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We propose to enhance the kaon identification capabilities of the GlueX detector by constructing
an FDIRC (Focusing Detection of Internally Reflected Cherenkov) detector utilizing the decom-
missioned BaBar DIRC components. The GlueX FDIRC would significantly enhance the GlueX
physics program by allowing one to search for and study hybrid mesons decaying into kaon final
states. Such systematic studies of kaon final states are essential for inferring the quark flavor con-
tent of hybrid and conventional mesons. The GlueX FDIRC would reuse one-third of the synthetic
fused silica bars that were utilized in the BaBar DIRC. A new focussing photon camera, read out
with large area photodetectors, would be developed. We propose operating the enhanced GlueX
detector in Hall D for a total of 220 days at an average intensity of 5× 107 γ/s, a program that was
conditionally approved by PAC39.

I. PREAMBLE

In 2012, the GlueX Collaboration submitted a pro-
posal to PAC39 titled “A study of meson and baryon de-

cays to strange final states with GlueX in Hall D” [1].
The proposal requested 220 days of data taking with the
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GlueX detector operating at an intensity of 5× 107 γ/s
on target. A necessary component of the broad physics
program put forth in this proposal was an upgrade to the
GlueX particle identification (PID) capability. At the
time of the proposal, a design for an upgraded PID sys-
tem had not been finalized. The PAC granted conditional
approval stating in its summary document:

GlueX is the flagship experiment in Hall D;
the theoretical motivation for the proposed
extension of running is very sound. However,
the success of the experiment depends cru-
cially on the final design of the kaon identifi-
cation system. The PAC39 therefore recom-
mends C2 conditional approval, contingent
upon the final design of the particle ID sys-
tem.

In 2013, the GlueX Collaboration returned to PAC40
with a proposal [2] demonstrating that some states with
hidden and open strangeness were accessible with the
baseline GlueX design, provided that the statistical pre-
cision of the data sample was sufficient. PAC40 approved
an additional 200 days of running at 5× 107 γ/s on tar-
get with an “A” scientific rating for this program. The
PAC40 report noted:

The PAC was impressed by the level of so-
phistication of the GlueX software and anal-
ysis which is essential for the achievement of a
significant kaon and hyperon program even in
the absence of dedicated hardware. Still the
complete mapping of the spectrum of conven-
tional and exotic hadrons will ultimately re-
quire the implementation of dedicated parti-
cle ID in the forward direction, extending the
kaon identification capability to 10 GeV/c.
The PAC therefore encourages the collabora-
tion to move forward with the design of such
system and aim at an early installation, if at
all possible.

The 10 GeV/c momentum cutoff cited by the PAC was
motivated by preliminary designs for a dual-radiator
RICH discussed in our previous proposals rather than
any specific physics requirement. Concurrently with our
preparation for PAC40, it became apparent that there
was an opportunity to utilize components of the BaBar
DIRC detector1. In fall of 2013, a team of five members
of the GlueX Collaboration visited SLAC to understand
the condition of the DIRC components and details about
their utilization. The conclusion of this visit was that
there are no insurmountable technical challenges in utiliz-
ing the BaBar DIRC; the opportunity presents a unique

1 At the time of our original proposal the BaBar DIRC was to be
used in SuperB, a next-generation B-factory experiment. The
cancellation of SuperB in late 2012 made the DIRC components
available for reuse.

and cost-effective solution to upgrade the PID capability
of GlueX, providing a significant enhancement in our
kaon identification capability.

In December 2013, members of the collaboration sub-
mitted a detailed conceptual design for utilizing the
DIRC to SLAC for consideration. As this was precisely
the request of PAC39, a final design of the particle ID
system, we present this design in the document that fol-
lows. The physics case remains largely the same from
that presented in our PAC39 proposal [1] and is repeated
in part here for completeness.

II. INTRODUCTION AND MOTIVATION

The GlueX experiment, currently under construction
and scheduled to start operating in Hall D at Jeffer-
son Lab in fall 2014, will provide the data necessary
to construct quantitative tests of non-perturbative QCD
by studying the spectrum of light-quark mesons and
baryons. The primary goal of the GlueX experiment is
to search for and study the spectrum of so-called hy-
brid mesons that are formed by exciting the gluonic field
that couples the quarks. QCD-based calculations pre-
dict the existence of hybrid meson states, including sev-
eral that have exotic quantum numbers that cannot be
formed from a simple quark/anti-quark pair. To achieve
its goal, GlueX must systematically study all possible de-
cay modes of conventional and hybrid mesons, including
those with kaons. The addition of a Cherenkov-based
particle identification system utilizing the BaBar DIRC
(Detection of Internally Reflected Cherenkov) compo-
nents will dramatically increase the number of poten-
tial hybrid decay modes that GlueX can access and will
reduce the experimental backgrounds from misidentified
particles in each mode. This enhanced capability will be
crucial in order for the GlueX experiment to realize its
full discovery potential.

In this section we motivate the GlueX experiment and
discuss the importance of kaon identification in the con-
text of the GlueX physics program. The subsequent
section discusses the baseline GlueX design and run
plan. Both of these sections are largely reproduced from
Refs. [1, 2], documents that were developed jointly by the
GlueX Collaboration.

A. The GlueX experiment

A long-standing goal of hadron physics has been to un-
derstand how the quark and gluonic degrees of freedom
that are present in the fundamental QCD Lagrangian
manifest themselves in the spectrum of hadrons. Of par-
ticular interest is how the gluon-gluon interactions might
give rise to physical states with gluonic excitations. One
class of such states is the hybrid meson, which can be
naively thought of as a quark anti-quark pair coupled to a
valence gluon (qq̄g). Recent lattice QCD calculations [3]
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predict a rich spectrum of hybrid mesons. A subset of
these hybrids has an exotic experimental signature: an-
gular momentum (J), parity (P ), and charge conjugation
(C) that cannot be created from just a quark-antiquark
pair. The primary goal of the GlueX experiment in
Hall D is to search for and study these mesons.

Our understanding of how gluonic excitations manifest
themselves within QCD is maturing thanks to recent re-
sults from lattice QCD. This numerical approach to QCD
considers the theory on a finite, discrete grid of points in
a manner that would become exact if the lattice spacing
were taken to zero and the spatial extent of the calcu-
lation, i.e., the “box size,” was made large. In practice,
rather fine spacings and large boxes are used so that the
systematic effect of this approximation should be small.
The main limitation of these calculations at present is the
poor scaling of the numerical algorithms with decreasing
quark mass. In practice most contemporary calculations
use a range of artificially heavy light quarks and attempt
to observe a trend as the light quark mass is reduced to-
ward the physical value. Trial calculations at the physical
quark mass have begun, and regular usage is anticipated
within a few years.

The spectrum of eigenstates of QCD can be extracted

from correlation functions of the type 〈0|Of (t)O†i (0)|0〉,
where the O† are composite QCD operators capable of
interpolating a meson or baryon state from the vac-
uum. The time-evolution of the Euclidean correlator
indicates the mass spectrum (e−mnt), and information
about quark-gluon substructure can be inferred from
matrix-elements 〈n|O†|0〉. In a series of recent papers [4–
7], the Hadron Spectrum Collaboration has explored the
spectrum of mesons and baryons using a large basis of
composite QCD interpolating fields, extracting a spec-
trum of states of determined JP (C), including states of
high internal excitation.

As shown in Fig. 1, these calculations show a clear and
detailed spectrum of exotic JPC mesons, with a lightest
1−+ state lying a few hundred MeV below a 0+− and
two 2+− states. Through analysis of the matrix elements
〈n|O†|0〉 for a range of different quark-gluon construc-
tions, O, we can infer [3] that although the bulk of the
non-exotic JPC spectrum has the expected systematics
of a qq̄ bound state system, some states are only interpo-
lated strongly by operators featuring non-trivial gluonic
constructions. One may interpret these states as non-
exotic hybrid mesons, and by combining them with the
spectrum of exotics, it is possible to isolate the light-
est hybrid supermultiplet of (0, 1, 2)−+ and 1−− states
at a mass roughly 1.3 GeV heavier than the ρ meson.
The form of the operator that has the strongest over-
lap onto these states has an S-wave qq̄ pair in a color
octet configuration and an exotic gluonic field in a color

octet with J
PgCg
g = 1+−, a chromomagnetic configura-

tion. The heavier (0, 2)+− states, along with some pos-
itive parity non-exotic states, appear to correspond to a
P -wave coupling of the qq̄ pair to the same chromomag-
netic gluonic excitation.

A similar calculation for isoscalar states uses both
uū+ dd̄ and ss̄ constructions and is able to extract both
the spectrum of states and also their hidden flavor mix-
ing. (See Fig. 1.) The basic experimental pattern of sig-
nificant mixing in the 0−+ and 1++ channels and small
mixing elsewhere is reproduced, and for the first time, we
are able to say something about the degree of mixing for
exotic-JPC states. In order to probe this mixing experi-
mentally, it is essential to be able to reconstruct decays
to both strange and non-strange final state hadrons.

