The CLAS12 High Threshold Cherenkov Counter
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Abstract

The High Threshold Cherenkov Counter (HTCC) is one of the detector systems of the CLAS12 spectrometer,
and is used to generate a fast trigger signal in electron scattering experiments in the polar angle range from 5°
to 35°. The HTCC is installed in front of the drift chambers and introduces a minimal amount of additional
material within the acceptance. The HTCC is one unit whose core component is a multifocal mirror that
consists of 60 lightweight ellipsoidal mirrors. It is important that the HTCC provides efficient coverage of
the CLAS12 forward acceptance with no gaps. In order to achieve this, each sector of the CLAS12 Forward
Detector is covered by 2 identical half-sector mirrors that focus Cherenkov light on 8 phototubes. The
HTCC has a total of 48 channels with Electron Tubes 9823QKB photomultipliers that have a 5-in quartz
face plate to detect Cherenkov light. The system provides rejection of charged m-mesons with momenta
below 4.8 GeV for the reliable identification of scattered electrons. In this paper the details of the design,
construction, calibration, and performance results of the HTCC are presented.

1. Overview

The CLAS12 spectrometer in Hall B at Jefferson
Laboratory (JLab) has been designed and built for
comprehensive experimental studies of matter, us-
ing primarily a high-energy electron beam [I]. For
these experiments this spectrometer must be capa-
ble of detecting scattered electrons within the en-
tirety of its forward acceptance range and at the
highest possible efficiency with low background.
The High Threshold Cherenkov Counter (HTCC)
(see Fig. [1) of CLAS12 was designed and built to
fulfill the goal of detecting scattered electrons in the
range of polar angles from 5° to 35° in conjunction
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with other detector systems of the CLAS12 For-
ward Detector and to generate a fast trigger signal
for event readout.

The distinguishing features of the detector were
influenced by its location in front of the drift cham-
bers (DC) [2], which required that the HTCC in-
corporate a minimum amount of material in the
active area in front of the tracking detectors. Be-
cause the HTCC is a single module system, it oc-
cupies very limited space within CLAS12. Conse-
quently, the construction requirements (including
transportation to the hall and installation into the
nominal location of the detector) were important
for its structural design.
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Fig. 1: Fully assembled High Threshold Cherenkov Counter.

2. Requirements

The core requirements for the HTCC are sum-
marized in Table |1} Based on these necessary gen-
eral conditions, we derived the more specific and
essential demands that had to be taken into con-
sideration. As a result, it was necessary to spend
time on the research and development (R&D) of
scaled prototype mirror facets. In order to provide
minimal losses in light collection, i.e. to provide
maximal signal strength, an ellipsoidal multifocal
mirror design was chosen. This necessitated a sig-
nificant upgrade of the available machines for man-
ufacturing the parts. Thus the formulated R&D
goals covered both the properties of the mirrors and
the equally important choice of construction tech-
nology. It must be mentioned that any polishing
of working surfaces was excluded from considera-
tion in the first place due to the very high cost and
time-consuming procedures that would have been
involved otherwise.

With regard to the combined mirror installation,
it was critical to avoid the use of any mirror sup-
port structure within the acceptance of the HTCC.
One of the problems that was addressed was find-
ing a way to assemble the mirror to make it a self-
supporting, lightweight structure. In this case the
mirror design did not allow for adjustment of indi-
vidual mirror facets after the combined mirror was
fully assembled. Thus the construction and assem-
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bly procedures had to be precise enough to guar-
antee the geometrical specifications of the multifo-
cal mirror, which could then be adjusted only as a
whole unit.

Directly assembling the detector in the experi-
mental hall was impractical for several reasons. It
would require having a controlled clean environ-
ment in the area. Additionally, since the HTCC
is a single unit detector that covers all six sectors
of the CLLAS12 Forward Detector, its size was larger
than the space available for assembly.

Environmental concerns were also addressed:
such as what gases would be in use, the in-
side/outside temperature of the detector, the hu-
midity of the air, as well as the quality of the pave-
ment along the transportation route. Additional
requirements with regard to the detector mainte-
nance and year-round controls were applied to the
HTCC by using experience acquired with the Low
Threshold Cherenkov Counter built for CLAS [3].

3. Hardware Components and Construction

3.1. Lightweight Mirror Prototype Construction

The multifocal ellipsoidal mirror is the most crit-
ical component of the detector. A comprehensive
R&D program was conducted for the purpose of
addressing all of the key requirements and to find
possible solutions, and to test and verify the entire
technological chain of building mirror prototypes on
a 1:2 scale. All core parameters of the detector were
checked and/or derived from the results of Monte
Carlo (MC) simulations.

Because there is no mirror support structure, no
additional material is introduced within the accep-
tance, i.e. in front of the drift chambers. Therefore
the major requirement we needed to satisfy was to
build a lightweight and self-supporting multifocal
mirror consisting of many ellipsoidal mirror facets
glued together along their edges. This led to sev-
eral problems to solve. One of them was to define
the contact surfaces of adjacent mirror facets that
would allow final assembly to be completed without
any shape adjustments that would leave no gaps
between them. An analytic solution of a system of
two second-order equations that describe two inter-
secting ellipsoidal surfaces leads to an equation of
fourth order in general form. The solutions for any
two intersecting ellipsoidal mirrors of different pa-
rameters have been used directly in the design: the
line along which two ellipsoidal surfaces intersect
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Table 1: Core requirements for the HTCC design.

PARAMETER

DESIGN VALUE

Working Gas

CO; @ 1 atm, 25°C

Angular Coverage

0 =5°—35° ¢ =0° — 360°

Threshold

15 MeV (electrons)

Threshold

4.9 GeV (charged pions)

Rejection of charged pions

0.5 x 103 (~ 99% electron detection efficiency)

Overall Dimensions

> 15 ft and L = 6 ft along beam direction

Mirror Type

Combined, self-supporting

Mirror Substrate Structure | Composite
Mirror Thickness | 200 mg/cm?
Number of Channels | (12 x 4) = 48

Photomultiplier Tubes

Photocathode of ~5 in diameter

Number of Reflections

1 (in most cases)

Environment

Magnetic field of 35 G (along PMT axis)

is a flat line of second order, i.e. that which en-
tirely belongs to one particular well-defined plane.
This plane coincides with the edge of each of two
adjacent facets that had to be glued together.

One of the R&D goals was to test this possible
solution by building three scaled prototype ellip-
soidal facets that formed a portion of the combined
mirror. A complete set of tooling necessary for the
thermal shaping of the front and back films, man-
ufacturing of the ellipsoidal substrates, assembly of
the facets, and final trimming were successfully de-
signed, constructed, and tested. Some parts for
tests are shown in Fig. [

Fig. 2: Three prototype ellipsoidal foam mirror facets (bot-
tom) and the spherical master table (top).

Three prototype facets (no reflective coatings on
the substrates) were put together, touching each
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other exactly as designed on the spherical working
surface of the assembly table. The back of each
facet was of the same spherical shape. The facets
were left under their own weight on the master table
of the spherical working surface for several months,
(see Fig. , to allow checking for any changes in
shape and/or quality.

Fig. 3: Three prototype ellipsoidal mirror facets on the
spherical master table. They were placed so that they would
not touch each other. This was in order to leave them free
and to check their shape stability.

We learned the following lessons:

e Each substrate must have a multi-layer struc-
ture to avoid post-assembly deformations due
to glue shrinkage;

e The thickness of the substrate material had to
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be between 3/8 in and 3/4 in to satisfy the
requirements and to stay rigid enough;

e The substrate material ROHACELL poly-
methacrylimide foam with a density up to
150 mg/cm? could be employed since it has
uniform mechanical properties and high radia-
tion resistance;

e The trimming technology had to be improved
to provide increased precision of the mechani-
cal processing and final assembly;

e In all gluing operations non-shrinking glues
had to be used or a special technique had to be
developed to avoid post-polymerization effects;

e Acrylic films of optical quality have to be used
for the front and back surfaces of the mirrors
to avoid hand-polishing;

e It is critical that there is structural stability
of the mirror facets during the gluing pro-
cess, which includes the complete polymeriza-
tion time to avoid changes of the geometry of
the components.

The results obtained were useful in building the
final multifocal mirror. Figure [4] shows one of the
ellipsoidal facets being prepared for the combined
mirror assembly. Final assembly of a 1/12 por-
tion of the full mirror, consisting of five ellipsoidal
coated mirror facets or one “half-sector”, is shown

in Fig. [l

Fig. 4: An ellipsoidal mirror facet with all four flat contact
surfaces prepared for gluing.
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Fig. 5: Five ellipsoidal mirror facets glued together make up
1/12 of the full HTCC mirror (half of a CLAS12 forward
sector).

