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ARTICLE INFO ABSTRACT

Keywords: The Super High Momentum Spectrometer (SHMS) has been built for Hall C at the Thomas Jefferson National
Magnetic spectrometer Accelerator Facility (Jefferson Lab). With a momentum capability reaching 11 GeV/c, the SHMS provides
Electron scattering measurements of charged particles produced in electron-scattering experiments using the maximum available

Tracking detectors
Particle identification
Electron calorimetry

beam energy from the upgraded Jefferson Lab accelerator. The SHMS is an ion-optics magnetic spectrometer
comprised of a series of new superconducting magnets which transport charged particles through an array of

* Corresponding author.
E-mail address: jones@jlab.org (M.K. Jones).

https://doi.org/10.1016/j.nima.2025.171070
Received 6 July 2025; Received in revised form 21 September 2025; Accepted 7 October 2025

Available online 15 October 2025
0168-9002/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/nima
https://www.elsevier.com/locate/nima
https://orcid.org/0000-0002-8105-913X
https://orcid.org/0000-0001-8640-5380
https://orcid.org/0000-0003-1603-4320
https://orcid.org/0000-0003-0087-5387
https://orcid.org/0009-0001-1427-979X
https://orcid.org/0000-0002-0321-9521
https://orcid.org/0000-0001-7126-8934
https://orcid.org/0000-0001-6157-6722
https://orcid.org/0000-0001-5463-4867
https://orcid.org/0000-0001-7099-9452
https://orcid.org/0009-0005-8720-9329
https://orcid.org/0000-0003-1925-9541
https://orcid.org/0000-0002-5658-1065
https://orcid.org/0000-0003-3573-0057
https://orcid.org/0000-0002-7089-6311
https://orcid.org/0000-0002-5853-4326
https://orcid.org/0000-0001-7650-2646
https://orcid.org/0000-0002-8855-3034
https://orcid.org/0000-0002-8108-8045
https://orcid.org/0000-0003-4358-9380
https://orcid.org/0000-0001-5588-4841
https://orcid.org/0000-0003-4526-7457
https://orcid.org/0000-0002-5736-8274
https://orcid.org/0000-0002-5637-0348
https://orcid.org/0000-0003-2548-4016
https://orcid.org/0000-0001-6132-8999
https://orcid.org/0000-0002-8193-6139
https://orcid.org/0000-0003-2822-7373
https://orcid.org/0000-0002-8760-3116
https://orcid.org/0000-0002-1909-5287
mailto:jones@jlab.org
https://doi.org/10.1016/j.nima.2025.171070
https://doi.org/10.1016/j.nima.2025.171070
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2025.171070&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Ali et al.

Radiation shielding

Nuclear Inst. and Methods in Physics Research, A 1083 (2026) 171070

triggering, tracking, and particle-identification detectors that measure momentum, energy, angle and position

in order to allow kinematic reconstruction of the events back to their origin at the scattering target. The
detector system is protected from background radiation by a sophisticated shielding enclosure. The entire
spectrometer is mounted on a rotating support structure which permits measurements to be taken with a large
acceptance over laboratory scattering angles from 5.5° to 40°, thus allowing a wide range of low cross-section
experiments to be conducted. These experiments complement and extend the previous Hall C research program

to higher energies.

1. Introduction
1.1. Jefferson Lab overview

The Continuous Electron Beam Accelerator Facility at Thomas Jef-
ferson National Accelerator Facility (Jefferson Lab) provides high en-
ergy electron beams for fundamental nuclear physics experiments.
Originally planned for maximum electron beam energies of 4 GeV, the
accelerator operated at energies of up to 6 GeV starting in 2000. An
upgrade of the facility was completed in 2017, enabling beam delivery
at a maximum energy of 12 GeV to the new experimental Hall D, and
11 GeV to the existing Halls, A, B, and C [1]. (Fig. 1.)

The electron beam at Jefferson Lab operates at high duty cycle,
with beam repetition rates of 249.5 or 499 MHz delivered to the
experimental halls. High beam polarization (> 80%) is also routinely
available.

In the 6GeV era, Halls A, B, and C executed a large program of
experiments focusing primarily on elucidating the quark-gluon struc-
ture of nucleons and nuclei. Experimental Hall B made use of a large
acceptance spectrometer capable of detecting multi-body final states
over a large region of kinematic phase space in one setting. Halls
A and C made use of magnetic focusing spectrometers. In Hall A,
the two High Resolution Spectrometers (HRS) emphasized excellent
momentum resolution. In Hall C, the Short Orbit Spectrometer (SOS)
facilitated the detection of short-lived final states (pions and kaons)
at modest momentum while the High Momentum Spectrometer (HMS)
was capable of detecting particles up the maximum beam energy at
Jefferson Lab.

As part of the 12 GeV upgrade at Jefferson Lab, a new experimental
facility, Hall D, was built to search for gluonic excitations in the meson
spectrum using a photon beam produced via coherent bremsstrahlung.
The GlueX experiment in Hall D began commissioning in 2014 and has
taken production-quality data since 2016.

The existing Halls A, B, and C were also upgraded as part of the
12 GeV upgrade. The Hall A beamline and beam polarimeters were
upgraded to accommodate operation at 11 GeV. Hall A has made use
of the existing HRS spectrometers in its early 12 GeV era experiments
(which began initial data-taking in 2014) and has also installed spe-
cialized, dedicated equipment for recent measurements. Experimental
Hall B replaced its large acceptance CLAS spectrometer with the new
CLAS-12 spectrometer. This new spectrometer retains the key features
of large acceptance and robust particle identification over a large
momentum range but with more emphasis on particle detection in the
forward direction, required due to the higher beam energies. Finally,
Hall C replaced its Short Orbit Spectrometer with the new Super-High
Momentum Spectrometer (SHMS). The design of this new spectrometer
was guided by experience from the 6 GeV program, with the main goal
for the new spectrometer to serve as an optimal partner for the HMS
in coincidence experiments.

1.2. Hall C experimental program at 6 GeV

The HMS and SOS spectrometers in Hall C enabled the execution of
a diverse program of experiments. The well-understood acceptance of
both spectrometers, in tandem with excellent kinematic reproducibility
allowed the extraction of precise cross sections. A particular strength

was the control of point-to-point systematic uncertainties, which al-
lowed high precision Rosenbluth, or L-T, separations. Examples of
inclusive cross section measurements, using primarily the HMS, are
shown in Figs. 2 and 3.

In addition, the relatively small minimum angle of 10.5 degrees
accessible with the HMS allowed the execution of pion electropro-
duction experiments where, in many cases, the pion is emitted in the
forward direction. This allowed the successful execution of a program
of measurements of the pion form factor [3,4], which also incorporated
precise L-T separations, as well measurements of charged pion produc-
tion in Semi-inclusive Deep Inelastic Scattering (SIDIS) [5] (see Figs. 4
and 5).

The momentum reach of the HMS, up to the maximum beam energy
of 6 GeV, enabled measurements of the A(e, ¢/p) process to large Q7 [6,
7]. This allowed a search for signs of color transparency (Fig. 6) as
well as measurements of inclusive electron scattering at x > 1 to access
contributions of “superfast” quarks to inelastic structure functions [8]
and measure the relative contributions of Short Range Correlations
(SRCs) in the nuclear wave function [9] (Fig. 7).

The experiments noted above are just a sample of the ~30 “standard
equipment” experiments that were executed in the 6 GeV era in Hall C.
Other experiments include measurements of exclusive kaon production,
resonance (4, S;;) production, color transparency via pion electro-
production, and numerous other inclusive electron scattering mea-
surements using hydrogen and deuterium, as well as heavier nuclear
targets. In some cases, the HMS was paired with dedicated equipment
for special measurements. Examples of this include measurement of the
ratio of proton elastic form factors (Gp/G,,) to large Q?, as well as
measurements using a dynamically polarized NH; target.

1.3. Hall C 12 GeV program

The new, Super-High Momentum Spectrometer was designed to
build on the experimental capabilities exploited during the Hall C
program at lower energies. Notably, this includes:

1. Excellent kinematic control and reproducibility.

2. Thorough understanding of spectrometer acceptance.

3. Small angle capability (down to 5.5 degrees) for detection of
forward mesons.

4. Central momentum up to (nearly) the maximum beam energy
accessible in Hall C.

5. In-plane and out-of-plane acceptance well matched to the ex-
isting HMS to facilitate experiments detecting two particles in
coincidence.

Several “commissioning” experiments were chosen for the first year
of 12 GeV running in Hall C to exercise the above requirements as much
as possible. These experiments ran in 2018 and will be discussed briefly
below.

The first commissioning experiment was a measurement of inclusive
electron scattering cross sections from hydrogen and deuterium [11]
(see Fig. 8). Such a cross section experiment is an excellent testing
ground for understanding of the spectrometer acceptance, while not
pushing the SHMS performance in other areas. Some settings for this
experiment were chosen to allow simultaneous measurement with the
well-understood HMS to provide a cross check. In addition, some time
was devoted to the measurement of inclusive cross section ratios for nu-
clear targets relative to deuterium [12]. These ratios are well-measured
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Fig. 2. Inclusive F, structure functions measured in the resonance region
compared to a DIS fit. When plotted vs. the Nachtmann variable &, the DIS
fit agrees, on average, with the resonance region data, demonstrating quark—
hadron duality [2].

for certain nuclei and serve as another straightforward verification of
the spectrometer acceptance due to the need to compare yields from
extended (10 cm long) targets to shorter, solid targets (mm scale).
These measurements resulted in the first extraction of the EMC Effect
in 19B and 11B [13].

An extension of the 6 GeV color transparency experiments to larger
02 [14] served as an excellent first experiment with which to exercise
the SHMS in coincidence mode. In this A(e,e’p) experiment, there
are few random coincidences, so isolating the coincidence reaction is
straightforward. This experiment, as well as a measurement of deuteron
electro-disintegration [15], also tested the high momentum capabilities
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Fig. 3. Measurement of R = Z—L at low Q2. The extraction of R requires

T
precise L-T separations with excellent control of point-to-point systematic
uncertainties.
Source: Figure from [10].

of the SHMS, exceeding 8.5GeV/c in these experiments. Although the
maximum central momentum of the SHMS is almost 11 GeV, the
momentum of 8.5GeV/c was already sufficient to learn about the
performance of the superconducting magnets and spectrometer optics
when pushed to a significant fraction of the spectrometer’s ultimate
capabilities. In addition, the body of elastic H(e,e'p) data acquired
from both these initial coincidence experiments provided constraints
on the experiment kinematics, testing the possible variation of, e.g.
the spectrometer pointing or central momentum for various settings.
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detection of the charged pion at small forward angles.
Source: Figure from [4].
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and deuterium. The cross sections are compared to a parameterization that
uses fragmentation functions fit to high energy e*e™ collisions.

Source: Figure from [5].

Results from the color transparency and deuteron electro-disintegration
experiments are shown in Figs. 9 and 10.

A set of meson electroproduction experiments followed the initial
commissioning experiments and further exercised the SHMS capabili-
ties. Two of the experiments measured charged pion electroproduction
in semi-inclusive deep inelastic scattering, SIDIS [18,19]. The SHMS
was used at central angles smaller than 7° for the SIDIS running, a
fact which contributed to relatively high singles rates in the SHMS.
Both experiments aimed to make precise measurements of z* /™~ ratios,
so control of rate dependent systematic effects was a key challenge.
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Source: Figure from [9].

The third experiment [20] measured exclusive cross sections for K+
production above the resonance region, extracting the longitudinal and
transverse cross sections via a Rosenbluth separation. In this case, the
experimental uncertainties were expected to be dominated by statistics
rather than systematics, so this served as an excellent candidate for a
first L-T separation. In common with the charged pion SIDIS experi-
ments, the kaon experiment required use of the SHMS at small angles
and so faced high singles rates.

The “commissioning” and “year-1” experiments described above
give a sense of the SHMS capabilities important for the overall physics
program. Since then, a variety of experiments have been completed
in Hall C. These include measurements of J /¥ photoproduction [21],
virtual Compton scattering [22], exclusive charged pion electropro-
duction to extract the pion form factor and for cross section scaling
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Fig. 9. Results from experiment E12-06-107, a measurement of color trans-
parency to large Q” [16]. This was the first coincidence measurement in the
12GeV era in Hall C.

tests [23], inclusive electron scattering from polarized *He to extract
A'l’ and d;’ [24,25], and exclusive and inclusive scattering from nuclei to
make measurements of short range correlations and the EMC Effect [12,
26,27]. In the future, additional L-T separations in inclusive scattering
(to measure R = Z—i from hydrogen, deuterium, and several nuclei)
and semi-inclusive reactions (to make the first precise measurement of
R for the SIDIS reaction) are also planned. While not all future Hall C
experiments will make use of the SHMS, it is a key component of its
12 GeV experimental program.

1.4. Contents of the following sections

Specifications for the SHMS are given in Section 2. SHMS magnetic
optics and shielding are discussed in Section 3.1 and Section 3.2,
respectively. Detector system details are presented in Sections 4.1-4.7.
Event-triggering schemes and the data-acquisition system appear in

Nuclear Inst. and Methods in Physics Research, A 1083 (2026) 171070

Section 5, while software is briefly overviewed in Section 6. Some ex-
amples of the overall performance of these SHMS subsystems working
in concert are shown in Section 7, followed by a short conclusion in
Section 8.

2. Specifications for the upgraded Hall-C Spectrometer complex

The physics outlined in the previous section can be accessed only
if the Hall C spectrometer system is capable of providing the necessary
measurements with precision, rate, and trigger capabilities consistent
with those physics goals. Originally, Hall C offered the 7.4 GeV/c High
Momentum Spectrometer (HMS) and its lower-momentum (1.8 GeV/c)
partner, the Short-Orbit Spectrometer (SOS). These two devices were
utilized independently by some experiments and in coincidence by
others. The performance specifications for the SHMS were drafted
such that the SHMS-HMS pair would provide similar complementary
functions in the higher-momentum regime. That is, the SHMS was
developed as a general-purpose spectrometer with properties similar to
the existing HMS, but with a higher maximum momentum capability
(11 GeV/c). The 11 GeV/c limit of the SHMS was selected because
the accelerator constrained maximum beam energy to any of the first
generation endstations (A, B, C) is 11 GeV, and hadrons at small angles
in (e,e’h) experiments may approach the beam momentum. Table 1
summarizes the demonstrated performance of the HMS and the design
specifications for the SHMS.

With the higher beam energies in use at Jefferson Lab after the
12 GeV upgrade, scattered electrons and secondary particles are boosted
to more forward directions. Thus the SHMS acceptance is made to
extend down to a 5.5° scattering angle, and needs to cover angles no
higher than 40°. Nevertheless, high energies generally lead to smaller
cross sections. Therefore precision experiments can be performed only
if a spectrometer provides large overall acceptance, high rate capabil-
ity, and precise momentum measurement. As shown in Table 1, the
SHMS design includes a momentum bite even larger than the HMS,
and achieves an angular acceptance within a factor of two of its lower-
momentum partner. The combination of dispersive optics and precision
tracking provides excellent momentum resolution. Triggering, data-
acquisition, particle identification, and rate handling capability are the
same or better than those of the HMS. This performance is achieved
not only through the use of faster, modern electronics, but also by
innovative radiation shielding that reduces the background seen by the
detectors.