B. The importance of kaon identification

The primary goal of the GlueX experiment is to con-
duct a definitive mapping of states in the light meson
sector, with an emphasis on searching for exotic mesons.
Ideally, we would like to produce the experimental ana-
logue of the lattice QCD spectrum pictured in Fig. 1,
enabling a direct test of our understanding of gluonic
excitations in QCD. In order to achieve this, one must
be able to reconstruct strange final states, as observing
decay patterns of mesons has been one of the primary
mechanisms of inferring quark flavor content. An ex-
ample of this can be seen by examining the two light-
est isoscalar 2++ mesons in the lattice QCD calcula-
tion in Fig. 1. The two states have nearly pure flavors,
with only a small (11◦) mixing in the `¯̀ and ss̄ basis.
A natural experimental assignment for these two states
are the f2(1270) and the f ′2(1525). An experimental
study of the branching ratios shows that B(f2(1270) →
KK)/B(f2(1270) → ππ) ≈ 0.05 and B(f ′2(1525) →
ππ)/B(f ′2(1525) → KK) ≈ 0.009 [8], which support the
prediction of an f2(1270) (f ′2(1525)) with a dominant `¯̀

(ss̄) component. By studying both strange and non-
strange decay modes of mesons, GlueX hopes to pro-
vide similarly valuable experimental data to aid in the
interpretation of the hybrid spectrum.

1. Exotic ss̄ states

While most experimental efforts to date have focused
on the lightest isovector exotic meson, the JPC = 1−+

π1(1600), lattice QCD clearly predicts a rich spectrum of
both isovector and isoscalar exotics, the latter of which
may have mixed `¯̀ and ss̄ flavor content. A compilation
of the “ground state” exotic hybrids is listed in Table I,
along with theoretical estimates for masses, widths, and
key decay modes. It is expected that initial searches with
the baseline GlueX hardware will target primarily the
π1 state. Searches for the η1, h0, and b2 may be sta-
tistically challenging, depending on the masses of these
states and the production cross sections. With increased
statistics and kaon identification, the search scope can be
broadened to include these heavier exotic states in addi-
tion to the ss̄ states: η′1, h′0, and h′2. The η′1 and h′2
are particularly interesting because some models predict
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FIG. 1. A compilation of recent lattice QCD computations for both the isoscalar and isovector light mesons from Ref. [3],
including `¯̀

(
|`¯̀〉 ≡ (|uū〉+ |dd̄〉)/

√
2
)

and ss̄ mixing angles (indicated in degrees). The dynamical computation is carried out
with two flavors of quarks, light (`) and strange (s). The s quark mass parameter is tuned to match physical ss̄ masses, while
the light quark mass parameters are heavier, giving a pion mass of 396 MeV. The black brackets with upward ellipses represent
regions of the spectrum where present techniques make it difficult to extract additional states. The dotted boxes indicate states
that are interpreted as the lightest hybrid multiplet – the extraction of clear 0−+ states in this region is difficult in practice.

these states to be relatively narrow, and that they should
decay through well-established kaon resonances.

Observations of various π1 states have been reported
in the literature for over fifteen years, with some anal-
yses based on millions of events [9]. However, it is safe
to say that there exists a fair amount of skepticism re-
garding the assertion that unambiguous experimental ev-
idence exists for exotic hybrid mesons. If the scope of
exotic searches with GlueX is narrowed to only include
the lightest isovector π1 state, the ability for GlueX to
comprehensively address the question of the existence of
gluonic excitations in QCD is greatly diminished. On the
other hand, clear identification of all exotic members of
the lightest hybrid multiplet, the three exotic π±,01 states
and the exotic η1 and η′1, which can only be done by
systematically studying a large number of strange and
non-strange decay modes, would provide unambiguous
experimental confirmation of exotic mesons. A study of
decays to kaon final states could demonstrate that the η1
candidate is dominantly `¯̀ while the η′1 candidate is ss̄,
as predicted by initial lattice QCD calculations. Such
a discovery would represent a substantial improvement
in the experimental understanding of exotics. In addi-
tion, further identification of members of the 0+− and
2+− nonets as well as measuring the mass splittings with

the 1+− states will validate the lattice QCD inspired phe-
nomenological picture of these states as P -wave couplings
of a gluonic field with a color-octet qq̄ system.

2. Non-exotic ss̄ mesons

As discussed above, one expects the lowest-mass hy-
brid multiplet to contain (0, 1, 2)−+ states and a 1−−

state that all have about the same mass and correspond
to an S-wave qq̄ pair coupling to the gluonic field in a
P -wave. For each JPC we expect an isovector triplet
and a pair of isoscalar states in the spectrum. Of the
four sets of JPC values for the lightest hybrids, only the
1−+ is exotic. The other hybrid states will appear as
supernumerary states in the spectrum of conventional
mesons. The ability to clearly identify these states de-
pends on having a thorough and complete understand-
ing of the meson spectrum. Like searching for exotics, a
complete mapping of the spectrum of non-exotic mesons
requires the ability to systematically study many strange
and non-strange final states. Other experiments, such as
BESIII or COMPASS, are carefully studying this with
very high statistics data samples and have outstanding
capability to cleanly study any possible final state. While
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TABLE I. A compilation of exotic quantum number hybrid approximate masses, widths, and decay predictions. Masses are
estimated from dynamical LQCD calculations with Mπ = 396 MeV/c2 [3]. The PSS (Page, Swanson and Szczepaniak) and
IKP (Isgur, Kokoski and Paton) model widths are from Ref. [22], with the IKP calculation based on the model in Ref. [23].
The total widths have a mass dependence, and Ref. [22] uses somewhat different mass values than suggested by the most recent
lattice calculations [3]. Those final states marked with a dagger (†) are ideal for experimental exploration because there are
relatively few stable particles in the final state or moderately narrow intermediate resonances that may reduce combinatoric
background. (We consider η, η′, and ω to be stable final state particles.)

Approximate JPC Total Width (MeV) Relevant Decays Final States

Mass (MeV) PSS IKP

π1 1900 1−+ 80− 170 120 b1π
†, ρπ†, f1π

†, a1η, η′π† ωππ†, 3π†, 5π, η3π†, η′π†

η1 2100 1−+ 60− 160 110 a1π, f1η
†, π(1300)π 4π, η4π, ηηππ†

η′1 2300 1−+ 100− 220 170 K1(1400)K†, K1(1270)K†, K∗K† KKππ†, KKπ†, KKω†

b0 2400 0+− 250− 430 670 π(1300)π, h1π 4π

h0 2400 0+− 60− 260 90 b1π
†, h1η, K(1460)K ωππ†, η3π, KKππ

h′0 2500 0+− 260− 490 430 K(1460)K, K1(1270)K†, h1η KKππ†, η3π

b2 2500 2+− 10 250 a2π
†, a1π, h1π 4π, ηππ†

h2 2500 2+− 10 170 b1π
†, ρπ† ωππ†, 3π†

h′2 2600 2+− 10− 20 80 K1(1400)K†, K1(1270)K†, K∗2K
† KKππ†, KKπ†

the production mechanism of GlueX is complementary
to that of charmonium decay or pion beam production
and is thought to enhance hybrid production, it is essen-
tial that the detector capability and statistical precision
of the data set be competitive with other contemporary
experiments in order to maximize the collective experi-
mental knowledge of the meson spectrum.

Given the numerous discoveries of unexpected, appar-
ently non-qq̄ states in the charmonium spectrum, a state
that has attracted a lot of attention in the ss̄ spectrum
is the Y (2175), which is assumed to be an ss̄ vector me-
son (1−−). The Y (2175) (also denoted as φ(2170)) has
been observed to decay to ππφ and has been produced in
both J/ψ decays [10] and e+e− collisions [11, 12]. The
state is a proposed analogue of the Y (4260) in charmo-
nium, a state that is also about 1.2 GeV heavier than the
ground state triplet (J/ψ) and has a similar decay mode:
Y (4260) → ππJ/ψ [13–16]. The Y (4260) has no obvi-
ous interpretation in the charmonium spectrum and has
been speculated to be a hybrid meson [17–20], which, by
loose analogy, leads to the implication that the Y (2175)
might also be a hybrid candidate. It should be noted that
the spectrum of 1−− ss̄ mesons is not as well-defined ex-
perimentally as the cc̄ system; therefore, it is not clear
that the Y (2175) is a supernumerary state. However,
GlueX is ideally suited to study this system. We know
that vector mesons are copiously produced in photopro-
duction; therefore, with the ability to identify kaons, a
precision study of the 1−− ss̄ spectrum can be conducted
with GlueX. Some have predicted [21] that the potential
hybrid nature of the Y (2175) can be explored by study-
ing ratios of branching fractions into various kaonic final
states. In addition, should GlueX be able to conclude
that the Y (2175) is in fact a supernumerary vector me-
son, then a search can be made for the exotic 1−+ ss̄
member of the multiplet (η′1), evidence of which would

provide a definitive interpretation of the Y (2175) and
likely have implications on how one interprets charmo-
nium data.