3.2. Ellipsoidal Mirror Facet Manufacturing

The usage of high-accuracy mechanical process-
ing was absolutely unavoidable in providing the
high-precision mirror facets for the final combined
mirror. Putting together 60 ellipsoidal facets of
semi-trapezoidal shape, fitting against each other
without adjustment of the overall dimensions of the
adjacent facet seams, is a difficult task. In order to
adjust the facets of the combined mirror, each in-
dividual facet would need to have its own support
infrastructure, and this would unavoidably intro-
duce additional material. With these concerns in
mind, all of the mechanical processing of the mirror
facets was performed with a HAAS 5-axis milling
machine. This allowed us to develop and use special
trimming technology for the facets. One such tech-
nique was the “one-shot” method, which provided
the ability from one setting to trim any facet with 3
or 4 contact surfaces that needed to be glued. This
was done to exclude, or at least minimize, the er-
rors introduced when we reset the orientation of the
facets while we cut 3 or 4 edge planes under differ-
ent combinations of angles. We estimated that any
deviation in the designed dimensions of more than
about 0.005 in would make the combined, precision
assembly of so many mirror substrates impossible.
This was because any post-manufacturing adjust-
ment of any of mirror substrates was not an option.
In no way could two facets be found to be either
overlapping or with significant gaps between them.
These gaps could be as wide as the thickness of a
regular glue joint obtained by simple contact pres-
sure. Otherwise, if these gaps were any larger, they
would reduce the working acceptance and lead to
reduced detector efficiency.
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The polishing process of large mirrors (8-9 ft di-
ameter) usually means that the manufacturing pro-
cess is both labor intensive and time consuming,
thus leading it to be very expensive. Therefore, we
looked for solutions to completely avoid any polish-
ing. Due to the fact that we did not require sharp
images, the mirror facets were thus constructed to
only work as efficient light collectors. To accom-
plish the goal we developed and established an en-
tire assembly procedure, followed by tests of the
construction and rating of the final results.

Another issue we addressed was the choice be-
tween gluing or mechanical plug-pin assembly pro-
cedures. Clearly gluing introduces deformations
due to the shrinkage of any glue. On the other hand,
an assembly procedure that uses location pins re-
sults in a more complicated joint since it requires
the high-precision processing of plastic foam parts
that are both very lightweight and mechanically
weak. Moreover, if any joint deformation was ob-
served after the first assembly attempt, then many
of the parts involved (including the mirror facets)
could not be re-manufactured or used again.

We built 12 identical half-sectors of the combined
mirror. Each half-sector consists of 4 ellipsoidal
mirrors of different parameters. The outermost mir-
ror was too large to trim due to the limited travel
of the milling machine table. Therefore, this partic-
ular mirror was made of two substrates that were
a mirror image of each other. Consequently each
half-sector includes 5 mirror substrates and the full
HTCC mirror consists of 60 ellipsoidal mirror facets
in total.

All mirror facets have the same composite (sand-
wich) structure: acrylic film (thickness 0.010 in) +
foam (thickness 0.600 in) + acrylic film (thickness
0.010 in). The mirror substrate was made from RO-
HACELL PMI (polymethacrylimide) foam and the
acrylic films were of optical quality. Manufacturing
any substrate was a multi-stage process:

e Thermal shaping of the acrylic film shells for
the front (ellipsoidal) and back (spherical) of
the mirror;

e Manufacturing of the foam substrates;

e Assembly (gluing) of the sandwiched mirror
substrate;

e Trimming of the sandwiched mirror substrate;

e Coating of the ellipsoidal faces of the substrate;
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e Reflectivity tests of the mirror substrate.

Correspondingly we used 5 different high-
precision, custom-made tooling sets for the thermal
shaping, gluing, and trimming of the substrates.
The thermal shaping was done in a low tempera-
ture Precision oven with better than 0.5°C temper-
ature uniformity in the volume. The tooling set for
the manufacturing of mirror facet #3, which covers
the polar angle in range # = 12.5° — 20° and the
azimuthal angular interval of A¢ = 30°, is shown

in Fig. [

Fig. 6: Tooling set for the manufacture of mirror facet #3.

The scheme of shaping the acrylic shells is illus-
trated in Fig. [7] The shaping process was done at
temperatures of 105°C and differential pressures be-
low 1 atm. There were two possibilities to shape the
shells: use vacuum shaping or just pressurizing the
volume up to 2-3 psi differential. Both options were
tried. The option of pressurizing the volume was
chosen and used: it provided better control on the
process, i.e. better results. Since the tooling parts
were heavy and therefore required a relatively long
time to reach the required temperature, the oper-
ations with the oven would take about 3-4 hours,
and the whole process of shaping one shell (load the
tooling, heat it up in the oven, cool down to room
temperature, and unload the tooling) would take
up to 5 hours.

The loaded tooling set for shaping the front ellip-
soidal shell in the oven by pressurizing the volume
above the film is shown in Fig. 8] Figure [J] shows
the shaped acrylic shell for the front of the mirror.

The cut-out of the foam substrate and processing
of the back surface of spherical shape was performed
without using any custom-made tools.

The front ellipsoidal surface was cut using the
tooling that was also used for the final trimming of
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0.010" ACRILIC film

Fig. 7: Scheme of thermal shaping of the spherical shell for
the back of the mirrors.
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Fig. 8: Loaded tooling set for shaping the front ellipsoidal
shell of mirror facet #3 in the oven by pressurizing the vol-
ume with dry air using 1/4-in copper tubing.

the sandwiched glued facet. Once the front surface
was cut, the facet was taken off the tooling set for s
the next operation of gluing the acryl-foam-acryl
sandwich. Figure[I0]shows the fully processed foam
substrate for mirror facet #3 ready for the assembly
of the sandwich. The scheme for the assembly of the
sandwiched substrate is shown in Fig. In Fig.[12 s
the fully assembled sandwiched substrate for mirror
facet #3 ready for the final trimming is shown.
After gluing of the sandwich, it was put back in
the tooling set for the final precision trimming. The
shells were designed and processed in a way that al- 32
lowed unequivocal and simple alignment of all parts
during assembly. Each tooling set had well-defined
reference points to provide precise orientation of the
set during processing of the parts. Additionally, the
relative position of all tooling components was de- 32
fined by location pins. Using the same set of tooling
for cutting the face and trimming the facet, guar-
anteed automatic perfect relative alignment of the

ot
o

Fig. 9: Thermally shaped front ellipsoidal shell for mirror
facet #3.

parts being glued together.

Before the trimming operation, the front work-
ing face of the substrate was covered with a special
tight-fitting protective film to prevent damage or
pollution of the working surface while trimming the
substrate. For better control of the uniformity of
glue application (thickness, formation of unwanted
bubbles), the first manufactured mirror facet was
assembled using epoxy glue with black dye. The
trimming was done in two steps. In order to avoid
the front shell peeling off the foam, the substrate
was cut through the front shell only using a very
small diameter (0.006 in) end mill, see Fig.
Then the outer portion of the shell was safely peeled
off the substrate and the remaining trimming was
performed using a long end mill. The completed
final trimming of the facet is shown in Fig.

During final milling the substrate was secured in
place by inserting soft foam wedges along the par-
tially cut sides and glued to the outer portion of the
substrate being trimmed. This completely elimi-
nated any vibration that could ruin the accuracy of
the processing. Figure [I5]shows the completed mir-
ror facet #3 ready for deposition of the reflective
coating. All substrate trimming was done without
any re-positioning of the facet during the procedure.

The face of the mirror substrate did not require
any processing before deposition of the reflector ma-
terial. The total thickness of the mirror is 130-
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Fig. 10: A completed foam substrate that forms the core of
the mirror facet.

0.005" MYLAR film
Lid of Outer Box

L/
Air 2.5 psi é

Foam Substrate

0.010" ACRILIC films

Fig. 11: Scheme for gluing of the sandwiched mirror sub-
strate.

135 mg/cm?. Acrylic films were glued to both sides
of the substrates to compensate deformation intro-
duced by the shrinking of the thin epoxy glue lay-
ers. No shrinkage effects in any of the produced
substrates was observed, thus long-term problems
with mirror shape were completely eliminated. All
critical mirror fabrication steps were performed in
a clean room (Class 1000). In addition, for better
results, all parts were individually cleaned using an
ionizing gun right before assembly. As well, the
clean room included a clean bench with a HEPA
air filter next to the assembly table that blew fil-
tered air over the table. Thermal and mechani-
cal processing was done either with protection films
covering critical surfaces or encapsulated in a gas-
tight volume to prevent dust or any other unwanted
depositions from damaging the working surface or
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Fig. 12: Sandwiched mirror facet after gluing components as
shown in Fig. E

otherwise compromising the mirror reflectance.

3.3. Tests of Mirrors Coated with Reflective Mate-
rial

Evaporated Coatings Incorporated (ECI) was
chosen from among four potential vendor compa-
nies to perform vacuum deposition of the reflective
coating onto the HT'CC mirror substrates.Test sam-
ples (flat sheets of acryl, one untouched and one
subjected to the same thermal-shaping process used
to form the front and back surfaces of the mirrors)
coated by ECI were the most reflective over the en-
tire wavelength range of interest.

For the sample reflectivity tests, a 30 W deu-
terium lamp was used as an ultraviolet (UV) source
from 200-400 nm, and a 50 W quartz-tungsten halo-
gen (QTH) lamp was used as a source of visible
light from 370-650 nm. A monochromatic test beam
for the reflectivity measurements was generated
by a Newport model 74125 computer-controlled
monochromator. A Newport model 10Z40Al1.2 flat
broadband mirror was used as a repeatable ref-
erence standard for the reflectance measurements.
The mirror consists of a UV-enhanced aluminum
coating on a 1/4-in thick, 1-in diameter Zero-
dur substrate, with a protective overcoat of UV-
transparent magnesium fluoride to prevent oxida-
tion.