3. Design and development of the SHMS optics and infrastructure

The entire spectrometer is carried on a steel support structure which
can rotate through an arc on the left side of the beam-line in Hall C.
Like the HMS carriage, it is secured to a central pivot so that it rotates
around a vertical axis that intersects the electron beam-line at the
experimental target. This is shown in Fig. 11.

Acceptance at the smallest scattering angles is enabled by a horizo-
ntal-bending dipole as the first element in the magnetic optical system.
This small deflection moves the subsequent pieces of the SHMS farther
from the beamline, relaxing the size constraints on the other mag-
netic elements (described in Section 3.1) and shielding (Section 3.2).
The shielded enclosure is itself a technically-optimized combination of
concrete, lead, boron, and plastic. It surrounds the detectors and the
electronics of the control and data-acquisition systems.

3.1. Magnetic optics

The SHMS consists of five magnets used to determine the momen-
tum, angles and position of particles scattered from the target using
their angle and position measurements in the SHMS drift chambers.
The first magnet is a dipole which bends the incident particles in
the horizontal plane. A quadrupole triplet provides a point-to-point
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Fig. 10. Results from experiment E12-10-003, a measurement of deuteron electro-disintegration at large missing momentum [17]. This too was a 12 GeV era

commissioning experiment in Hall C.

Table 1
Demonstrated performance of the HMS and design specifications for the SHMS. Resolutions are quoted
at 1 sigma.
Parameter HMS SHMS
Performance Specification

Range of Central Momentum

0.4 to 7.4GeV/c

2 to 11GeV/c

Momentum Acceptance

+10%

-10% to +22%

Momentum Resolution

0.1% - 0.15%

0.03% - 0.08%

Scattering Angle Range 10.5° to 90° 5.5° to 40°
Target Length Accepted at 10cm 25cm
90°(HMS)/40° (SHMS)
Horizontal Angle Acceptance +32 mrad +18 mrad
Vertical Angle Acceptance +85 mrad +45 mrad
Solid Angle Acceptance 8.1 msr 4 msr
Horizontal Angle Resolution 0.8 mrad 0.5 - 1.2mrad
Vertical Angle Resolution 1.0 mrad 0.3 - 1.1 mrad
Target resolution (y,,,) 0.3cm 0.1 - 0.3cm
Maximum Event Rate 4-5kHz 4-5kHz
Max. Flux within Acceptance ~ 5MHz ~ 5MHz
e/h Discrimination >1000:1 at >1000:1 at
98% efficiency 98% efficiency
/K Discrimination 100:1 at 100:1 at

95% efficiency

95% efficiency

focus. To optimize acceptance in the vertical scattering plane, the
first quadrupole focuses in the vertical while the second and third
quadrupoles defocus and focus in the vertical, respectively. A vertical-
bending dipole magnet follows the last quadrupole and disperses par-
ticles with different momenta across the focal plane. In point-to-point
optics, all particles with the same momentum will be displaced by the
same vertical distance at the focal plane.

3.1.1. The magnets and vacuum channel

A specially-designed, horizontal-bend dipole (HB) precedes the first
quadrupole. Its purpose is to provide an initial 3° separation between
scattered particles and the electron beam so that particles scattered at
small angles can be accepted.

As shown in Fig. 11, in order to fit within the space available in
Hall C, the SHMS must be even shorter than its lower-momentum part-
ner, the HMS. A schematic of the SHMS carriage with the five magnets
is shown in Fig. 12. All of the SHMS magnets are superconducting so
that they can provide the necessary large bending and focusing effects
in the relatively short available distance. Given the requirement to
access small scattering angles, the HB and the first two quadrupoles (Q1
and Q2) have special provisions to provide clearance for the electron

beam and its vacuum pipe. HB is a “C”-magnet so that all of the
flux-return iron is on the side away from the beamline. As initially
constructed, the HB leaked significant field into the beamline such
that the beam would have been deflected outside of the beam dump.
Simulations were done to determine the optimal shielding design to
reduce the field in the beamline region for all combinations of SHMS
angle and momentum and these mitigations were implemented [28].
The front of the HB cryostat, between the beamline and the magnet
bore, is made very narrow. Both Q1 and Q2 have notches in their
cryostats and iron yokes so that they, too, can clear the beamline when
the spectrometer is configured at small scattering angles. Yoke steel
for Q1 is inside the cryostat. The final quadrupole (Q3) and the dipole
(Dgums) have external warm yokes. Parameters of the SHMS magnets
are provided in Table 2.

To minimize multiple scattering as particles pass through the SHMS,
the bores of all of the magnets are evacuated. The vacuum space
begins at a window on the front of HB. The entrance window into
the HB is approximately 15 c¢cm square and is made of 0.01” thick
aluminum. A vacuum connection is made between the exit of HB and
Q1 entrance which is followed by the 40 cm diameter vacuum bore in
Q1. The exit of Q1 is connected to the entrance of Q2 by a vacuum
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Table 2

Parameters of the SHMS magnets.
Parameter HB Q1 Q2 Q3 Dgyys
Max Field or Gradient 26T 7.9T/m 11.8T/m 7.9T/m 39T
Effective Field Length 0.80m 1.9m 1.6m 1.6m 2.9m
Current at 11 GeV/c 3923A 2322A 3880A 2553A 3510A
Aperture 14.5 x 18cm? 40 cm 60 cm 60 cm 60 cm

- 403 ..
10.5°- 90°

Experiment

Electron Target

Beam

036912

SCALE - FEET

Fig. 11. Simplified plan view of Hall C showing the footprints of the SHMS
and HMS. The SHMS occupies the smaller side of Hall C, where the smaller,
low-momentum Short-Orbit Spectrometer (SOS) was previously located.

pipe. The vacuum vessel bore through Q2, Q3, and Dgyys is 60 ¢cm in
diameter. The location of the end of the vacuum after the exit of Dgyyg
depends on the needs of the experiment. If the experiment needs the
Noble Gas Cherenkov (NGC) detector (described in Section 4.5), then
a window is placed at the exit of Dgyg With the NGC detector placed
between the exit window and the drift chambers. Otherwise, a Vacuum
Extension Tank (VET) is attached to the exit of the Dgyyg that puts
the exit window at 30 cm from the first drift chamber in the detector
stack. In both cases, the dipole exit window is made of 0.020” thick
aluminum. The arrangement of the detectors and the distances between
the detectors does not change when the NGC is replaced by the VET.
All detectors have a fixed location in the SHMS hut on a carriage. Only
the aerogel detector (see Fig. 38) is on rails so that it can be easily
removed without changing the location of the other detectors.

3.1.2. Charged particle transport models

A magnetic transport code, SNAKE [29], was used to model the
transport of charged particles in the SHMS. The SNAKE model of the
SHMS incorporated the mechanical sizes of the magnets, while the mag-
netic fields were generated by the static field analysis code TOSCA [30]
and validated with field measurements. The relative strengths of the
field integrals of the magnets were selected to maximize the acceptance
while simultaneously providing the desired momentum and scattering
angle resolutions. For a charged particle with relative momentum, 6 =
PP | where p is the momentum of the particle and p, is the central
momentum of the spectrometer, the transport from the target to the
focal plane located midway between the two drift chambers can be
expressed in terms of a matrix representation of the solutions of the
equation of motion of charged particles in magnetic fields [31]. The

first-order transport matrix for the SHMS is given by:

xtar
xp| |-15 00 00 00 165 y
! ar
Xl _[-05 -07 00 00 32 D
vyl o0 00 -19 —02 —o1f[”
/ /
Yip 00 00 =30 -08 0.1 )%
P

where x,,, and y,,,. are the vertical and horizontal positions while x/ =
Axiar. Aiar

o and y, == s are the angles in the z,,, = 0 plane, all measured
relative to the central ray of the spectrometer. x, y,, and x » Y e

the positions and angles of the particle when transported to the focal
plane. The positions, angles, and § are in centimeters, milliradians, and
%, respectively.

The acceptance of the spectrometer is mainly determined by the
collimator placed within a remotely operated collimator box that is
installed between the HB magnet and the first quadrupole magnet. The
collimator ladder assembly within this box may be positioned at one of
three settings. The top position (accessed when the assembly is at its
lowest position) is a stretched octagon with an opening height 9.843 in
and width 6.693 in on the upstream side. It is 2.5 in thick. The lower
two positions contain sieve slits with holes in a rectangular pattern
separated by 0.6457 in horizontally and 0.9843 in vertically. The sieve
pattern at the middle ladder position has 11 columns of holes with the
sixth column centered horizontally. The holes on the bottom sieve are
in ten columns and are offset by one half column gap from those in the
middle sieve. The sieve collimators are 1.25 in thick. The geometry is
illustrated in Fig. 13. Both sieves and the octagonal collimator are made
of Mi-TechTM Tungsten HD-17 (Density 17 g/cm’, and composition
90% W, 6% Ni, 4% Cu) [32].

To determine the vertical size of the collimator, studies were con-
ducted with the SNAKE model of the SHMS. Without the collimator, the
vertical acceptance is mainly determined by the mechanical exit of the
HB magnet. The vertical size of + 12.5 cm was chosen to match this
vertical cut-off, to maximize the acceptance. Two alternative vertical
sizes of +8 cm and +10.5 cm for the collimators were studied. A plot
of the acceptance each collimator versus 6 is shown in Fig. 14. The
acceptance drops from an average of 4 msr for the vertical size of
+12.5 c¢cm to an average of 3 msr for +8 cm. Another consideration
was to minimize the loss of events in the bore of the vertical dipole.
Another plot in Fig. 14 shows the fraction of events that make it to the
focal plane. The number of events lost in the dipole bore as a function
of § is reduced by decreasing the vertical height of the collimator. With
the +12.5 cm collimator vertical size, the fraction of events reaching the
focal plane drops to 75% at 6 = 0.15. In the final design, the +12.5 cm
vertical opening was used to maximize the solid angle acceptance of
the SHMS at the expense of increased reliance on the modeling of the
losses in the SHMS dipole bore.

The SNAKE-based transport model of the SHMS was also used to
study the spectrometer acceptance. The acceptance of the SHMS as
a function of §, as determined by the SNAKE based model is plotted
in Fig. 15. Alternatively, the spectrometer acceptance is also modeled
using the Hall C Monte Carlo (SIMC) with the magnetic transport matrix
obtained from the COSY INFINITY [33] program. The acceptance of the
SHMS as a function of § as determined by SIMC is also plotted in Fig.
15. The two acceptance models agree within statistics.



S. Ali et al.

Fig. 12. A view of the SHMS carriage with its five magnets: a horizontal-bend (HB) magnet, a quadrupole triplet (Q1, Q2 and Q3) an
dipole (D). The vacuum connections between the magnets are not shown. The slit box contains the collimator and sieve slits (see Fig. 13).
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Fig. 13. Schematic diagram of the SHMS collimator.

The reconstruction of a charged particle’s relative momentum, hor-
izontal target position and vertical and horizontal angles can be ob-
tained from a polynomial expansion of the focal plane positions and
angles given by Eq. (2).

r ! i ik m
Xtar = Xijklmxfprpyfpyfpxtar
ijklm
— ikl om
Yiar = Z Yijkim 1y ¥ fp¥tar
ijkim
;o ’ i ik 1 m
Viar = 20 Yiuan 1 1o oV X
ijklm
— i ik m
6= Z Di/'k/mxfprpyfpyfpxmr 2)
ijklm

The powers of each focal plane variable are given by ijk/ and m is
the power of the vertical position at the target which cannot be directly
reconstructed. The transfer coefficients for each power of the focal
plane variables are given by X’,Y,Y’, and D and they can be repre-
sented in a similar matrix formalism (reconstruction matrix). The target
offsets, beam offsets, and spectrometer mis-pointings are accounted for
separately during the event reconstruction. The reconstruction of the
5 target variables is under-determined, as seen in Eq. (2), since there
are only 4 measured focal plane variables. Therefore the x,, cannot
be directly reconstructed and has to be estimated using the beam
position and the other reconstructed target position and angles. The
X,q dependent matrix elements (m # 0 terms in Eq. (2)) are determined
using an iterative process where the initial values are obtained from the
COSY model and the vertical beam position is assigned as the initial

value of x,,.. The remaining 4 target variables are reconstructed using
these initial values and x,,, is calculated. Using this new value of x,,,
the reconstruction matrix elements are recalculated, and the process is
repeated no more than five times or until the change in the vertical
angle, x,’ar, between two iterations is less than 2 mrad.

The x,, independent matrix elements (m = 0 terms in Eq. (2)) are
determined using calibration data collected with a multi-foil carbon
target and the sieve slit placed downstream of the target. The sieve slit
provides the “true” positions and angles for every particle originating
from the target that passes through a particular sieve hole. These can
be determined from the beam position at the target, the location of
the target foil, and the location of the sieve hole. The reconstructed
Yiar 1S approximately z,,.. sind, where 6 is the central angle of the
spectrometer, and z,,,, is the target foil position in the hall beam
line coordinate system. This information can be used to optimize the
reconstruction matrix elements and thereby improve the reconstruction
of the target variables.

The optimization procedure for the target position and angles
started with an initial set of matrix elements generated by the COSY
model. The data from the multi-foil target and sieve slit were used
to calculate the difference between the ‘“true” position and angles
for each sieve slit hole and the “reconstructed” position and angles.
This difference is then minimized by solving a Singular Value De-
composition (SVD) to calculate the optimized/improved reconstruction
matrix elements. To optimize over the full range of possible y,,. values,
calibration data were collected over a range of spectrometer central
angles. Furthermore, data were collected with two different sieve
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Fig. 14. The upper left figure is distribution of events at the location of the collimator with three different vertical size collimators. The lower left figure is the
acceptance as a function of 6 for each of the collimators. The upper right figure is the fraction of events lost in the dipole bore after the dipole entrance.

Solid angle (msr) vs Delta™

4:,;_ j:( ‘E,‘LL B smc
s
i [ |

1. L Ll
-02 -015 -01 -005 O 005 01 015 02

Fig. 15. Comparison of predicted SHMS acceptance using the Hall C Monte
Carlo (SIMC) and the magnetic transport code SNAKE.

slits which had identical hole patterns, but one with the central hole
centered on the spectrometer axis and the other with the central hole
shifted by half of the inter-hole distance. A reconstructed sieve pattern
using a single carbon foil is shown in Fig. 16. In practice, the SHMS has
achieved angular resolutions of ~0.9 mrad in the horizontal direction
and ~1.1 mrad in the vertical direction.

[em]

sieve

y

-15 -10 -5 0 5 10 15
[cm]

Xsiove

Fig. 16. The sieve pattern is reconstructed here where the true sieve hole
centers are indicated by the magenta cross lines and the reconstructed holes
are outlined in red. The reconstructed hole positions at the edges of the sieve
are somewhat shifted from the true desired values.

