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Abstract

The Thomas Jefferson National Accelerator Facility (JLab)has undertaken the 12 GeV Upgrade

to double the accelerating energy of its electron beam. Thisattracts many interesting proposals to

probe the quark-gluon nature of nuclear matter at higher energy, therefore a new set of equipment

is required. Experimental Hall C of JLab has planned to construct a new Super High Momentum

Spectrometer (SHMS) to replace the existing Short Orbit Spectrometer (SOS). The University of

Regina is assigned to construct the Heavy GasČerenkov (HGC) Detector as part of the SHMS

focal plane detectors. This detector will be used as critical component to provide reliableπ/K

separation between 3-11 GeV/c central momenta in the SHMS experimental program. In this

thesis, we will report the design, quality control studies and simulated expected performances of

the HGC detector.
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Chapter 1

Introduction

The purpose of this thesis is to describe the design, mirror quality control and projected perfor-

mance of the Heavy GašCerenkov (HGC) detector constructed at the University of Regina. The

HGC detector is an important part of the 12 GeV upgrade installation, used for particle identifi-

cation in experimental Hall C at the Thomas Jefferson National Accelerator Facility (Jefferson

Lab).

In this chapter, a brief description of Jefferson Lab and the12 GeV upgrade project is given.

The Hall C experimental apparatus and its upgrade plan is then described in more detail. Chap-

ter 2 contains a discussion ofČerenkov radiation in terms of classical electrodynamics. Chapter 3

describes the specification and design of the HGC detector. The mirror quality control studies

are presented in Chapters 4 and 5. Chapter 4 gives the detailed description on mirror selection

methodology and Chapter 5 presents the aluminized mirror reflectivity results. Chapter 6 dis-

cusses the computer simulation of the detector performance, and Chapter 7 concludes with a

summary and outlook.

1.1 CEBAF and the 12 GeV Upgrade

The Thomas Jefferson National Accelerator Facility (Jefferson Lab) houses the world’s largest

superconducting radio frequency (RF) linear accelerator named CEBA (Continuous Electron
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Beam Accelerator). Its reliable continuous electron beam has become the most effective method

to probe the quark-gluon nature of nuclear matter at high energy.

The CEBA consists of an electron injector, a pair of superconducting linear accelerators and

several bending arcs. The electrons are generated in the injector, then are grouped into micro-

bunches and released into the north Linac at an energy of 45 MeV with 0.667 ns separation,

which corresponds an RF repetition rate of 1497 MHz. The northand south Linacs have identical

design, each hosting 20 cryomodules with an accelerating gradient of 5 MeV/m. The Linacs are

connected by arcs at both ends so that the entire setup looks like a racetrack ring (see Fig. 1.1).

Each electron may complete as many as five circles in the racetrack ring before reaching the

experimental area; the maximum energy gain is 1.2 GeV per pass, thus the maximum energy

gain for an electron is 6 GeV. The electron bunches are in turndelivered to each of the three

experimental halls every 2 ns. The current setting of CEBA produces 6 GeV maximum energy

at with beam current of 200 mA.

Jefferson Lab currently has three experimental halls. Eachof the experimental halls have

different scientific objectives and therefore are equippedwith different experimental apparatus.

A short description of each is given below:

HALL A: A high resolution hall, equipped with a pair of High Resolution Spectrometers (HRS)

which are optimized to study nuclear structure with high precision.

HALL B: A large solid angle hall, designed to provide full 4π solid angle coverage and broad

momentum range for capturing produced charged and neutral particles produced in nuclear

interactions.

HALL C: A multi-purpose high luminosity hall, equipped with a High Momentum Spectrome-

ter (HMS) and a Short Orbit Spectrometer (SOS). The specialty of Hall C is its capability

to study rare interactions at high event rate. The probability of the event detection is di-

rectly proportional to the maximum beam current, where in Hall C it can reach as high as

180 mA which is 90% of the total beam current.

Jefferson Lab is currently undertaking a 12 GeV upgrade project to double its accelerating
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Figure 1.1: Schematic diagram of the Jefferson Lab and the 12GeV upgrade [1]. (Original In
Color).

energy and to improve the instrumentation in each of the experimental halls. The upgrade project

will replace three of the existing cryomodules and install five new cryomodules in each of the

accelerators and improve the energy gain from 1.2 GeV to 2.2 GeV per pass, thus delivering up

to 11 GeV beam to the existing halls. As a result, the maximum electron beam current after the

12 GeV upgrade will be halved to 100 mA to conserve the total power output of the accelerator.

A new experimental hall, namely Hall D, will be built to extend the physics program at Jefferson

Lab to search principally for exotic hybrid mesons. A new bending arc is installed to guide

the electron beam to Hall D. Thus, this hall will make use of 5.5 pass electron beam, with a

maximum beam energy of 12 GeV.

1.2 Physics Program at Hall C After 12 GeV Upgrade

Hall C will play a vital role in the overall Jefferson Lab physics program after 12 GeV up-

grade. The planned physics experiments in Hall C require spectrometers with acceptance for
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very forward-going particles with momenta approaching that of the incoming beam (11 GeV/c).

Their focal plane detectors must provide excellent particle identification even at these high en-

ergies. They must be capable of rapid, accurate changes to the kinematic settings with well

understood acceptances allowing experiments to efficiently cover broad regions of phase space,

enabling, for example, precise L/T separations. And they must possess efficient, highly time-

resolved trigger systems and target and data-acquisition systems suitable for running at high

luminosity.

These features are essential for studies such as the pion form factor experiment [4], which re-

quires precise L/T separations. The long-term interest in measuring the charged pion form factor

(Fπ) is due to the rigorous and unique prediction made by the theory of Quantum Chromody-

namics at asymptotic values of Q2, which indicates the energy limitation where valence quarks

behave as free particles. The pion is ideal choice for this study because the smaller number of

valence quarks in the pion means that the asymptotic regime will be reached at lower values for

Fπ than for the nucleon form factors. The high quality, continuous electron beam of Jefferson

Lab makes it the only place to seriously pursue these measurements. Other important examples

of the Hall C physics program are color transparency [5], duality [6] and nucleon form factor

measurements [7, 8]. These experiments will contribute to improve our current understanding of

the nucleon structure.

1.3 Experimental Hall C

The current permanent setup of Hall C consists of a High Momentum Spectrometer (HMS) and

a Short Orbit Spectrometer (SOS). A Super High Momentum Spectrometer (SHMS) currently

under construction will replace the SOS, becoming the standard experimental setup coupled with

the HMS after the 12 GeV Upgrade.

The Hall C target station is located at the fixed central bearing of the two spectrometers.

The target ensemble consists of a three-loop cryogenic target stack together with an optics target

assembly. The latter is designed for the calibration of the optics of the spectrometers. The
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Figure 1.2: Overhead view of standard experiment configuration for Hall C after 12 GeV up-
grade. Key components at labeled on the figure [2]. (OriginalIn Color).

target ensemble is mounted inside a vacuum scattering chamber in such a way that the stack

of cryogenic cells and optics target can be moved up and down as a whole. The cylindrical

scattering chamber has an inner radius of 61.6 cm and a heightof 150 cm. The spectrometers are

not vacuum-coupled to the scattering chamber.

1.3.1 Spectrometer Coordination Definition

The coordinate system used throughout the thesis is based onthe axes convention for charged

particle transport in dispersive magnetic systems. The central ray particles in the SHMS will be

bent by 18.4◦ (Table 1.1) vertically by the superconducting dipole before reaching the detector

stack, where thez axis direction will remain parallel to the central ray afterthe bending, so that

thez direction is changed by the dipole bending angle. With a constant dipole magnetic field, the

bend angle is smaller for particles with higher momenta assuming the same particle masses. As a

result, when particles exit the dipole, they will form an envelope with lower momenta particles on

the top quadrants and higher momenta particles on the bottomquadrants. The direction of thex
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axis follows the increase in particle momenta (low to high) according to the transport convention.

Thus,+x points down with respect to the HGC detector frame, which is 18.4◦ from the vertical

axis of the global spectrometer frame. From the direction ofthex andz axes. It can be deduced

that they axis (~y = ~x × ~y) points away from the electron beam line (right to left with respect to

the beam envelope after bending).

1.3.2 Super High Momentum Spectrometer (SHMS)

The SHMS is an 18.4◦ vertical bend spectrometer and has a maximum central momentum of

11 GeV/c. The optical design of the SHMS is similar to the HMS and consists of three super-

conducting magnetic quadrupoles (Q1, Q2, Q3) and one vertically bending dipole (D). The

purpose of the dipoleD is to select the incoming particles depending on their electrical charge

and momentum. The purpose of the quadrupoles is to focus the particles into the dipole, im-

proving the angular acceptance (solid angle) of the spectrometer. The combined action of the

quadrupoles and dipole is to disperse the charged particlesaccording to momenta at the focal

plane, which is located 18.1 m from the target station.

The SHMS horizontal scattering angle is as small as 5.5◦ with an acceptance of±1.3◦, thus

the smallest detectable angle is 4.3◦ from the electron beam path. In order to achieve such a small

scattering angle, the SHMS is in addition equipped with a horizontal bending super-conducting

magnet (d) in front of the first quadrupoleQ1 and behind of the target station, which can bend

most produced changed particles by 3◦. Thus, the main spectrometer assembly is centered about

8.5◦. To summarize, the optical configuration of the SHMS isdQQQD. The vertical bending

angle is 18.4◦ of theD dipole. The important performance specifications are listed in Table 1.1.

A side view of the SHMS is shown in Fig. 1.3.

Due to the spatial constraints, the vertical bending dipoleD extends into the shield house

of SHMS. The shield house has an asymmetrical trapezoid shape and is sub-divided into a de-

tector hut and an electronic hut. The detector hut hosts the focal plane detector stack and the

electronic hut protects the critical electronic modules used for the data acquisition. The two huts

are separated by a 50 cm concrete wall and 2.3 mm of boron/lead; the back and right sides of
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Figure 1.3: Side view of SHMS:dQQQD superconducting magnets configuration and detec-
tor hut geometry [3]. The horizontal bending bending dipoled is labeled as ‘bender’ in the
schematic. (Original In Color).

the shield house are protected by 64 cm concrete and 2.3 mm boron/lead; the top and bottom

are protected by 50 cm and 70 cm concrete, respectively, and 2.3mm lead/boron; the left side

(close to beam line) has 90 cm concrete and the front side has 100 cm concrete wall. In addition,

the left and front sides have 5 cm lead and boron shield. The top shield bricks are removable to

allow overhead crane access to the detector and electronic huts.

1.3.3 High Momentum Spectrometer (HMS)

The HMS has aQQQD superconducting magnet configuration and has been used for experi-

ments in Hall C since 1994. The spectrometer has a 25◦ bend in vertical direction for the central

ray particles. The maximum central momentum is 7.3 GeV/c. The horizontal scattering an-

gle range is between 10.5◦ and 85◦ with ±1.576◦ horizontal acceptance. This corresponds to a

smallest measurable angle of 8.92◦.

All the magnets are supported by a single carriage, which canbe moved on rails around a

fixed central bearing near the target station. The quadrupoles can be moved as a group along the

optical axis (z axis). The shield house is on a separate carriage than the magnets. However, the
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Table 1.1: HMS and SHMS specification [12].

Quantity Specification

HMS SHMS

Dipole Bend Angle 25◦ 18.4◦

Maximum Central Momentum 7.4 GeV/c 11 GeV/c

Focal Length 26.0 m 18.1 m

Scattering Angular Range 10.5◦ to 85◦ 5.5◦ to 40◦

Momentum Acceptance ±10% -10%< δ <+22%

Momentum Resolution <0.1% 0.03%-0.08%

Solid Angle Acceptance 6.7 msr 4.0 msr

Horizontal Acceptance ±27.5 mrad ± 24 mrad

Vertical Acceptance ±70 mrad ± 40 mrad

Horizontal Resolution 0.8 mrad 0.5-1.2 mrad

Vertical Resolution 0.9 mrad 0.3-1.1 mrad

Target Vertex Length ±7 cm ±15 cm

Target Vertex Reconstruction Accuracy 1 mm 0.1-0.3 mm

two carriages are coupled together. Compared to the SHMS, theHMS shield has a rectangular

shape with much more space for the detectors. The shield roofis not removable. The left side

(away from the beam line) of the shield house is made of concrete strips, which can be removed

to allow access to the detector stack. The important performance specifications are listed in

Table 1.1.

1.3.4 SHMS and HMS Detector Packages

The focal plane instrumentation of the SHMS and HMS consistsof a series of detectors, which

are designed to work together to reliably reconstruct the particle identity and trajectory informa-

tion of all tracks intercepting them over a broad momentum range. These individual detectors

will be described in the order that they are traversed by an incident particle.
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Figure 1.4: SHMS detector stack layout inside of the detector hut after the superconducting
dipole. Charged particles focused by the SHMS magnetic elements traverse the stack from right
to left in this figure [9]. (Original In Color).

Noble GasČerenkov Detector (NGC)

The noble gašCerenkov (NGC) detector is only used in the SHMS to separate electrons from

heavier charged particles at high central momentum wherep > 6 GeV/c. Due to the spatial

constraints, it is located in front of the focal plane, whereas ideally it should be placed behind, so

as to not adversely affect the reconstructed momentum resolution. For experiments with lower

central momenta, the NGC is replaced with a vacuum tank of thesame length to eliminate a

source of multiple scattering. The detector is filled with Argas at momentump < 5.5 GeV/c and

He gas atp > 5.5 GeV/c, with the operating pressure being 1 atm over the full momentum range.

The detector housing is unique due to its rectangular body shape and continuous gas circulation

is required to eliminate O2 contamination. ThěCerenkov radiation is reflected by four curved

mirrors and focused onto four PMTs near the top and bottom of the detector. Due to the good

UV transmission characteristics of noble gasses, theČerenkov emission band can reach as low as

140 nm wavelength. Such deep UV light is extremely difficult to detect since the PMT quantum
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efficiency falls dramatically below 200 nm wavelength. One possibility being explored is to use a

wavelength shifting technique to increase theČerenkov radiation wavelength from the deep UV

to a PMT detectable region. The NGC detector is currently being constructed at the University

of Virginia.

Drift Chambers

The drift chambers are used to measure the horizontal and vertical angles and positions of the

charged particles before and after the focal plane, in orderto determine their momentum and

trajectory. The basic operation principle is as follows: charged particles induce ionization of

the gas atoms inside the chamber and the free electrons produced due to the ionization process

are captured by sense wires. Good spatial resolution is achieved by measuring the electron drift

time. The electric field inside of the chambers needs to be of avery specific configuration, which

is achieved by surrounding the sense wires with non-sensed wires at high voltage. The trajectory

information of the two chambers is combined to determine thetrack of the charged particles

through the focal plane.

Both the SHMS and HMS are equipped with a pair of drift chambers. The focal plane is

sandwiched in between the chambers. Each drift chamber contains six planes of sense wires. In

the SHMS, the wire planes are orderedu, u′, x, x′, v, v′. There are noy planes, andu andv plane

wires are at±30◦ with respect tox plane. The cell spacing is 1 cm and the position resolution is

approximately 200µm per plane. As a result, they resolution of SHMS detector is better than in

the HMS. The two chambers are placed at a distance of 40 cm before and after the focal plane,

respectively. The SHMS drift chambers are currently under construction at Hampton University.

In the HMS, the wire planes are orderedx, y, u, v, y′, x′. Thex andy planes measure the

vertical and horizontal track position.u andv plane wires are at±15◦ with respect to thex

plane. The cell spacing is 1 cm and the position resolution isapproximately 150µm per plane.

The HMS has better resolution in thex direction. The two chambers are placed at a distance of

40 cm before and after the focal plane.
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Hodoscopes

In the SHMS, the hodoscopes are only used to generate the trigger for the data acquisition system.

