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A B S T R A C T

The CEBAF Large Acceptance Spectrometer for operation at 12 GeV beam energy (CLAS12) in Hall B at
Jefferson Laboratory is used to study electro-induced nuclear and hadronic reactions. This spectrometer
provides efficient detection of charged and neutral particles over a large fraction of the full solid angle.
CLAS12 has been part of the energy-doubling project of Jefferson Lab’s Continuous Electron Beam Accelerator
Facility, funded by the United States Department of Energy. An international collaboration of 48 institutions
contributed to the design and construction of detector hardware, developed the software packages for the
simulation of complex event patterns, and commissioned the detector systems. CLAS12 is based on a dual-
magnet system with a superconducting torus magnet that provides a largely azimuthal field distribution that
covers the forward polar angle range up to 35◦, and a solenoid magnet and detector covering the polar angles
from 35◦ to 125◦ with full azimuthal coverage. Trajectory reconstruction in the forward direction using drift
chambers and in the central direction using a vertex tracker results in momentum resolutions of <1% and
<3%, respectively. Cherenkov counters, time-of-flight scintillators, and electromagnetic calorimeters provide
good particle identification. Fast triggering and high data-acquisition rates allow operation at a luminosity of
1035 cm−2s−1. These capabilities are being used in a broad program to study the structure and interactions of
nucleons, nuclei, and mesons, using polarized and unpolarized electron beams and targets for beam energies
up to 11 GeV. This paper gives a general description of the design, construction, and performance of CLAS12.

1. Introduction

Electron scattering has proven an effective way of probing the
size and internal structure of subatomic particles such as protons,
neutrons, and nuclei. Exploiting energetic electron beams led to rapid
progress in our understanding of the internal composition of particles.
The extended size of the proton was first mapped out in the mid-
1950’s [1], and the internal quark substructure was discovered in

the late 1960’s [2]. Using spin-polarized electrons and spin-polarized
targets, the internal quark helicity momentum distribution was mapped
out in the 1980’s and the following decades, and is still an important
research topic today [3]. These experiments required only inclusive
measurements, where only the beam particle, electrons or muons, that
scattered off the target were detected and kinematically analyzed.

In the decades following these discoveries, it was realized that a
more detailed understanding of the internal structure of nucleons re-
quires the reconstruction of fully exclusive or semi-inclusive processes,
and hence the detection and kinematical reconstruction of additional
mesons and baryons in the final state was required. Other constraints
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Fig. 1. The CEBAF continuous electron beam accelerator after the doubling of the
beam energy to 12 GeV and adding Hall D as a new experimental end station for
photon physics experiments. The accelerator is 1400 m in circumference.

came from the need of baryon spectroscopy to measure complete
angular distributions, which made it necessary to employ large accep-
tance devices to serve that purpose. The Continuous Electron Beam
Accelerator Facility (CEBAF) [4], the CLAS detector [5], and other
experimental equipment at Jefferson Laboratory (JLab) were designed
and constructed in the 1990’s with these goals in mind and were
operated successfully for over 15 years.

The further development of Quantum Chromodynamics (QCD) as
the theory of the interaction of colored quarks and gluons, combined
with the discovery of the Generalized Parton Distributions (GPDs),
provided a novel way that allowed describing the nucleon structure in
3 dimensions (3D), 2 in coordinate space and 1 in momentum space.

The discovery opened up a new avenue of hadronic research that has
become one of the flagship programs in nuclear and hadronic physics.
The GPDs must be probed in exclusive processes, with deeply virtual
Compton scattering being the most suitable one. This is a rather rare
process and measurements require the operation of large acceptance
detectors at high instantaneous luminosities of 1035 cm−2s−1 to map
out the process in the full kinematic phase space using polarized beams,
polarized targets, and sufficiently high beam energy. The complemen-
tary process of semi-inclusive deep inelastic scattering (SIDIS) is also
of topical interest to probe the internal structure of the nucleon in 3D
momentum space. The science program of CLAS12 is very broad [6]
and encompasses the study of the structure of the proton and neutron
both in their ground state, as well as their many excited states, and
in the deeply inelastic kinematics. Other experiments are designed to
probe the short range structure of nuclei through measurements of the
transparency of nuclei to mesons and baryons, and how it changes with
the momentum transfer.

2. The JLab facility at 12 GeV

The CLAS12 detector was designed to study electro-induced nuclear
and hadronic reactions by providing efficient detection of charged
and neutral particles over a large fraction of the full solid angle. It
is based on a combination of a six-coil torus magnet and a high-
field solenoid magnet. The combined magnetic field provides a large
coverage in both azimuthal and polar angles. Trajectory reconstruction
using drift chambers at forward angles results in an average momentum
resolution of 𝜎𝑝∕𝑝 ≈ 0.7% with significant variations over the full
polar angle range. At large polar angles, where particle momenta are
typically below 1 GeV, the average momentum resolution is 𝜎𝑝∕𝑝 ≈ 3%.
Cherenkov counters, time-of-flight systems, and calorimeters provide
good particle identification for electrons, charged pions, kaons, and
protons. Fast triggering and high data acquisition rates allow operation
at luminosities of 1035 cm−2s−1 for extended periods of time. These
capabilities are being used in a broad scientific program to study
the structure and interactions of baryons, mesons, and nuclei using
polarized and unpolarized targets.

Fig. 2. The CLAS12 detector in the Hall B beamline. The electron beam enters from the right and impinges on the production target located in the center of the solenoid magnet
shown at the right (upstream) end of CLAS12, where other detector components are also visible. Scattered electrons and forward-going particles are detected in the Forward
Detector (FD) consisting of the High Threshold Cherenkov Counter (HTCC) (yellow) with full coverage in polar angle 5◦ ≤ 𝜃 ≤ 35◦ and 𝛥𝜙 = 2𝜋 coverage in azimuth. The HTCC
is followed by the torus magnet (gray), the drift chamber tracking system (light blue), another set of Cherenkov counters (hidden), time-of-flight scintillation counters (brown),
and electromagnetic calorimeters (red). Between the HTCC and the torus, the Forward Tagger is installed to detect electrons and photons at polar angles 2◦ ≤ 𝜃 ≤ 5◦. The Central
Detector (CD) consists of the Silicon Vertex Tracker (hidden), which is surrounded by a Barrel Micromesh Tracker (hidden), the Central Time-of-Flight system, and the Central
Neutron Detector (PMTs in blue). At the upstream end, a Back Angle Neutron Detector (red) is installed. In the operational configuration. the entire CLAS12 detector extends for
13 m along the beamline. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The CLAS12 detector in the Hall B beamline. The beam enters from the right near the upstream end of the solenoid magnet and the cryogenic service tower, followed by
the HTCC and the torus magnet with the drift chambers. The Low Threshold Cherenkov Counter, Forward Time-of-Flight, and the electromagnetic calorimeters (PCAL and EC) are
seen at the downstream end to the left.

Fig. 4. The CLAS12 magnet systems. Left: The fully assembled solenoid magnet including all cryogenic connections on the beamline at the beginning of cool down, before the
detector installation. Right: The torus magnet with all six coils mechanically assembled in a common cryostat. The coil cryostat, which is fabricated from non-magnetic steel, has
an outside width of 124 mm. The cross bars provide a cold (4.5 K) cryogenic connection of neighboring coils, and counteract the out-of-plane forces to provide mechanical stability
to the full magnet. Due to the large physical size of the assembled torus magnet, the final assembly of the magnet had to be completed in Hall B.

This paper provides a general description of the design, construc-
tion, and performance of CLAS12 and how it expands upon the ca-
pabilities provided by the JLab 12 GeV energy upgrade. The CEBAF
accelerator and experimental halls are shown for the energy upgraded
configuration in Fig. 1. CEBAF is designed from two parallel lin-
ear accelerators (linacs) based on superconducting radio frequency
(RF) technology, and arranged in a race-track configuration [4]. Spin-
polarized electrons are generated in the gun, pre-accelerated in the
injector, and subsequently injected and accelerated in the north linac.
They are then bent in a 180◦ arc and injected into the south linac.
This is repeated four and a half more times to reach the final energy
for Hall D and up to four times for the desired delivery energies to
Halls A, B, and C. In the recirculating arcs, electrons are transported in

5 independent out-of-phase tracks of different energies. For 12 GeV op-
eration, five accelerating cryomodules with four times higher gradients
than were used in the 6 GeV CEBAF machine were added to each of the
two existing linacs to reach a maximum energy of 11 GeV for Halls A,
B, and C. One added arc path and one more pass through the north
linac were added to achieve the highest beam energy of 12 GeV for
Hall D. This highest beam energy is generated exclusively for Hall D,
while the other three halls may receive beams at the same beam energy
or at different beam energies simultaneously, with up to a factor of 105
differences in current from 1 nA to 100 μA.

Major new detectors and other experimental equipment have been
installed in Halls B, C, and D that support a broad science program ad-
dressing fundamental issues in nuclear and hadronic physics. In Hall D,
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Fig. 5. Combined solenoid and torus magnetic fields, showing the magnetic field
component perpendicular to the radial distance from the solenoid center. Only the
transverse components act on the charged tracks. At small polar angles the particle
deflecting component is small in the solenoid field, while it is largest in the torus
magnet. For large polar angle the transverse component is large in the solenoid field
and small in the torus field volume.

a large hermetic detector with a solenoid magnet at its core has been in
operation since 2015. It incorporates tracking capabilities and photon
detection over nearly the full 4𝜋 solid angle. This hall is dedicated to
the production of mesons employing a linearly polarized photon beam.
The new CLAS12 spectrometer, displayed in a side view in Fig. 2 (from
the design model) and in Fig. 3 (photograph), features large solid angle
coverage and instantaneous luminosities of 1035 cm−2s−1 for electron
scattering experiments with multiple particle final states.

Hall C includes the new super-high momentum magnetic spectrom-
eter (SHMS) in addition to the existing high momentum spectrometer.
In Hall A, a new super big bite spectrometer (SBS) has been added to
the existing high resolution spectrometer pair HRS2, and other large
installation experiments have been proposed. Complementing the new
equipment is the highly spin-polarized electron gun, high-power cryo-
genic targets, and several spin-polarized targets using NH3, ND3, HD,
3He, and 7Li as target materials to support a broad range of polarization
measurements.