III. THE BASELINE GLUEX PROGRAM

A. Detector design and construction

A schematic view of the GlueX detector is shown in
Fig. 2. The civil construction of Hall D is complete and
the collaboration gained control of both Hall D and the
Hall D tagger hall in 2012. All major detector subsys-
tems have been installed in Hall D, and commissioning
with beam is expected to begin in the Fall of 2014. The
collaboration consists of over a hundred members, includ-
ing representation from the theory community.

The GlueX photon beam originates from coherent
bremsstrahlung radiation produced by the 12 GeV elec-
tron beam impinging on a 20 µm diamond wafer. Orien-
tation of the diamond and downstream collimation pro-
duce a photon beam peaked in energy around 9 GeV
with about 40% linear polarization. A coarse tagger tags
a broad range of electron energy, while precision tagging
in the coherent peak is performed by a tagger microscope.
A downstream pair spectrometer is utilized to measure
photon conversions and determine the beam flux. Polar-
ization will be measured independently by measuring the
angular distribution of pair production in the field of an
atomic electron (triplet photoproduction).

At the heart of the GlueX detector is the 2.2 T super-
conducting solenoid, which provides the essential mag-
netic field for tracking. The solenoidal geometry also has
the benefit of reducing electromagnetic backgrounds in
the detectors since low energy e+e− pairs spiral within a
small radius of the beamline. Charged particle tracking
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FIG. 2. A schematic of the GlueX detector and beam.

is performed by two systems: a central straw-tube drift
chamber (CDC) and four six-plane forward drift cham-
ber (FDC) packages. The CDC is composed of 28 layers
of 1.5-m-long straw tubes. The chamber provides r − φ
measurements for charged tracks. Sixteen of the 28 lay-
ers have a 6◦ stereo angle to supply z measurements.
Each FDC package is composed of six planes of anode
wires. The cathode strips on either side of the anode
cross at ±75◦ angles, providing a two-dimensional inter-
section point on each plane.

Like tracking, the GlueX calorimetry system consists
of two detectors: a barrel calorimeter with a cylindrical
geometry (BCAL) and a forward lead-glass calorimeter
with a planar geometry (FCAL). The primary goal of
these systems is to detect photons that can be used to
reconstruct π0’s and η’s, which are produced in the de-
cays of heavier states. The BCAL is a relatively high-
resolution sampling calorimeter, based on 1 mm double-
clad Kuraray scintillating fibers embedded in a lead ma-
trix. It is composed of 48 four-meter-long modules;
each module having a radial thickness of 14.7 radiation
lengths. Modules are read out on each end by silicon
SiPMs, which are not adversely affected by the high mag-
netic field in the proximity of the GlueX solenoid flux
return. The forward calorimeter is composed of 2800
lead glass modules, stacked in a circular array. Each
bar is coupled to a conventional phototube. The frac-
tional energy resolution of the combined calorimetry sys-
tem δ(E)/E is approximately 5%-6%/

√
E [GeV].

The particle ID capabilities of GlueX are derived from
several subsystems. A dedicated forward time-of-flight
wall (TOF), which is constructed from two planes of 2.5-

cm-thick scintillator bars, provides about 70 ps timing
resolution on forward-going tracks within about 10◦ of
the beam axis. This information is complemented by
time-of-flight data from the BCAL and specific ioniza-
tion (dE/dx) measured with the CDC, both of which are
particularly important for identifying the recoil proton in
γp → Xp reactions. Finally, identification of the beam
bunch, which is critical for timing measurements, is per-
formed by a thin start counter that surrounds the target.

As of June 2014, the CDC, FDC, BCAL, FCAL, and
TOF have all be assembled in the hall. The beam-line in-
strumentation and the target and start counter package
remain to be installed. Both calorimeters are fully cabled
and have successfully recorded cosmic ray tracks. Stud-
ies using the tracking chambers in conjunction with the
BCAL to observe cosmic ray events are planned. Com-
missioning with beam is expected to take place in Fall
2014.

B. Proposed run plan

The GlueX physics program was presented initially to
the Jefferson Lab Program Advisory Committee (PAC)
in 2006 [24]. The first beam time allocations were made
for the commissioning phases of GlueX after the presen-
tation to the PAC in 2010 [25]. This allocation cov-
ered phases I-III of the run plan highlighted in Table II.
In 2012, the collaboration presented a proposal to the
PAC [1] for running at design intensity with enhanced
particle identification capability (noted as Phase IV+ in
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Table II). The PAC conditionally approved this proposal
pending a final design of the particle identification hard-
ware. In 2013 the collaboration returned to the PAC to
present a proposal for running at design intensity with
limited PID capability [2], this was approved by the PAC
and 200 days of beam for Phase IV was granted.

In this document, we present our conceptual design for
developing a FDIRC for GlueX using the BaBar compo-
nents and are therefore seeking approval of Phase IV+,
first proposed in 2012 [1]. Our goal is to pursue construc-
tion of this design on a time scale that allows us to merge
both Phase IV and Phase IV+ into a single run.

IV. AN FDIRC FOR GLUEX: CONCEPTUAL
DESIGN

In the following section we discuss the conceptual de-
sign of a DIRC particle identification detector that is
built from the BaBar DIRC components.

A. Mechanical design and optics

The world’s first DIRC detector was developed and uti-
lized by the BaBar experiment. It provided excellent par-
ticle identification performance up to about 4 GeV/c [26].
The radiator of the BaBar DIRC consisted of a barrel
made up of twelve boxes each containing twelve syn-
thetic fused silica (henceforth referred to as quartz2) bars.
Quartz was chosen because of the following properties of
the material: it has a large index of refraction (n) and
a small chromatic dispersion; it has a long attenuation
length; it is highly resistant to ionizing radiation; and it
is possible to polish its surface. Each box is hermetically
sealed and nitrogen gas constantly flows through the box
to prevent any contamination which would compromise
the preservation of the Cherenkov angle by total internal
reflection.

Figure 3 shows the assembly of one DIRC box. Each
bar is 17.25 mm thick, 35 mm wide and 4.9 m long and
was produced by glueing four smaller bars end-to-end.
One end of each box is coupled to a volume instrumented
with photodetectors (the photon camera), while the other
end has a mirror that reflects light back to the readout
side. The readout side also has a quartz wedge glued to
it. Neighboring bars are optically isolated by a 0.15 mm
gap created using aluminum shims.

The quartz bars are used both as radiators and as light
guides for the Cherenkov light trapped in the bars by to-
tal internal reflection. The number of photons produced
per unit path length (x) of a particle with charge q per

2 In this document, we will refer to synthetic fused silica as quartz
for the sake of brevity; however, it is worth noting that quartz is
birefringent and, thus, not suitable for use in the DIRC.

FIG. 3. Schematic diagram of one BaBar box showing the
12 quartz bars (4.9m long), mirror ends, wedges and window
ends [26].

unit photon wavelength (λ) can be estimated using the
following expression:

d2N

dxdλ
=

2παq2

λ2

[
1− 1

β2n2(λ)

]
, (1)

where α is the electromagnetic coupling constant and β is
the velocity of the incoming particle divided by the speed
of light. The index of refraction of the material n is a
function of the wavelength of the emitted photon. The
large index of refraction of the quartz material leads to a
large number of Cherenkov photons produced within the
wavelength acceptance of the DIRC (300-600 nm) (see
Fig. 4).

The Cherenkov light produced by a particle of velocity
β is emitted at an angle with respect to the direction of
the particle’s velocity, referred to as the Cherenkov angle
(θC), given by

cos θC =
1

βn(λ)
. (2)

Figure 4 shows the Cherenkov angle for different particle
types. One can see that for an average quartz index of
refraction 〈n〉 = 1.473, the maximal Cherenkov angle is
about 47◦. The critical angle for trapping light via total
internal reflection at the quartz-nitrogen boundary, given
by the ratio of the indices of refraction, is θcritical ≈ 42.7◦;
thus, θC > θcritical over most of the momentum range of
interest for all particle types. An example of the path
followed by a single photon trapped within a bar is shown
in Fig. 5. The Cherenkov angle is preserved as the photon
travels through the bar to the photodetectors.

B. Focusing DIRC design

The initial photon camera of the BaBar DIRC detector
was very large and filled with 6000 liters of purified water.
Recently, a new design with focusing mirrors has been
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TABLE II. A table of relevant parameters for the various phases of GlueX running.

Approved Conditionally Approved

Phase I Phase II Phase III Phase IV Phase IV+

Duration (PAC days) 30 30 60 200 220a

Minimum electron energy (GeV) 10 11 12 12 12

Average photon flux (γ/s) 106 107 107 5× 107 5× 107

Level-one (hardware) trigger rate (kHz) 2 20 20 200 200

Raw Data Volume (TB)b 60 600 1200 2300 2300

a Twenty days are allocated for FDIRC commissioning.
b Phase IV(+) assume a level-three software trigger is implemented.

developed that permits detection of the Cherenkov light
produced in the quartz radiator using a much more com-
pact design [27–31]. The focusing DIRC (FDIRC) was
designed at SLAC with the constraint that the BaBar
boxes cannot be altered [32]. The new photon camera
system is about 25 times smaller than the camera used at
BaBar yet has approximately the same Cherenkov angle
resolution. The focusing design has the following advan-
tages: the background rate is lower; the chromatic effect
can be corrected for; the thickness of the bars can be
corrected for; and the total number of photo-multipliers
required is greatly reduced.