The optimization of the § reconstruction matrix elements was per-
formed using carbon elastic data. Using the first-order matrix elements
from the COSY model and selecting events originating from a carbon
target which pass through a single hole in the sieve, the carbon elastic
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Fig. 17. The carbon scattered electron energy spectrum for events for a single
sieve hole, as calculated in terms of delta from the first order optics, clearly
shows the carbon elastic peak and the 4.4 MeV excited state.

peak and the 4.4 MeV excitation state are identified as shown in Fig.
17. Additional carbon excited states are observed as the smaller peaks
to the right of the 4.4 MeV peak. The 6 matrix elements were optimized
by taking a series of calibration runs where the carbon elastic peak was
scanned across the focal plane by varying the spectrometer’s central
momentum.

3.2. Shield house layout, shielding design

The radiation environment is an important consideration for the
design of the SHMS shield house, in particular the effect of radiation-
induced effects on the performance and reliability of detectors and
electronics. It has been shown that many new commercial off the shelf
components are sensitive to radiation damage and single event upsets,
requiring a careful evaluation of the impact of the radiation-induced ef-
fects on their performance and reliability [34,35]. A specialized SHMS
shield house design was thus developed. Shielding thicknesses were
optimized using a Monte Carlo simulation and benchmarked against the
HMS shielding house, which has been proven to provide the necessary
detector shielding over more than a decade of experiments at the 6 GeV
JLab. A full description of the shielding optimization can be found in
Ref. [36].

The primary particle radiation is created when the CEBAF electron
beam strikes the experimental target. The main components are scat-
tered electrons, neutral particles (photons and neutrons), and charged
hadrons. The energy spectrum of this radiation depends on the incident
beam energy and decreases generally as 1/E. It has been shown that
the most efficient way to protect the experimental equipment from
radiation damage is to build an enclosure around it using certain key
materials. The type and thickness of the shield house walls depends
on the energy and particle one needs to shield against. However, one
may qualitatively expect that the largest amount of shielding material
is needed on the side facing the primary source, which in the case of
the Hall C focusing spectrometers is the front wall facing the target.
Additional sources of radiation are the beampipe, which extends from
the experimental target to the beam dump, and the beam dump area
itself. Thus, the faces of the spectrometer exposed to direct sources of
radiation are the front, beam side, and the back walls.

Primary and scattered electrons lose a significant amount of energy
as they traverse a material by producing a large number of lower energy
photons through bremsstrahlung [37]. It is thus important to consider
shielding materials that efficiently stop the latter as well.

Neutral particles have a higher penetration power than charged
particles. They are attenuated in intensity as they traverse matter,
but do not continuously lose energy. Photons interact in materials
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almost exclusively either with electrons surrounding the atom or by
pair production in the field of the nucleus. The probability for an
interaction depends on the atomic number of the material. Neutrons
interact with atomic nuclei in a more complicated way.

An additional source of radiation is due to charged hadrons (e.g. pro-
tons, pions). However, the probability for producing hadron radiation
is relatively low, and thus will be neglected here. The shielding is,
nevertheless, effective for charged hadrons. The front wall will for
example stop 1 GeV protons.

Fig. 18 shows a schematic of the SHMS shielding plan. The SHMS
shield house is similar to the HMS design, but has several new features
due to additional requirements. For example, the space between the
beam side shield wall and the beam pipe is limited at very forward
angles, and in addition, the length of the SHMS detector stack and
minimum distance between the back of the detector house to the hall
wall requires a reduction in thickness of the concrete shield wall.

Typical beam-target geometries were simulated using Monte Carlo
techniques. Simulations were performed using the GEANT MCWORKS
distribution, which includes detailed physical and geometric descrip-
tions of the experimental hall and simulates the physics processes using
standard GEANT3 [38] together with the DINREG nuclear fragmen-
tation package. Hadronic interactions are treated using the DINREG
package, which calculates the probability of such interactions using
a database of photonuclear cross sections. For electron-nucleus in-
teractions, an “equivalent photon” representation of the electron (or
positron) is used.

In this simulation, the CEBAF beam electrons start 1 m upstream of
the target, strike it head-on along the cylindrical symmetry axis, and
have no momentum component transverse to the beamline. The simu-
lation also includes the beam pipe, target entrance and exit windows,
and the entire geometry of Hall C, including all elements of the beam
dump. The transmission of particles through the shielding materials was
calculated as a function of the material thickness and the angle relative
to the beam direction.

A limitation of the radiation studies is the lack of cross section data
for low-energy neutrons. The accuracy of the GEANT simulations was
tested by benchmark calculations using the MCNP code [39] with an
isotropic neutron point source of 1 MeV located 1 m from the shield
wall. The MCNP calculations suggest that 50 cm of concrete thermalizes
most of the fast neutrons, and after 1 m practically no epithermal
neutrons remain. The thermalized neutrons can be captured by a 1 cm
Boron layer. In reality, however, the neutron spectrum also includes
higher energy neutrons, for instance produced by electrons interacting
in the concrete, and thus the actual amount of material for the walls
exposed to the primary sources of radiation has to be thicker. A sim-
ple transmission calculation using GEANT4 [40] for incident neutron
beams of energies between 1 and 10 MeV suggests that a thickness
150 cm of concrete is sufficient to stop the majority of low-energy
neutrons.

The SHMS shielding model is composed of standard concrete (p
= 2.4g/cm™1). The thickness of the wall in front of the detector and
electronics rooms is 100 cm, to shield from the primary radiation source
around the target. Fig. 19 shows the surviving background flux for
varying front wall concrete thicknesses. The results are normalized to
the background flux in the HMS at 20°. This angle was chosen as
experiments in Hall C have shown that electronics problems are more
frequent at lower angles. The simulation results show that 100 cm of
concrete reduces the total flux to same as the flux in HMS at 20°.

Fig. 20 shows the energy spectra for surviving photons and neutrons
with varying front wall thickness. In order to optimize the shielding,
these secondary particles have to be absorbed as well. Our assumption
on radiation damage is that photons below 100 keV will not be a signif-
icant source of dislocations in the lattice of the electronics components,
while neutrons will cause radiation damage down to thermal energies.
Adding lead to the concrete wall reduces the photon flux significantly,
but it does not help for neutrons. On the other hand, the boron reduces
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Fig. 18. Plan View of the SHMS Shield House showing the layout, thickness, and composition of the walls with the SHMS at 5.5°. The bottom of the beam side
shield wall is above the beam line, so the beam does not goes through the shield wall.

2

- - -
& o ©

-
[

Rate normalized to HMS at 20 deg
© o o9
» o (-]

o
[

-
L o e e e LA s s s L
-

vl b e b b e e b e b e b e by

75 100 125 150 175 200 225 250 275 300
Concrete Thickness (cm)

0
50

Fig. 19. The normalized background rate vs. front wall thickness based on
simulations described in the text. The rates are normalized to those found in
the HMS at 20°.

the flux of very low energy neutrons. Assuming that low energy photons
and neutrons cause a significant fraction of the radiation damage, then
adding the relevant material would be important.

The thickness of the beam-side wall (shielding from an extended
source, the beamline) is constrained by the clearance with the detector
stack inside the enclosure and the beamline at small angles. Conser-
vatively assuming a clearance of 5 cm between detector stack and the
shield wall, the total concrete wall thickness is limited to 105 cm. A
90 cm concrete wall combined with a 5 cm boron and 5 cm lead layer
provides the optimal shielding configuration. Adding boron is not much
different from adding (or replacing) concrete, but in addition it captures
thermal neutrons.

The majority of charged particles are stopped by the outer walls
of the spectrometer shield house. An additional source of radiation
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Fig. 20. The outgoing, soft particle spectrum (< 10 MeV).

may be created from particles entering the enclosure through the
magnets. To protect the electronics further, an intermediate wall was
installed between the detector and electronics rooms. Fig. 21 shows
the normalized rate as the thickness of this intermediate wall is varied.
This suggests that the optimal configuration is provided by a concrete
thickness of 80-100 cm . Due to space constraints the minimum wall
thickness of 50 cm needed to provide support for the roof of the shield
house was used. Further details on shielding configurations investigated
and their optimization can be found in Ref. [36].

The hydrogen-rich concrete walls function as a shield, an absorber,
and a neutron moderator, and are thus placed on the outside of all faces
of the shield house. On the other hand, the ordering of lead and boron
to shield against the photon and neutron flux may, at first glance, not
be obvious, and is discussed in detail below.
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Fig. 21. The normalized rate versus the intermediate concrete wall thickness.

The incoming photon flux has two components: externally produced
photons and bremsstrahlung photons produced by electrons in the
twenty radiation lengths of concrete. The simulations have shown
that the outgoing photon spectrum is soft (<10 MeV). Placing a lead
layer after the concrete is essential to suppress this low energy photon
flux. The (y,n) reaction in lead is not a problem. The threshold for
the reaction is given by the neutron binding energy (~8 MeV). At
higher energies, the cross sections are in the mbarn range [41]. Even
disregarding the low cross section, however, it is not clear that this
reaction contributes to the irradiation of the electronics, because a high
energy photon is replaced by a low energy (but not thermal) neutron.

The incoming neutron flux also has two components. Neutrons from
excited nuclei will typically not exceed 10 MeV. The other neutrons
are produced through direct interactions with only one nucleon in
the nucleus. These will have high energies, but the flux is low. As
shown by the MCNP calculation, which has reliable low energy neu-
tron cross sections, 0.5m of concrete almost fully thermalizes 1 MeV
neutrons. Thus, 2m of concrete should be sufficient to thermalize the
first component. Some of these will be captured in the concrete, but
to eliminate the surviving thermal neutrons a layer of boron is needed.
There are two relevant reaction channels: (n,y) and (n, ay). The former
produces high energy photons, but the cross section is relatively small.
The latter produces a 0.48 MeV photon for every captured neutron.
The thermal cross section is about 10kbarn, and even at 1 MeV it is
still in the barn range. The majority of neutrons can thus be expected
to be captured in a sufficiently thick boron layer. An optimal shielding
configuration would also stop these photons produced in the capture. At
0.48 MeV, the photoelectric effect and Compton scattering contribute
about equally to the attenuation in lead. Photons from the latter will
also need to be absorbed.

Thus, placing the lead in front of the boron layer has limited benefit.
It will not affect the neutron flux, but will create an additional source of
photons. The more lead one places after the boron, the more efficiently
these photons will be suppressed. From the point of view of stopping
bremsstrahlung photons, the order of boron and lead layers does not
matter. Thus, all lead should be placed after the boron.

Fig. 22 is a photograph showing the resulting multi-layered shield-
ing in one of the SHMS shield house walls. The ceiling, floor, and other
walls have similar compositions but varying dimensions presented
earlier in Fig. 18. Details about the development of custom concrete
material containing boron can be found in Ref. [42].
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Fig. 22. Photograph of the SHMS beam-side shield wall in cross-section view,
showing the layers of different materials making up the wall.

In summary, the SHMS shielding consists of concrete walls to mod-
erate and attenuate particles. Low energy (thermal) neutrons are ab-
sorbed in a boron layer inside the concrete. Low energy and 0.5 MeV
capture photons are absorbed in lead. With this design, the rates
at forward angles of 5.5° are estimated to be less than 70% of the
design goal (HMS at 20°) in the detector room and below 70% in the
electronics room.

4. Design, construction and calibration of the SHMS detectors

The layout of the SHMS detectors in the SHMS detector hut is shown
in Fig. 23 and each detector is described in detail in the following
subsections. A CAD drawing of the SHMS detector stack is shown in
Fig. 49. After traveling from the target through the SHMS magnets, the
scattered particles exit the SHMS dipole vacuum pipe. The first detector
that is encountered is the Noble Gas Cherenkov detector (NGC) which
is described in Section 4.5. The NGC can be replaced by a vacuum
tank which is designed to occupy the same space as the NGC. The
tracking of the particles is done by a pair of drift chambers (DC1 and
DC2) and each of drift chambers consists of six wire planes. Details on
DC1 and DC2 are described in Section 4.3. Basic trigger information
comes from four planes of scintillator or fused silica hodoscopes. This
first pair of hodoscope planes (S1X and S1Y) are located directly
after drift chambers. The Heavy Gas Cherenkov (HGC) detector is
placed after S1Y and the HGC is described in Section 4.4. The aerogel
cherenkov (AER) detector is located after the HGC and is described
in Section 4.6. The AER can be removed from the detector stack if it
is desired without changing the positions of the other detectors. The
second pair of hodoscope planes (S2X and S2Y) are located after the
aerogel cherenkov detector. The S1X, S1Y and S2X hodoscope planes
are standard scintillator paddles and are described in Section 4.1. The
S2Y hodoscope plane is made of fused silica (“quartz”) and is described
in Section 4.2. The last detectors in the stack are the preshower and
shower detectors which are described in Section 4.7.

4.1. Scintillator trigger hodoscope

The SHMS hodoscope system provides a clean trigger and trigger
time information as well as the definition of the detector package
fiducial area, required for physics cross section measurements. The
system is composed of four separate planes of detector paddles: S1X
and S1Y located immediately after the second drift chamber, and S2X
and S2Y approximately 2.6 m away along the z direction. Teh S1X plane
is closest to the drift chamber and the S2Y plane is 9.6 cm away from
the S1X plane along the z-direction. The S1X, S1Y, and S2X planes were
built using thin plastic scintillator paddles while S2Y uses fused silica
bars.
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Fig. 23. A drawing of the SHMS detector stack in which the detectors are designated by simple boxes. The drawing is not to scale. The labeling of the detectors

is described in the text.
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Fig. 24. A drawing of the S1X and S1Y planes of the SHMS hodoscope. The S2X and S2Y planes are arranged in a similar manner with the S2X having 14

paddles and the S2Y having 16 paddles.

4.1.1. Design and construction

The overall dimensions and granularity of the three scintillator
planes were driven by the Monte Carlo simulations of the SHMS ac-
ceptance. The S1X and S1Y planes cover a 100 x 98 cm? area while
the S2X plane covers 110 x 133.5 cm?. Further design constraints
for this detector include high (> 99%) detection efficiency with little
position dependence along the scintillator paddle; good time resolution
(~100 ps) and high rate capability (~1 MHz/cm). As the detector’s
lifetime is assumed to be roughly a decade, the design made use of
cost effective, readily available materials and readout chain.
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To meet the requirements listed above, the SHMS Hodoscope was
built as a series of arrays (planes) of plastic scintillator paddles. The
S1X and S1Y planes have 13 100 x 8 cm paddles each, while the
S2X plane has 14 110 x 10 cm paddles. A sketch of the S1X and S2Y
planes is shown in Fig. 24. For each of the three scintillator planes, the
paddles were staggered in the beam direction by 0.7 cm and overlapped
transversely by 0.5 cm. To minimize the impact of the scintillators on
downstream detectors and also to ensure good timing resolution, the
thickness of paddles was 0.5 cm.
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Fig. 25. Gain versus high voltage graph for an ET tube used for the scintillator
hodoscope.