The custom coating material used by ECI has
an acceptable reflection coefficient in the UV-range
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Fig. 13: Cutting through the acrylic shell of the substrate
using a small diameter end mill.

and is resistant to oxidation at room temperatures.
Each mirror facet was coated individually along
with small flat acryl sample. The coated acryl sam-
ple facet then was tested at the company. The final
quality control measurements of the coated mirror
facets was done at Jefferson Lab. Figure [16] shows
typical results of the reflectance measurements of
an ellipsoidal mirror facet for the HTCC. The mea-
sured reflectance of the mirror facet (black dots) is
very close to the specification shown by the dashed
curve. The reflectance of the reference flat 1-in di-
ameter mirror specified by the vendor and checked
at Jefferson Lab is shown in Fig. The measure-
ment technique has small systematic uncertainties
of about 1-2%.

3.4. Assembly and Tests of Half-Sector Mirrors

The assembly of the half-sector mirrors was per-
formed on the high-precision half-sector assembly
table. The assembly procedure had to ensure that
there were no overlaps or gaps between half-sectors.
Figure 18| shows the table used for the assembly of
all 12 half-sector mirrors. The table was made of
solid aluminum alloy block and has several features
important for assembly with the required accuracy:

e The overall dimensions of the working sur-
face defined the overall dimensions of the half-
sector mirror being assembled;

e The table was equipped with side plates on the
left and right of each facet (8 plates total);
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Fig. 14: Completed final trimming of mirror facet #3.

e The table was designed to be used for gluing
of the facets to each other;

e The radial and transverse positions of the mir-
ror could be controlled with an accuracy up to
0.001 in by inserting spacers between the mir-
ror facets and the side plates;

e Each of the 5 places for mounting the different
mirror substrates functioned as a vacuum ta-
ble with a spherical work surface, so that each
facet used in the assembly could be put on the
table and secured in place as needed by turn-
ing on the corresponding diaphragm vacuum

pump;

e Along the edges of the adjacent mirrors that
are in contact, the table has milled-out groves
for collecting excess epoxy to prevent gluing of
the facet to the table surface;

e Polymerization of the epoxy glue was possi-
ble to perform in a temperature and humidity-
controlled environment;

e The table was part of the setup that allowed
for geometry tests of the assembled half-sector.

The assembly of the combined mirror using loca-
tion pins is preferable compared with side-to side
direct gluing as there are no deformations involved
due to unavoidable epoxy glue shrinkage. Nev-
ertheless, it was decided not to use location pins
since the thickness of the substrates (0.6 in) was
relatively small and the mechanical strength of the
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Fig. 15: Completely trimmed mirror facet #3 covered with
protection film.

PMI foam that we used would introduce risks dur-
ing final assembly, handling, and installation of the
HTCC mirror. Therefore we decided to directly
glue the facets to each other. The gluing technique
was based on applying the glue in the form of dots
uniformly distributed over the entire contact sur-
face. The amount of glue in the dots and the dis-
tance between them were such that the glue spots
compressed between the facets did not touch each
other. In this case deformations caused by shrink-
age of individual dots cancel each other and the
shape of the final product stays unchanged. The
only dots that introduce uncompensated shrink-
age deformation are near the edges of the glued
surfaces. The corresponding deformations do not
change the mirror shape but they introduce a slight
residual waviness of the edges of the mirrors with a
pattern that repeats as the pattern of dots. In fact
the only concern was to make sure the glue joints
were strong enough. We ran comprehensive tests
to come up with an acceptable solution for using
this kind of joint. We tried several different pat-
terns of glue application, amount and viscosity of
the glue, applying glue on one side or both sides,
etc. Figure [I9)shows two identical foam pieces and
the epoxy application pattern used in the tests of
the glue joint.

Standard Hysol epoxy with black pigment and
1:1 silica filler to epoxy by volume was applied as
small dots (0.08 in diameter). The viscosity of the
epoxy filler mix was so thick that the glue did not
bleed into the foam.
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Fig. 16: Typical reflectivity of an ellipsoidal HTCC mirror
facet as measured at JLab.

Figure shows the test setup to check the
strength of the glue joint using two sample sub-
strate pieces. The epoxy cured for 72 hrs. The
total force to break the glue joint was about 62 ft-
Ibs. The force was applied evenly and the foam was
torn from the glue on both test pieces, see Fig.
The foam failed and not the glue itself. A set 0.004-
in wide gap was left between the parts when gluing,
and the glue was directly applied to one piece only.
When the bond failed it pulled out almost all of the
glued dots evenly except for the two places where
the shims were set. The foam piece in Fig. [21| that
has the dots on it was the same piece to which the
epoxy was applied.

The assembly of half-sectors was done step-by-
step by placing mirror facets on the table start-
ing from the smallest mirror. The first facet once
placed on the table was aligned and then checked
for fit. After that the vacuum pump was turned
on to secure the mirror. It was impossible to shift
the facet on the table by even a little bit without
deforming the mirror once the vacuum was estab-
lished. The next step was to position the adjacent
mirror with epoxy glue dots on it into position in
contact with the first mirror. Once aligned it was
independently secured on the table using the same
vacuum pump. Epoxy glue dots were applied on
the next facet and the procedure was repeated un-
til the half-sector was fully assembled. Figure 22]
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Fig. 17: Typical mirror reference reflectivity as specified by
Newport.

Fig. 18: High-precision table for the assembly of the half-
sector mirrors.

shows a partially assembled half-sector mirror. The
right half (installed) and left half (yet missing) of
the largest mirror have exactly the same geometry.

Figure[23]shows a fully assembled half-sector mir-
ror. It was left on the table under pressure with
vacuum pumps on for at least 24 hours or more de-
pending on the polymerization results of the control
glued samples.

The high-precision table was part of the half-
sector mirror geometry test setup that was
equipped with a low-energy red laser, gimbal-
mounted in the target position, and with four focal
planes. The relative locations of the laser, assem-
bly table, and focal planes were strictly defined by
the designed geometry of the HTCC light collec-
tion. The setup allowed for checking the actual
geometry of light collection by each mirror using
a point-like laser beam, as well as a beam rastered
in the plane crossing any mirror over its entire sur-
face. The light collection geometry was checked on
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Fig. 19: Foam pieces marked for an approximately 22.5%
epoxy coverage pattern.

Fig. 20: Test setup to check the strength of the substrate
glue joint.

the half-sector mirrors after complete polymeriza-
tion of the glue. The pattern of the light collection
obtained on the focal plane of the smallest mirror
facet that covers polar and azimuthal angles of the
scattering electrons in the range of § = 5° — 12.5°
and ¢ = 0° — 30° is shown in Fig. The con-
centric circles on the focal plane are of diameter 1,
2, and 3 inches. Similar results have been obtained
for the remaining three mirror facets covering polar
angle ranges of § = 12.5° — 20°, § = 20° — 27.5°,
and 6 = 27.5° — 35°. The azimuthal angular cover-
age is the same for all facets. Figure [25] shows the
light collection pattern for the outermost, largest
mirror facet. All 12 half-sector mirrors were assem-
bled following exactly the same procedures that al-
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Fig. 21: Broken epoxy glue joint between two PMI foam
pieces.

lowed us to closely control the overall dimensions
and therefore the size of the gaps between adjacent
half-sectors.

3.5. Assembly of the Combined Mirror

The combined HTCC mirror was assembled
based on the experience acquired during the final
assembly of the half-sector mirrors. In order to do
this we designed and built the half-sector mirror
vacuum holding table for assembly of the combined
mirror. The design of this table and the accuracy
of its manufacturing and construction were critical
in providing the required parameters of the com-
bined mirror, such as the geometry of the mirror
optics, the stability of its shape, and its mechanical
integrity. A peculiar feature of the combined HTCC
mirror is that it had to provide the correct light col-
lection geometry for all 60 of its mirror facets glued
together. The option of making even very small ad-
justments of individual facets was excluded by the
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Fig. 22: Partially assembled half-sector mirror. The left facet
of the last largest mirror is not installed yet.

Fig. 23: Fully assembled half-sector mirror. The largest mir-
ror consists of two mirror facets that have the same geometry.

design.

For final mirror assembly we had to build 12 iden-
tical half-sector assembly tables and put them to-
gether due to the relatively large overall dimensions
of the HT'CC mirror. The only difference between
the high-accuracy half-sector assembly table and
the 12 identical tables for the final assembly was
that they did not have the side plates. Figure
shows one of the 12 vacuum tables made of medium
density polyurethane foam with 100% closed cells.

The top portion of the table is made of one solid
block of polyurethane foam. It is glued to a 1-in
thick wedge-shaped flat aluminum plate. To avoid
or minimize possible warping we used plates of 1100
aluminum alloy. The smoothness and accuracy of
manufacturing the top surface of the table ensured
the ability of the table to firmly hold the half-
sector mirror. No gaskets of any kind were used
to enhance the holding ability of the table. On the
working surface of the vacuum table there are five
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Fig. 24: Light collection pattern on the focal plane. The laser
beam is rasterized in the plane crossing the mirror covering
polar and azimuthal angles in the range of 6 = 5° — 12.5°
and ¢ = 0° — 30°, respectively.

independent circular grooves through which air is
pumped out under each of the five mirror facets of
the half-sector mirror.

