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Abstract

The Super High Momentum Spectrometer (SHMS) has been built for Hall C at the Thomas Jefferson National Accel-
erator Facility (Jefferson Lab). With a momentum capability reaching 11 GeV/c, the SHMS provides measurements
of secondary charged particles produced in electron scattering experiments using the maximum available beam en-
ergy 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 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 back-
ground radiation by a sophisticated shielding enclosure. The entire spectrometer is mounted on a rotating support
structure which allows 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 will complement and
extend the previous Hall C research program to higher energies.
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calorimetry, Radiation shielding.

Preprint submitted to Nuclear Instruments and Methods in Physics Research Section A June 27, 2024

https://orcid.org/0000-0001-7126-8934
https://orcid.org/0000-0001-7099-9452
https://orcid.org/0000-0002-5658-1065
https://orcid.org/0000-0002-7089-6311
https://orcid.org/0000-0002-5853-4326
https://orcid.org/0000-0002-8855-3034


1. Introduction1

1.1. Jefferson Lab Overview2

The Continuous Electron Beam Accelerator Facility3

at Thomas Jefferson National Accelerator Facility (Jef-4

ferson Lab) provides high energy electron beams for5

fundamental nuclear physics experiments. Originally6

planned for maximum electron beam energies of 4 GeV,7

the accelerator operated at energies of up to 6 GeV start-8

ing in 2000. An upgrade of the facility was completed9

in 2017, enabling beam delivery at a maximum energy10

of 12 GeV to the new experimental Hall D, and 11 GeV11

to the existing Halls, A, B, and C.12

The electron beam at Jefferson Lab operates at high13

duty cycle, with beam repetition rates of 249.5 or14

499 MHz delivered to the experimental halls. High15

beam polarization (> 80%) is also routinely available.16

In the 6 GeV era, Halls A, B, and C executed a large17

program of experiments focusing primarily on eluci-18

dating the quark-gluon structure of nucleons and nu-19

clei. Experimental Hall B made use of a large accep-20

tance spectrometer capable of detecting many-body fi-21

nal states over a large region of kinematic phase space22

in one setting. Halls A and C made use of magnetic23

focusing spectrometers. In Hall A, the two High Reso-24

lution Spectrometers (HRS) emphasized excellent mo-25

mentum resolution. In Hall C, the Short Orbit Spec-26

trometer (SOS) facilitated the detection of short-lived fi-27

nal states (pions and kaons) at modest momentum while28

the High Momentum Spectrometer was capable of de-29

tecting particles up the maximum beam energy at Jef-30

ferson Lab.31

As part of the 12 GeV upgrade at Jefferson Lab, a32

new experimental hall, Hall D, was built to search for33

gluonic excitations in the meson spectrum using a pho-34

ton beam produced via coherent bremsstrahlung. The35

GlueX experiment in Hall D began commissioning in36

2014 and has taken production-quality data since 2016.37

The existing Halls A, B, and C were also upgraded38

as part of the 12 GeV upgrade. The Hall A beamline39

and beam polarimeters were upgraded to accommodate40

operation at 11 GeV. Hall A has made use of the ex-41

isting HRS spectrometers in its early 12 GeV era ex-42

periments (which began initial data-taking in 2014) and43

has also installed specialized, dedicated equipment for44

recent measurements. Experimental Hall B replaced45

its large acceptance CLAS spectrometer with the new46

CLAS-12 spectrometer. This new spectrometer retains47

the key features of large acceptance and robust parti-48

cle identification over a large momentum range but with49

∗jones@jlab.org

more emphasis on particle detection in the forward di-50

rection, required due to the higher beam energies. Fi-51

nally, Hall C replaced its Short Orbit Spectrometer with52

the new Super-High Momentum Spectrometer (SHMS).53

This new spectrometer was designed guided by experi-54

ence from the 6 GeV program, with the goal of serving55

as an optimal partner to the HMS for coincidence exper-56

iments.57

Figure 1: Schematic of hall and accelerator improvements as part of
the Jefferson Lab 12 GeV Upgrade.

1.2. Hall C Experimental Program at 6 GeV58

The HMS and SOS spectrometers in Hall C enabled59

the execution of a diverse program of experiments.60

The well-understood acceptance of both spectrometers,61

in tandem with excellent kinematic reproducibility al-62

lowed the extraction of precise cross sections. A partic-63

ular strength was the control of point-to-point system-64

atic uncertainties, which allowed high precision Rosen-65

bluth, or L-T, separations. Examples of inclusive cross66

section measurements, using primarily the HMS, are67

shown in Figs. 2 and 3.68

In addition, the small minimum angle (10.5 degrees)69

accessible with the HMS allowed the execution of pion70

electroproduction experiments, where, in many cases,71

the pion is emitted in the forward direction. This al-72

lowed the successful execution of a program of mea-73

surements of the pion form factor [3, 4], which also74

incorporates precise L-T separations, as well measure-75

ments of charged pion production in Semi-inclusive76

Deep Inelastic Scattering (SIDIS) [5] (see Figs. 4 and77

5).78

The high momentum reach of the HMS (up to the79

available beam energy of 6 GeV) enabled measurements80

of the A(e, e′p) process to large Q2 [6, 7] (Fig. 6) to look81

for signs of color transparency as well measurements of82
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cover the full resonance region. The Q2 range covered by
our data set is between 0.3 and 5 !GeV"c#2. The overall
systematic uncertainty in the measured cross sections due
to target density, beam charge, beam energy, spectrometer
acceptance, radiative corrections, and detection efficiency
is 3.5% and larger than the statistical uncertainties [8–10].

We extracted the structure function F2 from the
measured differential cross sections s ! d3s

dVdE0 like
F2 $ s 3 !1 1 R#"!1 1 eR# [11]. Here e is the virtual-
photon polarization and R the ratio of longitudinal to
transverse cross sections. We used a value of R ! 0.2, but
the results are consistent within 2% if a parametrization
of this quantity based on deep inelastic scattering data at
moderate Q2 is utilized [12]. However, we note that this
quantity is presently known only at the 6100% level in
the nucleon resonance region above Q2 % 1 !GeV"c#2.

Samples of the extracted F2 data in the nucleon reso-
nance region are shown in Fig. 1a for the hydrogen target
and in Fig. 1b for the deuterium target, as functions of
the Nachtmann scaling variable j. These figures also in-
clude some low Q2 data from SLAC [13,14]. In terms of
the Nachtmann variable j ! 2x"!1 1

p

1 1 4M2x2"Q2 #
[15], where M is the nucleon mass, a pattern of scaling vi-
olations has been formulated within a QCD framework [2].
The variable j takes target-mass corrections into account,
necessary as the quarks cannot be treated as massless par-
tons for low to moderate momentum transfers. Note that,
for low x or large Q2, the scaling variable j is almost iden-
tical to the Bjorken scaling variable x.

FIG. 1 (color). Extracted F2 data in the nucleon resonance re-
gion for hydrogen (a) and deuterium (b) targets, as functions
of the Nachtmann scaling variable j. For clarity, only a selec-
tion of the data is shown here. The solid curves indicate the
result of the NMC fit to deep inelastic data for a fixed Q2 !
10 !GeV"c#2 [16].

It is clear from Fig. 1 that the data oscillate around a
global curve. This reiterates the well-known local duality
picture; the data at various values of Q2 and W2 average
to a smooth curve if expressed in terms of j. The solid
curve shown is a global fit to the world’s deep inelastic data
by the New Muon Collaboration (NMC) [16] for a fixed
Q2 ! 10 !GeV"c#2 (NMC10, solid). Previous analyses of
local duality have concentrated on a comparison of deep
inelastic constrained curves with nucleon resonance data
for Q2 $ 1 !GeV"c#2, corresponding to a lower cutoff of
j % 0.3. However, as one can see from Fig. 1, the reso-
nance data still seem to oscillate around a global curve,
even in the region j # 0.3. This suggests that also in this
region the effect of the higher-twist terms is reduced if av-
eraged over the full resonance region—consistent with the
earlier QCD analysis of the j . 0.3 region [2]. Note that,
for sake of visual clarity, we did not include all spectra.

From now on we will concentrate on the region of
j # 0.3 0.3. We initially construct a scaling curve rep-
resenting the average of the resonance data in the region
M2 # W2 , 4 GeV2, for Q2 , 5 !GeV"c#2. The aver-
age curve for the hydrogen data is shown as a shaded band
in Fig. 2, where the width of the band takes the systematic
uncertainties of the procedure into account. Note that the

FIG. 2 (color). The shaded band indicates the F2 scaling curve
obtained by averaging over all the proton resonance data (see
text). The width indicates the uncertainty in the averaging pro-
cedure. The solid (dashed) curve indicates the result of the
NMC fit to deep inelastic data for a fixed Q2 ! 10 !GeV"c#2

&2 !GeV"c#2'. The dot-dashed curve at Q2 ! 0.40 !GeV"c#2

shows F2 obtained from the input valencelike quark distribu-
tions (i.e., valence and sea quarks) of Ref. [17]. Similarly, the
dot-dashed curves at Q2 ! 1.40 and 3.00 !GeV"c#2 are evolved
to Q2 values close to those of our F2 scaling curve. The dotted
curve shows F2 obtained from the input valence-quark distribu-
tions from Ref. [17] only.

1183

Figure 2: Inclusive F2 structure functions measured in the resonance
region compared to a DIS fit. When plotted vs. the Nachtmann vari-
able ξ, the DIS fit agrees, on average, with the resonance region data,
demonstrating quark-hadron duality [1].

inclusive electron scattering at x > 1 to access contri-83

butions of “superfast” quarks to inelastic structure func-84

tions [8] and measure the relative contributions of Short85

Range Correlations (SRCs) in the nuclear wave func-86

tion [9] (Fig. 7).87

The experiments noted above are just a sample of the88

∼30 “standard equipment” experiments that were exe-89

cuted in the 6 GeV era in Hall C. Other experiments90

include measurements of exclusive kaon production,91

resonance (∆, S11) production, color transparency via92

pion electroproduction, and numerous inclusive elec-93

tron scattering measurements using hydrogen and deu-94

terium, as well as heavier nuclear targets. In some cases,95

the HMS was paired with dedicated equipment for spe-96

cial measurements. Examples of this include measure-97

ment of the ratio of elastic proton form factors (GE/GM)98

to large Q2, as well as measurements using a dynami-99

cally polarized NH3 target.100

1.3. Hall C 12 GeV Program101

The new, Super-High Momentum Spectrometer was102

designed to build on the experimental capabilities ex-103

ploited during the Hall C program at lower energies.104

Notably, this includes:105

1. Excellent kinematic control and reproducibility.106

2. Thorough understanding of spectrometer accep-107

tance.108

Figure 3: Measurement of R =
σL
σT

at low Q2. The extraction of R
requires precise L-T separations with excellent control of point-to-
point systematic uncertainties. Figure from [2].

3. Small angle capability (down to 5.5 degrees) for109

detection of forward mesons.110

4. Central momentum up to (nearly) the maximum111

beam energy accessible in Hall C.112

5. In-plane and out-of-plane acceptance well matched113

to the existing HMS to facilitate experiments de-114

tecting two particle in coincidence.115

Several “commissioning” experiments were chosen116

for the first year of 12 GeV running in Hall C to exer-117

cise the above requirements as much as possible. These118

experiments ran in 2018 and will be discussed briefly119

below.120

The first commissioning experiment was a measure-121

ment of inclusive electron scattering cross sections from122

hydrogen and deuterium [10] (see Fig. 8). Such a cross123

section experiment is an excellent testing ground for un-124

derstanding of the spectrometer acceptance, while not125

pushing the SHMS performance in other areas. Some126

settings for this experiment were chosen to allow simul-127

taneous measurement with the well-understood HMS to128

provide a cross section. In addition, some time was de-129

voted to the measurement of inclusive cross section ra-130

tios for nuclear targets relative to deuterium [11]. These131

ratios are well-measured for certain nuclei and serve as132

another straightforward verification of the spectrometer133

acceptance due to the need to compare yields from ex-134

tended (10 cm long) targets to shorter, solid targets (mm135

scale). These measurements resulted in the first extrac-136
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Figure 4: Measurements of the charged pion form factor in Hall C (6
GeV era). Extraction of the pion form factor requires a precise L-T
separation, as well as detection of the charged pion at small forward
angles. Figure from [4].

tion of the EMC Effect in 10B and 11B [12].137

An extension of the 6 GeV color transparency exper-138

iments to larger Q2 [13] served as an excellent first ex-139

periment with which to exercise the SHMS in coinci-140

dence mode. In this A(e, e′p) experiment, there are few141

random coincidences. so isolating the coincidence re-142

action is straightforward. This experiment, as well as143

a measurement of deuteron electro-disintegration [14],144

also tested the high momentum capabilities of the145

SHMS. The SHMS was used at momenta larger than146

8.5 GeV/c for these experiments. Although the max-147

imum central momentum of the SHMS is almost 11148

GeV, 8.5 GeV/c was already sufficient to learn about the149

performance of the superconducting magnets and spec-150

trometer optics when pushed to a significant fraction of151

the spectrometer’s ultimate capabilities. In addition, the152

body of H(e, e′p) data acquired for both these initial co-153

incidence experiments served to provide constraints on154

the experiment kinematics, allowing one to test the pos-155

sible variation of, e.g. the spectrometer pointing or cen-156

tral momentum for various settings. Results from the157

color transparency and deuteron electro-disintegration158

experiments are shown in Figs. 9 and 10.159

A set of meson electroproduction experiments fol-160

lowed the initial commissioning experiments and fur-161

ther exercised the SHMS capabilities. Two of the ex-162

periments measured charged pion electroproduction in163

semi-inclusive deep inelastic scattering, SIDIS [17, 18].164

The SHMS was used at central angles smaller than 7◦165

for the SIDIS running. An additional challenge was the166

Figure 5: Cross sections for semi-inclusive π+ and π− production from
hydrogen and deuterium. The cross sections are compared to a param-
eterization that uses fragmentation functions fit to high energy e+e−

collisions. Figure from [5].

relatively high singles rates in the SHMS. Both exper-167

iments aimed to make precise measurements of π+/π−168

ratios, so control of rate dependent systematic effects is169

a key challenge. The third experiment [19] measured170

exclusive cross sections for K+ production above the171

resonance region, in particular, extracting the longitudi-172

nal and transverse cross sections via a Rosenbluth sep-173

aration. In this case, the experimental uncertainties are174

expected to be dominated by statistics, so this serves as175

an excellent candidate for a first L-T separation,since176

the systematic requirements are less stringent. In com-177

mon with the charged pion SIDIS experiments, the kaon178

experiment required use of the SHMS at small angles179

and had to face the challenge of high singles rates.180

The “commissioning” and “year-1” experiments de-181

scribed above give a sense of the SHMS capabilities182

important for the overall physics program. Since then,183

a variety of experiments have been completed in Hall184

C. These include measurements of J/Ψ photoproduc-185

tion [20], virtual Compton scattering [21], exclusive186

charged pion electroproduction to extract the pion form187

factor and for cross section scaling tests [22], inclusive188

electron scattering from polarized 3He to extract An
1 and189

dn
2 [23, 24], and exclusive and inclusive scattering from190

nuclei to make measurements of short range correla-191

tions and the EMC Effect [25, 26, 11]. In the future, ad-192

ditional L-T separations in inclusive scattering (to mea-193
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cision than of Refs. !8,9,27". Our results at Q2

!3.3 (GeV/c)2 agree well with the previous results for deu-
terium !8,9", carbon, and iron !16".
Little or no Q2 dependence can be seen in the nuclear

transparency data above Q2# 2 (GeV/c)2. Excellent
constant-value fits can be obtained for the various transpar-
ency results above such Q2. For deuterium, carbon, and iron,
fit values are obtained of 0.904 ("0.013) 0.570 ("0.008),
and 0.403 ("0.008), with $2 per degree of freedom of 0.56,

1.29, and 1.17, respectively. As in Ref. !16", we compare
with the results from correlated Glauber calculations, includ-
ing rescattering through third order !28", depicted as the
solid curves for 0.2#Q2#8.5 (GeV/c)2. In the case of deu-
terium, we show %dashed curve& a generalized Eikonal ap-
proximation calculation, coinciding with a Glauber approxi-
mation for small missing momenta !29". The Q2 dependence
of the nuclear transparencies is well described, but the trans-
parencies are underpredicted for the heavier nuclei. This be-
havior persists even taking into account the model-dependent
systematic uncertainties.
Recently, a new calculation of nuclear transparencies has

become available !30". This results in a better agreement
between Glauber calculations and the A dependence of the
nuclear transparency data. In this paper !30" it was argued
that the uncertainty in the treatment of short-range correla-
tions in the Glauber calculation can be constrained with in-
clusive A(e ,e!) data. This results in an effective renormal-
ization of the nuclear transparencies for the 12C and 56Fe
nucleus of 1.020 and 0.896, respectively. Such a renormal-
ization is due to integration of the denominator in Eq. %2&
over a four-dimensional phase space V in Em and !p!m! ar-
gued to be more consistent with experiments. That is, the
experiment measures an angular distribution in the scattering
plane rather than the complete !p!m!#300 MeV/c region.
This reduces the influence of short-range correlations. The
nuclear transparencies as given in Table II would have to be
multiplied by these renormalization factors, rendering values
more consistent with the A dependence of Glauber calcula-
tions. Although such a renormalization may be appropriate,
we quote nuclear transparency numbers consistent with the
procedure of Refs. !8,9,16", for the sake of comparison.
For the remainder of this section, we will concentrate on a

combined analysis of the world’s A(e ,e!p) nuclear transpar-
ency data. Figure 5 shows T as a function of A. The curves
represent empirical fits of the form T!cA'(Q2), using the
deuterium, carbon, and iron data. We find, within uncertain-
ties, the constant c to be consistent with unity as expected
and the constant ' to exhibit no Q2 dependence up to Q2

!8.1 (GeV/c)2. A similar treatment to nuclear transparency
results of the older A(e ,e!p) experiments renders a nearly
constant value of '!$0.24 for Q2(1.8 (GeV/c)2. Nu-
merical values are presented in Table III. We note that using
the renormalizations of the nuclear transparencies proposed
by Frankfurt, Strikman, and Zhalov !30" would reduce the

TABLE II. Measured transparencies for D, C, and Fe. The first uncertainty quoted is statistical, the second
systematic. In the figures these are added in quadrature. The uncertainties in the figures do not include
model-dependent systematic uncertainties on the simulations. We note that a renormalization of these nuclear
transparencies with a factor of 1.020 (TC) and 0.896 (TFe) is advocated in Ref. !30".