3. The CLAS12 superconducting magnets

The design of CLAS12 is based on a combination of a toroidal
magnetic field at polar angles up to ≈35◦ and a 5 T solenoidal field
in the central region in the approximate polar angle range 35◦ ≤
𝜃 ≤ 125◦. The primary requirement driving this choice is the ability
to measure charged particles at high momentum with good resolution
at forward angles, while operating the detector systems at high lumi-
nosity. This requires effective shielding of the detector system from

Fig. 6. Combined solenoid and torus magnetic fields. The color code shows the total
magnetic field of both the solenoid and torus at full current. The open boxes indicate
the locations and dimensions of the active detector elements. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

low-energy electrons produced in the target material due to Møller
scattering 𝑒− + 𝑒− → 𝑒− + 𝑒− of the high-energy beam electrons on
atomic electrons in the target material. The large majority of those
electrons are prevented from reaching the sensitive detectors as they
curl up in the strong longitudinal magnetic field, and are then guided
into a shielding pipe made from bulk tungsten material where they
dump their energy. The fully assembled torus and solenoid magnets are
shown in Fig. 4.

The distribution of the absolute magnetic field along lines of con-
stant polar angle seen from the target position is shown in Fig. 5.
Both the torus and solenoid magnetic fields are included. The field
distributions of the solenoid and torus magnets are shown in Fig. 6.

3.1. The torus magnet

A contour of one of the six identical coils of the torus magnet is
shown in Fig. 7. The geometrical coverage as seen from the target
ranges from 5◦ to 40◦ in polar angle. The symmetrically arranged six
magnet coils provide an approximate toroidal magnetic field around the
beamline. The six coils are mounted in a central cold hub on a common
stainless-steel cylinder, which also provides the geometrical symmetry
for the alignment of the coils near the magnet center (see Fig. 8). This
increases placement accuracy of the coil packages in areas where the
magnetic field is expected to be maximal. A full view of the assembled
torus coils and cryostat is shown in Fig. 4(right). The open range in
azimuthal angle depends on the polar angle of the particle trajectory,
and ranges from 50% of 2𝜋 at 5◦ to about 90% of 2𝜋 at 40◦.

Each superconducting coil is made from a two-coil ‘‘double-
pancake’’ potted in an aluminum case. The number of windings per
pancake is 117. The conductor is Superconducting Super Collider outer
dipole cable soldered into a 20 mm × 2.5 mm copper channel with a
turn-to-turn insulation of 75 μm fiberglass tape. Operating at a nominal
current of 3770 A, the peak field is 3.58 T at the inner turns close to the
warm bore. For symmetry reasons the field on the beam axis is ideally
equal to zero, with a small remnant field present due to imperfections
in the magnet assembly and coil positions. The ∫𝐵𝑑𝑙 at the nominal
current is 2.78 Tm at 5◦ and 0.54 Tm at 40◦. The inductance of the
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Fig. 7. A torus magnet coil (blue) in its vacuum jacket. All six coils are nominally
identical to each other, and are tilted forward at a 22◦ angle relative to the vertical,
and are symmetrically arranged in azimuth. The thickness of the coil package is 0.3 m
and the entire coil spans about 2 m × 4 m. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. The six torus coils are mounted on the cold central stainless-steel hub that bears
the centripetal force. The dark-shaded areas indicate the location of the superconducting
coils, surrounded by the cryostat and vacuum jacket.

magnet is 2.0 H and the stored energy 14.2 MJ. The magnet has liquid-
N2 cooled heat shields. After assembly and cool down, the magnet
reached full field immediately. For details on the design and operation
of the torus magnet, see Ref. [7].

3.2. The solenoid magnet

The solenoid magnet is a self-shielded superconducting magnet
around the beamline used to generate a field primarily in the beam
direction. Fig. 9 shows the design layout of the solenoid coils, and the
fully assembled magnet is shown in Fig. 4(left). The design is driven
by the physics requirements to (a) provide a magnetic field for particle
tracking at large angles, (b) act as a Møller electron shield, and (c)
provide a highly uniform field at the magnet center for the operation
of dynamically polarized proton and deuteron targets. Fig. 10 shows
the moment when the magnets had reached their full design currents.

Fig. 9. Cut view of the upper half of the solenoid coils with the four 2 × 2 main coils
on the inside, and the shield coil (5) on the outside. The shield coil provides effective
compensation for the magnetic field sensitive photomultiplier tubes that are located
just outside of the magnet cryostat (not shown). The nominal field in the center of the
magnet is 5 T.

Fig. 11 shows the correlation of solenoid field strength vs. current up
to (and slightly beyond) the maximum current.

The magnet consists of 4 cylindrical coils arranged in two packages
at different radial distances to the beamline. A fifth coil is located
outside of the 4 inner coils and generates a magnetic field in the
opposite direction of the field of the 4 inner coils and thus acts as an
active magnetic shield. The number of turns in the main coils is 3704
(2×840+2×1012) and in the shield coil is 1392. The magnet is powered
at a nominal current of 2416 A. At full current the solenoid generates
a 5 T magnetic field at its center. The integrated field length along the
magnet center is ∫𝐵𝑑𝑙 = 7.0 Tm, generating a stored energy of 20 MJ.
The magnet has an inner warm bore of 78 cm diameter where all of the
central detectors are placed. For details on the design and operation of
the solenoid magnet, see Ref. [7].

4. The CLAS12 forward detector (FD)

4.1. Drift chamber (DC)

The six coils of the torus magnet mechanically support the forward
tracking system, which consists of three independent DCs in each of the
six sectors of the torus magnet. Each of the six DC sectors has a total of
36 layers with 112 sense wires, arranged in 3 regions (R1, R2, and R3)
of 12 layers each. In each of the six torus sectors the DCs are arranged
identically. As displayed in Fig. 12, the R1 chambers are located at
the entrance to the torus magnetic field region, the R2 chambers are
located inside the magnet where the magnetic field is close to its
maximum, and the R3 chambers are placed in a low magnetic field
space just downstream of the torus magnet. This arrangement provides
independent and redundant tracking in each of the six torus sectors.
Each of the 3 regions consists of 6 layers (called a superlayer) with
wires strung at a stereo angle of +6◦ with respect to the sector midplane
and 6 layers (a second superlayer) with wires strung at a stereo angle
of −6◦ with respect to the sector midplane. This stereo view enables
excellent resolution in the most important polar angle (laboratory
scattering angle), and good resolution in the less critical azimuthal
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Fig. 10. Energization of the torus magnet (left) and the solenoid magnet (right) to full current.

Fig. 11. The excitation line of the solenoid to full current. The nominal field in the
center of the solenoid magnet is 5.0 T.

scattering angle. Fig. 13 shows the wire stringing operation for the large
R3 chambers. For details of the DC construction and performance, see
Ref. [8].

4.2. Particle identification

Cherenkov counters, time-of-flight detectors, and electromagnetic
calorimeters are located downstream of the tracking system to provide
particle identification and energy measurements for electrons, high-
energy photons, and neutrons. Each is described in more detail in the
remainder of this section.

4.3. High threshold Cherenkov counter (HTCC)

The HTCC is the main detector to separate electrons (positrons) with
momenta below 4.9 GeV from charged pions, kaons, and protons. The
detector has full coverage of 360◦ in azimuth and spans from 5◦ to
35◦ in polar angle. It has no blind areas in its complete solid angle
coverage. The detector is located downstream of the production target,
sandwiched between the solenoid magnet and the torus magnet, in
front of the forward tracking detectors.

Fig. 12. Drift chamber system in the CLAS12 forward tracking system from the design
model. The small-size R1 chambers are located just in front of the torus magnet coils
(gray shade). The medium-size R2 chambers are sandwiched between the coils of the
magnet, and the large-size R3 chambers are located just downstream of the magnet.

The HTCC system is required to provide high rejection of charged
pions and low background noise for reliable identification of scattered
electrons in a dense electromagnetic background environment. The
HTCC is a single unit operated in dry CO2 gas at 1 atm pressure. It
is constructed using a multi-focal mirror of 48 elliptical mirror facets
that focuses the Cherenkov light on 48 photomultiplier tubes (PMTs)
with quartz windows of 125 mm diameter. The PMTs are located in a
magnetic field of up to 35 G oriented along the phototube axes and are
surrounded along their lengths by a multi-layer magnetic shield with
active compensation coils.

In order to minimize multiple scattering in the HTCC detector
materials and to limit its impact on the momentum analysis of charged
tracks in the torus field, the HTCC mirror system is constructed using a
backing structure of low-density composite material. As the detector is
located in front of the momentum analyzing torus magnet, all materials
but the radiator gas in the path of the charged particles had to be
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Fig. 13. Simultaneous wire stringing of two R3 chambers in the Jefferson Lab clean room.

Fig. 14. The HTCC mirror with its 48 mirror facets, each reflecting the Cherenkov
light to a different PMT. The mirror spans a diameter of about 2.4 m.

kept to a minimum. In the actual detector, the density of the solid
material seen by charged particles passing through the HTCC volume
is 135 mg/cm2.

The HTCC is also used to generate a fast signal to be used as a trigger
for scattered electrons. The HTCC operates in conjunction with energy
deposited in the electromagnetic calorimeters to identify electrons of
specific energies. The 360◦ mirror system of the HTCC is shown in
Fig. 14. Fig. 15 shows a cut view of the assembled HTCC detector. For
details of the HTCC construction and performance, see Ref. [9].