Figure 6 shows the focusing scheme of the FDIRC pro-
totype developed at SLAC [32], adapted for use in the
GlueX detector. The photon camera consists of two
new quartz wedges and a Focusing Oil Box (FOB). The
bars, window and wedges are glued end-to-end and are
all made of quartz. The FOB consists of cylindrical and
flat mirrors to focus the light onto the PMT plane im-
mersed in an oil bath. The geometry of the FOB has
not yet been optimized; it is shown here as a simplified
rectangular volume.

The cylindrical mirror removes the effect of the bar
thickness on the Cherenkov angle resolution since parallel
rays are focused on the same point on the detector plane.
The flat mirror then reflects the light almost perpendic-
ularly to the detector plane. The total PMT surface to
be covered is 2668 mm x 312 mm.

The addition of the new wedges ensures that the pho-
tons are reflected by the cylindrical mirrors. The first
wedge (458 mm × 20 mm) is required to account for
the flange geometry and support structure. The sec-
ond wedge (1051 mm × 58 mm) covers the full length
of two neighboring boxes and eliminates side reflections
that lead to ambiguities in the reconstruction and reduc-
tion in the FDIRC performance. The expansion volume
of the FOB is filled with a specific oil (CARGILLE 50350
or BICRON BC-599-14) whose index of refraction closely
matches that of quartz; thus, large refraction between the
different media is avoided.

C. GlueX FDIRC

Figure 7 shows a schematic diagram of the proposed
GlueX FDIRC detector. The acceptance in the forward
region of GlueX is limited by the solenoid at ≈ 11◦;
thus, to fully cover the acceptance requires four BaBar
boxes, each containing 12 quartz bars. The bar boxes
will be oriented vertically in the GlueX hall and placed
symmetrically around the beam line. A single FOB will
be used for all of the bars and placed below the bar
boxes. The FDIRC detector will fit into the reserved
space between the downstream end of the GlueX detec-
tor solenoid and the time-of-flight wall.

GEANT4 simulations of the GlueX FDIRC are under
development. An example of Cherenkov light propaga-
tion in the GlueX FDIRC is shown in Fig. 8. Figure 9
shows the occupancy in the PMT plane for many identi-
cal charged particles thrown perpendicularly to a bar for
both the GlueX and SLAC designs. In the SLAC de-
sign, photons entering the focusing block at large angles
reflect from the sides giving rise to the crossed pattern.
The alignment of the boxes in GlueX permits using one
common FOB with a single readout system and avoids
the side reflections seen with the focusing block design.
Removing side reflections is highly desirable in the re-
construction as it avoids introducing ambiguities in the
pattern recognition. A more detailed comparison of the
patterns observed in the two designs is shown in the Ap-
pendix Fig. 29.

Figure 10 shows the photon position in the photodetec-
tor plane as a function of the arrival time of the photon,
while Fig. 11 shows the photon arrival time and path
length as a function of the number of bounces that the
photon makes before being detected. The two bunches
separated in time correspond to forward and backward
emitted photons. The forward photons go directly from
the creation point to the readout side while the backward
photons are reflected by the mirrors and then traverse the
entire length of the bar. In the current configuration, the
forward photons begin to arrive about 27 ns after produc-
tion corresponding to a path length of about 5 m making
200 bounces. The backward photons travel about twice
the distance making about 400 bounces. The large num-
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FIG. 4. (top) Cherenkov angle computed for four different
charged particles (e, pion, kaon and proton), as a function of
the momentum, for a fixed < n >= 1.473 quartz index of re-
fraction. (bottom) Number of Cherenkov photons produced
in 17.25 mm of quartz material and within the photon wave-
length range 300-600 nm, for different particles, as a function
of their momentum.

FIG. 5. A single photon bouncing within a bar. If the photon
angle is bigger than the critical angle, the light is internally
reflected and the Cherenkov angle is preserved as the photon
travels through the bar.

QUARTZ bar

Old wedge

Window
New wedge A
New wedge B

Oil

PMTs

Cylindrical mirror

Flat mirror

FIG. 6. Side and rear views of the FDIRC. The bars, old
wedges and windows are part of the original BaBar boxes.
The new focusing camera consists of the new wedges (A and
B) and the FOB containing the cylindrical and flat mirrors.

Beam axis

z

x

y

FIG. 7. Schematic diagrams of the GlueX FDIRC detec-
tor. Four BaBar boxes are required to cover the full accep-
tance. The bars are oriented vertically and placed symmetri-
cally around the beam line. One FOB covers the full length
of the four boxes.
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FIG. 8. View of the GlueX FDIRC detector from the rear
(top panel) and side (bottom panel). The propagation of the
Cherenkov light through the different elements of the detector
is visible. The rear view shows the collection of the light
within a bar, while the side view shows the focusing scheme
of the light on the PMTs surface.

ber of bounces made by the photons requires that the
bars have excellent surface quality in order to preserve
the Cherenkov angle. The position of the bars in the
vertical direction has not yet been optimized. There is
some freedom in their placing along this axis; thus, we
are studying how the placement of the bars along the
vertical axis affects the chromatic correction and other
aspects of the FDIRC performance.

The GlueX application has two key differences from
the focussing block design developed at SLAC for Su-
perB. First the variation in entry angle of charged par-
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FIG. 9. Occupancy on the photodetector plane for a charged
particle hitting a bar perpendicularly (efficiency not ac-
counted for in this image) for the GlueX (top panel) and
SLAC (bottom panel) designs.

ticles into the FDIRC is relatively small given its down-
stream location. Second, all bar boxes can be arranged
in a common plane, as opposed to the barrel shape of
both BaBar and SuperB. It is these two properties that
motivated us to explore the focussing oil box design in
an attempt to find a simpler, more cost effective solu-
tion, that reduces ambiguities in the reconstruction. We
recognize that our design, as sketched above, presents
some mechanical challenges in construction. For exam-
ple, coupling two A wedges from two different bar boxes
to a common B wedge will be very challenging. Our goal
at present is to develop the optical properties of the sys-
tem that are optimal for GlueX. We may achieve similar
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optical performance by using a mirror submerged in the
oil box instead of a B wedge in air. As we work towards
a final technical design we plan to examine and optimize
these details considering cost, performance, and techni-
cal risk. If we cannot achieve our goals with a focussing
oil box solution, we may always implement the focussing
block design developed and tested at SLAC for SuperB.
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FIG. 10. (top) Y position in the local photodetector coordi-
nates vs the local arrival time of the photon. (bottom) one-
dimensional projection of the local time (using 50 identical
pions). The local arrival time is defined as the time between
the photon production to its detection.

D. Readout

For satisfactory Cherenkov ring reconstruction, the
DIRC detector needs a 2-dimensional photoreadout with
a resolution on the order of a few millimeters. Although
the yield of Cherenkov photons is proportional to 1/λ2,
due to the materials used in the BaBar DIRC bars espe-
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FIG. 11. (top) local arrival time of the photons vs the number
of bounces required to reach the detector. (bottom) path
length of the photons vs the number of bounces required to
reach the detector. The photon timing is defined as in Fig. 10.

cially the EPOTEK 301-2 glue [27], only photons with
wavelength longer than 300 nm can exit the DIRC bar
boxes. Therefore the readout only needs to cover the
range above 300 nm. In addition, due to the fringe field
from the open solenoid used by the GlueX spectrom-
eter, the readout has to be able to tolerate a magnetic
field of about 100 Gauss.

Several readout options have been evaluated including
multianode photomultiplier (MaPMT), Silicon photo-
multiplier (SiPM) and a newly developed large area
pico-second photodetector (LAPPD) using the renovated
micro-channel plate (MCP) technology [33]. At the end,
we chose to focus on two types of photodetectors: the
MaPMT and the LAPPD, with the LAPPD as our pri-
mary readout choice.
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FIG. 12. The H8500 multianode photomultiplier manufac-
tured by Hamamatsu.

1. Multianode Photomultiplier

Multianode photomultipliers have been recently tested
for various Cherenkov detectors, including SuperB’s fo-
cusing DIRC detector [34], Jefferson Lab CLAS12’s
RICH detector [36] and Jefferson Lab SoLID’s light gas
Cherenkov counter [35]. Most of these works focus on the
H8500 MaPMT assembly [37] manufactured by Hama-
matsu Corp. and it appears to be a solid solution for the
DIRC readout.

The H8500 flat panel MaPMT assembly has an ac-
tive area of 49×49 mm2. It has an 8×8 anode readout
array, and each anode covers an area of 5.8×5.8 mm2.
The packing factor of H8500 is a very tight 89% and
this makes it very suitable for large area photon detec-
tion. The H8500 uses bialkali photocathode and borosil-
icate glass window, and is sensitive to photons of wave-
length between 300∼650 nm and the maximum quantum-
efficiency in this range is close to 30%. The H8500 does
have a variation using UV glass which extends the sensi-
tive range down to 180 nm. But this won’t be necessary
for our DIRC design due to the wavelength cut-off that
was mentioned.