Q2 TD TC TFe
(GeV/c)2

3.3 0.897"0.013"0.027 0.548"0.005"0.013 0.394"0.009"0.009
6.1 0.917"0.013"0.028 0.570"0.007"0.013 0.454"0.015"0.018
8.1 0.867"0.020"0.026 0.573"0.010"0.013 0.391"0.012"0.009

FIG. 4. Transparency for (e ,e!p) quasielastic scattering from D
%stars&, C %squares&, Fe %circles&, and Au %triangles&. Data from the
present work are the large solid stars, squares, and circles, respec-
tively. Previous JLab data %small solid squares, circles, and tri-
angles& are from Ref. !16". Previous SLAC data %large open sym-
bols& are from Refs. !8,9". Previous Bates data %small open
symbols& at the lowest Q2 on C, Ni, and Ta targets, respectively, are
from Ref. !27". The errors shown for the current measurement and
previous measurement !16" include statistical and the point-to-point
systematic ("2.3%) uncertainties, but do not include model-
dependent systematic uncertainties on the simulations or
normalization-type errors. The net systematic errors, adding point-
to-point, normalization-type and model-dependent errors in quadra-
ture, are estimated to be ("3.8%), ("4.6%), and ("6.2%) cor-
responding to D, C, and Fe, respectively. The error bars for the
other data sets !8,9,27" include their net systematic and statistical
errors. The solid curves shown from 0.2#Q2#8.5 (GeV/c)2 are
Glauber calculations from Ref. !28". In the case of D, the dashed
curve is a Glauber calculation from Ref. !29".

K. GARROW et al. PHYSICAL REVIEW C 66, 044613 %2002&

044613-6

Figure 6: Measurement of transparency for (e, e′p). Solid points are
from (6 GeV era) Hall C measurements [6, 7]. At the largest Q2, the
HMS momentum is > 5 GeV. Figure from [7].

sure R = σL
σT

from hydrogen, deuterium, and several nu-194

clei) and semi-inclusive reactions (to make the first pre-195

cise measurement of R for the SIDIS reaction) are also196

planned. While not all future experiments will make197

use of the SHMS, it is a key component of the Hall C198

12 GeV experimental program.199

2. Specifications for the upgraded Hall-C Spectrom-200

eter complex201

The physics outlined in the previous section can be202

accessed only if the Hall C spectrometer system is capa-203

ble of providing the necessary measurements with preci-204

sion, rate, and trigger capabilities consistent with those205

physics goals. Originally, Hall C offered the 7.4 GeV/c206

High Momentum Spectrometer (HMS) and its lower-207

momentum (1.8 GeV/c) partner, the Short-Orbit Spec-208

trometer (SOS). These two devices were utilized inde-209

pendently by some experiments and in coincidence by210

others. The performance specifications for the SHMS211

were drafted such that the SHMS-HMS pair would pro-212

vide similar complementary functions in the higher-213

momentum regime. That is, the SHMS was developed214

as a general-purpose spectrometer with properties sim-215

ilar to the existing HMS, but with a higher maximum216

momentum capability (11 GeV/c). The 11 GeV/c limit217

of the SHMS was selected because the accelerator con-218

strained maximum beam energy to any of the first gen-219

eration endstations (A, B, C) is 11 GeV/c. Table 1 sum-220

marizes the demonstrated performance of the HMS and221

the design specifications for the SHMS.222

Figure 7: Measurements of cross section ratios for nuclear targets rel-
ative to deuterium at x > 1. The size of the ratio is proportional to the
relative contributions of 2-nucleon Short Range Correlations to the
nuclear wave function. These measurements required high momen-
tum in the HMS. Figure from [9].

With the higher beam energies in use at Jefferson223

Lab after the 12 GeV upgrade, scattered electrons and224

secondary particles are boosted to more forward direc-225

tions. Thus the SHMS acceptance is made to extend226

down to a 5.5◦ scattering angle, and needs to cover an-227

gles no higher than 40◦. Nevertheless, high energies228

generally lead to smaller cross sections. Therefore pre-229

cision experiments can be performed only if a spectrom-230

eter provides large overall acceptance, high rate capabil-231

ity, and precise momentum measurement. As shown in232

Table 1, the SHMS design includes a momentum bite233

even larger than the HMS, and achieves an angular ac-234

ceptance within a factor of two of its low-energy part-235

ner. The combination of dispersive optics and preci-236

sion tracking provides excellent momentum resolution.237

Triggering, data-acquisition, and particle identification238

rates are the same or better than those of the HMS. This239

performance is achieved not only through the use of240

faster, modern electronics, but also by innovative radia-241

tion shielding that reduces the background flux seen by242

the detectors.243

3. Design and Development of the SHMS Systems244

In this section we present design details and data245

demonstrating the performance of each the SHMS sub-246

systems. The entire spectrometer is carried on a steel247

support structure which can rotate through an arc on the248

left side of the beam-line in Hall C. Like the HMS car-249

riage, it is secured to a central pivot so that it rotates250

5



Parameter HMS SHMS
Performance Specification

Range of Central Momentum 0.4 to 7.4 GeV/c 2 to 11 GeV/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 90◦ 10 cm 25 cm
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 – 1.2 mrad
Vertical Angle Resolution 1.0 mrad 0.3 – 1.1 mrad
Target resolution (ytar) 0.3 cm 0.1 - 0.3 cm
Maximum Event Rate 4–5 kHz 4–5 kHz
Max. Flux within Acceptance ∼ 5 MHz ∼ 5 MHz
e/h Discrimination >1000:1 at

98% efficiency
>1000:1 at
98% efficiency

π/K Discrimination 100:1 at
95% efficiency

100:1 at
95% efficiency

Table 1: Demonstrated Performance of the HMS and Design Specifications for the SHMS. Resolutions are quoted at 1 sigma.

around a vertical axis that intersects the electron beam-251

line at the experimental target. This is shown in Fig. 11.252

Acceptance at the smallest scattering angles is en-253

abled by the presence of a horizontal-bending dipole as254

the first element in the magnetic optical system. This255

small deflection moves the subsequent pieces of the256

SHMS farther from the beamline, relaxing the size con-257

straints on the other magnetic elements (described in258

Section 3.1) and shielding (Section 3.2). The shielded259

enclosure is itself a technically-optimized combination260

of concrete, lead, boron, and plastic. It surrounds the261

detectors and the electronics of the control and data-262

acquisition systems.263

Basic trigger information comes from four planes264

of scintillator or quartz-bar hodoscopes. Tracking is265

provided by twelve planes of conventional drift cham-266

bers, and particle identification uses gas and aerogel267

Cherenkov counters, a preshower counter, and a total-268

absorption shower counter. The detector system details269

are presented in Sec. 3.3– 3.9. Details of the event-270

triggering schemes, the data-acquisition system, and271

software appear in Secs. 4 and 5. The performance272

of the detector subsystems is discussed in Sec. 6.273

3.1. Magnetic Optics274

The SHMS consists of five magnets used to deter-275

mine the momentum, angles and position of particles276

scattered from the target using their angle and posi-277

tion measurements by the SHMS detectors. The first278

is a dipole magnet which bends the incident particles279

in the horizontal plane. A quadrupole triplet provides280

a point-to-point focus. To optimize acceptance in the281

vertical scattering plane, the first quadrupole focuses in282

the vertical while the second quadrupole defocuses and283

the third quadrupole focuses. A vertical-bending dipole284

magnet follows the last quadrupole and disperses parti-285

cles with different momenta across the focal plane. In286

point-to-point optics, all particles with the same mo-287

mentum will be displaced by the same vertical distance288

in the focal plane.289

3.1.1. The Magnets and Vacuum Channel290

A specially-designed horizontal-bend dipole (HB)291

precedes the first quadrupole. Its purpose is to provide292

an initial 3◦ separation between scattered particles and293

the electron beam so that particles scattered at small an-294

gles can be accepted.295

As shown in Fig. 11, in order to fit within the space296

available in Hall C the SHMS must be even shorter297

than its lower-momentum partner, the HMS. All of the298

SHMS magnets are superconducting so that they can299

provide the necessary large bending and focusing effects300

in short distances. Given the small-angle acceptance re-301

quirement, the HB and the first two quadrupoles (Q1302

and Q2) must have special provisions to provide clear-303
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FIG. 4: Kinematics for the proposed experiment in x and Q2. World data from SLAC, BCDMS, NMC, EMC, SLAC (in green)
and lower energy JLab (in cyan) are also shown. The solid curve indicates W 2 = 4 GeV2.

III. DETAILS OF THE 11 GEV PROPOSED MEASUREMENTS

A. Proposed Kinematics and Experimental Equipment

The kinematics for the proposed experiment are shown in Fig. 4 in x and Q2. Also displayed in Fig 4 are world
data from SLAC, BCDMS, NMC, EMC and JLab (lower energy). The low W 2 region, W 2 < 4 GeV2, (i.e. to the
right of the solid curve) is poorly populated above a Q2 of about 10 GeV2. In addition, the few data from SLAC
that populate this particular kinematic region have large statistical uncertainties. This is shown in Fig. 5 where the
statistical uncertainties of the SLAC data in the region of W 2 < 4 GeV2 are plotted together with the uncertainties
of the JLab experiment E00-116 [12]. The uncertainties of the latter are, in most cases, within 5% even at large x
while the uncertainties of SLAC measurements grow with increasing x, reaching values of 60-70%.

We plan to measure the H(e, e′) and D(e, e′) cross sections in the resonance region and beyond up to a W 2 of
about 9 GeV2. The proposed kinematics will offer, in particular, a detailed coverage of the very large x region up
to a Q2 of about 17 GeV2, where data are presently scarce or with large statistical uncertainties. The statistics
currently provided by SLAC data can be significantly improved in this region due to the CEBAF high luminosity
beam and to the large acceptance of the spectrometers. Details of the proposed measurements on both hydrogen
and deuterium targets are given in Table 1. These measurements would be performed using the existing HMS and
the new SHMS which is part of the standard package for the 12 GeV upgrade. As shown in Table 1, the SHMS would
be used for the intermediate angle measurements, from 17o to 35o. Due to the large momentum acceptance of SHMS,
only two momentum settings would be necessary to cover a sizable x range. The HMS would be used for large angle
measurements, 42o and 55o, and would push the kinematic coverage to a Q2 as large as 17 GeV2 and x larger than
0.9. Data at 17o will be taken in both HMS and SHMS for crosschecks of the two spectrometers. The rate for the
elastic process in H(e, e′) is high enough at 17o to allow for a statistically significant measurement so elastic data will
be taken at this kinematics for hydrogen elastic studies. Few additional elastic runs will be taken at lower angles with
SHMS.

The measurements would be performed in HMS using the existing detector package which consists of a gas Cerenkov
detector and a lead glass calorimeter for particle identification (rejection of pion background) and of drift chambers
for particle track reconstruction. The SHMS spectrometer will have a similar package of nearly identical performance.

Figure 8: Kinematic coverage of F2 measurements from experiment
E12-10-002 [10], which measured inclusive electron scattering cross
sections as part of Hall C’s 12 GeV commissioning experiments.

ance for the electron beam and its vacuum pipe. HB is304

a “C”-magnet so that all of the flux-return iron is on the305

side away from the beamline. As initially constructed,306

the HB leaked significant field into the beamline such307

that the beam would have been deflected outside of the308

beam dump. Simulations were done to determine the309

optimal shielding design to reduce the field in the beam-310

line region for all combinations of SHMS angle and mo-311

mentum and these remediation were implemented [27].312

The front of the HB cryostat, between the beamline and313

the magnet bore, is made very narrow. Both Q1 and Q2314

have notches in their cryostats and iron yokes so that315

they, too, can clear the beamline when the spectrometer316

is configured at small scattering angles. Yoke steel for317

Q1 is inside the cryostat. The final quadrupole (Q3) and318

the dipole (DSHMS) have external warm yokes. Parame-319

ters of the SHMS magnets are provided in Table 2.320

To minimize multiple scattering as particles pass321

through the SHMS, the bores of all of the magnets are322

evacuated. The vacuum space begins at a window on323

the front of HB. The entrance window into the HB is324

approximately 15 cm square and is made of 0.01” thick325

aluminum. A vacuum connection is made between the326

exit of HB and Q1 entrance which is followed by the327

40 cm diameter vacuum bore in Q1. The exit of Q1328

is connected to the entrance of Q2 by a vacuum pipe.329

The vacuum vessel bore through Q2, Q3, and DSHMS is330

60 cm in diameter. The location of the end of the vac-331

uum after the exit of DSHMS depends on the needs of332

the experiment. If the experiment needs the Noble Gas333

Figure 9: Results from experiment E12-06-107, a measurement of
color transparency to large Q2 [15] (Hall C commissioning experi-
ment). This measurement served as the first coincidence measurement
in the 12 GeV era in Hall C.

Figure 10: Results from experiment E12-10-003, a measurement of
deuteron electro-disintegration at large missing momentum [16] (Hall
C commissioning experiment).

Cherenkov (NGC) detector (described in Sec. 3.7), then334

a window is placed at the exit of DSHMS with the NGC335

detector placed between the exit window and the drift336

chambers. Otherwise, a Vacuum Extension Tank (VET)337

is attached to the exit of the DSHMS that puts the exit338

window at 30 cm from the first drift chamber in the de-339

tector stack. In both cases, the dipole exit window is340

made of 0.020” thick aluminum.341

3.1.2. Optics342

The relative strengths of the integral fields of the
magnets are set to maximize acceptance while at the
same time optimizing resolution in momentum and scat-
tering angle. The transport of a particle with the relative
momentum, δ =

p−pc
pc

, from the target to midway be-
tween the two set drift chambers in the focal plane of the
SHMS can be characterized by an optics matrix. The
particle momentum is p and the central momentum of
the spectrometer is pc. The particle starts with the ver-
tical and horizontal positions (xtar and ytar) and angles
(x′tar =

∆xtar
∆ztar

and y′tar =
∆ytar
∆ztar

) in the ztar = 0 plane. These
positions and angles are measured relative to the central
ray of the spectrometer. After magnetic transport, it ar-
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Parameter HB Q1 Q2 Q3 DS HMS

Max Field or Gradient 2.6 T 7.9 T/m 11.8 T/m 7.9 T/m 3.9 T
Effective Field Length 0.80 m 1.9 m 1.6 m 1.6 m 2.9 m
Current at 11 GeV/c 3923 A 2322 A 3880 A 2553 A 3510 A
Aperture 14.5x18 cm 40 cm 60 cm 60 cm 60 cm

Table 2: Parameters of the SHMS Magnets

HMSSHMS

5.5° - 40°
10.5° - 90°

Electron
Beam

Experiment
Target

Figure 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)
had been previously located.

rives at the focal plane with the vertical and horizontal
positions (xfp and yfp) and angles (x′fp and y′fp). The first
order optics matrix is


xfp

x′fp
yfp

y′fp

 =


−1.5 0.0 0.0 0.0 1.65
−0.5 −0.7 0.0 0.0 3.2
0.0 0.0 −1.9 −0.2 −0.1
0.0 0.0 −3.0 −0.8 0.1



xtar

x′tar
ytar

y′tar
δ

 (1)

The units of the positions, angles and δ are in centime-343

ters, milliradians and %.344

The acceptance of the spectrometer is mainly deter-345

mined by the collimator that is placed between the HB346

magnet and the first quadrupole. A remotely-operated347

collimator box is installed on the SHMS between the348

HB and Q1 magnets. The collimator ladder assembly349

within this box may be positioned at three settings. The350

top position (accessed when the assembly is at its low-351

Figure 12: Top view schematic of the horizontal bender (HB) magnet
with dimensions given in units of cm. The center of the HB magnet is
at 5.5◦ for the beam line and 176 cm from the hall center.

est position) is a stretched octagon with opening height352

9.843” and width 6.693” on the upstream side. It is 2.5”353

thick. The lower two positions both present sieve holes354

in rectangular pattern with holes separated by 0.6457”355

horizontally and 0.9843” vertically. The sieve pattern at356

the middle ladder position has 11 columns of holes with357

the sixth column centered horizontally. The holes on the358

bottom sieve are in ten columns and are offset by one-359

half a column gap from those in the middle sieve. The360

sieve collimators are 1.25” thick. The geometry is illus-361

trated in Fig. 13. Both sieves and octagonal collimator362

are made of Mi-TechTM Tungsten HD-17 (Density 17363

g/cc. 90% W, 6% Ni, 4% Cu).364

To determine the vertical size of the collimator stud-365

ies were done with SNAKE (magnet transport code).366

Without the collimator, the vertical acceptance is mainly367

determined by the mechanical exit of the HB magnet.368

The vertical size of ±12.5 cm was chosen to match this369

vertical cut-off to maximize the acceptance. Two ver-370

tical sizes of ±8 cm and ±10.5 cm for the collimators371

were studied. A plot of the acceptance of each collima-372

tor versus δ is shown in Fig. 14. The acceptance drops373

from an average of 4 msr for ±12.5 cm to an average of374

3 msr for ±8 cm. Another consideration is minimizing375

the loss of events in the bore of the vertical dipole after376

they pass the entrance of the dipole. A plot in Fig. 14377
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Figure 13: Schematic diagram of the SHMS collimator.

shows the fraction of events which make it to the fo-378

cal plane. The number of events lost in the dipole bore379

as a function of δ is reduced by decreasing the vertical380

height of the collimator. With the ±12.5 cm collimator,381

the fraction of events making to the focal plane drops382

to 75% at δ = 0.15. The decision was made to use383

the ±12.5 cm vertical opening to maximize the solid an-384

gle acceptance of the SHMS at the expense of increased385

reliance on the understanding the losses in the SHMS386

dipole bore.387

SNAKE was also used to model the acceptance of the388

SHMS. The mechanical sizes of the magnets and mag-389

net field maps from TOSCA are used to create a model390

of the SHMS in SNAKE. The acceptance of the SHMS391

versus δ determined by SNAKE is plotted in Fig. 15.392

A separate calculation is done using the Hall C Monte393

Carlo (SIMC) simulation which uses the COSY trans-394

port matrix. The acceptance of the SHMS versus δ de-395

termined by SIMC is also plotted in Fig. 15. As seen in396

this figure, the agreement between the two calculations397

is excellent.398

The reconstruction of a particle’s momentum, hor-399

izontal target position, vertical and horizontal angles400

from the focal plane positions and angles can also be401

represented by an optics matrix. Each event calcu-402

lates the target interaction point from the tracks recon-403

structed in the focal plane using the drift chamber infor-404

mation. Target offsets, beam offsets and spectrometer405

mis-pointings are accounted for separately when recon-406

structing events. The optics matrix elements consist of407

a set of coefficients and the values of the powers for408

each focal plane element. The coefficients for each fo-409

cal plane variable are X′, Y , Y ′, and D, and the powers410

of each focal plane variable are represented by i jklm.411

The powers for each term range from zero to six with412

the sum of the powers for a given term not exceeding413

six. The reconstruction equations for the target quanti-414

ties are written as shown in Eq. 2.415

x′tar =
∑
i jklm

X′i jklmxi
fpx′ jfpyk

fpy′lfpxm
tar

ytar =
∑
i jklm

Yi jklmxi
fpx′ jfpyk

fpy′lfpxm
tar

y′tar =
∑
i jklm

Y ′i jklmxi
fpx′ jfpyk

fpy′lf pxm
tar

δ =
∑
i jklm

Di jklmxi
fpx′ jfpyk

fpy′lfpxm
tar (2)