The S1 hodoscopes (see Fig. 1.4) are located before the heavygasČerenkov detector and the S2

are positioned after the AerogelČerenkov detector. Each hodoscope consists of two planes, each

plane is read out by PMTs at both ends. The first plane of each hodoscope is in the horizontal

(S1X, S2X), and second plane is in the vertical direction (S1Y, S2Y). S1X, S1Y and S2X are

made of plastic scintillator and S2Y is made of quartz. This configuration is used to provide

additional confirmation on the particle identification and reduce the background signal. High

momentum neutron background from the beam dump or beam pipe has high probability to scatter

a proton free, then this secondary proton will generate a strong signal inside the scintillator

detectors through ionization process. However, in the quartz hodoscope, the secondary proton

will have low probability to generate ǎCerenkov signal which exceeds the threshold. The quartz

hodoscope consists of 21 quartz bars, each measuring 125 cm× 5.5 cm×2.5 cm. There is

0.5 cm overlap between each quartz bar and the total active area is 205.5 cm× 115 cm. Each S1

scintillator hodoscope panel consists of 13 paddles, each measuring 100 cm× 9.8 cm× 0.5 cm.

The S2 scintillator hodoscope panel consists of 14 paddles of the same dimension. The overlap

of the scintillator paddles are 0.5 cm for the S1 and S2 hodoscopes. Scintillation hodoscopes are

being constructed at James Madison University and the quartz hodoscope is being constructed at

the North Carolina A&T University.

In the HMS, the order of the planes is reversed. Each of the hodoscope panels in HMS is

1.0 cm thick and 8 cm wide, with 0.5 cm overlap. The HMS hodoscopes serve two purposes:

generating the trigger for the data acquisition system and measuring the time-of-flight (TOF) to

determine the particle velocity. At low central momenta, the particles’ velocity deviates signifi-

cantly depending on the mass. However, at higher momenta thedeviation is much smaller asv

approaches the light speed, therefore the difference in theTOF would be less than the hodoscope

timing resolution for most particles. For this reason, the TOF is not expected to be very useful

in the SHMS. The data acquisition systems in the SHMS and HMS are triggered by the coinci-

dence signal from at least three out of four hodoscope planes. This is to allow the hodoscope
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inefficiency to be measured.

Heavy GasČerenkov Detector (HGC)

The SHMS HGC detector is used to distinguish charged pions from heavier charged particles. It

is filled with C4F8O gas having a refractive index of 1.0014 at a pressure of 1 atm. The detector

pressure will vary depending on the central momentum (p) setting of the SHMS for the incoming

particles: for 3< p <7 GeV/c, detector pressure is set to 0.95 atm; forp > 7 GeV/c the detector

pressure is reduced. This will be discussed in more detail inChapter 3. ThěCerenkov radiation

is reflected by four curved mirrors and focused onto four PMTsplaced on top and bottom of the

detector. This detector is being constructed at the University of Regina.

The role of the HMS HGC detector is different from that in the SHMS, where it is used to

distinguish electrons from other charged particles and is filled with C4F10 gas at a pressure of

0.78 atm. The resulting refractive index of 1.0011 corresponds to a pion threshold of 3 GeV/c.

TheČerenkov light is reflected by two parabolic mirrors and focused onto two PMTs on the top

and bottom of the detector.

Aerogel Čerenkov Detector (ACD)

In the SHMS, the AerogeľCerenkov Detector (ACD) can be used for pion/kaon (π/K) separation

at low momenta or kaon/proton (K/p) separation at high momenta. The aerogel panel dimension

is 90 cm× 60 cm with a thickness of 5-10 cm and is constructed of small aerogel bricks. Two

sets of aerogel panels with different refractive indices (n=1.030 andn=1.015) will be used for the

particle identification at different momenta. The signal readouts are on both sides. The overall

detector dimension is 110 cm× 100 cm× 30 cm. The detector is being constructed jointly

by the Catholic University of America, the University of South Carolina, Florida International

University and the Yerevan Physics Institute.

In the HMS, the aerogel is used for pion-proton separation. The aerogel panel dimension is

117 cm× 67 cm with a thickness of 9.5 cm and is being constructed of 650small aerogel bricks.

The overall detector dimension is 120 cm× 70 cm× 34.5 cm.
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Electromagnetic Calorimeter (ECAL)

The electromagnetic calorimeters are comprised of lead-glass and are used to provide additional

confirmation on the electron-hadron identification. The SHMS calorimeter consists of two parts:

pre-shower and shower. The pre-shower is constructed using28 lead glass blocks formerly used

in the SOS, each measuring 10 cm×10 cm×70 cm. The PMT signal readouts are on both sides.

The shower is constructed with 224 lead glass blocks formerly used in the HERMES experiment

at DESY, each measuring 9 cm× 9 cm× 50 cm. The shower blocks are stacked perpendicularly to

the pre-shower blocks and the signal readouts are on the backside. The whole SHMS calorimeter

is 140 cm wide, 144 cm tall and 60 cm thick; total number of readout channels are 252. The

calorimeter will be constructed jointly by the Yerevan Physics Institute and Jefferson Lab.

The HMS calorimeter is built out of blocks of lead glass, which have dimensions 10 cm×

10 cm× 70 cm. The detection stack is four layers deep and 13 layers tall. The signal readout is

only on one side.
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Chapter 2

Čerenkov Radiation

All equations in this chapter expressed are in Gaussian Units.

The interactions of charged particles with material take many forms. In this chapter the

properties ofČerenkov radiation are discussed in detail. Several of theseproperties are highly

relevant for the design and projected performance of the HGCdetector.

Čerenkov radiation is the electromagnetic radiation emitted by charged particles when their

velocity exceeds the light velocity (c/n) in a dielectric medium with refractive indexn. The

moving charged particles electrically polarize the molecules inside the medium, which then turn

back rapidly to the ground state. The polarization-depolarization process generates an oscillating

electric dipole of angular frequencyω, which emits electromagnetic radiation as a result.

To determine the energy loss between the charged particle and the dielectric medium, the

fields in the medium are calculated assuming that the mass andcharge of the atoms are uniformly

and continuously distributed with a macroscopic relative permittivity ǫr(ω). ǫr(ω) can be defined

as

ǫr(ω) =
ǫ(ω)

ǫ0

whereǫ(ω) is the absolute permittivity, the measure of the resistancethat is encountered when

an electric field forms in a medium, andǫ0 is the vacuum permittivity.

The problem of finding the electric field in the medium due to the incident fast particle mov-

ing with the constant velocity can be solved by Fourier transforms. If the potential component
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Aµ(x) and the source density componentJµ(x) are transformed in space and time according to

the general rule:

F (~x, t) =
1

(2π)2

∫

d3k

∫

dω F (~k, ω) e i~k·~x−iωt (2.1)

wherek is the wavenumber. The transformed wave equations become

[

k2 − ω2

c2
ǫr(ω)

]

Φ(~k, ω) =
4 π

ǫr(ω)
ρ(~k, ω)

[

k2 − ω2

c2
ǫr(ω)

]

~A(~k, ω) =
4 π

c
~J(k, ω) .

(2.2)

where theΦ is the scalar potential,ρ is the change density,~A is the vector potential and~J is the

current density. The Fourier transforms of

ρ(~x, t) = ze δ(~x − ~vt)

~J(~x, t) = ~v ρ(~x, t) .

(2.3)

are readily found to be

ρ(~k, ω) =
ze

2π
δ(ω − ~k · ~v)

~J(~k, ω) = ~v ρ(~k, ω)

(2.4)

where~v is the velocity of the charged particle.

From (2.2), the Fourier transforms of the potentials are

Φ(~k, ω) =
2ze

ǫr(ω)

δ (ω − ~k · ~v)

k2 − ω2

c2
ǫr(ω)

~A(~v, ω) = ǫr(ω)
~v

c
Φ(~k, ω)

(2.5)

The electromagnetic fields in terms of the potentials are

~E = −−→∇Φ − ∂ ~A

∂t
~B =

−→∇ × ~A ,

(2.6)
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substitute (2.5) and obtain:

~E(~k, ω) = i

[

ωǫr(ω)

c

~v

c
− ~k

]

Φ(~k, ω)

~B(~k, ω) = i ǫr(ω)~k × ~v

c
Φ(~k, ω) .

(2.7)

In calculating the energy loss, the Fourier transform in time of the electromagnetic fields

is calculated at a perpendicular distanceb from the path of particle moving alongz axis. The

required electric field is of the form:

~E =
1

(2π)3/2

∫

d3k ~E(~k, ω) eibk2 , (2.8)

where the observation point has coordinates (0,b, 0). Substitute (2.5) and (2.7) into (2.8), and

integrate over first componentdk1 to obtain:

E1(ω) = − izeω√
2π v2

[

1

ǫr(ω)
− β2

]
∫

∞

−∞

eibk2

(λ2 + k2
2)

1/2
dk2

= −izew

v2

(

2

π

)1/2 [

1

ǫr(ω) − β2

]

K0(λb)

E2(ω) =
ze

v

(

2

π

)1/2
λ

ǫr(ω)
K1(λb)

B3(ω) = ǫr(ω) β E2(ω)

(2.9)

whereβ2 = v2/c2, K0(λb) andK1(λb) are modified Bessel functions.λ2 can be written as

λ2 =
ω2

v2
− ω2

c2
ǫr(ω) =

ω2

v2
[1 − βǫr(ω)] . (2.10)

If we apply the far field approximation, where|λb| ≫ 1, the Bessel functions can be esti-
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mated by their asymptotic forms, and the fields (2.9) become

E1(ω, b) → i
zeω

c2

[

1 − 1

β2 ǫr(ω)

]

e−λb

√
λb

E2(ω, b) → ze

v ǫr(ω)

√

λ

b
e−λb

B3(ω, b) → ρ ǫr(ω) E2(ω, b) .

(2.11)

The energy deposited per unit length along of the charged particle path is

(

dE

dx

)

b>a

= −ca Re
∫

∞

0

B∗

3(ω)E1(ω) dω (2.12)

wherea is the cylinder radius around the path of the incident particle. Take the RHS integral in

the far field limit and obtain

(

dE

dx

)

b→∞

→ z2e2

c2

(

−i

√

λ∗

λ

)

ω

[

1 − 1

βǫr(ω)

]

e−(λ+λ∗)a (2.13)

whereλ∗ is the complex conjugate ofλ. The real part of this expression gives the energy de-

posited far from the path of the particle. Ifλ has a positive real part, as is generally true [13], the

exponential factor in (2.13) will cause the expression to vanish rapidly at large distances, there-

fore all the energy is deposited near the path. This is not true whenλ is purely imaginary. In

this case, the exponential term is 1 and the expression is independent of distancea; some energy

escapes to infinity as electromagnetic radiation. From (2.10) it can be seen thatλ can be purely

imaginary ifǫr(ω) is real (no absorption) andβ2ǫr(ω) > 1, which can be expressed in the more

transparent form

v >
c

√

ǫr(ω)
=

c

n(ω)
, (2.14)

since the refractive index of a medium can be written as

n =
√

ǫr(ω)µr (2.15)
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whereµr is the relative permeability of the material, andµr = 1 for most natural existing ma-

terials at optical frequencies [10]. Equation (2.14) showsthat the velocity of the particle must

be larger than the phase velocity of the electromagnetic fields at frequencyω in order to emit

Čerenkov radiation at that frequency.

To determine the frequency dependence of theČerenkov radiation, the relative permeability

can be expressed as [13]

ǫr(ω) ≃ 1 +
4πNe2

m

∑

j

fj

ω2
j − w2 − iγjω

, (2.16)

whereN is the number of molecules per unit volume,ωj is the natural resonant frequency of the

molecule,γj is the damping ratio of electromagnetic field in each molecule andfj is the number

of electrons that have the resonant frequencyωj and damping ratioγj. By substituting Equation

(2.16) into Equation (2.15) and applying the Taylor series expansion one obtains

n =
√

ǫr(ω) ≃ 1 +
2πNe2

m

∑

j

fj(ω
2
j − ω2)

(ω2
j − ω2)2 + γ2

j ω
2
. (2.17)

Fig. 2.1 shows a sketch of the real part of Equation (2.17) versusω. TheČerenkov radiation

emission band is shaded in red, wheren > β−1. The absorption coefficient (α) of the dielectric

medium also depends onω and can be written as [14]

α ≃ 4πNe2ω2

mc

∑

j

fjγj

(ω2
j − ω2)2 + γ2

j ω
2
. (2.18)

The absorption curve will become dominant atω > ω1 as shown in Fig .2.1, where the emitted

Čerenkov radiation will be absorbed by the medium

The direction of propagation of thěCerenkov radiation is given by~E × ~B. The emission

angle relative to the velocity of the charged particle is given by:

tan θC = −E1

E2

. (2.19)
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Figure 2.1: Sketch of the index of refraction (n) and absorption (α) versus angular frequencyω.
The index of refraction curve is in blue; the absorption curve is in black; thěCerenkov radiation
band is shaded in red; the absorption band is shaded in grey; the red solid line indicatesn = β−1;
the dashed blue line indicatesn = 1. ω1 andω2 represent the lower and upper boundary for
anomalous dispersion region, where then drops sharply. Note that the anomalous dispersion
region coincides with the maximum absorption region. (Original In Color).

Substitute far fields Equation (2.11) into Equation (2.19) to obtain

cos θC =
1

β
√

ǫr(ω)
=

1

βn
. (2.20)

Fig. 2.2 is a sketch of one set of spherical wavelets radiatedby a charged particle traveling

faster than the speed of light in the medium. Forv > c/
√

ǫr, a synchronized electromagnetic

“shock” wavefront occurs, moving in the direction given by the Čerenkov angle. The black

circles indicate the expanding wavefronts of electromagnetic radiation emitted at previous times.

When the particle travels faster than the speed of light in themedium, the shock fronts coherently

add along thěCerenkov cone with angleθC .

The energy radiated by thěCerenkov process per unit distance along the path of the charged
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C

v t

θ
c t / n

Čerenkov Radiation

Charged Particle
Trajectory

Figure 2.2:Čerenkov radiation. The black arrows indicate the directionof the emittedČerenkov
radiation wave front; the red arrow indicates the directionof the traveling charged particle in
the dielectric medium. The black circles indicate the expanding wavefronts of electromagnetic
radiation emitted at previous times. When the particle travels faster than the speed of light in the
medium, the shock fronts coherently add along theČerenkov cone with angleθC . (Original In
Color).

particle is [13]:
(

dE

dx

)

rad

=
(ze)2

c2

∫

ǫr(ω)>(1/β2)

ω

(

1 − 1

β2ǫr(ω)

)

dω . (2.21)
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Chapter 3

HGC Specification and Design

3.1 Detector Design

The interaction between the accelerated electrons and hydrogen nuclei inside of the target cham-

ber produce a shower of particles such as: electrons (e), pions (π), kaons (K), and protons. A

small fraction of the produced particles at specific angles and momenta travels through the aper-

tures inside the SHMS quadrupoles and dipoles, and eventually reach the detector hut.

Following the 12 GeV upgrade, the charged particles inside of the spectrometers will have

higher momenta and their velocities will approach the speedof light, so the TOF will be nearly

within the resolving time for all charged particles. The SHMS is designed to detect particles at

higher momenta than the HMS, therefore, more particle identification detectors with different

refractive indices are required to have reliable particle identification over a wide momentum

range.

The purpose of the Heavy GasČerenkov (HGC) detector is to provide goodπ± identification

over a momentum range of 3-11 GeV/c. Recall from Chapter 2 theČerenkov radiation emission

threshold condition

v > c/n , (3.1)
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which can be rewritten in terms ofβ andn as:

n >
1

β
. (3.2)

According to special relativity, the momentum (p) and energy (E) of relativistic particles are

defined as

p = γmv

= γmβc

E = γmc2

p

E
=

γmβc

γmc2

⇒ β =
pc

E
, (3.3)

whereγ is known as the Lorentz factor, which can be expressed as

γ =
1

√

1 − v2/c2
=

1
√

1 − β2
.

