the code and validate results, coordinate efforts (meetings, wikis and similar), write and generate
user and developer-level documentation, and to configure and monitor offline computing operations
(simulation and production passes, data challenges). The time estimates at this point are subjective
best guesses, based on our experience with similar efforts. They assume expert developers who are
fully familiar with all task requirements, programming languages, framework paradigms, library
APIs, tools etc. This yields a sum of 570 FTE-weeks. A contingency of 25% is added to this total
to account for missed tasks, time overruns, etc. Furthermore, since developers are never the ideal
experts assumed above, we estimated an average “developer efficiency” of 75%, i.e. on average
each developer is assumed to spend and extra 1/3 of the estimated task time on preparations such as
collecting requirements and learning. A more precise estimate of this efficiency factor would have
to be made on a task-by-task basis under consideration of the personnel assigned to the task, infor-
mation which is incomplete at this time. With contingency and overhead, the total effort estimate is
950 FTE-weeks.

D.2 Comparison with GlueX

In comparison to a similar project, GlueX have estimated their offline computing effort at 1866
FTE-weeks [352]. (This number excludes 110 FTE-weeks that GlueX allocate for “online” tasks
(beamline commissioning and monitoring), which is outside of our scope.) It is unclear if the GlueX
numbers include developer overhead, i.e. the time spent on task preparations and learning discussed
above, but given the generous allowances made generally, we assume that they do.

The offline computing effort requirements estimated by GlueX and SoLID are summarized in
Table 36. To make the GlueX estimates comparable to ours, we combined certain line items of the
GlueX offline computing effort document [352] as follows:

e The quoted “Simulation” effort includes “Geant3 simulation”, “Geant4 simulation” plus 1/4

of “Integration/QC” and “Coordination” (total of 16.5 FTE-weeks) from the Miscellaneous
section.
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e “Reconstruction” counts all of “Reconstruction” plus “DAQ Translation”, “Event Viewer”,
“Documentation”, “Integration of Slow Controls”, 1/2 of “Recon/analysis code Q/A” and
again 16.5 FTE-weeks for integration and coordination.

e “Calibration” is taken as the total of “Calibrations” plus 1/4 of “Integration/QC” (11 FTE-
weeks).

e “Production” comprises “DST Generation”, “MC Studies for Detector Optimization” and
again 11 FTE-weeks of “Integration/QC”.

e “Analysis” takes all of “Analysis” less 1/2 of “Recon/analysis code Q/A” already counted
under “Reconstruction” plus 1/2 of “Coordination”.

e The “Data Challenges” estimate is taken as is.

These allocations make the top-level categories approximately comparable.

Task Group Labor estimate Main reasons for difference (see text)
(FTE-weeks)
GlueX [352] SoLID [351]

Simulation 192 240 Simulation to be integrated into frame-
work.

Reconstruction 787 335 Adoption of existing framework. Re-use
of algorithms. Smaller number of subsys-
tems.

Calibration 275 103 Smaller number of subsystems.

Production 275 155 Standard data format. Re-use of workflow
tools.

Analysis 275 94 No PWA analysis and no grid implemen-
tation of analysis.

Data Challenges 62 23 No PWA data challenge.

Totals 1866 950

Table 36: Offline computing effort estimates for SoLID and GlueX

SoLID estimates a larger simulation effort than GlueX, possibly because GlueX make approxi-
mate estimates of time already spent on finished work, while SoLID is using a detailed breakdown
of anticipated future tasks. Also, SoLID plans to integrate simulations into the overall software
framework, while GlueX’s simulations are standalone.

The estimated SoLID effort for reconstruction is significantly lower than GlueX’s. The differ-
ence is to a great extent due to the fact that SoLID proposes to adopt an existing framework rather
than write a new one and that SoLID anticipates to reuse well-tested existing algorithms for stan-
dard tasks such as track fitting, e.g. from the genfit library, and calorimeter cluster reconstruction.
Documentation effort is reduced in SoL.ID’s case also due to the already very good user-level doc-
umentation of the proposed art framework. Furthermore, the difference can be attributed to the
smaller number of detector subsystems in SoLID than in GlueX, 5 vs. 7, the lower complexity
of these systems (one vs. two tracker systems, Cherenkovs vs. multiple calorimeter systems), and
the more challenging multi-particle final state reconstruction and PID in GlueX. Lastly, a SoLID
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event viewer can be readily assembled from an existing MC geometry with minimal effort (days vs.
months) using ROOT’s TEve framework within art, as demonstrated by art example code [353].

Calibration effort for SoLID is also estimated lower than in GlueX, again in part due to fewer
main detector systems, smaller channel counts and easier calibration of SoLID’s GEMs vs. GlueX’s
drift chambers.

The lower estimated time for Production (DST generation) is attributable to the fact that we do
not anticipate spending time on developing and maintaining a custom file format (it is defined by
art) and expect to be able to reuse the job control and workflow tools currently under development
for GlueX and CLAS12.

Finally, SoLID estimates much lower analysis effort than GlueX because no kinematic fitting
and PWA analysis is foreseen for SoLID nor is SoLID planning a grid implementation at this point
as the JLab compute farm resources are expected to be sufficient for us. For similar reasons, our
estimate for data challenges is lower.

D.3 Effort Required for Project Goals

Within the scope of the project, we aim to achieve the following goals for software and simulations:

1. Putin place an end-to-end simulation, digitization and reconstruction chain in order to provide
an integrated software environment for essentially all SoLID data processing”.

2. Carry out simulations necessary to inform the design of detector subsystems and other hard-
ware components (shielding, DAQ and trigger, etc.), optimize the figures-of-merit of experi-
ments, and quantify and understand experimental backgrounds.

3. Provide reconstruction and analysis tools to facilitate experiment commissioning and initial
data quality assessment.

Selecting from the detailed task list provided in [351] only those software-related tasks with
direct bearing on these project goals, we arrive at a base effort of 96 FTE-weeks to carry out design-
relevant simulations. Ideally, this labor would be expended early in the project’s lifetime, say during
the first 1-1.5 years, since it is intended to guide later R&D. Task durations are set accordingly.
Similarly, we arrive at a base effort of 139 FTE-weeks for implementing the commissioning phase
data analysis infrastructure and basic reconstruction algorithms, such as track reconstruction, de-
tector/PID analysis, event display, etc. Development or porting (from existing prototypes) of these
components could be done in parallel to the simulations, but in practice might start somewhat later
so that simulated data for testing reconstruction routines are available and experience with the soft-
ware environment has been gained. Duration of the reconstruction software development is expected
to be 1.5 years. 235 out of the total 570 FTE-weeks of software base effort, estimated in section D.1
above, are thus within project scope.

We intend to meet the software-related project goals within approximately two years from the
start of the project. 235 FTE-weeks of effort are expected to be covered by project funds. The
remaining software labor of 335 FTE-weeks is expected to be funded externally from university
and lab research and/or operations budgets.

4 Physics event generators and final interactive analysis will be run outside of the framework. Event generation
can be a very compute-intensive task well suited for HPC machines, where deploying the full framework may be too
resource-consuming and impractical. Interactive analysis is best suited for ROOT and similar tools, which are standalone
packages.
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