From Eq. 2, it can be seen that the target reconstruc-416

tion is actually under-determined. For each event, there417

are four given quantities (xfp, yfp, x′fp, y′fp) and five un-418

knowns to solve for (xtar, ytar, x′tar, y′tar, and δ). xtar is419

never directly measured, but it is reconstructed with the420

knowledge of the beam position and reconstructed val-421

ues of ytar, x′tar, y′tar. The xtar dependent coefficients are422

used directly from COSY calculations with the recon-423

structed x′tar and δ being most sensitive to knowledge of424
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Figure 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 δ for each of the collimators. The upper right figure is the fraction of events lost in the dipole bore after
the dipole entrance.

xtar. To account for xtar, an iterative procedure is done425

where first the ytar, x′tar, y′tar and δ are calculated by set-426

ting xtar equal to the vertical beam position. Then xtar is427

calculated using the vertical beam position, ytar, x′tar and428

y′tar and the reconstruction matrix is recalculated with429

the new xtar. This is repeated in a loop until the change430

in x′tar compared to the previous iteration is less than431

2 mrad for no more than five iterations.432

The determination of xtar independent coefficients433

(when m = 0 in Eq. 2) in the reconstructed matrix el-434

ements was done using data from specific run settings.435

In all cases, a single or multi-foil carbon target is used436

with a sieve installed downstream from the target. For437

each interaction that pass through a sieve hole, all true438

target quantities, including xtar, can be calculated from439

knowledge of the beam position, foil location and sieve440

hole location.441

The calibration of the δ matrix elements was done us-442

ing carbon elastic data. Using the first order optics from443

COSY and selecting events from a carbon target inter-444

action that pass through a single hole in the sieve, the445

carbon elastic peak and excitation spectrum is clearly446

seen as shown in Fig. 16.447

The carbon energy spectrum shows the elastic peak448

and the 4.4 MeV carbon excited state. Additional car-449

bon states are observable in the smaller peaks to the450

right of the 4.4 MeV peak. The δ matrix elements were451

optimized by taking a series of runs where the carbon452

elastic peak moved across the focal plane for incremen-453

tal settings of the spectrometer central momentum.454

The optimization of the reconstructed target quanti-455

ties ytar, y′tar, and x′tar used data from multi-foil carbon456

targets with the sieve inserted in the beam line. Each457

hole in the sieve is used to define the true physical values458

of an event and is compared to the reconstructed angles459

and positions for optimization. The reconstructed ytar460

is approximately ztar sin θ where θ is the central angle461

of the spectrometer, and ztar is the target foil position in462

the hall beam line coordinate system. To optimize over463

the full range of possible ytar values, data must be taken464

with the spectrometer at various central angles. Two465

sieves were used to collect the data having the same hole466
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Figure 15: Comparison of predicted SHMS acceptance using the Hall C Monte Carlo (SIMC) and the magnetic transport code SNAKE.

Figure 16: The carbon elastic 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.

patterns: one where the central hole was centered on the467

spectrometer axis and the other where the central hole468

was shifted by half the distance between the holes rela-469

tive to the spectrometer axis. Data was taken with each470

sieve separately in order optimize the full spectrometer471

acceptance. A reconstructed sieve pattern using a single472

carbon foil is shown in Fig. 17.473

The general procedure for the optimization of the474

target quantities ytarget, y′target, and x′target is as follows:475

the events are initially reconstructed using the origi-476

Figure 17: The sieve pattern is reconstructed here where the true sieve
hole positions are indicated by the magenta cross lines and the recon-
structed holes are outlined in red. The holes at the edges of the sieve
are somewhat shifted from the true desired values.

nal reconstruction matrix elements generated from the477

COSY model. These events are used to determine the478

true physical values by determining which target foil an479

event originated from and which sieve hole the event480

passed through. The differences between the measured481

events and the real true physical values are minimized482

by solving a Singular Value Decomposition (SVD) to483

calculate the optimized/improved reconstruction matrix484
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elements. In operation, the SHMS has achieved angular485

resolutions of ∼ 0.9 mrad in the horizontal direction and486

∼ 1.1 mrad in the vertical direction.487

3.2. Shield House Layout, Shielding Design488

The radiation environment is an important consid-489

eration for the design of the SHMS shield house, in490

particular, the effect of radiation-induced effects on the491

performance and reliability of detectors and electron-492

ics. It has been shown that many new commercial off493

the shelf components are sensitive to radiation dam-494

age and single event upsets, requiring a careful evalu-495

ation of the impact of the radiation-induced effects on496

their performance and reliability [28, 29]. A specialized497

SHMS shield house design was thus developed at Jef-498

ferson Lab. Shielding thicknesses were optimized using499

a Monte Carlo simulation and benchmarked against the500

HMS shielding house, which has been proven to pro-501

vide the necessary detector shielding over more than a502

decade of experiments at the 6 GeV JLab. A full de-503

scription of the shielding optimization can be found in504

Ref. [30].505

The primary particle radiation is created when the506

CEBAF electron beam strikes the experimental target.507

The main components are scattered electrons, neutral508

particles (photons and neutrons), and charged hadrons.509

The energy spectrum of this radiation depends on the510

incident beam energy and decreases generally as 1/E. It511

has been shown that the most efficient way to protect512

the experimental equipment from radiation damage is513

to build an enclosure around it using certain key mate-514

rials. The type and thickness of the shield house walls515

depends on the energy and particle one needs to shield516

against. However, one may qualitatively expect that the517

largest amount of shielding material is needed on the518

side facing the primary source, which in the case of the519

Hall C focusing spectrometers is the front face. Addi-520

tional sources of radiation are the beampipe, which ex-521

tends from the experimental target to the beam dump,522

and the beam dump area itself. Thus, the faces of the523

spectrometer exposed to direct sources of radiation are524

the front, beam side, and the back walls.525

Primary and scattered electrons lose a significant526

amount of energy as they traverse a material by pro-527

ducing a large number of lower energy photons through528

bremsstrahlung [31]. It is thus important to consider529

shielding materials that efficiently stop the latter as well.530

Neutral particles have a higher penetration power531

than charged particles. They are attenuated in intensity532

as they traverse matter, but do not continuously lose en-533

ergy. Photons interact in materials almost exclusively534

with electrons surrounding the atom or by pair produc-535

tion in the field of the nucleus. The probability for an536

interaction depends on the atomic number of the ma-537

terial. Neutrons interact with atomic nuclei in a more538

complicated way.539

An additional source of radiation is due to charged540

hadrons (e.g. protons, pions). However, the probabil-541

ity for producing hadron radiation is relatively low, and542

thus will be neglected here. The shielding is, neverthe-543

less, effective for charged hadrons. The front wall will,544

for instance, stop 1 GeV protons.545

Fig. 18 shows a schematic of the SHMS shielding546

plan. The SHMS shield house is similar to the HMS547

design, but has several new features due to additional548

requirements. For example, the space between the beam549

side shield wall and the beam pipe is limited at very for-550

ward angles, and in addition, the length of the SHMS551

detector stack and minimum distance between the back552

of the detector house to the hall wall requires a reduc-553

tion in thickness of the concrete shield wall.554

Typical beam-target geometries were simulated using555

Monte Carlo techniques. Simulations were performed556

using the GEANT MCWORKS distribution, which in-557

cludes detailed physical and geometric descriptions of558

the experimental hall and simulates the physics pro-559

cesses using standard GEANT3 together with the DIN-560

REG nuclear fragmentation package. Hadronic inter-561

actions are treated using the DINREG package, which562

calculates the probability of such interactions using a563

database of photonuclear cross sections. For electron-564

nucleus interactions an “equivalent photon” representa-565

tion of the electron (or positron) is used.566

In this simulation, the CEBAF beam electrons start567

1 m upstream of the target, strike it head-on along the568

cylindrical symmetry axis, and have no momentum569

component transverse to the beamline. The simulation570

also includes the beam pipe, target entrance and exit571

windows, and the entire geometry of Hall C, including572

all elements of the beam dump. The transmission of573

particles through the shielding materials was calculated574

as a function of the material thickness and the angle rel-575

ative to the beam direction.576

A limitation of the radiation studies is the lack of577

cross section data for low-energy neutrons. The accu-578

racy of the GEANT simulations was tested by bench-579

mark calculations using the MCNP code [32] with an580

isotropic neutron point source of 1 MeV located 1 m581

from the shield wall. The MCNP calculations sug-582

gest that 50 cm of concrete thermalizes most of the fast583

neutrons, and after 1 m practically no epithermal neu-584

trons remain. The thermalized neutrons can be captured585

by a 1 cm Boron layer. In reality, however, the neu-586
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Concrete
Shielding
Wall on Floor
of the Hall

100cm Plascrete
5cm Boron equivalent
5cm Lead

90cm Plascrete
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50cm Plascrete
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0.23cm Lead

63.5cm Plascrete
0.23cm Boron equivalent
0.23cm Lead

Roof:
50cm Plascrete
0.23cm Boron equivalent
0.23cm Lead

Floor:
70cm Plascrete
0.23cm Boron equivalent
0.23cm Lead

“Plascrete”=Plastic-loadedConcrete
“5cmBoronequivalent”=

20cmofB4C-loadedConcrete

Rear-opening Cover:
0.23cm Boron equivalent
0.23cm Lead

“0.23cmBoronequivalent”=
1cmofB4C-loadedEpoxy

Figure 18: Plan View of the SHMS Shield House showing the layout, thickness, and composition of the walls.

tron spectrum also includes higher energy neutrons, for587

instance produced by electrons interacting in the con-588

crete, and thus the actual amount of material for the589

walls exposed to the primary sources of radiation has590

to be thicker. A simple transmission calculation using591

GEANT4 for incident neutron beams of energies be-592

tween 1 and 10 MeV suggests that a thickness 150 cm of593

concrete is sufficient to stop the majority of low-energy594

neutrons.595

The SHMS shielding model is composed of standard596

concrete (ρ = 2.4 g/cm−1). The thickness of the wall in597

front of the detector and electronics rooms is 200 cm,598

to shield from the primary radiation source around the599

target. Figure 19 shows the surviving background flux600

for varying front wall concrete thicknesses. The results601

are normalized to the background flux in the HMS at602

20◦. This angle was chosen as experiments in Hall C603

have shown that electronics problems seem to domi-604

nate at lower angles. The simulation results suggest that605

200 cm of concrete reduces the total flux to half of the606

HMS at 20◦.607

Figure 20 shows the energy spectra for surviving pho-608

tons and neutrons with varying front wall thickness. In609

order to optimize the shielding, these secondary parti-610

cles have to be absorbed as well. Our assumption on ra-611

diation damage is that photons below 100 keV will not612

be a significant source of dislocations in the lattice of the613

electronics components, while neutrons will cause radi-614

ation damage down to thermal energies. Adding lead to615

the concrete wall reduces the photon flux significantly,616

but it does not help for neutrons. On the other hand,617

the boron reduces the flux of very low energy neutrons.618

Assuming that low energy photons and neutrons cause a619

significant fraction of the radiation damage, then adding620

the relevant material would be important.621

The thickness of the beam-side wall (shielding from622

an extended source, the beamline) is constrained by the623

clearance with the detector stack inside the enclosure624
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Neutron Type Energy Range

High Energy >100 MeV

Fast 100 keV-10 MeV

epithermal 0.1eV-100 keV

thermal 0.025 eV

TABLE IV: Classifications of neutron by their energy ranges.

20◦. This angle was chosen as recent experiments in Hall C have shown that electronics problems

seem to dominate at lower angles [15]. The simulation results suggest that 200cm of concrete

reduces the total flux to half of the HMS at 20◦.
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(a) The normalized rate vs. front wall thickness.

The rates are normalized to the HMS at 20◦.
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(b) The energy spectra for surviving photons and

neutrons with varying front wall thickness.

FIG. 5: The Hall C GEANT simulation, which includes walls, roof, floor, and beam line components, sug-

gests an optimal front shielding thickness of 2m. The right panel illustrates the outgoing particle spectrum,

which is soft (< 10 MeV). For all rate calculations the spectrum.

Figure 5(b) 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 significant 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 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 beamside wall (shielding from an extended source, the beamline) is

8

Figure 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◦.
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Figure 20: The outgoing particle spectrum, which is soft (< 10 MeV).

and the beamline at small angles. Conservatively as-625

suming a clearance of 5 cm between detector stack and626

the shield wall, the total concrete wall thickness is lim-627

ited to 105 cm. A 90 cm concrete wall combined with628

a 5 cm boron and 5 cm lead layer provides the optimal629

shielding configuration. Adding boron is not much dif-630

ferent from adding (or replacing) concrete, but in addi-631

tion it captures thermal neutrons.632

The majority of charged particles are stopped by the633

outer walls of the spectrometer shield house. An addi-634

tional source of radiation may be created from particles635

entering the enclosure through the magnets. In order to636

protect the electronics further, an intermediate wall was637

installed between the detector and electronics rooms.638

Figure 21 shows the normalized rate as the thickness of639

this intermediate wall is varied. This suggests that the640

optimal configuration is provided by a concrete thick-641

ness of 80–100 cm1. Further details on shielding con-642

figurations investigated and their optimization can be643

found in Ref. [30].644

Figure 21: The normalized rate versus the intermediate concrete wall
thickness.

The hydrogen-rich concrete walls function as a645

shield, an absorber, and a neutron moderator, and are646

thus placed on the outside of all faces of the shield647

house. On the other hand, the ordering of lead and boron648

to shield against the photon and neutron flux may, at first649

glance, not be obvious, and is discussed in detail below.650

1Note that a minimum wall thickness of 50 cm is needed to provide
support for the roof of the shield house
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The incoming photon flux has two components: ex-651

ternally produced photons and bremsstrahlung photons652

produced by electrons in the twenty radiation lengths of653

concrete. The simulations have shown that the outgoing654

photon spectrum is soft (<10 MeV). Placing a lead layer655

after the concrete is essential to suppress this low energy656

photon flux. The (γ, n) reaction in lead is not a problem.657

The threshold for the reaction is given by the neutron658

binding energy (∼ 8 MeV). At higher energies, the cross659

sections are in the mbarn range [33]. Even disregarding660

the low cross section, however, it is not clear that this661

reaction contributes to the irradiation of the electronics,662

because a high energy photon is replaced by a low en-663

ergy (but not thermal) neutron.664

The incoming neutron flux also has two components.665

Neutrons from excited nuclei will typically not exceed666

10 MeV. The other neutrons are produced through di-667

rect interactions with only one nucleon in the nucleus.668

These will have high energies, but the flux is low. As669

shown by the MCNP calculation, which has reliable low670

energy neutron cross sections, 0.5 m of concrete almost671

fully thermalizes 1 MeV neutrons. Thus, 2 m of con-672

crete should be sufficient to thermalize the first com-673

ponent. Some of these will be captured in the con-674

crete, but to eliminate the surviving thermal neutrons675

a layer of boron is needed. There are two relevant reac-676

tion channels: (n, γ) and (n, αγ). The former produces677

high energy photons, but the cross section is relatively678

small. The latter produces a 0.48 MeV photon for every679

captured neutron. The thermal cross section is about680

10 kbarn, and even at 1 MeV it is still in the barn range.681

The majority of neutrons can thus be expected to be cap-682

tured in a sufficiently thick boron layer. An optimal683

shielding configuration would also stop these photons684

produced in the capture. At 0.48 MeV, the photoelectric685

effect and Compton scattering contribute about equally686

to the attenuation in lead. Photons from the latter will687

also need to be absorbed.688

Thus, placing the lead in front of the boron layer has689

limited benefit. It will not affect the neutron flux, but690

will create an additional source of photons. The more691

lead one places after the boron, the more efficiently692

these photons will be suppressed. From the point of693

view of stopping bremsstrahlung photons, the order of694

boron and lead layers does not matter. Thus, all lead695

should be placed after the boron.696

Fig. 22 is a photograph showing the resulting multi-697

layered shielding in one of the SHMS shield house698

walls. The ceiling, floor, and other walls have simi-699

lar compositions but varying dimensions as shown in700

Fig. 18. Details about the development of custom701

concrete material containing boron can be found in702

Ref. [34].703

Figure 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 concrete704

walls to moderate and attenuate particles. Low energy705

(thermal) neutrons are absorbed in a boron layer inside706

the concrete. Low energy and 0.5 MeV capture photons707

are absorbed in lead. With this design, the rates at for-708

ward angles of 5.5◦ are estimated to be less than 70% of709

the design goal (HMS at 20◦) in the detector room and710

below 50% in the electronics room.711

3.3. Scintillator Trigger Hodoscopes712

The SHMS hodoscope system provides a clean trig-713

ger and trigger time information as well as the defi-714

nition of the detector package fiducial area, required715

for physics cross section measurements. The system is716

composed of four separate planes of detector paddles:717

S1X and S1Y located immediately after the second drift718

chamber and S2X and S2Y approximately 2.6 m away719

along the z direction. The S1X, S1Y, and S2X planes720

were built using thin scintillator paddles while S2Y uses721

quartz bars.722
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3.3.1. Design and Construction723