The entire set of 12 half-sector vacuum holding
tables was assembled on two identical 1-in thick flat
plates carrying 6 tables each. These plates were
mounted and aligned on the top of a 10 ft by 10
ft granite table. Figure 27] shows the vacuum ta-
ble for the assembly of the combined HTCC mirror
fully equipped with the 60 pumping control valves
(5 valves per half-sector). We had to provide tight
ambient control (dust level, temperature, and hu-
midity). The table was also equipped with a trans-
parent hood (not shown in Fig. to cover the
entire table to run tests at different relative humidi-
ties.

It was decided not to equip the table with any
devices to check the geometry of the HTCC mir-
ror during assembly. Since the 12 assembled half-
sectors passed tight quality controls, there was not
much room available for adjustment of the half-
sectors on the final assembly table within more
than about 0.030 in in the radial direction and
within gaps between adjacent half-sectors of about
0.010 in. The geometry was essentially established
and fixed once all 12 half-sectors were held tight on
the table.

The assembly procedure was the same used be-
fore for the half-sectors. The only difference was
that we had to install in the center of the combined
mirror the lightweight central ring (0.055-in thick)
made of carbon fiber. The ring was glued to all
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Fig. 25: Light collection pattern on the focal plane for the
mirror covering polar and azimuthal angles in the range of
6 = 27.5° — 35° and ¢ = 0° — 30°, respectively.

Fig. 26: One of the 12 polyurethane half-sector holding ta-
bles.

half-sectors. We controlled and measured the gaps
between all adjacent mirror facets belonging to ad-
jacent half-sectors. The average gap was 0.0096 in
and is very close to the design value of 0.008 in,
which represents the “dead” zone between the half-
sectors. The HTCC covers almost 100% of the az-
imuthal angular acceptance of the CLAS12 Forward
Detector. It has to be mentioned that the average
gaps between adjacent facets in a given half-sector
mirror were 50% smaller, which provides for nearly
complete coverage in the polar angle.

The final assembly of the combined HTCC mir-
ror started with applying the epoxy glue on the
first half-sector as shown in Fig. 28] using the same
procedure employed for the assembly of the half-
sectors. Figure shows the partially assembled
combined mirror.

We used a special procedure to glue the last half-
sector because otherwise we would have had to in-
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Fig. 27: All 12 half-sector vacuum tables assembled on their
1-in aluminum plates placed on the granite table.

Fig. 28: The dots of epoxy glue being applied to only one
side of the half-sector mirror assembly.

sert the last half-sector in a very narrow space that
would have smeared the glue dots. Therefore, we
assembled the first 6 half-sectors on the first 1-in
mounting plate, and the remaining 6 half-sectors
on the other 1-in mounting plate. The mounting
plates with the 6 half-sectors were positioned on
the granite table leaving a gap about 1-in wide (see
Fig. . Epoxy glue was then applied to the one
of the exposed sides, (see Fig. , and the plates
were slid together so that both sides come in con-
tact. Figure |32 shows the completed mirror.

All elements that support and hold the combined
mirror are out of the acceptance of the HTCC (see
Fig.[33). The rigid, lightweight, composite support-
ing ring (strong-back) was attached to the com-
bined mirror via 12 composite lightweight bridge
pieces glued to the sides around of the mirror. A
rendering of the completely assembled HTCC mir-
ror, ready for installation, is shown in Fig.[34] Since
the rigidity of the supporting parts is much higher
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Fig. 30: Separated halves of the combined mirror before final
gluing.

than the rigidity of the combined mirror, we used
flexible silicon compound for gluing.

3.6. HTCC Gas Volume Entry and Ezit Windows

There are several aspects that have been taken
into consideration that define the design of the en-
try and exit windows:

e Large area to cover;

e Small thickness;

e Opaque;

e High durability;

e Attachment to the main frame;

e Structural stability, i.e. resistance to pressure
variations.
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Fig. 31: Application of the epoxy glue on the side of the
separated halves of the combined mirror.

The entry and exit windows are composite films
made of three layers laminated together: Tedlar
(thickness 38 um), Mylar (thickness 75 pm), Tedlar
(38 pm). The composite films came in rolls 61-in
wide. To make the exit window, three composite
films were glued together side by side. The glue
joint between adjacent composite films was made in
such a way that the thickness of the joint exceeded
the remaining portions by no more than 10%. The
usage of two black Tedlar films in the composite
window guaranteed light insulation even if one layer
had any holes. One layer of Mylar film provided ex-
cellent durability and flexibility.

The dimensions of the entry and exit windows are
~2.5 ft and ~9.5 ft, respectively, so the difference
is significant. This required developing a special
design for their attachment to the body of the de-
tector. The primary electron beam passes through
the HTCC exactly along the axis of the detector.
To decrease the background of Mgller electrons we
have used a long shielding piece made of tungsten
around the beam that nominally covers polar an-
gles up to 2° and has a small cylindrical opening in
the center that goes all the way through and is big
enough for the beam [4]. The volume of the HTCC
must be separated from the volume occupied by
the tungsten metal shield. Since the corresponding
HTCC part called the Mgller Cup that is concentric
with the tungsten absorber must be lightweight, the
joints between this part and the entry and exit win-
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Fig. 32: Fully assembled combined HTCC mirror.

Mirror Support Ring

Bridge Pieces

Fig. 33: Supporting elements ready to be attached to the
combined mirror. The mirror is covered with soft paper tow-
els to protect the working surface from debris.

dows must also be lightweight. In this case, since
the windows have different dimensions, any changes
in atmospheric pressure would cause both windows
and the Mgller Cup attached to them to move up-
stream or downstream - depending on atmospheric
pressure changes. The mirror could be damaged
by the exit window if the pressure goes up, or it
could be damaged by the conical Mgller Cup if the
pressure goes down (see Fig. . Thus the Mgller
Cup has to be kept in the same location relative to
the mirror regardless of the fluctuations in atmo-
spheric pressure. Even small changes of ~1 mm of
Hg would generate a force of ~200 lbs acting on the
Mgller Cup along its axis.

To avoid potential problems with the integrity of
the detector, the Mgller Cup was attached to the
main frame of the HTCC at 12 points: 6 points on
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Fig. 34: Completely assembled HT'CC mirror ready for in-
stallation.

the upstream portion of the main frame, and the
remaining 6 points on the downstream portion. All
parts providing attachments of the Mgller Cup to
the front or to the back of the main frame are com-
pletely located in the shadow zone of the 6 super-
conducting coils of the torus magnet [5], i.e. they
do not create any obstruction to the particles going
through the drift chambers. The Mgller Cup was
attached using 12 thin spokes, each 1.5 mm in diam-
eter and was made of carbon fibers to minimize the
possible scattering of particles traveling within the
shadow of the torus coils. The spokes very firmly
hold the Mgller Cup in position. Each of them
was tensioned as necessary to provide structural
rigidity and to withstand the stresses generated by
the attached windows during atmospheric pressure
changes. They were tensioned as a string in order
to eliminate any possible damage due to deforma-
tions of the body of the HTCC while transporting,
installing, or aligning. Each spoke is spring-loaded
from both ends. Figures 36| and [37] show the up-
stream and downstream views of the HTCC with
the entry and exit windows installed.

3.7. Containment Vessel and Combined Mirror In-
stallation

The HTCC Containment Vessel has properties
to satisfy a number of requirements, which in-
cluded the safe transportation of the fully assem-
bled HTCC to the experimental hall without any
changes in the alignment of the internal components
and the preservation of the mirror integrity. We
tested the integrity of the spare mirror (see Fig.
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Fig. 35: Side view of the HTCC. The entry and exit windows
are shown along with other internal components. The beam
is incident from the left.

by transporting it along the chosen route. We suc-
cessfully transported the detector using the results
obtained during the test.

The vessel had to be rigid, have negligible defor-
mation while changing its orientation and, at the
same time, allow easy access to any internal com-
ponents. There is one special requirement for the
mirror support structure. The Containment Vessel
has only a limited rigidity and even small deforma-
tions could directly lead to a dangerous deformation
of the HTCC mirror if it was attached to the Con-
tainment Vessel directly in ordinary ways. Even if
the mirror remains whole and without any cracks,
the light collection pattern could still be changed
and decrease the signal strength.

In general the vessel works as the support struc-
ture for all internal components and must be both
light-tight and gas-tight. Safety considerations re-
quire that we have both easy and safe access to
the components inside. This is absolutely necessary
during maintenance and while running alignment
checks. Special attention was paid to the routing
of cable and fiber optics inside the volume. These
items are very difficult to replace. The vessel is
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Fig. 36: Upstream view of the HTCC.

equipped with a local gas distribution and a con-
trol panel. The control panel is for safe and con-
tinuous purging of the volume with different dry
gases (as needed) and used to keep the water vapor
concentration level under tight control during both
operations and maintenance.

There was a need to have easy access to any of the
48 photomultiplier tubes (PMTs) to adjust their
alignment and for maintenance. The Containment
Vessel has 24 service hatches wide enough to per-
form work on any channel. Each channel consists of
a PMT with high voltage divider, magnetic shield
with compensation coil, and Winston cone, which
are installed in the PMT mounting fixture together
as one unit, (see Fig. [39).