The scintillator material used was Rexon RP—408 [43]. The paddles
were wrapped by the manufacturer with millipore paper, aluminum
foil, and 2" wide electrical tape. The transition between the thin
scintillator material and the photomultiplier (PMT) tubes was done
using a Lucite™ fishtail-shaped light guide. As the glued joint between
the scintillator paddle and the light guide is rather fragile (0.5 x 8.0
and 0.5 x 10.0 cm joints, respectively) aluminum “splints” were used
to reinforce it. The PMT to fishtail joint was originally wrapped with
2" tape as well and light-leak tested; subsequently this wrapping was
reinforced with TEFLON™ tape and a 3" heat-shrink sleeve.

Each scintillator paddle has a PMT at each end glued to the fishtail
using optical glue (BC-600 [44]) matching the index of refraction of the
Lucite™. A combination of Photonis XP 2262 [45] and ET 9214B [46]
2" tubes were used. Both models have 12-stage amplification and their
maximum photocathode sensitivity is in the blue-green range. The
typical gain is 3x107. Gains were measured as a function of high voltage
during the construction and the whole hodoscope was gain matched in
situ once installed in SHMS.

All hodoscope scintillator paddles and the PMTs used on the S1X,
S1Y, and S2X planes were extensively tested during assembly: the dark
current and the gain as a function of the high voltage were measured
for each tube; the finished paddles were light-leak tested and their
detection efficiency as a function of position along the paddle was
measured using cosmic rays on an automated test stand. A typical gain
versus HV graph is shown in Fig. 25.

4.2. Quartz-bar trigger hodoscope

The SHMS hodoscope quartz plane was designed to help with neu-
tral background rejection in the 12 GeV high-rate environment. (The
radiator material is actually fused silica, but we will often use the term
“quartz”.) It operates on the principle of Cherenkov light production
by electrically charged particles. It is one of the four hodoscope planes
that form the basic 3 out of 4 trigger in the SHMS. In what follows the
design and construction of this detector will be presented as well as its
performance with electron beam in Hall C.

4.2.1. Design and construction

Quartz bars of 2.5x5.5x125cm? dimensions with an index of re-
fraction of approximately 1.5 were procured from Advanced Glass
Industries. The Cherenkov light produced by electrically charged par-
ticles is detected by UV-glass window PMTs (model ET9814WB) and
quartz window ET9814QB [47] photomultiplier tubes optically coupled
to the quartz bars through RTV™615 silicon rubber of 50 pm thickness.
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Thicker optical couplings resulted in fewer photoelectrons, so excellent
quality control of the maximum thickness was required. The 16 bars in
use in the hodoscope quartz plane are staggered in the beam direction
with a transverse overlap between adjacent bars of 0.5 cm. The quartz
plane frame allows for more bars to be added.

4.2.2. Calibration of hodoscope

The objective of the hodoscopes’ calibration is to determine the
arrival time of the particles that traverse each of the scintillators (or
quartz) planes relative to a reference time. When a particle traverses a
plane, the hit paddle produces light which propagates to the PMTs at
the two ends as shown schematically in Fig. 26. The PMT signal is then
sent to ADCs and TDCs. The raw TDC signal has multiple unwanted
timing contributions which must be subtracted to obtain the true arrival
time at the hodoscope plane. The corrected TDC time at each plane
along with the calculated distance between each plane is then used to
determine the particle velocity, = =.

The general expression for the corrected TDC time for a hodoscope
PMT is

1 —t

3

The corrected TDC time (¢,,.) represents the particle arrival time at
the scintillator paddle. The corrections from Eq. (3) are summarized as
follows:

Icorr = tRAW — tTw — ICable — prop

1. Time-Walk Corrections, try,: For analog signals arriving at the
Leading Edge Discriminators, larger signals fire the discriminator
at earlier times. To correct for this correlation in the high
resolution TDCs, the FADC Pulse Time is used as an amplitude-
independent reference, with the difference of the TDC and FADC
Pulse Time plotted against the FADC amplitude. A model func-
tion is fitted to this correlation, and the parameters extracted are
used to correct the TDC time.

2. Cable Time Offset Corrections, t¢,,.: The time offset correc-
tion takes into account the fact that the analog signal has to
propagate through a PMT and signal cables to the TDC in the
Counting House. To determine this correction, a correlation
between Time-Walk corrected time and hodoscope paddle track
position is fitted to extract the average velocity of light propa-
gation along the long axis of the paddle (1/slope), as well as the
cable time offset (y-intercept).

3. Propagation Time Corrections, ?,,,,: This correction accounts for
the light propagation time along the scintillator paddle from the
particle hit location to the PMT. The correction is done in the
Hall C Analyzer, hcana, using the measured average light prop-
agation speed mentioned in the Cable Time Offset Corrections

above.

4. Paddle Time Difference Corrections, 7,: This correction accounts
for any additional time difference (other than the particle propa-
gation time to travel across the two paddles) between each of the
scintillator paddles in the different hodoscope planes. All paddle
times are measured relative to paddle number 7 in the S1X plane.

The result of a successful hodoscope timing calibration is shown in
Fig. 27.

4.3. Drift Chambers

4.3.1. Design and construction

The SHMS horizontal drift chambers provide information to deter-
mine the trajectory of charged particles passing through the detector
stack. The drift chamber package consists of two horizontal drift cham-
bers (DC1, DC2) separated by a distance of 1.1 m and oriented in the
detector stack such that the sense wires planes are perpendicular to
the central ray. Each chamber consists of a stack of six wire planes
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Fig. 26. Cartoon of individual scintillator paddles to illustrate the various timing corrections applied.
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Fig. 27. SHMS Hodoscopes p = v/c before (blue) and after (red) calibrations.

providing information on the track position along a single dimension
in the plane of the wires and perpendicular to the wire orientations
to better than 250 pm. The perpendicular distance of the track relative
to the wire is determined from the time of the signal produced by the
ionization electrons as they drift from their production point to the wire
in an electric field of approximately 3700 V/cm.

The design and construction technique is largely based on that
of previous successful chambers built for the Hall C 6 GeV program,
which have been shown to reach the resolutions and particle rate
specifications of the SHMS. The open layout design consists of a stack
of alternating wire and cathode foil planes; each plane consisting of
3.175 mm thick printed circuit board (PCB). These are sandwiched
between a pair of aluminum plates on the outside, which provide
both the overall structural support and the precise alignment of each
board via dowel pins at the corners. Just inside each pair of plates is
a fiberglass board with the central area cut out and covered with a
vacuum-stretched film of aluminized Mylar™ which provides the gas

15

window. These are sealed to prevent gas leakage via an o-ring around
the gas fitting through-hole on the inside of the plate.

Each chamber consists of two identical half chambers separated
by a fiberglass mid-plane which supports the amplifier discriminator
cards required for the sense wire readout. To minimize the production
costs, only two unique PCB types were designed: an X-plane with
wires oriented horizontally, and a U-plane with wires oriented at +60°
relative the X-plane. All other plane orientations are generated by
rotations of these two basic board types. For instance, the boards are
designed such that a rotation of 180° in-plane about an axis through the
center of the board produces boards with wires of the same orientation,
but shifted by 1/2 cell width, thus allowing the resolution of left/right
ambiguities. Rotation of the X-plane and the U-plane such that the top
becomes the bottom produces the X’ and U’ orientations. The V and
V’ boards, with wire orientation of —60° relative to the X-plane, are
produced by a rotation of the U and U’ boards of 180° into the page
about a vertical axis though the center of the board. Each half chamber
has three planes with the first half consisting of (U, U’, X) and the
second half consisting of (X’, V’, V). The first chamber, DC1, is oriented
in the SHMS frame such that the board ordering as seen by particle
traversing the spectrometer is (U, U’, X, X’, V’, V), while for the second
chamber, DC2, the ordering is reversed (V, V’, X’, X, U’, U) as is shown
in Fig. 28.

The drift gas (50/50 mixture of Ethane/Argon in production mode)
flows across each board through holes in the cathode planes (k-planes)
alternating from top to bottom. The overall dimensions of the wire
chambers are driven by the desired active area for particles at the focal
plane of the SHMS which was 80 cm x 80 cm. The active area of each
wire plane consists of alternating 20 pm diameter gold tungsten sense
wires and 80 pm diameter copper plated beryllium field wires separated
by 0.5 cm. Each wire plane is sandwiched between a pair of cathode
planes with the cathode surfaces consisting of 5 mil thick stretched foils
of copper plated Kapton™.

4.3.2. Calibration
As charged particles traverse the drift chambers and ionize the
gas, free electrons from the ionized gas drift towards the sense wires
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Fig. 28. Sketch of the SHMS drift chamber planes with particles tracking from left to right. A description of the labels is given in the text.

Source: The figure is from Ref. [48].

in the chamber. This process produces measurable current pulses in
the sense wires which are pre-amplified before the 16-channel input
discriminators. The discriminators produce logic signals that are sent to
the TDC which registers the relative time at which this signal arrives.
This signal is utilized to determine the drift time, the time taken for the
free electrons to drift to the sense wire, via

G

D = Tmeas — (twire + tcable) .

In Eq. (4), 1,,.,, is the time recorded by the TDC and the term ¢, +
t.aie 1S the time it takes the signal to propagate across the sense wire,
through the cable and into the TDC if the track were to pass directly
through the sense wire. When combined with information about the
position of wires in each chamber, this quantity can provide coarse
track information. However, this can be further refined by converting
the drift time to a drift distance which is accomplished by utilizing
time-to-distance maps. The purpose of the drift chamber calibration
procedure is to produce these per-plane look-up tables.

In the approximation that the incident particle distribution is uni-
form, or has a constant slope, a single cell' on average sees a flat
distribution of events. The measured drift time distribution can there-
fore be mapped to drift distance by areal scaling. This distribution
can be determined for the individual wire or averaged over an entire
group (up to 16 wires per discriminator card). Associated with each
drift time distribution is a time, #),, which corresponds to the time at
which ionized particles come into contact with the wire. If this value
is non-zero, this is the value by which all drift times must be shifted in
order to assure that 7, = 0 ns. All subsequent times in each spectrum
are measured relative to this time.

From the drift time spectrum, N(¢), the drift distance D(¢) can be
determined via

/,; N(ndt

D)= Dyjox— ————
e N (ot

(5)
where D,,,, is the maximum possible drift distance, 7,,,, is the maxi-
mum drift time and 7 is the measured drift time. Note that D(j)) = 0 cm
and D(ty,.) = 0.5 cm. Due to the finite resolution of the TDC, the
integrals in Eq. (5) become sums over finite bin widths and the actual
expression used is
1 bin(ry+T)

Dt)=D — 6

() Max (6)
which is simply a ratio of the sum of bin contents up to some maximum
drift time, T, over all bin contents up to a maximum ¢,,,,, called Np,,.

1 A cell is one sense wire surrounded by field wires such that the sense wire
is at the center and the field wires are at the corners.
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Fig. 29. Example drift distance distributions for the SHMS drift chambers
before (blue) and after (red) a successful calibration.

The results of the calibration are per-plane look up tables which utilize
this ratio to map any given drift time to a drift distance for that plane.
When properly calibrated, this should result in a flat distribution of drift
distances for each chamber. An example drift distance spectra, showing
the pre and post calibration distributions can be seen in Fig. 29.

4.4. Heavy-Gas Cherenkov counter

4.4.1. Design and construction

The SHMS Heavy-Gas Cherenkov detector (HGC) is a threshold-type
Cherenkov detector, designed to separate charged = and K over most
of the SHMS operating momentum range, 3-11 GeV/c. The radiator gas
C4Fo at 1atm, with an index of refraction of »=1.00143 at standard
temperature [49], allows z* to produce abundant Cherenkov light
above 3 GeV/c momentum, while K* remain below Cherenkov thresh-
old until about 7 GeV/c. Optimal z/K separation at higher momenta
requires a reduction in the gas pressure, down to 0.3 atm at 11 GeV/c.

A schematic view of the detector is shown in Fig. 30. The SHMS
focal plane is subtended by four 55 x 60 cm 0.3 cm thick glass mir-
rors, which reflect the Cherenkov radiation to four Hamamatsu R1584
12.5 cm diameter photomultiplier tubes located above and below the
particle envelope. The mirrors and gas are enclosed in a cylindrical
aluminum tank of 164.9 cm inner diameter and 113.5 cm length, with
entrance and exit windows of hydroformed 0.102 cm thickness 2024 T-
4 aluminum alloy [50]. The vessel is sufficiently strong to be pumped
to vacuum before introducing the radiator gas, avoiding the need to
purge when filling. A unique aspect of the detector is the placement of
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Fig. 30. 3D-CAD rendering of the Heavy Gas Cherenkov Detector.

Yo
Z,
Xso
164.9cm
@ 2500
c -
3 B iy
S +
2000 —
1500 —
1000 — f
C 2
500 — Y o £
- VS +
- + ; ‘,; ff'*' b,
- L P
0 ey by ey Ly gy e Loy g g Lo U]
0 10 15 20 25 35

30
ADC Channel (pC)

Fig. 31. The single (dashed black) and two (dotted green) photoelectron peaks
for the lower right PMT #2, and their sum (solid red), obtained by selecting
tracks in the upper right quadrant #4. Three such adjacent mirror plots are
obtained for each PMT. The light from the mirror closest to the PMT is far
more intense, with too few SPE events available to yield a reliable calibration.

the photomultipliers outside the gas envelope, viewing the enclosure
through 1.00 cm thick Corning 7980 quartz windows. This allows
the gas enclosure to be smaller in diameter than would otherwise be
possible, as the full length of the PMT and base no longer need to be
fully within the diameter of the vessel. It also makes the PMTs available
for servicing without venting the gas.

The mirrors are inexpensive, having been produced by the slumping
process [51]. As a result, they deviate from the desired 110 c¢cm radius
of curvature with a slightly oblate shape [52]. However, the Cherenkov
cone on the mirrors for 3-7 GeV/c z* in C,F; is 7-10 cm in diameter,
so optical quality mirrors are not required for this application. The
UV wavelength characteristics of the respective optical components
are relatively well matched. C4F;o has good transmittance down to
~160 nm [49]. The quartz viewing windows provide >88% trans-
mission down to 200 nm, including the ~10% loss due to surface
reflection [53], and the optical glass faced PMTs have 70% of their
peak quantum efficiency at 200 nm (peak at 350 nm) [54]. Accordingly,
the mirror reflectivity was optimized for >90% at 270 nm, and 75% at
200 nm [55].

17

The mirrors are arranged in a 2 x 2 array, with two mirrors directing
the light to two upper PMTs and the other two directing it to lower
PMTs. Because the mirrors are curved in both the horizontal and
vertical directions, it is necessary to stagger the mirrors along the
tank z-axis to avoid dead areas. The upper left and right mirrors are
the most forwards, with the lower left and right being behind. The
mirrors overlap slightly to give good x — y coverage. The geometry
near the center of the tank, where the mirrors make their closest
approach, is complicated, and some shadowing for certain Cherenkov
light trajectories is unavoidable. This leads to a small region of lower
detection efficiency at the center of the tank. This is further discussed
in Section 7.3.3.