Since the energyE can also be written as

E =
√

p2c2 + m2c4 , (3.4)

wherem is the mass of the charged particle, expressions (3.2) and (3.3) become

β =
pc

√

p2c2 + m2c4
(3.5)

n >

√

p2c2 + m2c4

pc
. (3.6)

Table 3.1 shows thěCerenkov threshold refractive indices for different particles over the
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Table 3.1: Threshold refractive indices at different particles with momenta as listed. The particle
masses are listed in the second row of the table header.

Momentum ne nπ nK nProton

(GeV/c) (0.5 MeV/c2) (139.57 MeV/c2) (493.67 MeV/c2) (938.27 MeV/c2)

3 1.01435 1.00108 1.01345 1.04778

5 1.00519 1.00039 1.00486 1.01745

7 1.00265 1.00020 1.00248 1.00894

9 1.00160 1.00012 1.00150 1.00542

11 1.00107 1.00008 1.00101 1.00363

SHMS momentum range (3-11 GeV/c). Then values are directly calculated using Equation

(3.6). For 3 GeV/c momentumπ±, the thresholdn is 1.00108 and for K is 1.01345. In order to

separate them, thěCerenkov material inside theπ identification detector has to have a refractive

index value of 1.00108< ndetector <1.01345. Since the particle thresholdn decreases as the

particle central momentum (p) increases, thendetector needs to be adjusted accordingly.

From Table 3.2, the desiredndetector is similar to the refractive indices for gases. The C4F8O

gas at 0◦C and 1 atmospheric (atm) pressure hasn value of 1.001389, this makes it a suitable

Čerenkov medium candidate forπ-K separation. Note that C4F10 hasn value of 1.0014, it is

the historically used gas (e.g. HMŠCerernkov detector). Unfortunately, it has become too

expensive, otherwise the HGC detector would use it again, asits n is even better than C4F8O.

The C4F8O is known as octafluorotetra-hydrofuran, it is a form of freon and often referred

to as heavy gas. The C4F8O gas density at STP is much higher than normal atmosphere (air),

and it has one of the largern values for a gas material. It has been used widely as aČerenkov

medium and its stability was extensively studied at FermiLab. The conclusion of the study states

‘no measurable amounts of reaction product were observed between the heavy gas and other

materials in the period of 8 years’ [18], which proves the C4F8O gas is stable.

The connection betweenn and the gas pressure (P ) can be written as

P =
(n − 1)

(n 1atm − 1)
(3.7)



CHAPTER 3. HGC SPECIFICATION AND DESIGN 24

Table 3.2: List of the refractive indices for different materials [23, 24, 25, 27]. STP stands for
Standard Temperature Pressure.

Material n ρ

(kg/m−3)

Vacuum 1.000000 0.000

Gases

Air (STP) 1.000293 1.200

Helium (STP) 1.000036 0.179

Hydrogen (STP) 1.000132 0.090

C4F10 (STP) 1.001400 11.21

C4F8O (STP) 1.001389 9.190

Liquids
Water (20◦) 1.333000 1,000

Ethanol (20◦) 1.360000 789.0

Solids

Ice 1.309000 916.7

Fused Silica (Quartz) 1.460000 2,203

Crown Glass 1.520000 2,500

Diamond 2.420000 3,500

wheren 1atm is the refractive index at 1 atm pressure, andP is pressure measured in atm. By

controlling the operating pressure (P ), n can be adjusted to any desired value up to the vapor

pressure of the gas. Note that the vapor pressure of the heavygas is around 2 atm, above this

limit the gas will start to condense into liquid form.

Fig. 3.1 shows thěCerenkov threshold pressure for C4F8O (P ) vs the particle momentum (p).

From Equation (3.7)n andP are directly proportional, therefore the shape of theP vs p should

be same as then vs p curve. The black curve is our recommended operating pressure of the

HGC detector. Between 3 and 7 GeV/c central momentum, the detector is operated at 0.95 atm

(n ≈1.0001389), which is slightly lower than the atmospheric pressure, to ensure the atmosphere

is acting inwards against the vessel. For particles withp > 7 GeV/c, the detector pressure has to

be reduced to separateπ and K sincen is reduced.

From Table 1.1, the SHMS has momentum acceptance of−13% < δ < 22%, which means
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Figure 3.1: Momentum vs pressure plot. The black curve is theC4F8O gas pressure of the HGC
detector. The colored curves represent theČerenkov threshold pressure for different particles
[16]. (Original In Color).

that at a central momentum (p0) of 8 GeV/c, the accepted particle momentum can range from

6.96 to 9.76 GeV/c. Therefore, it is possible for a 6.96 GeV/cpion and 9.76 GeV/c Kaon to

both be within the SHMS momentum acceptance. Thendetector at 8 GeV/c momentum must be

set lower than the Kaon thresholdn at 9.76 GeV/c to keep this Kaon from generatingČerenkov

radiation. In addition,(ndetector−1) is scaled down by an extra 10% as a safety factor (in case the

detector pressure is mis-set). At 11 GeV/c momentum, the detector pressure is around 0.35 atm,

which implies the HGC detector must be designed as a vacuum vessel to withstand the pressure

difference.

3.2 Čerenkov Radiation Angle

The corresponding pioňCerenkov radiation angleθC is calculated using Equation (2.20) withn

values corresponding to the black curve in Fig. 3.1. Fig. 3.2shows theθC vs momentum plot.

ndetector is kept constant between 3 and 7 GeV/c, thereforeθC gradually increases to a maximum

of 2.84◦ at 7 GeV/c; whenp > 7 GeV/c,ndetector starts to decrease thereforeθC also decreases.
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Figure 3.2:Čerenkov angle vs the momentum plot [16].

Since the largerθC results in a largeřCerenkov envelope and more divergent light rays, it is more

difficult for the mirrors to focus all of the light onto the PMTs. Therefore, all optical alignment

studies were carried out at 7 GeV/c momentum, where theθC is maximum.

3.3 Detector Structure

The HGC detector is the fourth component in the focal plane detector stack of the SHMS behind

the Noble GasČerenkov, the Drift Chambers and the Hodoscope S1. It is followed by the

AreogelČerenkov, Hodoscope S2 and Lead-glass Calorimeters. The front of the HGC detector

is at 18.8 m from the target chamber in optical (z) axis from the target chamber and thus 0.7 m

downstream of the focal plane. Once all beam envelope clearance and vessel mechanical issues

are taken into account, the detector diameter is 1.829 m. Itslength is 1.3 m, to allow a sufficient

length ofČerenkov radiator gas, and room for the light collection optics to operate efficiently
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Figure 3.3: The HGC vessel structure. Components as labelled: 1 and 4. PMT sleeves; 2. Gas
port; 3. Cradle brackets; 5. Lifting lugs; 6. Window flanges; 7Vessel cylinder [17]. The particles
go through the detector vessel from top to bottom in this picture. (Original In Color).

[11]. Due to the dipole configuration in front of the SHMS detector hut, the HGC detector has

5 cm offset in+x direction, therefore the detector center in 3D is at (5 cm, 0,19.476 m). The

detector vacuum tight specification is 10−9 atm and the operating temperature is 20-25◦C.

The HGC vessel structure is shown in Fig. 3.3. The componentsinclude: vessel cylinder,

window flanges, lifting lugs, cradle brackets, gas port and PMT sleeves. The diameter of vessel

cylinder is 1.675 m and the wall thickness is 12.7 mm. There are four PMT sleeves on the top

and bottom of the vessel: the top two sleeves are tilted at 42◦ and bottom two are at−42◦ with

respect to the vertical axis.

3.4 Mirrors

The dimension of the resultantČerenkov envelope at 7 GeV/c momentum is 90 cm× 80 cm

in thex-y plane at the mirror location, and a detailed investigation was carried out to optimize

the mirror-PMT arrangement. In the end, a design of four concave reflecting mirrors with four

5” PMTs was chosen. Each mirror has dimension: 60 cm×55 cm with radius of curvature of

110 cm and thickness of 3 mm [11]. In order to prevent any possible gaps at the joint location,
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Figure 3.4: Diagram of the mirror support structure [28]. (Original In Color).

the mirrors are interleaved in the order of mirror #: 4, 3, 2, 1, where mirror #4 is in−x, −y

quadrant, #3 is in−x, +y quadrant, #2 is in+x, −y quadrant and #1 is in+x, +y quadrant. The

closest mirror to mirror approach is between 7-10 mm. There is a 5 cm overlap between mirror

#1 and #2, the same for mirror #3 and #4 in they direction. The mirrors are manufactured by

Sinclair Glass [15] using the slumping method. A detailed description on the mirror slumping

and quality control method is given in Chapter 4.

The generateďCerenkov photon wavelength range is between 200 to 600 nm, therefore the

mirrors need be coated with aluminum grain to reflect 70% deepUV (200nm) photons. The

mirror aluminization vendor is ECI [32], and the reflectivitytest results of the sample mirrors are

presented in Chapter 5.

3.4.1 Window Mounting Scheme

Each mirror is supported along its two outer edges, with one free corner near the center of the

detector overlapping the others, in order to minimize the amount of material inside of the beam

path. The supporting edges are sandwiched between flexible gaskets, and then locked into the

metal clamps by setscrews. The metal clamps are bolted onto the U-shaped supports which are
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shown in Fig. 3.4. The clamps will have long bolt holes to allow small mirror position and angle

adjustments.

A half-inch-thick support ring is introduced to hold the upper and lower U-shaped supports

as shown in Fig. 3.4; the ring can be bolted onto the inner surface of the vessel. On the edge of

the support ring, two D-shaped half-inch-thick plates are attached. Each of the plates has four

right angle brackets bolted onto it (two on each side), the U-shaped supports are then bolted to

the brackets. The bolt holes on the brackets are milled to allow adjustment on the U-shaped

support. A front view of the detector structure, including the vessel cylinder and mirror support

ring assembly are shown in Fig. 3.5.

Much effort was spent investigating the possibility of using carbon fiber material to pre-form

a backing and then glue it onto the back of the mirror. Such a scheme would allow to grip the

edges of the carbon fiber backings instead of the mirrors to provide extra strength and stability,

since the strength needed to grip the mirrors directly must be gentle and protective. However,

this scheme raised the following complications:

Out-gassing: During the heavy gas filling process, the HGC detector is pumped down to a

pressure of 10−6 atm. The out-gassing level of the carbon fiber epoxy needs to be carefully

studied to estimate the possibility for contamination. Whenthe carbon fiber backing is

glued to the back of a mirror using the epoxy, some air will be trapped inside. It is not

obvious how the trapped air bubbles would affect the mirror-backing bond as they expand

under a high vacuum condition.

Radiation hardness: When material is exposed to high level of radiation, its properties often

change. Studies are required under intensive radiation environment, to understand the

changes in the epoxy properties and mirror-backing bondingstrength.

Beam contamination: The mirror thickness used in HGC detector is 3 mm; the thickness of

prototype mirror backing is also 3 mm. This indicates the overall mirror assemble thick-

ness would be 6mm, which would increase beam contamination probability for the down

stream detectors.
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Figure 3.5: Front view of the Heavy GasČerenkov Detector [28]. (Original In Color).

For these reasons, we have since decided to support the mirrors with clamps.

3.5 PMT Hosting Assembly

Each mirror focuses thěCerenkov radiation onto the corresponding 5” PMT and there are four

PMTs in total. The PMT front surface is made of UV transparentglass with a radius of curvature

of 13 cm, and are manufactured by Hamamastu Photonics [19].

To avoid the variable gas pressure causing mechanical strain on the delicate PMTs, they are

designed to be outside of thěCerenkov medium, and are housed inside the aluminum sleeves

wielded on the top and bottom of the vessel cylinder. Each PMTviews theČerenkov gas enclo-

sure through 1 cm thick quartz windows, and thus requires a quartz adaptor that has flat surface

on one side to press against the quartz window and a concave surface on the other side to couple

the curved PMT front surface. The center thickness of the adapter is 0.5 cm. In addition, there is
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a thin (1-2 mm) cookie made of room temperature vulcanizing (RTV) silicone compound to fill

the air gaps in between the quartz adaptor and PMT surface. Silicon grease is used to couple the

smooth surfaces.

The quartz windows and adaptors are made of Corning [20] 7980 quartz, and machined

by Hardin Optical Company [21]. The RTV silicone compound is produced by Momentive

Company [22].

3.6 Window Design

The pressure of the HGC detector is purposely set to be 0.95 atm pressure at low momentum, due

to the consideration of the window design. The HGC gas fillingscheme is to pump the vessel

to 10−6 atm pressure and then fill the heavy gas to 0.95 atm pressure. If the detector windows

at both ends are flat, the force induced by the pressure difference will deform and destroy the

windows, however, if the windows are pre-deformed to the desired curvature, their strength will

be increased by an approximate factor of two and they will notdeform further due to the pressure

difference. The detector must have pressure lower than 1 atmduring operation to protect the pre-

deformed window curvature. The HGC windows will be made of 1 mm thick 2024-T4 alloy

aluminum and have a diameter of 1.829 m. This soft aluminum alloy is chosen to ensure the

thin windows will rip slowly, rather than shatter, if they are punctured. The windows will be pre-

deformed to a radius of curvature of 4.78 m using the hydro-forming method at the University of

Regina.
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Chapter 4

Mirror Selection

4.1 Introduction

15 HGC mirrors manufactured by Sinclair Glass [15] were received in June 2011. The specified

mirror dimension is: 60 cm× 55 cm, thickness is 3 mm and radius of curvature of 110 cm.

The method that Sinclair Glass used to make the mirrors is known as the slumping technique,

and its procedure is shown in Fig. 4.1. A large steel mold of dimension 1 m× 1 m× 40 cm, was

machined to a concaved surface with radius of curvature of 110 cm. Then, the concave surface

was coated with a layer of release agent to make sure the mirror would not bond to the mold.

A flat soda-lime glass mirror was pre-cut to a rectangular shape but with slight curvature along

the edge, so that the square corners and edges could form after slumping. After the flat mirror

was gently placed onto the mold, it was moved into an oven where overhead heating was applied

to soften the glass. Then the flat mirror would gradually slump towards the pre-formed mold

curvature.

Air holes were drilled at 10 cm separation on the pre-formed surface. All the air hole tunnels

are inter-jointed into a main gas outlet, which is connectedto a vacuum pump to evacuate the air

between the glass and mold. This eliminates air bubbles trapped by the slumping glass, however,

some sequential imperfections in the form of small dimples were formed because of the air holes.

In order to avoid the imperfections on the mirror back surface, we specified that the HGC mirrors
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→
ւ

Figure 4.1: Slumping method procedure demonstration. (Original In Color).

should not be slumped to completely touch the metal mold. Theideal curvature would be slightly

parabolic with fewer imperfections.

The level of slumped curvature is dictated by many factors, such as the heating temperature

and time, etc. Therefore, individual mirror qualities could differ dramatically. We had to develop

systematic methods to understand the quality in term of the radius of curvature and shape for

each mirror to select the final detector mirrors. The methodologies and results for coordinate

measurement and optical test are given in this chapter. The overall conclusions on mirror quality

are drawn using combined results of the two methods.

4.2 X, Y , Z Coordinate Measurement

4.2.1 Methodology

A local company named Dumur [29] was hired to map out thex, y, z coordinates for all mirrors.

Their setup is shown in Fig. 4.2 and Fig. 4.3. The equipment inFig. 4.2 is called a FaroArm [30];

it is a high precision 3D coordinate measuring system. During the measurement, the mirror was

placed horizontally on top of a grid map and FaroArm sensor was zeroed at a reference corner

of the mirror.