The overall dimensions and granularity of the three724

scintillator planes were driven by the Monte Carlo sim-725

ulations of the SHMS acceptance. The S1X and S1Y726

planes cover a 1000×980 mm2 area while the S2X plane727

covers 1100×1335 mm2. Further design constraints728

for this detector include high (≥ 99%) detection effi-729

ciency, position independent along the scintillator pad-730

dle; good time resolution (∼ 100 ps) and high rate ca-731

pability (∼ 1 MHz/cm). As the detector’s lifetime is732

assumed to be a decade or more stable, cost effective,733

readily available materials and readout chain were used.734

To meet the requirements listed above, the SHMS735

Hodoscope was built as a series of arrays (planes) of736

plastic scintillator paddles. The S1X and S1Y planes737

have 13 1000×80 mm paddles each, while the S2X738

plane has 14 1100×100 mm paddles. For each of the739

three scintillator planes the paddles were staggered by740

7 mm and overlapped by 5 mm. To minimize the impact741

of the scintillators on downstream detectors and also to742

ensure good timing resolution, the thickness of paddles743

was 5 mm.744

The scintillator material used was Rexon RP-408.745

The paddles were wrapped by the manufacturer with746

millipore paper, aluminum foil, and 2” wide electrical747

tape. The transition between the thin scintillator mate-748

rial and the photomultiplier (PMT) tubes used for read-749

out was done using a Lucite fishtail-shaped light guide.750

As the glued joint between the scintillator paddle and751

the light guide is rather fragile (5×80 and 5×100 mm752

joints) aluminum “splints” were used to reinforce it.753

The PMT to fishtail joint was originally wrapped with754

2” tape as well and light-leak tested; subsequently this755

wrapping was reinforced with TEFLON tape and a 3”756

heat-shrink sleeve.757

Each scintillator paddle is read at both ends by PMTs758

glued to the fishtail using optical glue (BC-600) match-759

ing the index of refraction of the Lucite. A combina-760

tion of Photonis XP 2262 and ET 9214B 2” tubes were761

used. Both models have 12-stage amplification and their762

maximum photocathode sensitivity is in the blue–green763

range. The typical gain is 3×107. Gains were measured764

as a function of high voltage during the construction and765

the whole hodoscope was gain matched in situ once in-766

stalled in SHMS.767

3.4. Quartz-bar Trigger Hodoscope768

The SHMS hodoscope quartz plane was designed to769

help with neutral background rejection in the 12 GeV770

high-rate environment. It operates on the principle of771

Cherenkov light production by electrically charged par-772

ticles. It is one of the four hodoscope planes that form773

the basic 3 out of 4 trigger in the SHMS. In what fol-774

lows the design and construction of this detector will be775

presented as well as its performance with electron beam776

in Hall C.777

3.4.1. Design and Construction778

Quartz bars of 2.5×5.5×125 cm3 dimensions with an779

index of refraction of 1.5 were chosen. The Cherenkov780

light produced by electrically charged particles is de-781

tected by UV-glass window PMTs (model ET9814WB)782

quartz window ET9814QB photomultiplier tubes opti-783

cally coupled to the quartz bars through RTV615 silicon784

rubber of 50 µm thickness. There are 16 bars in use in785

the hodoscope quartz plane are staggered so that there is786

an overlap between adjacent bars of 0.5 cm. The quartz787

plane frame allows for more bars to be added.788

3.5. Drift Chambers789

3.5.1. Design790

The SHMS horizontal drift chambers provide infor-791

mation to determine the trajectory of charged particles792

passing through the detector stack. The drift chamber793

package consists of two horizontal drift chambers sepa-794

rated by a distance of 1.1 m and oriented in the detector795

stack such that the sense wires planes are perpendicular796

to the central ray. Each chamber consists of a stack of797

six wire planes providing information on the track posi-798

tion along a single dimension in the plane of the wires799

and perpendicular to the wire orientations to better than800

250 µm. The perpendicular distance of the track relative801

to the wire is determined from the time of the signal802

produced by the ionization electrons as they drift from803

their production point to the wire in an electric field of804

approximately 3700 V/cm.805

The basic design and construction technique is based806

on that of previous successful chambers built for the807

Hall C 6 GeV program, which have been shown to reach808

the resolutions and particle rate specifications of the809

SHMS. The open layout design consists of a stack of810

alternating wire and cathode foil planes; each plane con-811

sisting of 1/8” thick printed circuit board (PCB). These812

are sandwiched between a pair of aluminum plates on813

the outside, which provide both the overall structural814

support and the precise alignment of each board via815

dowel pins at the corners. Just inside each pair of plates816

is a fiberglass board with the central area cut out and817

covered with a vacuum stretched film of aluminized818

Mylar, which provides the gas window. These are sealed819

to prevent gas leakage via an o-ring around the gas fit-820

ting through-hole on the inside of the plate.821

Each chamber consists of two identical half chambers822

separated by a fiberglass mid-plane, which also supports823
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Figure 23: Technical drawings of the PCBs for the X-plane (Left), U-plane (Middle), and K-plane (Right).
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Figure 24: (Left) Technical drawing of cathode (k-plane) PCB. (Right) Technical drawing of the two drift chambers mounted in the Aluminum
frame such that the scattered particles would enter the chamber from the left. The chambers are fixed to the frame by a bolt through the top tab on
the chamber plate which allows for fine adjustments to the pitch. The downstream chamber (DC2) is mounted in the reverse orientation from the
upstream chamber (DC1).

the amplifier discriminator cards required for the sense824

wire readout. To minimize the production costs, only825

two unique PCB types were designed: an X-plane with826

wires oriented horizontally (left panel of Figure 23), and827

a U-plane with wires oriented at +60◦ relative the X-828

plane (right panel of Figure 23). All other plane ori-829

entations are generated by rotations of these two basic830

board types. For instance, the boards are designed such831

that a rotation of 180◦ in-plane about an axis through832

the center of the board produces boards with wires of833

the same orientation, but shifted by 1/2 cell width, thus834

allowing the resolution of left/right ambiguities. Ro-835

tation of Figure 23 such that the top becomes the bot-836

tom produces the X’ and U’ orientations. The V and V’837

boards, with wire orientation of -60◦ relative to the X-838

plane, are produced by a rotation of the U and U’ boards839

of 180◦ into the page about a vertical axis though the840

center of the board. Each half chamber has three planes841

with the first half consisting of (U, U’, X) and the second842

half consisting of (X’, V’, V). The first chamber is ori-843

ented in the SHMS frame such that the board ordering844

as seen by particle traversing the spectrometer is (U, U’,845
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X, X’, V’, V), while for the second chamber the order-846

ing is reversed (V, V’, X’, X, U’, U). A drawing showing847

the chambers mounted in the frame is presented in Fig-848

ure 24.849

The drift gas (50/50 mixture of Ethane/Argon in pro-850

duction mode) flows across each board through holes851

in the cathode planes (k-planes) alternating from top to852

bottom. A technical drawing of a k-plane is presented853

in Figure 23. The overall dimensions of the wire cham-854

bers are driven by the desired active area for particles at855

the focal plane of the SHMS; this has been set at 80 cm856

x 80 cm. The active area of each wire plane consists857

of alternating 20 µm diameter gold tungsten sense wires858

and 80 µm diameter copper plated beryllium field wires859

separated by 0.5 cm. Each wire plane is sandwiched be-860

tween a pair of cathode planes with the cathode surfaces861

consisting of 5 mil thick stretched foils of copper plated862

Kapton.863

3.5.2. Calibration864

As charged particles traverse the drift chambers and
ionize the gas, free electrons from the ionized gas drift
towards the sense wires in the chamber. This process
produces a measurable current signal in the sense wire,
this signal is pre-amplified and read out by 16-channel
input discriminators. The discriminators produce logic
signals that are sent to the TDC which registers the time
at which this signal arrives. This signal is utilised to de-
termine the drift time, the time taken for the free elec-
trons to drift to the sense wire, via

tD = (tmeas − tREF) − [(twire + tcable) − tREF] . (3)

In Eqn. 3, tmeas is the time recorded by the TDC and865

the term twire+tcable is the time it takes the signal to prop-866

agate across the sense wire, through the cable and into867

the TDC if the track were to pass directly through the868

sense wire. All of these times are measured relative to869

a common reference time, tREF . When combined with870

information about the position of wires in each cham-871

ber, this quantity can provide coarse track information.872

However, this can be further refined by converting the873

drift time to a drift distance. This is accomplished by874

utilising time-to-distance maps for the detector. The875

purpose of the drift chamber calibration procedure is to876

produce these per-plane look-up tables.877

A single cell2 will see a uniform distribution of events878

through it. For a collection of events illuminating all879

cells in any given wire plane, a drift time distribution880

2A 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

can be obtained. This distribution can be averaged over881

an entire group (up to 16 wires per discriminator card)882

or over the entire plane. Associated with each drift time883

distribution is a time, t0, which corresponds to the time884

at which ionized particles come into contact with the885

wire. If this value is non-zero, this is the value by which886

all drift times must be shifted in order to assure that t0 =887

0 ns. All subsequent times in each spectra are measured888

relative to this time. To determine t0 for a plane, the889

weighted average of all t0 wire values in that plane is890

utilised.891

From the drift time spectra, F(t), the drift distance,
D(t), spectra can be determined via

D(t) = DMax

∫ t
t0

F(t)dt∫ tMax

t F(t)dt
(4)

where DMax is the maximum possible drift distance
(0.5 cm, half a cell), tMax is the maximum drift time
and t is the measured drift time. Note that D(t0) = 0 cm
and D(tmax) = 0.5 cm. Due to the finite resolution of the
TDC, the integrals in Eqn. 4 become sums over finite
bin widths and Eqn. 4 can be re-written as

1
NTot

bin(t0+T )∑
bin(t0)

F(t), (5)

which is simply a ratio of the sum of bin contents (up to892

some drift time, T ) over all bin contents (up to a maxi-893

mum, tmax), Ntot. The results of the calibration are per-894

plane look up tables which utilise this ratio to map any895

given drift time to a drift distance for that plane. When896

properly calibrated, this should result in a flat, uniform897

distribution of drift distances for each chamber. An ex-898

ample drift distance spectra, showing the pre and post899

calibration distributions can be seen in Fig. 25.900

3.6. Heavy-Gas Cherenkov Counter901

3.6.1. Design902

The SHMS Heavy-Gas Cherenkov detector (HGC) is903

a threshold-type Cherenkov detector, designed to sepa-904

rate charged π and K over most of the SHMS operating905

momentum range, 3–11 GeV/c. C4F10 radiator gas at906

1 atm, with an index of refraction of n=1.00143 at stan-907

dard temperature [35], allows π± to produce abundant908

Cherenkov light above 3 GeV/c momentum, while K±909

remain below Cherenkov threshold until about 7 GeV/c.910

Optimal π/K separation at higher momenta requires911

a reduction in the gas pressure, down to 0.3 atm at912

11 GeV/c.913

A schematic view of the detector is shown in Fig. 26.914

The SHMS focal plane is subtended by four 55×60 cm915
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Figure 25: Example drift distance distributions for the SHMS drift
chambers before (blue) and after (red) a successful calibration.

0.3 cm thick glass mirrors, which reflect the Cherenkov916

radiation to four Hamamatsu R1584 12.5 cm diameter917

photomultiplier tubes located above and below the par-918

ticle envelope. The mirrors and gas are enclosed in a919

cylindrical aluminum tank of 164.9 cm inner diameter920

and 113.5 cm length, with entrance and exit windows of921

hydroformed 0.102 cm thickness 2024 T-4 aluminum al-922

loy [36]. The vessel is sufficiently strong to be pumped923

to vacuum before introducing the radiator gas, avoid-924

ing the need to purge when filling. A unique aspect925

of the detector is the placement of the photomultipliers926

outside the gas envelope, viewing the enclosure through927

1.00 cm thick Corning 7980 quartz windows. This al-928

lows the gas enclosure to be smaller in diameter than929

would otherwise be possible, as the full length of the930

PMT and base no longer need to be fully within the di-931

ameter of the vessel. It also makes the PMTs available932

for servicing without venting the gas.933

The mirrors are inexpensive, having been produced934

by the slumping process [37]. As a result, they devi-935

ate from the desired 110 cm radius of curvature with936

a slightly oblate shape [38]. However, the Cherenkov937

cone on the mirrors for 3-7 GeV/c π± in C4F10 is 7-938

10 cm in diameter, so optical quality mirrors are not939

required for this application. The UV wavelength char-940

acteristics of the respective optical components are rel-941

atively well matched. C4F10 has good transmittance942

down to ∼160 nm [35]. The quartz viewing windows943

provide >88% transmission down to 200 nm, including944

the ∼10% loss due to surface reflection [39], and the945

optical glass face PMTs have 70% of their peak quan-946

tum efficiency at 200 nm (peak at 350 nm) [40]. Accord-947

ingly, the mirror reflectivity was optimized for >90% at948

270 nm, and 75% at 200 nm [41].949

The mirrors are arranged in a 2×2 array, with two mir-950

Figure 26: 3D-CAD rendering of the Heavy Gas Cherenkov Detector.

rors directing the light to two upper PMTs and the other951

two directing it to lower PMTs. Because the mirrors are952

curved in both the horizontal and vertical directions, it953

is necessary to stagger the mirrors along the tank z-axis954

to avoid dead areas. The upper left and right mirrors955

are the most forwards, with the lower left and right be-956

ing behind. The mirrors overlap slightly to give good957

x−y coverage. The geometry near the center of the tank,958

where the mirrors make their closest approach, is com-959

plicated, and some shadowing for certain Cherenkov960

light trajectories is unavoidable. This leads to a small961

region of lower detection efficiency at the center of the962

tank. This is further discussed in Sec. 6.3.3963

Each mirror is clamped individually along its two964

outer edges and is held in place by 3 flexible three-point965

mounts extending from the tank to the mirror clamps.966

This allows each mirror to be optically aligned in 3 di-967

mensions separately from the others. The mirror posi-968

tions were fine-tuned with the use of an LED-light array969

clamped to the front of the tank (the “Christmas tree”).970

The reflected light from each LED onto the PMT po-971

sitions was compared to predictions of a Geant4 simu-972

lation and adjustments made until they came into close973

agreement.974

3.6.2. Calibration975

The goal of the SHMS HGC calibration procedure976

is to generate an accurate translation from raw FADC977

channels (or charge in pC) to the number of photo-978

electrons emitted from the cathode surface of the PMT979
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Figure 27: The isolated 1 (dashed black) and 2 (dotted green) photo-
electron peaks for the lower right PMT #2, and their sum (solid red),
obtained by selecting adjacent mirror light from the upper right quad-
rant #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.

Figure 28: 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) pro-
vide 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.

(NPE). This is achieved by isolating the single photo-980

electron (SPE) peak, yielding a calibration, and then981

verified by examining the regular spacing of the first few982

photoelectron contributions in the ADC spectrum.983

To isolate the SPE peak, tracking cuts are applied984

to the data to analyze what each PMT detected from985

charged particles traversing each mirror quadrant. As a986

charged particle passes through a mirror quadrant, the987

produced Cherenkov cone allows some light to be inci-988

dent on adjacent mirrors. As each mirror is focused on989

a single PMT, one PMT will receive most of the pro-990

duced light while the other three “off-axis” PMTs re-991

ceive much smaller amounts. This small signal on the992

3 “off-axis” PMTs allows the SPE peak to be measured,993

yielding a reliable calibration. To select this adjacent994

mirror light, cuts (based on the physical dimensions of995

the mirrors) are placed on the tracked coordinates of the996

charged particles, extrapolated to the HGC mirror plane,997

xHGC = xFocal Plane + x′Focal Plane · zHGC (6)
yHGC = yFocal Plane + y′Focal Plane · zHGC, (7)

where zHGC = 156.27 cm is the distance from the fo-998

cal plane to the HGC mirror plane. The coordinate axis999

for the HGC is the convention used in charged particle1000

transport in dispersive magnetic systems. The x-axis is1001

the direction of increasing particle momentum, the z-1002

axis is the direction of particle travel through the spec-1003

trometer, and the y-axis is deduced from z × x. Addi-1004

tionally, timing cuts are applied to the HGC data, col-1005

lected using the high resolution pulse time setting in the1006

FADC250’s FPGA. The time measured corresponds to1007

the time it takes a pulse to reach half of its maximum1008

amplitude after passing a pedestal threshold of 5 mV.1009

Lastly, a cut on particle velocity, β, is also applied, ob-1010

tained from the tracking algorithm.1011

An example of a completed calibration is shown1012

in Figs. 27, 28. For this run, the HGC was filled1013

with C4F10 at 1 atm, and the SHMS central momentum1014

was 2.583 GeV/c, with polarity set to detect positively-1015

charged particles. Cherenkov radiation is produced by1016

π+ traversing the HGC with momentum > 2.598 GeV/c.1017

This can occur only for δ > +0.5%, which corresponds1018

roughly to the bottom half of the HGC. Subthreshold π+
1019

with δ < +0.5%, as well as K+ and p, may produce low-1020

level light in the HGC via knock-on electron emission1021

and scintillation in the radiator gas. The adjacent mir-1022

ror cuts described above produce a clear SPE peak in1023

Fig. 27, which provides the main source of calibration1024

information.1025

A histogram of light collected in one PMT from all1026

four mirrors is shown in Fig. 28, where the average1027

number of photo electrons detected per event is higher1028

due to the more intense light from the closest mirror. In1029

this figure, the spectrum is fit with a sum of four Gaus-1030

sian and two Poisson distributions, shown by the solid1031

red line.1032

An inherent systematic uncertainty is present in the1033

HGC calibration due to statistical errors in determining1034

the location of the SPE peak in the various mirror quad-1035

rants. This uncertainty was quantified by recording the1036

locations of the SPE across several runs, for the different1037

adjacent mirror combinations for each PMT, as well as1038

by varying the contribution of the higher PE tail extend-1039

ing underneath the SPE peak, as in Figs. 27, 28. The1040
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systematic uncertainty in the calibration is taken to be1041

the root mean square of this set of values, giving ±1.5%.1042

It should be noted this uncertainty is somewhat larger1043

than the statistical uncertainty of the SPE peak, which1044

is typically 0.2 to 0.6%.1045

3.6.3. Gain Matching1046

0.5 1 1.5 2 2.5 3 3.5 4 4.5
 PMT Number

0

10

20

30

40

50

60

70

80

 P
ul

se
 In

te
gr

al
 / 

0.
04

 p
C

0

100

200

300

400

500

600

SHMS Heavy Gas Cherenkov Good Pulse Integral vs. PMT Number

Figure 29: Demonstration of gain matching between PMTs by the
alignment of the single photoelectron, indicated by the yellow band
about 6.825 pC. The horizontal axis refers to PMT number, the verti-
cal axis to Pulse Integral in bins of 0.04 pC. The color axis represents
the number of events filling each bin.