Each mirror is clamped individually along its two outer edges and is
held in place by 3 flexible three-point mounts extending from the tank
to the mirror clamps. This allows each mirror to be optically aligned
in 3 dimensions separately from the others. The mirror positions were
fine-tuned with the use of an LED-light array clamped to the front of
the tank. The reflected light from each LED onto the PMT positions was
compared to predictions of a Geant4 simulation and adjustments made
until they came into close agreement.

4.4.2. Calibration

The goal of the SHMS HGC calibration procedure is to generate
an accurate translation from raw FADC channels (or charge in pC)
to the number of photoelectrons emitted from the cathode surface of
the PMT (NPE). This is achieved by isolating the single photoelectron
(SPE) peak, yielding a calibration, and then verified by examining the
regular spacing of the first few photoelectron contributions in the ADC
spectrum.

To isolate the SPE peak, tracking cuts are applied to the data. As
a charged particle passes through a mirror quadrant, the produced
Cherenkov cone allows some light to be incident on adjacent mirrors.
As each mirror is focused on a single PMT, one PMT will receive most of
the produced light while the other three “off-axis” PMTs receive much
smaller amounts. This small signal on the 3 “off-axis” PMTs allows the
SPE peak to be measured, yielding a reliable calibration. To select this
adjacent mirror light, cuts (based on the physical dimensions of the
mirrors) are placed on the tracked coordinates of the charged particles,
extrapolated to the HGC mirror plane,

)
®

_ ’
XHGC = XFocal Plane T XFocal Plane * HGC

— ’
YHGC = YFocal Plane T YEocal Plane *~ 2HGC>
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Fig. 32. Results from a successful calibration of the HGC. Shown is the NPE
distribution of the lower right PMT #2 obtained from all four mirrors. The 1, 2,
and 3 NPE peaks are shown, indicated by dashed Gaussian distributions. Two
Poisson distributions (dotted lines) provide a good description of the nearest
mirror events with large NPE, and a broad Gaussian near 4 NPE fills in the
gap with the lower NPE peaks. The sum of all 6 distributions is shown as the
solid red curve.

where zyge = 156.27cm is the distance from the focal plane to the
HGC mirror plane. The coordinate axis for the HGC is the convention
used in charged particle transport in dispersive magnetic systems. The
x-axis is the direction of increasing particle momentum, the z-axis is
the direction of particle travel through the spectrometer, and the y-
axis is deduced from z x x. Additionally, timing cuts are applied to
the HGC data, collected using the high resolution pulse time setting in
the FADC250’s FPGA [56]. The pulse time reconstruction in firmware
corresponds to the time at which a pulse reaches half of its maximum
amplitude after passing a threshold of 5 mV. Lastly, a cut on particle
velocity, g, is applied.

An example of a completed calibration is shown in Figs. 31, 32. For
this run, the HGC was filled with C,F;, at 1 atm, and the SHMS central
momentum was 2.583GeV/c with polarity set to detect positively-
charged particles. Cherenkov radiation is produced by z* traversing the
HGC with momentum > 2.598 GeV/c. This can occur only for § > +0.5%,
which corresponds roughly to the bottom half of the HGC. Subthreshold
zt with § < +0.5%, as well as K* and p, may produce low-level light in
the HGC via knock-on electron emission and scintillation in the radiator
gas. The adjacent mirror cuts described above produce a clear SPE peak
in Fig. 31.

A histogram of light collected in one PMT from all four mirrors is
shown in Fig. 32, where the average number of photoelectrons detected
per event is higher due to the more intense light from the closest mirror.
In this figure, the spectrum is fit with a sum of four Gaussian and two
Poisson distributions, shown by the solid red line.

An inherent systematic uncertainty is present in the HGC calibration
due to statistical errors in determining the location of the SPE peak
in the various mirror quadrants. This uncertainty was quantified by
recording the locations of the SPE across several runs, for the different
adjacent mirror combinations for each PMT, as well as by varying
the contribution of the higher PE tail extending underneath the SPE
peak, as in Figs. 31, 32. The systematic uncertainty in the calibration
is taken to be the root mean square of this set of values, giving +1.5%. It
should be noted this uncertainty is somewhat larger than the statistical
uncertainty of the SPE peak, which is typically 0.2 to 0.6%.

4.4.3. Gain matching

To ensure each PMT has a similar response to incident light, the
voltages of each PMT were adjusted to obtain accurate gain matching.
This can be seen in Fig. 33 by the alignment of the SPE at approximately
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Fig. 33. Demonstration of gain matching between PMTs by the alignment of
the single photoelectron, indicated by the yellow band about 6.825pC. The
horizontal axis refers to PMT number, the vertical axis to Pulse Integral in
bins of 0.04pC. The color axis represents the number of events filling each
bin.

6.825pC, represented by the common band across all four PMTs at
that value. Additionally, the gain of each PMT was tested by the
manufacturer, Hamamatsu, and at Jefferson Lab. The results of each
test are shown in Table 3.

The Hamamatsu data were taken directly at 2000V in a highly
controlled environment, thus leading to small uncertainty in the gain
which was not quoted. The Jefferson Lab measurements were also taken
at 2000V, but in an experimental environment. This gives rise to an
uncertainty in the JLab gain data on the order of 1%, larger than the
Hamamatsu data.

4.5. Noble-Gas Cherenkov counter

4.5.1. Design and construction

Analyzing momenta up to 11 GeV/c at scattering angles from 5.5°
to 40.0°, the SHMS will encounter pion background rates which exceed
the scattered electron signal rate by more than 1000:1. The suppression
of these anticipated pion backgrounds while maintaining high electron
identification efficiency is one of the main duties of the SHMS PID
detectors, including the Noble Gas Cherenkov (NGC). The critical role
for the NGC arises for momenta between 6 GeV/c and 11 GeV/c. This
momentum range is challenging because it not only requires a gas
with a low index of refraction so that pions will be below Cherenkov
threshold, it requires that the radiator be quite long to obtain enough
photoelectrons for efficient electron identification. Operating at 1 atm,
the NGC will use a mixture of argon and neon as the radiator: pure
argon with an index of refraction »=1.00028201 for a momentum of
6 GeV/c, pure neon with an index of refraction n=1.000066102 at
11 GeV/c, and a mixture of argon and neon at intermediate momenta.

The SHMS NGC design was constrained by the available space and
the need to have good discrimination at the highest momenta. The
number of photoelectrons is maximized in this design by the use of
quartz window PMTs and mirrors with excellent reflectivity well into
the UV.

The NGC consists of four main elements: (1) a light tight box with
thin entrance and exit windows (hence the requirement of operation at
1 atm); (2) four spherical mirrors held in a rigid frame; (3) four 5 inch
quartz window photomultipliers (PMTs) and (4) the radiator gas.

The tank in Fig. 34 was fabricated with an internal rigid aluminum
t-slot frame and thin aluminum walls welded together. It has an active
length of 2m along the beam direction and approximately 90 cm per-
pendicular to the beam direction. The main access is provided through
a large side ‘door’, and four small panels provide modest access to the
PMTs. The tank has feedthroughs for gas management as well as for
HV and signal cables. The interior was coated with a black flat paint to
absorb stray light from cosmic rays or hall background. Thin entrance
and exit windows are made of two layers of 51 pum Dupont Tedlar
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Gain characteristics for the PMTs in the HGC. Two measurements were per-
formed, one at Jefferson Lab in an experimental setting, and one by the
manufacturer Hamamatsu. The set voltage for the gain measurements is 2000

V for each PMT.

PMT JLab gain Hamamatsu gain
PMT 1 (2.79 +£0.01) x 107 0.969 x 107
PMT 2 (6.55 + 0.04) x 107 3.60 x 107
PMT 3 (7.12 +0.05) x 107 5.79 x 107
PMT 4 (5.35+0.04) x 107 3.20 x 107
™~ .
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Fig. 34. Schematic of the Noble Gas Cherenkov detector. Particles enter the detector through the entrance window. The mirrors focus light on the PMTs at the

top and bottom.
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Fig. 35. The UV measured reflectivity of the finished mirrors, coated at CERN
which is no less than 78% at 150 nm. Between 250 nm and 600 nm the
reflectivity rises to almost 90%.

(CH,CHC]),,. The PMTs were positioned outside the beam envelope,
achieved by a 15° tilt of the mirrors.

Four spherical thin glass mirrors of radius 135 cm, square in shape
with edge lengths of 43 cm, focus the Cherenkov light onto the PMTs.
The glass blanks were manufactured by Rayotek Scientific [57] from
borosilicate glass of 3 mm thickness by slumping over a polished steel
mold and then cutting to dimensions. Simulations showed a reduction
of collection efficiency due to incoming photon losses at the exposed
edges of the mirror. As such, the edges were bevelled away from the
active surface to minimize scattering from these edges.

The final batch of the glass blanks was shipped to Apex Metrol-
ogy Solutions of Fort Wayne for coordinate measuring machine shape
measurements. Apex’s measurements were performed on a grid of
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1806 points. The data were fitted with spherical, conical and elliptical
functions for each mirror. Though the elliptical fit described the surface
slightly better than the spherical fit, the updated simulation with the
real measured parameters showed almost no difference in the collection
efficiency between the two. In addition, the same fitting was performed
for 5 selected locations on the mirror: entire mirror, the center, and
4 quadrants. Based on the spherical fit results, “best” mirrors and
“best” corners for each mirror were identified. The 4 mirrors come
together and overlap at the center of the acceptance where a majority
of the scattered electrons are focused. Care was taken to locate the best
corners of the best 4 glass pieces in the overlap region. The radii of the
4 best pieces of glass, from fitting, were found to never vary by more
than 2 cm from the contracted value of 135 c¢m in the fit areas described
above.

The blanks were coated by the Thin Film and Glass Service of the
Detector Technologies Group at CERN [58]. The reflectivity was also
measured at CERN and found to be excellent well into the UV (Fig.
35).

Like the HGC, the four mirrors are arranged in a 2 by 2 array with
a small overlap in the center, providing full coverage over the active
area. In order to accomplish this without mechanical interference, the
mirrors were staggered along the tank z-axis which is the direction
of the incoming particles. The mirrors were mounted in a monolithic
frame installed as single unit (see Fig. 36).

The four PMTs are 14 stage 5" quartz window PMTs manufac-
tured by Electron Tubes Enterprises [59], model 9823QKB04. The
9823QKB04 has a quantum efficiency above 5% at 150 nm and 30%
at 350 nm. The tubes are surrounded by a mu-metal shield and the
positive HV is distributed to the stages by a resistive divider. After
evidence of corona or arcing inside one of the bases due to the relatively
low dielectric breakdown strength of the gas mixture, the problem was
resolved by applying silicon conformal coating to suspect areas.

4.5.2. Calibration
As with the HGC (see Section 4.4.2), the goal of the NGC calibration
is to generate an accurate transformation from raw FADC channels to



S. Ali et al.

Fig. 36. Frame with mirrors about to be moved into tank.

the number of photoelectrons (NPE). The NGC calibration method can
be broken down into three steps:

1. Selecting an appropriate data set.

2. Selection cuts to identify a clean electron sample for each PMT.

3. Using the clean electron sample to fit the pulse integral distri-
bution for each PMT. This is used to determine the calibration
constants.

Selecting an appropriate data set. The NGC calibration requires electron
events in the SHMS. Any data set with the SHMS running with negative
polarity can in theory be utilized for calibrations. However, for best
results, a data sample with an even distribution of events across all
PMTs in the NGC should be utilized. Additionally, the data set should
contain on the order of ~ 10° events or more.

Selection cuts. To obtain a clean electron sample from the data, several
selection cuts are applied to the data. Cuts are applied on:

» —10 < 6 < 20, a nominal acceptance cut, removing events outside
this range.

* 0.7 < ErurrackNorm < 2.0, a calorimeter based PID cut us-
ing the normalized calorimeter energy to remove pion/hadron
background events.

» NGC multiplicity and position cuts. These are used to select events
where the majority of the Cherenkov light was deposited in a
single PMT.

After selection cuts, the PMTs can be calibrated.

Determining calibration constants. After selection cuts, the pulse integral
distributions for each of the NGC PMTs are fitted with the function

A%e_l
F(5+1)
]

where x is the pulse integral in pC, A is a normalization factor to
account for the number of events in the dataset being fit, 1 is the
mean NPE for an event above the Cherenkov threshold, and u is the
calibration constant in units of pC/pe. This value is determined for each
PMT. An example pulse integral distribution and the associated fit can
be seen in Fig. 37.

The NGC PMTs were also gain matched in a similar manner to the
HGC. Refer to Section 4.4.3 for details on this procedure.

fx)=A4 9

4.6. Aerogel Cherenkov counter

4.6.1. Design and construction

Fig. 38 shows a drawing of the aerogel counter installed down-
stream of the cylindrical HGC in the SHMS detector stack. The detector
consists of two main components: a tray which holds the aerogel
material, and a light diffusion box with photomultiplier tubes (PMTs)
for light readout. Four identical trays for aerogel of nominal refractive
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indices of 1.030, 1.020, 1.015 and 1.011 were constructed. These allow
for particle identification over the wide range of momenta summarized
in Table 4. The design allows for easy detector assembly and replace-
ment of the aerogel trays. The aerogel tray is 9,cm thickness and the
total thickness of the detector is 24.5 cm along the optical axis of
the SHMS. A detailed discussion of the detector, characterization of its
components, and performance tests can be found in Refs. [60].

The diffusion box is made of the aluminum alloy 6061-T6. The side
panels are constructed of ~2.5 cm (1-inch) plates. The back cover is
~1 mm (1/16") thick. The inner dimensions of the box are ~ 103 x
113x17.3 cm? (40.5” x 44.5" x6.82""). To optimize light collection, the
inner surface of the diffusion box is lined with either 3 mm (covering
~60% of the surface) or 1 mm (remaining ~40% of the surface) thick
GORE diffuse reflector material [61]. This material has a reflectivity of
about 99% over the entire spectrum.

The light collection is handled by 5" diameter photomultiplier tubes
(XP4500). The 5.56” (14.1 cm) diameter cylindrical housings holding
the PMTs are mounted upon 14 waterjet cut circular openings on the
left and right (long) sides of the diffusion box, with minimum spacing
of 14.92 c¢cm (5.875") between the centers. The PMTs are sealed into
their housing using a light-tight synthetic rubber material (Momentive
RTV103 Black Silicone Sealant) and the whole assembly is sealed
light-tight.