If finer resolution is desired for more accurate
Cherenkov angle measurement, the H9500 MaPMT [38]
from Hamamatsu can be used instead. H9500 has the
same dynode structure and geometry as H8500 and it
has a 16×16 anode readout array with 256 3×3 mm2

pixels.
The photodetection uniformity and the crosstalk be-

tween adjacent anode pixels of H8500 and H9500 were
reported in literature and some results can be found in
Ref [34, 36]. A relative variation up to 25% has been ob-
served in the uniformity test as shown in Figure 13. The
crosstalk pattern in Figure 14 shows a clear dependency
upon the dynode mesh construction of the MaPMT. Al-
though it is postulated that these behaviours will not be
problematic for single photon detection of a RICH detec-
tor, further investigation will be needed to optimize the

FIG. 13. The relative uniformity of one H9500 pixel using
laser scan [36].

FIG. 14. The normalized crosstalk map of one H9500 pixel
using single photoelectron laser scan [36].

readout design and reconstruction algorithm.
In addition, the performance of H8500 in magnetic field

was also studied at Jefferson Lab [35]. The test demon-
strated that the H8500 MaPMT can operate without
much degradation in a longitudinal field up to 300 Gauss.
Although the drop of performance in transverse magnetic
field is significantly more pronounced, up to 100 Gauss,
such transverse field is also the easiest to shield in prac-
tice. Therefore, we conclude that MaPMTs will be able
to operate in Hall-D’s fringe field without shielding.

Recently, an upgraded version of the H8500 MaPMT
has been revealed by Hamamatsu. The new H12700
MaPMT has the same geometry and output pin layout
as the H8500. With a newly optimized dynode structure
and voltage scheme, the collection efficiency has been
greatly improved [39] and it now has a better separa-
tion of single photon signals from background, as shown
in Figure 15.

As for the readout electronics, we will use the design
of Jefferson Lab CLAS12’s RICH detector [40] as a ref-
erence. The core of the design is to use the MAROC3
chip [41] specifically designed for the readout of 64-
channel MaPMTs. As shown in Figure 16, the MAROC3
chips digitize the analog signals from MaPMTs and pass



13

FIG. 15. Improvement of H12700’s single photon detection
capability [39].
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FIG. 16. Readout scheme of Jefferson Lab CLAS12’s RICH
detector.

the resulting binary data stream to a digital FPGA
board. The FPGA on board not only processes the data
but also controls and provides triggers to the MAROC3
chips. The processed data from the FPGA will then
be transmitted to a Jefferson Lab developed Sub-System
Processor (SSP) [42] hosted in a VME crate through high
speed optical links. The frontend board is currently un-
der development by a group at INFN, and the digital
FPGA board will be developed by Jefferson Lab’s elec-
tronics group. These two groups together have demon-
strated the feasibility of using MAROC3 chips for the
RICH readout in a recent DOE project review. It’s also
worth mentioning that by using the Jefferson Lab SSP,
such a readout system can be seamlessly integrated into
the Hall D DAQ system.

2. Large Area Picosecond Photodetector

Since 2009, a new development of a large-area
fast photo-detector using micro-channel plate (MCP-
PMT) [43] is being carried out by the large-area picosec-
onds photo-detector (LAPPD) collaboration [33] and
they provide a very attractive, low cost, high perfor-
mance readout solution for RICH detectors. The goal
of this R&D program is to develop a family of large-
area robust photo-detectors that can be tailored for a

Glass window
Photocathode

Micro-Channel
Plates (MCPs)

Glass window
Anode Strips

Front-End Elec.

γ

e

FIG. 17. Schematic of LAPPD’s MCP-PMT.

wide variety of applications where large-area economical
photon detection is needed. The approach is to apply mi-
crochannel plate (MCP) technology to produce large-area
photo-detectors with excellent space and time resolution.
The schematic of such a detector is shown in Figure 17.
In addition to having excellent resolution, the new de-
vices should be relatively economical to produce in quan-
tity. Such a detector can be used in many applications,
such as precision time-of-flight measurements, readout of
Cherenkov counters, and positron-emission tomography
(PET) for medical imaging.

As the project is in its fourth year, excellent progress
has been made. In particular, chemical vapor deposition
(CVD) technique is being studied to form a photocathode
on a large area glass window, and the resulting quantum
efficiency is now over 25% for 350 nm wavelength. The
collaboration applied atomic layer deposition (ALD) on
capillary glass channel substrates (see Fig. 18) to produce
MCPs [44] and has achieved better performance at much
lower cost than standard commercial MCPs. The anode
readout will use strip transmission lines [45] sampled by
front-end waveform sampling chips. The LAPPD collab-
oration has assembled several prototypes using ceramic
bodies (see Fig. 19) and small samples are expected to
be available to early adopters in 2014.

When produced in large quantities, the manufactur-
ing cost of LAPPD MCP-PMTs is expected to be less
expensive than existing pixelated photo detectors such
as Silicon Photomultipliers and Multi-anode Photomul-
tiplier Tubes while still being able to provide comparable
spatial resolution (< 5 mm). Since LAPPD uses stripe-
line readout, this design significantly reduces the total
channel count particularly for applications that need to
cover a very large area such as a RICH detector. Under a
low rate condition, the readout can be chained as shown
in Figure 20 to further reduce the number of channels.

For the readout electronics, we can adopt the
PSEC4 [46] ACIS developed by the LAPPD collabora-
tion. It is a waveform sampling chip with a rate up to
15 GSample/s. A PSEC4 evaluation board in shown in
Figure 21. Alternatively, as the total number of channels
is expected to be a few hundred, we are also considering
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FIG. 18. Photograph of a 20×20 cm2 MCP made using ALD
treatment of a borosilicate glass micro-capillary array. 20
mm pores, L/D∼60:1, pore bias 8◦. The multifiber hexagonal
boundaries are visible in this backlit image.

FIG. 19. A 20×20 cm2 ceramic body MCP-PMT prototype.

FIG. 20. The 3-tile anode. The connections between anode
strips on neighboring tiles have been made by soldering small
strips of copper to the silver silk-screened strips on the glass.

FIG. 21. The PSEC4 evaluation board [46]. The board uses
a Cyclone III Altera FPGA (EP3C25Q240) and a USB 2.0
PC interface.

FIG. 22. The measured time distribution of signals from a
focused fs laser source [48]. The signal was read from one
side of a single strip line, fitted with a Gaussian.

using Jefferson Lab’s F1TDC [47] modules to readout
signals from both sides of individual strips for a more
versatile and sharable setup. Each F1TDC module has
16 TDCs with a resolution of 60 ps. In this scenario,
flash ADCs will be connected to some of the channels for
monitoring.

Another huge advantage that the LAPPD’s MCP-
PMT can bring is the exceptional time resolution. The
observed timing resolution for single photon hits has been
measured to be better than 20 ps from a demountable
prototype using metal photocathode [48], as shown in
Figure 22. With such an excellent time resolution, the
time-of-flight measured by the MCP-PMTs can be used
for complementary particle identification.

The LAPPD’s MCP-PMTs are a very attractive read-
out solution and therefore we make them our primary
choice. A lot of properties of these detectors, including
the radiation hardness and magnetic tolerance, have yet
to be thoroughly tested. We will work together with the
LAPPD collaboration to perform corresponding tests as
early as possible.

E. Integration and installation into the GlueX
detector

As noted earlier, the existing GlueX design has space
reserved for a particle identification device between the
downstream end of the solenoid and the forward carriage
that supports the time-of-flight and the forward calorime-
ter. Given the fixed length of the DIRC bar boxes, the
height of the GlueX beamline off of the floor, and con-
siderations about accessibility and hydrostatic pressure
in the FOB, the most desirable orientation of the boxes
is with the long axis oriented vertically with the existing
window down. A sketch of the proposed installation is
shown in Figure 23. Since such an orientation was never
envisioned in the design of the boxes, potential mechan-
ical problems must be carefully evaluated to ensure no
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FIG. 23. A preliminary mechanical design showing the in-
tegration of the FOB and single bar box into the GlueX
forward carriage.

damage will result. It should be noted that nothing pro-
hibits arranging the boxes horizontally if, at a later point,
it is determined that a vertical orientation presents an
unacceptable risk of damage. A horizontal arrangement
would only complicate the support structure needed for
the detector and consume large amounts of space in the
existing Hall. The performance characteristics of the de-
tector would remain unchanged.