To ensure each PMT has a similar response to in-1047

cident light, the voltages of each PMT were adjusted1048

to obtain accurate gain matching. This can be seen in1049

Fig. 29 by the alignment of the SPE at approximately1050

6.825 pC, represented by the common band across all1051

four PMTs at that value. Additionally, the gain of each1052

PMT was tested by the manufacturer, Hamamatsu, and1053

at Jefferson Lab. The results of each test are shown in1054

Table 3. The Hamamatsu data were taken directly at1055

2000 V in a highly controlled environment, thus lead-1056

ing to small uncertainty in the gain which was not1057

quoted. The Jefferson Lab measurement were also taken1058

at 2000 V, but taken in an experimental environment.1059

This gives rise to an uncertainty in the JLab gain data1060

on the order of 1%, larger than the Hamamatsu data.1061

PMT JLab Gain Hamamatsu Gain
PMT 1 (2.79 ± 0.01) × 107 0.969 × 107

PMT 2 (6.55 ± 0.04) × 107 3.60 × 107

PMT 3 (7.12 ± 0.05) × 107 5.79 × 107

PMT 4 (5.35 ± 0.04) × 107 3.20 × 107

Table 3: Gain characteristics for the PMTs in the HGC. Two mea-
surements were performed, 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.

3.7. Noble-Gas Cherenkov Counter1062

3.7.1. Design1063

Analyzing momenta up to 11 GeV/c at scattering an-1064

gles from 5.5◦ to 40.0◦, the SHMS will reach kine-1065

matic regions in which the pion background rate dom-1066

inates the scattered electron rate by more than 1000:1.1067

The suppression of these anticipated pion backgrounds1068

while maintaining efficient identification of electrons is1069

therefore one of the main duties of the SHMS detec-1070

tor elements and the SHMS Noble Gas Cherenkov De-1071

tector shoulders a large portion of this particle identi-1072

fication burden. The design of the noble gas threshold1073

Cherenkov detector is such that it will meet these twin1074

goals of suppression and identification. The main goal1075

of the detector is to distinguish between electrons and1076

pions with momenta between 6 GeV/c and 11 GeV/c.1077

Operating at 1 atm it will use a mixture of argon and1078

neon as the radiator: pure argon with an index of refrac-1079

tion n=1.00028201 at a SHMS momenta of 6 GeV/c and1080

pure neon with an index of refraction n=1.000066102 at1081

11 GeV/c and a mixture of argon and neon at intermedi-1082

ate momenta.1083

The SHMS NGC design was restricted by the avail-1084

able space and the need to have good discrimination at1085

the highest momenta. The number of photoelectrons is1086

maximized in this design by the use of quartz window1087

PMTs and mirrors with excellent reflectivity well into1088

the UV.1089

The NGC consists of the four main elements: 1) a1090

light tight box with thin entrance and exit windows de-1091

signed to operate at 1 atm; 2) four spherical mirrors held1092

in a rigid frame; 3) four 5 inch quartz window photo-1093

multipliers (PMTs) and 4) the radiator gas.1094

The tank was fabricated with an internal rigid alu-1095

minum t-slot frame and thin aluminum walls welded to-1096

gether and has an active length of 2 m along the beam1097

direction and approximately 90 cm perpendicular to the1098

beam direction. The main access is provided through a1099

large ‘door’, and four small panels provide modest ac-1100

cess to the PMTs. The tank has feedthroughs for gas1101

management as well as for HV and signal cables. The1102

interior was painted with a black flat paint to prevent the1103

reflection of light from cosmic rays or hall background.1104

Thin entrance and exit windows made of two layers of 21105

mils of the Dupont product Tedlar (CH2CHCl)n are also1106

present. The PMTs were positioned outside the active1107

area of the scattered particles, achieved by a 15◦ tilt of1108

the mirrors.1109

Four spherical thin glass mirrors of radius 135 cm,1110

square in shape with edges of 43 cm focus the1111

Cherenkov light onto the PMTs. The glass blanks were1112
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Figure 30: Sketch of the NGC tank. This view is possible as one panel
is removed. Note the PMT mounting system is different than shown
here.

manufactured by Rayotek Scientific [42] from borosil-1113

icate glass of 3 mm thickness by slumping over a pol-1114

ished steel mold and then cutting to dimensions. Simu-1115

lations showed a reduction of collection efficiency due1116

to incoming photon losses at the exposed edges of the1117

mirror. As such, the edges were bevelled away from the1118

active surface to minimize scattering from these edges.1119

The final batch of the glass blanks was shipped to1120

Apex Metrology Solutions of Fort Wayne for coordi-1121

nate measuring machine shape scanning measurements.1122

Apex’s measurements were performed on a grid of 18061123

points. The data were fitted with spherical, conical and1124

elliptical fit functions for each mirror. Though the el-1125

liptical fit described the surface slightly better than the1126

spherical fit, the updated simulation with the real mea-1127

sured parameters showed almost no difference in the1128

collection efficiency between the two. In addition, the1129

same fitting was performed for 5 selected locations on1130

the mirror: entire mirror, the center, and 4 quadrants.1131

Based on the spherical fit results “best” mirrors and1132

“best” corners for each mirror were identified. The 41133

mirrors come together and overlap at the center of the1134

acceptance where a majority of the scattered electrons1135

are focused. Care was then made to select among the1136

best 4 glass pieces their best corners so as to be in the1137

overlap region. The radii of the 4 best pieces of glass,1138

from fitting, was found to never vary by more than 2 cm1139

from the contracted value of 135 cm in fit areas de-1140

scribed above.1141

The blanks were coated by the Thin Film and Glass1142

Figure 31: 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%.

Service of the Detector Technologies Group at CERN1143

[43]. The reflectivity was also measured at CERN and1144

found to be excellent well into the UV (Fig. 31).1145

Like the HGC, the four mirrors are arranged in a 2 by1146

2 array with a small overlap in the center, providing full1147

coverage over the active area. In order to accomplish1148

this without mechanical interference, the mirrors were1149

staggered at slightly different along the tank z-axis. The1150

mirrors were mounted in a monolithic frame installed as1151

single unit (see Figure 32), and are tilted at 15◦ off the1152

z-axis to place the PMTs to be outside the active area.1153

Figure 32: Frame with mirrors about to be moved into tank.

The four PMTs are 14 stage 5” quartz window1154

PMTs manufactured by Electron Tubes Enterprises1155

[44], model 9823QKB04. The tubes are surrounded by1156

a mu-metal shield and the HV is distributed to the stages1157

by a positive base. The 9823QKB04 has a quantum effi-1158

ciency above 5% at 150 nm and 30% at 350 nm as seen1159
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in Figure 33.1160
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Figure 33: Quantum efficiency of Electron Tubes Enterprises model
9823QKB04 - light blue curve, labeled “Q”.

3.7.2. Calibration1161

As with the HGC (see Sec. 3.6.2), the goal of the1162

NGC calibration procedure is to generate an accurate1163

transformation from raw FADC channels to the number1164

of photoelectrons (NPE) emitted from the cathode sur-1165

face of the PMT. The NGC calibration method can be1166

broken down into three key steps:1167

1. Selecting an appropriate data set.1168

2. Selection cuts to identify a clean electron sample1169

for each PMT.1170

3. Using the clean electron sample to fit the pulse in-1171

tegral distribution for each PMT. This is used to1172

determine the calibration constants.1173

Selecting an appropriate data set. The NGC calibra-1174

tion requires electron events in the SHMS. Any data set1175

with the SHMS running with negative polarity can in1176

theory be utilised for calibrations. However, for best re-1177

sults, a data sample with an even distribution of events1178

across all PMTs in the NGC should be utilised. Ad-1179

ditionally, the data set should contain on the order of1180

∼ 106 events or more.1181

Selection Cuts. To obtain a clean electron sample from1182

the data, several selection cuts are applied to the data.1183

Cuts are applied on:1184

• −10 6 δ 6 20, a nominal acceptance cut, remov-1185

ing events outside this range.1186

• 0.7 6 ETotTrackNorm 6 2.0, a calorimeter based1187

PID cut using the normalized calorimeter energy1188

to remove pion/hadron background events.1189

• NGC multiplicity and position cuts. These are1190

used to select events where the majority of the1191

Cherenkov light was deposited in a single PMT.1192

After selection cuts, the PMTs can be calibrated.1193

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

f (x) = A
λ
µ

x
µ e−

λ
µ

Γ
(

x
µ

+ 1
) , (8)

where A is a normalization factor to account for the1194

number of events in the dataset being fit, λ is the mean1195

NPE emitted from the photocathode of the PMT for an1196

event above the Cherenkov threshold, and µ is the cal-1197

ibration constant which relates the pulse integral to the1198

corresponding NPE emitted from the photocathode of1199

the PMT. This value is determined for each PMT. An1200

example pulse integral distribution and the associated1201

fit can be seen in Fig. 34.1202

Figure 34: A sample pulse integral distribution fitted with the function
described by Eqn. 8 shown in red.

The NGC PMTs were also gain matched in a similar1203

manner to the HGC. Refer to Sec. 3.6.3 for details on1204

this procedure.1205

3.8. Aerogel Cherenkov Counter1206

3.8.1. General Design Overview1207

The detector design is summarized in Fig. 35 which1208

shows a photograph of the aerogel counter installed1209

downstream of the cylindrical HGC in the SHMS de-1210

tector stack. The detector consists of two main com-1211

ponents: a tray which holds the aerogel material, and a1212

light diffusion box with photomultiplier tubes (PMTs)1213

for light readout. Four identical trays for aerogel of1214

nominal refractive indices of 1.030, 1.020, 1.015 and1215

1.011 were constructed. The design allows for easy de-1216

tector assembly and replacement of the aerogel trays.1217
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Using up to 9 cm aerogel thickness in the trays, the total1218

depth of the detector is 24.5 cm along the optical axis of1219

the SHMS. A detailed discussion of the detector, char-1220

acterization of its components, and performance tests1221

can be found in Refs. [45, 46].1222

Figure 35: Photograph of the aerogel Cherenkov detector (“CUA”
printed on the side of the radiator tray) installed in the SHMS detector
stack. To its right is the Heavy Gas Cherenkov. On the left can be
seen the edge of the S2X and S2Y hodoscope arrays.

Table 4: Threshold momenta PTh in GeV/c for Cherenkov radiation
for charged muons, pions, kaons, and protons in aerogel of four re-
fractive indices ranging from n=1.011 to 1.030.

Particle PTh PTh PTh PTh

n=1.030 n=1.020 n=1.015 n=1.011
µ 0.428 0.526 0.608 0.711
π 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

The diffusion box is made of the aluminum alloy1223

6061-T6. The side panels are constructed of ∼2.5 cm1224

(1-inch) plates. The back cover is ∼1 mm (1/16”) thick.1225

The inner dimensions of the box are ∼ 103 × 113 ×1226

17.3 cm3 (40.5” × 44.5” ×6.82”). To optimize light col-1227

lection the inner surface of the diffusion box is lined1228

with either 3 mm (covering ∼60% of the surface) or1229

1 mm (remaining ∼40% of the surface) thick GORE re-1230

flector material [47]. This material has a reflectivity of1231

about 99% over the entire spectrum.1232

The light collection is handled by 5”diameter photo-1233

multiplier tubes (XP4500). The 5.56” (14.1 cm) diame-1234

ter cylindrical housings holding the PMTs are mounted1235

upon 14 waterjet cut circular openings on the left and1236

right (long) sides of the diffusion box, with minimum1237

spacing of 14.92 cm (5.875”) between the centers. The1238

PMTs are sealed into their housing using a light-tight1239

synthetic rubber material (Momentive RTV103 Black1240

Silicone Sealant) and the whole assembly is sealed1241

light-tight. The mechanical design includes six open-1242

ings on the top of the diffusion box, presently covered1243

with blanks, that can be used to increase the signal out-1244

put from the detector by about 30%, if needed.1245

The magnetic shielding for the PMTs consists of1246

13.5 cm (5.316”) diameter µ-metal cylinders, which1247

were constructed to end abreast with the PMT window.1248

The construction also features bucking coils that can be1249

installed on the PMTs, if excessive residual magnetic1250

fields appear to be present in the SHMS hut.1251

The aerogel trays are of the same transverse size as1252

the diffusion box but 11.3 cm (4.45”) deep. The front1253

cover of the trays is made of a 5 mm thick honeycomb1254

panel with an effective aluminum thickness of ∼1.3 mm1255

(0.050”). The inner surface of the SP-30 and SP-201256

aerogel trays is covered with 0.45 µm thick Millipore1257

paper membrane GSWP-0010 (Millipore) of reflectiv-1258

ity of about 96% [48]. Though Millipore is difficult to1259

handle, its chemical inertness makes it superior to re-1260

flective paints. For the two lower refractive index trays1261

(SP-15 and SP-11), in order to optimize light collection,1262

we used 1 mm thick GORE diffusive reflector material1263

(DRP-1.0-12x30-PSA) with reflectivity of about 99%.1264

For the Cherenkov radiator high transparency aero-1265

gels were used. The higher two of the refractive in-1266

dices (SP-30 and SP-20) were originally manufactured1267

by Matsushita Electric Works, Ltd. The lower two1268

indices (SP-15 and SP-11) were manufactured by the1269

Japanese Fine Ceramics Center. These tiles have dimen-1270

sions of approximately 11 cm by 11 cm by 1 cm. They1271

feature a waterproof coating that make them hydropho-1272

bic [49, 50]. This removes the need for baking (which1273

in fact would destroy the coating). Detailed studies of1274

the aerogel characteristics are presented in Ref. [45].1275

The trays were filled with aerogel tiles layer by layer.1276

In each layer the tiles were laid down flat and arranged1277

in a brick pattern to minimize holes in the radiator. To1278

fill gaps of less than the size of a full tile at the edges of1279
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the tray, the aerogel material was cut using a diamond1280

coated saw or razor depending on the refractive index of1281

the material. The aerogel radiator is on average ∼9 cm1282

thick (8 layers). The SP-30, SP-20 and SP-15 aerogel1283

trays were filled over their entire 110 cm x 100 cm area.1284

The SP-11 aerogel tray radiator covers only the active1285

area of 90 cm x 60 cm required by the experiments [51,1286

19, 17, 52, 13]. An inner frame has been designed to1287

arrange the aerogel tiles inside the active area of this1288

tray. The sides of this inner frame are made of carbon1289

fiber square tubes. This assembly allows future X-Y1290

repositioning of the inner frame inside the tray.1291

To protect the aerogel radiator from severe damage1292

in case of accidental flipping over of a tray during in-1293

stallation, a net of thin stainless steel wires is installed1294

in close proximity to the aerogel surface. This is a tech-1295

nique previously tested in aerogel detectors at JLab [53].1296

The wires form an interweaving grid by running be-1297

tween stainless steel screws on the sides of the box.1298

Small springs attached to the ends of wires provide nec-1299

essary tension.1300

An aerogel tray attaches to the diffusion box by1301

means of bolting through flanges surrounding both1302

boxes. A round O-ring running in a shallow groove1303

along the diffusion box sides ensures a light tight con-1304

nection. The entire detector is designed so that it can be1305

removed from the sliding detector stand that positions1306

the detector into the SHMS detector stack.1307

3.8.2. Performance aspects1308

The light collection performance of the detector was1309

tested with cosmic rays and electron beam. The detec-1310

tor signal shows good uniformity along the vertical (Y)1311

coordinate of the detector surface, but has a significant1312

dependence in the horizontal (X) direction. Possible op-1313

timization of this include a variable threshold and an op-1314

timized selection of the PMTs installed on the right and1315

left side of the detector. The response of the detector to1316

particles is shown in Fig. 36.1317

The mean number of photo-electrons in saturation1318

for the tray filled with n=1.030 (n=1.020) refractive in-1319

dex aerogel is ∼10 (∼8), which is close to expectation1320

from Monte Carlo simulation. For the trays filled with1321

n=1.015 and n=1.011 refractive index aerogel, high1322

numbers of photoelectrons were obtained with the use1323

of higher reflectivity GORE material to cover the tray,1324

∼10 and ∼5.5 respectively. This result could be fully re-1325

produced by our Monte Carlo simulation by also assum-1326

ing the aerogel absorption length on the order of 220 cm.1327

3.8.3. Results from tests with beam1328

The performance of the detector was tested with1329

beam in Hall C. The detector signal showed good uni-1330

formity along the vertical direction, but significant de-1331

pendence in the horizontal direction. Possible optimiza-1332

tions to address this are discussed below. The mean1333

number of photoelectrons in saturation for a tray filled1334

with n=1.030 refractive index aerogel is 12 photoelec-1335

trons and 10 for the tray filled with n=1.015 refractive1336

index aerogel (see Fig. 36).1337

3.9. Preshower and Shower Counters1338

3.9.1. Preface1339

The approved experiments demand a suppression1340

of pion background for electron/hadron separation1341

of 1,000:1, with suppression in the electromagnetic1342

calorimeter alone on the level of 100:1. An experi-1343

ment to measure the pion form factor at the highest ac-1344

cessible Q2 at JLab with an 11 GeV beam requires a1345

strong suppression of electrons against negative pions1346

of a few 1,000:1, with a requirement on the electromag-1347

netic calorimeter of a 200:1 suppression.1348

Particle detection using electromagnetic calorimeters1349

is based on the production of electromagnetic showers1350

in a material. The total amount of the light radiated in1351

this case is proportional to the energy deposited by the1352

primary particle in the medium. Electrons (as well as1353

positrons and photons) will deposit their entire energy1354

in the calorimeter giving the ratio of of energy detected1355

in the calorimeter to particle energy of one.1356

Charged hadrons entering a calorimeter have a low1357

probability to interact and produce a shower, and may1358

pass through without interaction. In this case,they will1359

deposit a constant amount of energy in the calorime-1360

ter. However, they may undergo nuclear interactions in1361

the radiator (in our case lead-glass) and produce par-1362

ticle showers similar to the electron and positron in-1363

duced particle showers. Hadrons that interact inelasti-1364

cally near the front surface of the calorimeter and trans-1365

fer a sufficiently large fraction of their energy to neutral1366

pions will mimic electrons. The maximum attainable1367

electron/hadron rejection factor is limited mainly by the1368

cross section of such interactions.1369

In this section we describe details of construction1370

of the SHMS calorimeter. We present results of pre-1371

assembly component checkout, and performance from1372

experimental studies.1373

3.9.2. Construction1374

As a full absorption detector, the SHMS calorimeter1375

is situated at the very end of detector stack of the spec-1376

trometer [54]. The relatively large beam envelope of the1377
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Figure 36: Numbers of photoelectrons observed in the Aerogel Cherenkov.