4.4. Low threshold Cherenkov counter (LTCC)

The LTCC system is part of the CLAS12 Forward Detector and is
used for charged pion detection at momenta greater than 3.5 GeV. The
LTCC system consists of boxes shaped like truncated pyramids. Four
of the six sectors of CLAS12 are equipped with one LTCC box. Each
LTCC box contains 108 lightweight mirrors with composite backing
structures, 36 Winston light-collecting cones, 36 125-mm diameter
PMTs, and 36 magnetic shields. The LTCC boxes are filled with heavy
C4F10 radiator gas. The LTCC system has previously been used to detect
electrons in the CLAS detector at lower energies [10]. It has been
refurbished to provide higher efficiency for charged pion detection by
increasing the volume of the radiator gas, refurbishing the elliptical and

Fig. 15. Cut view of the assembled HTCC detector. The container spans a diameter of
about 4.5 m. The mirror is seen at the downstream end to the right. The PMTs are
mounted in 12 sectors and in groups of 4 at the outer perimeter of the container. Light
collection uses additional Winston cones and 5-in PMTs with quartz windows.

hyperbolic mirrors with new coatings, and improving the sensitivity
of the PMTs to Cherenkov light by coating their entrance windows
with wavelength shifting material that absorbs ultraviolet (UV) light
at wavelength below 300 nm and re-emits two back-to-back photons at
larger wavelength. The components of the LTCC optical mirror system
and its arrangement are shown in Figs. 16 and 17. For details of the
LTCC construction, the detector refurbishment, and its performance, see
Ref. [11].
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Fig. 16. Layout and components of the optical mirror system within each LTCC box
from the design model.

Fig. 17. Perspective representation of the LTCC optical system. A charged particle
enters from the bottom left and generates Cherenkov light in the radiator gas volume.
The light is reflected off the elliptical mirror array towards the hyperbolic mirror array,
from where it is reflected towards the Winston cone and 5-in PMT. The large acceptance
coverage requires a complex mirror system for efficient light collection.

4.5. Ring imaging Cherenkov detector (RICH)

Some experiments require the detection and identification of
charged kaons in momentum ranges that are not accessible with the
standard time-flight method used with the Forward Time-of-Flight
system, or with the LTCC Cherenkov counters. The time-of-flight res-
olution of the scintillators is no longer sufficient to separate kaons
from pions for momenta greater than 3 GeV. For that purpose an
additional RICH detector was built and incorporated into one of the
CLAS12 sectors to replace the corresponding LTCC sector.1 The RICH
detector is designed to improve CLAS12 particle identification in the
momentum range 3–8 GeV. It incorporates aerogel radiators, visible
light photon detectors, and a focusing mirror system that is used to
reduce the detection area instrumented by photon detectors to 1 m2.

Multi-anode photomultiplier tubes (MaPMTs) provide the required
spatial resolution and match the aerogel Cherenkov light spectrum in
the visible and near-UV region. For forward scattered particles (𝜃 <
13◦) with momenta 3–8 GeV, a proximity imaging method with thin
(2 cm) aerogel and direct Cherenkov light detection is used. For larger
incident particle angles of 13◦ < 𝜃 < 25◦ and momenta of 3–6 GeV, the

1 A second RICH module is presently under construction and will be
installed into the final CLAS12 FD sector diametrically across from the first
module.

Fig. 18. The RICH mirror system shown here in a perspective view as seen from the
entrance window, with the spherical mirrors above, and the planar mirrors below. The
detector array with the MaPMTs is seen in the center. The aerogel radiator is not
shown.

Fig. 19. The principle of operation and the optics of the RICH detector. The left panel
shows the optics for direct light detection and the right panel shows the optics for
reflected light detection.

Cherenkov light is produced by a thicker aerogel layer of 6 cm, focused
by a spherical mirror, and undergoes two further passes through the
thin radiator material and a reflection from planar mirrors before
detection. Fig. 18 shows the RICH mirror system and Fig. 19 details
the optics of the detector. For further details of the RICH detector
construction and performance see Ref. [12].

4.6. Forward time-of-flight (FTOF)

The FTOF system is part of the Forward Detector and is used
to measure the time-of-flight of charged particles emerging from the
production target during beam operation. It includes six sectors of
plastic scintillators with double-sided PMT readout. Each sector consists
of three arrays of counters (panel-1a - 23 counters, panel-1b 62 coun-
ters, panel-2 5 counters). The system is required for excellent timing
resolution for particle identification and good segmentation for flexible
triggering options. The detectors span a range in polar angle from 5◦

to 45◦, covering 50% in 𝜙 at 5◦ and 90% at 45◦. The lengths of the
counters range from 32.3 cm to 376.1 cm in panel 1a, from 17.3 cm
to 407.9 cm in panel-1b, and from 371.3 cm to 426.2 cm in panel-2.
The average timing resolution in panel-1a is 125 ps, 85 ps in panel-
1b, and 155 ps in panel-2. Figs. 20 and 21 show the FTOF system
on the Forward Carriage. For details of the FTOF construction and
performance, see Ref. [13].

4.7. Electromagnetic calorimeters (ECAL)

The CLAS12 detector package uses the existing electromagnetic
calorimeter (EC) of the CLAS detector [14] and a new pre-shower
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Fig. 20. 3D rendering of the Forward Carriage with the FTOF system showing the
panel-1b counters on the inside, and the panel-2 counters on the outside. The panel-1a
counters are located immediately downstream of the panel-1b counters and are not
visible here. Part of the PCAL is visible downstream of the FTOF panels.

Fig. 21. Photograph of the FTOF panel-1b counters mounted on the CLAS12 Forward
Carriage in front of the panel-1a counters and the electromagnetic calorimeters before
the installation of the panel-2 counters.

calorimeter (PCAL) installed in front of the EC. Together the PCAL and
EC are referred to as the ECAL. The calorimeters in CLAS12 are used
primarily for the identification and kinematical reconstruction of elec-
trons, photons (e.g. from 𝜋0 → 𝛾𝛾 and 𝜂 → 𝛾𝛾 decays), and neutrons.
For details of the construction of the PCAL and the performance of the
ECAL, see Ref. [15].

The PCAL and EC are both sampling calorimeters consisting of
six modules. Along the direction from the target, the EC consists of
two parts, read out separately, called EC-inner and EC-outer. They
provide longitudinal sampling of electromagnetic showers, as well as of
hadronic interactions to improve particle identification. Each module
has a triangular shape with 54 (15/15/24, PCAL/EC-inner/EC-outer)
layers of 1-cm-thick scintillators segmented into 4.5/10-cm (PCAL/EC)
wide strips sandwiched between 2.2-mm-thick lead sheets. The total
thickness corresponds to approximately 20.5 radiation lengths. Scintil-
lator layers are grouped into three readout views with 5/5/8 PCAL/EC-
inner/EC-outer layers per view, providing spatial resolutions of less
than 2 cm for energy clusters. The light from each scintillator readout

Fig. 22. PCAL after installation on the Forward Carriage in front of the existing EC.

Fig. 23. The Forward Tagger system during cosmic ray testing before installation in
CLAS12. The lower part contains the electromagnetic calorimeter composed of lead-
tungstate crystals. The upper part includes the hodoscope and the tracking disks. Here
the FT is rotated by 90◦ compared to its installation configuration.

group is routed to the PMTs via flexible optical fibers. Fig. 22 shows the
PCAL after installation on the Forward Carriage in front of the existing
EC from CLAS.

4.8. Forward tagger (FT)

The Forward Tagger (FT) extends the capabilities of CLAS12 to
detect electrons and photons at very forward polar angles in the range
from 2.5◦ ≤ 𝜃 ≤ 4.5◦. The detection of forward-going scattered electrons
allows for electroproduction experiments at very low photon virtual-
ity 𝑄2, providing an energy-tagged, linearly polarized, high-intensity,
quasi-real photon beam. This configuration enables execution of an
extensive hadron spectroscopy program. The FT consists of a calorime-
ter, a micro-strip gas tracker, and a hodoscope. The electromagnetic
calorimeter with 332 lead-tungstate (PbWO4) crystals is used to identify
electrons, measure the electromagnetic shower energy, and provide
a fast trigger signal. The tracking system in front of the calorimeter
measures the charged particle scattering angles, and the scintillator
hodoscope aids in separating electrons and high-energy photons.
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Fig. 24. The Forward Tagger system (circled) downstream of the Central Detector in
front of the torus magnet warm bore entrance.

Fig. 23 shows a photograph of the FT during cosmic ray studies
before its installation in CLAS12. During beam operations, a tungsten
shielding pipe of conical shape is installed in front of the FT to absorb
Møller electrons and low-energy photons produced by beam interac-
tions with the target and downstream materials. This shield protects
both the FT and the Forward Detectors from electromagnetic back-
ground. The cone angle is 2.5◦, compatible with the FT acceptance. In
this configuration, known as ‘‘FT-ON’’, the FT can be used to detect both
electrons and photons, extending the detection capabilities of CLAS12.
Alternatively, when the FT is not needed for the physics program,
the FT detectors are turned off and additional shielding elements are
installed in front of the FT covering up to 4.5◦ to reduce the background
in the DC R1 chambers. This configuration, known as ‘‘FT-Off’’, reduces
the accidental background by one-third at the same beam conditions,
which allows for higher luminosity data taking with CLAS12. Further
details on the FT are described in Ref. [16]. Fig. 24 shows a rendering
of the FT setup near the entrance to the warm bore of the torus magnet.

5. The CLAS12 central detector (CD)

Particles scattered from the target at polar angles in the range from
35◦ to 125◦ are detected in the Central Detector with its own particle
identification and tracking detectors. Charged particles are tracked in
the Central Vertex Tracker (CVT) and detected in the Central Time-
of-Flight (CTOF) detector with full 360◦ coverage in azimuthal angle.
Neutron detection is provided by the Central Neutron Detector (CND)
located radially outside of the CVT and the CTOF. The fully assembled
CD is shown in Fig. 25 after installation in the solenoid. Fig. 26 shows
the Central Detector from the upstream end.

5.1. Central vertex tracker (CVT)

The CLAS12 CVT is a part of the Central Detector and is used to
measure the momentum and to determine the vertex of charged parti-
cles scattered from the production target, which is centered within the
solenoid magnet. Details of the tracking system are shown in Fig. 27. It
consists of two separate detectors, a Silicon Vertex Tracker (SVT) and a
Barrel Micromegas Tracker (BMT). The SVT system includes 3 regions
with 10, 14, and 18 double-sided modules of silicon sensors instru-
mented with the digital readout ASIC Fermilab Silicon Strip Readout
(FSSR2). The readout pitch is 156 μm, and the total number of channels
is 21,504. See Ref. [17] for details on the design, construction, and
performance of the SVT.