Thex, y grid map contains 20x direction and 18y direction measuring points, for a total
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Figure 4.2: Sensor equipment used by Dumur to measure a grid of (x, y, z) coordinates for each
mirror. (Original In Color).

of 360 points with each measuring point being 3 cm apart in thex andy directions as shown

in Fig. 4.3. The measuring points did not extend to the corners and edges of the mirror and

the maximum coverage area was 90% of the central region. For each measurement, the sensor

was manually placed above a measuring point and descended until it gently touched the mirror

surface, then the FaroArm system was triggered manually to record thex, y, z coordinates.

Because the sensor was placed manually the grid point spacingwas slightly irregular.

Once a coordinate map is produced, the conic constant formula is used to fit the data, where

the conic constant formula is given as [31]:

z =
(x − xoff )

2 + (y − yoff )
2

R +
√

R2 − (1 − κ)[(x − xoff )2 + (y − yoff )2]
+ zoff (4.1)

wherex y z represent the measured values,xoff yoff zoff are the offset parameters,κ andR are

conic constant and radius. The function will fitxoff , yoff , zoff , R andκ. R andκ will directly
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Figure 4.3: Mirror placement during thex, y, z coordinate measurement. (Original In Color).

indicate the mirror quality.

The conic constantκ characterizes the curvature shape, as indicated in Fig. 4.4:

0 < κ < 1 : The curvature is an oblate ellipsoid.

κ = 1 : The curvature is a sphere.

−1 < κ < 0 : The curvature is a prolate ellipsoid.

κ = −1 : The curvature is a paraboloid.

κ < −1 : The curvature is a hyperboloid.

In order to optimize the focusing and avoid imperfections, we requested that the detector

mirrors be made in a paraboloid shape if possible. Thus, the expected fitting results areκ ≈ −1

andR=110 cm.

For the quality categorization, five sets of fits were appliedto the coordinate data, therefore

five setsR andκ values are obtained for each mirror:
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Figure 4.4: Different types of curvature for various valuesfor conic constant [31]. (Original In
Color).

90%: Fits all 360 measuring points, which is close to 90% of the central area (1< x <57 cm

and 1< y <53 cm).

75% Inner Fit: Fits 75% of the central area (4< x < 56 cm and 4< y <51 cm).

75% Outer Fit: Fits 25% of the area round the edge (x <4 cm orx > 56 cm ory <4 cm or

y >51 cm).

50% Inner Fit: Fits 50% of the central area (7.5< x <52.5 cm and 8.5< y < 46.5 cm).

50% Outer Fit: Fits 50% of the area round the edge (x <7.5 cm orx >52.5 cm andy <8.5 cm

or y >46.5 cm).

4.2.2 Fitting Results

The results for five different fits are presented in Table 4.1.The ideal radius (R) and conic

constant (κ) should beR=110 cm andκ ≈ −1. However, the fittedκ values range from -0.5 to

2.6, which indicates that most of the mirrors have oblate ellipsoid shape rather than paraboloid

shape. This should increase optical aberrations, but simulation results described in Chapter 6
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Table 4.1: Radius (R) and Conic Constant (κ) fitting results for 90%, 75% inner, 75% outer,
50% inner and 50% outer fit, for 15 mirrors. Note: gray highlighted mirrors have the worst
fitting results, magenta highlighted mirrors have the best fitting results. (Original In Color).

Mirror 90% Fit 75% Inner Fit 75% Outer Fit 50% Inner Fit 50% Outer Fit
# R (cm) κ R (cm) κ R (cm) κ R (cm) κ R (cm) κ

1 118.397 1.95 118.216 1.54 115.360 1.14 120.494 2.59 120.783 2.42
2 113.124 1.06 113.408 0.94 117.905 1.77 113.691 0.78 117.257 1.87
3 117.110 1.70 117.286 1.57 117.289 1.50 118.475 2.34 120.665 2.39
4 122.392 2.29 122.356 1.77 119.559 1.65 123.735 2.39 121.200 2.05
5 113.331 0.76 113.010 0.25 117.868 1.63 114.129 0.49 117.380 1.64
6 112.906 0.94 113.239 0.86 108.735 -0.22 114.824 1.61 115.172 1.30
7 113.538 1.13 114.096 1.15 110.307 0.13 116.257 2.26 116.593 1.68
8 114.325 1.26 114.335 0.96 117.910 1.83 114.158 0.29 115.067 1.33
9 114.372 1.30 115.151 1.39 105.942 -0.67 116.887 2.44 113.365 0.94
10 112.035 0.42 111.684 -0.09 109.045 -0.30 112.131 -0.49 109.484 -0.17
11 111.766 0.75 112.177 0.68 101.524 -1.58 113.095 1.04 110.939 0.40
12 112.117 0.84 112.264 0.62 104.243 -0.98 113.636 1.26 112.183 0.72
13 122.464 2.43 123.174 2.23 113.602 0.60 126.136 2.60 116.069 1.07
14 117.964 1.59 116.901 0.83 118.303 1.60 117.175 0.87 125.126 3.29
15 113.674 1.17 113.717 0.92 115.336 1.31 114.701 1.25 119.361 2.39

indicates that the focusing result of oblate mirror is comparable to the spherical mirror (Mirror #

6 fitted parameters were used for the study). The PMT positions need to be adjusted to optimize

the focusing spot for the oblate mirror, as discussed in Chapter 6.

A perfect spherically curved mirror withR=110 cm should haveκ=0, and its focal length

(f ) should bef=R/2=55 cm. For an oblate ellipsoid mirror, the focal length isshorter due to the

oblateness (see Fig. 4.4). All the detector mirror candidates have radii larger than 110 cm, and

the positiveκ value will shorten the focal length to be around 55 cm.

R andκ fitting results over different areas vs Mirror # are plotted in Fig. 4.5. The average

value ofR or κ over all mirrors is plotted as the solid line and±σ limitations are plotted as the

dashed lines, whereσ is the standard deviation. In addition, 6 sets of criteria were introduced to

categorize the mirror quality based on the fitting results:

R Best: Select mirror when all 5R values are less than averages (under the solid line) for 5 area

fits.

κ Best: Select mirror when all 5κ values are less than averages for 5 area fits.
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Table 4.2: Criteria and Mirror # passed the condition.

Criteria Name Passed Mirror#

R Best 6, 7, 8, 10, 11, 12

κ Best 10, 11, 12

Less Oblate 10

Average Mirror 6, 10, 11, 12

Fitting Sum 1, 2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 15

Best Sum 6, 7, 9, 10, 11, 12

Failed All 4, 13, 14

Less Oblate: Select mirror when all 5κ values are less than 1.

Average Mirror: Select mirror when all 5R andκ values are less than (averages+σ
2
) for 5 area

fits

Fitting Sum: Select mirror when the sum of 5 ofR andκ values are less than
∑

averages.

Best Sum: Select mirror when the sum of 5 ofR andκ values are less than
∑

(averages−σ).

Table 4.2 shows the criteria and Mirror # that passed the condition. Mirrors #4, #13 and #14

did not pass any criterion, therefore they have the lowest quality; Mirror #1 has largeR andκ

value which is also considered as low quality mirror. Mirrors #2 and #9 are on the boundary

line for several criteria (see Fig. 4.5), and it is necessaryto check with the optical test results to

further understand their quality, especially since Mirror#9 passed the Best Sum criterion which

indicates it is a high quality mirror. Mirrors #6, #7, #10, #11 and #12 passed the most criteria;

we conclude these mirrors have the highest quality in terms of fitted Radius and Conic Constant.

Optical tests were required to confirm the high and low quality mirror results, and classify the

average quality mirrors.

4.2.3 Fit−Measurement Plots

Ideally, the detector mirrors should have few imperfections at the reflecting surface. In order

to check imperfections, we computed the difference plot between the conic constant fit and the
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Figure 4.5:R andκ fitting result from coordinate measurements for all 15 mirrors. From top
to bottom, it showsR andκ results for 90%, 75% Inner, 75% Outer, 50% Inner and 50% Outer
fit. Note that red solid lines give the average value of all mirrors; red dashed lines give 1σ over
and below the averaged value. The expected radius and conic constant:Rexpect=110 cm, and
κexpect=-1. (Original In Color).
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experimental results. The fitted radius andκ are used to generate a perfect oblate shape, then its

z coordinate is compared with the real measurement at eachx, y measuring point. The difference

is defined as

∆z = zmeasurement − zgenerated . (4.2)

In general, the central 50% region has small∆z, whereas large∆z only occur along the

edges. The features of all fit−measurement plots can be categorized into four groups.

In the first group, mirrors have uniformly small∆z for most areas, which indicates that the

reflecting surface contains few imperfections. Differenceplots for Mirrors #10, #11 and #12

have this feature. Fig. 4.6a shows the fit−measurement plot for Mirror #10.

In the second group, mirrors have large∆z (|∆z| > 0.6 mm) along two opposite edges

(corners), and small∆z(< 0.6 mm) along other edges (corners). Mirrors #2, #5, #6, #7, #8 and

#9 have this feature. Fig. 4.6b shows the fit−measurement plot for Mirror #6.

In the third group, mirror have large∆z (|∆z| > 0.6 mm) along all four edges (corners).

Plots for Mirrors #3, #14 and #15 have this feature, and theirimperfections are worse than the

second group mirrors. Fig. 4.6d shows the fit−measurement plot for Mirror #14.

In the fourth group,|∆z| is not flat near the central region. Plots for Mirrors #13 and #4 have

this feature. Fig. 4.6c shows the fit−measurement plot for Mirror #13.

Based on the Monte Carlo Simulation result, the reflecting areanear the edges are shown

to be less important than the central area. Mirrors from the first and second groups have some

imperfections mostly along the edges, while their∆z are relatively small and one of these edges

will be outside the beam envelope. On the other hand, group three mirrors have large∆z along

all four edges and group four mirrors have imperfections in central region, and as a result these

mirrors have larger scale imperfections.



CHAPTER 4. MIRROR SELECTION 41

(a) Mirror #10, an example of a mirror with good uniformity (1st group).

(b) Mirror #6, an example of a mirror with large two edges (2ndgroup).

(c) Mirror #13, an example of a mirror with large∆z along 4 corners (3rd group).

(d) Mirror #14, an example of a mirror with poor central region (4th group).

Figure 4.6: Mirror∆z plots for Mirror #10, #6, #13 and #14. Units of the plot are mm.(Original
In Color).
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4.2.4 Uncertainty of Coordinate Measurements

We requested that Dumur remeasure Mirrors #10 and #13. This allows the systematic uncertainty

of a single coordinate measurement to be studied. For the 90%area fit of Mirror #10 the first

measurementa has fittedR10a = 112.04 cm andκ10a = 0.42, and the second measurementb

has fittedR10b = 110.8 cm andκ10b = 0.35. We used Eq. 4.1 to reconstruct thez value for

810 points across the mirror with both sets of fitting parameters, then compare the difference

∆z = za − zb. The averaged∆z = 0.267 mm andσ = 0.166 mm. Similarly, for 90% fit of

Mirror #13 the first measurementa has fittedR13a = 122.46 cm andκ13a = 2.43, the second

measurementb has fittedR13b = 122.56 cm andκ13b = 2.52. The averaged∆z = 0.016 mm and

σ = 0.033 mm. We used the standard deviation of∆z of Mirror #10 (0.166 mm) to estimate

the uncertainty of a single coordinate measurement. The Mirror #10 measurements have larger

∆R = R10a −R10b = (112.04− 110.8) cm = 1.8 cm and Mirror #13 measurements have larger

∆κ = κ13b − κ13a = 0.11. The uncertainties forR andκ are decided to be±2 cm and±0.15,

which are very conservative estimations based on the∆R and ∆κ. Even though the mirror

uncertainties are slightly overestimated, they are still not large enough to challenge the mirror

quality conclusion.

4.2.5 Coordinate Measurement Result Summary

From the coordinate measurement fitting results, we conclude that all manufactured HGC mirrors

have oblate elliptical curvature:κ > 0, and their fitted radius of curvature are slightly larger

than desired:R > 110 cm. Mirrors #1, #4, #13 and #14 have the lowest quality in terms of

fitted R andκ. Mirrors #6, #7, #10, #11 and #12 have the highest quality. Optical tests are

needed to categorize the intermediate mirrors. The estimated systematic uncertainty for a single

z coordinate measurement isδz=±0.166 mm; the uncertainties in the fittedR andκ are±2 cm

and±0.15 respectively. From the fit-measurement plots, we learned Mirrors #10, #11 and #12

have the fewer imperfections; Mirrors #2, #5, #6, #7, #8 and #9 have some imperfections along

two edges (corners).
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Figure 4.7: Optical test equipment: 1 mW lab laser, a laser splitter and a concave mirror. (Origi-
nal In Color).

4.3 Optical Test

4.3.1 Methodology

In this test a 1 mW laser beam is used as light source, and it is split to illuminate the whole

mirror. A photograph of the reflected pattern is taken on a small screen at the optimal focusing

distance. The equipment used to split the laser beam is shownin Fig. 4.7: a combination of laser

splitter and concave lens. The distance between the concavelens and the mirrorsSO = 624 cm

and the mirror to focused image distance (Si) is also recorded. Then, the focal length (f ) can be

calculated by the equation:

1

f
=

1

SO

+
1

Si

. (4.3)
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4.3.2 Optical Test Results

In this subsection we present the optical test results. For each mirror, photographs of the reflected

laser beam pattern were taken at the optimal focus point and the horizontal distance (Si) relative

to the mirror was recorded. Due to the various optical aberrations and the fact that the mirror was

not aluminized, reflections were obtained from both the front and back surfaces of the mirror.

The spot shape was complex and not all components focused at the same distance. Thus, there

is some systematic uncertainty in the image distance measurement, and aluminization will help

to reduce this.

Table 4.3 showsSi and calculated focal length (FL) using Eq. 4.3. For a spherical mirror, the

f should bef = R/2. For an oblate ellipsoid mirror,f < R/2, and theκ value determines the

degree of shortness. We divide the 90% Fitted Radius (FR) from the coordinate measurement by

2, and obtain the focal length for spherical shaped mirror, then compute the difference between

it and the calculated focal length (FL). The results are listed in Table 4.3. Fig. 4.8 shows the

plot of 90% fitκ vs (FL−FR/2). From this plot, we can conclude a strong correlation betweenκ

and (FR/2−FL): the more oblate the mirror the shorter the focal length as determined from the

optical test.

Except for Mirrors #1 and #13, all other mirrors have focal lengths between 54 and 57 cm,

with the measurement uncertainty being 0.5 cm forSi, and 2 cm forSo. Although positiveκ

values do not help to focus light, they bring the focal point closer to the optimised focal point

despite the mirrors having a larger radius.

The images of the reflected patterns are shown in Fig. 4.9, theprocessed version is in

Fig. 4.10. GIMP [34] color tools were used to process the original image: the contrast was

increased to +50, brightness was reduced to -50, red color was filtered out, and the brightest area

was turned into blue. From the original image, it is very difficult to determine the size and shape

of the brightest area, whereas the processed image shows thebrightest area very clearly in blue.

Direct observation confirms Mirrors #1, #4 and #13 have the poorest quality: there are huge tails

in Mirror #1 image, and the light does not focus for Mirrors #4and #13.

The reflected images include the reflection of the back surface where the imperfections are
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Figure 4.8: 90% fitted Conic Constantκ is plotted against the difference between Focal Length
and half of Fitted Radius (FR/2−FL) for 15 mirrors.

much worse due to the slumping process, thus it is impossibleto categorize mirrors based only

on their front surface quality. Some quantitative criteriaare introduced to help determine the

entire mirror quality using the processed reflection image.The conditions include the intensity,

size and shape of the blue region, also the size and shape of the green region.