The trays contain two different types of aerogel. The aerogel tiles
of refractive indices n=1.030 and n=1.020 were manufactured by Mat-
sushita Electric Works, Ltd prior to 2010. The tiles of refractive indices
n=1.015 and n=1.011 were manufactured by the Japan Fine Ceramics
Center between 2010 and 2013. All tiles have dimensions of approxi-
mately 11 cm by 11 cm by 1.1 cm and are hydrophobic. The depth of
the aerogel radiator in their trays is on average ~9 cm thick (8 layers).
For the SP-30, SP-20 and SP-15 trays the aerogel covers and area of
110 cm x 100 cm. In the SP-11 aerogel tray the radiator covers an
active area of 90 cm x 60 cm. To improve the reflectivity, and thus
light collection, inside the trays for the lowest two refractive indices
1 mm thick GORE diffusive reflector material (DRP-1.0-12x30-PSA)
with reflectivity of about 99% was used. The SP-30 and SP-20 aerogel
trays were covered with 0.45 pm thick Millipore paper membrane
GSWP-0010 (Millipore).

Based on prior experience all aerogel trays originally featured a net
of stainless steel wires close to the aerogel surface to minimize damage
during handling and installation. This, however, proved insufficient and
dangerous to the aerogel tiles as discussed below. Since 2022 the two
lowest refractive index aerogel trays feature an additional net of mylar
strips holding the aerogel tiles in place and protecting them from being
damaged by the wire mesh.

4.6.2. Performance aspects

The light collection performance of the detector was tested with
cosmic rays and electron beam. The detector signal showed good
uniformity along the vertical coordinate of the detector surface, but had
a significant dependence in the horizontal direction. Mitigation of this
included a position-dependent threshold and an optimized selection
of the PMTs installed on the right and left side of the detector. The
response of the detector to particles is shown in Fig. 39.

The mean number of photo-electrons in saturation for the tray
filled with n=1.030 (n=1.020) refractive index aerogel is ~10 (~8),
close to expectation from Monte Carlo simulation. For the trays filled
with n=1.015 and n=1.011 refractive index aerogel, high numbers of
photoelectrons were obtained with the use of higher reflectivity GORE
material to cover the tray, ~10 and ~5.5 respectively. This result could
be fully reproduced by our Monte Carlo simulation with the assumption
of an aerogel absorption length of order 220 cm.
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Fig. 37. A sample pulse integral distribution fitted with the function described by Eq. (9) shown in red.

Table 4

Threshold momenta P, in GeV/c for Cherenkov radiation for charged muons, pions, kaons, and protons
in aerogel of four refractive indices ranging from n=1.011 to 1.030.

Particle Pry Py Pry Py
n=1.030 n=1.020 n=1.015 n=1.011

u 0.428 0.526 0.608 0.711

z 0.565 0.692 0.803 0.935

K 2.000 2.453 2.840 3.315

P 3.802 4.667 5.379 6.307

9x39x 98 cm’
— volume of aerogel

Diffusion box
Aerogel Tray Box

particle trajectory
Y;

|
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Fig. 38. Schematic view of the aerogel detector with the tray which holds the
aerogel tiles and the diffusion box with the PMTs.

4.6.3. Results from Aerogel detector operations

The SHMS aerogel detector was installed in the SHMS in 2015 and
since then has been used by experiments requiring pion/proton and
kaon/proton separation. At particle momenta of 3.319 GeV/c (5.389
GeV/c) clear pion/proton (kaon/proton) separation was achieved with
the SP-15 (SP-11) aerogel tray. Many of these experiments required
on the order of tens of aerogel tray exchanges over the course of the
experiment.

After the first round of experiments, an inspection of the aerogel
trays revealed noticeable shifts in the aerogel tile stacks. This was
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traced back to the instrumentation, the overhead crane, used for the
installation/exchanges of the aerogel trays. The wire mesh kept the
shifted tiles from falling out of the tray, but damaged the surface of tiles
that were in direct contact. To prevent further shifts of the aerogel tiles,
which in the best case would result in non-uniform aerogel thickness
and in the worst case total loss of the aerogel, an additional mylar
strip grid was installed in the SP-15 and SP-11 trays. This solution has
performed well since 2022, but it does require occasional re-tightening
of the mylar strips depending on usage.

4.7. Preshower and shower counters

Broadly speaking, the approved experiments demand a suppression
of pion background for electron/hadron separation of 1000:1, with
suppression in the electromagnetic calorimeter alone on the level of
100:1. An experiment to measure the pion form factor at the highest
accessible Q? at JLab with an 11 GeV beam requires an even stronger
suppression of electrons against negative pions of a few 1000:1, with a
requirement on the electromagnetic calorimeter of a 200:1 suppression.

Particle detection using electromagnetic calorimeters is based on the
production of electromagnetic showers in a material. The total amount
of the light radiated is proportional to the energy deposited in the
medium. Electrons (as well as positrons and photons) will deposit their
entire energy in the calorimeter. Thus, E/p for electron showers is close
to 1, with hadrons typically giving a significantly smaller value.

Charged hadrons entering a calorimeter have a lower probability
to interact and produce a shower, and may pass through without
interaction. In this case, they will deposit a constant amount of energy
in the calorimeter. However, they may undergo nuclear interactions
in the radiator (in our case lead-glass) and produce particle showers.
Hadrons that interact near the front surface of the calorimeter and
transfer a sufficiently large fraction of their energy to neutral pions will
mimic electrons. The maximum attainable electron/hadron rejection
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Fig. 39. Numbers of photoelectrons observed in the Aerogel Cherenkov.

factor is limited mainly by the cross section of such interactions. At
the cost of a small loss of electron efficiency, the tendency of electrons
to deposit significant energy in the initial preshower layer can be used
to improve hadron rejection further.

A nearly complete description of the design, pre-assembly compo-
nent checkout, and construction of the SHMS calorimeter can be found
in Ref. [62]. This section provides a brief summary.

4.7.1. Design and construction

As a full absorption detector, the SHMS calorimeter is situated at
the very end of detector stack of the spectrometer. The relatively large
beam envelope of the SHMS dictated a design of a wide acceptance
coverage. The general requirements for the SHMS calorimeter were:

+ Effective area: ~120 x 140 cm?.

+ Total thickness: ~20rad. length.

» Dynamic range: 1.0-11.0 GeV/c.

+ Energy resolution: ~ 6% /\/E, E in GeV.

+ Pion rejection: ~100:1 at P 21.5-2.0 GeV/c.
« Electron detection efficiency: > 98%.

The SHMS calorimeter consists of two parts (see Fig. 40): a Preshower
at the front of the calorimeter, and the main part, the Shower, at
the rear. An expedient and cost-effective choice was to use modules
from the decommissioned HERMES calorimeter [63] for the Shower
part, and modules from the decommissioned SOS calorimeter [62]
for the Preshower. With these choices, the Preshower is 3.6 radiation
lengths thick, and the Shower is 18.2 radiation lengths deep. The
combination almost entirely absorbs showers from ~10 GeV electrons.
The SHMS Preshower consists of one layer of 28 TF-1 type lead glass
blocks stacked in two columns in an aluminum enclosure (not shown
in Fig. 40). Each Preshower block is an 10 x 10 x 70cm?® block of
TF-1 lead-glass with a Photonis XP3462B PMT attached. The Shower
consists of 224 TF-101 type lead glass modules stacked in a “fly’s eye”
configuration of 14 columns and 16 rows. Each Shower block is has a
size of 8.9x8.9x50cm? and is optically isolated with a Photonis XP3461
PMT attached.

4.7.2. Choice and studies of PMT bases

The Preshower PMT high voltage base is optimized for good linear-
ity (better than 1%), high rate capability and a weak variation of PMT
gain with anode current [64]. A design was selected which is a purely
resistive, high current (2.3 mA at 1.5kV), surface mounted divider
(~ 0.640 M Q), operating at negative HV. The relative applied HVs down
the dynode chain (from cathode to anode) are: 3.12/1.50/1.25/1.25
/1.50/1.75/2.00/2.75/2.75. The supply voltage for a gain of 10° is
approximately 1750 V.
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Fig. 40. A sketch of SHMS calorimeter. Particles enter obliquely from the
left. Electron showers initiating in the transverse blocks of the Preshower are
largely absorbed in the longitudinal blocks of the Shower. Support structures
are omitted.

The PMT resistive base assembly is linear to within ~ 2% up to
the peak anode current of 120 uA (~ 5 x 10* pe). The dark current is
typically less than 3 nA. The base has anode and dynode output signals.

4.7.3. Monte Carlo simulations

Prior to construction, the calorimeter design was simulated in order
to optimize the setup and get predictions for key characteristics. The
simulations were based on the GEANT4 package [40], release 9.2. As
in the simulations of the HMS calorimeter (see [62]), the QGSP_BERT
physics list was chosen to model hadron interactions [65]. The code
closely followed the parameters of the detector components. Other
features are added into the model to make it more realistic, such as:

+ Light attenuation length in the lead glasses and its block to block
variation according to our measurements.

PMT quantum efficiencies from the graphs provided by vendor.
Passive material between the spectrometer focal plane and the
calorimeter.

Sampling of incoming particles at the focal plane of the spectrom-
eter.

The Cherenkov light propagation and detection were handled by a
custom code, using an approximation of strict rectangular geometry of
the lead glass blocks with perfectly polished surfaces. Light reflection
and absorption by the Mylar wrapping was modeled via aluminum
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Fig. 41. Distribution of ADC signals of a Shower module from minimum
ionizing pions. The red line is a Gaussian fit to the MIP peak.

complex refractive index, with Mylar support facing the block, and a
thin air gap between the wrapping and the block. Both light passage
to the PMT photocathode through the optical grease and the PMT
window, and reflections from the block sides, were modeled using the
approximation of thin dielectric layers ([66], p. 360). The electronic
effects, such as pedestal widths and channel to channel PMT gain
variations, were assumed as for the HMS calorimeter before the 12 GeV
modifications.

The simulations revealed no flaws in the design construction of
the SHMS calorimeter, and performance similar to other lead glass
calorimeters. Studies indicated gain in pion suppression by a factor of
several times after combining signals from the Preshower with the total
energy deposition in the calorimeter.

4.7.4. Calorimeter gain matching

Approximate gain matching of calorimeter PMTs is important for
uniformity of the pre-trigger efficiency and energy resolution over the
spectrometer’s acceptance. The gain matching was done in two steps.

In the first step, MIP signals from pions were used. MIP pion
candidates for the Shower gain matching were selected by requesting
signals from the Heavy Gas Cherenkov with fewer than 2 p.e., and with
normalized energy deposited in the Preshower close to the MIP peak
value, within a range from 0.02 to 0.15. Even higher MIP purity in
the Shower itself was ensured by selecting single block events. The
resultant MIP peaks in the ADC signal distributions were fitted by
Gaussians as in Fig. 41.

As gain matching had to be achieved by adjustment of high voltages
on the PMT bases, knowledge of gain versus supplied HV was needed.
These were obtained by measuring signals from MIP pions at two
supply high voltages for all the Shower channels, at 1.4kV and 1.5kV
(see Fig. 42). By assuming gain dependence on the supplied voltage
of proportional to V* [54], the average exponent « was found to be
5.70 + 0.01 for a subset of ~100 channels.

From a reference run with supply voltages Vi = 1.4kV in all the
Shower channels, MIP ADC signal amplitudes Agp;(i) were obtained.
For a desired final MIP signal amplitude of Ay = 1000 ADC channels,
the final set voltages V(i) were estimated via

1
Agpr ) /e
AREF(i)

Gain matching using MIPS alone may be biased since they emit
Cherenkov light uniformly along their path, whereas electron showers
deposit most of their energy in the front of the shower blocks. Further-
more, typical energies in MIP calibrations were only a few % of full

Vser() = Vrer - < (10)
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scale. So in a second step, a consistency check with electrons in the
SHMS was done.

The SHMS optics were set at 3GeV/c central momentum, but in
a defocused mode, which allowed for illumination and calibration
of more than 150 Shower modules. For deposited energy Ej,, in a
given module with PMT gain g, and signal amplitude gE,,, then the
calibration constant c is defined by E,,, = cgE,. To the extent that
all blocks have gone through rigorous quality control and have similar
light transmission, and all PMTs have similar quantum efficiencies and
gain vs HV performance, then E,,/Ep,, = (cg)”' is approximately
the same for all channels and the following relationship between set
voltages and fitted calibration constants should roughly hold:

CREF(i)>1/a

CSET

Vser() = Vrer ( an

The HV settings from the second method, for ¢ = 35 MeV/ADC ch
are within the range from 1.2kV to 1.6 kV, grouped around 1.4kV (Fig.
43). A few settings above the hard limit of 1.7 kV were set to the limit.
The HV settings from the two methods are consistent.

Note that for blocks out of the SHMS acceptance, and hence not gain
matched, the HV was left at the nominal 1.4kV. All chosen voltages
were conservative, lower than the HV settings at which modules were
operated in the HERMES calorimeter.

The amplitudes of ADC signals from MIP pions after the gain
matching are shown in Fig. 44. The majority of amplitudes are grouped
between 20 and 30 ADC channels. The spread in signals among hit
channels is much less than in the case of constant supply voltages
shown in Fig. 42.

The Preshower detector was gain matched with cosmic rays prior
to installation in the spectrometer. The coincidence of signals from
scintillator counters positioned above and below the detector served
as a trigger. The gain matching was adjusted after the installation,
again with cosmics but this time passing through the detector stack.
Muons were identified as events of a single track in the drift chambers
and single hit module in the Preshower. A new set of voltages was
calculated based on MIP peak positions and according to formulae
similar to Eqns (10), (11). The voltages span the range from 1.1kV to
1.7 kV. The quality of gain matching was ensured by taking cosmic data
with the new HV settings (Fig. 45).

4.7.5. Calorimeter calibration

Particle identification in a calorimeter is based on differences in
the energy deposition from different types of projectiles. The deposited
energy is obtained by converting the recorded ADC channel value of
each module into an equivalent energy.

The calorimeter calibration procedure corrects for the gain differ-
ences between channels. Good electron events are selected by utilizing
the gas Cherenkov detector(s). The standard calibration algorithm [67]
is based on minimization of the variance of the estimated energy with
respect to the calibration constants, subject to the constraint that the
estimate is unbiased (relative to the primary energy).

The deposited energy per channel is estimated by

e;=c; XA, 12

where i is the channel number, ¢; is the calibration constant, A; is
the FADC pulse integral signal. Note that the Preshower signals are
corrected for the light attenuation dependence versus horizontal hit
coordinate y. The calorimeter calibration can be checked by comparing
the track momentum to the energy deposition in the calorimeter. The
ratio

E _ EDep

norm

P, Track ’ (13)
is referred to as the normalized energy. For electrons, Ey,,, should
be close to 1. An example of the normalized energy distribution for
electron tracks can be seen before and after a successful calibration in
Figs. 46 and 47.



S. Ali et al.

Nuclear Inst. and Methods in Physics Research, A 1083 (2026) 171070

7000
6000 :_ «+ Run 480, 1400 V
- * Run 481,1500 V
5000 — . -
4000 — .
3000 — . ]
2000|— I S AR :
C ' -] K . . e « . ¢ 1 . } .
- . ~ -.... z } . KA . ".-. ‘w .-.i.' '. 5
1000 — . :,; oo d _':{J! ST eee '.'..... R B .1
- . - e O I Taete
Y PR U EER A R PPN B VRN I R VI B AP
0 20 40 60 80 100 120 140 160 180 200 220

Fig. 42. Amplitudes of ADC signals from MIP pions in a set of Shower channels, for supply voltages of 1.4kV and 1.5kV.
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Fig. 43. Gain matched high voltage settings for the Shower PMTs (see text for details).