The BMT contains 3 layers of strips along the beamline and 3 layers
of circular readout strips around the beamline, with a total number of
15,000 readout elements. The BMT provides important improvements
in momentum resolution and in tracking efficiency. Each layer is ar-
ranged azimuthally in 3 segments of 120◦ azimuthal coverage each.
The system operates at the full design luminosity of 1035 cm−2s−1.

Fig. 25. The Central Detector installed in the solenoid magnet in a side view. The
readout PMTs are seen at the upstream end (left) and at the downstream end (right)
of the solenoid.

Fig. 26. The Central Detector seen from the upstream end. The central tracker system
is shown in a retracted position for maintenance. During operation it is fully inserted
into the warm bore of the magnet.

Another component of the CVT is the Forward Micromegas Tracker
(FMT), consisting of 6 layers with 6000 readout elements. It is in-
tegrated mechanically with the CVT to provide a compact tracking
system, but covers the polar angle range from 5◦ to 35◦ and provides
improved vertex reconstruction for forward-scattered charged particles.
The fully assembled CVT, including the FMT, are shown in Fig. 28. See
Ref. [18] for details on the BMT and on the FMT.
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Fig. 27. Central Vertex Tracker schematic, showing (from the inside) the target cell
and vacuum chamber, the 3 double layers of the SVT, followed by the 6 layers of the
BMT. The beam enters from the left. The six FMT layers are shown at the downstream
end at the right.

Fig. 28. The fully assembled Central Vertex Tracker with the SVT, BMT, and FMT. The
BMT and FMT are shown on the outside. The FMT has a circular opening in the center
for the electron beam to pass through. The SVT is encapsulated and hidden from view.

Fig. 29. The CTOF detector with its 48 scintillator bars outfitted with light guides,
PMTs, and magnetic shields at both ends of each counter.

Fig. 30. The fully assembled CD as seen from its upstream end with the 144 CND
light guides and PMTs at the three outermost rings, and the 48 PMTs of the CTOF
(two inner rings).

5.2. Central time-of-flight (CTOF)

The CTOF system is used for the identification of charged particles
emerging from the target via time-of-flight measurements in the mo-
mentum range from 0.3 to ∼1.25 GeV. The CTOF includes 48 plastic
scintillators with double-sided PMT readout via, respectively, 1.0-m-
long upstream and 1.6-m-long downstream focusing light guides. The
array of counters forms a hermetic barrel around the target and the
CVT. The barrel is aligned with the beam axis inside the 5 T solenoid
magnet. The PMTs are placed in a region of 0.1 T fringe field of
the solenoid and enclosed within a triple layer dynamical magnetic
shield [19] that provides less than 0.2 G internal field near the PMT
photocathode. The CTOF system is designed to provide time resolution
of 80 ps for charged particle identification in the CLAS12 Central
Detector. Details of the CTOF are described in Ref. [20]. Fig. 29 shows
the CTOF system from the design model and Fig. 30 shows the upstream
end of the CTOF installed inside the solenoid.

5.3. Central neutron detector (CND)

The CLAS12 CD is also equipped with the CND positioned radially
outward of the CTOF that allows the detection of neutrons in the
momentum range from 0.2 to 1.0 GeV by measurement of their time-
of-flight from the target and the energy deposition in the scintillator
layers. The detector is made of three layers of scintillator paddles (48
paddles per layer), coupled two-by-two at the downstream end with
semi-circular light guides and read out at the upstream end by PMTs
placed outside of the high magnetic field region of the solenoid. The
scintillators are connected to 1-m-long bent light guides. Fig. 30 shows
the upstream readout end of the CND installed in the solenoid. Details
of the CND are described in Ref. [21].

5.4. Back angle neutron detector (BAND)

Neutron detection at back angles is accomplished with the BAND,
which is positioned 3 m upstream of the CLAS12 target to detect back-
ward neutrons with momenta between 0.25 and 0.7 GeV. It consists of
18 horizontal rows and 5 layers of scintillator bars with PMT readout
on each end to measure time-of-flight from the target. There is an
additional 1 cm scintillation layer for vetoing charged particles. The
detector covers a polar angle range from 155◦ to 175◦ with a design
neutron detection efficiency of 35% and a momentum resolution of
about 1.5%. Details will be provided in Ref. [22].
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Fig. 31. Top: Hall B beamline upstream of the target, showing the tagger magnet (red) to the left, which is energized during beam tuning and during polarization measurements.
The doublet seen downstream of the tagger is a pair of quadrupoles. The beam position monitors (BPMs) are used for beam position and beam current measurements. The main
element on the right is the solenoid magnet nearly fully encapsulated by the HTCC (yellow). Several of the torus magnet coils are visible at the far right. Bottom: The part of the
beamline that extends from the downstream end of CLAS12 to the Faraday cup, a total absorbing device that is used to integrate the beam current to get the total accumulated
charge. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

6. Hall B beamline

The Hall B beamline has two sections, the 2C line, from the beam
switch yard (BSY) to the Hall proper, and the 2H line, from the
upstream end of the experimental Hall to the beam dump (or Faraday
cup) in the downstream tunnel. Fig. 31 shows the portion of the 2H
line from the tagger dump magnet to the entrance to CLAS12 and the
portion of the 2H line downstream of CLAS12 leading to the Faraday
cup.

The beamline instrumentation consists of beam optics, beam posi-
tion and beam current monitors, beam viewers, collimators, shielding,
beam profile scanners, and beam halo monitors. Devices that con-
trol the beam direction, its profile, and measure critical parameters,
are under the accelerator operations control. Hall B operators control
collimators, halo monitors, profile scanners, and viewers. They are
also responsible for configuration and running the Møller polarimeter
located upstream of the tagger magnet.

The tagger magnet on the left of Fig. 31 (in red) is not energized
during production data taking. When energized the yoke of this magnet
serves as a beam dump that is used during beam tuning before the
beam is directed on the Hall B production target. It is also used during
specialized runs, such as polarization measurements in the upstream
beamline, to avoid exposure of sensitive CLAS12 detectors to high
background loads. For details of the beamline elements and beam
quality, see Ref. [23].

The performance of the electron beam and all diagnostic elements in
the beamline, status of the beamline vacuum, the superconducting mag-
nets, and the rates in all detector systems that are indicative of potential
beam quality issues are directly displayed on a single master screen
that is accessible to the shift personnel and other experiment-related
personnel and experts. Fig. 32 shows the details of the monitoring
screen.

6.1. Monte Carlo simulations

A critical part of operating an open large-acceptance detector sys-
tem at high luminosities is the simulation not only of hadronic events
but also, and more importantly, the simulation of the beam-related
accidental hits in the tracking systems. The source of accidentals is
primarily from the beam electron elastically scattering off atomic elec-
trons (Møller electrons) and their secondary interaction with beamline
components. The production rate is orders of magnitude larger than
the hadronic production rate. These background sources have to be
shielded through careful design of magnetic channeling, as well as a
proper design and careful optimization of the beamline shielding and
the vacuum pipe to minimize interaction of these electrons with high-𝑍
material. The availability of a realistic simulation package was essential
for the optimal design of the CLAS12 integrated detector concept.

The strong solenoid field is essential in channeling the scattered
Møller electrons through the beam enclosure to avoid interactions with
the beamline materials. Fig. 33 shows a single randomly triggered
event at 50% of full luminosity in a time window of 250 ns. This
corresponds to the time window in the R1 drift chambers used in
the event reconstruction. The main conclusion is that only when both
magnets are energized can the detector be operated with acceptable
background levels (see Fig. 33 lower left). Additionally, a realistic
simulation package is essential for the normalization of cross sections,
especially to take into account the detector occupancies for data taking
at luminosities near or above the maximum design luminosity where
the track reconstruction efficiency can be significantly affected by
accidentals. In order to quantitatively account for this, data were taken
at different beam currents (i.e. different luminosities) with randomly
triggered events. Data from these randomly triggered events were
merged with simulated physics events to study the loss of real tracks
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Fig. 32. The CLAS12 beamline and detector monitoring systems in Hall B. Top line (left to right) shows the beam halo counters (that typically have zero or single digit rates if the
beam quality is good), detector integrated rates in all six sectors, and halo counter rates downstream of the target. Second line: beam position and beam current monitors, status
of the cryogenic target, beam offset monitor (16 counters around the beam just upstream of the target), and Faraday cup information. Third line: Devices that can be moved in
and out of the beam used for beam viewing and profile measurements, and polarization measurements with Møller scattering. Fourth line: Beamline vacuum conditions, beamline
quadrupole settings, CLAS12 torus and solenoid settings, Chromax beam viewer, and beam blocker in front of the Faraday cup.

for different data runs. See Ref. [24] for details on the CLAS12 Geant4
simulation package GEMC.

6.2. Experimental targets

Hall B experiments are grouped into running periods with similar
beam energy, detector configuration, magnet settings, and target mate-
rial. The most common target materials have been liquid hydrogen and
liquid deuterium. Other materials include solid nuclear targets of var-
ious kinds from 12C to 208Pb, depending on the physics requirements.
For some specialized experiments high-pressure gas targets are used. All
targets are positioned inside CLAS12 using support structures that are
inserted from the upstream end, and are independent of the detector
itself.

A large science program with CLAS12 requires the use of spin-
polarized protons and neutrons. Spin-polarized protons and polarized
neutrons are used in compound materials where the hydrogen or
deuterium can be spin polarized using microwave-induced electron spin
transitions in molecules such as in NH3 and ND3. Certain electron spin–
flips can be transferred to the proton or neutron in the hydrogen or
deuterium atoms, and lead to high polarization of up to 90% for the
free protons and over 50% in neutrons of the deuterium atoms in this
process of dynamical polarization. To achieve high levels of polariza-
tion, a high magnetic field of 5 T is required. In CLAS12, the required
magnetic field is externally provided by the 5 T field in the center of the
solenoid magnet, which has been designed to provide a homogeneous
magnetic field of 𝛥𝐵∕𝐵0 ≤ 10−3 within a cylindrical region of diameter
𝜙 = 2.5 cm and 𝛥𝑧 = 4 cm along the beamline. The region near the
target cell includes additional correction coils to achieve a factor of 10
better homogeneity that is needed for polarizing the deuterium nuclei

in ND3. Other polarized materials, such as polarized HD (called HD-
Ice), will also be used in support of programs that require spin-polarized
targets with the polarization axis oriented transverse to the direction of
the electron beam.