The size and shape of the brightest (blue) area are the most important factors to determine

the mirror quality. Table 4.4 shows the number of green pixels, the number of blue pixels and

the blue-green ratio for each mirror from Fig. 4.10, where the higher pixel number corresponds

to the larger image area. Mirror #1, #4 and #13 have the largest green pixel number and smallest

blue pixel number, while their blue-green ratio is less than10%. They are confirmed to be the

low quality mirrors. On the other hand, Mirrors #2 and #3 havethe smallest green region and the

highest blue-green ratio (larger than 30%). It is difficult to conclude the optical quality of this

type of mirrors, thus other test results are needed. All other mirrors have green and blue pixel

numbers around 40000 and 5000, and the blue-green ratio is around 0.13. In terms of shape,

Mirror #15 has two separate blue regions; Mirror #5 has a longstrip for the blue region. The best

blue spots are produced by Mirrors #6, #7, #9 and #11, they have small circular blue spots with

few spikes around them. Surprisingly, with the best coordinate measurement result, Mirror #10

has a blue triangular spot at low intensity, the spot size is slightly larger than other high quality
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mirrors.

Mirrors #1, #4, #13 have the largest green region. Mirrors #5and #14’s green regions are

much larger than their blue. Mirror #15 has two focused regions on the image. Other mirrors

have reasonable good green regions, especially for Mirrors#2 and #10, which contain no large

tail.

Based on the criteria for the image results, we conclude that Mirrors #6, #7, #9 and #11

have the best optical quality; Mirrors #2, #8, #10 and #12 have reasonably good optical quality;

Mirrors #3, #5, #14 and #15 have average quality, Mirrors #1,#4 and #13 have the worst quality.

The shape of the blue spots for high and average quality mirrors can be classified into two

groups: small blue spot and large blue spot. The small blue spot mirrors include #6, #7, #9,

#8, #11 and #12, their characteristics are a small circular bright blue spot with few spikes and

tails in the green region. The large blue spot mirrors include #2 and #10, their characteristics are

a relatively larger blue spot and no tails in the green region. It is difficult to determine which

group represents the better focusing ability, therefore, we decided to send one mirror from each

group for aluminization. The optical test will be repeated and the reflection of the back surface

should be completely eliminated. The comparison of the reflected pattern before and after the

aluminization for the testing mirror will give us some intuitive hints for the front surface quality

of other mirrors. Mirrors #2 and #8 are the perfect candidates for the initial aluminization test,

as they are average quality mirrors which share the same characteristics with the high quality

mirrors, they will contribute to our understanding of the front surface optical quality for both

groups, as well as the ECI aluminization technique.

4.3.3 Optical Test Summary

From the optical test results, we extracted focal lengths corresponding to full mirror illumination

and photographed the reflected pattern of the split laser beam. All of the high and average

quality mirrors from the coordinate measurements have focal lengths from 54 cm to 57 cm, with

uncertainty±2 cm, which are close to the optimal value. Mirror #6, #7, #9 and #11 have the

highest quality reflected spot, and #2, #8, #10, #12 have reasonably good reflected spot. Mirror
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Table 4.3:Si column shows the measurement for mirror to image distance; Focal Length column
gives the calculated focal length withSi using Eq. 4.3; Fitted Radius is the 90% fitted radius
from coordinate measurement; FR/2 is the Fitted Radius/2; FR/2−FL is the difference between
half of the Fitted Radius and Focal Length;κ is the 90% fitted conic constant from coordinate
measurement. Note: gray highlighted mirrors have the worstoptical testing results.

Mirror Si Focal Length Fitted Radius FR/2 FR/2−FL κ
# (cm) (cm) (cm) (cm) (cm)

1 64.0 58.05 118.40 59.20 1.15 1.95
2 59.5 54.32 113.12 56.56 2.24 1.06
3 61.0 55.57 117.11 58.56 2.99 1.70
4 62.0 56.40 122.39 61.19 4.80 2.29
5 62.5 56.81 113.33 56.67 -0.14 0.76
6 62.5 56.81 112.91 56.45 -0.36 0.94
7 61.5 55.98 113.54 56.77 0.79 1.13
8 61.7 56.15 114.33 57.16 1.01 1.26
9 61.0 55.57 114.37 57.19 1.62 1.30
10 62.5 56.81 112.04 56.02 -0.79 0.42
11 60.5 55.15 111.77 55.88 0.73 0.75
12 61.3 55.82 112.12 56.06 0.24 0.84
13 64.0 58.05 122.46 61.23 3.19 2.43
14 61.0 55.57 117.96 58.98 3.41 1.59
15 60.0 54.74 113.67 56.83 2.10 1.17

#2 and #8 are selected to be aluminized, and optical test willbe repeated after the aluminization.

4.4 Combined Result

Mirror #1: Bad Mirror #1 failed nearly all criteria in coordinate measurement test, it has large

fittedR (118.4 cm) andκ (1.95). The actual focal length is too large (58 cm). Spot image shows

large tails in the green region, and blue region is not focused to a circular spot.

Mirror #2: Average According to coordinate measurement result, Mirror #2 failed most of

the criteria, because its fitted parameters are large for 75%outer and 50% outer fit. On the other

hand, it has reasonable fittedR (113.1 cm) andκ (1.06) in central region. The optical test for

Mirror #2 is better than expectation, there is no large greentail in the image, and blue spot is

focused to a relatively large region (similar to Mirror #10). Mirror #2 is the perfect candidate to
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Figure 4.9: Return (raw) spot image for all mirrors. The mirror number is incremented horizon-
tally, top left corner is Mirror #1 and bottom right corner isMirror #15. (Original In Color).
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Figure 4.10: Processed return spot image for all mirrors. The mirror number is incremented
horizontally, top left corner is Mirror #1 and bottom right corner is Mirror #15. (Original In
Color).
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Table 4.4: Pixel information of Fig. 4.10. The gray highlighted mirrors have the lowest blue-
green ratio.

Mirror Green Pixel Blue Pixel Blue-Green
# # # Ratio

1 58072 5144 0.09
2 30201 11896 0.39
3 20590 14494 0.70
4 84718 6800 0.08
5 38860 5607 0.14
6 36418 5427 0.15
7 40475 5050 0.12
8 39362 6050 0.15
9 42580 5321 0.12
10 35126 5026 0.14
11 48764 5900 0.12
12 40120 4806 0.12
13 87806 1021 0.01
14 36801 5098 0.14
15 43228 7805 0.18

be sent for the aluminization, to help understand characteristics of Mirror #10.

Mirror #3: Average Mirror # 3 failed most of the criteria for the coordinate measurement test,

it has large fittedR (117 cm) andκ (1.7). From the optical test, Mirror #3 has long focal length

(58.56 cm). From the image, the blue region failed to focus toa spot.

Mirror #4: Bad Coordinate measurement and optical tests confirmed Mirror# 4is one of the

worst mirrors: large fittedR andκ, large imperfection in the center, the return spot image failed

to focus.

Mirror #5: Average Although Mirror #5 failed some strict criteria, its fittedR (113.3 cm) and

κ (0.76) look quite reasonable. The optical result is not as good as the expectation, blue region

failed to focus to a spot. All these results may suggest this mirror has better quality in the center

than the edge.
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Mirror #6: Good Mirror #6 passed nearly all criteria for the coordinate measurement test, and

its optical test result looks satisfying. It is considered to be one of the best mirrors.

Mirror #7: Reserve Mirror #7 passed most of the criteria, including the Best Sum criterion,

which indicates it is a high quality mirror from the coordinate measurement test. The optical

focal length is reasonable (56 cm) and the reflected spot image has high quality.

Mirror #8: Average Mirror #8 has very similar fittedR andκ to #7 and #9, however it did not

pass the Best Sum criterion. Mirror #8 has the same spot characteristics to #6, #7, #8, #9, #11

and #12, and it is the most average mirror of the group. Mirror#8 will contribute to understand

the spot image of other mirrors.

Mirror #9: Reserve Mirror #9 passed most of the criteria, including the Best Sum criterion,

which indicates it is a high quality mirror from the coordinate measurement test. The optical

focal length is reasonable (55.6 cm) and the reflected spot image has high quality.

Mirror #10: Good Mirror #10 passed all criteria for the coordinate measurement test, it has

the best fitting result and has fewer imperfections. However, its spot image looked different from

other good mirrors, Mirror#2 is sent for aluminization to help understand this type of reflected

light spot.

Mirror #11: Good Mirror #11 passed nearly all criteria for the coordinate measurement test,

has few imperfections and its optical test result looks satisfying. It is considered to be one of the

best mirrors.

Mirror #12: Good Mirror #12 passed nearly all criteria for the coordinate measurement test,

has few imperfections and its optical test result looks satisfying. It is considered to be one of the

best mirrors.
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Table 4.5: Overall mirror quality summary from coordinate measurement and optical test results.
90% FitR andκ are form Table 4.1; # of Failed Criterion is deduced from Table4.2, FR/2−FL
results are from Table 4.3, Blue-Green ratio results are fromTable 4.4. The worst quality mirrors
are highlighted in red; the average quality mirrors are highlighted in yellow; the best quality
mirrors are highlighted in green. (Original In Color).

Mirror 90% Fit 90% Fit # of Failed FR/2−FL Blue-Green Overall
# R (cm) κ Criterion (cm) Ratio Ranking

1 118.397 1.95 5 1.15 0.09 Bad
2 113.124 1.06 5 2.24 0.39 Average
3 117.110 1.70 5 2.99 0.70 Average
4 122.392 2.29 6 4.80 0.08 Bad
5 113.331 0.76 5 -0.14 0.14 Average
6 112.906 0.94 2 -0.36 0.15 Good
7 113.538 1.13 3 0.79 0.12 Reserve
8 114.325 1.26 4 1.01 0.15 Average
9 114.372 1.30 4 1.62 0.12 Reserve
10 112.035 0.42 0 -0.79 0.14 Good
11 111.766 0.75 1 0.73 0.12 Good
12 112.117 0.84 1 0.24 0.12 Good
13 122.464 2.43 6 3.19 0.01 Bad
14 117.964 1.59 6 3.41 0.14 Bad
15 113.674 1.17 5 2.10 0.18 Average

Mirror #13: Bad Coordinate measurement and optical test both confirmed Mirror #13 is one

of the worst mirrors: large fittedR andκ, large imperfections in the center, return spot image

does not focus.

Mirror #14: Low Average Despite reasonably good spot image, Mirror #14 has huge fitted R

(118 cm) andκ (1.59). Also the focal length from the optical test is very long (59 cm).

Mirror #15: Average Mirror #15 has average quality according to coordinate measurement

test, the optical image test shows two separate blue regionswhich indicate certain parts of the

mirror have bad imperfection.

Table 4.5 gives an overall summary for the coordinate measurement and optical test result,

and ranking of all 15 HGC mirrors.
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4.5 Conclusion

By combining the results of both tests, we conclude: Mirror #6, #10, #11 and #12 have excellent

quality and are recommended to be the detector mirrors; Mirror #7 and #9 can be reserved as

backups; Mirror #2 and #8 are sent for test aluminization. The optical test will be repeated after

aluminization of #2 and #8, so that reflected spot can be compared with our first result. The test

aluminization result for Mirror #8 will be discussed in Chapter 5.
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Chapter 5

Mirror Reflectivity Measurement

5.1 Introduction

In November 2011, HGC Mirrors #2 and #8 were shipped to Evaporated Coatings Inc. (ECI)

[32] for an aluminization test based on the conclusion from the mirror selection study (see Sec-

tion 4.5). The aluminized mirrors were then sent to Jefferson Lab. The University of Regina

and Jefferson Lab (Hall C, Detector Group and Free Electron Laser Facility) are collaborating to

construct a permanent setup to measure mirror reflectivity between 165-400nm, in order to ver-

ify the mirror aluminization technique by ECI. In this chapter, we will describe the permanent

reflectivity setup at Jefferson Lab and present the reflectivity results of the aluminized Mirror #8.

The reflectivity quality control by ECI was not performed on the test mirrors. A number of

1” diameter test samples were placed at various positions inthe vacuum deposition tank and alu-

minized the same way as the test mirrors (see Fig 5.4a). Theirreflectivities were later measured

by ECI to indicate the quality of the aluminized test mirrors.At the end of the chapter, the ECI

sample reflectivity results are compared to our measurement.
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5.2 Methodology

5.2.1 Equipment list

The list of important components used for the setup construction is given below:

• 2 × AXUV-100G Photo-Diode UV Detectors (#02, #18) with Ceramic Shoulders manu-

factured by International Radiation Detectors, Inc. (IRD) [35]

• Thorlab MC100 Optical Chopper System with MC1F2 Chopping Blade

• SR530 Lock-in Amplifier

• The McPherson [37] Model 218 Vacuum Ultraviolet (VUV) Monochromator with Holo-

graphic 200 nm Blaze (1200 Grids/mm) Grating

• 1mW Melles Griot [36] Alignment Laser

• 3 Watt Hamamastu [19] Deuterium UV Light Source

• Deep Ultraviolet (DUV) Flipper Mirror: Melles Griots DUVA-PM-5010M-UV

• F1.5 Focusing Lens: Edmund Optics UV Plano-Convex 50mm Dia.x75mm FL Uncoated

Lens

• F4 Focusing Lens: Edmund Optics CAF2 PCX50.8 Lens

• 1× Translation Stage, 1× Rotation Stage and 8× Stepper Motors

The mirror reflectivity measurements used HGC Mirror #8 and IRD UV detector #02. The

HGC mirror was clamped along the left and bottom edges with metal clamps (two along each

side). The clamped mirror edges were sandwiched between rubber gaskets to isolate them from

the metal pieces.
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Figure 5.1: McPherson 218 VUV monochromator. The light pathinside the monochromator is
in blue [40]. (Original In Color).

5.2.2 Monochromator

The monochromator is an optical device that transmits a mechanically selectable, narrow wave-

length band of light. It employs a diffraction grating to spatially separate the light at different

wavelengths, and subsequently a mechanical device is used to select a specific wavelength and

guide the light out with a reflecting mirror. The basic components of the monochromator in-

clude: two reflecting mirrors, a diffraction grating and a wavelength adjustment mechanism.

However, the inside structure of a monochromator varies significantly, depending on the purpose

and manufacturer.

The monochromator used for our reflectivity measurement is the McPherson 218 vacuum

ultraviolet (VUV) model as shown in Fig. 5.1. It has adjustable entrance and exit slits, two

reflecting mirrors and a diffraction grating. During the operation, the incoming light passes

though the entrance slit, and is reflected by the entrance reflecting mirror toward the diffraction

grating. Through the process of light diffraction and interference, a spectrum is created and

projected onto the exit reflecting mirror, then a narrow bandof light is let through by the exit
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slit. Both the entrance and exit reflecting mirrors are at fixedpositions; the incident angle of

the light to the diffraction grating is adjusted by the wavelength adjusting mechanism, this will

select which part of the light spectrum is reflected by exit mirror and passes through the exit slit.

The complete light path inside the monochromator is indicated in Fig. 5.1.

The VUV model monochromator is capable of operating under a vacuum of (10−6 torr) or

under a purged condition. The wavelength adjustment is achieved using a remote electronic

controller which makes data acquisition much more efficient. The optimal operating wavelength

range is dictated by the diffraction grating used. To optimize the light signal around 200 nm, a

holographic 200 nm blaze (1200 G/mm) grating is used, so thatthe coherent light spectra has

a peak intensity around 200 nm. The system must be carefully calibrated before taking any

measurement.

5.2.3 Setup

The main body of the setup is constructed in three parts, as shown in Figs. 5.2 and 5.3: the

light source box, the monochromator and the detector hutch.In Fig. 5.2 the hutch was not yet

installed.

The light box houses the Hamamatsu deuterium lamp and F1.5 focussing lens. The distance

between the lamp and the lens is 4 cm, and the distance betweenthe lens and the light entering

the slit of the monochromator is also 4 cm.

Inside of the detector hutch, the test mirror is clamped ontothe hosting bracket and then

mounted to the angle adjusting frame. The stepper motors attached to the frame are able to

change the pitch and yaw angle with an accuracy of 0.1◦. The whole frame sits upon a three axis

translation stage, which allows the source light from the monochromator to reach any spot on the

sample mirror.