SHMS dictated a design of a wide acceptance cover-1378

age. The general requirements for the SHMS calorime-1379

ter were:1380

• Effective area: ∼120 × 140 cm2.1381

• Total thickness: ∼20 rad. length.1382

• Dynamic range: 1.0 - 11.0 GeV/c.1383

• Energy resolution: ∼ 6%/
√

E, E in GeV.1384

• Pion rejection: ∼100:1 at P &1.5-2.0 GeV/c.1385

• Electron detection efficiency: > 98%.1386

The SHMS calorimeter consists of two parts (see1387

Fig. 37): a Preshower at the front of the calorimeter,1388

for additional PID, and the main part, the Shower, at the1389

rear for full calorimetry.1390

An optimal and cost-effective choice was found by1391

using available modules from the HERMES calorime-1392

ter for the Shower part, and modules from the Hall C de-1393

commissioned SOS calorimeter for the Preshower. With1394

this choice, the Shower is 18.2 radiation lengths deep1395

and almost entirely absorbs showers from ∼10 GeV1396

electromagnetic projectiles, and the Preshower is 3.6 ra-1397

diation lengths thick.1398

The SHMS Preshower radiator consists of a layer of1399

28 TF-1 type lead glass blocks stacked in two columns1400

in an aluminum enclosure (not shown in Fig. 37). 281401

PMT assemblies, one per block, are attached to the left1402

Figure 37: A sketch of SHMS calorimeter. Shown are Preshower (on
the left) and Shower parts. Support structures are omitted.

and right sides of the enclosure. The Shower part con-1403

sists of 224 F-101 type lead glass modules stacked in a1404

“fly’s eye” configuration of 14 columns and 16 rows.1405

All blocks of the Preshower were produced between1406

1985-1990 by a Russian factory in Lytkarino [55],1407

whose products were well known for their good optical1408

quality. The effective area of detector (120×130 cm2)1409

covers the beam envelope at the calorimeter.1410

The Preshower enclosure adds little to the material1411

in the path of particles. On the front and back are a 2”1412

honeycomb plate and a 1 mm sheet of aluminum respec-1413
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tively, which add up to only 1.7% of a radiation length.1414

The optical insulation of the 10 cm× 10 cm× 70 cm TF-1415

1 blocks in the Preshower is optimized to minimize the1416

dead material between them, without compromising the1417

light tightness. First, the blocks are loosely wrapped in1418

a single layer of 50 µm thick reflective aluminized My-1419

lar film, with the Mylar layer facing the block surface.1420

Then, every other block is wrapped with a 10 cm wide1421

strip of 50 µm thick black Tedlar film, to cover its top,1422

bottom, left and right sides except for the circular open-1423

ings for the PMT attachments. Looking at the face of1424

the detector, the wrapped and unwrapped blocks are ar-1425

ranged in a checkerboard pattern. Insulation of the re-1426

maining front and back sides of the blocks are provided1427

by facing inner surfaces of the front and rear plates of1428

the enclosure, also covered with Tedlar. In addition, a1429

layer of Tedlar separates the left and the right columns.1430

The PMT assembly tubes are screwed into 90 mm di-1431

ameter circular openings on both sides of the enclosure.1432

The spacing of the openings matches the height of the1433

blocks, so that a PMT faces to each of the blocks. The1434

3” XP3462B PMTs are optically coupled to the blocks1435

using ND-703 type Bicron grease of refractive index1436

1.46.1437

The Shower radiator is an optically isolated 8.9 ×1438

8.9 × 50 cm3 block of F-101 lead-glass, which is sim-1439

ilar to TF-1 in physical parameters. The typical density1440

of F-101 type lead-glass is 3.86 g/cm3, radiation length1441

2.78 cm, and a refractive index of ∼1.65. Results of TF-1442

1 and F-101 type lead-glass blocks transmittance mea-1443

surements are presented in Ref. [54]. Each F-101 block1444

is coupled to a 3” Photonis XP3461 PMT, with green ex-1445

tended bialkali photocathode, of the same sizes and in-1446

ternal structure as the XP3462B in the Preshower. Typ-1447

ical quantum efficiency of the photocathode is ∼ 30%1448

for λ ∼400 nm light, and the gain is ∼ 106 at ∼1500 V.1449

Silgard-184 silicone glue of refractive index 1.41 is1450

used for optical coupling of the PMTs to the lead-glass1451

blocks. A 1.5 mm thick µ-metal sheet and two layers of1452

Teflon foil are used for magnetic shielding and electrical1453

insulation of the PMTs. The blocks are wrapped with1454

50 µm aluminized Mylar and 125 µm black Tedlar pa-1455

per for optical insulation. A surrounding aluminum tube1456

which houses the µ-metal, is fixed to a flange, which1457

is glued to the surface of the lead-glass. The flange is1458

made of titanium, which matches the thermal expansion1459

coefficient of F-101 lead-glass [56].1460

Beyond simple repairs, no adjustments have been1461

made to the original HERMES construction of the mod-1462

ules for re-use in the SHMS calorimeter. As both the1463

TF-1 and F-101 lead-glass blocks have been in use for1464

more than 14 years under conditions of high luminos-1465

ity, there was concern about possible radiation degra-1466

dation of the blocks and the PMTs. The changes in1467

transparency of TF-1 and F-101 type lead-glass radia-1468

tors have been studied. The estimated radiation dose for1469

the used blocks was about 2 krad. For several samples1470

of F-101 and TF-1 type blocks, the light transmittance1471

has been measured before and after 5 days of curing1472

with UV light (of wavelength λ=200-400 nm). No no-1473

table degradation in transmittance was found for the TF-1474

1 type blocks taken from the SOS calorimeter and F-1011475

blocks taken from the HERMES detector.1476

The gain and relative quantum efficiencies for1477

randomly selected PMTs from the SOS calorimeter1478

(XP3462B) and from the HERMES detector (XP3461)1479

have been measured to check possible degradation ef-1480

fects in the PMTs. A ∼10–15% systematic decrease in1481

quantum efficiency was noticed.1482

3.9.3. Photomultiplier tube selection and studies1483

The SHMS Preshower inherited PMTs from the re-1484

tired SOS calorimeter. The choice of XP3462B PMT1485

for Hall C calorimeters was made in 1994 after stud-1486

ies of several other 3” and 3.5” photomultiplier tubes1487

on the matter of having good linearity, photocathode1488

uniformity, high quantum efficiency, and good timing1489

properties. Gain variations with HV and dark currents1490

were also measured [57]. For samples of PMTs, the1491

photocathode uniformity and effective diameter have1492

been studied with a laser scanner. Following these1493

tests, as a time and cost effective solution, a 3” diame-1494

ter (≈68 mm) semitransparent bi-alkaline photocathode,1495

Photonis XP3462B PMTs were chosen for the equip-1496

ment of the JLab Hall C calorimeters. These 8-stage1497

PMTs have a linear focused cube dynode structure with1498

a peak quantum efficiency of ∼29% at 400 nm.1499

3.9.4. Studies on optical properties of TF-1 type lead1500

glass blocks1501

With its index of refraction ∼1.65, radiation length1502

2.74 cm and density of 3.86 g/cm3, TF-1 type lead glass1503

is well suited for serving as Cherenkov radiator in elec-1504

tromagnetic calorimeters. The fractional composition1505

consists primarily of PbO (51.2%), SiO2 (41.3%), K2O1506

(3.5%) and Na2O (3.5%).1507

The light transmittance of TF-1 type lead-glass1508

blocks for the SHMS Preshower was checked in 20081509

using a spectrophotometer from the JLab Detector1510

Group [58]. The wave-length was scanned from 200 nm1511

to 700 nm in steps of 10 nm. The blocks were oriented1512

transversely, and the light intensity passing through the1513

10 cm thickness was measured. The results were com-1514

pared with measurements from 1992, before assembling1515
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of calorimeters for the Hall C HMS/SOS spectrometers.1516

Reliability of the measurements was checked by mea-1517

suring spared, unused blocks and comparing again with1518

1992 data. From comparison of 1992 and 2008 data,1519

signs of marginal degradation has been noticed.1520

3.9.5. Choice and studies of PMT bases1521

The Preshower PMT high voltage base design is opti-1522

mized for the requirements of good linearity (better than1523

1%), high rate capability and a weak variation of PMT1524

gain with anode current [57].1525

A design, which is a purely resistive, high cur-1526

rent (2.3 mA at 1.5 kV), surface mounted divider1527

(∼ 0.640 MΩ), operating at negative HV was se-1528

lected. The relative fractions of the applied HV1529

between the dynodes (from cathode to anode) are:1530

3.12/1.50/1.25/1.25/1.50/1.75/2.00/2.75/2.75. The sup-1531

ply voltage for a gain of 106 is approximately 1750 V.1532

The PMT resistive base assembly is linear to within1533

∼ 2% up to the peak anode current of 120 µA (∼ 5×104
1534

pe). The dark current is typically less than 3 nA. The1535

base has anode and dynode output signals.1536

3.9.6. Monte Carlo simulations1537

Prior to construction, the designed calorimeter setup1538

was simulated in order to optimize the setup and get pre-1539

dictions for key characteristics. The simulations were1540

based on the GEANT4 package [59], release 9.2. As in1541

the simulations of the HMS calorimeter (see [54]), the1542

QGSP BERT physics list was chosen to model hadron1543

interactions [60]. The code closely followed the param-1544

eters of the detector components. Other features are1545

added into the model to make it more realistic, such as:1546

• Light attenuation length in the lead glasses and its1547

block to block variation according to our measure-1548

ments.1549

• PMT quantum efficiencies from the graphs pro-1550

vided by vendor.1551

• Passive material between the spectrometer focal1552

plane and the calorimeter.1553

• Sampling of incoming particles at the focal plane1554

of the spectrometer.1555

The Cherenkov light propagation and detection was1556

handled by a custom code, using an approximation of1557

strict rectangular geometry of the lead glass blocks with1558

perfectly polished surfaces. Light reflection and absorp-1559

tion by the Mylar wrapping was modeled via aluminum1560

complex refractive index, with Mylar support facing the1561

block, and a thin air gap between the wrapping and the1562

block. Both light passage to the PMT photocathode1563

through the optical grease and the PMT window, and1564

reflections from the block sides were modeled using the1565

approximation of thin dielectric layers ([61], p. 360).1566

The electronic effects, such as pedestal widths and chan-1567

nel to channel PMT gain variations, were assumed as for1568

the HMS calorimeter before the 12 GeV modifications.1569

The simulations revealed no flaws in the design con-1570

struction of the SHMS calorimeter, and performance1571

similar to other lead glass based calorimeters. The1572

studies indicated gain in pion suppression on the or-1573

der of several times from combining signals from1574

the Preshower with the total energy deposition in the1575

calorimeter.1576

3.9.7. Calorimeter Gain Matching1577

Gain matching of PMTs is important for uniformity1578

of performance of the calorimeter over the spectrome-1579

ter’s acceptance. Minimum ionizing particles (MIP’s)1580

were used for this purpose as their signals from the1581

calorimeter are nearly independent of the incident parti-1582

cle’s momentum.1583

MIP pion candidates for the Shower gain match-1584

ing were selected by requesting 4 PMT signals from1585

the Heavy Gas Cherenkov counter of less than 2 p.e.,1586

and the normalized deposited in the Preshower energies1587

close to the MIP peak value, within a range from 0.021588

to 0.15. In addition, the MIP dominance in the Shower1589

itself was ensured by selecting single hit events, when1590

only one module was fired. The resultant MIP peaks in1591

the ADC signal distributions were localized by Gaus-1592

sian fits (see Fig. 38).1593
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Figure 38: Distribution of ADC signals of a Shower module from
minimum ionizing pions. The red line is a Gaussian fit to the MIP
peak.
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As gain matching had to be achieved by adjustment1594

of high voltages on the PMT bases, knowledge of gain1595

variations versus supplied HV’s were needed. These1596

were obtained by measuring signals from MIP pions at1597

2 constant supply high voltages on all the Shower chan-1598

nels, at 1.4 kV and 1.5 kV (see Fig. 39). By assuming1599

gain dependence on supplied voltage in the form ∼Vα
1600

[40], the average exponent α was found to be 5.70 ±1601

0.01 for a set of ∼100 channels.1602
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Figure 39: Amplitudes of ADC signals from MIP pions in a set of
Shower channels, for supply voltages of 1.4 kV and 1.5 kV.

The gain matching was done in two ways. In the first1603

case, MIP signals from pions were used. From the ref-1604

erence run with supply voltages AREF = 1.4 kV in all the1605

Shower channels, MIP ADC signal amplitudes AREF(i)1606

were obtained, as described above. For a desired con-1607

stant signal amplitude AS ET = 1000 ADC channels, the1608

set voltages VS ET (i) were estimated via1609

VS ET (i) = VREF ·

(
AS ET

AREF(i)

)1/α

. (9)

In the second case, data from a run with negative po-
larity (electrons in the SHMS) were used. The SHMS
optics was set up at 3 GeV/c central momentum, in a de-
focused mode, which allowed for hitting and calibration
with electrons of more than 150 Shower modules. For
deposited energy E in a given module with signal ampli-
tude A, PMT gain g, and calibration constant c, the fol-
lowing holds: A ∼ g ·E, E = c ·A. Hence g ∼ Vα ∼ 1/c,
and for the chosen calibration constant cS ET one obtains

VS ET (i) = VREF ·

 c−1
S ET

c−1
REF(i)

1/α

. (10)

The HV settings from the second method, for cS ET1610

= 35 MeV/ADC ch are within the range from 1.2 kV to1611

1.6 kV, grouped around 1.4 kV (Fig. 40). A few settings1612

above the hard limit of 1.7 kV were forced to the limit.1613

The HV settings from the two methods are in correla-1614

tion.1615

Note that out of the SHMS acceptance, and hence not1616

gain matched, channels were left at nominal 1.4 kV high1617

voltages. Note also that the chosen voltages are conser-1618

vative, less than the HV settings at which modules had1619

been operated in the HERMES calorimeter.1620
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Figure 40: Gain matched high voltage settings for the Shower PMTs
(see text for details).

The amplitudes of ADC signals from MIP pions after1621

the gain matching are shown in Fig. 41. The majority of1622

amplitudes are grouped between 20 and 30 ADC chan-1623

nels. The spread in signals among hit channels is much1624

less than in the case of constant supply voltages (com-1625

pare with Fig. 39).1626
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Figure 41: Amplitudes of ADC signals from MIP pions in a set of
Shower channels after gain matching.

The Preshower detector was gain matched with cos-1627

mic rays prior to installation in the spectrometer. The1628

coincidence of signals from scintillator counters posi-1629

tioned above and below the detector served as a trigger.1630

The gain matching was adjusted after the installation,1631

again with cosmics but this time passing through the de-1632
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tector stack. Muons were identified as events of a single1633

track in the drift chambers and single hit module in the1634

Preshower. A new set of voltages were calculated based1635

on MIP peak positions and according to a formula sim-1636

ilar to Eqns 9, 10. The voltages span the range from1637

1.1 kV to 1.7 kV. The quality of gain matching was in-1638

sured by taking cosmic data with the new HV settings1639

(Fig. 42).1640
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Figure 42: Amplitudes of ADC signals from cosmic muons in the
Preshower channels after gain matching.

3.9.8. Calorimeter Calibration1641

The ability of particle identification of a calorimeter1642

is based on differences in the energy deposition from1643

different types of projectiles. The deposited energy is1644

obtained by converting the recorded ADC channel value1645

of each module into an equivalent energy.1646

The data analysis procedure corrects for the gain1647

differences in the process of calorimeter calibration.1648

Good electron events are selected by utilising the gas1649

Cherenkov detector(s). The standard calibration algo-1650

rithm [62] is based on minimization of the variance of1651

the estimated energy with respect to the calibration con-1652

stants, subject to the constraint that the estimate is un-1653

biased (relative to the primary energy). The momentum1654

of the primary electron is obtained from the tracking in1655

the magnetic field of the spectrometer.1656

The deposited energy per channel is estimated by

ei = ci × Ai, (11)

where i is the channel number, ci is the calibration con-
stant, Ai is the FADC pulse integral signal. Note that
the Preshower signals are corrected for the light atten-
uation dependence versus horizontal hit coordinate y.
The calorimeter calibration can be checked by compar-
ing the track momentum to the energy deposition in the
calorimeter. The ratio

Enorm =
PTrack

EDep
, (12)

is referred to as the normalized energy. For electrons,1657

ENorm should be equal to 1 as all energy should be de-1658

posited in the calorimeter. An example of the normal-1659

ized energy distribution for electron tracks can be seen1660

before and after a successful calibration in Figs. 43 and1661

44.1662

Figure 43: An electron sample (selected through Cherenkov PID) in
the calorimeter before calibration. The peak of the ENorm distribution
is clearly greater than 1 and is relatively wide.

Figure 44: An electron sample (selected through Cherenkov PID) in
the calorimeter after calibration. The peak of the ENorm distribution is
now much narrower and centered at 1 as expected for electrons.

In the calorimeter analysis code, hits on adjacent1663

blocks in the Preshower and in the Shower are grouped1664

into clusters. For each cluster, the deposited energy1665

and center of gravity are calculated. These clusters1666

are matched with tracks from the upstream detectors1667

if the distance from the track to cluster is less than a1668

predefined “slop” parameter (usually 7.5 cm). For the1669

Preshower, the distance is calculated in the vertical di-1670

rection.1671
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4. Trigger and Data Acquisition1672

The Hall C data acquisition (DAQ) system is de-1673

signed to meet the needs of a high luminosity, dual1674

spectrometer (SHMS + HMS) configuration, with the1675

capability of extracting polarization-dependent absolute1676

cross sections with precision at the 1% level or better.1677

JLab’s CODA data acquisition software [63] provides1678

a framework that ties together a distributed network of1679

read-out controllers (ROCs) controlling multiple crates1680

of digitization hardware, event builders to serialize the1681

data, and event recorder processes to write the data to1682

disk. It also provides a graphical control interface for1683

the users.1684

The Hall C DAQ system can run in dual-arm trigger1685

mode that requires a coincidence between both spec-1686

trometers, or each arm’s DAQ may be run entirely inde-1687

pendently of the other. Incorporating additional detector1688

systems into the standard two-arm design is also straight1689

forward. A high-level block diagram of trigger forma-1690

tion and readout for each spectrometer arm (SHMS or1691

HMS) is depicted in Fig. 45.1692

Figure 45: Block diagram of high-level trigger formation for SHMS
(and HMS). See Sec. 4.1 for details.