7. Data acquisition and trigger system

7.1. CLAS12 data flow and monitoring

During data taking the quality of the data is continuously monitored
by displaying a very small fraction of single events in the CLAS12 event
display (ced) that allows immediate action by the shift personnel in
case of any malfunctioning detector elements or electronics modules.
Monitoring histograms are also filled on a regular basis that include
detector subsystem channel occupancies, as well as simple analysis
plots and can be easily compared with results collected earlier during
the data taking.

The CLAS12 data acquisition (DAQ) system is designed for an
average of 20 kHz Level 1 (L1) trigger rate, pipelined for continuous
operation. The sector-based L1 triggers support data streaming, subsys-
tem hit patterns, and energy summing with low threshold suppression.
The scalable trigger distribution scheme uses 111 front-end L1 crates.
CLAS12 uses different programmable features for each detector that
participates in the L1 trigger. A schematic diagram showing a complete
overview of the DAQ system is shown in Fig. 34. In 2018 the DAQ was
run at trigger rates of typically 15 kHz and data rates of up to 500 MB/s
with a livetime of >95%. At somewhat lower livetime of ∼90%, trigger
rates of 20 kHz and data rates of up to 1 GB/s have been achieved.
Details of the design, functionality, and performance of the CLAS12
DAQ are provided in Ref. [25].
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Fig. 33. Geant4 representations of accidental background events occurring within a 250 ns time window at different magnetic field configurations and at 50% of design luminosity.
Top left: Solenoid field is OFF and torus field is OFF. Top right: Solenoid field is OFF and torus field is ON. Bottom right: Rotated 2D view of top right. Bottom left: Solenoid
field is ON and torus field is ON. Color code: red lines are primary electrons; red circles are hits in the detectors; blue lines are photons, including the Cherenkov light, which is
clearly visible as the narrow light bundles just at the downstream end of the solenoid magnet, created by the Møller electrons in the HTCC when the solenoid magnet is OFF.

7.2. Fast and selective triggers

CLAS12 uses a series of fast triggers that are tailored to a specific
event pattern selection. Most of the physics experiments require the
electron scattered on the production target to be detected as it defines
the mass (𝑄2) and kinematics of the virtual photon as 𝑄2 = −(𝑒 − 𝑒′)2,
where 𝑒 and 𝑒′ are the 4-momentum vectors of the beam electron and of
the scattered electron, respectively. The scattered electron is uniquely
identified with signals in the HTCC and clustered energy deposition in
the ECAL.

At the nominal design luminosity of CLAS12, the hadronic produc-
tion rate is approximately 5 × 106/s. However, only a small fraction
of the events is of interest for the science program with CLAS12. In
particular, most physics reactions require the detection of the scattered
electrons at some finite scattering angle, for example 𝜃𝑒′ > 5◦. Fig. 35
shows one example of an electron-triggered event with one additional
positively charged track. The trigger purity depends on the polarity
of the torus magnet and on the beam-target luminosity. Only about
50% of the electron triggers recorded with an inbending torus polarity
are actually electrons. For the outbending torus polarity, the electron
trigger purity is as high as 70%. In trigger definition list, charged

particles in either the FD or the CD can also be selected in the trigger in
addition to the scattered electron making use of the detector responses.

In some experiments the detection of electrons in the FT is of inter-
est if they are associated with hadronic event patterns of one or two
additional detected hadrons. Such conditions have been implemented
in the fast trigger decision that reduces the number of triggers to about
2×104 events/s, i.e. by a factor of 250 from the hadronic rate. The data
rate is typically 500 MB/s under such conditions and can be handled
by the CLAS12 data acquisition system and the available computing
resources. Fig. 36 shows an example of specific triggers configurations
that have been used during the fall 2018 run period. Details of the
design, functionality, and performance of the CLAS12 trigger system
are provided in Ref. [26].

8. CLAS12 offline software

The CLAS12 offline event reconstruction is designed to analyze
large amounts of beam-induced experimental data acquired during
production and cosmic ray runs; the latter being used for alignment
and calibration purposes. The CLAS12 reconstruction framework is
built based on a service-oriented software architecture, where the

15



V.D. Burkert, L. Elouadrhiri, K.P. Adhikari et al. Nuclear Inst. and Methods in Physics Research, A 959 (2020) 163419

Fig. 34. Schematic diagram of the CLAS12 data acquisition and trigger system.

Fig. 35. View of an event in CLAS12 from the ced event display. Predefined trajectories
from a look-up table are employed to select hit patterns in the 3 DC regions that
correspond with localized energy deposition in the ECAL. For the two-track trigger,
the two sectors show DC hit patterns for tracks with opposite charges. The upper track
is an electron, shown by the hit in the HTCC that bends towards the beamline. The
lower track has positive charge and bends away from the beamline.

reconstruction of events is separated into micro-services that execute
data processing algorithms. The software packages consist of the event
reconstruction, visualization, and calibration monitoring services, as
well as detector and event simulations.

During the CLAS12 design phase a realistic simulation package
based on Geant4 was developed to aid in the optimization of the
detector hardware response to beam interactions in terms of resolution,
robustness of operation at high luminosity, details of the beamline
design, and other aspects.

Fig. 36. The CLAS12 trigger control screen during a specific data run with a total of 17
active triggers operating at a livetime of 95.4%. Nearly half (48.7%) of all triggers are
from single electrons detected in one of the 6 FD sectors. Over a quarter (27.81%) of
all triggers required an electron in the FT with an additional two charged hits detected
in the FTOF and in the PCAL. Several others were taking data at the 5% level and
required charged tracks in the FTOF and ECAL in opposite FD sectors. Finally, several
other triggers were used for monitoring purposes and were heavily pre-scaled.

8.1. Event reconstruction

Event reconstruction in the CLAS12 FD consists of the identification
of charged and neutral particles along with the determination of their
3-momenta and reaction vertex at the distance of closest approach to
the beamline. Charged particle reconstruction requires both forward
tracking and FTOF information.

Track reconstruction in the FD is based on a hit clustering algorithm
that requires at least 4 out of 6 connected DC cells to form a track

16



V.D. Burkert, L. Elouadrhiri, K.P. Adhikari et al. Nuclear Inst. and Methods in Physics Research, A 959 (2020) 163419

Fig. 37. Particle distributions in azimuthal angle (𝜙) vs. momentum in the CLAS12 FD for inbending electrons (left) and with reversed torus field for outbending electrons (right)
at a beam energy of 10.6 GeV. The azimuthal angle is measured at the production vertex. The azimuthal distribution of inbending electrons narrows with increasing momentum,
as high-momentum electrons in CLAS12 are bent towards the beamline, where detector acceptances are reduced. This is not the case for outbending electrons that are deflected
away from the beamline toward larger detector acceptances. The 𝑝 − 𝜙 correlation, most visible at low momentum, is due to the solenoidal magnetic field that bends charged
tracks dependent on their transverse momentum component and on their charge. For positively charged tracks the 𝜙 motion is in the opposite direction from negative (electron)
tracks. Color axes indicate the particle yields. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 38. Reconstructed vertex along the beamline 𝑣𝑧 for electrons in the FD. Left: 𝑣𝑧 vs. momentum, Right: 𝑣𝑧 vs. azimuthal angle. The vertical size of the vertex band is consistent
with the target length of 5.0 cm.

segment within each superlayer. The tracking algorithm requires at
least 5 out of 6 superlayers in a sector to form a track candidate. The
first stage of tracking relies solely on the DC wire positions to fit the
tracks and to provide matching to the outer detectors subsequently
required to obtain timing information. At the second stage of tracking,
timing information is used to determine a time-based track and the
particle momentum and flight path, while the FTOF gives the particle
velocity (𝛽) when combined with flight-path information (see Ref. [27]
for details). The momentum and velocity information are combined to
give the particle mass: 𝑚 = 𝑝∕𝛽𝛾. Electron identification additionally
requires the track to match in time and position with both an HTCC hit
and an isolated shower in the ECAL. The energy of the shower must be
consistent with the track momentum measured by the DCs in the torus
magnetic field.

Charged particles are tracked in each sector separately using the
3 regions of DCs in each sector. Most tracks are confined within one

sector as the magnet optics and the massive mechanical support of the
torus coils prevent most tracks from crossing from one sector into a
neighboring sector. In rare cases low-momentum charged pions can
cross from one sector into the opposite sector traversing through the
beam pipe. Such tracks are not reconstructed but they are included in
the event simulation. Distributions of charged particles in azimuthal
angle vs. momentum are shown in Fig. 37. Fig. 38 shows the production
vertex as reconstructed in the FD tracking system (from data where the
FMT was not installed). As the tracking detectors in each sector are
independent of each other, they have to be independently aligned and
calibrated. The reconstructed vertex is independent of the sector and
also independent of the electron momentum, is an indication that the
tracking detectors are well aligned.

Neutral particles are detected in either the calorimeters or in the
FTOF (or both). The reconstruction begins by finding isolated clusters
of energy, and determining the spatial location, deposited energy, and
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Fig. 39. Distribution map of the number of photoelectrons collected in polar and azimuthal angle of the HTCC shown in terms of the 𝑦 vs. 𝑥 transverse coordinates. The plot is
based on measurements with a trigger threshold of 2 photoelectrons. The averaged electron detection efficiency is estimated at greater than 99% in the full phase space covered
by the HTCC. In localized areas, in particular at interfaces of different mirror facets or between mirror sectors, the efficiencies can be as low as 94%. This map enables bin-by-bin
corrections for absolute normalization. Right panel: Distribution of electrons from forward tracking reconstruction at the HTCC location in polar and azimuthal angle. The gaps
between sectors are due the scattered electrons being lost in the torus coils and not reconstructed.