In the calorimeter analysis code, hits on adjacent blocks in the
Preshower and in the Shower are grouped into clusters. For each
cluster, the deposited energy and center of gravity are calculated.
These clusters are matched with tracks from the upstream detectors
if the distance from the track to cluster is less than a predefined
“slop” parameter (usually 7.5 cm). For the Preshower, the distance is
calculated only in the vertical direction.

5. Trigger and data acquisition

The Hall C data acquisition (DAQ) system is designed to meet
the needs of a high luminosity, dual spectrometer (SHMS + HMS)
configuration, with the capability of extracting polarization-dependent
absolute cross sections with precision at the 1% level or better. JLab’s
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CODA data acquisition software [68] provides a framework that ties
together a distributed network of read-out controllers (ROCs) control-
ling multiple crates of digitization hardware, event builders to serialize
the data, and event recorder processes to write the data to disk. It also
provides a graphical control interface for the users.

The Hall C DAQ system can run in dual-arm trigger mode that
requires a coincidence between both spectrometers, or each arm’s DAQ
may be run entirely independently. Incorporating additional detector
systems into the standard two-arm design is also straightforward. A
high-level block diagram of trigger formation and readout for SHMS
is depicted in Fig. 48.

The hardware DAQ and trigger designs were strongly influenced
by the preceding 6 GeV HMS and SOS configurations. This choice was
made to provide a careful and systematic migration from the very
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Fig. 45. Amplitudes of ADC signals from cosmic muons in the Preshower channels after gain matching.

well understood systematics of the 6 GeV system while incorporating
and characterizing a new generation of FPGA-based logic and readout
electronics. To this end, the present system relies on a combination
of legacy NIM and CAMAC discriminators and logic modules to form
readout triggers, but utilizes a full set of modern high speed payload
and front-end modules to allow a transition to a firmware based trigger
and fully pipelined readout in the future.

In the present configuration, the DAQ has a nominal maximum trig-
ger acceptance rate of 4kHz with a deadtime of ~#20%. Dead times are
measured using the Electronic Dead Time Measurement (EDTM) system
outlined in Section 5.2. The underlying hardware supports running in a
fully pipelined mode, and should be capable of running at trigger rates
exceeding 20 kHz with minimal deadtime using firmware based triggers
similar to those employed in Halls B and D. This capability was not part
of the initial 12 GeV upgrade plan for Hall C, but may be pursued in
the future (see Section 5.5).
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Signals from the scintillator planes, Cherenkov detectors, and cal-
orimeter detectors in the SHMS and HMS detector stacks are processed
to form pre-triggers. Those pre-triggers can serve as event triggers them-
selves (that initiate a recorded event), or be combined to bias data
collection towards particular particle types (i.e. electrons vs. pion) and
suppress backgrounds. Each running DAQ can be fed up to six inde-
pendent triggers simultaneously and the experimenter can control what
fraction of each is recorded to disk run-by-run through an integrated
pre-scale feature.

5.1. Standard triggers

All trigger-related PMT signals from both the SHMS and HMS are
routed out of the experimental Hall to a dedicated electronics room on
the main level of the Hall C Counting House using low-loss RG-8 air-
core signal cables. Those signals are then split with one output running
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into a JLab F250 flash analog to digital converter (FADC) [56], while
the second output is processed and discriminated. All discriminated
pulses are delivered to scalers for rate information, TDCs for precision
timing measurement, and to form pre-triggers as described below. This
design allows direct access to all raw signals that may participate in a
trigger during beam operations and has proven invaluable during the
debugging and commissioning phases of Hall operations.

Non-trigger related signals include wire-chamber readouts and the
Shower (but not Preshower) layer of the SHMS calorimeter. The read-
out electronics for those sub-detectors remain inside their respective
detector huts within the experimental Hall. All SHMS calorimeter PMT
signals are fed into F250 FADCs configured to provide timing, inte-
grated energy, pulse amplitude, and (optionally) pulse profile data as
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desired. The wire-chamber timing signals are digitized using multi-hit
CAEN v1190 modules [69].

The CAEN v1190 payload modules provide 128 independent multi-
hit/multi-event TDC channels with a user configurable resolution rang-
ing from 52 ps to 100 ps per bin. They provide a 32 kilo-word deep
output buffer and can be read out asynchronously with respect to the
event triggers. Typical Hall C operation has all units configured for
100 ps/bin.

5.1.1. JLab F250 Flash ADCs

The JLab F250 flash ADC modules are an FPGA-based design devel-
oped by the Jefferson Lab Fast Electronics group [56] and are used lab
wide. Each F250 module provides 16 independent 50 2 input channels.
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The voltage at each input channel is continuously digitized into an 8 ps
ring buffer at 250 MHz, with a resolution of 12bits, and a hardware
adjustable full-scale range. When a module receives a readout trigger,
digitized sample data stored in the ring buffer are processed in parallel
without incurring front-end deadtime. In typical operation each ‘hit’
over a pre-programmed threshold is assigned an interpolated leading-
edge threshold time (<1 ns resolution), integrated energy (analogous to
a charge-integrating ADC value), a peak amplitude, and a measurement
of the DC offset (pedestal) present on the channel prior to the detected
pulse. Full pulse-profile data for each hit may also be stored if desired.
However, that mode increases the data rate by several orders of mag-
nitude, and is generally used only for debugging or limited duration
pulse characterization runs.
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5.1.2. SHMS triggers

The SHMS detector stack layout is described in Section 3.2. A
representative detector layout is presented in Fig. 49.

Each hodoscope plane, described in Sections 4.1 and 4.2, is con-
structed from an array of horizontal (or vertical) scintillator bars with
a PMT on each end. Signals from those PMTs are split and one ana-
log output is delivered to F250 FADCs. The second analog output
is discriminated and sent to CAEN 1190 TDCs for precision timing
information, to scalers for raw rate information, and to logic modules
to provide the hodoscope pre-triggers plane by plane. A pre-trigger for
each plane is generated by OR’ing the discriminated signals from each
side of a hodoscope plane together, then AND’ing the resulting two
signals together. The pre-triggers are designated S1X, S1Y and S2X,
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S2Y; where 1(2) denote the up(down)stream plane, and X(Y) denote
the horizontal(vertical) scintillator bar orientation (see Fig. 50).

It should be noted an optimal design would generate an AND
between the PMTs on each side of every bar first, and OR the re-
sulting per-bar coincidences to form a pre-trigger for the plane. The
compromise above was driven by constraints of the legacy LeCroy 4564
CAMAC logic units held over from the 6 GeV era.

The SHMS detector stack includes a permanent Heavy Gas Cherenkov
(HGC) (see Section 4.4), but also includes space for a Noble Gas
Cherenkov (NGC) (see Section 4.5). Each SHMS gas Cherenkov detector
incorporates four PMTs, with each PMT detecting light from one of
four mirrors inside their respective gas volumes. Analog signals from
the PMTs are split (50:50) with one path plugged into an FADC. The
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second copies from each PMT are summed, and the summed output
is discriminated to form a Cherenkov pre-trigger for that Cherenkov
detector (HGC and NGC). The pre-triggers are also routed to scaler
channels and a v1190 TDC.

An optional SHMS aerogel Cherenkov detector (AER), as detailed
in Section 4.6, may also be installed. It employs seven PMTs on each
side of its diffusion box. The signals from all 14 PMTs are handled
analogously to the gas Cherenkov detectors, with each analog signal
being split and read out by an individual FADC channel, with the
second outputs being summed and discriminated to form an associated
aerogel pre-trigger. The pre-trigger is routed to a scaler and v1190 TDC
as well. A block diagram for the Cherenkov pre-triggers is presented in
Fig. 51.
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from simulation.

For the SHMS Preshower, described in Section 4.7, a pre-trigger is
formed using the 28 analog signals from PMTs which are split and
summed in 3 groups of 4 rows, and 1 group of 2 rows. Each of the
4 group sums is read out by an FADC channel for cross checks. The
4 group sums are summed in turn to provide a total Preshower sum
which is then discriminated and provides the SHMS PSh pre-trigger.
Provision is made to generate independent pre-triggers for both low
and high energy depositions in the Preshower layer (PSh Lo and PSh _Hi,
respectively) as seen in Fig. 52.

The aforementioned pre-triggers are then combined to form a set of
triggers capable of initiating a DAQ event. These combinations are often
adjusted or optimized to serve the needs of particular experiments but
a set of commonly available event triggers is outlined in Section 5.1.4.

5.1.3. HMS triggers

The standard HMS detector stack is the predecessor of the SHMS
system and shares a nearly identical design as seen in Fig. 53. It
consists of a pair of scintillator-based hodoscope planes in an X+Y
configuration, a gas Cherenkov detector, a second pair of X+Y ho-
doscopes, and a Preshower + Shower Calorimeter. Provision is also
made for an optional Aerogel Cherenkov to be inserted into the detector
stack just downstream of the drift chambers for supplemental particle
identification (PID).
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The trigger and readouts designs follow the patterns described
in Section 5.1.2, with a modest difference associated with the HMS
Calorimeter.

Signals from the four HMS hodoscope planes, denoted hlx, hly,
h2x, h2y, are split, discriminated, and recombined to form a Scin trigger
following the same logic as the SHMS hodoscopes described previously.

The HMS gas Cherenkov detector incorporates two PMTs detecting
light from two mirrors inside the HMS Cherenkov tank. Analog signals
from the PMTs are split (50:50), with one path plugged into an FADC.
The second copies from each PMT are summed, and the summed output
is discriminated to form the Cherenkov pre-trigger. That pre-trigger is
also routed to a scaler and v1190 TDC.

The HMS Aerogel employs eight PMTs on each side of its diffusion
box. The signals from all 16 PMTs are split and read out by an
individual FADC channel, with the second copies being summed and
discriminated to form the associated aerogel pre-trigger. The pre-trigger
is routed to a scaler and v1190 TDC as well.

The HMS calorimeter is composed of four layers of lead glass blocks.
Each layer has 13 lead-glass blocks arranged horizontally, and the
layers are denoted A, B, C and D as seen by a particle passing through
the detector stack. Layers A and B have PMTs bonded to each end
of their blocks, while Layers C and D have a single PMT on one side
only. Analog signals from the PMTs are split 50:50 with one copy being
delivered to an FADC. The copies are formed into an analog sum for
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each side of each layer, denoted hA+, hA-, hB+, hB-, hC, and hD. Layer
sums hA and HB are formed by summing hA+ and hA-, and hB+ and
hB-, respectively (hC and hD are already layer sums).

One copy of each layer sum is sent to an FADC for monitor-
ing and cross checks. A Preshower pre-trigger is formed by summing
and discriminating Layers A + B, and a Shower Low pre-trigger is
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formed by summing and discriminating Layers A+B+C+D. Copies of

the Preshower and Shower sums are sent to FADCs and copies of the

discriminated pre-trigger signals are sent to scalers and 1190 TDCs.
Fig. 54 depicts a block diagram of the HMS Calorimeter pre-triggers.

5.1.4. Event triggers

The aforementioned pre-triggers are then combined to form a set
of triggers capable of initiating a DAQ event. The ‘default’ single-arm
trigger is formed by 3 out of 4 hodoscope planes firing in coinci-
dence. Often referred to as the 3 of 4 or Scin trigger, it provides a
high-efficiency (> 99%) general-purpose charged particle trigger.

A second standard trigger is referred to as EL Clean. It implements
particle discrimination at the trigger level by forming a coincidence
between the Scin pre-trigger, one (or more) Cherenkov pre-triggers, and
(optionally) the pre-shower (PSh) and/or calorimeter total-sum (ShTot
pre-triggers).

5.2. Electronic Dead Time Measurement System (EDTM)

The DAQ and trigger system for each spectrometer also includes
an Electronic Dead Time Measurement (EDTM) system. This is im-
plemented by replicating a pulse from a pulse-generator circuit and
feeding into every pre-trigger leg as close to the analog signals as
possible. The timing of those duplicated pulses is adjusted to match
those generated by a real particle passing through the detector stack.
A copy of each synthetic EDTM trigger is counted in a deadtime free
scaler and sent to a dedicated TDC channel in each arm. The presence of
an appropriately timed hit in that TDC channel tags an event as having
been generated by an EDTM trigger.

During beam operations, this allows a direct measurement of the
fraction of triggers that are lost due to some component of the DAQ
being busy. This is known as the system deadtime. By inducing synthetic
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signals as early in the trigger electronics as possible, this system is
sensitive to high-rate signal pile-up in the full front-end trigger logic
chain (loosely referred to as “electronic deadtime”), as well as digitiza-
tion and read out related deadtimes implicit in the non-pipelined DAQ
operation presently in use in Hall C.

In addition to the above function, the system has proved useful
for pre-beam trigger verification and end to end checkout of the DAQ
system.

« It allows rough timing on all trigger legs to be verified without
beam.

« It allows coincidence timing between the SHMS and HMS arms to
be roughed in and tested without beam.

« It allows the entire DAQ system to be stress tested under con-
trolled conditions without beam.

5.3. Auxiliary data collection

The standard method for slow controls data logging is through
the Experimental Physics and Industrial Control System (EPICS) [71].
EPICS is a system of open source software tools and applications
used to provide control user interfaces and data logging for systems
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such as high- and low-voltage detector power supplies, target systems,
spectrometer magnets, vacuum, and cryogenic systems, etc.

Long-term, persistent storage of EPICS based slow controls data is
provided through an independent archiving system managed by the Ac-
celerator Division’s MYA archiving system. An experimentally relevant
subset of EPICS data (beam and target characteristics; magnet, spec-
trometer and detector settings, etc.) are also stored in the experimental
data files at regular intervals whenever the DAQ is running.

5.4. Online Hall C computing environment

Hall C employs a dedicated stand-alone computing cluster with
redundant multi-core servers focused on prompt online analysis, high
volume local data storage, and 1-10 Gb ethernet interconnects. There
are dedicated hosts for each independent DAQ system (ex. SHMS
and HMS), and auxiliary machines for polarimetry, target controls,
spectrometer slow controls, etc.

Experimental control and operational feedback is provided to users
in the Hall C Counting house through a collection of multi-screen
computer workstations and a set of large wall-mounted displays for
critical data.

All systems have direct access to the JLab centrally managed Sci-
entific Computing resources. This includes multi-petabyte tape storage
and online disk facilities, as well as a several thousand core compute
farm for simulation and offline data analysis [72].

5.5. Future Plans/Pipeline trigger

During the early stages of the 12 GeV Hall C upgrade plan, it was
concluded that the risks of moving to a fully pipelined DAQ system with
a firmware driven trigger were not justified by the needs of the initial
experimental program. In general, those experiments did not impose
a too heavy burden on the DAQ, and the more conventional trigger
design with its well understood characteristics was preferred.