The hardware DAQ and trigger designs were strongly1693

influenced by the preceding 6 GeV HMS and SOS con-1694

figurations. This choice was made to provide a care-1695

ful and systematic migration from the very well under-1696

stood systematics of the 6 GeV system while incorporat-1697

ing and characterizing a new generation of FPGA-based1698

logic and readout electronics. To this end, the present1699

system relies on a combination of legacy NIM and CA-1700

MAC discriminators and logic modules to form read-1701

out triggers, but utilizes a full set of modern high speed1702

payload and front-end modules to allow a transition to1703

a firmware based trigger and fully pipelined readout in1704

the future.1705

In the present configuration, the DAQ has a nomi-1706

nal maximum trigger acceptance rate of 4 kHz with a1707

deadtime of ≈20%. Dead times are measured using the1708

Electronic Dead Time Measurement system outlined in1709

Sec. 4.2. The underlying hardware supports running in a1710

fully pipelined mode, and should be capable of running1711

at trigger rates exceeding 20 kHz with minimal dead-1712

time using firmware based triggers similar to those em-1713

ployed in Halls B and D. This capability was not part of1714

the initial 12 GeV upgrade plan for Hall C, but may be1715

pursued in the future (see Sec. 4.5).1716

Signals from the scintillator planes, Cherenkov de-1717

tectors, and calorimeter detectors in the SHMS and1718

HMS detector stacks are processed to form pre-triggers.1719

Those pre-triggers can serve as event triggers them-1720

selves (that initiate a recorded event), or be combined to1721

bias data collection towards particular particle types (i.e.1722

electrons vs. pion) and suppress backgrounds. Each1723

running DAQ can be fed up to six independent triggers1724

simultaneously and the experimenter can control what1725

fraction of each is recorded to disk run-by-run through1726

an integrated pre-scale feature.1727

4.1. Standard Triggers1728

All trigger-related PMT signals from both the SHMS1729

and HMS are routed out of the experimental Hall to a1730

dedicated electronics room on the main level of the Hall1731

C Counting House using low-loss RG-8 air-core signal1732

cables. Those signals are then split with one copy run-1733

ning into a JLab F250 flash analog to digital converter1734

(FADC)[64], and the second copy is processed and dis-1735

criminated. All discriminated pulses are delivered to1736

scalers for rate information, TDCs for precision tim-1737

ing measurement, and to form pre-triggers as described1738

below. This design allows direct access to all raw sig-1739

nals that may participate in a trigger during beam oper-1740

ations and has proven invaluable during the debugging1741

and commissioning phases of Hall operations.1742

Non-trigger related signals include wire-chamber1743

readouts and the Shower (but not Preshower) layer of1744

the SHMS calorimeter. The readout electronics for1745

those sub-detectors remain inside their respective de-1746

tector huts within the experimental Hall. All SHMS1747

calorimeter PMT signals are fed into F250 FADCs con-1748

figured to provide timing, integrated energy, pulse am-1749

plitude, and (optionally) pulse profile data as desired.1750

The wire-chamber timing signals are digitized using1751

multi-hit CAEN v1190 modules [65].1752

The CAEN v1190 payload module provide 128 inde-1753

pendent multi-hit/multi-event TDC channels with a user1754

configurable resolution ranging from 52 µs—100 ps per1755

bin. They provide a 32 kilo-word deep output buffer and1756
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can be readout asynchronously with respect to the event1757

triggers. Typical Hall C operation has all units config-1758

ured for 100 ps/bin.1759

4.1.1. JLab F250 Flash ADCs1760

The JLab F250 flash ADC modules are an FPGA-1761

based design developed by the Jefferson Lab Fast Elec-1762

tronics group [64] and are used lab wide. Each F2501763

module provides 16 independent 50 Ω input channels.1764

The voltage at each input channel is continuously dig-1765

itized into an 8 µs ring buffer at 250 MHz, with a res-1766

olution of 12 bits, and a hardware adjustable full-scale1767

range. When a module receives a readout trigger, dig-1768

itized sample data stored in the ring buffer is pro-1769

cessed in a parallel process that does not incur front-1770

end deadtime. In typical operation each ‘hit’ over a1771

pre-programmed threshold is assigned an interpolated1772

leading-edge threshold time (<1 ns resolution), inte-1773

grated energy (analogous to a charge-integrating ADC1774

value), a peak-amplitude, and a measurement of any DC1775

offset (pedestal) present on the channel prior to the de-1776

tected pulse. Full pulse-profile data for each hit may1777

also be stored if desired. However, that mode increases1778

the data rate by several orders of magnitude, and is gen-1779

erally used only for debugging or limited duration pulse1780

characterization runs.1781

4.1.2. SHMS Triggers1782

The SHMS detector stack layout is described in1783

Sec. 3.2. A representative detector layout is presented1784

in Fig. 46.
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Figure 46: Typical detector layout for the SHMS.

1785

Each hodoscope plane, described in Secs. 3.3 and 3.4,1786

is constructed from an array of horizontal (or vertical)1787

bars with a PMT on each end. Signals from those1788

PMTs are split and one analog copy is delivered to F2501789

FADCs. The second analog copy is discriminated and1790

sent to CAEN 1190 TDCs for precision timing infor-1791

mation, to scalers for raw rate information, and to logic1792

modules to provide the hodoscope pre-triggers plane by1793

plane. A pre-trigger for each plane generated by OR’ing1794

the discriminated signals from each side of a hodoscope1795

plane together, then AND’ing the resulting two signals1796

together. The pre-triggers are designated S1X, S1Y1797

and S2X, S2Y; where 1(2) denote the up(down)stream1798

plane, and X(Y) denote the horizontal(vertical) scintil-1799

lator bar orientation (see Fig. 47).1800

It should be noted an optimal design would generate1801

an AND between the PMTs on each side of every bar1802

first, and OR the resulting per-bar coincidences to form1803

a pre-trigger for the plane. The compromise above was1804

driven by constraints of the legacy LeCroy 4564 CA-1805

MAC logic units held over from the 6 GeV era.
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Figure 47: Block diagram for SHMS and HMS hodoscope pre-trigger
formation.

1806

The SHMS detector stack includes a permanent1807

Heavy Gas Cherenkov (HGC) (see Sec. 3.6), but also1808

includes space for a Noble Gas Cherenkov (NGC) (see1809

Sec. 3.7). Each SHMS gas Cherenkov detector incor-1810

porates four PMTs, each detecting light from one of1811

four mirrors inside their respective gas volumes. Ana-1812

log signals from the PMTs are split (50:50) with one1813

path plugged into an FADC. The second copies from1814

each PMT are summed, and the summed output is dis-1815

criminated to form a Cherenkov pre-trigger for that1816

Cherenkov detector (HGC and NGC). The pre-triggers1817

are also routed to scaler channels and a v1190 TDC.1818

An optional SHMS aerogel Cherenkov detector, as1819

detailed in Sec. 3.8, may also be installed. It employs1820

seven PMTs on each side of its diffusion box. The sig-1821

nals from all 14 PMTs are handled analogous to the gas1822

Cherenkov detectors, with each analog signal being split1823

and read out by an individual FADC channel, and sec-1824

ond copies being summed and discriminated to form an1825

associated aerogel pre-trigger. The pre-trigger is routed1826

to a scaler and v1190 TDC as well.1827

A block diagram for the Cherenkov pre-triggers is1828

presented in Fig. 48.1829

The SHMS Preshower layer, described in Sec. 3.9,1830

consists of 28 lead-glass blocks arranged in 14 rows,1831
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Figure 48: Block diagram for SHMS and HMS Cherenkov pre-trigger
formation.

with 2 blocks to a row. Each block is coupled to a sin-1832

gle PMT on the side facing the perimeter of the layer.1833

Analog signals from the 28 PMTs are split and summed1834

in 3 groups of 4 rows, and 1 group of 2 rows. Each of the1835

4 group sums is readout by an FADC channel for cross1836

checks. The 4 group sums are summed in turn to pro-1837

vide a total Preshower sum which is then discriminated1838

and provides the SHMS PSh pre-trigger. Provision is1839

made to generate independent pre-triggers for both low-1840

and high- energy depositions in the Preshower layer1841

(PSh Lo and PSH Hi, respectively) as seen in Fig. 49.1842
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Figure 49: Block diagram for SHMS Preshower summing trigger.

The aforementioned pre-triggers are then combined1843

to form a set of triggers capable of initiating a DAQ1844

event. These combination are often adjusted or opti-1845

mized to serve the needs of particular experiments but a1846

set of commonly available event triggers is outlined in1847

Sec. 4.1.4.1848

4.1.3. HMS Triggers1849

The standard HMS detector stack is the predeces-1850

sor of the SHMS system and shares a nearly identi-1851

cal design as seen in Fig. 50. It consists of a pair of1852

scintillator-based hodoscope planes in an X+Y config-1853

uration, a gas Cherenkov detector, a second pair of1854

X+Y hodoscopes, and a Preshower + Shower Calorime-1855

ter. Provision is also made for an optional Aerogel1856

Cherenkov to be inserted into the detector stack just1857

downstream of the drift chambers for supplemental par-1858

ticle identification (PID).1859

The trigger and readouts designs follow the patterns1860

described in Sec. 4.1.2, with a modest difference associ-1861

ated with the HMS Calorimeter.1862

Signals from the four HMS hodoscope planes, de-1863

noted h1x, h1y, h2x, h2y, are split, discriminated, and1864

  

X-Y Scintillators

Drift Chambers

Aerogel Cerenkov

X-Y Scintillators

Preshower &
Shower Counters

Heavy Gas
Cerenkov

Figure 50: Typical detector layout for the HMS.

recombined to form a Scin trigger following the same1865

logic as the SHMS hodoscopes described previously.1866

The HMS gas Cherenkov detector incorporates two1867

PMTs detecting light from two mirrors inside the HMS1868

Cherenkov tank. Analog signals from the PMTs are1869

split (50:50), with one path plugged into an FADC. The1870

second copies from each PMT are summed, and the1871

summed output is discriminated to form the Cherenkov1872

pre-trigger. That pre-trigger is also routed to a scaler1873

and v1190 TDC.1874

The HMS Aerogel employs eight PMTs on each side1875

of its diffusion box. The signals from all 16 PMTs are1876

split and readout by an individual FADC channel, with1877

the second copies being summed and discriminated to1878

form the associated aerogel pre-trigger. The pre-trigger1879

is routed to a scaler and v1190 TDC as well.1880

The HMS calorimeter is composed of four layers of1881

lead glass blocks. Each layer has 13 lead-glass blocks1882

arranged horizontally, and the layers are denoted A, B,1883

C and D as seen by a particle passing through the de-1884

tector stack. Layers A and B have PMTs bonded to1885

each end of their blocks, while Layers C and D have1886

a single PMT on one side only. Analog signals from the1887

PMTs are split 50:50 with one copy being delivered to1888

an FADC. The copies are formed into an analog sum for1889

each side of each layer, denoted hA+, hA-, hB+, hB-,1890

hC, and hD. Layer sums hA and HB are formed by sum-1891

ming hA+ and hA-, and hB+ and hB-, respectively (hC1892

and hD are already layer sums).1893

One copy of each layer sum is sent to an FADC for1894

monitoring and cross checks. A Preshower pre-trigger1895

is formed by summing and discriminating Layers A +1896

B, and a Shower Low pre-trigger is formed by sum-1897

ming and discriminating Layers A+B+C+D. Copies of1898

the Preshower and Shower sums are sent to FADCs and1899

copies of the discriminated pre-trigger signals are sent1900

to scalers and 1190 TDCs.1901
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Fig. 51 depicts a block diagram of the HMS1902

Calorimeter pre-triggers.1903

Layer D (13 sig/layer)

Layer D
Sum

Same as Layer C

FADC (VXS)

ECL −> BNC

Patch
CH

Layer A (26 sig/layer)
Layer A

Sum

NIM
Disc

NIM
Disc

NIM
Disc

PSh LO

Sh LO

PSh HI

Layer B (26 sig/layer)

Layer B
Sum

NIM
Disc

NIM/
ECL

Layer C (13 sig/layer)

FADC (VXS)

ECL −> BNC

Patch
CH

Layer C
Sum

NIM
Disc

NIM/
ECL

v1190 TDC

Scaler

Layer
Sum13 su

m
su

m
su

m
su

m

1

Layer
Sum

lemo

E
C

L

lemo

Sum[14−−26]

PSh SUM

Sh SUM

EDTM

NIM
Linear

Same as Layer A

x6
Row−Pair Sums

x7

−− Layer A/B: 13 bars/layer; double ended (26 sig/layer); 52 total
−− Layer C/D: 13 bars/layer; single ended (13 sig/layer); 26 total

Splitter

lemo

E
C

L

lemo

EDTM

x3
Row−Pair Sums

Scaler

x4

Splitter

v1190 TDC

NIM
Linear
Sum

Sum

NIM
Linear
Sum

NIM
Linear
Sum

NIM
Linear
Sum

13 su
m

su
m

su
m

su
m

1

Figure 51: Block diagram for HMS Shower and Preshower summing
triggers.

4.1.4. Event Triggers1904

The aforementioned pre-triggers are then combined1905

to form a set of triggers capable of initiating a DAQ1906

event. The ‘default’ single-arm trigger is formed by 31907

out of 4 hodoscope planes firing in coincidence. Often1908

referred to as the 3 of 4 or Scin trigger, it provides a1909

high-efficiency (> 99%) general-purpose charged parti-1910

cle trigger.1911

A second standard trigger is referred to as EL Clean.1912

It implements particle discrimination at the trigger level1913

by forming a coincidence between the Scin pre-trigger,1914

one (or more) Cherenkov pre-triggers, and (option-1915

ally) the pre-shower (PSh) and/or calorimeter total-sum1916

(ShTot pre-triggers).1917

4.2. Electronic Dead Time Measurement System1918

(EDTM)1919

The DAQ and trigger system for each spectrometer1920

also includes an Electronic Dead Time Measurement1921

(EDTM) system. This is implemented by replicating1922

a pulse from a pulse-generator circuit and feeding into1923

every pre-trigger leg as close to the analog signals as1924

possible. The timing of those duplicated pulses is ad-1925

justed to match those generated by a real particle pass-1926

ing through the detector stack. A copy of each synthetic1927

EDTM trigger is counted in a deadtime free scaler and1928

sent to a dedicated TDC channel in each arm. The pres-1929

ence of an appropriately timed hit in that TDC channel1930

tags an event as having been generated by an EDTM1931

trigger.1932

During beam operations, this allows a direct measure-1933

ment of the fraction of triggers that are lost due to some1934

component of the DAQ being busy. This is known as1935

the system deadtime. By inducing synthetic signals as1936

early in the trigger electronics as possible, this system1937

is sensitive to high-rate signal pile-up in the full front-1938

end trigger logic chain, as well as digitization and read1939

out related deadtimes implicit in the non-pipelined DAQ1940

operation presently in use in Hall C.1941

In addition to the above function, the system has1942

proved useful for pre-beam trigger verification and end1943

to end checkout of the DAQ system.1944

• It allows rough timing on all trigger legs to be ver-1945

ified without beam.1946

• It allows coincidence timing between the SHMS1947

and HMS arms to be roughed in and tested without1948

beam.1949

• It allows the entire DAQ system to be stress tested1950

under controlled conditions without beam.1951

4.3. Auxiliary Data Collection1952

The standard method for slow controls data logging is1953

through the Experimental Physics and Industrial Con-1954

trol System (EPICS) [66]. EPICS is a system of open1955

source software tools and applications used to pro-1956

vide control user interfaces and data logging for sys-1957

tems such as high- and low-voltage detector power sup-1958

plies, target systems, spectrometer magnets, vacuum,1959

and cryogenic systems, etc.1960

Long-term, persistent storage of EPICS based slow1961

controls data is provided through an independent archiv-1962

ing system managed by the Accelerator Division’s MYA1963

archiving system. An experimentally relevant subset of1964

EPICS data (beam and target characteristics; magnet,1965

spectrometer and detector settings, etc.) are also stored1966

in the experimental data files at regular intervals when-1967

ever the DAQ is running.1968

4.4. Online Hall C Computing Environment1969

Hall C employs a dedicated stand-alone computing1970

cluster with redundant multi-core servers focused on1971

prompt online analysis, high volume local data stor-1972

age, and 1–10 Gb ethernet interconnects. There are1973

dedicated hosts for each independent DAQ system (ex.1974

SHMS and HMS), and auxiliary machines for polarime-1975

try, target controls, spectrometer slow controls, etc.1976

Experimental control and operational feedback is1977

provided to users in the Hall C Counting house through1978

a collection of multi-screen computer workstations and1979

a set of large wall-mounted displays for critical data.1980
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All systems have direct access to the JLab centrally1981

managed Scientific Computing resources. This includes1982

multi-petabyte tape storage and online disk facilities, as1983

well as a several thousand core compute farm for simu-1984

lation and offline data analysis [67].1985

4.5. Future Plans / Pipeline trigger1986

During the early stages of the 12 GeV Hall C upgrade1987

plan, it was concluded that the risks of moving to a fully1988

pipelined DAQ system with a firmware driven trigger1989

were not justified by the needs of the initial experimen-1990

tal program. In general, those experiments did not im-1991

pose a too heavy burden on the DAQ, and the more con-1992

ventional trigger design with its well understood char-1993

acteristics was preferred.1994

However, provision was made to design and build the1995

low-level DAQ system with an upgrade path in mind.1996

To that end, a full compliment of trigger and payload1997

modules compatible with the pipelined systems being1998

implemented for Halls B and D was selected.1999

A phased transition from the NIM/CAMAC trigger2000

system to a fully pipelined approach would involve im-2001

plementing the present trigger logic within the existing2002

JLab FADC and VXS Trigger Processor (VTP) boards,2003

and a thorough validation of the firmware based trigger2004

decisions against the well understood conventional trig-2005

ger. Once the firmware is fully debugged/characterized,2006

the DAQ could transition to pipelined mode and take2007

advantage of significant boost in trigger accept rates2008

into the 10’s of kHz range with minimal deadtime. At2009

that point, the next DAQ bottleneck would likely be2010

rate limitations in the detector systems themselves (sig-2011

nal pile-up in the front-end, track reconstruction limita-2012

tions, etc.)2013

5. Software2014

Hall C Data is analyzed by the Hall C analysis pack-2015

age hcana. This package does full event reconstruc-2016

tion for the SHMS used alone or in coincidence with2017

other detectors. hcana is based on the modular Hall A2018

analyzer [68] ROOT [69] based C++ analysis frame-2019

work. This framework provides for run time user con-2020

figuration of histograms, ROOT tree contents, cuts, pa-2021

rameters and detector layout.2022

hcana includes C++ classes for detectors, spec-2023

trometers, and physics analyses. Instantiation of these2024

classes as objects is configured at run-time through a2025

ROOT script which also sets up the configuration of2026

analysis replay. Due to the similarity of the SHMS2027

and HMS spectrometers and their detector packages, the2028

same spectrometer and detector classes are used for both2029

spectrometers. For example, the drift chamber package2030

class is instantiated for both spectrometers with each ob-2031

ject configured by its specific parameters and geometry.2032

Additional modules such as new front end decoders, de-2033

tectors, or physics analysis modules can easily be added2034

to hcana. These modules can either be compiled into2035

the analyzer or be compiled separately and dynamically2036

loaded at run time.2037

Event analysis is segmented into 3 steps of spectrom-2038

eter and detector specific analysis.2039

1. Decoding: Detector requests from the low level de-2040

coder produce a list of hits sorted detector by plane2041

and counter number. A minimal amount of pro-2042

cessing is done to make data available for low level2043

histograms.2044

2. Coarse Processing: Tracks are found in the drift2045

chambers. Hits and clusters in the hodoscope,2046

shower counter and other detectors are matched to2047

the tracks to determine time-of flight. The various2048

detectors provide information for particle identifi-2049

cation.2050

3. Fine processing: Particle identification informa-2051

tion is refined, tracks in the focal plane are traced2052

back to the target coordinate system and particle2053

momentum is determined.2054

Each step of these steps is completed for all detectors2055

before proceeding to the next step. Some limited infor-2056

mation is passed between detectors at each step. For ex-2057

ample, timing information from the hodoscopes is used2058

to obtain the start time for the the drift chambers in the2059

decoding step and tracks obtained from the drift cham-2060

bers are associated with shower counter hit clusters in2061

the fine processing step.2062

After these steps, single arm and coincidence physics2063

quantities are calculated using various physics analysis2064

classes that are configured at run-time.2065

5.1. Online Monitoring2066

After each data taking run (typically an hour or less)2067

is started, a subset of the data is analyzed with hcana.2068

An easily configurable histogram display GUI is used to2069

view diagnostic histograms and compare them to refer-2070

ence histograms. The EPICS [66] control system alarm2071

handler is used to monitor experiment settings and beam2072

conditions. This includes spectrometer magnet settings,2073

detector high voltages, drift chamber gas, cryogenic2074

systems and spectrometer vacuum.2075
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6. SHMS Performance: Operating Experience and2076