In the vertical orientation the boxes themselves would
remain rigid and dimensionally stable because the grav-
itational torques about the support points are less than
they are in the horizontal orientation. One concern is
that the vertical orientation causes the existing window
to be loaded with the weight of the bars plus the spring
load of the mirror. Because of the geometry of the exist-
ing wedge, the bulk of the load would be dispersed on the
window near the supporting flange. A simple analysis of
the worst case scenario, the load concentrated at a single
point in the center of the window, shows a deflection of
the window at center of about 0.0006”, which is unlikely
to result in breakage. The actual deflection is certain to
be less. A second, finite element analysis using the ex-
act geometry and a 45 psi load, which accounts for the

Bar Box Support and Installation Fixture

FIG. 24. A conceptual design for the installation jig that will
allow the box to be oriented vertically and installed into the
support fixture.

weight of the bars and the spring pressure, indicated a
maximum bending stress around the edges of the window
of 250 psi, much lower than the 7600 psi rupture strength
of fused silica. This leads us to conclude that breakage
or stress caused by deformation of the window is not a
concern. If deemed necessary, we may procure a sample
of the window material and conduct a destructive test to
evaluate the deformation and breakage threshold.

An additional concern is maintaining the rigidity of the
bar box in the transition from the horizontal to vertical
orientation. In order to do this, the box will first be fixed
to a rigid installation jig in the horizontal orientation.
The jig will then be oriented vertically and fixed to the
support structure on the forward carriage (see Fig. 24).
The box will then be rolled, using the integrated rollers,
off the jig and into the support structure, where it will
be locked in place. We propose to test this installation
technique utilizing the existing prototype bar box that
was constructed using ordinary glass.



16

V. EXPECTED FDIRC PERFORMANCE

In this section we detail the expected performance of
the proposed GlueX FDIRC design. We begin by ex-
amining the discrimination power for single tracks. We
conclude by folding this information into a simulation
of inclusive photoproduction to estimate the background
rejection power that the FDIRC provides.

A. Single track particle identification

1. GlueX tracking resolution

Charged particle reconstruction in the GlueX detec-
tor is provided by the forward and central drift chambers
(CDC and FDC) as described in Sec. III A. In this sec-
tion we study the reconstructed track resolutions in the
forward angle region of GlueX (θ < 110) which is rel-
evant for the FDIRC detector. The reconstructed track
variables which impact the particle identification perfor-
mance of the FDIRC detector are the angle of incidence
and position of the track crossing point, as well as the
magnitude of the momentum as the particle enters the
quartz bar.

To determine the resolution with which we can expect
to measure these variables, we simulate single charged
pions originating in the target of the GlueX detector,
produced uniformly in azimuth for a range of polar angles
and momenta. A complete GEANT model is used to
simulate the GlueX detector response, and a Kalman
Filter tracking algorithm is used to reconstruct the tracks
in the drift chambers. The reconstructed track helix is
then extrapolated through the magnetic field to the plane
of the FDIRC detector.

The position and momentum resolution of the track as
it enters the FDIRC detector are shown in Fig. 25. The
incident angle resolution is shown in Fig. 26 for two vari-
ables, ψX and ψY , which denote the angles with respect
to the planes perpendicular and parallel to the bar’s long
axis, respectively. The resolution is momentum depen-
dent. The GlueX detector has adequate particle identi-
fication for particles with momenta below about 2 GeV/c
using time-of-flight information; thus, for the FDIRC we
are primarily concerned with particles above 2 GeV/c.
In this regime, the resolution on the input quantities to
the FDIRC shown in Figs. 25 and 26 are better than is
required (as we will show in the following section).

2. Cherenkov resolution and separation

The resolution on the Cherenkov angle of a single pho-
ton (σθγ ) has many different contributions; these are
listed in Table III. The Cherenkov angle resolution for

a track (σθC ) is given by

σθC =

√
σ2
θγ

Nγ
+ σ2

θtrack
, (3)

where Nγ is the number of Cherenkov photons detected.
Based on the SLAC FDIRC prototype results, we expect
the mean number of detected photons to be 25. The
GlueX tracking system provides an angular resolution
better than 1.5 mrad in the momentum range of interest;
thus, the total Cherenkov angle resolution is expected to
be better than 2.5 mrad (2.7 mrad) using a 5mm (6mm)
detector pixel resolution.

TABLE III. Cherenkov angle error contributions for the
FDIRC detector for a single Cherenkov photon. Table ex-
tracted from[32].

Source of uncertainty Contribution [mrad]

Chromatic error 5.5

Pixel contribution 5mm (6mm) 5.8 (7)

Optical aberration 4.5

Transport along the bar 2-3

Bar thickness (after focusing) ≈ 1

Old wedge bottom inclined surface 3.5

Final error w/o chromatic correction 10 (11)

For a particle with β ≈ 1 and momentum (p) well
above threshold entering the quartz bar, the number of
σ separation (Nσ) between pions and kaons can be ap-
proximated as

Nσ ≈
|m2

π −m2
k|

2p2σ [θC ]
√
n2 − 1

, (4)

where mπ (mk) is the pion (kaon) mass. A 2.5 mrad
Cherenkov angle resolution provides K/π separation of
at least 3σ up to around 4 GeV/c.

3. EM background

Interactions of the photon beam inside the GlueX de-
tector produce background in the FDIRC from secondary
electrons, positrons and photons. This EM background
rate is important for two reasons: it will result in noise
making determination of Cherenkov angles more difficult
and it will cause more electronic channels to be read
out increasing the event data size. The EM background
from the beam was simulated using GEANT and the full
GlueX MC. The rate at which particles produced by
EM interactions enter the FDIRC is highly position de-
pendent. As can be seen in Fig. 27, the rate falls off
exponentially with distance from the beam line. The
closest FDIRC bar will be placed 15 cm from the beam.
Integrating over the region covered by the FDIRC, we
expect roughly 8 photoelectrons per time segment read-
out by the data acquisition; thus, the EM background
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rate will not cause any significant increase in event size
or reduction in performance.

B. Strangeness reactions of interest

As described in section II B, to fully explore the spec-
trum of hybrid mesons, a systematic study of many
hadronic final states is necessary, including those with
kaons. The hybrid mesons with exotic quantum-number
states that decay to kaons include the η′1, h′0, the h′2,
which are all expected to couple to the KKππ final state,
while both the η′1 and the h′2 are expected to couple to
the KKπ final state. To study the GlueX sensitivity to
these two final states, we have modeled two decay chains.
For the KKπ state, we assume one of the kaons is a KS ,

which leads to a secondary vertex and the K+π−π+π−

final state:

η′1(2300)→ K∗KS

→ (K+π−)(π+π−)

→ K+π−π+π−. (5)

For the KKππ state we assume no secondary vertex:

h′2(2600)→ K+
1 K

−

→ (K∗(892)π+)K−

→ K+K−π−π+. (6)

In addition to the exotic hybrid channels, there is an
interest in non-exotic ss̄ mesons. In order to study the
sensitivity to conventional ss̄ states, we consider an exci-
tation of the normal φ meson, the known φ3(1850), which
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decays to KK̄

φ3(1850)→ K+K− . (7)

The detection efficiency of this state will be typical of
φ-like states decaying to the same final state. Finally, as
noted in Section II B, the Y (2175) state is viewed as a
potential candidate for a non-exotic hybrid and has been
reported in the decay mode

Y (2175)→ φf0(980)

→ (K+K−)(π+π−) . (8)

While this is the same KKππ state noted in reaction 6
above, the intermediate resonances make the kinematics
of the final state particles different from the exotic decay
channel noted above. Therefore, we simulate it explic-
itly. The final-state kaons from the reactions 5 - 8 will
populate the GlueX detector differently, with different
overlap of the region where the time-of-flight system can
provide good K/π separation.

The remainder of this section describes a study of the
sensitivity of the baseline GlueX detector to these re-
actions of interest involving kaons (Sec. V B 1), and the
expected increase in sensitivity with the proposed FDIRC
detector in GlueX (Sec. V B 3). The studies were per-
formed using a larger scale pythia simulation of γp colli-
sions processed through a complete geant model of the
baseline GlueX detector and fully reconstructed with
the GlueX analysis software. Signal samples were ob-
tained from pythia events with the generated reaction
topology, and the remainder of the inclusive photopro-
duction reactions were used as the background sample.
Since many of the cross sections of interest are unknown
we use pythia to predict the size of signal topologies of
interest. The reactions listed above are several typical

meson photoproduction reactions chosen to demonstrate
FDIRC capability. The benefits of the FDIRC will cer-
tainly extend beyond these to other meson and baryon
channels, some of which were discussed in our earlier pro-
posals [1, 2].

1. Performance of the baseline GlueX detector

The baseline GlueX detector does not contain any
single detector element that is capable of providing dis-
crimination of kaons from pions over the full-momentum
range of interest for many key reactions. However, the
hermetic GlueX detector is capable of exclusively recon-
structing all particles in the final state. In the case where
the recoil nucleon is a proton that is detectable by the
tracking chamber, this exclusive reconstruction becomes
a particularly powerful tool for particle identification be-
cause conservation of four-momentum can be checked,
via a kinematic fit, for various mass hypotheses for the
final state particles. Many other detector quantities also
give an indication of the particle mass, as assumptions
about particle mass (pion or kaon) affect interpretation
of raw detector information.