Fig. 40. Distribution of electron track 𝑦 vs. 𝑥 coordinates propagated to the PCAL front face (as seen from the target). The few empty strips are due to hardware issues. (Left)
Data for electrons bent away from the beamline (outbending). Right: Data for electrons bent toward the beamline (inbending).

the time of the cluster. Neutral particle candidates are identified as
clusters in the outer detectors (FTOF, PCAL, EC) that do not match
any charged particle track. For high-energy photons that deposit all
of their energy in the calorimeters, the energy is calculated from the
signal pulse height in the calorimeters. The momenta of neutrons are
computed from their flight time as determined by the timing signal in
the calorimeters and, when relevant, the matched FTOF counter. In
either case, the angle of the neutral particle trajectory is determined
from the position of the cluster at a depth in the ECAL that minimizes
parallax effects associated with tracks that are not normal to the face
of the ECAL (see Ref. [15] for details).

For all events, precise determination of the interaction time or
event start time is required. For events where the scattered electron
is detected, the event start time is derived from the arrival time of
the electron at the FTOF counters, corrected for flight path and signal
delays. The average time resolution for electrons reconstructed in the
CLAS12 FD is better than 80 ps. A more accurate event start time is ob-
tained by replacing the measured electron start time with the 499 MHz
accelerator RF signal (or 249.5 MHz depending on the accelerator
setup) that determines the beam bunch associated with the event. In

this way, the event start time can be determined to within ∼20 ps, thus
eliminating a significant contribution to the time resolution smearing
for charged hadrons. This extends the charged particle identification
capabilities of CLAS12 towards higher particle momentum.

Track reconstruction in the CD is generally less complex as tracks
are determined fully by the geometry of the detection elements and
the hit pattern in the CVT, i.e. by a combination of the SVT and the
BMT trackers. In contrast to the charged particle tracking in the FD
that relies heavily on timing information for resolution, this is not the
case for the CD. In principle, that makes tracking easier in the CD. On
the other hand, the redundancy of track fitting is much reduced in the
CD as there are only 12 tracking layers compared to the 36 in the FD.
This makes tracking in the CD more susceptible to losing tracks due to
accidental hits. Charged particle identification in the CD is given by the
timing information in the CTOF (or CND) scintillators combined with
the track momentum measured in the strong solenoid magnetic field.

Neutral particles are detected in the CD in the CND or the CTOF
(or both). As for the FD, neutral particle candidates are identified as
clusters that do not match any charged particle track. See Ref. [27] for
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Fig. 41. Inclusive 𝑒𝑝 → 𝑒′𝑋 coverage in 𝑄2 vs. 𝑥𝐵 at a beam energy of 10.6 GeV. The full kinematics is measured simultaneously. The kinematic range is given by elastic scattering
kinematics at 𝑥𝐵 = 1, and the small angle acceptance at the 𝑄2 limit for scattered electrons bending (left) toward the beamline (inbending) or (right) away from the beamline
(outbending). The two configurations require opposite directions of currents in the torus magnet coils. Note that the minimal 𝑄2 is lower for the electron outbending configuration,
and that the maximum 𝑄2 reach is slightly higher for inbending electrons.

Fig. 42. 𝛽 = 𝑣∕𝑐 vs. momentum of positively charged particles detected in the CLAS12
FD. Events were selected to have an electron identified. The charged particle trajectories
are reconstructed and their path length and timing from the target to the FTOF
(panel-1b layer) are determined. The start time at the target is given by identifying
the corresponding beam bucket as time 𝑡=0. The thin black lines show the expected
distributions for the respective charged tracks. Particle identification is limited to
momenta greater than 0.8 GeV when the torus magnet is energized to maximum
current. At reduced torus current the tracking is extended to lower momenta at the
expense of momentum resolution.

full details on the CLAS12 offline reconstruction software architecture
and design.

9. CLAS12 operational performance

This section describes the overall performance of the CLAS12 de-
tection system. Most of the experimental programs require the clean
identification and reconstruction of the scattered electron. Electrons
are identified by a combination of signals in the HTCC and energy
deposited in the combined electromagnetic calorimeters PCAL and EC,
with a matched negatively charged track in the DC tracking system. Of
critical importance is the response of the HTCC that operates between
the CD and the entrance to the DC system. The reconstructed electron
coordinates at the HTCC are shown in Fig. 39(right), exhibiting a very
uniform distribution in azimuthal angle. The distribution of photoelec-
trons across the entire 48 segments of the HTCC active region is shown

Fig. 43. Reconstructed mass squared vs. momentum of positively charged particles in
the CLAS12 FD. The same data are used as in Fig. 42. However, the plot contains
a threshold on the minimum and maximum number of events per bin to eliminate
background events between the particle bands, and to better visualize the scarce
kaons in the particle samples, which are of special significance for the science
program. Bottom: 𝜋+, middle: 𝐾+, top: 𝑝. The centroids of each particle distribution
are approximately independent of the momentum. Masses are computed from the
particle path length and from time-of-flight. Any momentum dependence would indicate
systematics in the timing calibration or in the path length determination.

in Fig. 39(left), which exhibits a rather uniform and high efficiency for
electrons over its full acceptance.

The coordinates of the reconstructed electrons at the front face of
the PCAL are shown in Fig. 40 for electrons bending towards the beam-
line, and with reversed torus magnetic field with electrons bending
away from the beamline. The different appearance of the two plots is
the result of the difference in optics for the two configurations. The
distributions are rather uniform in all six sectors, showing that the
detector systems and the reconstruction software are working properly.
The few empty strips indicate malfunctioning detector elements or elec-
tronics modules. The acceptances for the inbending and the outbending
scattered electron show quite different features. Outbending electrons
hit the ECAL front face significantly further out radially than inbending
electrons do. This is a feature of the magnetic field of the torus magnet.
Also, the outer acceptance bounds are quite different. In the outbending
case, they are defined by the ECAL geometry, while for the inbending
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Fig. 44. Overview of the different detector subsystems in the CLAS12 FD used for
particle species separation vs. momentum. Darker shading corresponds with higher
sensitivity.

case the acceptance bounds are given by the HTCC geometry, as can be
seen in Fig. 39.

Elastic scattering of electrons on protons allows for the establish-
ment of any deviations from the ideal detector geometry and alignment.
The coverage in kinematical quantities 𝑄2 and 𝑥𝐵 of the scattered
electrons detected in the FD is shown in Fig. 41. 𝑄2 is the virtuality
of the photon exchanged from the electron to the proton target and 𝑥𝐵

is the Bjorken scaling variable (defined as 𝑄2∕(2𝑀𝐸𝛾 ), where 𝑀 is the
target mass and 𝐸𝛾 is the energy of the virtual photon exchanged with
the target). The electron kinematics also define the invariant mass 𝑊
defined as 𝑊 2 = 𝑀2 + 2𝑀𝜈 −𝑄2, with 𝜈 = 𝐸𝑒 −𝐸𝑒′ and 𝑀 the mass of
the target particle. For inbending electrons the coverage in 𝑄2 is up to
13 GeV2 at 𝑥𝐵 ≈ 1, while for the outbending electrons it is limited to
𝑄2 ≈ 12 GeV2.

9.1. Charged particle detection in the FD

Charged particle yields in momentum and azimuthal angles are
shown in Fig. 37 in the local sector frame for positively and negatively
charged particles. The difference in the acceptance is due to two
factors, the polarity of the torus magnet that bends negative particles
away from the beamline and positive particles towards the beamline
(or vice-versa for the opposite torus polarity), and the effects of the
solenoid magnetic field that causes an azimuthal motion for positive
and negative particles in opposite directions.

Identification of charged particles in CLAS12 is achieved in a num-
ber of ways. Identified electrons are used to determine the hadron start
time at the production vertex. The start time and the path length of
charged tracks from the production vertex to the FTOF and the FTOF hit
time, enable the determination of the velocity (𝛽 = 𝑣∕𝑐) of the particle,
shown in Fig. 42 vs. particle momentum for positively charged tracks.
The computed mass squared vs. momentum for these tracks is shown
in Fig. 43. An overview of the detector subsystems in the CLAS12 FD
used for the identification of the different charged particle species vs.
momentum is shown in Fig. 44.

Fig. 45 shows the inclusive invariant mass 𝑊 spectra for 𝑒𝑝 → 𝑒′𝑋
and missing mass spectra for 𝑒𝑝 → 𝑒′𝜋+𝑋 with a missing neutron at four
different beam energies. Fig. 46 shows the invariant mass of 𝜋+𝜋−.

Fig. 45. Upper row: Inclusive electron scattering spectrum 𝑒𝑝 → 𝑒′𝑋 measured in CLAS12 at beam energies of 2.2 GeV, 6.5 GeV, 7.5 GeV, and at 10.6 GeV (from left to right).
The peak to the left is due to elastic 𝑒𝑝 → 𝑒𝑝 scattering. Enhancements from the first 3 excited nucleon states, 𝛥(1232), 𝑁(1520), and 𝑁(1680), are also visible for the lower beam
energies. Note that the mass ranges are different for the different beam energies. Lower row: Missing mass distributions of 𝑒𝑝 → 𝑒′𝜋+𝑋 for the same energies. The sharp mass peak
to the left is due to the undetected neutron. The second peak for the higher energies is due to the 𝛥0(1232). Indications of higher mass neutron excitations are also visible.
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Fig. 46. Invariant mass of 𝜋+𝜋− at 10.6 GeV beam energy. The vertical line indicates
the mass of the 𝜌0(770) meson. The shoulder to the right is from the 𝑓2(1270) meson.

Fig. 47. Mass squared of positively charged particles evaluated from their path length
and the time-of-flight information in the CTOF vs. the particle momentum at 10.6 GeV
beam energy. The band at the bottom is from 𝜋+, the faint band near 0.2 is from 𝐾+,
and the band at the top is from protons. The momenta are not corrected for energy
loss in the CVT.

Fig. 48. The invariant mass of two high-energy photons in Sector 4 of the ECAL from
10.6 GeV beam data. The background beneath the 𝜋0 peak is due to multi-photon
decays of higher-mass mesons where one or more photons are not detected in the
angle range covered by the calorimeter. The width (𝜎) of the mass peak is 11.9 MeV,
which is in good agreement with the Monte Carlo simulations in Ref. [27]. The energy
calibration of the calorimeter uses cosmic ray muons.