Checks of the cabling and installed fiber optics
used for calibration of the PMTs can also be done
using the service hatches. Service work can be per-
formed on the detector while it is in its nominal
working location. Any access to the internal com-
ponents of the detector requires replacement of the
working gas with dry air. For safety a procedure of
purging the HTCC volume has been established to
allow access only when the concentration of oxygen
in the volume exceeds 19.5%.

The combined HTCC mirror is supported and
held in the Containment Vessel by 6 orthogonal
links. These links connect the supporting ring (at-
tached to the mirror) to the Containment Vessel.
It was critical that any deformation of the Contain-
ment Vessel not be transmitted to the mirror. Each
link has a ball-end swivel on each end. By using
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Fig. 37: Downstream view of the HTCC.

the minimum number of links (6) to constrain all
motion, the mirror could be aligned, but no forces
above those due to gravity on the mass of the mirror
and its strong-back are ever placed on the mirror.
The set of links are attached to the Containment
Vessel at 3 points that are spaced 120° around the
perimeter of the ring. This scheme of attachment
was tested using a very lightweight 5-ft diameter
flat mirror. The tests showed that the light collec-
tion pattern stays unchanged within a sufficiently
wide range of deformations of the frame that sup-
ports the mirror. Therefore possible deformation
of the Containment Vessel during installation and
alignment do not affect the original shape of the
HTCC mirror. Figure [40] shows the HTCC mirror
installed in the Containment Vessel.

The HTCC is susceptible to noticeable deforma-
tions due to the large overall dimensions of the de-
tector. The light and gas leak protection measures
provided thus had to be reliable and require little
maintenance. All of the inside surfaces of the Con-
tainment Vessel have been painted a flat black to
reduce light reflectance, and all of the borders be-
tween adjacent parts that form the outside shell of
the detector have been sealed with a flexible black
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Fig. 38: Road tests of the spare mirror.

silicone gel on both the inside and outside of the ves-
sel. Sealing all of the inside seams was necessary to
allow the detector to always stay under a positive
differential pressure during variations in the atmo-
spheric pressure. As a result of even small changes
in the differential pressure, the vessel would be de-
formed due to its large volume, i.e. the pressure is
applied to a large surface area.

3.8. Alignment of the Light Collection Components

The HTCC contains light collection and light de-
tection components: the mirror, Winston cone light

concentrators, and photomultiplier tubes (PMTSs). o

Even if the mirror is constructed and installed prop-
erly as designed, final checks of the component
alignment are needed. We have conducted com-
prehensive checks of the light collection optics on

the fully assembled detector. This work was done ss

before the detector was moved to the experimen-
tal hall. For the alignment checks we again used a
low-power laser, gimbal mounted in the target posi-
tion. To operate the laser we used a set of standard

high-precision devices to control the position and sso

orientation of the laser. The opaque entry window
was replaced with a thin transparent film in order
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Fig. 40: Combined mirror installed in the Containment Ves-
sel. The set of links holding the mirror in position allow for
fine adjustment with an accuracy of ~0.01 in or better.

to keep the volume of the detector isolated as much
as possible. We opened one access hatch at the time
for short periods of time to install templates on the
face of the accessible Winston cones and perform
adjustments of the housing units each containing a
5-in PMT, Winston cone, 3-layer magnetic shield,
and compensation coil. The alignment of all 48
PMT housing units was checked and adjusted as
needed.

Each mirror facet was illuminated with the laser
at 5 points: the center of the facet and its four
corners, and the reflected light pattern was pho-
tographed. For some of the channels we checked
the light collection geometry at normal relative hu-
midity in the HTCC volume and at 0% relative hu-
midity.

Figure [41] shows the pattern of the light reflec-
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tion when mirror facet #3 was illuminated in the
center. Circles of diameter 1 in, 3 in, and 5 in
concentric to the PMT are shown. The result was
obtained at normal relative humidity. Results ob-
tained at RH=0% for the same channel show small
but acceptable differences (see Fig. . Similar ge-
ometry test results were obtained for channel #4
covering polar angles in range of 5° to 12.5°. They
are shown in Figs. [f3]and [44] obtained at different
relative humidities.

Considering the light collection patterns obtained
when the mirror facets were illuminated in the cor-
ners we made the necessary adjustments in the
alignment of the PMT mounting units. No adjust-
ments were needed for the HTCC mirror. Figure[45]
shows the test results for mirror facet #3 from sec-
tor 5, half-sector 1 obtained before adjustments in
alignment were done. Figure [46] shows the changes
in the light collection pattern after the alignment
adjustments. The image has been shifted toward
the center. Figure [I7] shows a photograph taken
when the mirror was illuminated in the center. The
five circles concentric to the PMT shown in the pho-
tograph have diameters from 1 to 6 in.

RH Normal

Fig. 41: Geometry test result for channel #3 covering polar
angles from 12.5° to 20° at nominal relative humidity. The
corresponding mirror facet was illuminated in the center.

Figure[48]shows the final light collection patterns
obtained for all mirrors for half-sectors 1 and 2 from
sector 5. One can clearly see that the light collec-
tion is more focused for the small mirrors than for
the large ones. This effect is caused by the differ-
ence in the rigidity between the combined mirror
itself and the supporting ring attached to it, as well
as the different sensitivities to the changes in rela-
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Fig. 42: Geometry test result for channel #3 covering polar

angles from 12.5° to 20° at RH=0%. The corresponding
mirror facet was illuminated in the center.

tive humidity of the environment.

Since the mirror has a funnel shape, see Fig. [49]
the nose of the funnel gets stretched less than outer
portion of the mirror. The outer portion of the mir-
ror consists of mirror facets #1 and #2, the largest
mirror facets. Even though the widths of facets #1
and #2 measured in the radial direction are close
to each other, the effect of humidity changes for the
outermost facet #1 is larger than for facet #2 due
to the funnel shape of the combined mirror.

3.9. Gas Composition Control

The fully assembled detector was tested for gas
and light leaks. Gas tightness was checked by fill-
ing the volume with a mixture of dry air and a
small amount of non-flammable gas at positive dif-
ferential pressure. Freon gas leak sniffers were used.
As expected, most of the leaks were found around
the entry and exit windows because both windows
were sealed only from the outside as they were the
last two components attached to the Containment
Vessel. Light tightness was checked by monitor-
ing the counting rates of the photomultiplier tubes
while illuminating the sealed seams of the vessel
with an external light source. The rates were close
to the dark counting rates whether the lights in the
hall were turned on or off. The gas tightness was
controlled by fixing the leaks found and then by
measuring the humidity inside the detector while it
was continuously purged with dry nitrogen. At flow
rates of 10 - 15 1/min, a humidity level not higher
than ~100 ppm was measured in a span of 2-3 days
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Fig. 43: Geometry test result for channel #4 covering polar
angles from 5° to 12.5° at nominal relative humidity. The
corresponding mirror facet was illuminated in the center.

of continuous purging. These results can be used as
a good indication of a low level of water vapor and
oxygen content. Note that the diffusion of water
vapor and oxygen through the windows is defined
by the Tedlar films, which have the lowest diffu-
sion coefficients. For Tedlar the diffusion of oxy-
gen is lower than the diffusion of water vapor. The
presence of water vapor and oxygen in the working
volume is unavoidable but should be kept at the
lowest possible level because water vapor and CO9
gas produce carbonic acid that may be harmful to
the mirror working surface. As far as oxygen con-
tent is concerned, it also needs to be kept at the
lowest possible level. During operations with beam
a certain amount of ozone can be generated due to
radiation. Both oxygen and ozone absorb the ultra-
violet component of Cherenkov light in the HTCC
generated by scattered electrons. Consequently the
signal strength becomes lower, which directly leads
to a reduced electron detection efficiency and a re-
duced rejection of charged pions.

Another reason to keep tight control on humid-
ity is related to the sensitivity (to some extent) of
the mirror shape to humidity. The mirror must
be used at the lowest humidity level, but the en-
tire manufacturing process of the mirror facets was
done at normal room conditions. Once the mirror
had been installed, the HTCC volume was sealed
and purged with dry gas (Ng, COq, or dry air). Al-
tering the humidity from almost zero to normal at-
mosphere conditions may lead to component fatigue
and cause structural deformation. During mainte-
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Fig. 44: Geometry test result for channel #4 covering po-
lar angles from 5° to 12.5° at RH=0%. The corresponding
mirror facet was illuminated in the center.

nance the volume is partially exposed to the out-
side environment, which increases humidity. In any
case, all maintenance activities are stopped once the
relative humidity inside the volume reaches 2-3%.
This is controlled at the exhaust of the detector.
Maintenance is resumed only after the operational
humidity level is restored.

The detector is equipped with a local gas control
panel. The parameters that can be read directly are
limited to the pressure at the input of the volume
and the differential pressure. The HTCC is contin-
uously monitored online by a system that monitors
the following parameters:

e Type of gas;

e Gas flow rate;

Differential pressure;

Humidity;

Amount of gas already consumed.