However, provision was made to design and build the low-level
DAQ system with an upgrade path in mind. To that end, a full com-
plement of trigger and payload modules compatible with the pipelined
systems being implemented for Halls B and D was selected.

A phased transition from the NIM/CAMAC trigger system to a fully
pipelined approach would involve implementing the present trigger
logic within the existing JLab FADC and VXS Trigger Processor (VTP)
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Fig. 61. Number of photoelectrons response from the quartz plane, negative end PMTs.

boards, and a thorough validation of the firmware based trigger de-
cisions against the well understood conventional trigger. Once the
firmware is fully debugged/characterized, the DAQ could transition to
pipelined mode and take advantage of significant boost in trigger accept
rates into the 10’s of kHz range with minimal deadtime. At that point,
the next DAQ bottleneck would likely be rate limitations in the detector
systems themselves (signal pile-up in the front-end, track reconstruction
limitations, etc.)

6. Software

Hall C Data is analyzed by the Hall C analysis package hcana.
This package does full event reconstruction for the SHMS used alone
or in coincidence with other detectors. hcana is based on the modular
Hall A analyzer [73] ROOT [74] based C++ analysis framework.
This framework provides for run time user configuration of histograms,
ROOT tree contents, cuts, parameters and detector layout.

hcana includes C++ classes for detectors, spectrometers, and phy-
sics analyses. Instantiation of these classes as objects is configured at
run-time through a ROOT script which also sets up the configuration of
analysis replay. Due to the similarity of the SHMS and HMS spectrom-
eters and their detector packages, the same spectrometer and detector
classes are used for both spectrometers. For example, the drift chamber
package class is instantiated for both spectrometers with each object
configured by its specific parameters and geometry. Additional modules
such as new front end decoders, detectors, or physics analysis modules
can easily be added to hcana. These modules can either be compiled
into the analyzer or be compiled separately and dynamically loaded at
run time.
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Event analysis is segmented into 3 steps of spectrometer and detec-
tor specific analysis.

1. Decoding: Detector requests from the low level decoder produce
a list of hits sorted by detector plane and counter number. A
minimal amount of processing is done to make data available
for low level histograms.

2. Coarse Processing: Tracks are found in the drift chambers. Hits
and clusters in the hodoscope, shower counter and other detec-
tors are matched to the tracks to determine time-of flight. The
various detectors provide information for particle identification.

3. Fine processing: Particle identification information is refined,
tracks in the focal plane are traced back to the target coordinate
system, and particle momentum is determined.

Each of these steps is completed for all detectors before proceeding
to the next step. Some limited information is passed between detectors
at each step. For example, timing information from the hodoscopes is
used to obtain the start time for the drift chambers in the coarse pro-
cessing step, and tracks obtained from the drift chambers are associated
with shower counter hit clusters in the fine processing step.

6.1. Online monitoring

After each data taking run is started, a subset of the data is analyzed
with hcana. An easily configurable histogram display GUI is used to
view diagnostic histograms and compare them to reference histograms.
The EPICS [71] control system alarm handler is used to monitor experi-
ment settings and beam conditions. This includes spectrometer magnet
settings, detector high voltages, drift chamber gas, cryogenic systems
and spectrometer vacuum.
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7. SHMS performance: Operating experience and commissioning
results

7.1. Acceptance

The acceptance of the SHMS can be determined from simulation
and defined as A(3,0) = N,,(6,0)/N,,,(3,0), where N,,, is the number
of events generated into a particular 6,0 bin and N, is the number
of events that successfully reached the detector stack. Since A(S,6)
depends on the generation limits of the simulation, a more useful
quantity is the effective solid angle, 4Q,,, = A(5,0) * 4Q,,,, where
4Q,,, is the solid angle generated into for each bin. Fig. 55 shows the
effective solid angle of the SHMS at a central angle of 21° and central
momentum of 3.3GeV/c for a 10 cm liquid hydrogen target.

Fig. 56 shows the position and angular distribution of tracks formed
from the drift chambers at the focal plane. A good agreement be-
tween simulation and data reflects our understanding of both the
magnetic forward transport and physical locations of the apertures
which determine the acceptance.

Fig. 57 demonstrates the agreement between simulation (after sub-
tracting the cell walls) of the target variables x,,,, y;ar,x;ar, and 6 that
were described in Section 3.1.

To demonstrate how large the SHMS acceptance is in y,,, op-
tics data were taken during the A| experiment. Fig. 58 plots the

reconstructed position along the beam line, z,,,,,,-
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7.2. Rates and live time

7.2.1. Computer live time
The computer live time efficiency of the DAQ is defined as

N(phy+edtm),TDC - N(edlm),TDC (14)

CreN (phy-+edim).SCL ~ Niedim).scL
where the numerator is the total number of EDTM-subtracted TDC
counts (total accepted physics triggers) and the denominator is the total
number of EDTM-subtracted scaler counts (total physics pre-triggers).
The EDTM events must be subtracted because they are generated by
a fixed rate clock as described in Section 5.2, hence would bias the
calculation. A beam current cut was also applied so that the live time
calculation matched the period of good physics production.

The computer live time data shown in Fig. 59 is plotted against
the un-prescaled input trigger rates (top x-axis) and the total rate
in the first plane (S1X) of the SHMS Hodoscopes (bottom-axis). The
data were obtained from the SHMS luminosity scans and the Kaon LT
experimental data taken in Fall 2018. The Spring 2018 scans (blue
squares) were taken with the DAQ in buffer level 1 (unbuffered mode)
and the Kaon LT data (green triangles) and Fall 2018 scans (red circles)
were with the DAQ in buffer level 10 (buffered mode). The advantage
of buffered mode is that the DAQ is capable of accepting higher trigger
rates while keeping the computer live time efficiency ~ 100%. Both
buffered and unbuffered modes exhibit a characteristic fall-off of the
live time as a function of the trigger rate which has been modeled using
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Fig. 63. PMT pulse amplitude from protons with momenta of 1.96 GeV/c.

the fit function,

Foon (R = ——= as)

T 1+(@R-Ry7’

where R is the input trigger rate, R, describes a horizontal offset
between the unbuffered and buffered modes and r represents the aver-
aged data readout time (deadtime) before the DAQ is ready to accept
another pre-trigger. The fit function, however, is unable to describe
the “flat” region where the live time is nearly 100%. From the fit
parameters, the fall-off behavior of buffered mode starts at a trigger
rate of R ~ 1/r which corresponds to ~ 4.2kHz.

Since fall 2018, the DAQ has been operated in buffered mode which
has proven to be advantageous for high-rate experiments at Hall C.

7.3. Subsystem performance

7.3.1. Hodoscope performance

Once installed in the SHMS detector hut, all paddles were retested
and gain matched. During the Hall C commissioning experiments,
carried out during spring 2018, the scintillators performed as expected
with no major problems. The hodoscope efficiency as a function of S1X
rate (first hodoscope plane) can be seen in Fig. 60.

The performance of the quartz plane (S2Y) was studied with beam
during the Hall C commissioning in Fall of 2017. An example plot of
the photoelectron response from most bars in the quartz plane is shown
in Fig. 61. Only electrons with an incident angle close to 90° were
chosen here to eliminate the bias coming from possibly reduced photon
collection efficiency due to sub-optimal angles of the photon cones. All
PMTs and optical couplings performed satisfactory.

Beam data confirmed the expectation that the detection efficiency
for low momentum protons, for example, will be smaller than that for
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pions or electrons simply due to the reduced number of Cherenkov
photons that particles close to their firing threshold will produce. This
is exemplified by Figs. 62, 63 and 64.

7.3.2. Drift chamber performance

The SHMS drift chambers have proven to provide reliable tracking
for electrons and hadrons across a broad range of momenta. The
position resolution depends on how well the wire planes are aligned
in the reconstruction software, but per-plane resolutions of 175 um are
typical. The drift chambers have also performed very well at high rate,
with tracking efficiencies exceeding 96%, even at pre-trigger rates over
2MHz. The tracking efficiency as a function of the S1X hodoscope
trigger rate (a good proxy for the overall event rate) in the SHMS can
be seen in Figs. 65 and 66.

7.3.3. HGC performance

The performance of the HGC is determined by its capacity to sep-
arate particle species based on the detected number of photoelectrons
(NPE). In particular, the HGC is a threshold Cherenkov detector and
thus identifies particles based on whether a signal is greater than 1.5
NPE. The metrics of performance to be discussed are the detector
efficiency and contamination.

Efficiency in this context refers to the ratio of events of a particular
particle species selected by all detectors, divided by the number of
events selected as that same species without any information from the
HGC. For example,

7+ detected with HGC signal
7+ detected without HGC signal’

MHGe = (16)

where nygc represents the efficiency of the HGC for detecting a z+. The
selection criteria include a single reconstructed track per event, as well
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hodoscope trigger rate.

as cuts on potential PID information from timing, reconstructed g, the
calorimeter, aerogel and HGC.

Contamination refers to the fraction of events identified by non-
HGC detectors which should be sub-threshold in the HGC, but which
nevertheless yield more than 1.5 NPE in the HGC. For example, if the
HGC is configured for z+/K™* separation, and the non-HGC detectors
have identified a sample of clean K, then the contamination is defined
as the fraction of that clean sample where the HGC saw a light level
consistent with a z+.

Two runs were chosen to show HGC efficiency and contamination,
one where the HGC discriminated between e~ /z~ and the other z*/K*.
The e=/z~ run featured the HGC filled with CO, at 1 atm and an
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Fig. 66. The SHMS pion tracking efficiency as a function of the S1X hodoscope
trigger rate.

SHMS central momentum of —3.0GeV/c. Particle identification was
established by a cut on the normalized calorimeter energy. The zt/K*
run had the HGC filled with C,F;, at 1atm, giving a # momentum
threshold of 2.8GeV/c and a K momentum threshold of 9.4 GeV/c.
Particle identification was performed by a cut on the aerogel Cherenkov
detector and the normalized calorimeter energy. The spectrum obtained
for the z*/K™ separation is shown in Fig. 67. This figure illustrates
the broad distribution of NPE produced by z* above their momen-
tum threshold. At the lower end of the NPE axis, there is a large
number of events producing no light, or just the SPE. These events
correspond to K%, since they are below the momentum threshold to
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Fig. 67. Demonstration of the particle identification capability of the Heavy Gas Cherenkov. Pictured is the separation between z*, K* and proton at the
8.186 GeV beam energy and 6.053 GeV/c SHMS central momentum. The refractive indexes of HGC and aerogel Cherenkov detectors are 1.00143 and 1.011,

respectively.
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Fig. 68. Number of photoelectrons (NPE) as a function of X/Y position at the centre of the HGC for electrons in the SHMS (selected using a high purity cut of
Eronom > 0.9 in the SHMS calorimeter) [70]. A drop in NPE yield can clearly be observed towards the centre of the HGC.

produce Cherenkov light. The presence of the SPE is likely due to 5-rays
(i.e., knock-on e™).

As discussed in Section 4.4.1, there is a region of lower efficiency in
the center of the HGC due to the overlap and alignment of the mirrors.
This region can be observed in experimental operation, as shown in
Fig. 68 near (0,0) in the focal plane coordinate system. A summary of
the particle identification efficiency and contamination performance is
given in Table 5.

37

Lastly, measurements of the r efficiency across a variety of mo-
mentum settings can be used to verify the index of refraction of the
Cherenkov media. The relationship between r efficiency and momen-
tum is fit with the equation [75]

1 — e =p)/ T

NHGe = a7

where 7y is the detector efficiency, p is the momentum of the 7, and
p, and I' are free parameters. Data taken in the range of 2.53 GeV/c to
5.05GeV/c with the HGC filled with C4F; yields an index of refraction
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Summary of the Heavy Gas Cherenkov performance in separating between particle species. The efficiency
is quoted for the lighter, above-threshold particle. The contamination is quoted for the heavier, below-
threshold particle. Both are based on a photoelectron yield cut greater than 1.5.

PID configuration Efficiency Contamination
e /n” 95.99% 0.01%
rt/K* 98.22% 0.1%

Table 6

Aerogel performance for kaon-proton separation when requiring greater than 1.5 photoelectrons. The
efficiency and contamination are defined as in Table 5.

PID configuration

Efficiency

Contamination

K*/p

99.94%

0.1%

of n = 1.001 + 0.002. This is in agreement with the accepted value of
n = 1.00143 [76]. Additional performance details are given in [77].

7.3.4. Aerogel performance

The primary use of the aerogel Cherenkov detector in the SHMS
is to distinguish between kaons and protons. A variety of aerogel tile
refractive indices are used to cover a range of momenta. A cut of
greater than 1.5 photoelectrons is used. Fig. 67 shows the NPE yield of
the Heavy Gas Cherenkov as well as the aerogel Cherenkov detector.
This figure shows the importance of having both the Heavy Gas and
the aerogel Cherenkov detectors as the kaon and proton would be
indistinguishable without the aerogel.

In order to get clean kaon samples, a high detector efficiency in the
aerogel is required. The aerogel efficiency is determined by

_ K* detected with aerogel signal 18)
~ K* detected without aerogel signal’

Maero

where the detector efficiency is represented by #,..,- The efficiency of
the aerogel detector can be seen in Table 6. It is clear that the aerogel
has a very high efficiency, crucially though, this efficiency also runs
over the full range of § as seen in Fig. 69. This, plus the ability to change
refractive indices, allows for high purity kaon identification over a wide
range of kinematics.

7.3.5. Calorimeter performance

The performance of the SHMS calorimeter under beam conditions
was first tested during the 12 GeV Hall C Key Performance Parameter
Run in spring of 2017. As part of the SHMS detector package, the
calorimeter was commissioned in the Hall C fall run period of the same
year. As discussed briefly in Section 4.7.5, Ey,,, should be ~1 for
electrons. This quantity can be utilized for PID selection. In the few
GeV/c range, pions and electrons are well separated. The early analyses
of the calorimeter data also demonstrate satisfactory performance of
the detector in terms of resolution, as demonstrated in Fig. 70.

8. Conclusion

The SHMS has been in service since 2017. Through a range of
experiments that utilized a wide variety of running conditions, the
SHMS has demonstrated itself to be a reliable and stable spectrometer,
both in terms of its ion optics and its detector package.

Numerous experiments have completed and published high profile
results since the SHMS was commissioned in 2017. This includes many
high profile results on color transparency [78,79], the EMC effect [80],
deuteron structure [17] and proton structure [81]. This also extends to
detailed studies of the proton’s gravitational form factors [82]. Results
on the F2 ratio for D/H [83] and the flavor dependence in charged pion
SIDIS [84] were recently submitted for publication.
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Many more high profile scientific results are expected in the near
future, with several experimental campaigns now completed and data
analysis in advanced stages. Due to the design parameters of the SHMS,
it could also be utilized extensively in an upgraded, 20+ GeV Jefferson
Lab scenario. Some possible experiments that utilize the SHMS in a
20+ GeV era are outlined in the 22 GeV white paper [85].
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