9.2. Charged particle detection in the CD

Momentum reconstruction in the CVT combined with the timing
information from the CTOF allows for the separation of charged pions,
kaons, and protons in the momentum range from 0.3 GeV to 1.25 GeV.

Fig. 49. Top: The energy response of the FT calorimeter to elastically scattered
electrons at 2.2 GeV beam energy. The tail at lower energies is due to radiative effects.
The energy resolution is 𝜎𝐸∕𝐸 ≈ 3.3%. Bottom: 2𝛾 mass for photons detected in the FT
lead-tungstate crystal calorimeter. The 𝜋0 mass resolution is 𝜎𝛾𝛾 = 4.4 MeV, which is
somewhat larger than the Monte Carlo simulation resolution of ≈ 3.5 MeV.

This momentum range covers a large part of the phase space allowed by
the maximum beam energy for hadron electroproduction on hydrogen
targets. Fig. 47 shows the reconstructed mass squared vs. particle
momentum reconstructed in the CVT.

9.3. Neutral particle detection

Direct detection of neutral particles is accomplished in the FD using
the PCAL and EC calorimeters. The combined 20 radiation lengths are
sufficient to identify high-energy photons and reconstruct the masses
of the parent particles, such as 𝜋0 → 𝛾𝛾 or 𝜂 → 𝛾𝛾. At very forward
angles the FT provides photon detection with significantly improved
position and energy resolution in the polar angle range from 2.5◦ to
4.5◦. Fig. 48 shows the invariant mass of the 𝛾𝛾 system in the CLAS12
FD. The energy response of the FT to 2.2 GeV electrons and the 𝛾𝛾 mass
resolution are shown in Fig. 49.

Neutral particle detection in the CD is provided by the CND com-
bined with the CTOF. The plastic scintillator bars of the CND have an
≈12% nuclear interaction length, resulting in a ≈ 10% efficiency for the
detection of high-energy neutrons. The plastic scintillators contribute
about 29.6% of a radiation length at 𝜃=90◦; hence they also detect
high-energy photons through their conversion into 𝑒+𝑒− pairs. The
discrimination of photons and neutrons in the CD is accomplished by
the timing resolution of 80 to 100 ps provided by the CTOF and the
160 ps of the CND. The separation of neutral particles from charged
particle hits in the CND or in the CTOF is efficiently achieved by using
the CVT tracker to veto against false neutral hits in the CTOF and CND.
Fig. 50 shows the velocity vs. the energy deposition of charged and
neutral particles in the CND. The measured neutron detection efficiency
is shown in Fig. 51.
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Fig. 50. Top: Distribution of 𝛽 = 𝑣∕𝑐 for charged particles in the CND vs. the deposited
energy for correlated charged tracks in the CVT. Evidence for charged pions and
protons is clearly visible. Bottom: The same for neutral particles; no charged tracks
are correlated with the energy deposited in the CND scintillators.

Fig. 51. The neutron detection efficiency in the CND vs. momentum for different polar
angles. The detection efficiency has been measured using the reaction 𝑒𝑝 → 𝑒′𝜋+𝑛, where
the neutron kinematics are given by the other detected particles. The ratio of observed
neutron hits to predicted neutron hits in the CND gives the detection efficiency. The
efficiency has some angle and momentum dependence as shown.

Fig. 52. BAND response to electron-triggered events emerging from a nuclear target
at very backward polar angles. Photons and neutrons sitting on accidental background
events are well separated by precise timing information.

Fig. 53. Yields of electrons in azimuthal angle (in deg.) for two bins in polar angle.
Top: Outbending electrons, Bottom: Inbending electrons. Left: 𝜃 = 7◦–9◦. Right: 𝜃 =
25◦ − 27◦. The reduced 𝜙 acceptance at small polar angles is due to the torus coils
blocking part of the 𝜙 coverage, as is seen in Fig. 8). In addition, for inbending electrons
the acceptance is further reduced as those electrons bend towards the beamline, where
the forward detectors have a smaller extension in azimuth. (The vertical axes are in
arbitrary, linear units.).

At far backward angles, the BAND detector provides neutron identi-
fication with detection efficiencies up to 35%. As there are no tracking
capabilities in the very backward direction, the separation of charged
particles is achieved by a veto counter, corresponding to a 1-cm-thick
scintillation counter in front of the BAND. The separation of neutrons
and photons is achieved by the timing information, which is shown in
Fig. 52.

10. Electron beam operation

During beam operation the status of the beamline diagnostics and
other critical components, as well as most of the detector components,
are continuously monitored. Some of the beamline elements are used to
warn of beam conditions that may negatively impact detector operation
and are used as a fast shutdown of beam delivery.

10.1. Forward detector reconstruction

The science program with CLAS12 in general requires the detection
of electrons that are scattered off the target material. For determining
the kinematics of the reaction, the electrons must be identified and their
3-momentum determined by tracking them in the magnetic field of the
torus magnet, and detecting them in the FTOF and in the ECAL, which
covers approximately the polar angle range from 5◦ to 35◦. The detailed
acceptance ranges depend also on the polarity of the torus magnetic
field. Charged tracks that are deflected away from the beamline have
acceptance functions that are different from charged tracks that are
deflected toward the beamline. Fig. 53 shows the distribution of re-
constructed electrons vs. azimuthal angle 𝜙 for different ranges of polar
angle 𝜃 at 8◦ and 26◦ showing the different acceptances for outbending
vs. inbending electrons.

The magnetic field of the solenoid also affects the acceptance func-
tion of charged particles. For opposite charges but the same momen-
tum, the azimuthal rotation of scattered charged particles is the same
in magnitude but opposite in sign. The particle acceptance is a complex
function of the phase space covered by the processes of interest and
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Table 1
Impact of high-current operation on the resolution of kinematic quantities in single
track reconstruction. The resolution parameters are without the use of the FMT tracker,
which should significantly improve the 𝑣𝑧-vertex resolution. Note that the highest beam
current of 120 nA is 60% higher than the nominal operating value of 75 nA. The
resolution values were obtained through single particle simulations at fixed kinematics.

Parameter Current Resolution Specs

0 nA 0.52
𝛥𝑝∕𝑝 (%) 60 nA 0.67 ≤ 1

120 nA 0.86

0 nA 3.3
𝛥𝜙 (mrad) 60 nA 3.8 ≤ 4.5

120 nA 4.4

0 nA 0.66
𝛥𝜃 (mrad) 60 nA 0.85 ≤ 1

120 nA 0.85

0 nA 3.5
𝛥𝑣𝑧 (mm) 60 nA 4.6 –

120 nA 5.6

Fig. 54. Accidental occupancies in the three DC regions vs. the beam current with
the solenoid magnet at full field. The measurement was carried out in the FT-OFF
configuration. The dependence on the beam current is linear. At 75 nA beam current
the measurement was also done in the FT-ON configuration (large squares), and
the accidental occupancies increase on average by ≈62% compared to the FT-OFF
configuration. The time windows during data collection were 250 ns for R1, 500 ns
for R2, and 750 ns for R3, approximately corresponding to the charge collection
times in the DC. The FT-ON configuration results are consistent with the Monte Carlo
simulations for R1, but they underestimate the R2 data by 35% and the R3 data by
25% [24,28].

must be simulated in full detail to precisely extract cross sections and
other physics observables. For this purpose a full simulation package
was developed, based on the software package Geant4 [24].

10.1.1. Luminosity performance during CLAS12 operations
CLAS12 is designed for operation at a luminosity of 𝐿 = 1035

cm−2s−1, which corresponds to a beam current of 75 nA and a liquid-
hydrogen target of 5 cm length. The high-luminosity operation has
measurable effects on the hit occupancy in the drift chambers and on
the resolution in the reconstruction of kinematical quantities. Also, the
reconstruction efficiency of charged particles can be affected. Figs. 54
and 55 show the hit occupancies in the drift chambers for differ-
ent beam currents and for different currents in the solenoid magnet,
respectively.

The effects of luminosity on the reconstruction can be studied in
simulations when the beam conditions can be realistically imposed on
the data. For that purpose a procedure was developed that takes ran-
domly triggered events at the operating beam current and superimposes
these events on the simulated events without the background. In this
way one can study the reconstruction efficiencies as a function of lumi-
nosity of the actual experiment. With increasing luminosity, accidental
out-of-time events can affect and alter particle tracks that come in-
time. The most important effect is that the track quality is negatively
impacted, leading to track losses if stringent quality requirements are

Fig. 55. Hit occupancies in the three DC regions vs. the current in the solenoid magnet.
The measurement was carried out in the FT-ON configuration. The sensitivity on the
solenoid current comes from the fact that the primary background source is from
charged particles, especially Møller electrons. The sensitivity is strongest for DC R1,
which have no additional magnetic shielding from the torus magnet field, while the
R2 and R3 chambers do.

Fig. 56. Single track reconstruction efficiency for simulated muon events vs. lumi-
nosity. Here the efficiency is defined as the ratio of the number of reconstructed
tracks within the cut window, to the number of generated tracks. The accidental
background events were used from randomly triggered data runs taken at the same
beam current. The different colored points show the tracking efficiency when certain
quality constraints are imposed. About 6%–7% of the tracks are lost at 75 nA beam
current corresponding to a luminosity of 1035 cm−2s−1 with no quality cuts (black: hit-
based tracking - HBT, red: time-based tracking - TBT). The other curves show losses
in the tracking efficiency when increasingly stringent selection cuts are applied on the
width of the missing mass distribution (most stringent for line with steepest slope).
Experimental data will be used to determine realistic tracking efficiencies at different
experimental conditions. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

applied, or to a worsening of the angle and momentum resolution. This
effect is demonstrated in Table 1.