An incomplete list of potentially discriminating quan-
tities include:

• The confidence level (CL) from kinematic fitting
that the event is consistent with the desired final
state.

• The CL(s) from kinematic fitting that the event is
consistent with some other final states.

• The goodness of fit (χ2) of the primary vertex fit.

• The goodness of fit (χ2) of each individual track fit.

• The CL from the time-of-flight detector that a track
is consistent with the particle mass.

• The CL from the energy loss (dE/dx) that a track
is consistent with the particle type.

• The change in the goodness of fit (∆χ2) when a
track is removed from the primary vertex fit.

• Isolation tests for tracks and the detected showers
in the calorimeter system.

• The goodness of fit (χ2) of possible secondary ver-
tex fits.

• Flight-distance significance for particles such as KS

and Λ that lead to secondary vertices.

• The change in goodness of fit (∆χ2) when the decay
products of a particle that produces a secondary
vertex are removed from the primary vertex fit.
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The exact way that these are utilized depends on the
particular analysis, but it is generally better to try to
utilize as many of these as possible in a collective man-
ner, rather than simply placing strict criteria on any one
of them. This means that we take advantage of cor-
relations between variables in addition to the variables
themselves. One method of assembling multiple corre-
lated measurements into a single discrimination variable,
which has been used in this study, is a boosted decision
tree (BDT) [49]. Traditionally, analyses have classified
candidates using a set of variables, such as a kinematic
fit confidence level, charged-particle time of flight, en-
ergy loss (dE/dx), etc., where cuts are placed on each
of the input variables to enhance the signal. In a BDT
analysis, however, cuts on individual variables are not
used; instead, a single classifier is formed by combining
the information from all of the input variables.

A BDT is a multivariate classifier which is trained on a
sample of known signal and background events to select
signal events while maximizing a given figure of merit.
The event selection performance is validated using an in-
dependent data sample, called a validation sample, that
was not used in the training. If the performance is found
to be similar when using the training (where it is maxi-
mally biased) and validation (where it is unbiased) sam-
ples, then the BDT performance is predictable. Practi-
cally, the output of the BDT is a single number for each
event that tends towards one for signal-like events but
tends towards negative one for background-like events.
Placing a requirement on the minimum value of this clas-
sifier, which incorporates all independent information in-
put to the BDT, allows one to enhance the signal purity
of a sample. For a pedagogical description of BDTs, see
Ref. [50]. The BDT algorithms used are contained within
ROOT in the TMVA package [51].

Here we only consider the case where the recoil pro-
ton is reconstructed. A missing recoil nucleon reduces
the number of constraints in the kinematic fit, and, con-
sequently, dramatically diminishes the capability of the
fit to discriminate pions from kaons. One can build a
BDT for the reaction of interest, and look at the ef-
ficiency of selecting true signal events as a function of
the sample purity. These studies do not include the ef-
ficiency of reconstructing the tracks in the detector, but
start at the point where a candidate event containing
five charged tracks has been found. In all cases we set
the requirement on the BDT classifier in order to obtain
a fixed final sample purity. For example, a purity of 90%
implies a background at the 10% level. Any exotic sig-
nal in the spectrum would likely need to be larger than
this background to be robust. Therefore, with increased
purity we have increased sensitivity to smaller signals,
but also lower efficiency. In Table IV we present the
signal selection efficiencies (post reconstruction) for our
four reactions of interest for the baseline GlueX detec-
tor and including a FDIRC detector in GlueX (more in
Section V B 3). As noted earlier, these assume that the
tracks have been reconstructed and do not include that

efficiency. With the baseline GlueX detector, higher sig-
nal purities of 95% to 99%, which may be necessary to
search for more rare final states, result in the signal effi-
ciency dropping dramatically. This exposes the limit of
what can be done with the baseline GlueX hardware.

2. Limitations of existing kaon identification algorithms

It is important to point out that the use of kinematic
constraints to achieve kaon identification, without dedi-
cated hardware, has limitations. By requiring that the
recoil proton be reconstructed, we are unable to study
charge exchange processes that have a recoil neutron. In
addition, this requirement results in a loss of efficiency
of 30%-50% for proton recoil topologies and biases the
event selection to those that have high momentum trans-
fer, which may make it challenging to conduct studies of
the production mechanism. Our studies indicate that it
will be difficult to attain very high purity samples with a
multivariate analysis alone. In channels with large cross
sections, the GlueX sensitivity will not be limited by
acceptance or efficiency, but by the ability to suppress
and parameterize backgrounds in the amplitude analy-
sis; thus, we need high statistics and high purity. This
latter statement is not only true for reactions that con-
tain kaons but also applies to to reactions in which the
dominant backgrounds arise from kaons. Supplemen-
tal kaon identification hardware will help suppress these
background thereby enhancing the sensitivity. Finally, it
is worth noting that our estimates of the kaon selection
efficiency using kinematic constraints depends strongly
on our ability to model the performance of the detector.
Although we have constructed a complete simulation, the
experience of the collaboration with comparable detector
systems indicates that the simulated performance is often
better than the actual performance in unforeseen ways.

3. Performance with FDIRC detector in GlueX

As described in Sec. V A, the single track particle iden-
tification of the FDIRC in GlueX is expected to provide
3σ K/π separation up to momentum of ≈ 4 GeV/c. This
provides vital, independent information to the multivari-
ate analysis that has a very high discrimination power.
The FDIRC information is included in the BDT by con-
verting the measured Cherenkov angle into a probability
for each particle mass hypothesis (π,K, and p). We de-
fine a χ2 for each particle mass hypothesis as

χ2
i =

(
θexpC,i − θrecoC

)2
σ2
θC

, (9)

where θexpC,i is the expected Cherenkov angle for mass hy-
pothesis i using the measured track momentum from the
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TABLE IV. Efficiencies for identifying several final states in GlueX excluding reconstruction of the final state tracks.

η′1(2300)→ K∗KS h′2(2600)→ K+
1 K

− φ3(1850)→ K+K− Y (2175)→ φf0(980)

Purity Baseline FDIRC Baseline FDIRC Baseline FDIRC Baseline FDIRC

0.90 0.36 0.48 0.33 0.49 0.67 0.74 0.46 0.65

0.95 0.18 0.33 0.16 0.34 0.61 0.68 0.20 0.55

0.99 0.00 0.05 0.00 0.08 0.18 0.38 0.03 0.28

drift chambers, θrecoC is the “reconstructed” Cherenkov
angle, and σθC is the Cherenkov angle resolution.

As we do not yet have a full FDIRC reconstruction
algorithm, we use Eq. 9 as a proxy for the FDIRC per-
formance. We use σθC = 2.5 mrad for all tracks (this is an
upper bound on the expected resolution; see Sec. V A).
The track momentum resolution (see Fig. 25) is included
in θexpC,i . The “reconstructed” Cherenkov angle is ob-
tained by generating a random number from a Gaussian
distribution whose mean is the expected Cherenkov and
width is σθC . A confidence level for each particle mass hy-
pothesis (π, K, p) is computed from Eqn. 9. These three
values for each track are included in the BDT training,
and the performance is evaluated in the same way as the
baseline GlueX detector and shown in Table IV. We note
that, depending on the choice of readout, the FDIRC may
provide an improvement in time-of-flight measurements
for charged particles over our baseline design. Further
study is needed to quantify this improvement; therefore,
we neglect it in the studies presented below.

At 95% purity, the signal efficiencies are typically
about twice as high including the FDIRC into GlueX.
Reaching 99% purity is not possible for several of these
channels without the FDIRC. It is important to stress
here that the purity levels are defined as correctly iden-
tified final state candidates divided by all candidates.
In the case that exotic contributions to some channel
are at the percent level, extracting such signals will re-
quire reaching 99% purity, which helps ensure that the
backgrounds are smaller than the small signal of inter-
est. Without the FDIRC, this will not be possible for
many channels of interest. Finally, as noted above, the
baseline numbers are dependent on the reliability of the
simulation. For example, the discrimination power of the
kinematic fit confidence level will decrease drastically if
the GlueX detector resolution is worse than expected.
The simulation of the FDIRC performance is based only
on the Cherenkov-angle resolution. The value of 2.5 mrad
is expected to be achievable; thus, the real-world perfor-
mance enhancement obtained by adding the FDIRC is
likely to be even greater than what is shown in Table IV.

C. Effects of the FDIRC on other GlueX Systems

Installing the FDIRC results in a significant increase
in material upstream of the FCAL. We have studied the
effects of the FDIRC on the FCAL performance using
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FIG. 28. Effects of the FDIRC material on FCAL photon
reconstruction.

GEANT and found them to be minimal (see Fig. 28).
The photon energy detection threshold increases from
160 MeV to 180 MeV. Above 500 MeV the photon re-
construction efficiency is unaffected. The small electron-
positron opening angle from converted photons, along
with the small distance between the FDIRC and FCAL,
results in a single EM shower; thus, the effect of the
FDIRC on photon reconstruction is minimal.

VI. GLUEX FDIRC CONSTRUCTION PLAN

In this section we describe our preliminary construc-
tion schedule, budget, and provide a discussion of logis-
tical details concerning construction, specifically trans-
portation of the fragile DIRC components from SLAC to
Jefferson Lab.