During the reflectivity measurement, the detector positionis fixed at a constant point. This

means the sample mirror’s position and angle need to be adjusted to reflect the source light

towards the detector. Since the human eye does not respond toMedium Ultraviolet (MUV) or

Far Ultraviolet (FUV) light, an alignment laser is introduced to match the monochromator light
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Figure 5.2: Images of the mirror reflectivity setup. A: Lightsource box; B: Monochromator; C:
Focusing lens; D: DUV Flipper Mirror; F: Alignment Laser Stage; E: Detector; G: Test Mirror;
H: Optical Chopper. The light path is shown on the top image, the monochromator light path
is in magenta; the alignment laser light path is in green; theshared (common) light path is in
yellow. (Original In Color).
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path, in order to help guide the mirror adjustment. The laseris installed perpendicular to the

monochromator light path, and a pneumatically controlled stage device inserts a small reflecting

mirror to intercept the light path if the laser is needed for alignment (see Fig. 5.2).

The air starts to block UV light around 190 nm, so for the reflectivity measurement at wave-

lengths below this value, an oxygen free environment is required. A high vacuum environment

would be ideal, but the cost of a large vacuum chamber is beyond the budget. Instead, a pure

N2 environment is used, because the leak tight requirements for a purged system are much less

demanding. All three parts of the setup can be separately fedwith cool N2 gas. The volume of

the hutch needs several hours of purging before reaching thecondition necessary for reflectivity

measurements. The purging process continues during the data taking period to maintain a low

oxygen level and also to cool the UV lamp. An oxygen monitor isplaced inside of the hutch to

read out the oxygen level. For the HGC mirror reflectivity measurement, the wavelength range

of interest is 190-400 nm, therefore a pure N2 environment is not required.

5.2.4 Methodology

The list below gives the symbols we used to represent the distances between the important com-

ponents of the setup throughout the chapter:

do: Distance between beam out slit of monochromator to focusing lens.

dl−f : Distance between focusing lens and flipper mirror.

df−d: Distance between flipper mirror and detector.

dl−d: Distance between focusing lens and detector.

df−m: Distance between flipper mirror and Mirror #8.

dm−d: Distance between Mirror #8 and detector.

di: Total length of light path from the lens and detector (The sum of dl−f , df−d, dl−d, df−m and

dm−d for each mode).
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A: Focused beam spot at the detector at 225 nm wavelength.

Tflipper Flipper mirror angle according to the rotation stage angle indicator.

We performed wavelength scans between 190-400 nm at three different modes to compute

the final reflectivity results and their descriptions are listed as follows:

No Reflection (NR) Mode: Light from the monochromator slit was focused by the focusing

lens and the image was directly projected onto the detector.The slit-lens distance (do) was

31 cm, and the lens-detector distance (dl−d) was 69 cm. The wavelength scan at this mode

was used as the reference measurement for determination of the flipper mirror reflectivity.

Only one measurement was taken.

Flipper Mirror Reflection (FMR) Mode: A schematic diagram is shown in Fig. 5.3a. Thedo

was the same as for the NR mode. However, the light was then reflected off the Deep Ultra

Violet (DUV) flipper mirror and projected onto the detector.The total light path of this

mode was equivalent to the NR mode. The flipper mirror was rotated to 10.75◦ according

to the rotation stage indicator and the light incident angleto the flipper mirror was 47.5◦.

Other key parameters are listed in Table 5.1. The wavelengthscans at this mode were used

to determine the flipper mirror reflectivity, as well as to provide a reference measurement

to compute the test mirror reflectivity. A total of eight wavelength scans were taken in the 8

hour testing period, which includes: FMR 1 and FMR 2, were measured immediately after

the NR measurement; FMR, Right FMR, Center FMR, Top FMR, Bottom FMR and Corner

FMR, were measured before the each of the Mirror #8 reflection measurements. The

measurement names were given based on the Mirror #8 reflectivity measurement location

as shown in Fig. 5.4b.

Mirror #8 Reflection (M8R) Mode: A schematic digram of this mode is shown in Fig. 5.3b.

With do reduced to 22.2 cm, the flipper mirror was rotated by 95◦, where the rotating stage

indicator should record 105.75◦. After the focusing lens, the light was first reflected by the

flipper mirror towards the test mirror instead of the detector, then the test mirror reflected
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the light towards the detector. The light incident angles tothe flipper mirror and test mirror

were 47.5◦ and 5.5◦, accordingly. From Table 5.1, the total light path of this mode was

two times longer than the NR and FMR modes. The focused spot size was also larger.

A wavelength scan in this mode was used to compute the test mirror reflectivity. There

were six measurements in total in this mode at the locations indicated in Fig. 5.4b. Each

Mirror #8 reflection measurement was taken after the corresponding FMR measurement

with the same naming convention.

The flipper mirror reflectivity is computed as

Rflipper =
IFMR

INR

(5.1)

whereIFMR is the signal strength at arbitrary wavelength in Flipper Mirror Reflection Mode,

andINR is the signal strength at the same arbitrary wavelength in the NR Mode.

The Mirror #8 reflectivity is determined as

R =
IM8R

IFMR

(5.2)

whereIM8R is the signal strength at arbitrary wavelength in M8R Mode, and IFMR is the signal

strength at the same arbitrary wavelength in the FMR Mode.

Table 5.1 summarizes the distances between the important components in different measure-

ment modes. The focal length of a lens is dependent on the wavelength of the incoming light. At

all three measurement modes, the focal length for the opticsare optimized for 225 nm where the

signal is the strongest, so a sharp image could be projected on the detector. The focused image

sizes at 225 nm are listed in Table 5.1. A wavelength scan from190-400 nm would imply for

most of the measurements (wavelengths), the projected image on the detector would be slightly

out of focus (blurry). However, the active area of the detector is 1 cm×1 cm, which is sufficient

to detect the slightly blurry image.
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(a) No Reflection Mode (b) Flipper Mirror Reflection Mode

Figure 5.3: Schematic diagram for different measurement modes. All important components are
labelled with a capital letter. A: Light source box; B: Monochromator; C: Focusing lens; D:
DUV Flipper Mirror; E: Detector; G: Mirror Holding Frame. Position of the focusing lens (C)
and flipper mirror (D) are different between the two modes [41]. (Original In Color).
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(a) Witness sample placement (b) Mirror Measurement Position

Figure 5.4: (a) Witness sample locations with respect to themain mirror position in the ECI
aluminization. (b) Reflectivity measurement locations on Mirror #8. (Original In Color).

5.2.5 Detector and Signal Schematic Diagram

The IRD AXUV-100G photo-diode detector has a different signal response depending on the

incoming photon wavelength, with the response curve shown in Fig. A.1.

For all measurement modes, the continuous light signal was converted to a pulsed light signal

by a Thorlab MC100 optical chopper before reaching the detector. The chopper had a two-slot

chopping blade operated at a frequency of 14 Hz. The chopper generated a reference frequency,

which was fed to the reference channel of the lock-in amplifier. The detector generated a pulsed

DC differential signal through two connecting points, and the two signals were fed into the input

channels A and B of the lock-in amplifier. Then, the lock-in amplifier would subtract signal B

from A, and perform the filtering and amplifying algorithm. The schematic diagram of the signal

treatment is shown in Fig. 5.5.
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Table 5.1: The key parameters for all measurement modes.

No Reflection Flipper Mirror Real Mirror
Mode Reflection Mode Reflection Mode

do 31 cm 31 cm 22.2 cm
dl−f - 42 cm 43.3 cm
df−d - 27 cm -
dl−d 69 cm - -
df−m - - 34 cm
dm−d - - 60 cm
di 69 cm 69 cm 137.3
A 6 mm×5 mm 6 mm×5 mm 8 mm×7 mm

Tflipper - 105.75◦ 10.75◦

MC 100 Chopper

AXUV 100G 
  Detector

SR530 Lock-In
    Amplifier 

Ref

Input A

Input B

Chopping Rate: 14Hz 

Computer Display
   (EPICS GUI)

Output A-B

Figure 5.5: Systematic diagram for the signal output.

5.2.6 Lock-in Method and Monochromator Scanning Setting

The lock-in technique is used to detect and measure very small AC signals. A lock-in ampli-

fier can make an accurate measurement of small signals, even when the signals are obscured by

background noise thousands of times larger. Essentially, alock-in filter is a filter with an arbi-

trarily narrow bandwidth which is tuned to the frequency of the signal. Such a filter rejects most

unwanted noise to allow the signal to be measured.

All lock-in measurements share a few basic principles. The technique requires that the exper-

iment be excited at a fixed frequency in a relatively quiet part of the noise spectrum. Then, the

lock-in can detect the response from the experiment in a verynarrow bandwidth at the excitation

frequency.
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In this measurement, the SR530 lock-in amplifier was operatedin R, θ display mode, where

R stands for the signal magnitude andθ is the phase between measured signal and the reference.

The reference signal was generated by the optical chopper, which chopped at the rate of 14 Hz.

There was no special option needed to filter the signal from the detector for our measurement.

During the data taking, the sensitivity and time constant were the most important parameters that

could dictate the data quality. The sensitivity must be set to not overload the system. The time

constant dictated how fast the RC circuit of the output channel discharges, which would control

signal registration. A shorter time constant would allow a faster response to the signal change

but larger fluctuation in signal strength, and a longer time constant would register stable signal

strength but take longer to react to any change in signal. Thepreferred time constant settings

during the measurement were 1 s and 3 s.

For the data taking, the monochromator was configured to perform a wavelength scan from

190-400 nm at 5 nm steps. The dwell time at each wavelength was20 s, and the associated

time constant was 1 s or 3 s to generate a flat signal output. If the dwell time was 60 s, the

recommended time constant would be 3 s or 10 s (the time constant does not need to be larger

than 10 s).

A baseline (background) measurement should be taken beforeany measurement. The monochro-

mator light was diverted away from the detector so that only the background light falling into

the chopping frequency window could be registered. The baseline (background) signal was mea-

sured to be 1.6×10−5 V consistently, andRoffset was set for this value during all reflectivity

measurements.

The signal magnitudeR can be can be calculated as [39]

R =
√

(x + xoffset)2 + (y + yoffset)2 + Roffset (5.3)

wherex andy are the horizontal and vertical components of the signal magnitudeR.
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Figure 5.6: Lock-in amplifierx, y strength monitoring of the Deuterium lamp for 6 hour testing
period. The blue curve is thex output and green curve is they output.x andy are the horizontal
and vertical component of the signal magnitudeR. (Original In Color).

5.3 Results

5.3.1 Deuterium UV Lamp Thermal Test Results

The 3 Watt Hamamatsu deuterium UV source’s stability has been questioned from the beginning.

It was purchased 20 years ago by the FFL Facility at JeffersonLab. A thermal effect test was

carried out to investigate the stability of the UV lamp for long operation at room temperature.

The monochromator was set for 225 nm wavelength, corresponding to a maximum signal output

of 0.25 mV. The No Reflection (NR) mode was used for this test, where the light from the

monochromator was directly focused onto the detector by thefocusing lens. Thex andy outputs

from the lock-in amplifier were monitored separately, as shown in Fig. 5.6.

After 6 hours of operation, we observed no fluctuation in either x or y signal output, there-

fore the signal magnitudeR was also constant according to Eq. 5.3. From this result, we can
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safely conclude the UV source performance did not change dueto heat and long operation, even

without any method of cooling and ozone removal. For measurement after the facility is fully

commissioned, the light source box will be constantly purged with cold N2 vapour, thus the UV

source intensity should be stable during the long data taking process.

5.3.2 UV Detector Response Uniformity

The UV detector response uniformity was tested with a focused light beam at 225 nm wavelength

over an area of 6 mm×4 mm. Five measurements were taken with the light beam shining at

different locations: one at the center and four at the corners with 1 mm clearance to the edges.

The response signal differences were around 1-2%. During the reflectivity measurement, after

changing the measurement location on the mirror, the focused light beam was not guaranteed to

be returned to the same location on the detector. The detector uniformity would contribute an

uncertainty in the mirror reflectivity result. However, we think it was already included in the total

error estimated by data reproducibility from the eight repetition measurements at FMR Mode.

5.3.3 DUV Flipper Mirror Reflectivity Result

In Fig. 5.7a, one measurement of NR mode and eight measurements of FMR mode wavelength

scan curves are plotted. Measurements FMR1 and FMR2 were takenimmediately after the

NR measurement. The other six FMR measurements were taken separately within a 6 hour

period. The ratios between each of the FMR curves and the corresponding NR curves are plotted

in Fig. 5.7b. The averaged reflectivity curve and the standard deviations (error bars) are also

shown. The standard deviation of the eight reflectivity measurements is between 1-2% at most

of measured wavelength, excepting at 190 nm, where the signal is too close to the baseline to

be trusted. The standard deviations (error bars) of flipper mirror reflectivity curve in Fig. 5.7b

represent the reproducibility error of a measurement, theyare used as the systematic uncertainties

(δmeasurement) for Mirror #8 reflectivity curve in Fig. 5.8b.

Between 220-400 nm, the averaged reflectivity gradually increases as the wavelength goes



CHAPTER 5. MIRROR REFLECTIVITY MEASUREMENT 68

Wavelength (nm)
200 250 300 350 400

V
)

-4
S

ig
na

l (
10

0

5

10

15

20

25

Detector Response With and Without Flipper Mirror R eflection

No Reflection
Flipper Mirror Reflection (FMR) 1
Flipper Mirror Reflection (FMR) 2

Left FMR
Right FMR

Center FMR
Top FMR

Bottom FMR
Corner FMR

(a) Detector Response

Wavelength (nm)
200 250 300 350 400

%
 R

ef
le

ct
iv

ity

84

86

88

90

92

94

96

98

100

Flipping Mirror %R at 47.5 Degree Incidence Angle

Flipper Mirror Reflection (RMF) 1 %R
Flipper Mirror Reflection (RMF) 2 %R
Left FMR %R

Right FMR %R

Center FMR %R
Top FMR %R

Bottom FMR %R

Corner FMR %R
Averaged Flipper Mirror %R

(b) Flipper Mirror Reflectivity
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deeper into the UV region, peaks around 235 nm at 89.5%, and then starts to decrease. At 200 nm

the reflectivity is 86.5%. The measured curve is different from the typical reflectivity curve for

the Melles Griots DUV flipper mirror, see App. A.2. The typical curve peaks around 197 nm at

94.5%, and gradually decreases as the wavelength increases. At 250 nm the reflectivity is 91%.

The difference between the measured and typical reflectivity curves is around 3% between 220-

250 nm; this difference keeps increasing as the wavelength gets shorter; at 200 nm, the difference

is 8%.

The possible explanations for such discrepancy are stated as following: the typical DUV mir-

ror reflectivity curve is a theoretical prediction under theideal condition, whereas the quality of

individual DUV mirror could deviate; also the mirror surface was scratched during the alignment

process and the scratches would result in some scattered light.

5.3.4 HGC Mirror #8 Reflectivity Results

Fig. 5.8a shows six sets of FMR and M8R detector response curves. Each set of FMR and M8R

measurements were taken after the mirror was adjusted to a new position for testing. For the

FMR measurements, the signal output was unrelated to the mirror position because the light was

only reflected from the flipper mirror. For the M8R measurements, the lens and flipper mirror

positions needed to be adjusted, so the light could reflect ofthe flipper mirror and Mirror #8. The

FMR and M8R measurements were taken back-to-back, and the lens and flipper mirror positions

were adjusted remotely, so that the testing environment wasnot disturbed. The orientation of

the measured position (Left FMR, Right FMR and so on) on the mirror are demonstrated in

Fig. 5.4b.

Fig. 5.8b shows the reflectivity curves of Mirror #8, which are the ratios between the M8R

and FMR measurements of the same label, for example (Left M8Rcurve)/(Left FMR curve).