The online control system allows the detector to
be safely operated within predefined intervals of pa-
rameter variations. This system generates warnings
and alarms that require either remote or in situ re-
sponse. In the case of a power outage in the hall,
the mass flow controller turns off and purging is
stopped. It takes several hours for the humidity to
rise up to 2-3% due to direct leaks and diffusion of
the ambient humid air inside the working volume.
This provides enough time for operation to switch
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Fig. 45: Geometry test result for sector 5, half-sector 1, mir-
ror #3 covering polar angles in range of 12.5° to 20° obtained
before adjustment when mirror #3 was illuminated in the
center (blue), and its corners (purple). The black circles are
1 in to 6 in in diameter. The circle (red) is of radius 0.45 in,
and is equal to the RMS of the fitted center of gravity of the
light collection pattern.

the gas to a manual bypass rota-meter, which is
normally closed. The local gas panel includes three
specialized filters that prevent dust, water vapor,
and oil vapor from entering the volume.

4. Electronics and Light Monitoring System

4.1. FElectronics

The electronics of the HTCC provides spectro-
metric and timing information for electron scatter-
ing events that are detected by the HTCC within
its acceptance. Two fast output signals are required
from each channel in order to generate a fast trig-
ger for the CLAS12 spectrometer [6]. This required
that the anode signal from the PMT had to be split
or that the voltage divider for the PMT be modified
by adding a fast preamplifier to generate two iden-
tical signals with the same polarity. In our case we
have chosen to use a modified standard linear pas-
sive high voltage divider that is equipped with a fast
preamplifier (see Fig. . This preamplifier is inte-
grated in the original divider and does not need ex-
ternal power supplies other than the same high volt-
age power supply used for the PMTs. The amplifi-

1000

1005

1010

1015

1020

20

Sector 5, HS 1, Mirror 3 @ 06.09.2015
90

270
Mean@ 0.11in, RMS = 0.51in

Fig. 46: Geometry test result for sector 5, half-sector 1, mir-
ror #3 covering polar angles in range of 12.5° to 20° obtained
after adjustment when mirror #3 was illuminated in the cen-
ter (blue) and its corners (purple). The black circles are 1 in
to 6 in in diameter. The circle (red) is of radius 0.51 in, and
is equal to the RMS of fitted center of gravity of the light
collection pattern.

cation coefficient varies from 8 to 10. The preampli-
fier provides two output signals of negative polar-
ity. However, the commissioning of the HTCC has
shown that the timing resolution achieved from the
digitized FADC waveform using a standard pulse-
shape fitting algorithm is sufficient to avoid the
use of discriminators/TDCs. Therefore the second
preamplifier output is not used the HTCC is not
used.

The preamplifier is also fast: the signal rise time
increases by 1.5 ns as compared with the signal from
a passive divider, and it is almost as fast as a signal
from fast plastic scintillators. Figures and
show typical signals provided by a standard passive
divider and by the modified divider, respectively.
The pulses have near perfect output termination
with no signs of any ringing or after-pulsing.

The preamplifier is compact and reliable, and
does not require any changes in the high voltage
power supply or in the cabling/connection scheme.
It consumes relatively low current and does not
need additional cooling.

It has to be mentioned that the preamplifier we
use generates additional noise as any other pream-
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Fig. 47: Geometry test result for the sector 5, half-sector
1, mirror #3 covering polar angles in range of 12.5° to 20°
obtained after adjustment when mirror #3 was illuminated
in the center.

plifier unavoidably would. However, this addi-
tional noise is not an issue due to the much larger
noise contribution from the 5-in PMTs used for the
HTCC. These PMTs were so noisy that it was im-
possible to observe any indication of a single pho-
toelectron peak. Figure shows the calibration
results for a representative PMT with a modified
divider.

4.2. Light Monitoring System and Signal Readout

In order to gain match phototubes that do not
directly reveal the single photoelectron signal, we
developed a new external very fast light source with
Light Emitting Diodes (LEDs). Figure[54]shows all
components of the HTCC Light Monitoring System
(LMS). The device is remotely driven, allows for
changes in the emitted light intensity, and works
at different frequencies in a wide range of these pa-
rameters. Once turned on, and after temperature
equilibrium is reached, the source is very stable in
providing light signals with the required strength
and timing. There is an LED panel installed at the
entry window of a 4-in diameter integrating sphere.
This panel illuminates the sphere and the light is
distributed evenly between 50 coated clear optical
fibers that are 1 mm in diameter that form a bundle.
All the fibers in the bundle have the same length
and direct the light onto the face of the PMT. The
average light intensity is monitored and kept very
stable during the entire period of measurements.
The average amplitude was at the level of a few
photoelectrons. Since it is possible to adjust the
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frequency of the light pulses, we were able to ob-
serve PMT signals that were well separated from
the dark noise.

The valuable features of the LMS and of the pro-
cedure for gain matching the phototubes are:

e The system can be used to calibrate either low-
noise or high-noise PMTs;

e The LMS generated calibration light intensity
was kept stable during data taking;

e It is only necessary to have the fiber optics de-
liver light intensity to all channels with 10-20%
uniformity;

e The calibration results are reproducible even if
one uses different settings for the LED source;

e Maintenance of the LMS is essentially simpli-
fied since calibration of the LMS itself is not
needed;

e Possible usage of the LMS as often as needed
without the necessity of providing the same in-
tensity of light source in different calibration
sessions.

The typical frequency of the LED light pulses is
in the range of 6 to 10 kHz and is defined by a stan-
dard pulse generator. The results obtained during
the CLAS12 commissioning run and the following
physics run with an electron beam have shown that
the information provided by the JLab proprietary
FADC250 modules (250 MHz Flash ADCs) [7] for
the HTCC signal strength and timing is sufficient.

5. Calibration and Event Reconstruction

5.1. Gain Calibration of PMTs

We use ET 9823QKB PMTs that have a dark
current up to 1000 nA as specified by the manu-
facturer. At a nominal high voltage of ~2,400 V,
it was impossible to observe a single photoelectron
peak due to the high dark noise rate. Therefore we
developed a special procedure for the gain calibra-
tion of the PMTs. We have implemented a method
of fitting and extracting the position of the single
photoelectron peak using the parameterization de-
scribed in Ref. [§].

Figure[55shows the main definitions for the anal-
ysis of a representative PMT response obtained
with the LMS to extract the position of a single
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Fig. 48: Light collection test result for both half-sectors of sector 5. (a) - Mirrors #1 and #2 cover polar angles in the range
of 20° to 35° within an azimuthal interval of 60°. (b) - Mirrors #3 and #4 cover polar angles in range of 5° to 20° within an
azimuthal interval of 60°. The data are shown after adjustment of the light-collection optics. The mirrors were illuminated in

the center and the corners.

Fig. 49: The combined HTCC mirror is funnel-shaped.

photoelectron peak when the average intensity of
the LMS light is about few photoelectrons. Fig-
ure [56] shows an example of typical fits of the PMT
response to LMS light of constant intensity at differ-
ent high voltages. The corresponding dependence
of the single photoelectron peak position as a func-
tion of high voltage is given in Fig. [f7] Of course
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Fig. 50: Modified high voltage divider with 2 identical out-
puts used for the HTCC.

this method required that the LMS generate light
pulses of stable intensity. The results of the sin-
gle photoelectron peak position can be used for
gain matching. Calibration measurements are per-
formed for all PMTs in parallel at the same LMS
settings. This can be done by adjusting the high
voltage applied to individual channels.

The distinguishing feature of the HTCC LMS is
that the observed repeatability of results is within
5-10% of that obtained in runs at different but sta-
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Fig. 53: Calibration results for a representative PMT with a
modified divider. The red curves represent a pedestal signal
(narrow) and a single photoelectron peak. In most cases the
PMTs have been used at lower voltage settings (by about
600 V) than specified for the standard divider.

ble light intensities and frequencies. This is demon-
strated in Fig. [58 where the positions of the single
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Fig. 54: The Light Monitoring System consists of an inte-
grating sphere (1), fast light source (2), adapter (3), 50 fiber
optic cables bundled in a harness (4), and the reference PMT
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Fig. 55: Definitions: @, and o, are the position and width
of the pedestal, Q1 is proportional to the gain of the PMT.
The red curve defines the single photoelectron peak. The
green and blue curves describe the 2 and 3 photoelectron
peaks.

photoelectron peak at different LMS light intensi-
ties are shown for a representative PMT at a fixed
voltage setting. The fitting function is stable across
a wide range of intensities and accurately describes
the PMT response at low intensities (p < 1.0).
The position of the peak stays within 5% of the
mean. Consequently there is no need to keep the
light source intensity uniform, i.e. stay the same or
close to the same in different calibration runs that
are taken whenever necessary.

We have compared our preliminary single pho-
toelectron calibration results with those obtained
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Fig. 56: Response of a representative PMT to LMS light of constant intensity at high voltage settings from 1560 V to 1635 V

with a 5 V increment.

using the approach described in Ref. [9]. The same
PMT with a modified divider was tested. Each
data set was normalized by the average value. Fig-
ure B9 shows the results for the 12 PMTs monitor-
ing events in the polar angle range from 27.5° to
35° (labeled as Ring 4) from the 6 sectors. Both
approaches provide consistent results, even though
the external light sources and software used in the
calibration measurements were different.