Commissioning Results2077

6.1. Acceptance2078

The acceptance of the SHMS can be determined from2079

simulation and defined as A(δ, θ) = Nsus(δ, θ)/Ngen(δ, θ),2080

where Ngen is the number of events generated into a par-2081

ticular δ, θ bin and Nsus is the number of events that suc-2082

cessfully reached the detector stack. Since A(δ, θ) de-2083

pends on the generation limits of the simulation, a more2084

useful quantity is the effective solid angle, ∆Ωe f f =2085

A(δ, θ) ∗ ∆Ωgen, where ∆Ωgen is the solid angle gener-2086

ated into for each bin. Fig. 52 shows the effective solid2087

angle of the SHMS at a central angle of 21◦ and central2088

momentum of 3.3 GeV/c for a 10 cm liquid hydrogen2089

target.2090
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Figure 52: SHMS effective solid angle as a function of δP/P and θ.
SHMS θcentral = 21◦ and Pcentral = 3.3 GeV/c.

Fig. 53 shows the position and angular distribution2091

of tracks formed from the drift chambers at the focal2092

plane. A good agreement between the two reflects our2093

understanding of both the magnetic forward transport2094

and physical locations of the apertures which determine2095

the acceptance.2096

Fig. 54 demonstrates the agreement between simula-2097

tion (after subtracting the cell walls) of the target vari-2098

ables xtar, y′tar, x
′
tar, and δ that were described in Sec. 3.1.2099

2100

To demonstrate how large the SHMS acceptance is in2101

ytar, optics data were taken during the An
1 experiment.2102

Fig. 55 plots the reconstructed position along the beam2103

line, ztar (which was reconstructed using the measured2104

and y′tar).2105
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Figure 53: Comparison of SHMS focal plane quantities, simulation
is on the left and data is on the right. The top plots are the position
at the focal plane and the bottom is the angles at the focal plane de-
termined from tracks formed by the drift chamber planes. The red
outline represents the expected shape determined from simulation.

6.2. Rates and Live time2106

6.2.1. Dead time Measurement by Electronic Pulse2107

Generator2108

The computer live time efficiency of the DAQ is de-
fined as

εCLT =
N(phy+edtm),TDC − N(edtm),TDC

N(phy+edtm),SCL − N(edtm),SCL
, (13)

where the numerator is the total number of EDTM-2109

subtracted TDC counts (total accepted physics triggers)2110

and the denominator is the total number of EDTM-2111

subtracted scaler counts (total physics pre-triggers).2112

The EDTM introduces a bias in the computer live time2113

calculation and must therefore be subtracted from the2114

physics trigger. The bias comes from the fact that the2115

the EDTM is a clock and cannot be blocked by an-2116

other EDTM signal, thereby having no contribution to2117

the deadtime of the system. An additional bias arises2118

during beam-off time periods, where only EDTM trig-2119

gers are counted. To remove this bias, a beam current2120

cut was required in the live time calculation.2121
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Figure 54: Target variable comparison of data versus Monte Carlo
simulation from [10]. After subtracting the aluminum cell walls
(black histogram) of the hydrogen target using dummy foil data, the
agreement between data (blue histogram) and Monte Carlo (red his-
togram) is reasonable.
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Figure 55: Reconstructed ztar for a carbon foil optics target at SHMS
central angles of 11◦ and 30◦. Carbon foils were located at approxi-
mately -20, 0, 13.3 and 20.0 cm. The peak located at -35 cm is from
the beam pipe exit window. The target chamber was not under vac-
uum and therefore a background from air is present in the data and not
subtracted here.

The computer live time data shown in Fig. 56 is plot-
ted against the un-prescaled input trigger rates (top
x-axis) and the first plane (S1X) of the SHMS Ho-
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Figure 56: Computer live time vs. trigger rates (top x-axis) and SHMS
hodoscope S1X plane rates (bottom x-axis) for DAQ buffer levels 1
and 10.

doscopes (bottom-axis). The data were obtained from
the SHMS luminosity scans and the Kaon LT experi-
mental data taken on Fall 2018. The Spring 2018 scans
(blue squares) were taken with DAQ in buffer level 1
(unbuffered mode) and the Kaon LT data (green trian-
gles) 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 accept-
ing 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 the fit function,

fεCLT (R) ≡
1

1 + (R − R0)τ
, (14)

where R is the input trigger rate, R0 describes a horizon-2122

tal offset between the unbuffered and buffered modes2123

and τ represents the averaged data readout time (dead-2124

time) before the DAQ is ready to accept another pre-2125

trigger. The fit function, however, is unable to describe2126

the “flat” region where the live time is nearly 100 %.2127

From the fit parameters, the fall-off behavior of buffered2128

mode starts at trigger rates, R ∼ 1/τ, which corresponds2129

to a numerical values of ∼ 4.2 kHz before a significant2130

drop in the live time is observed.2131

Since fall 2018, the DAQ has been operated in2132

buffered mode which has proved to be more feasible for2133

current and future high-rate experiments at Hall C.2134

6.3. Subsystem Performance2135

6.3.1. Hodoscope Performance2136

All hodoscope scintillator paddles and the PMTs used2137

on the S1X, S1Y, and S2X planes were extensively2138
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tested during assembly: the dark current and the gain2139

as a function of the high voltage were measured for2140

each tube; the finished paddles were light-leak tested2141

and their detection efficiency as a function of position2142

along the paddle was measured using cosmic rays on an2143

automated test stand. A typical gain versus HV graph is2144

shown in Fig. ,57.2145

Figure 57: Gain versus high voltage graph for an ET tube used for the
scintillator hodoscope.

Once installed in the SHMS detector hut, all paddles2146

were retested and gain matched. During the Hall C com-2147

missioning experiments, carried out during spring 2018,2148

the scintillators performed as expected with no major2149

problems. The hodoscope efficiency as a function of2150

S1X rate (first hodoscope plane) can be seen in Fig. 58.2151

Figure 58: Hodoscope efficiency as a function of rate in the first ho-
doscope plane, S1X.

The performance of the quartz plane (S2Y) was stud-2152

ied with beam during the Hall C commissioning in Fall2153

of 2017. A plot of the photoelectron response from most2154

bars in the quartz plane is shown in Figs. 59 and 60.2155

Only electrons with an incident angle close to 90◦ were2156

chosen here to eliminate the bias coming from possibly2157

reduced photon collection efficiency due to sub-optimal2158

angles of the photon cones. All PMTs and optical cou-2159

plings performed satisfactory.2160

The threshold for Cherenkov light production in the2161

quartz bars for electrons, pions, kaons and protons is2162

shown in Fig. fig:TBD. Beam data confirmed the expec-2163

tation that the detection efficiency for low momentum2164

protons, for example, will be smaller than that for pi-2165

ons or electrons simply due to the reduced number of2166

Cherenkov photons that particles close to their firing2167

threshold will produce. This is exemplified by Figs. 61,2168

62 and 63.2169

Figure 59: Number of photoelectrons response from the quartz plane,
negative end PMTs.

6.3.2. DC Performance2170

The SHMS drift chambers have proven to provide re-2171

liable tracking for electrons and hadrons across a broad2172

range of momenta. The drift chambers have also per-2173

formed very well at high rate, with tracking efficiencies2174

exceeding 96%, even at pre-trigger rates over 2 MHz.2175

The tracking efficiency as a function of the S1X ho-2176

doscope trigger rate (a good proxy for the overall event2177

rate) in the SHMS can be seen in Figs. 64 and 65.2178

Comment on tracking resolution?2179

6.3.3. HGC Performance2180

The performance of the HGC is determined by the2181

capacity to separate particle species on the basis of2182
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Figure 60: Number of photoelectrons response from the quartz plane,
positive end PMTs.

Figure 61: PMT pulse amplitude from pions with momenta of
1.96 GeV/c.

produced number of photoelectrons (NPE). In partic-2183

ular, the HGC is a threshold Cherenkov detector and2184

thus identifies species based on whether or not a sig-2185

nal greater than 1.5 NPE was generated or not. The first2186

metrics of performance to be discussed are the detector2187

efficiency and contamination.2188

Efficiency in this context refers to the ratio of events
selected as a particular particle species by all detectors

Figure 62: PMT pulse amplitude from protons with momenta of
1.96 GeV/c.

Figure 63: PMT pulse amplitude from protons with momenta of
5.05 GeV/c.

in the SHMS, including the HGC, over the number of
events selected as that same species without any infor-
mation from the HGC. This is illustrated by the equation

ηHGC =
π+ detected with HGC signal

π+ detected without HGC signal
, (15)

where ηHGC represents the detector efficiency of the2189

HGC and π+ particle type is used as an example. The2190
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Figure 64: The SHMS electron tracking efficiency as a function of
the S1X hodoscope trigger rate.

Figure 65: The SHMS pion tracking efficiency as a function of the
S1X hodoscope trigger rate.

selection criteria include cuts on the timing informa-2191

tion, reconstructed β, calorimeter, aerogel and HGC in-2192

formation, and a single reconstructed track per event.2193

Contamination refers to the number of events identified2194

as a sub-threshold particle by the calorimeter and aero-2195

gel Cherenkov, but produced more than 1.5 NPE in the2196

HGC. For example, if the HGC is configured for π+/K+
2197

separation, the K+ contamination is defined as the num-2198

ber of events identified as a K+ by all detectors, except2199

the HGC, which identified a π+.2200

PID Configuration Efficiency Contamination
e−/π− 95.99% 10000 : 1
π+/K+ 98.22% 1000 : 1

Table 5: Summary of the Heavy Gas Cherenkov performance in sepa-
rating between particle species. Efficiency is based on a photoelectron
cut greater than 1.5.

Figure 66: Demonstration of the particle identification capability
of the Heavy Gas Cherenkov. Pictured is the separation between
π+, K+ and proton at the 8.186 GeV beam energy and 6.053 GeV/c
SHMS central momentum. The refractive indexes of HGC and aero-
gel Cherenkov detectors are 1.00143 and 1.011, respectively.

Two runs are chosen to show HGC efficiency and2201

contamination, one where the HGC separated between2202

e−/π− and the other π+/K+. The former featured the2203

HGC filled with CO2 at 1 atm and a SHMS central2204

momentum of -3.0 GeV/c. Particle identification was2205

established by a cut on the normalized calorimeter en-2206

ergy. The latter had the HGC filled with C4F10 at 1 atm,2207

giving a π momentum threshold of 2.8 GeV/c and a K2208

momentum threshold of 9.4 GeV/c, at a SHMS central2209

momentum of +5.05 GeV/c. Particle identification was2210

performed by a cut on the aerogel Cherenkov detector2211

and the normalized calorimeter energy. The spectrum2212

obtained for the π+/K+ separation is shown in Fig. 66.2213

This figure illustrates the broad distribution of NPE pro-2214

duced by π+ above their momentum threshold. At the2215

lower end of the NPE axis, there is a large number of2216

events producing no light, or just the SPE. These events2217

correspond to K+, since they are below the momentum2218

threshold to produce Cherenkov light. The presence of2219

the SPE is likely due to δ-rays, or knock-on e−, a phe-2220

nomenon where a kaon can ionize the Cherenkov me-2221

dia and produce e− which produce Cherenkov radiation.2222

A summary of the particle identification efficiency and2223

contamination is shown in Table 5.2224

Lastly, measurements of the π efficiency across a va-
riety of momentum settings can be used to verify the
index of refraction of the Cherenkov media. The rela-
tionship between π efficiency and momentum is fit with
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the equation [70]

ηHGC = 1 − e−(p−po)/Γ, (16)

where ηHGC is the detector efficiency, p is the momen-2225

tum of the π, and po and Γ are free parameters. Data2226

taken in the range of 2.53 GeV/c to 5.05 GeV/c with the2227

HGC filled with C4F10 yields an index of refraction of2228

n = 1.001 ± 0.002. This is in agreement with the ac-2229

cepted value of n = 1.00143 [71]. Additional perfor-2230

mance details are given in [72].2231

Add a plot showing efficiency across HGC, comment2232

on drop in centre due to mirror positioning.2233

6.3.4. NGC Performance2234

The primary purpose of the NGC in the SHMS is to2235

distinguish electrons from pions. Typically, PID is de-2236

termined by utilizing a cut on the number of photoelec-2237

trons detected in the NGC. This cut is usually set at X2238

photoelectrons. As this is a threshold Cherenkov, any2239

events with less than the cutoff are identified as pions2240

(or heavier hadron) and any with more than the cutoff2241

are electrons.2242

Comment/discussion on the NGC performance.2243

6.3.5. Aerogel Performance2244

Figure 67: The efficiency of the aerogel is plotted over a range of
δ. This efficiency is taken at a beam energy of 6.2 GeV for an SHMS
central momentum of 3.486 GeV/c. The refractive index of the aerogel
detector is 1.015.

PID Configuration Efficiency Contamination
K+/p 99.94% 1000 : 1

Table 6: Aerogel performance for kaon-proton separation with effi-
ciency based off of cut greater than 1.5 photoelectrons.

The primary use of the aerogel Cherenkov detector2245

in the SHMS is to distinguish between kaons and pro-2246

tons. A variety of aerogel tile refractive indices are used2247

to cover a range of momenta. A cut of greater than2248

1.5 photoelectron (NPE) is used to cleanly identify par-2249

ticles. Fig. 66 shows the particle identification of the2250

Heavy Gas Cherenkov as well as the aerogel Cherenkov2251

detector. This figure shows the importance of having2252

both the Heavy Gas and the aerogel Cherenkov detec-2253

tors as the kaon and proton would be indistinguishable2254

without the aerogel.2255

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

ηaero =
K+ detected with aerogel signal

K+ detected without aerogel signal
, (17)

where the detector efficiency is represented by ηaero.2256

The efficiency of the aerogel detector can be seen in Ta-2257

ble 6. It is clear that the aerogel has a very high effi-2258

ciency, crucially though, this efficiency also runs over2259

the full range of δ as seen in Fig. 67. This, plus the abil-2260

ity to change refractive indices, allows for terrific kaon2261

identification over a wide range of kinematics.2262

6.3.6. Calorimeter Performance2263

Material on the gain stablity/consistency to be2264

added (resolution versus run number for a time pe-2265

riod, or mip peak position versus run number).2266

The performance of the SHMS calorimeter under2267

beam conditions was tested first time during 12 GeV2268

Hall C Key Performance Parameter Run in spring of2269

2017. As part of the SHMS detector package, the2270

calorimeter was commissioned in the Hall C fall run pe-2271

riod of the same year.2272

As discussed briefly in Sec. 3.9.8, ENorm should be 12273

for electrons. This quantity can be utilised for PID se-2274

lection. In the few GeV/c range, pions and electrons are2275

well separated as can be seen in Fig. 7. The early analy-2276

ses of the calorimeter data also demonstrate satisfactory2277

performance of the detector in terms of resolution, as2278

demonstrated in Fig. 68.2279

7. Conclusion2280

The SHMS has been in service since 2017. Through2281

a range of experiments that utilised a broad range of run2282

conditions, the SHMS has demonstrated itself to be a2283

reliable and stable spectrometer, both in terms of its ion2284

optics, and its detector package.2285
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Figure 68: Resolution of the SHMS calorimeter from calibrations of
runs from the Spring 18 run period. The solid line is result from the
early simulations. [This figure is not final.]

Numerous experiments have completed and pub-2286

lished high profile results since the SHMS was commis-2287

sioned in 2017. This includes many high profile results2288

on color transparency [73, 74], the EMC effect [75],2289

deuteron structure [76] and proton structure [77]. This2290

also extends to detailed studies of the proton’s gravita-2291

tional form factors [78].2292

Many more high profile scientific results are expected2293

in the near future, with several experimental campaigns2294

now completed and data analysis in advanced stages.2295

Due to the design parameters of the SHMS, it could also2296

be utilised extensively in an upgraded, 22 GeV Jefferson2297

Lab Scenario. Some possible experiments and scenarios2298

that utilise the SHMS in a 22 GeV era are outlined in the2299

22 GeV white paper [79].2300
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