From the results it is seen that between 200-300 nm the reflectivity at the center is worse than

at the corners; between 300-400 nm the reflectivity at the center is marginally better than at the

corners. The systematic uncertainties for the Mirror #8 reflectivity curve in Fig 5.8b are taken as

the same as that for the flipper mirror reflectivity curve, which is shown in Fig. 5.7b.
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During the aluminization process, ECI placed nine 1′′ witness samples at different locations

across the test mirror as shown in Fig. 5.4a. The samples’ reflectivities were tested for product

quality control, and these measurements are attached in App. A.3. We did not measure the

reflectivity of the witness samples because the dispersed UVlight beam from the monochromator

is too large to be completely reflected by them.

The ECI sample results have significant jitter, as shown in Fig. A.5. The systematic uncer-

tainty can only be estimated depending on the variation level of the jitter. The estimated error

below 230 nm isδECI = ±1% and above 230 nm isδECI = ±0.5%.

Witness sample reflectivity curves #4, #5 and #7 were chosen to compare with the measured

reflectivity curves at positions Left, Center and Corner between 200-250 nm wavelength. The

mirror testing positions of #4 and Left, #5 and Center, #7 and Corner are similar. The witness

sample curves were subtracted from the measured curves, andthe difference curve is plotted in

Fig. 5.9. For most of the points, the difference between the ECI witness sample and Mirror #8

reflectivity is between 0-3%, which means the measured Mirror #8 reflectivity is higher than the

witness sample reflectivity provided by ECI. At the corner, the differences are slightly below

0, but 0 is still within the error bar. In the ECI witness sampleresults there is a sharp peak at

205 nm which does not exist in our measurement.

The error bar in Fig. 5.9 is calculated by

δDifference =
√

δ2
ECI + δ2

Measurement (5.4)

whereδECI is the estimated ECI witness sample curve error andδMeasurement is our measurement

error.

5.4 Conclusion

Based upon our HGC Mirror #8 reflectivity measurements, we confirm that the ECI witness

sample measurement represents the reflectivity performance of the aluminized mirror surface



CHAPTER 5. MIRROR REFLECTIVITY MEASUREMENT 72

Wavelength (nm)
200 210 220 230 240 250

M
irr

or
 #

8 
- 

E
C

I W
itn

es
s 

S
am

pl
e 

%
R

ef
le

ct
iv

ity
  

-10

-5

0

5

10

Mirror #8 Reflectivity - ECI Witness Sample Reflect ivity

 Center Mirror #8 Reflectivity - ECI Witness Sample #5 Reflectivity

 Corner Mirror #8 Reflectivity - ECI Witness Sample #7 Reflectivity

 Left Mirror #8 Reflectivity - ECI Witness Sample #4 Reflectivity

Figure 5.9: The difference between the witness samples and the Mirror #8 measurement reflec-
tivity results. (Original In Color).

between 200-400 nm. At 200 nm wavelength, the reflectivity is10% lower than the original

ECI claimed value of 76% with the worst witness sample results. However, this difference

decreases rapidly as the wavelength increases. At 250 nm, the difference between the sample

curves and theoretical curves ranges between 0-5%. Based on the Geant4 simulation results

described in Chapter 6, the difference between the theoretical curve and worst sample curve

corresponds to a decrease of 2.5% in terms of the detected photo-electrons and 0.13% in terms

of detected pion events. This effect is insignificant compared to other significant contributions to

the UV absorption in the deep UV region, i.e. the C4F8O gas absorption etc. We believe the ECI

aluminization quality meets our performance specifications and is sufficient for the aluminization

of mirrors to be actually used in the HGC.

We are also delighted to report that the reflectivity setup atJefferson Lab is capable of mea-

suring the reflectivity of large size optics between 200-400nm wavelength at normal atmospheric

condition and is potentially able to measure the reflectivity down to 165 nm wavelength under

the N2 purged environment.
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5.5 Suggestions for Future Measurement

It is not obvious if the current UV source is suitable for UV measurements below 190 nm. Further

testing is required to confirm that the signal strength is sufficiently strong and stable at such low

wavelength. One of the possible options is to replace the 3 Watt Hamamastu deuterium lamp with

a Newport Oriel 30 Watt deuterium lamp, which has much higherintensity at lower wavelength.

At the moment, the setup is in a semi-automatic state, where some manual fine adjustments

are required. Also, the cameras which can help with the alignment and status check are yet to

be installed. For the Noble GašCerenkov mirror reflectivity measurements, the detector hutch

enclosure with pure N2 environment will forbid any manual adjustment and alignment. Some

level of automation is needed. However, it is not obvious at the moment how accurate automatic

alignment can be achieved. Manpower needs to be committed toresolve this issue.
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Chapter 6

Geant Simulation

6.1 Introduction

In order to better understand the optical alignment and expected performance of the HGC, a

computer simulation model was constructed using the standard software toolkit for high energy

physics known as Geant4 [42, 43]. The original detector simulation platform was developed by

the University of Virginia and many customizations have been implemented to study the HGC

detector.

In this chapter, we will describe the basic setup of the HGC simulation model and important

results for the simulated performances.

There are three main detector performance criteria that we are studying: the photon focusing

efficiency, the photon detection efficiency and the charged particle identification efficiency.

The photon focusing efficiency detection is defined as

ηγ =
Number of photons within 12 cm diameter of 4 PMTs

Total Number of Photons
, (6.1)

this is the ratio between the number of photons focused onto the 12 cm diameter active area for

all four PMTs and the total number ofČerenkov photons.ηγ is used to study the alignment of

the optical components.
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The photon detection efficiency is defined as

ηpe =
Number of Photo Electrons in all 4 PMTs

Total Number of Photons
, (6.2)

this is the ratio between the number of photo-electrons output by all four PMTs and the total

number ofČerenkov photons.ηpe is used to study the effect of threshold cuts to optimize the

π/K separation in the analysis of the simulation data. The quantities ηγ andηpe are closely

related, and they will be explained in detail in Section 6.4 where the PMT optimization results

are presented.

The charged particle identification efficiency is defined as

ηparticle =
Number Identified Particles
Total Number of Particles

, (6.3)

this is the ratio between the number of identified charged particles passing the simulated HGC

analysis threshold and the total number of charged particles passing through the SHMS.ηparticle

is used to study the particle identification efficiency, which is of primary concern to the exper-

iments that will make use of the HGC. It is explained in more detail in Section 6.5, where the

overall projected performance results are presented.

6.2 Simulation Setup

In the simulation, the HGC detector dimension and optics arrangement corresponds to the real

specification described in Chapter 3, where the inner diameter of HGC detector is 170 cm, and

length 117.1 cm. The center of the detector is offset 5 cm in the +x direction. The detector is

configured to contain C4F8O gas at 0.95 atm pressure, which has refractive index of 1.00137.

The center corner of the four mirrors are interleaved in the order of #: 4, 3, 2, 1, where mirror

#4 is in−x,−y quadrant (magenta), #3 is in−x, +y quadrant (yellow), #2 is in+x,−y quadrant

(red) and #1 is in+x, +y quadrant (blue). The closest mirror to mirror approach is between 7-

10 mm. There is a 5 cm overlap between Mirrors #1 and #2 and the same for mirrors #3 and
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Figure 6.1: HGC Geant4 model. The planes for Mirrors #1, #2 and #4 are switched off to give
better view to the photon trajectories in green. See the textfor further details. (Original In Color).

#4 in they direction. The coordinate convention used in this chapter is the same one as described

in Section 1.3.1. In the HGC detector frame, thez axis is parallel to trajectory of the charged

particle, the x axis points down to represent increasing momentum in particle distribution, and

they axis points to the left of the detector. In this chapter, the bottom two quadrant mirrors are

referred as+x mirrors and top two as−x mirrors. The+x mirrors are tilted at 20◦ and the−x

mirrors are at -16.2◦ with respective to thex axis.

The simulation can run with three different types of mirror curvature: parabolic (κ < 0),

spherical (κ = 0) or oblate elliptical (κ > 0), whereκ is the conic constant defined in Section

4.2.1. From Chapter 4, we concluded that all of the manufactured HGC mirrors are oblate el-

lipsoid. Thus, the fitted radius R=112.96 cm and conic constantκ =0.94 for Mirror #6 were
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chosen to create the oblate elliptical mirrors to provide more realistic simulation to study the

detector performance. The Mirror #6 quality is regarded as the average among the high qual-

ity mirrors based on the mirror selection study results (seeSection 4.5). All optical alignment

and projected performance results presented in this chapter are with the oblate mirrors and the

difference between the oblate and spherical mirror performance is also presented herein.

Each of the HGC mirrors reflect thěCerenkov radiation towards the corresponding 5” PMT.

In the simulation, the PMTs are tilted at±42◦ with respect to the x-axis. In the Geant4 model,

the PMT assemblies consist of four parts: cathode, quartz window and flange. Quartz window

properties such as the chemical composition and absorptionlength were configured according to

the properties of Corning 7980 quartz [20], where the material absorption length are converted

from the transmissivity curve from the manufacturer, see App. B. The 10% photon loss was

included in addition to the reflection due to the Fresnel reflection at the quartz surface as a

safety factor in the simulation. The position of the cathodein the model corresponds to the real

PMT cathode position, and the wavelength dependent quantumefficiency and radial dependent

efficiency provided by the manufacturer [19] were implemented to predict the PMT performance

and particle identification efficiency.

In Fig. 6.1, a singlěCerenkov event for aπ+ with 7 GeV/c momentum is shown. The pion

trajectory is in blue and enters the detector at the tip of thegreenČerenkov cone. The pion tra-

jectory is mostly overlapped by thěCerenkov photon trajectories shown in green. The generated

Čerenkov photons are reflected by the curved mirror towards the PMT assembly, and a small

portion of the photons are reflected back towards the mirror by the quartz window; eventually

these photons will be absorbed by the detector wall. The position and energy of all photons are

recorded and later plotted.

By default, there are 7 tracking planes to record the photon trajectory near the PMT location:

3 planes before and 3 planes after cathode plane, as shown in Fig. 6.1. The planes for Mirrors

#1, #2 and #4 are switched off in this figure to give a better view of the photon trajectories in

green. The planes are separated by 2 cm in thez direction and are parallel to each other. The

PMTs can be turned on or off in the simulation; the PMT-on modeis used to study the particle
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identification efficiency, and the photons will stop at the cathode, therefore three tracking planes

after the cathode plane are not used; the PMT-off mode is usedto study the optical alignment,

therefore all 7 planes are used.

The HGC simulation is capable of studying the particle performances ofπ±, K± and protons,

and the maximum sample size for a single simulation is 0.5 M events. In order to make sure

the particle distribution at SHMS focal plane is accurate, 0.5 M charged particle events were

generated for our study by a collaborator [44] using the single arm SHMS Monte-Carlo (MC)

of Hall C. This is a detailed MC of the SHMS magnetic optics, andthe trajectories of 0.5 M

charged particles are accurately tracked through the magnetic field elements. The generated

particle distribution file records for every event: position and momentum in thex, y directions

in front of the HGC detector, and the momentum ratioδ with range of−13 < δ < 22%, where

δ = ∆P
P

is the percentage value used to reconstruct the momentum acceptance based upon the

SHMS central momentum. The incident particle momentum for each event is computed as

PReal = PCentral(1 + δ/100)

wherePCentral is the specified central momentum of the SHMS and it is set for 3and 7 GeV/c in

our study.

6.3 Particle andČerenkov Envelopes

The generated particle distribution by the single arm SHMS MC at the HGC detector front sur-

face is plotted in Fig. 6.2a, where the detector front surface is 18.80 m and the SHMS focal

plane isz=18.10 m from the scattering chamber along thez direction. The resultanťCerenkov

radiation envelope projected onto the mirror surfaces in the x-y plane at 7 GeV/c is shown in

Fig. 6.2b. Note that thěCerenkov angleθC at 7 GeV/c is 2.84◦, so theČerenkov radiation distri-

bution is taller and wider than of the charged particles which generate it. Most of the photons are

projected in a 90 cm×80 cm region in thex-y plane; the four black squared brackets indicate the
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Figure 6.2: All plots are generated with 7 GeV/c central momentum π+. (a) theπ envelope
in front of the HGC detector; (b) thěCerenkov photon envelope at the mirror plane; (c) the
focusedČerenkov photon envelope at the mirror plane; (d) missed focused photon envelope at
the mirror plane. Note that all plots show the events distribution in x-y plane. The photons in
(c) are reflected by the mirrors and optically focused onto the PMT active area when all PMT
efficiencies are switched off in the simulation. Thus, photons which are missed due to the PMT
inefficiency are not included in this plot, only those due to the imperfect optics. The photons in
(d) are also reflected the mirror but not focused onto the PMT active area. Approximate mirror
boundaries are shown in (b), (c) and (d). (Original In Color).
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approximate mirror boundaries. Thus, this leaves at least 5cm clearance along the mirror edges

for the mirror mounting scheme onto the detector. Fig. 6.2c shows the distribution of reflected

photons which are then focused onto the active region of the PMTs, which is indicated as the

inner circle in Fig. 6.3. Note that PMT efficiencies are switched off in the simulation. Thus,

photons which are missed due to the PMT inefficiency are not included in this plot, only those

due to the imperfect optics. Fig. 6.2d shows the reflected photons which are not focused onto the

active region of the PMTs. From the plotted distribution, the mis-focused photons are mainly

distributed at the interleaved mirror corners near the detector center. This will lead to a localized

region of lower efficiency near the center.

6.4 PMT Optimization

Efficienciesηγ andηpe are defined in Equation (6.1) and (6.2). The quantitiesηγ andηpe are

very closely related:ηγ is for the PMT-off mode andηpe is for the PMT-on mode. In the PMT-

on mode, focused photons have a certain probability to be converted into photo electrons, and

this probability is dictated by the various of efficiencies of the PMT assembly. The simulation

takes into account efficiencies such as the quartz window andadaptor transmissivity, reflection

at the front face of the quartz window and PMT quantum and positional efficiency. For PMT-on

mode, aπ+ at 7 GeV/c central momentum hasηpe=15.78%. In the PMT-off mode, the PMT

assembly efficiencies are assumed to be 100%, which means allphotons are focused onto the

active area of the PMT are converted into photo electrons, where the missing photons are due to

the imperfect optics. For PMT-off mode,π+ at 7 GeV/c central momentum hasηγ=96.8%. The

PMT optimization studies in this chapter were using the PMT-off mode.

Fig. 6.3 shows thex-y projection of the photon hits at the PMT cathode plane. The inner

black circle indicates the boundary of the PMT active area (12 cm in diameter); the outer black

circle is the boundary of the quartz window. From the plotteddistribution, most of the photons

are focused onto the center of the PMT active area, and form a donut shaped spot. The missing

photons are distributed in the large purple tail which extends outside of the PMT active region.
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Figure 6.3: Thex-y plane projection of the photon hit position at the PMT cathode plane for
7 GeV/cπ+. The inner circle indicates the PMT active area which has radius of 6cm; the outer
circle gives the boundary of the quartz window which has radius of 8cm. Notice that thex axis
is vertical andy axis is horizontal in HGC coordinate. However, the mean and RMS x, y values
refer to the plotting program convention of x = horizontal (HGCy axis) and y = vertical (HGCx
axis). (Original In Color).
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(a) PMT #1 x-z Photon Path Distribution (b) PMT #2 x-z Photon Path Distribution

(c) PMT #3 x-z Photon Path Distribution (d) PMT #4 x-z Photon Path Distribution

Figure 6.4: The reconstructed photon path through 7 tracking planes in the x-z plane. The black
line indicates the position of the cathode plane. (OriginalIn Color).
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To maximize the number of detected photons, ideally one needs to adjust the mirror angle to

bring the purple tail into the PMT active region without losing too much light from the donut

spot. Note also that at 3 GeV/c the donut shaped spot will be more compact, due to the smaller

Čerenkov cone angle.