Another way of quantifying the effect of accidental background is
by studying the percentage of tracks lost when certain track quality re-
quirements are imposed. Detailed simulations must be done for specific
operating conditions, such as magnetic field settings, event triggers,
beam current, and production targets. As an illustration, an example of
such a simulation is shown in Fig. 56. The process simulated was elastic
muon–proton scattering (which, of course is not feasible at an electron
accelerator), where the proton mass is inferred from the elastic muon
track, and compared with the known proton mass. Muons were used as
an ideal probe that does not require corrections for radiative effects as
electron scattering does. At higher beam currents, increasingly wider
tails develop on the inferred proton mass distribution.
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Fig. 57. Photograph (left) and detector response (right) of the RICH MaPMT array during beam operation. Middle: One event with the ring of Cherenkov photons. Right: same event
overlaid with expected rings from a pion, kaon, and proton at the same momentum. The radius of the Cherenkov ring is consistent with the outermost circle, which corresponds
to a pion.

Table 2
CLAS12 performance parameters based on the current state of the reconstruction, sub-
system calibrations, knowledge of the detector misalignments, and the understanding
of the torus and solenoid magnetic fields. Resolutions in charged particle momentum
and angles were determined from simulations.

Capability Quantity Status

Coverage Tracks (FD) 5◦ < 𝜃 < 35◦

& Efficiency Tracks (CD) 35◦ < 𝜃 < 125◦

Momentum (FD & CD) 𝑝 > 0.2 GeV
Photon angle (FD) 5◦ < 𝜃 < 35◦

Photon angle (FT) 2.5◦ < 𝜃 < 4.5◦

Electron detection (HTCC) 5◦ < 𝜃 < 35◦, 0◦ < 𝜙 < 360◦

Efficiency 𝜂 > 99%
Neutron detection (FD) 5◦ < 𝜃 < 35◦

Efficiency ≤ 75%
Neutron detection (CD) 35◦ < 𝜃 < 125◦

Efficiency 10%
Neutron Detection (BAND) 155◦ < 𝜃 < 175◦

Efficiency 35%

Resolution Momentum (FD) 𝜎𝑝∕𝑝 =0.5–1.5%
Momentum (CD) 𝜎𝑝∕𝑝 < 5%
Pol. angles (FD) 𝜎𝜃 = 1–2 mrad
Pol. angles (CD) 𝜎𝜃 = 2–5 mrad
Azim. angles (FD) 𝜎𝜙 < 2 mrad/sin 𝜃
Azim. angles (CD) 𝜎𝜙 = 3–15 mrad
Timing (FD) 𝜎𝑇 = 60–110 ps
Timing (CD) 𝜎𝑇 = 80–100 ps
Energy (𝜎𝐸∕𝐸) (FD) 0.1∕

√

𝐸 (GeV)
Energy (𝜎𝐸∕𝐸) (FT) 0.03∕

√

𝐸 (GeV)

Operation Luminosity 𝐿 = 1035 cm−2s−1

DAQ Data Rate 20 kHz, 800 MB/s., L.T. 95%

Magnetic Field Solenoid 𝐵0 = 5 T
Torus ∫𝐵𝑑𝑙 = 0.5–2.7 Tm at 5◦ < 𝜃 < 25◦

For the first run period of CLAS12 in the spring and fall of 2018, the
luminosity was chosen to not exceed average occupancies of 4% in the
R1 drift chambers. The R1 detectors are more exposed to background
radiation than R2 and R3. This occupancy limitation typically resulted
in beam operations at about 45 nA to 55 nA of beam current, or about
60% to 75% of design luminosity.

10.1.2. Performance of the RICH
Fig. 57 shows the RICH multi-anode photomultiplier array and a sin-

gle Cherenkov event for a track with the Cherenkov light detected in the
MaPMT array. The performance in event reconstruction is illustrated in
Fig. 58 for positively charged particles in the design momentum range
from 3 to 8 GeV.

10.2. CD reconstruction

Fig. 59 shows selected charged track events in the CVT. The left
panels show the projection to the plane perpendicular to the beamline.

Fig. 58. Charged particle identification in the RICH detector showing the mass squared
vs. momentum for positively charged particles. The data show bands for 𝜋+ (bottom),
𝐾+ (middle), and protons (top). The events are from a single aerogel tile, and
from photons that hit the MAPMT directly, without reflection from the mirrors. The
pion/kaon separation in the RICH sets in where it ranges out with the time-of-flight
resolution in the FTOF shown in Fig. 42.

In this view, positively charged particles bend clockwise in the 5 T mag-
netic field. The innermost 3 double layers mark the SVT and the outer
6 layers indicate the BMT. The panels to the right show the projection
onto a plane along the beamline. The CTOF and CND detectors are
located radially outward of the CVT and also show the deposited energy
where the charged tracks hit. Uncorrelated hits are from neutrals or out-
of-time events. Other indicators of the CND performance for charged
particles are shown in Fig. 60.

10.2.1. Acceptance and performance of the CD
The Central Detector system covers polar angles from 35◦ to 125◦

and the full 360◦ in azimuth. Fig. 61 shows the acceptance and re-
construction efficiency for charged tracks from simulations with back-
ground incorporated according to the beam current. Fig. 62 shows the
reconstructed vertex along the beamline (𝑧-axis) for charged particles
coming from an empty target cell. The target cell is 5-cm long, and
the cell walls are well resolved with an approximate resolution of 𝜎𝑧 <
2 mm. The final vertex resolution should significantly improve with the
optimized detector alignment and calibrations. Events between the cell
walls are from beam interactions with the residual cold hydrogen gas
in the target cell.

The limited space in the CD makes charged particle identification
challenging for momenta ⪆1 GeV. The current detector performance
in terms of particle identification and tracking resolution is still being
optimized and improved. It is expected that the results shown here
will continue to improve and the performance will become more in
agreement with the expected performance parameters.

The elastic scattering process 𝑒𝑝 → 𝑒𝑝 at relatively low 𝑄2 can
be used to connect the FD where the electron is detected and the CD
where most of the elastically scattered protons are detected. The strict
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Fig. 59. Top: Example of cosmic ray tracks in the CVT with magnetic field 𝐵 = 5 T. Left: Track projected to the plane perpendicular to the beamline. Right: The same track
projected onto a plane along the beamline. Bottom: Multiple track event from beam-target interaction reconstructed in the CLAS12 Central Detector at a beam current of 10 nA.
Clockwise bending tracks in the solenoid magnetic field are from positively charged particles.

kinematic correlation in azimuthal angle, given by 𝜙𝑝 = 𝜙𝑒 + 180◦, can
be exploited to understand potential relative alignment issues between
the FD and CD tracking. Fig. 63 illustrates the correlation in elastic
electrons detected in the FD sectors and protons reconstructed in the
CD.

10.3. Operating experience

The CLAS12 detector systems were commissioned in the period from
December 2017 through February 2018, using beam energies of 2.2,
6.4, and 10.6 GeV. The target cell was filled with liquid hydrogen,
except when data were taken on an empty target cell. Data were
accumulated with both torus magnet polarities, i.e. electrons bending
either toward or away from the beamline, as well as data with different
magnetic field strength settings in the torus and solenoid. Under-
standing of the reconstructed events focused first on the lowest beam
energy of 2.2 GeV, for which the elastic peak became quickly visible
and could be used to understand the influence of the magnetic field
map, the overall detector geometry, and the drift chamber alignment,
among other parameters. Fig. 64 shows the elastic electrons detected
in each of the six different sectors of the FD to illustrate that quality
of the event reconstructions and detector calibrations. After this initial
commissioning period, data taking commenced for Run Group A [29],
which required use of a liquid-hydrogen target. Use of hydrogen as
the target material allowed for the continuation of the commissioning
period, while taking production data at the same time. The ability to
study exclusive processes plays an essential role in further optimizing
the operational performance.

11. Summary

The design criteria, construction details, and operational perfor-
mance characteristics of the large-acceptance CLAS12 dual-magnet
spectrometer in Hall B at Jefferson Laboratory have been described.
The spectrometer is now used to study electron-induced reactions
at the energy-doubled CEBAF electron accelerator. The spectrometer
was commissioned in the period from late 2017 to early 2018, and
is now routinely operated in support of a diverse scientific program
in the exploration of the internal quark structure of nucleons and
nuclei. The major performance criteria, most critically, the operation
at instantaneous luminosities up to 1035 cm−2s−1, have been met.
These criteria are summarized in Table 2. Further improvements in the
operational performance of CLAS12 will be realized during the ongoing
experimental data analysis and detector optimization studies.
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Fig. 60. CND response to charged particles. The upper plot shows 𝛽 vs. particle
momentum for positively charged tracks. The upper green line indicates the nominal
relation for pions and the lower blue line indicates the nominal relation for protons.
The bottom plot shows the correlation of the hit position of charged tracks measured
in the CVT and the hit position measured in the CND using the hit time information.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 61. CVT acceptance and tracking performance. The left panels show the tracking
efficiency and acceptances vs. momentum for (top) simulated muon tracks with no
beam background and (bottom) the same for protons but with background corre-
sponding to a 50 nA beam current. The right plots show the same quantities vs.
azimuthal angle. The 3 𝜙 angle dips are due to the support structure separating the
3 BMT segments, and are thus acceptance related. There are also small acceptance
gaps between neighboring SVT modules that may account for some acceptance losses
as well.

Fig. 62. Reconstructed 𝑧-vertices (coordinate along the beamline) for charged tracks
in the CD from an empty target cell. The cell walls are clearly visible. The small
downstream peak at 𝑧∼5 cm is from events originating in a thin thermal shielding foil.

Fig. 63. Elastically scattered protons reconstructed in the CVT and CTOF. The proton
peaks show the reflection of the 6 FD sectors where the electrons are detected. In
addition there is a 3-fold modulation (seen in the different widths of 3 of the peaks)
due to the 3 BMT sectors where protons are detected. The arrows indicate the physical
position of the support structures at the boundaries between two BMT segments.
The azimuthal angle is the reconstructed angle at the production target. Due to the
clockwise curvature of proton tracks in the solenoid magnetic field (see bottom plot
in Fig. 59) the support structures appear shifted by a certain 𝛥𝜙𝑝 amount relative to
their locations in the lab. (The vertical axes is in arbitrary units).

Fig. 64. Elastically scattered electrons off protons from 2.2 GeV data in all of the FD
sectors showing the reconstructed 𝑊 distributions.
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