5.2. Response Equalization

Different factors (including imperfections of the
mirror working surface, dust deposition, condensa-
tion of fumes, overall mirror shape distortions, and
gain instability of the individual PMTs) can lead
to a variation in the signal strength from the in-
dividual channels, even after comprehensive single
photoelectron calibration is complete. These vari-
ations should be corrected independently of their
physical origin, as the trigger efficiency is heavily
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dependent on the uniformity of the HTCC response.
In the beginning of every physics run period we an-
alyze the first data in order to estimate the signal
strength in each of the 48 channels. We then de-
velop corresponding correction factors, which align
the signals between individual channels to the aver-
age value between channels. These correction fac-
tors are then propagated to both the offline recon-
struction through the CLAS12 calibration database
(cedb) [I0] and the online trigger gain files. Fig-
ure [60] shows results for the channel response before
and after equalization.

5.83. Timing Calibrations

Since the HTCC is the part of the trigger [6], it is
required that the timing of the individual channels
is aligned to aid the online cluster reconstruction.
As a result, the timing calibration of the HTCC is
done in two steps: the first step is performed on the
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Fig. 57: Single photoelectron peak position as a function of
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Fig. 58: Single photoelectron peak position as a function of
LMS light intensity at constant high voltage for a represen-
tative HTCC PMT. The red lines show a +5% deviation,
and the blue line shows the averaged single photoelectron
peak position.

level of the FADC, and the second step (finer step)
is done in the offline calibration.

The online calibration is done using the indepen-
dent trigger from the Forward Tagger detector [11].
The timing of all 48 HTCC channels is aligned in
the FADC configuration files by setting the appro-
priate delays with a precision of 4 ns (the best avail-
able using the FADC). Since the timing resolution
of individual channels is on the order of about 1 ns,
we can achieve better resolution of the detector
than the 4 ns available from the FADC. To do so,
we calculate the time at the beam-target interaction
vertex for each of the 48 channels and estimate the
time shift between the individual channels. These
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Fig. 60: Response of the PMTs in terms of the number of
photoelectrons before and after response equalization.

time shifts are added to the ccdb database and
are applied at the reconstruction stage. Figure
shows the timing resolution combined over all 48
PMTs is on the level of 0.6 ns.

5.4. Event Reconstruction

The goal of the reconstruction procedure is to
reconstruct the real signal strength, time, and hit
position from the raw ADC signals. This is done in
two steps:

1. In the offline decoding stage: the signal is
converted from the hardware notation (crate,
slot, channel) into the CLAS12 notation (sec-
tor, layer, component) [I0]. For each signal,
its amplitude (in ADC channels) and timing
is determined from the threshold crossing, and
the pedestal is subtracted. The pedestal value
for each channel is determined during special
pedestal runs and is stored for both trigger and
offline reconstruction purposes.
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2. In the reconstruction stage: the ADC signal
is converted into the number of photoelectrons
using the gain constants in the CLAS12 cal-
ibration database (ccdb). The physical de-
sign of the HTCC allows the Cherenkov ra-
diation from one electron to split into up to
four channels (see Fig. [62). In order to re-
construct the signal strength, we need to com-
bine such split signals into a single cluster. We
start by selecting the strongest hit for a given
event and use it as the starting point of the
cluster. We then look for adjacent hits within
a certain time window (stored as a parame-
ter in ccdb). If such hits are found, they will
be added to the cluster. In the final stage,
the signal strength is determined as the sum
of the individual signals, and the signal time
is determined as the average between the indi-
vidual signals, weighted by the corresponding
number of photoelectrons. The hit angular co-
ordinate is determined as the average between
the individual hits forming the cluster. Hits,
attributed to the established clusters, are re-
moved from further consideration, and the al-
gorithm continues to look for the next cluster
until the list of hits is exhausted. See Ref. [10]
for more details.

6. Monte Carlo Simulations

Comprehensive Monte Carlo (MC) simulations to
check the major parameters of the HTCC were done
before the design of the detector was completed.
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Fig. 62: Splitting of the Cherenkov radiation between two
mirrors. Geometrically the signal can split into up to four
mirrors.

Electrons of 2 GeV energy were used. The core con-
cept of the goal to reach was to build a detector that
had to be installed in front of the forward tracking
system as one unit without any support structure
in the acceptance. A light collection pattern has
been simulated for the exact HTCC geometry of all
components, including their properties and detailed
specifications of materials to answer the following
basic questions with regard to the detector:

e Is the chosen light collection geometry ade-
quate to provide the highest possible electron
detection efficiency and efficient rejection of
background events?

e Which components (options) would provide ac-
ceptable performance of the detector (mirrors,
PMTs)?

e What shape (convex or flat) of the PMT win-
dow has the most efficient light collection?

e What window material has to be used to pro-
vide the highest possible signal strength?

e What are the actual image dimensions in the
focal planes?

e What would be the basic dimensions of a Win-
ston cone light concentrator, if we had to use
them?

Figure[63|shows the MC simulation results for the
properties of the major components of the detector:
transparency of the CO5 radiator gas, reflectivity of
the mirrors deposited with metal aluminum covered
by MgF5 protection coating, and the transparency
of the PMT entry window material as a function of
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wavelength. The radiator gas and mirror show good
optical properties (transmittance and relativity) in
the UV range.

As far as the entry window material is concerned,
the quartz window provides a larger signal as com-
pared to a window made of UV-transmitting glass.
However, PMTs with quartz entry windows are sig-
nificantly more expensive and are also fragile. We
have run comparative tests of 5-in ET 9823 PMTs
with both quartz and UV-transmitting glass win-
dows to justify our choice. Figure shows the
results obtained for the PMT glass transparency.
The measurements showed that average signal from
a PMT with a quartz window is equivalent to 55.6
photoelectrons, whereas for the PMT with UV-
transmitting glass, the average signal is only 38.2
photoelectrons (i.e. ~45% more light for the quartz
PMTs).
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Fig. 63: Optical properties of the HTCC major compo-
nents in terms of transparency vs. wavelength from MC
studies. The exponential histogram (magenta) describes the
Cherenkov light spectrum. The blue histogram shows results
for the transparency of CO2 gas and the black histogram
shows the reflectivity of the mirror. The results for the re-
sponse of the PMTs with a quartz face plate (green) and with
a UV-transmitting glass window (red) are shown as well.

In the HTCC, Cherenkov light is generated along
the entire length of a scattered electron’s trajectory
in the volume of the detector. The light collection
geometry provided by the fully ellipsoidal mirror
with point-to-point focusing is valid only in the case
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Fig. 64: Comparative measurement test results on the

transparency of PMT windows made of quartz (blue), UV-
transmitting glass (red), and regular glass (black).

when one focal point is in the target position and
when the second focal point is at the face of the
PMT. Consequently, one must expect considerable
changes in the size of the image in the focal plane
due to the continuous evolution of the light emission
point along the electron trajectory. Moreover, there
is no light emitted by a scattered electron moving
from the target until it crosses the entry window of
the HTCC. PMTs of large size are available with a
face plate (entry window) of various shapes. This
is one more parameter to check.

Figure [65] shows simulation results on the collec-
tion of light impinging on the entry window for two
different PMTs, comparing those with convex win-
dows and those with flat windows. Clearly the flat
entry window is preferable. Most of the light has
larger angles of incidence for the PMTs with a con-
vex window. Besides, for them a larger portion of
the light would undergo two reflections (off the mir-
ror and Winston cone), whereas for the PMTs with
a flat face plate, most of the light hits the window
under small angles of incidence. From Fig. [65] we
also estimated that about 80% of the Cherenkov
light will directly impinge on the PMT photocath-
ode and the remaining 20% will first be reflected by
the Winston cone. The 5-in quartz ET-9823QKB
PMT used in the HTCC has a photocathode that
is actually 110 mm in diameter (~4.3 in).
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plate from MC studies.

Figures. [67 and show the results of the
MC simulations for the light collection on the face

of the PMT that detects light reflected by a mirror
facet that covers a polar angle range of 5° to 12.5°.
The simulation results were obtained for 2 GeV
electrons on a point-like target with and without
the 5 T solenoidal field, and for a 10-cm-long target
with the 5 T field. On all three pictures, the circular
boundary at 110 mm diameter represents the edge
of the PMT light sensitive area. The light collection
pattern is not sensitive to the solenoid field, espe-
cially if the target is short. The data are presented
with a logarithmic scale to show that most of the
light impinges directly on the photocathode. In the
experiments with the electron beam, the cryogenic
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target is typically 5 cm long.

Similar simulation results are obtained for pat-
terns on the face of the Winston cone light concen-
trators. Figure[69)shows the result for a 10-cm-long
target in a 5 T field. There is a circle of diameter
161.4 mm shown on the picture just for illustra-
tion of a possible Winston cone opening diameter.
Based on these results the Winston cones used in
the HTCC have a circular opening of 148 mm di-
ameter and a length of 190 mm.

Image on PMT 4

cm
H

Fig. 66: Simulation result for the light collection pattern on
the face of the PMT for a point-like target with no solenoidal
field.