Fig. 6.4 shows the reconstructedČerenkov photon trajectories in thex-z plane using the

position information from the 7 tracking planes. The black line is the cathode plane. The tracking

planes are tilted by 42◦ with respect to the x-axis. From the graphs, we can conclude that the

PMT optical performance is insensitive to small changes in the PMT tilt angle (1◦ or 2◦), and

most of the photons pass through the cathode plane in the compacted central region. This is the

justification for all PMTs to have the same tilt angle, but themirrors have the different tilt angles

with respect to thex axis.

Fig. 6.5 shows the Root Mean Square (RMS) area of the spot size ateach tracking plane for

each PMT. The RMS area is computed using the RMS x and y values inside of the PMT active

region as shown in Fig. 6.3. Since the focused spots are similar to elliptical shapes, therefore the

area can be calculated as

RMS Area=
RMS y
sin 42◦

× RMS x× π , (6.4)

where the first term is corrected for the PMT tilt angle. The RMSx and RMS y in Equation

(6.4) correspond to the RMS values for the x and y axes on the plot, not according to the HGC

coordinate. A smaller RMS area would suggest the photons are more compactly distributed on

the plane, thus easier to focus onto the active area of the PMT.

The PMT cathode plane is labeled #50 among all tracking planes. Planes #53, #52, #51 are

in front and #49, #48, #47 are behind the cathode plane, planes are separated by 2 cm along the

z axis. Fig. 6.5b shows that PMTs #3 and #4 have the smallest RMS spot size at plane #50.

However, PMTs #1 and #2 have the smallest RMS spot size betweenplane #50 and #49; this

suggests that PMT #1 and #2 are 1 cm too close to the mirror. This small imperfection is due to

the recent angle change for PMT #1 and #2 from 45◦ to 42◦ for the manufacture convenience,
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Figure 6.5: Focused spot root mean square size vs. plane number. (Original In Color).

since Fig. 6.4 shows the small PMT angle change results in little difference in performance.

Further efforts will be committed to re-optimize the opticsarrangement as well as other new

studies following the release of on updated SHMS particle distribution from Hall C.

6.5 Projected Performance

The particle identification efficiency,ηparticle, is defined in Equation (6.3); it describes the overall

performance of the detector. It is only studied using the PMT-on mode. The particle identification

efficiency was studied with 3 and 7 GeV/c central momentumπ+, K+ and proton. Based on the

previous HMS experiments, theπ+-K-proton ratio is estimated to be 5:2:2 at 3 GeV and 5:3:2

at 7 GeV momentum in the simulation. Theπ+ sample size for 3 and 7 GeV simulations were

250000. The simulated photo-electrons spectra were analyzed in the same manner that actual

HGC data will be analyzed in SHMS experiments. The particle identification efficiency is highly

dependent upon the signal threshold, which is applied in theanalysis to reduce the noise signal.

The optimization of the threshold signal level is one of the major goals of our study.
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Figure 6.6: Theπ+ Čerenkov photon production and detected photon electron distribution at
3 and 7 GeV/c central momentum. The red curve is generatedČerenkov photons per event
distribution, while the blue curve is photo-electrons emitted by the PMT photo-cathode per event
distribution. (Original In Color).

6.5.1 Čerenkov Photon Detection forπ+ Events

Fig. 6.6 shows the total generatedČerenkov photons and photo-electrons per event by all four

PMTs at 3 and 7 GeV/c central momentumπ+. The total generated photon curve for 3 GeV/c

π+ has wide double peaks, which is due to the momentum difference of the particles entering

different parts the detectors along the x direction. For example, the particles travel through+x

mirror (#1 and #2) regions have higher momentum than those travel through−x mirror (#3 and

#4) regions; the particles with higher central momentum cangenerate morěCerenkov photons.

The range for the SHMS momentum acceptance is created by the magnetic focusing elements

(both dipole and quadrupole) in front of the detector stack,and it generates a larger range in

velocities for lower central momentumπ+, which results a wider total photon distribution at

3 GeV/c than at 7 GeV/c central momentum. The totalČerenkov photon production for 7 GeV/c

π+ has a Gaussian distribution with the mean 291.8 and standarddeviation 31.6. The photo-

electron (blue) distributions have sharp peaks, and the mean are 16.0 and 46.8 for 3 GeV/c and

7 GeV/cπ+. This concludes that at same refractive index (pressure) the particle with higher

momentum generates moreČerenkov photon. The photo-electron distribution is summedover

all four PMTs. This is easy to do in the simulation. However, in the actual experimental analysis,
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care will have to be taken to properly match the PMT signal spectra, so they can be correctly

added together.

6.5.2 Signal Threshold

Positrons (e+) have aČerenkov refractive index threshold that is lower than the detector refractive

index, so they are capable of generatingČerenkov photons in the HGC detector. The detected

e+ events can be rejected by other particle identification detectors like the lead-glass detector or

the Noble GašCerenkov detector at high central momenta. WhenK+ or protons pass through

the HGC detector, they can knock electrons free from the C4F8O gas particles; these secondary

e−s at sufficiently high momenta can generateČerenkov radiation. This process is known as

delta radiation and it is one of the primary sources for background signals in the HGC. The

delta radiation can also be modeled by the Geant4 simulation. An effective way to reduce this

background is to introduce a signal threshold, however, thethreshold should not exclude too

many realπ+ events.

Fig. 6.7 shows the number of events vs. the detected number ofphoto-electrons per event,

and Fig. 6.8 shows the particle detection efficiency vs. the number of photo-electrons. Results

are shown for both 3 and 7 GeV/c central momenta forπ+, K+ and proton. In Fig. 6.7 it can

be seen that the detected pion events generate many more photo-electrons (on average) than

delta radiation fromK+ and proton at 7 GeV/c momentum. However, the generated photo-

electron difference is much smaller at 3 GeV/c. Thus, different signal thresholds were used for

the different particle central momenta to ensureηparticle > 98% forπ+. At 3 GeV/c, the analysis

threshold was set for 2 photo-electrons, givingηparticle = 98.4%; at 7 GeV/c, the threshold is set

for 10 photo-electrons whereηparticle = 98.4%. 1.1% and 0.88% ofK+ delta radiation events at

3 and 7 GeV/c central momentum pass the applied threshold. However, theseK+ events will

have high probability to be identified by the AerogelČerenkov Detector and so we are confident

that our goal of 1000:1π+/K+ separation ratio needed for SHMS experiments will ultimately be

achieved.
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(a) 3 GeV/c

(b) 7 GeV/c

Figure 6.7: Particle events vs. the detected photo-electron per event plots at 3 and 7 GeV/c
central momentum.K+ distribution is in blue, proton distribution is in magenta,π+ distribution
is shaded in red and total distribution is shaded in cyan.K+ and proton events are plotted against
the left y axis in black;π+ and total events are plotted against the right y axis in red. Note that the
π+ and total events distribution are overlapping. The red solid lines indicate the signal threshold.
(Original In Color).
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(a) 3 GeV/c

(b) 7 GeV/c

Figure 6.8: Particle detection efficiency vs. the thresholdphoto-electron plot at 3 and 7 GeV/c.
The red solid lines indicate the signal threshold. Note the different x axis scales for plot (a) and
(b). (Original In Color).
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6.6 Oblate Ellipsoid Versus Spherical Mirrors

All simulation results presented in this chapter are with the oblate mirrors. The performances for

both oblate and spherical mirrors were studied and compared. Fortunately, both mirrors have the

same photon detection efficiency at PMT-on modeηpe=15.78%, however, the pion identification

efficiency for PMT-on mode for spherical mirrors isηparticle = 98.90%, which is 0.5% higher

than the oblate mirror efficiencies at 7 GeV/c momentum with the threshold set for 10 photo-

electrons. This is due to the better focusing ability of spherical mirror, it is able to include larger

area of the purple tail into the PMT active area, see Fig. 6.3.

6.7 Remarks and Outlook

The Hall C collaboration has recently decided to shift the super-conducting dipole towards the

−x direction by 5 cm after some further optimization of the SHMSoptics. Based on our pre-

liminary simulation results using the new particle distribution corresponding to the changed

SHMS optics, the detector and mirror positions need to be re-optimized to accommodate the

newČerenkov radiation envelope. Since the PMT positions and angles have been fixed by the

finalized detector vessel construction drawings, all adjustments have to be made on the mirrors.

Further effort is needed to optimize the detector performance for the new beam anďCerenkov

envelope. We expect only small adjustments will be needed.

In principle, the current estimated photon detection efficiency could be lowered by as much

as 30%, due to reflection losses at each of the optical interfaces between the quartz window and

the PMT. The current simulation model counts the survival photons after the quartz window,

which does not include the photon loss from the quartz windowto the quartz adaptor and from

the quartz adaptor to the PMT cathode. As it was explained in the Section 3.5, silica optical gel

will be used between the quartz window and the quartz adaptor; RTV compound will be used

to make a UV transparent cookie between quartz adaptor and the PMT head. These precautions

will hopefully reduce the photon loss to a minimum. TheČerenkov photon loss rate will be

determined experimentally with our cosmic ray measurementsetup and then implemented in the
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simulation model.
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Chapter 7

Summary and Future Remarks

We are constructing a Heavy GasČerenkov Detector for the Super High Momentum Spectrom-

eter as part of the Hall C 12 GeV upgrade project at Jefferson Lab. The purpose of the HGC

detector is to provide reliableπ/K separation between 3-11 GeV/c central momenta. The de-

tector pressure is 0.95 atm between 3-7 GeV/c, and graduallyreducing at higher momenta. The

HGC consists of four sets of curved mirrors and PMTs, where each mirror focuses thěCerenkov

photons onto the active area of the corresponding PMT. The detector is designed to be a vacuum

vessel which can with stand10−6 atm pressure.

The HGC mirrors have dimension of 60 cm× 55 cm with radius of curvature of 110 cm.

Based on our detailed mirror quality study, we conclude that all manufactured HGC mirrors

have oblate elliptical curvature:κ > 0, and their fitted radius of curvature are slightly larger

than desired: R> 110 cm. We were able to select four best mirrors with 0< κ < 1 and radius

of curvature around 112 cm, whereδκ=±0.15 andδR=±2 cm. The Geant4 simulation results

suggest the difference in terms of optical performance between oblate and spherical mirrors is

acceptably small.

TheČerenkov radiation generated when a high momentum charged particle passes through

the HGC detector has wavelength in the upper visible to ultraviolet region. Thus, the mirror re-

flecting surfaces need to be coated with aluminum grain to reflect the UV photons. HGC Mirrors

#2 and #8 were sent to Evaporated Coating Inc. (ECI) for a test aluminization. Based upon our
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reflectivity results obtained from the permanent reflectivity measurement setup at Jefferson Lab,

we confirm that our reflectivity results are consistent within 2% with the ECI witness sample

reflectivity results between 200-400 nm. We believe the ECI aluminization quality meets our

performance specifications and is sufficient for the aluminization of mirrors to be actually used

in the HGC. Six more HGC mirrors were aluminized by ECI and have been recently sent to

Jefferson Lab, further reflectivity tests will be carried out in Dec, 2012.

A Geant4 Monte-Carlo simulation was constructed according to the HGC design, to study the

detector performances such as photon detection and particle identification efficiency. At 7 GeV/c,

the HGC optics focuses 96.9% of the generatedČerenkov photons onto the PMTs active area. At

3 and 7 GeV/c central momenta, the signal threshold is set fortwo and ten photon electrons, and

a pion identification efficiencyη > 98% is predicted. The Hall C collabration has recently made

further optimization on the SHMS vertical bending dipole elevation, so some modifications are

required to our Geant4 model. The optical alignment will be re-optimized according to the new

changes, and detector performances will be fine tuned.

The main vessel construction contract has been awarded to HAI Precision Waterjets Inc. [46],

their estimated delivery time is November 2012. The HGC construction group will have a six

month to assemble the detector before it is shipped to Jefferson Lab in the summer of 2013. We

are confident that the HGC detector will function successfully along other particle identification

detectors of Hall C for the next 10-20 years.
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Appendix A

Reflectivity Data

A.1 AXUV-100G Detector Response Curve
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Figure A.1: IRD AXUV-100G photo-diode detector response curve [38].

The graph above shows the signal response curve for the IRD AXUV-100G detector between

100-800nm. The numerical data are provided by the IRD company.
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A.2 Typical Melles Griots DUV Mirror Reflectivity Curve

Figure A.2: Melles Griots DUV flipper mirror Theo critical reflectivity curve provided by the
manufacturer [36].

The graph above shows the typical Melles Griots DUV mirror reflectivity between 185-

250nm wavelength.
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A.3 ECI Testing Sample Reflectivity Measurements

The ECI data sheets are attached in the following three pages,the actual placement of the wit-

ness samples with respect to the real mirror are shown in Fig.5.4a. The first page of the data

sheet contains the theoretical reflectivity performance; 2nd and 3rd page record the reflectivity

measurement of the witness samples.

Figure A.3: ECI theoretical reflectivity curve [32].
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Figure A.4: ECI witness sample reflectivity measurements between 200-600 nm [32]. (Original
In Color).

Figure A.5: ECI witness sample reflectivity measurements between 200-250 nm [32]. (Original
In Color).
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Appendix B

Efficiency Documentation

B.1 Corning 7980 Quartz Transmissivity
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Figure B.1: Corning 7980 quartz wavelength dependent transmissivity [20].

Fig. B.1 shows the Corning 7980 quartz wavelength dependent transmissivity. The plot data

were converted into the absorption length using absorptionequation

I

I0

= P = e−x/α (B.1)
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Table B.1: Corning 7980 quartz absorption length and transmissivity at different wavelength.

λ Transmissivity Absorption Lengthα
(nm) (%) (m)

100 00.00 0.00005
160 00.00 0.00005
165 52.00 0.01530
170 68.00 0.02600
180 85.00 0.06200
200 98.00 0.49500
225 99.00 0.99500
250 99.57 2.32000
300 99.80 4.99500
350 99.93 14.2800
400 100.0 100.000
450 99.97 33.3280
500 99.96 24.9950
600 99.95 19.9950
700 99.92 12.4950
800 99.90 9.99500

whereI0 is the initial beam intensity,I is the beam intensity at depthx andP is the transmissivity.

The absorption lengthλ can be written as

α = −x/ ln P . (B.2)

The absorption lengths were embedded into the Geant4 simulation and quartz material depth

x is set for 1 cm. Table B.1 shows the absorption length and transmissivity at different wave-

length.
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B.2 PMT Radial Dependent Efficiency
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Figure B.2: PMT Radial Dependent Efficiency [19].

Fig B.2 shows the radial dependent efficiency of Hamamatsu R1584 PMT. The data points

are the average over 4 set of radial efficiency measurements provided by Hamamastu. A 6th

degree polynomial function is used to fit the data and the efficiency can be written as

η = P0 + P1x + P2x
2 + P3x

3 + P4x
4 + P5x

5 + P6x
6 (B.3)

wherex is the radial distance from the center of the PMT. The fitted parameter values are as

given:

P0 = 0.699858

P1 = 0.000199

P2 = -4.8×10−5

P3 = 2.5×10−6

P4 = 3.4×10−8

P5 = 1.1×10−9

P6 = -3.8×10−11

(B.3) is embedded into the HGC Geant4 simulation to provide the PMT radial efficiency.
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B.3 PMT Quantum Efficiency

Figure B.3: Hamamatsu R1584 PMT quantum efficiency [45].

The Hamamatsu R1584 PMT wavelength quantum efficiency from the catalog is shown in

the figure above. We interpret this curve as the result of bothquantum and position dependence

in the PMT central region. Since we separately count for the position dependence and the PMT

central region has position efficiency of 70% as shown in Fig.B.3, the quantum efficiency curve

is corrected up by 43%. The corrected efficiency curve was included in our Geant4 simulation.