A. Preliminary schedule

As noted earlier, our ultimate goal is to have the
GlueX FDIRC operational for the Phase IV running
that is currently estimated to take place in around 2017-
2018. During 2014 we plan to develop a technical design
for the detector, including a complete cost estimate and
detailed construction schedule. We expect Jefferson Lab
to appoint an external committee to review this techni-
cal design and construction plan during the summer of
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2015. During 2014 we will continue to work with the
LAPPD collaboration to be certain that large area pho-
todetectors will provide a feasible solution for the FDIRC
photon camera. Additional design efforts in 2014-2015
include optimizing the optics, exploring cost effective al-
ternatives for the fluid in the FOB, and conducting mate-
rials testing to verify that the vertical orientation of the
bar box is structurally sound. Construction of the sup-
port structure and FOB could begin in fiscal year 2016,
after a technical design review. Integration and instal-
lation into the hall could then be complete in time for
operation around 2017-2018.

B. Transportation of DIRC components to
Jefferson Lab

We have had preliminary discussions with Rock-It
Cargo, a world-wide shipper of delicate art and indus-
trial equipment. We plan to transport the bars from
SLAC to Jefferson Lab over road via air ride trailer. The
trailer will be temperature controlled and equipped with
a liquid nitrogen dewar to maintain constant flow of ni-
trogen through the bar boxes. There is concern that op-
tical joints between bars may be brittle, therefore phys-
ical shock should be avoided during transport. Based
on discussions with Rock-It Cargo, a crew would con-
struct a custom shipping crate under our supervision,
which would then be transported to SLAC for loading.
The crate would incorporate metal substructure to pro-
hibit flexing of the boxes. The boxes themselves are rela-
tively lightweight, which means that foam materials may
be used to attenuate transport vibration. A group from
Livermore Lab studied accelerations of a 12 ton load be-
ing transported by air ride trailer [52] and found that
accelerations never exceeded 1.5g’s in all three dimen-
sions when the trailer was driven at 40 mph on typical
Oakland, CA roads. Careful container design will at-
tenuate these shock loads. If necessary, the mass of the
trailer can be increased with an additional dummy load,
which should further reduce acceleration. As a conser-
vative limit, we evaluate internal stresses assuming a 3g
acceleration will be experienced during transit.

Assuming the bar box and internal bar support buttons
remain rigid, acceleration of the box would cause bending
of the bars in between the support buttons. Any elastic
compression of the buttons would mitigate this bending.
We evaluated the bending stress of a quartz bar when
subjected to a 3g load applied at a point in the center
between two supports and parallel to the narrow dimen-
sion of the bar, which is a worse case scenario. We found
the bending stress for a bar supported by buttons with
600 mm spacing, typical near the center of the bar, to be
about 300 psi, which is over an order of magnitude less
than typical tensile or rupture strengths for fused silica.
In the vicinity of a bar-to-bar epoxy joint the button
spacing is assumed to be 25 mm and the corresponding
bending stress is about 1 psi. Reference [26] states a

tensile strength of epoxy used in the DIRC that exceeds
1000 psi. The most sensitive area to such bending ap-
pears to be the region between the window and the first
bar, a distance of about 100 mm that is occupied by the
wedge and not supported by buttons. Here a conserva-
tive estimate of the bending stress, assuming the wedge
has the same profile as the bar, yields an estimate of 9
psi. Even with the consideration that the strength of the
epoxy may be degraded due to aging, it seems feasible to
transport the components over road, provided that ap-
propriate packaging and other considerations are made.

Prior to shipping the actual DIRC bars, we plan to
instrument and ship a prototype bar box at SLAC that
is filled with ordinary glass in an appropriate shipping
crate. This will give us an opportunity to measure g-loads
that may be experienced in transit. In addition small
pieces of unpolished fused silica with a cross sectional
profile the same as the actual bars can be procured, glued
with the same epoxy as used in construction, and tested
for strength.

C. SLAC resources

A significant amount of infrastructure for DIRC con-
struction and testing still remains at SLAC. The clean
room used for assembling the bar boxes, with its large
granite surface table that is capable of accommodating a
full bar box, is still in usable condition. Assuming that
our final optical design requires us to glue wedges to the
existing bar boxes, it may be optimal to perform these
operations in the SLAC clean room prior to transporting
the bar boxes to Jefferson Lab. Also at SLAC is a cosmic
ray test facility that is equipped with a bar box and muon
hodoscope. This facility provides a unique opportunity
to test readout and electronics with actual Cherenkov sig-
nals produced by cosmic ray muons. Due to the size of
the bar box and the precision required of the timing and
tracking system for cosmic rays, such a test setup cannot
be easily replicated elsewhere. Finally, the personnel at
SLAC who have experience with the BaBar DIRC have
already provided an enormous amount of beneficial infor-
mation in the development of our conceptual design; we
hope to draw on this expertise, if possible, as we continue
with the design and construction of a GlueX FDIRC.

D. Preliminary budget

A preliminary material cost estimate for the FDIRC
detector at GlueX is shown in Table V. This budget
does not include technical or engineering manpower, indi-
rect costs, or project management costs. Costs for wedge
material and assembly are estimated from vendor quotes
for the wedges as described in this document. A de-
tailed optimization that balances performance, cost, and
construction feasibility (technical risk) has not yet been
performed. Costs for mechanical structures are estimated
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based on experience with building similar structures. We
base our current cost estimate for the photosensors and
readout on our desire to use the LAPPD collaboration
sensors, but recognize this technology is not yet avail-
able. Alternate sensors and readout options using exist-
ing technology are listed in the table for reference. All
readout quotes include low voltage, crates, cables, and
other necessary infrastructure to integrate with the Jef-
ferson Lab data acquisition system.

VII. CONCLUSION AND
ACKNOWLEDGEMENTS

The ability to reconstruct kaon final states is absolutely
critical in the context of attempting to study mesons and
baryons with both explicit and hidden strangeness. Fol-
lowing the request of PAC39, we have developed and
presented a conceptual design for an FDIRC detector
to enhance the particle identification capabilities of the
GlueX experiment. The FDIRC utilizes one-third of
the quartz bars from the BaBar DIRC along with the
bar boxes that house the bars. A focussing optical sys-
tem consisting of mirrors submerged in oil is proposed.
Our plan is to construct an optical system and readout
around the large area micro-channel plate PMTs under
development by the LAPPD Collaboration. However, al-
ternate options based on multi-anode PMTs, which are
more expensive but less technically risky exist.

The FDIRC provides enhanced PID capability for the

GlueX experiment that will increases the sensitivity and
reduce backgrounds for final state topologies that are
necessary to search for ss̄ hybrid mesons and infer their
quark flavor content. We propose a program consisting
of 20 PAC days of beam for commissioning the FDIRC
followed by 200 days of beam at an average intensity of
5×107 γ/s in order to conduct a program of studying the
spectrum of hadrons that contain valence strange quarks.
The proposed running is complementary to and could, in
principle, be conducted concurrently with that approved
by PAC40.

We would like to thank J. Va’vra, B. Ratcliff, and
B. Wisniewski for their useful discussions and technical
information they provided about the BaBar DIRC. We
thank M. Benettoni and INFN of Padova for computer
models of the BaBar DIRC box.

VIII. APPENDIX

Figure 29 shows the expected distribution of photons
on the PMT plane for charged pions intersecting the
DIRC at various locations. The GlueX design greatly
reduces the overlap in the patterns. There are still side
reflections for hits in the bars that are farthest from the
beam line. These reflections could be removed by instru-
menting an additional 300 mm along the length of the
FOB with PMTs; however, the cost of this extra instru-
mentation outweighs the benefits as it is unlikely to get
particles near the limits of π/K separation in this region.
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TABLE V. Estimated material cost for the GlueX FDIRC in thousands of dollars. Costs for alternate photosensor and readout
options are shown in brackets but not included in total estimated cost. These costs do not include manpower, overhead, or
project management costs.

Item Estimated Cost [k$]

Focussing oil box:

New wedge material, machining, and polishing $190

Wedge assembly infrastructure $15

Oil (CARGILLE) $120

Focusing oil box $10

Mirrors $40

Photosensors and readout:

LAPPD: 26 tiles × $6 $156

LAPPD PSEC4 readout: 900 channels × $0.20 $180

( LAPPD TDC readout: 900 channels × $0.30 ) ( $270 )

( MaPMT: 318 H8500 MaPMTs × $2.5 ) ( $795 )

( MaPMT MAROC3 readout: 318 × $0.83 ) ( $262 )

Detector support structure $50

Bar box transport to Jefferson Lab $30

Calibration, monitoring, and control systems $40

Total estimated material cost $831
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FIG. 29. Comparison of the (right) original SLAC design to the (left) adapted version of the camera for GlueX. The figures
correspond to the following: (top) a hit in the bar the far from the beam line; (middle) a hit in the central part of a box; and
(bottom) a hit in the bar closest to the beam line.
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