Estimates for the signal strength for 2 GeV elec-
trons have been obtained for the point-like and ex-
tended targets with and without the 5 T solenoid
field. Figures and show angular distri-
butions of the signal strength. The corresponding
plots of the signal strength in the azimuthal angle
range are shown in Figs. [73] [74] and One can
see that the signal strength increases with the po-
lar angle. This is because the electrons scattered at
a smaller angle travel a shorter distance in the ra-
diator gas as compared to the electrons moving at
larger angles. The minimum signal strength is esti-
mated to be about 14-15 photoelectrons. For elec-
trons scattered in the range of polar angles from
5° to 35° we have a complete and uniform cover-
age of the entire 27w acceptance, as demonstrated
by the azimuthal dependencies. The average signal
strength is about 17 photoelectrons. This estimate
has been obtained by taking into account the pos-
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Fig. 67: Simulation result for the light collection pattern
on the face of the PMT for a point-like target and a 5 T
solenoidal field.

Image on PMT 4

Fig. 68: Simulation result for the light collection pattern
on the face of the PMT for a 10-cm-long target and 5 T
solenoidal field.

sible reduction of the mirror reflectivity due to the
unavoidable influence of the hard to control factors
during the detector construction (dust and fume
deposition, mechanical imperfections of the reflec-
tive surfaces, etc.) that were first observed during
the construction and maintenance of the CLAS Low
Threshold Cherenkov Counter [3].

One of sources of background events in the HTCC
is the secondary interactions of charged pions with
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Fig. 69: Simulation result for the light collection pattern on
the face of the Winston cone for a 10-cm-long target and a
5 T solenoidal field.
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Fig. 70: Simulation results for the signal strength as a func-
tion of polar angle. Point-like target and no solenoidal field.

components in the volume of the HTCC and with
components outside the detector in the region be-
tween the target and the HTCC entry window.
Charged pions with energies mostly below the de-
tection threshold can knock out relativistic § elec-
trons that generate Cherenkov light in the HTCC
volume. Some of that light can be focused by the
mirror on the PMTs. In our MC simulations we es-
timated the expected background rates. Of course
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Fig. 72: Simulation results for the signal strength as a func-
tion of polar angle. 10-cm-long target with a 5 T solenoidal
field.

the rates depend on the actual thickness and dis-
tribution of the materials. We have specified in de-
tail everything regarding the detector components
in the simulation. With regard to outside com-
ponents, we have taken into account the 10-cm-
long cryogenic target filled with hydrogen, standard
foam scattering chamber, and the air gap between
the exit window of the chamber and the entry win-
dow of the HTCC. At the CLAS12 design luminos-
ity of &~ 103 cm™2 57!, the estimated total back-
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Fig. 73: Simulation results for the signal strength as a func-
tion of azimuthal angle. Point-like target with no solenoidal
field.
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Fig. 74: Simulation results for the signal strength as a func-
tion of azimuthal angle. Point-like target with 5 T solenoidal
field.

ground rate for one half-sector is about 20 kHz.
The most important parameters for the HTCC
are the electron detection efficiency and the charged
pion rejection power. In Fig. [76] the simulation re-
sults on the rejection of charged pions are shown.
Data are presented for four HTCC channels from
one half-sector at three different thresholds of elec-
tron detection at 2 GeV: equivalent of 1, 2, and 3
photoelectrons. For the highest electron detection
threshold (>3 photoelectrons) the estimated elec-
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Fig. 75: Simulation results for the signal strength as a

function of azimuthal angle. 10-cm-long target with 5 T

solenoidal field.

tron detection efficiency is 99.9%. Similar results
for 4 GeV electrons are shown in Fig. One can
conclude that at a threshold of 3 photoelectrons,
the average rejection factor is greater than 1000 at
2 GeV and at least 500 at 4 GeV, with an electron
detection efficiency close to 100%.
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Fig. 76: Rejection of charged pions at 2 GeV from Monte
Carlo studies.
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Fig. 77: Rejection of charged pions at 4 GeV from Monte
Carlo studies.

7. Performance

The HTCC is one of the major CLAS12 systems
used in Hall B experiments with the electron beam.
The most important aspects of the HTCC perfor-
mance are that it provides good timing, high elec-
tron detection efficiency, and a high rejection factor
for charged pions. Each of these parameters is crit-
ical for the quality of the data obtained in experi-
ments since the detector, in combination with the
forward electromagnetic calorimeter [12], provides
a fast trigger signal for CLAS12. As shown in Sec-
tion [6] the MC prediction for the HTCC detection
efficiency for electrons is ~100%. Figure [78] shows
a distribution of the number of photoelectrons in
the HTCC for elastically scattered 2 GeV electrons
where the identification of a negative track as an
electron was done based on kinematics. The cor-
responding thresholds applied were approximately
2.5 photoelectrons. The measurements were per-
formed using a special procedure with a random
trigger that was not correlated with the HTCC [6].
There were observed 27 events not detected by the
HTCC due to the applied threshold. As shown,
the electron detection efficiency is n = (99+0.2)%,
which is in good agreement with the MC estimate.
This result can be considered as a conservative es-
timate due to the relatively high threshold used in
the measurements.

Elastic electron scattering occurs at small polar
angles. Inelastic electron scattering covers a much
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wider range of polar angles, where the average scat-
tering angles are larger. Such electrons travel longer
distance in the radiator gas (by 10% to 30% depend-
ing on scattering angle). Consequently the signal
strength is higher for these electrons, and therefore
the detection efficiency is higher as compared with
the detection efficiency for elastically scattered elec-
trons.
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Fig. 78: Electron detection efficiency for elastically scattered
electrons at 2 GeV. Data are obtained with the random trig-
ger not correlated with the HT'CC or other detector compo-
nents of CLAS12.

Figure [79] shows the response of the detector
over a wide range of particle momenta. The in-
crease in the number of events at high momen-
tum (>5 GeV) is due to registration of charged pi-
ons (above threshold for their registration in the
HTCC) and this is clearly illustrated.

The signal strength in the HTCC depends on
the actual properties of the mirror facets, such as
their final shape and reflectance. The accuracy of
the combined mirror assembly, the alignment of
the HTCC components (mirror, PMTs, Winston
cones), and the composition of the radiator gas, all
influence the final results. The FADC histogram
of the typical signal strength distribution obtained
in half-sectors #1 and #2 of sector 1 is shown in
Fig. The signal strength for scattered elec-
trons averaged over all HTCC channels is shown in
Fig. The experimentally measured mean value
of 16.3 photoelectrons is close to the Monte Carlo
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Fig. 79: Distribution of the HTCC response in terms of the
number of photoelectrons vs. momentum over a wide mo-
mentum range, including the region beyond the threshold of
charged pion registration (>5 GeV). The data were obtained
for positrons and 7+-mesons.

simulation results (see Fig. .
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Fig. 80: Typical distributions of the signal strength in chan-
nels covering polar angles in the range of 5° to 12.5° (Ring 1)
and 12.5° to 20.0° (Ring 2) within an azimuthal interval of
60°.

Figure [82] shows the uniformity of the HTCC
response for different electron momenta. Fig.
shows the distribution of the HTCC response over
the entire face of the mirror in the xy (transverse)
plane.

The data show that the integrated signal strength
is about 16.5 photoelectrons. At large electron po-
lar scattering angles in range of 27.5° to 35°, the
statistics are lower. Figure [84] shows the distribu-
tion of statistics in all 6 sectors.
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Fig. 82: The HTCC response for electrons: signal strength
vs. momentum at 10.6 GeV electron beam energy.

Fig. 84: Distribution of statistics in terms of electron polar
angle vs. azimuthal angle in all 6 of the CLAS12 Forward
We also note that in cases when the electrons Detector sectors.

cross a mirror close to its edges (at approximately
at 5° and 35°) one should expect unavoidable losses

wo in the signal strength: some part of the Cherenkov to the mirror face due to the shrinkage of the glue
light just passes by the mirror. As far as the in- is estimated to be between ~ 5 —10 mm. This area
ternal borders between adjacent mirrors are con- uso includes the technological zone of width ~0.5 mm
cerned, there are similar losses that take place that does not reflect the light at all. As a result
and are finally partially compensated due to the these regions (width up to ~10 mm) along the in-
s complete azimuthal symmetry of the detector, see ternal boundaries between the mirror facets defuse

Fig. B3] The width of the area along the internal the light impinging on the area, and therefore the
boundaries that is deformed in the direction normal s signal strength is reduced. This edge effect is ex-
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pected given the design of the detector.

8. Conclusions

The High Threshold Cherenkov Counter has been
designed and built to meet all requirements that
were defined mostly by its location and available
space in front of the forward drift chambers of the
CLASI12 spectrometer. A new technology of build-
ing lightweight multifocal ellipsoidal mirrors was
developed and successfully used. The detector in-
troduces a small amount of material in the CLAS12
acceptance that includes only the radiator gas and
the mirror itself, which has thickness less than the
total radiation length of the CO4 radiator. There
are no elements within the acceptance that support
the HTCC mirror. The detector provides full az-
imuthal coverage and very efficient light collection:
the Cherenkov light is detected after one reflection
in 80% of events and after two reflections in the re-
maining 20% of events. Experiments with an elec-
tron beam have confirmed all design parameters of
the detector. The performance of the HTCC is ad-
equate, reliable, and meets all expectations for the
CLAS12 experiments.
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